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Abstract 
Modern structural systems and contemporary architectural features increase the complexity of 

buildings while structural fire design is still based on traditional methods. The methods assume 

uniform burning and homogeneous temperature conditions throughout the whole 

compartment. This methodology might be considered acceptable and gives a valid 

representation for smaller environments but is not a realistic definition of a fire in large 

compartments. Instead of burning locally and simultaneously throughout a compartment the 

fires in large compartments tend to move. This happens as flames spread, ventilation changes 

due to glazing failure and walls or ceilings break and the fire move across the floor area. This is 

called travelling fires. 

 

In January 2015, a full-scale test entailing travelling fire was performed in Tisova, outside 

Karlovy Vary in Czech Republic. The fire was centered on the ground floor of a four story 

building where wood cribs represented the fuel. 

 

The main purpose of this master thesis has been to determine the thermal and mechanical 

impact on the structural parts in a concrete and steel frame building exposed to a travelling fire. 

The work is based on an extensive literature review and calculations presenting the response of 

the partly composite slab on the ground floor using the Finite Element Method software 

Abaqus. User subroutines (US) were used to prevent the concrete from regaining its old 

material properties when the fire cooled. 

 

Performed calculations represent three different fires; ISO-834 (ISO), temperatures measured 

in the full-scale test (TFT) and temperature measured from a prior study in FDS representing 

a travelling fire (FDS). Presented result from Abaqus consisted of nodal temperatures, mid-

span deflections, stresses and strains. 

 

The results show that it might not be necessary to use US when the main interest is in 

temperature. However, if the main interest is in the mechanical response, the comparison 

depicts significant differences. The results also show that the geometry of the structure is of 

importance. A slender construction covering a large area deflect more than a stubbier and 

smaller structure since it is carrying more weight on its own. 

 

In the conclusions it is stated that large temperature differences, between fire exposed and 

non-exposed surfaces, lead to great temperature gradients. Large gradients lead to large 

deflections.  
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Sammanfattning 
Dagens strukturella system och arkitektlösningar ökar komplexiteten i byggnader medan de 

brandtekniska lösningar som finns bygger på traditionella metoder. Metoderna förutsätter 

enhetlig uppvärmning och homogena temperaturförhållanden i hela utrymmet. Denna metod 

kan ses som acceptabel och ger en giltig representation av mindre miljöer, men kan inte ses 

som en realistisk definition av en brand i en större miljö. Istället för att brinna lokalt och 

simultant genom lokalen så tenderar branden i stora lokaler att förflytta sig över golvytan. Detta 

sker när lågorna sprids, ventilationen förändras på grund av krossade fönster, fall av väggar eller 

tak. Detta kallas ambulerande bränder. 

 

I januari 2015 utfördes ett fullskaletest rörande ambulerande bränder i Tisova, utanför Karlovy 

Vary i Tjeckien. Testet och branden utfördes på bottenvåningen av ett fyrvåningshus där 

träribbstaplar utgjorde bränslet. 

 

Huvudsyftet med examensarbetet har varit att bestämma den termiska och mekaniska påverkan 

på de bärande byggnadsdelarna i en byggnad med betong- och stålstomme utsatt för en 

ambulerande brand. Arbetet baseras på en omfattande litteraturstudie och utförda beräkningar 

representerar responsen av ett komposit bjälklag på bottenvåningen med hjälp av det finita 

elementprogrammet Abaqus. Subrutiner har använts för att förhindra betongen från att återfå 

sina gamla materialegenskaper när branden svalnar. 

 

Utförda beräkningar baseras på tre bränder; ISO-834 (ISO), uppmätta temperaturer i 

fullskaletestet (TFT) och uppmätta temperaturer från en förstudie i FDS som representerar en 

ambulerande brand (FDS). Resultat från Abaqus utgörs av nodtemperaturer, mittnedböjningar, 

spänningar och töjningar. 

 

Resultatet visar på att det inte är nödvändigt att använda subrutiner om huvudintresset ligger i 

temperaturer. Men om fokus är mekaniskt resultat så visar jämförelsen på märkbara skillnader. 

Vidare så visar resultatet att elementens geometri är viktigt. En mer slank konstruktion som 

täcker en större yta böjs ned mer än en stubbig och liten konstruktion då den bär på ett tyngre 

bjälklag i sig. 

 

I slutsatserna uppges det att stora temperaturskillnader, mellan den brandutsatta och icke 

brandutsatta ytan, leder till stora temperaturgradienter. Stora temperaturgradienter medför stora 

nedböjningar.  
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Nomenclature 
 

  Youngs Modulus [Pa] 

  Moment of Inertia [m4] 

  Temperature [˚C] 

  Length [m] 

  Mid-span Deflection [m] 

  Force [N] 

  Time [h] 

  Specific Heat Capacity [J/kgK] 

  Thermal Conductivity [W/mK] 

   Convective Heat Transfer Coefficient [W/m2K] 

   Modified time 

  Gamma Factor 

  Emissivity 

  Density [kg/m3] 

  Coefficient of Linear Thermal Expansion [˚C-1] 
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Abbreviations 
 

BC Boundary Condition 

CAE Complete Abaqus Environment 

CEN European Committee for Standardization 

CFD Computational Fluid Dynamics 

FDS Fire Dynamics Simulator  

FE Finite Element 

FEM  Finite Element Method 

ISO International Organization for Standardization (Standard Temperature-Time 

Curve) 

PT  Plate Thermometer 

SIS  Swedish Standards Institute 

TC Thermocouple 

TFT Tisova Fire Test 

US User subroutines 
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1. Introduction 
In this chapter the background of the project, its aim and objectives are presented. Research 

question and limitations of the study is covered as well as a self-evaluation of the work. 

1.1. Background 
The basic idea in fire safety engineering is the aim of preventing fires and helping people in 

event of a fire. The latter in different ways that can be divided into passive and active fire 

protection. Active fire protection consists of sprinklers, fire alarms and evacuation signs while 

the passive fire protection represents the structural design of the building in the event of fire. It 

is vital to ensure that essential structures and equipment have enough fire safety with respect to 

load-bearing properties, integrity and insulation. These requirements derives from EU 

regulation No 305/2011 (The European Parliament & Council of the European Union 2011) 

which implies that the structure must maintain load-bearing capacity for a specific amount of 

time which gives people time to evacuate safely but also the safety rescue team a chance to 

make a safe rescue if necessary. For more details about the regulation see section 2.2.1. 

 

Modern structural systems and contemporary architectural features increase the complexity of 

buildings while structural fire design today is based on traditional methods such as the standard 

fire curve (International Organisation for Standardisation (ISO) 1975) and the parametric 

temperature-time curve (European Committee for Standardization 2002b). The curves 

represent normal room fires and can be used to analyse the thermal response of structural 

members. They assume spatially uniform burning and homogeneous temperature conditions 

throughout the whole compartment. This methodology might be considered acceptable and 

give a valid representation for smaller environments, but is not a realistic definition of a fire in 

large compartments. Instead of burning locally and simultaneously throughout a compartment 

the fires in large compartments tend to move. This happens as flames spread, ventilation 

changes due to glazing failure and walls or ceilings breaks and the fire move across the floor 

area. This is called travelling fires. (Stern-Gottfried 2011) 

 

Instead of the structure being homogenously heated parts of the structure is considered to be 

preheated by hot gases before it is affected by radiation from the flames. When the fire travels 

to another part of the structure cooling will take place. The methodology of travelling fire and 

its impact on structures is not a field that is well studied and more research is needed. (ibid.) 

1.1.1. Background to the test 
In January 2015 a full-scale test entailing travelling fire was performed in Tisova, outside 

Karlovy Vary in Czech Republic. The fire was centred on the ground floor of a four story 

building where wood cribs represented the fuel.  
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To improve fire safety engineering solutions, this test was performed where the response of the 

structure was analysed using subsequent verifying and evaluating mathematical models for 

software simulations. The project was organized with collaborators from SP Technical 

Research Institute of Sweden, the University of Edinburgh, Imperial College London, French 

Scientific and Technical Centre for Building (CSTB), Luleå University of Technology, Czech 

Technical University in Ostrava, MajaCzech and the Fire and Rescue service of the Carlsbad 

region of the Czech Republic. The different parties have modelled the test with different 

methods and software to determine the mechanical and thermal impact on the structure. The 

results will be compared between the parties in a so called “round-robin”. 

1.2. Aim 
The general goal of the master thesis course was to practice, develop and display proficiency in 

applying theory and method to solve problems relevant to the chosen profile. As part of the 

Master of Science in Fire Engineering one should be able to conform to knowledge and skills 

acquired during the time of study. 

 

The main purpose of this specific master thesis was to determine the thermal and mechanical 

impact on the structural mechanical parts in a concrete and steel frame building exposed to a 

travelling fire. Calculations present the response of the partly composite slab on the ground 

floor using the Finite Element Method software Abaqus. 

1.3. Objective 
The main objective of the thesis was to decide which design fire is the most challenging for the 

structural response. This was done by analysing three different temperature-time curves to 

obtain the temperature distribution in four composite slabs exposed to fire. The first 

temperature-time curve responds to the ISO-834 standard fire curve(International 

Organisation for Standardisation (ISO) 1975). The second to the temperature measurements in 

the full-scale test, presented in section 4, and the third curve was obtained by results from a 

FDS simulation similar to the full-scale test performed in a pilot study prior to the test (Degler 

& Eliasson 2015). 

 

The authors’ way of modelling was validated by using simple hand calculations which was 

compared with FE analysis made on a steel beam and a concrete slab. Material properties for all 

analyses were acquired from Eurocode. Furthermore, the object was investigated by 

determining the displacements in the composite slabs. 
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1.4. Research questions 
The main research questions in the project were the following: 

1. What is the thermal impact on the composite structures exposed to three different fires?  

2. What is the mechanical impact on the composite structures exposed to three different 

fires? 

3. How does the composite structure behave during a travelling fire? 

4. How do the user subroutines USDFLD and VUSDFLD affect the result, i.e. the 

temperature distribution, mid-span deflection, stress and strain, comparing with 

analysis without user subroutines? 

1.5. Scope and limitations of work 
The master thesis includes 30 ECTS per person. This corresponds to 20 weeks of full time 

work per person. The authors chose to perform the work half time in 40 weeks. 

 

To keep the thesis within the credit units and the content of the work from not being 

fragmented, limitations were set. The analysis was limited to four parts of the ground floor slab 

with related beams and box-sections. 

 

Simplifications were made when creating the model in the software Abaqus. These 

simplifications are more thoroughly described in chapter 5. 

1.6. Self-evaluation 
As a final step in the Master of Science in Fire Engineering at LTU, Luleå University of 

Technology, this thesis has been executed in accordance with the requirements from Higher 

Education Ordinance (sv. Högskoleförordningen) and the Master programs syllabus. The 

report describes the author’s ability to plan, structure and execute a project within research and 

development. 

 

The work has been conducted by the two authors of the report. Supervisors have provided 

guidance and support during the project.  The thesis has been performed from January through 

October in 2015 and it corresponds to 30 ECTS per person. A detailed time frame was 

originally set up which has been followed by the authors through the project. 

 

The original idea of the project was a suggestion from the external supervisor and together 

with the authors the research questions were formulated. The method was chosen by the 

authors and is described and warranted in the thesis report. The project was divided into 

several sub-objects and the first one was a literature review where previous work in the 

relevant field was identified, critically reviewed and summarized in the report. 

 

The thesis started with a full scale test which both authors participated in. An oral presentation 

was created and executed where the authors’ work was presented and its conclusions defended 
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against opponents. Individually, the authors also critically reviewed the work of others in a 

constructive and scientific manner according to the programs syllabus and participated as a 

listener in at least two other presentations.  

 

The division of labour between the authors has been equal and both students have contributed 

in all parts of the project. The literature review, creating and verifying of the model in Abaqus 

and the analyses with the ISO curve were performed by both students. The work was then 

divided into two fields of interest where Palmklint was responsible for the calculations based 

on the previous FDS calculations. Svensson was in charge of the calculations based on the 

temperature measurements from the full-scale test. Both authors then contributed to the 

conclusions and discussion.  
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2. Theory 
In this chapter current rules and regulations used to dimension fire protection in Europe which 

is relevant to this thesis is described. A description of the concept of travelling fires, traditional 

methods and the behaviour of concrete-steel composite material in fire is presented. In 

addition, summaries of reports and articles considering previous tests and modelling in Abaqus 

relevant to the study are presented. 

2.1. The changes in structural fire design 
The purpose of structural fire design is to ensure that buildings and other structures do not 

collapse when exposed to elevated temperatures resulting from fires. Building codes have until 

recently been based on prescriptive regulation. This means that there is a set of rules which 

describe how a building must be constructed which gives the designer little or no opportunity 

to take a rational approach to provision of fire safety. These traditional prescriptive methods are 

based on hundreds of standard fire furnace tests performed in the last decades. In general, fire 

resistance design is based on limiting temperatures. This has resulted in extensive use of passive 

fire protection to keep the structural elements from reaching these limits. This has in turn led 

to additional costs. (Lange 2015b) 

 

The results of these methods have been that fire has rarely been a design consideration and it is 

now recognized that considering members in isolation in fire is not realistic for most structures, 

even though it might be conservative. At the present many countries have adopted a different 

method. Instead of a set of rules there is a set of goals which states how a building shall perform 

under a wide range of conditions (.ibid). This approach is called performance based design and 

it allows the designer to use their own strategy as long as sufficient safety can be demonstrated 

(Bukowski 1997). Eurocode is an example of a performance based approach which presents 

building codes that consider fire resistance. What happened was that there was evidence from 

real fires in buildings that suggested that the contributions of modern steel deck composite 

floor systems were not utilized enough when designing for the fire limit state.  

 

There was one fire in particular that caught the attention. On the 23rd of June, 1990, a fire 

developed in the Broadgate complex in London. The structure consisted of a steel frame with 

composite steel decks concrete floors and was only partially protected at this stage of 

construction. The fire originally broke out on the second storey in a contractor’s hut of a 14 

storey building. It spread undetected throughout the building and lasted for 4.5 hours. (Lange 

2015a) Two of these hours included a fire temperate exceeding 1000 degrees Celsius. The fire 

caused severe distortion to the structural elements but there was no structural collapse and no 

loss of integrity of the floor slabs. With no serious difficulties the building was restored. (The 

Steel Construction Institute 1991) The fire prompted Building research Establishment (BRE) 

to perform a large series of full-scale tests, also known as the Cardington tests, which are 

further described in section 2.8. 
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There are still challenges that need to be faced when it comes to structural fire design. One is 

unexpected failure modes and another is the fire load. For example, will the temperature-time 

curve in a fire furnace and a large open space be the same? Or how can non-uniform 

temperatures be handled within a compartment? Existing previous methods such as the 

standard fire curve, ISO 834, and parametric fire curves does not deal with non-uniform 

temperatures and therefore more research is required to answer these questions. 

2.2. Rules and regulations 
In this thesis some rules and regulations have been considered which are relevant for this study.  

2.2.1. EU-regulation 
The basic principles of fire safety design which further rules and regulations are based on are 

specified in Annex I, regulation (EU) No 305/2011, by the European Parliament and the 

council of 9th March 2011. (The European Parliament & Council of the European Union 

2011) 

 

According to the regulation the constructions of today must be designed and built in such way 

that in the event of an outbreak of fire:  

1. The load-bearing capacity of the construction can be assumed for a specific period of 

time. 

2. The generation and spread of fire and smoke within the construction works are limited. 

3. The spread of fire to neighbouring construction works is limited. 

4. Occupants can leave the construction works or be rescued by other means. 

5. The safety of rescue teams is taken into consideration. 

(ibid.) 

2.2.2. Eurocode 
The European Committee for Standardization (CEN) has developed a set of harmonized 

technical standards. These rules are called Eurocode and they regulate the structural design of 

construction works in the European Union. One purpose of the Eurocode was to create a 

foundation for construction and engineering contract specifications but also an outline for 

creating harmonized technical specifications for building products, the CE-mark.  Another 

purpose was to create a way to verify compliance with the requirements for mechanical 

strength and stability and safety in case of fire and other loads, such as snow, wind etc., 

established by European Union law. (European Economic Community 1989) (European 

Committee for Standardization 2002a) 

 

Today there are ten Eurocodes published as separate European Standards, each numbered by 

part. 
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EN 1990 Eurocode 0: Basis of structural design 

EN 1991 Eurocode 1: Actions on structures 

EN 1992 Eurocode 2: Design of concrete structures 

EN 1993 Eurocode 3: Design of steel structures 

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

EN 1995 Eurocode 5: Design of timber structures 

EN 1996 Eurocode 6: Design of masonry structures 

EN 1997 Eurocode 7: Geotechnical design 

EN 1998 Eurocode 8: Design of structures for earthquake resistance 

EN 1999 Eurocode 9: Design of aluminium structures 

 

This study considers Eurocode 0, 1, 2 and 3, mainly because they deal with general design and 

design of concrete and steel structures. Nationally Determined Parameters (NDP) can be made 

by each country as a national adaption to Eurocode (European Committee for Standardization 

2002a). In further work if nothing is mentioned the Swedish standard of Eurocode has been 

used which are published by the Swedish Standards Institute (SIS). Below the parts that have 

been used during the thesis is described. 

 

Eurocode 0: Basis of structural design 

EN 1990 defines the principles and the demands involving safety, serviceability and durability 

of structural elements. It is based on the principle about limit state which is used together with 

the partial factor method.(ibid.) Eurocode 0 was used in this thesis to calculate the live load for 

the structure. 

 

Eurocode 1: Part 1-2 General rules – Structural fire design 

In this part the thermal and mechanical actions of a structural design of buildings exposed to 

elevated temperatures is described. It includes aspects such as safety requirements, design 

procedures and design aids. (European Committee for Standardization 2002b) Constants such 

as the convective heat transfer coefficient were acquired from this part. 

 

Eurocode 2: Part 1-2 General rules – Structural fire design 

Part 1-2 defines principles, requirements and rules for the structural design of concrete 

buildings when exposed to elevated temperatures resulting from fires. It includes aspects such 

as safety requirements, design procedures and design aids. (European Committee for 

Standardization 2004) In this part material properties for concrete such as thermal conductivity, 

specific heat capacity, density and strength and deformation properties have been used. The 

emissivity of concrete was also set to a default value according to this part. 

 



8 

 

Eurocode 3: Part 1-2 General rules – Structural fire design 

Part 1-2 defines principles, requirements and rules regarding structural design of steel buildings 

when exposed to elevated temperatures, fires. It includes aspects such as safety requirements, 

design procedures and design aids. (European Committee for Standardization 2005) Material 

properties for steel such as thermal conductivity, specific heat capacity, density and strength 

and deformation properties origins from this part. The emissivity of steel also originates from 

this part. 

2.3. Traditional methods 
To estimate the thermal effects on structural parts, design fires have been introduced. Design 

fires are described by curves which define the relation between fire gas temperature and time. 

The curves are either nominal or parametrical dependent. The nominal curves do not take the 

cooling phase into account or any of the parameters that are affecting the development of the 

fire. Parameters that are affecting the development of the fire consist of fire load, openings and 

thermal properties. 

 

Some of these curves are described below.  

2.3.1. Parametric temperature-time curve 
The parametric temperature-time curves are defined in Eurocode 1 part 2, appendix A and are 

used to calculate the temperature in compartments. The temperature-time curves are 

parameter dependent and represent both the heating and cooling phase of the fire, where the 

heating phase follows the ISO 834-curve but is expressed in natural logarithms instead of base 

ten logarithms.  The parametric temperature-time curve also take the fire load, openings and 

thermal properties within a limited range into account in the calculations. The method has 

some limitations and is only valid for compartments with floor areas smaller than 500 square 

meters, heights lower than 4 meters, without openings through the ceiling and it is assumed 

that the fire load is completely burnt out. (European Committee for Standardization 2002b) 

To calculate the temperature for the two phases, heating and cooling, equations 1-2 and 3-5 

are used. 

 

Heating phase: 

                                                    [1] 

Where   is the gas temperature and    is calculated according to equation 2. 

            [2] 

Where t is the time in hours and the gamma factor,  . 

 

Cooling phase: 

                  
      for     

       [3] 
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     for           
     [4] 

                  
      for     

     [5] 

Where       if            or               
  if           

2.3.2. Standard temperature-time curve 
One of the nominal temperature-time curves is the International standard temperature-time 

curve, also called ISO 834. The name origins from the document number where the curve is 

presented and provided from the International Standard Organization (Karlsson & Quintere 

2000). The most common temperature-time relation that is used for testing and classification 

of load-bearing and separating constructions is the standard fire curve (Wickström 2013). For 

structural members the temperature analysis is made for a specific time period and the 

temperature is a function of time as equation 6 shows. As the time increases the temperature 

rises. 

 

                       [6] 

 

Where T represents the temperature in degree Celsius and t the time in minutes.  

 

The heating effect for the curve is supposed to be the same as for a real fire in a compartment. 

Unlike the parametric temperature-time curve the standard curve does not take the cooling 

phase, openings, fire load or thermal properties into account (European Committee for 

Standardization 2002b). Because of this the parametric fire curve is more realistic than the 

standard fire curve (Law et al. 2010), see Figure 1 for a comparison between the parametric fire 

curve and the standard fire curve. In this example an opening factor of 0.08 m1/2, 

√    = 1160 Ws1/2/m2K and a fuel load density of 200 MJ/m2 has been used for the 

parametric curve. The opening factor is the ventilation factor divided by the enclosure surface 

area and √     are the material properties for the boundary material where k is the 

conductivity,   is the density and c is the specific heat.  

 

Figure 1. The comparison between the ISO curve and the parametric fire curve. 
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2.3.3. Magnusson and Thelandersson fire curves 
The Magnusson and Thelandersson methodology is a temperature-time curve as a function of 

fire load per enclosure area, opening factor, type of compartment and thermal properties for 

the surface. Based on this and with the assumptions below they represent an easy model 

without any need of advanced calculation and computer simulations. This resulted in diagrams 

that were easy to interpret, Figure 2 shows the temperature-time curves for the common 

openings factor and fuel load density of the compartment type A, which means thermal 

properties taken as average values for concrete, lightweight concrete and brick. (Karlsson & 

Quintere 2000) 

 

Following assumptions were made of Magnusson and Thelandersson for this model: 

 Combustion takes place in the enclosure and is completed. 

 Uniform temperature in the enclosure. 

 The heat flow is one dimensional and the boundaries are assumed to be "infinite slabs". 

 The interior surface of the enclosure has the same heat transfer coefficient. 

 The energy release rate is ventilation-controlled when the fire is fully developed but 

the increasing and decreasing phase are based on data from full-scale test. (ibid.) 

 

 
Figure 2. Temperature-time curves for the most common openings factor. (Karlsson & Quintere 

2000, p. 134) 

 

The method is also called the Swedish fire curves and has been one of the most applied 

methods used. The parametric fire curve is based on Magnusson and Thelandersson 

methodology, with an opening factor of 0.04 m1/2.(ibid.)  
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Architects today like to design buildings with open atria, large enclosures, several floors 

connected to each other, glass facades and high ceilings. With this design the traditional 

methods are excluded and therefore not applicable to calculate on new modern constructions. 

Therefore new methods need to be developed.  

2.4. Travelling fires 
Travelling fire is a quite new concept for constructions in large enclosures where the fire does 

not burn simultaneously throughout the compartment. Instead the fire tends to move across 

the compartment as flames spread to unburned material. It can be described as the fire burnouts 

one area at a time before its moving on and burnouts the next area (Stern-Gottfried 2011). 

While the fire travels across the floor the level of oxygen can be low and the fire can stop 

burning due to this at some location, but if the oxygen level gets sufficient again the fire may 

return and start to travel back (Kirby et al. 1999). The fire can travel horizontally on one floor 

plate but also vertically between floors in higher buildings. Further work in this thesis will 

focus on fires that travel horizontally. 

 

The temperatures in a burning building that follow the new concept of travelling fire are 

divided into two zones, the far field and near field. The near field is the area closest to the fire 

where the flames are exposing the structural elements directly and the heat is most intense. The 

region a bit further from the fire is called far field. The structural elements in this zone are 

affected of the hot gases from the fire and not the flames. This means that the temperature is 

lower in the far field than the near field and decreases with the distance from the fire. (Stern-

Gottfried 2011) Figure 3 shows an illustration of the far field and near field regions. Since the 

fire travels over the compartment the areas of far field and near field changes over time. 

 

 
Figure 3.  Illustration of near field and far field. (Stern-Gottfried, 2011 p. 6) 
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When an area is burning it is assumed that it will burn with the same rate until the fuel is 

consumed. The area that is burning is called burn area and the size can vary from 1-100 % of 

the compartment area. The shape, path and size of the burn area are the basis for this methods 

flexibility. (Law 2010) 

 

Law et al. (2010) have analysed one concrete frame and it was subjected to different fires. In 

this case the travelling fires tend to affect the concrete frame more than the traditional methods 

that are used in Eurocode. Therefore Eurocode fires cannot be considered to be conservative.  

 

The difference between the travelling fire method and the current design methods is that the 

traditional methods assume that the compartment has homogeneous temperature conditions all 

over and burns uniformly for the entire burning time. (Stern-Gottfried 2011) 

2.5. Mechanical and thermal impact on composite structures at 

elevated temperatures 
Fire resistance has little significance in an early stage of a fire. However, when the fire develops 

and temperature increases the fire resistance of a construction becomes essential. Consideration 

is taken into account for occupants to escape before a building collapses, but also for the fire 

service rescue teams to be able to make a safe rescue. Another important factor is property 

protection. To ensure property protection the structural system, partitions, building envelope 

and contents are protected. 

 

The matter can be divided into active and passive fire protection. The main objectives of a 

passive fire protection are to prevent internal spread of fire, reduce the probability of fire 

spread to other buildings and prevent structural collapse. All three objectives are supposed to 

be maintained during the duration of the fire design time. This specific time varies typically 

between one to four hours depending on the buildings complexity and how long time it takes 

for occupants to leave and the rescue team to perform a rescue. 

 

The passive protection is built on the components of the structure in a building such as walls, 

slab, beams and columns. All these elements can be constructed in different materials e.g. 

wood, concrete and steel. The materials are usually combined which creates a composite 

construction. One common composite constellation is concrete and steel. Others might be 

composite timber concrete constructions or fibre reinforced polymers (FRP). But there are 

problems with the chemistry when using concrete and timber since the cement is bad for the 

timber and the structural application of FRP is typically limited to strengthening and this 

solution has very poor fire resistance since the resins used typically glassify at between 200 and 

300 degrees Celsius. Generally it all comes down to composite steel and concrete 

constructions, which is the only constellation referred to in Eurocode 4. In this study a 

building made of a concrete-steel structure has been examined. Below the behaviour of the 

two materials are presented at elevated temperatures and during cooling. 



13 

 

2.5.1. Steel 
Steel is a material which is generally made by alloys of iron and carbon (Harmathy 1993). The 

material is commonly used in high-rise buildings because of its high strength to weight ratio. 

But steel itself has a high thermal conductivity which makes it a good conductor. Together 

with the fact that it loses strength at elevated temperatures makes unprotected steel a hazard in 

structural fire design. When steel is exposed to fire, it starts to lose both strength and stiffness 

already at 400 ˚C. When the material reaches 600 ˚C it has lost more than half of its strength 

(European Committee for Standardization 2005). A steel structure exposed to fire might for all 

mentioned reasons above possibly lead to failure. A failure is depending on fire severity, area of 

steel exposed to fire and the amount and type of applied fire protection. 

 

Structural steel elements require in most cases some kind of fire insulation to keep its load-

bearing capacity when exposed to fire. The most common ways of insulating steel is by 

spraying on compounds such as concrete, shut in by boards and insulation material or 

intumescent paint. 

 

Exposed to elevated temperatures, the thermal conductivity decreases, see Figure 4, while the 

specific heat capacity stays approximately at the same value except for when it’s passing 

through a phase change around 735 degrees Celsius described in Figure 5. The phase change is 

due to a change in crystal structure (bcc to fcc structure). Generally, the steel temperature in 

thin sections is assumed to be uniform because of its high thermal conductivity. 

 

 
Figure 4. Thermal conductivity of carbon steel as a 
function of temperature according to Eurocode 3. 

 
Figure 5. Specific heat capacity of carbon steel as a 
function of temperature according to Eurocode 3. 

 

When exposed to fire and elevated temperatures, steel doesn’t just loose stiffness and strength. 

It is also subjected to thermal strains. These strains are due to thermal expansion which means 

increased length and curvature. 

 

Steel strength and deformation properties at elevated temperatures can be obtained in Figure 6. 

The figure represents the stress and strain relationship for carbon steel. It is used to determine 

the resistance to tension, compression, bending moments and shear. When the yield strength is 

reached, the stress will create substantial plastic deformations. The maximal stress that is 
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achieved represents the ultimate strength and the strain achieved during the maximal loading at 

this point is called the limiting strain. Once the ultimate strain is reached rupture occurs. How 

to create this stress-strain relationship is defined in Appendix C. 

 

 
Figure 6. Stress-strain relationship for carbon steel at elevated temperatures (European Committee for 

Standardization 2005 p. 21). 

 

A fire is characterized by the two phases heating and cooling. The effects of the latter on 

structures are not well covered in current approaches to structural engineering. This might 

become a problem if the required duration of stability is longer than the duration of the 

heating phase. If the structural element only is exposed to partial damage or no damage at all 

during an extreme action, there might be a possibility to reuse it. But if the structural member 

is exposed to elevated temperatures and then cooled down residual stresses might develop. 

Steel exposed to heating and cooling has a residual strength that is significantly lower than its 

original strength. (Burström 2011) 

2.5.2. Concrete 
Concrete is a composite material made out of a combination of cement, aggregates and water 

where aggregates often consist of sand gravel which in turn generally are divided into either 

siliceous or calcareous aggregates. Which type of aggregate that is used is often depending on 

what is available locally. Siliceous aggregate is based on rocks with high silicon content and 

calcareous on rocks with high calcium content. Some additives such as polypropylene fibres to 

improve spalling performance might also be part of the final product. Concrete is a common 

material in structures today because of its many advantages. Some of its benefits is low 

permeability, durability and resistance to abrasion and sulfates. (Harmathy 1993) The material 
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has relatively high compressive strength while the tensile strength is less evident. That problem 

is usually solved by some kind of reinforcement in the tension zone e.g. steel.  

 

Predicting the behaviour of concrete in fires is difficult. Generally, concrete is considered to 

perform well in fire. Some of its advantages are that it is inorganic, non-combustible and does 

not emit toxic gases (Newman & Choo 2003). Heat related properties such as low thermal 

conductivity makes it a poor conductor while relatively high specific heat capacity creates a 

kind of defence which is often used to protect other materials such as steel that unlike concrete 

is a good conductor. The materials thermal properties as a function of temperature can be seen 

in Figure 7 and Figure 8. When considering concrete in fire, one also has to regard 

compositional and phase change within the concrete constituents and also the behaviour of 

absorbed moisture. 

 

 
Figure 7. Thermal conductivity, upper and lower 
limit, of concrete as a function of temperature 
according to Eurocode 2. 

 
Figure 8. Specific heat capacity for concrete with 
moisture content 3% according to Eurocode 2. 

 

The initial contact with heat will make concrete lose absorbed, free or evaporable water. 

Secondly, the bound or adsorbed water is lost. The impact of losing water may lead to micro 

cracking and some consequential loss in compressive strength. As temperature rises, both 

modulus of elasticity and the strength of concrete decreases. The modulus of elasticity 

decreases more rapidly than the strength as micro cracks already exists at ambient temperatures. 

The micro cracks have already affected the strength. A description of the behaviour of concrete 

at elevated temperatures is presented in Figure 9. (Harmathy 1993) 
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Figure 9. Concrete behaviour during elevated temperature. 

 

There are two principle effects of fire on concrete. The first is it may gradually lose its load-

bearing capacity, in other words strength loss. This is because of strength losses in matrix by 

degradation of hydrate structure. The main losses occur at 500 degrees Celsius but already at 

300 degrees Celsius this process starts. The second principle effect is spalling. (Newman & 

Choo 2003) 

 

The strength and deformation properties of uniaxial stressed concrete at elevated temperatures 

can be obtained from the stress-strain relationships as presented in Figure 10. How to create 

this stress-strain relationship is defined in Appendix D. 

 

 
Figure 10. Stress-strain relationship concrete under compression at elevated temperatures (European 

Committee for Standardization 2004 p. 21). 

 

When, in fire, layers of the concrete bursts off the surface the phenomena spalling occurs. In 

other words it can be defined as loss of concrete at surface of a member during heating. 

Depending on the conditions of the fire and concrete contexture spalling can be localized or 

wide spread (Newman & Choo 2003). The loss of concrete increases core temperature inside 

the member and it might lead to loss in strength especially if important elements such as 
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reinforcement are exposed. Understanding the reason why spalling occurs is complex since it 

might depend on numerous factors.  

 

There are several parameters affecting spalling such as geometric, material and environmental 

parameters. A reason for spalling might be type of aggregate others pore pressure and thermal 

stress. Tensile stress which arises when strong thermal gradients induce compression at the 

exposed surface and tension in the cooler interior can result in thermal stress spalling. Pore 

pressure spalling might be a consequence of vaporizing pore water which increases pore 

pressures and exceeds the tensile strength of the concrete. Most likely spalling occurs when 

thermal stresses and pore pressures are combined. (Buchanan 2002) 

 

The general assumption when concrete structures are designed in elevated temperatures is that 

it does not occur. In other words it is ignored. Calculations on concrete members in this study 

are based on the assumption that none of the concrete spall for the duration of fire. 

 

Exposed to fire, concrete strength decreases due to micro cracking. When cooling occurs, the 

chances of cracking increases further. Due to this and the fact that it loses strength when it goes 

through structural phases during the fire the strength in concrete once it has cooled might be 

lower than during the actual fire (Burström 2011). If cracking does not occur and depending 

on other environmental conditions, concrete can lose further strength or slightly recover some 

of it at cooling. There are researches saying both. But ultimately it has significantly lower 

strength after a fire than before. (Law 2010) 

2.5.3. Composite structures 
The purpose of a composite structure is that the two materials act together. By doing this, they 

can take advantage of the strengths of both materials. For example, when making a steel and 

concrete construction the concrete is easily shaped and it is light but when it comes to tension 

it is less useful. Steel on the other hand is harder to work with and it is heavy but when it 

comes to tension it is quite good. For building elements acting in bending or flexure 

performance in tension and compression is needed. A composite construction out of steel and 

concrete will use concrete in the compression region for bending and steel in the tension 

region for bending. This gives the opportunity to build thinner and lighter floor decks than 

out of reinforced concrete or steel on its own.  

 

The given data in Table 1 represents the material properties at ambient temperature for steel 

and concrete. The values may vary significantly at elevated temperatures as described above. 

The thermal properties show differences which makes the materials completely diverse. But 

combining the two of them they might complement each other in other ways than tension and 

compression. Steel has a high load-bearing capacity, but when exposed to elevated 

temperatures both stiffness and strength decreases. By protecting the steel elements with 
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concrete they can take usage of the concretes low thermal conductivity. In other words the 

steel gets insulated. 

 
Table 1. Thermal properties of concrete and steel at ambient temperature (20 degrees Celsius), according to 

Eurocode 2 and 3. 

Material 
Density 
[kg/m3] 

Specific heat capacity 
[J/kgK] 

Thermal conductivity 
[W/mK] 

Concrete 2300 900 1.35-1.95 

Steel 7850 440 53 

 

When designing composite structures for fire behaviour, three main interests are in focus: 

Integrity, insulation and stability. In general, composite steel-concrete slabs have good 

integrity. Even if the concrete cracks the continuous steel deck prevents flames and hot gases 

to pass through the system. The insulation criterion is fulfilled by providing a sufficient 

thickness. Axial restraint, moment redistribution and fire emergency reinforcing creates a good 

resistance for a composite slab when it comes to strength and stability. 

 

Composite structures exposed to elevated temperatures might be subjected to deformations. 

One of the main reasons for this is called thermal bowing.  The phenomenon is due to the 

large difference in surface temperature on the exposed and unexposed side of the structure. 

This is in turn due to very slow rates of heat transfer in concrete. The temperature difference 

causes the inner fire exposed surface to expand much more than the unexposed surface 

resulting in thermal bowing. (Usmani et al. 2001) 

 

Another reason for deformation is thermal expansion. When exposed to elevated temperatures, 

thermal strains are induced in the member which takes the form of thermal expansion i.e. 

increased length. Large deflections depend mainly on the adaption of the additional length in a 

restrained structural member generated by thermal expansion which is caused by thermal 

strains induced by heating. (ibid.) 

2.6. FEM 
Differential equations are the basis of solving physical phenomena encountered in engineering 

mechanics. Classical analytical solutions may work with simple problems but when it comes to 

more complex and complicated problems they are usually not enough. Generally, the finite 

element method is a numerical technique for finding approximate solutions to boundary value 

problems for partial differential equations. The physical problem, which is described in 

differential equation or equations, is presumed to hold over a certain region. This region or 

problem domain is then subdivided into smaller and simpler parts. These parts are called finite 

elements (Ottosen & Petersson 1992). The assembly of all the joined elements is called a mesh. 

By connecting many simple parts one can approximate a more complex equation over a larger 

domain. The problems may be one-, two- or three-dimensional, as well as time dependent. 
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First the behaviour of each element is determined and secondly all elements are put together to 

form the original region. Ultimately it enables to obtain an approximate solution of the 

behaviour of the complete region for the physical problem. By using simple elements one can 

assume that the variable varies in a linear way over each element even though the variable 

varies in a non-linear manner over the entire region. (ibid.) 

 

The approximation implemented in the elements can be depicted as an interpolation over the 

element where the variable is known at specific points in the element. These points are called 

nodal points. Usually the nodal points are located at the boundary of each element.  

The element degrees of freedom (DOF) specify the state of element. The behaviour of each 

element is expressed in terms of a finite number of degrees of freedoms characterized as the 

value of an unknown function, or functions, at a set of nodal points. They are defined as the 

values of a primary field variable at connector node points. The more unknowns, DOF, the 

more accurate the approximate solution. (ibid.) 

 

The first occurrence of the FEM as known today, also called Finite Element Analysis (FEA), 

was in 1956 (Turner et al. 1956). It originated from the requiring of solving complicated 

elasticity and structural problems in civil- and aeronautical engineering (Kuntjoro 2005). Since 

then the method and its use has spread to almost all fields of engineering. One of its many uses 

is to derive the strength in mechanical structure. Another one is to calculate energy losses 

when modelling electrical machines. Other fields in which it’s used in are geomechanics, 

biomechanics, electromagnetics, thermal/fluid flow, structure analyses and automobile- and 

aerospace engineering. 

 

Advantages with the method are that finite elements give an accurate representation of 

complex geometry and it can consider dissimilar material properties. It considers irregular 

boundaries, general loads, different boundary conditions and variable elements sizes. 

Modifications are easy and non-linear problems can be solved. 

 

With that in mind one also has to consider that the finite element analysis is an approximate 

solution and that it is an element dependent solution. The shape quality of the elements affects 

the results, e.g. irregular shapes of elements reduce accuracy of the solution. The density of the 

elements may also affect the results, i.e. the element size should be adjusted to capture 

gradients. The input data might also be a possible source of error. (Ottosen & Petersson 1992) 

 

The finite element problems can consist of countless of equations that have to be solved and 

some of them on an advanced level. Computational assistance might be necessary to solve these 

kinds of problems. Simple FEM analysis can easily be done in more advanced CAD software 

but for general FEM calculations the analyses can be performed by a number of comprehensive 

software. To name a few there are MSC/Nastran (MSC Software Corporation 2015), 
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HyperWorks (Altair Engineering Inc. 2015), Ansys (ANSYS Inc. 2015), LS-Dyna (LSTC 

2011) and Abaqus (Dassault Systèmes 2015).  

2.6.1. Abaqus 
Abaqus is used in both the academic and industrial world and it has a broad usage among 

engineers. It is important to understand the theory and the methods limitations for the user. 

Abaqus is the chosen software for this thesis. One of the main reasons is that it is a less 

expensive way to achieve results from these kinds of calculations. It is also the only FEM 

software which is used during the authors education that can calculate both temperature 

distribution and deflection at the same time. 

 

In 1978 the company Hibbitt, Karlsson & Sorensen, Inc (HKM) was formed by David Hibbit, 

Bengt Karlsson and Paul Sorensen. It was also in 1978 that the first version of Abaqus was 

released by HKM. The base of which the company was formed was to create a software and 

deliver services for the experienced finite element analyst. It was the markets demands which 

decided the progress of new applications and the company orientation. But with time came 

development and the application of Abaqus became broader. Instead of only focusing on 

standard implicit analysis the software moved into large time-dependent analysis or explicit 

analysis. (Huang 2005) 

 

The engineering simulation software merchant has since 1978 changed their name to 

ABAQUS inc.. The name and logo of the software origins from an actual abacus. Today 

ABAQUS Inc. is part of Dassault Systèmes. (ibid.) 

 

Each analyse in Abaqus involves three stages, see Figure 11. The first one is called pre-

processing or modelling (Kuntjoro 2005). In this stage the geometry of the current part or 

assembly is created. Some of the parameters that have to be considered are loads, material 

properties, boundary conditions and what output is required. This is also called creating an 

input file. This stage can be performed by a compatible CAD software or text editor. 

 

In the second step the actual analysis are performed which is called processing/solution. In this 

stage an output file is created and the nodal field values are calculated. The third and final stage 

is called post-processing.  It is a visual rendering stage where the results can be described 

visually from the output file. (ibid.) 

 

 
Figure 11.  Solution sequence in Abaqus. 

 

http://en.wikipedia.org/wiki/Dassault_Syst%C3%A8mes
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Abaqus consist of five core software products which are based on the solution sequence 

described above. 

 

1. Abaqus/CAE 

CAE means Complete Abaqus Environment. The application can be used to create the model 

as part of the pre-processing stage. It can also be used during the processing stage by 

monitoring and visualizing the results from the analysis, post-processing. (Dassault Systèmes 

2015) 

 

2. Abaqus/Standard 

Abaqus/Standard performs traditional calculations with an implicit integration scheme. The 

application is well suited for analyses which are static and low-speed dynamic and also steady 

state transport. It is possible to analyse the model in time and frequency domain in the same 

simulation. Combined with the CAE application where one can perform pre- and post-

processing the whole solution sequence is fulfilled as the standard application perform the 

processing stage. (ibid.) 

 

3. Abaqus/Explicit 

The explicit application provides the opportunity to solve severely nonlinear systems. It is 

suitable to simulate transient dynamic problems. The application is part of the processing stage 

and can be combined with the CAE application and its modelling environment where both 

pre- and post-processing occurs. (ibid.) 

 

The results from Abaqus/Explicit can be used as baseline for further calculations in 

Abaqus/Standard. In the same way, the results from Abaqus/Standard can be used as input in 

Abaqus/Explicit. The advantage of this flexibility is that the explicit application calculates 

problems where high-speed, nonlinear and transient response dominates the solution. The 

standard application on the other hand is more suitable for to the parts of the analysis that are 

more appropriate to an implicit solution technique, e.g. static, low-speed dynamic or steady 

state transport analyses. (ibid.) 

 

4. Abaqus/ CFD 

With the support for pre- and post-processing provided in the CAE application the CFD 

(Computational fluid dynamics) software supply advanced computational fluid dynamics 

capabilities in the processing stage. The application is able to solve incompressible flow 

problems such as laminar and turbulent, thermal convective and deforming- mesh arbitrary 

langrangian eulerian problems. (ibid.) 

 

5. Abaqus/Multiphysics 

The application solves computational multiphysical problem such as hydrodynamic wave 

loading and electrical coupling. (ibid.) 
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User subroutines 

Subroutine is a programming tool which can be seen as a single part of a bigger program, 

where the program is divided into smaller parts. When the program needs the function that is 

written in the subroutines the user calls the subroutine. In Abaqus this method is called User 

Subroutines and it is used if it is not possible to run the analysis by Abaqus built-in model. 

FORTAN is the only program Abaqus accepts for writing a subroutine in Abaqus/Standard 

and Abaqus/Explicit. (Dassault Systèmes 2015) 

 

Many of the functions are restricted when using usual input data alone and to increase the 

functionality in Abaqus a subroutine is written. Subroutines also make the tools for analysis 

more flexible and powerful. When writing a subroutine there is some things to consider like a 

subroutine cannot be called from another subroutine, it must be included in the script that will 

be used. A script is a modification of the standard program and are used to reached a result that 

not are possible in the standard program. When and how many times Abaqus calls the 

subroutines depends on what the routines are defined for. For example Abaqus calls the user 

subroutines that define orientations or initial conditions in the first step before the first 

iteration. By analysing a small model with user subroutines it is possible to obtain how often 

the routine is called. (ibid.) 

 

Abaqus have pre-written user subroutines that are available for Abaqus/Standard and 

Abaqus/Explicit, this report focuses on USDFLD and VUSDFLD since these are used in the 

analysis in Abaqus. 

 

When a material cools it regains its old property values in Abaqus, which is not necessarily the 

case in the reality. To solve this problem user subroutines are applied in the analysis in Abaqus. 

What it does is that it keeps the properties for the highest obtained temperature when the 

temperature decreases.  The user subroutine makes calculations for each increment at all points 

for the material. The procedure is as follows: 

1. Checks the current temperature field. 

2. Compares the temperature with the previous maximum temperature. 

3. If the temperature is higher than the previous temperature it updates the field variable 

at the point with current temperature and the maximum state variable 

or 

If the temperature is lower than the previous maximum temperature it updates the field 

variable with the value of the state variable.  

 

A field variable is time-dependent values and is this case the temperature are set as field 

variable. A state variable is an array which is passed between subroutines calls, if information 

from one increment needs in the next a state variable are used to remember the information. 
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In the tool edit material manager in Abaqus the properties for each material are assigned. 

When user subroutines are used the temperature-dependent data is not used for the concrete 

properties, instead a field variable is applied with the temperatures. This means that the 

properties will not return to their ambient value as the material cools. 

 

USDFLD 

USDFLD is a user subroutines used in analysis with the Abaqus/standard version and this 

subroutine could be used to: 

 Define field variable as functions of time at a material point. 

 State variable can be used and updated. 

 Solution-dependent material properties can be introduced since it can be defined as 

functions of field variables. 

 If the materials definitions include user-defined field variables it will be called at all 

material points of elements. 

 To access material point data it must call the utility routine GETVRM. 

 In combination with the subroutine UFIELD it can be used to order predefined fields. 

(ibid.) 

 

The USDFLD routine only supplies material point measuring at the start of the increment and 

the result obtained during the increment are not affecting the material properties for a given 

increment.(ibid.) 

 

By interpolating the values defined in the nodes, the values of the field variables at the material 

point are received and this is done before the user subroutines are called. If there are any 

changes to the field variable in the subroutines they are limited to the material point. The 

values of material properties are calculated from the field variable values defined in the 

subroutine and are defined to depend on field variables.(ibid.) 

 

The Fortran code that is used for the USDFLD can be seen in Appendix A. 

 

VUSDFLD 

VUSDFLD is a user subroutine used in analysis with the Abaqus/explicit version and it does 

the same thing that USDFLD does. The V in the name means it´s an Abaqus/explicit 

subroutine.  

 It is two things that differ. These are: 

 It can call the VGETVRM instead to access material point data. 

 To order predefined fields it does not have to be combined with another subroutines. 

 

Otherwise is the same procedure as USDFLD. (ibid.) The Fortran code that is used for the 

VUSDFLD can be seen in Appendix B. 

http://tyda.se/search/receive?lang%5B0%5D=en&lang%5B1%5D=sv
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2.7. Previous research 
Some previous research in the topic has been performed. Still travelling fire is an unexplored 

subject where more research has to be made. Below, prior studies are presented. 

2.7.1. Fire models for large firecells 
A research project was set up in New Zealand in 1992 dealing with the behaviour of steel 

frames when they are exposed to a natural fire. It was the first of its kind, related to design 

using travelling fire. This took place at the research program at HERA (Heavy Engineering 

Research Association). Clifton named the report "Fire Models for Large Firecells" where a 

firecell was meant as one compartment of a building. The aim of the report was to find a 

relationship of time and temperature for travelling fires through a firecell using specific fire 

models. (Clifton 1996) 

 

An illustration of the zone for each design area in a firecell is illustrated in Figure 12 at a 

specified time. Burned out, fire, preheat and smoke logged are the conditions each design area 

can have, one at a time. To create time-temperature curves Clifton applied two different fire 

models and to apply these to the design areas he made some rules that describes how it should 

be utilized.(ibid.) 

 

 
Figure 12. An illustration of the zone for each design area in a firecell (reproduced from original 

report)(Clifton 1996). 

 

It was a challenge to develop this methodology according to Clifton because it was new in its 

kind and no other method like this existed. It was only a handful of experimental data available 

and therefore a lot of assumptions were made such as ventilation conditions, fire size, fuel type 

and fire spread. Due to this Clifton said that the method should be used as a research tool and 

for single elements in design. (ibid.) 
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2.7.2. Travelling Fires Methodology  
Independently of the method from New Zealand some researchers from the University of 

Edinburgh developed another methodology of travelling fires. Instead of using four zones like 

the New Zealand method, this method was working with two regions, called near field and far 

field. This method was presented in section 2.4. 

2.8. Previous tests 
The concept of travelling fire origins from previous tests such as large-scale building fires. 

There are today not that many documented large scale building tests, but the key ones are 

summarized in this section. 

2.8.1. Cardington 
Some large scale tests took place at Cardington, Bedfordshire, in 1999. The purpose of the tests 

was to see how a natural fire behaved in large scale compartments, which could be compared 

to travelling fires. The dimensions of the compartment was 33.12   6.125   3.075 m3 (length 

  width   height) with an opening in the front and the ignition of the fire was in the rear. 

Wood cribs were used as fuel and placed in three rows wide and eleven rows long which made 

it in total 33 wood cribs, each wood crib one meter square. The fuel load was the same in all 

test so it could provide a uniform fire load density and the wood was dried to 10 % moisture 

content. (Kirby et al. 1999) 

 

In total nine tests were performed in this building and the difference between the tests were 

the following points: 

 The ventilation varied from 1/1 to 1/8 of the opening in the front and fire load density 

varied between 20 or 40 kg/m2. 

 The compartment size was reduced to 25 % of the full size in one test. 

 By including plasterboard in one test, it could be analysed what influence the 

plasterboard lining has on fire severity by. 

 The influence on fire behaviour between a growing fire where all cribs were ignited at 

the same time and if only three cribs were ignited.(ibid.) 

 

Results from the test showed that the fire started slowly but followed with a rapid 

development and the fire spread to nearby cribs and travelled along the floor from the rear to 

the front consuming fuel. When the fire was fully developed, the oxygen level was low from 

the middle to the rear of the compartment which led to an extinguished fire at that location 

but the fire continued to burn near the opening. When the fuel in the front were consumed, 

the fire started to travel back to the rear where the fire originally started because the oxygen 

level increased again, see Figure 13.(ibid.) 
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Figure 13. How the fire travel to the front and then back again because of the oxygen level in the 

Cardington test. (Degler & Eliasson, 2015 p. 8) 

 

In the comparison between the tests they could see that it was a significant difference between 

a growing fire where only three cribs were ignited and if all cribs were ignited simultaneously. 

In Eurocode the parametric time-temperature curve has some limitations such as floor area 

and opening factor and almost all the tests were outside these limitations. Therefore the 

parametric expression underestimated the thermal histories of compartment fires as compared 

to all tests.(Kirby et al. 1999) 

2.8.2. Dalmarnock 
Dalmarnock is located in Glasgow, Scotland, and in 2006 the University of Edinburgh 

collaborated with partners such as BBC Horizon to make three fire tests in a 23-storey 

building containing apartments, six flats on each plan. The building consisted of reinforced 

concrete. The aim of the tests was to understand how the fire affects the structure, fire 

dynamics in real buildings and various ventilation interactions. One attempt was to generate a 

scenario that was as realistic as possible, this to test the modern fire safety engineering tools and 

how emergencies like this can be handled better. (Reszka et al. 2008) 

 

Test one and two were set up in two identical apartments at different stories with the same 

furnishing and the third and final test was a simple setup with gas and smoke detections in the 

exit stairwell. The difference between test one and two, in the apartments, were that test one 

was ventilation controlled and allowed to develop to post-flashover conditions. To prevent 

damage in the apartment for test two there was a storey gap between the tests. Test one was 

located on the fourth floor and the second test on the second floor on the north side of the 

building. The furnishing, which was the fire load, could be compared with an office and only 

one room was decorated. The dimensions of the room was 3.5   4.75   2.45 cubic meters 

(length   width   height) with a 2.35   1.18 square meters big window on west side. The 

ignition source was heptane and the fire started in a bin filled with newspapers. (ibid.) 

 

Laser smoke obscuration sensors, heat flux gauges, thermocouples and linear variable 

displacement transducers (to measure deflection in the concrete) were instrumentations used 

during the tests. In test one, the uncontrolled fire, observation on the structure was analysed 
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and the aim of test one was to see the behaviour of a concrete structure in full-scale. The 

result shows two apparent post-flashover periods, the first one after five minutes and the 

second around 13.5 minutes. The second was probably caused by window breakage at this 

time and the fire stops approximately at 19 minutes. (ibid.)  

 

The result also showed a vertical deflection at the centre of the floor slab with a peak of almost 

10 millimetres, but under cooling it recovered and the deflection at the end was 6 millimetres. 

It was no failure on structural and no spalling of the concrete either. An assumption typically 

made is that the structure have a homogenous heating but this test showed a non-

homogenous heating and it contradicts the traditional method. (Gillie & Stratford 2008) 

 

Stern-Gottfried (2011) analysed the test results from Dalmarnock test one and saw some 

similarity to the travelling fire methodology like the compartment test with the post-flashover 

fire does not have uniform temperature fields. The heterogeneity of temperature is not taken 

into account here but it is obvious that post-flashover fires do not reach homogenous 

conditions.  

2.8.3. The St. Lawrence Burns  
1958 the National Research Council of Canada (NRC) made a fire test together with the 

British Joint Fire Research in Canada. St. Lawrence River in Canada had to be widened 

because of the infrastructure and this led to a moving of the whole village. Some of the 

buildings were not able to be moved so these were abandoned and eight buildings were left 

and available for the fire test. Two of eight buildings were more interesting than the others, a 

community hall and a school. The reason these two buildings were more interesting than the 

others was because they could be used to simulate a large compartment. To make them even 

bigger they made them two floors high. The dimension of the buildings were 11.2   12.8 

respectively 13   9 square meters in each storey and they were made of timber with bricks 

outside and plaster inside. The fuel load in the tests was wood left from the floor, 

approximated 34-39 kg/m2. The fuel was ignited in the north corner and measurements of gas 

temperature were performed by thermocouples placed near the wood ceiling joist. (Gales 

2013) 

 

The aim with the tests was to see how a fire behaves in large compartments and to compare 

the measured temperature-time curve with the standard fire. The purpose was not to study 

travelling fires but Gales (2013) went through the reports from the tests and compared them 

with the travelling fire methodology.  He saw that the data from the thermocouples in the tests 

were following the framework of travelling fire and not the standard fire and that the fire 

actually travelled. A lot of assumptions must be done to support the travelling fire method and 

this fact makes Gale to be unable to confirm the tests with the travelling fire framework but 

the result from the test are interesting for future research.(ibid.)      
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2.9. Previous modelling 
Large scale tests dealing with travelling fires and FE-calculations is not a well-studied 

combination. FE software can provide more information about the results of the test than the 

test alone could give. Some problems with using these kinds of software might be 

computational effort and connection modelling. One significant problem considering real fires 

will be what occurs when cooling takes place. What will happen in Abaqus is that when the 

temperature decreases the material will regain its old material properties. This problem has 

been solved by using user subroutines which are further described in section 2.6.1 and chapter 

5.2. Below some previous modelling is introduced.  

2.9.1. Heated Composite slabs with reference to the Cardington experiments 
The full-scale test in Cardington 1995 resulted in a lot of experimental data which Gillie et al 

(2001) took advantage of and made a numerical model to understand the structural behaviour 

under fire conditions.  Previous modelling focused on individual parts of the construction and 

then applied it on the entire structure, but in the end of the 90's and early 2000's it goes 

toward modelling the whole structure. To make the numerical modelling the programs SRAS 

(Stress-resultant analysis of shell) and Abaqus with subroutine FEAI (Finite element analysis 

interface) were used and to validate the models a comparison with Cardington fire test one was 

done. 

 

The Cardington slabs are typical for composite constructions used as floor slabs and the bottom 

was covered by a steel deck. In the analysis some assumptions were made but the assumptions 

would not affect the results. The assumptions were that it was uniaxial material behaviour, 

uniform material properties and thickness, unique stress-strain relationship and the transverse 

shear stiffness were constant for all temperature and strain states. (Gillie et al. 2001) 

 

The difference between the two programs is that SRAS models the behaviour in plate sections 

at high temperature and FEAI with Abaqus models the entire structure and study the 

behaviour of it during fire. (ibid.) 

 

From SRAS the result was that the membrane strength decreases and the ductility increase 

when the temperature rises. At low strain concrete loses its strength and therefore affects the 

slab behaviour very little and the steel that is under the reference surface gives positive 

moments. Results from Abaqus were compared with Cardington test number one. The 

comparison considered the mid-span deflection. Figure 14 shows the difference in mid-span 

deflection over temperature in the slabs from both the experiment and numerical calculation. 

(ibid.) 
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Figure 14. Mid-span deflection from experiment and numerical calculation (Gillie et al. 2001 p. 766) 

2.9.2. Comparison of subcycling using CFD and Abaqus 
One challenge when structural response is analysed under non-uniform fire exposure is the 

transfer of thermal data from a heat transfer analysis to a structural analysis when there are 

differences in scale and inconsistency between meshes. This is a big problem when simulating 

the fire behaviour in CFD. Yu and Jeffers (2013) made a study between two algorithms for 

transferring data across different time scales and solid domains to obtain a more efficient use of 

CFD models in the analysis of structural fire resistance. 

 

Subcycling was used as the criteria for time integration in the solid domains and fire is 

different. This technique increases the efficiency of the analysis. The study made a comparison 

between time-sampled and time-averaged of surface flux data. It is a one-way coupled 

system where the fire affects the structural behaviour but not vice versa. One assumption is that 

the structure and fire are weakly coupled so the solid heat transfer and fire dynamics can be 

modelled in a decoupled, staggered manner. It means that the models can run independently of 

each other with exchanged data at specific points in time. (Yu & Jeffers 2013) 

 

To make the comparison between the subcycling algorithms, a 3 meters long I-profile steel 

beam was exposed to a local heptane pool fire in FDS. The study was based on an experiment 

from the University of Edinburgh to validate the model. To calculate the steel temperature in 

the beam it was modelled in Abaqus. The beam´s thermal properties were set according to 

Eurocode and some of the results (incident fluxes, radiation and convection) from FDS were 

applied on the beam. The steel temperature at the mid-span from the analysis in Abaqus was 

compared with the result from the experiment in Edinburgh, this can be seen in Figure 15. 

(ibid.) 
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Figure 15. Comparison between the model in Abaqus and the experiment (Yu & Jeffers 2013 p. 4) 

 

After the validation is was time to make the numerical studies for the subcycling algorithms. 

The time step in the fire simulations was required of 0.8 seconds for convergence based on the 

mesh size, the time step was fixed for all following analyses. To investigate the error related to 

the size of the time step in a heat transfer analysis a series of analysis with different time step 

and fixed increment was set up. A comparison between the incident fluxes calculated in FDS 

and the fluxes calculated using the both subcycling algorithms can be seen in Figure 16. The 

time-average flux is more close to the FDS results whereas the time-samples flux is more 

asymmetrical.(ibid.) 

 

 
Figure 16. Comparison between the three calculated fluxes at total fire duration (Yu & Jeffers 2013 p. 4) 
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The structural temperatures that are compared for the algorithms are on the bottom flange on 

the beam at the mid-span. A larger time step gave obvious errors especially for the time-

sampled and a smaller time step increases the precision for both algorithms. For the time-

sampled algorithm a time step of 10 second was converged and the time step for the time-

averaged was 25 seconds. The results for the time-averaged showed a greater accuracy for all 

time steps than the time-sampled and it also had a bigger time step. This means that the cost-

saving of the simulation time only can be realized by using time-averaged algorithms for the 

heat transfer analysis.(ibid.) 
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3. Method 
In this chapter the method of each stage of the thesis and its respective work process is 

presented. 

3.1. Generally 
The following sequence of work steps was chosen in order to answer the research question and 

fulfil the aim of the thesis. The procedure started with a literature review of the subject and 

choice of a FE-program. A general validation of the modelling technique was done before the 

actual study was carried out in Abaqus. A flowchart of the work process is presented in Figure 

17. 

 

 
Figure 17. Flowchart of the working procedure. 

 
In the end of January 2015 a full-scale test was performed in Czech Republic. The test was 

done to investigate what structural and thermal impact the travelling fire had on the structures. 

The test building has been the basis for the models, the temperature results have been input 

data for the FE-calculations and the deflection have been compared with the results from the 

analysis. In chapter 4 the experiment is described in more detail.   
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3.2. Literature review 
To start with a literature review was performed by reviewing regulations, the concept of 

travelling fire, composite material in fire and previous research like similar studies in FE 

programs and other full-scale tests. The main focus was on structural aspects. Through this a 

deeper understanding of the subject was obtained. The sources consisted of books that have 

been used as course literature during the studies of Master of Science in Fire Engineering, 

articles received from supervisors and search databases such as PRIMO connected to Luleå 

University of Technology library. Regular keywords were: travelling fire, Abaqus, subroutines, 

composite slab and different combinations of these.  

3.3. Validation 
To be able to rely the result from the FE-calculations, a general validation was performed. An 

I-profile beam and a rectangular concrete slab were created in separate models in Abaqus. 

Analysing the models in a heat transfer step and mechanical step obtained an elongation and a 

mid-span deflection. These values from Abaqus were compared with hand calculations to 

validate the used techniques. See section 5.1 for a detailed description of the calculations and 

the results. 

3.4. FE-calculation 
To calculate the thermal and mechanical response of a composite slab exposed to different 

temperature-time curves the FE-program Abaqus was used. Abaqus was chosen since it is one 

of three FE-programs that are used during the authors’ education but it is the only one of 

those that calculates both temperature distribution and deflection at the same time. The version 

used in the thesis was Abaqus 6.13-2.  

 

Two composite slabs were modelled in two separate models by using shell elements, one of the 

slabs had I-profile beams with the length of 3.35 meters and box-sections with different cross 

section area (slab 1 and 2). The other slab had I-profile beams with length of 5.9 meters and 

box-sections with the same cross section area (slab 3 and 4), Figure 18 shows the location of 

the four slabs. The build-up of the slabs was done in stages. In the first step one I-profile 

beam (IPE 200) was modelled and then the box-sections were added to the beam. Four more 

I-profile beams were added which made it in total five I-profile beams spaced with regular 

intervals on top of the box-sections. The last stage was to add a rectangular concrete slab on 

top of the beams. Figure 19 shows an illustration of the working progress. Between each step 

the model was analysed to see that it worked and no errors were found. The slabs were 

modelled after the drawings from the test building.  
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Figure 18. The four slabs and their locations. 

 

 
Figure 19. The working progress to model the slabs. 

 

In total there were 16 different analyses on the four slabs. The differences between the analyses 

were that the slabs were exposed to different temperature-time curves, had different boundary 

conditions and loads. The temperature-time curves the slab was exposed to where the ISO-

curve, fire curve from the full-scale test in Czech Republic (TFT) and the temperature time 

curve obtained from the FDS calculation. In all cases the material properties origin from 

Eurocode. The analyses with the TFT and FDS fires were also performed with user 

subroutines (US) which made the concrete properties not to return to their ambient value as 

the material cooled. 

 

In all analysis the slab was exposed to fire on the underside, and the beams were exposed on 

three sides. The different boundary conditions (BC) and load cases are described in section 

5.2.4. For the analysis with the ISO-curve and FDS-curve the time period were set to one 

hour and the analysis with the third temperature-time curve had a time period of seven hours. 

The step period for the load step was set to 1 in all analysis. In the thermal step, the time of the 

analysis was determined according to the duration of each fire. For a more detailed description 

of the FE-calculations see chapter 5. 



35 

 

3.5. FDS 
A pilot study was done prior the full-scale test in Czech Republic. It was a bachelor thesis and 

the focus was on fire dynamics and the fuel load for the test. The room was modelled after the 

drawings and imitates the room that was used in the test presented in Figure 20. (Degler & 

Eliasson 2015) (Degler et al. 2015) The blue regions in the roof represent the four composite 

slabs in Abaqus.   

 

Using Degler and Eliasson’s model new calculations were made. The geometry of the ground 

floor was correct but the locations of the gauges did not correspond to the full-scale test set 

up. Measurement points used to capture the temperature and convective heat transfer 

coefficient were moved so the location was equal to the test set up with the simulation time of 

14400 seconds. But after one hour the simulations were shut down due to time limits. The 

results of the measurements done by the plate thermometers were used as input data in Abaqus.  

 

 
Figure 20. The model of the fire exposed area on the ground floor in FDS. 

3.6. Managing Results 
The results that were of interest for the thesis were the mechanical and thermal impact of a 

composite slab. The research questions were answered by obtaining the results described 

below.  

 

From the heat transfer analyses the temperature at the fire exposed side, in middle and the 

non-exposed surface in the concrete slab was of interest. The results have been plotted in 
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diagrams to visualize the temperature distribution. This has been done for the comparison 

between the three fires where load case 1 and boundary condition 1 has been used. 

 

Mid-span deflection and plastic strain are the result that are of interest from the mechanical 

analyses. The results are visualized by figures from Abaqus and plotted diagrams of the plastic 

strain and mid-span deflection. These results have been of importance for all analyses.   

To be able to know what affect user subroutine had on the results, the temperature in the 

concrete slab, mid-span deflection, von Mises stress and plastic strain were plotted in diagrams 

to compare with the analyses done without user subroutines. User subroutines were only used 

in TFT and FDS fires, which considers cooling and this is why these are the only fires studied 

in this field. 

 

All plots have been made by tabulated data from Abaqus and the graphs were made in Excel. 

All figures are copied from Abaqus visualization which origins from the .odb file. The figures 

are taken from the end of the analyses or at different time steps during the analysis.  
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4. The building and full-scale test 
In this chapter information about the building and test set up where the full-scale test was 

performed is presented. 

4.1. General 
The building in which the test was performed was located in Tisova, outside Karlovy Vary in 

Czech Republic. Figure 21 shows the four story building which was originally constructed in 

1958 and was built as a powdered coal boiler as part of a power station. From the beginning it 

contained two boilers which were approximately three stories tall starting at the ground floor 

and went nearly up to the top of the building, passing through openings in the floors. 

 

In 1980 the use of the building was changed to a workshop. The changes of occupation lead to 

a removing of the boilers. Instead composite slabs were installed on the large concrete frame 

which was used to support the boilers.  

 

For a more detailed description of the test set up and building see the final report (Lange et al. 

2015). 

 

 
Figure 21. The building where the full-scale test was performed. 

4.2. Material and geometry 
The building consisted originally of four floors and a basement. During the reconstruction the 

basement was filled up with soil. In the full-scale test it was the ground floor which was 

exposed to fire and thereby it will only be the ground floors geometry and materials that will 

be presented in this chapter. 

 

The construction was a reinforced concrete frame with composite slabs and thick masonry 

external walls. The external floor area was approximately 386 square meters, but the fire test 

was limited to an open plan section with an area of 232 square meters, see Figure 22. 
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Figure 22. Overview of the fire area. 

 

The exterior walls consisted of 600 millimetres thick masonry and the interior walls were made 

of 300 millimetres thick breezeblocks. The floor was made out of reinforced concrete. 

 

The ceiling slab was a mixture of reinforced concrete and composite. When the boilers were 

removed, the holes were replaced with a composite slab and extended to the old perimeter 

concrete slab. The composite slab consisted of a top-layer made of concrete on a thin 

trapezoidal-shaped steel profile jointly placed on top of 200 millimetres I-beams. The 

thickness of the concrete slab was 190 millimetres and the composite slab 320 millimetres. 

4.3. Test 
A short description of the test set-up and fire from the full-scale test is presented below.  

4.3.1. Test set-up 
The test was performed on the ground floor. Several holes were drilled in the slab from the 

second floor where thermocouple trees and plate thermometers were placed. In total 64 plate 

thermometers and 58 thermocouple trees measuring the gas phase every 20 centimetres were 

used.  
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Measurements of temperature were also made in the slabs by thermocouples. The 

thermocouples were located 20 and 40 millimetres from the steel deck located both in and out 

of the troughs. Deformation measurements were made from the second floor. A total of six 

measurement locations were set up. Figure 23 shows the locations for all the measurements. 

 

 
Figure 23. Overview of the locations from the measurements in the test. 

 

The measurements done in the upper right corner are irrelevant to this thesis since they refer 

to the concrete slab and the thesis is limited to the composite slabs. 

4.3.2. Fire 
The purpose of the full-scale test was to investigate the concept of travelling fires. The fuel 

consisted of wood cribs which are a commonly used source for fire loads. A wood crib is 

composed of wood sticks with a rectangular cross section assembled in layers. In the test each 

layer consisted of eight wood sticks stacked five in height. 

 

The plan was to ignite the first wood crib in the upper left corner of slab 3 and that it would 

spread according to Figure 22. The fire was supposed to travel along the path of wood cribs 

resulting in a travelling fire. 

 

In the exterior walls there were in total seven windows with the total opening area of 

43.2 square meters which were removed prior to the test. The wood cribs were ignited but the 

fire didn’t evolve to the intense travelling fire that was expected. The windows were replaced 

and more gas were added to the wood cribs.  
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5. FE-calculations 
In this chapter, the authors way of modelling in Abaqus is validated by comparing simple hand 

calculations with results from analyses in Abaqus. Furthermore the models created in Abaqus 

are described. Material properties and dimensions are presented and simplifications that had to 

be made are disclosed. 

5.1. Validation 
A validation was performed to verify the authors way of modelling in Abaqus. Each material 

was analysed in both software and by hand using simple hand calculations described in 

equations 7 and 8. These hand calculations are based on FE analyses which are benchmarked 

based on tests. This means that that the validation in this chapter is based on a complex FE 

analysis that is validated with the help of equations that were developed and in turn validated 

by comparing them with FE calculations. It is not possible to account for all phenomena’s in 

the hand calculations and therefore two simple approaches were chosen. 

 

One mechanical model was made in Abaqus where a simply supported element was exposed to 

a distributed load which creates a mid-span deflection. Another model was created where a 

simply supported element was exposed to uniform elevated temperatures which induce thermal 

expansion. 

 

The elementary cases were used to calculate the mid-span deflections of the two models, 

according to equation 7. 

 

  
    

     
      [7] 

 

where u is the mid-span deflection, L is the length of the beam, q is the force, E is the young's 

modulus and I the moment of inertia. 

 

To determine the thermal expansion of the elements, equation 8 was used. 

 

             [8] 

 

where   is the coefficient of linear thermal expansion. 

5.1.1. Steel 
To validate the steel part in this thesis, a simply supported IPE200 beam was used. Some 

material properties that were used are presented in Table 2. 
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Table 2. Dimensions and material properties of the steel beam. 

Dimension Value 

Length 3350 mm 

E 210 GPa 
α 1.04e-5 

∆T 100 ˚C 

 

The results of the hand calculations and the Abaqus analyse is shown in Table 3. 

 
Table 3. Results of the steel calculations. 

 Abaqus Hand calculations Difference 

Mid-span 
deflection 

0.0834 mm 0.0844 mm 1.2 % 

Thermal 
expansion 

3.5063 mm 3.5063 mm 0 % 

5.1.2. Concrete 
A one square meter rectangular concrete slab was created in Abaqus to perform the validation 

for this part. In Table 4 the slabs dimension and material properties are presented. The results 

can be seen in Table 5. 

 
Table 4. Dimensions and material properties of the concrete slab. 

Dimension Value 

Thickness 200 mm 
E 11628 MPa 

α 9.29e-6 

∆T 100 ˚C 

 
Table 5. Results of the concrete calculations. 

 Abaqus Hand calculations Difference 

Mid-span 
deflection 

0.0089 mm 0.0076 mm 17 % 

Thermal 
expansion 

0.9432 mm 0.9290 mm 1.5 % 

 

The comparison between results of the mid-span deflection in Abaqus and hand calculations 

shows a 17 percentage difference. This alteration is insignificant since the material is not 

behaving elastic at its tensioned part which means that the result will not get closer to each 

other until the concrete damage plasticity is removed from the model. 

5.2. Models in Abaqus 
Two separate composite slabs were modelled in Abaqus to represent four different slabs from 

the building in the full-scale test. Slab one and two respectively three and four have the same 

geometry and dimensions which is the reason why only two models were needed, see Figure 
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18. The two models will from now on be called 3500 and 5900, reflecting the span of the steel 

beams in the models. The models were created using shell elements. 

 

Each analysis was performed in two stages. At first the heat was applied by creating a heat 

transfer step which was solved with the standard implicit solver. In the second stage, which is 

called the mechanical stage, the result from the heat transfer analysis was applied as a predefined 

field using the explicit dynamic solver. Two steps were created where a distributed pressure 

load was applied on top of the concrete slab in the first step. In the second step the thermal 

conditions were applied. The step time was set to one for mechanical loads. The thermal load 

was set to one respectively seven hours depending on temperature-time curve. The beams and 

slab were exposed to fire on all sides except the top side. The box-sections were not exposed 

to the fire. 

 

In total 16 models were created and executed. The models and their constellations are 

described in Table 6. The different boundary conditions (BC) and load cases are described in 

section 5.2.4 

 
Table 6.  Overview of the different runs and constellations. 

 Slab Fire US BC Load 
Model 1 2 3 4 ISO FDS TFT  1 2 3 1 2 

1 X    X    X   X  

2   X  X    X   X  
3 X    X     X  X  

4   X  X     X  X  
5 X    X      X X  

6 X     X  X X   X  
7  X    X  X X   X  

8   X   X  X X   X  

9    X  X  X X   X  
10 X      X X X   X  

11  X     X X X   X  
12   X    X X X   X  

13    X   X X X   X  
14 X    X    X    X 

15 X     X   X    X 
16 X      X  X    X 

 

The procedure described above was the chosen method for the thesis. Another way of doing it 

would have been to perform a coupled analysis. The selected method is more appropriate in 

this kind of calculations where the problem becomes very materially non-linear as the 

temperature increases and strength is reduced. There is a difference in time scale between the 

two analyses where the explicit procedure uses a very small time scale. If the same increment 

would be used for the coupled analysis the calculations would be much more computationally 
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expensive and there would be a lot more data to store. This means that it is a simpler and faster 

way to perform the calculations and this is the reason why this method was chosen. 

5.2.1. Model 3350 
The first slab represents slab one and two. It consists of five I-profiled steel beams placed on 

top of two box-sections. The two box-sections have different dimensions and are called “P9” 

and “L1”. Lastly a 20 centimetre thick shell made out of concrete represents the concrete slab.  

Constraints between the elements were applied by tying the displacement degrees of freedom 

together. A tie constraint means that two separate surfaces are tied together so that there is no 

relative motion between them. By tying the surfaces, it allows the user to fuse together two 

separate surfaces even though the meshes may be dissimilar. A visual description of the 

elements is shown in Figure 24 and the dimensions of the elements are presented in Table 7. 

 

 
Figure 24. Visual description of the 3350 model. 
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Table 7. Dimensions of geometry for the 3350 model. 

Element and dimension Measurement [mm] 
Beam  

Length 3350 
Height 200 

Width 100 

Thickness web 5.6 
Thickness flange 8.5 

Box-section “L1”  
Thickness “web” 6 

Thickness “flange” 8 
Height 80 

Width 90 

Box-section “P9”  
Thickness “web” 10 

Thickness “flange” 14 

Height 260 

Width 180 
Slab  

Length 3350 
Width 5800 

Height 200 

5.2.2. Model 5900 
The second slab represents slab three and four. It is built in the same way as the first slab with 

five I-profiled steel beams placed on top of two box-sections and a 20 centimetre thick slab 

made out of concrete at the top. The difference between the two of them is that opposite to 

the first slab which has a rectangular shape the second slab has the shape more like a square. 

The two box-sections also differ from the first slab. Instead of “L1” and “P9” it is now two 

“L2” the I-profile beams lean on. The box-sections and the other elements dimension are 

presented in Table 8. Visually the composite slab can be seen in Figure 25. 
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Figure 25. Visual description of the 5900 model. 

 
Table 8. Dimensions of geometry for the 5900 model. 

Element and dimension Measurement [mm] 

Beam  

Length 5900 
Height 200 

Width 100 
Thickness web 5.6 

Thickness flange 8.5 
Box-section “L2”  

Thickness “web” 6 

Thickness “flange” 8 
Height 80 

Width 90 
Slab  

Length 5900 
Width 4900 

Height 200 

5.2.3. Material properties  
How the models behave is highly depending on the material properties that are used for 

concrete and steel. One set of properties has been used during this thesis. Properties used that 

are of importance when performing a heat transfer analysis are expansion, density, specific heat 

capacity and thermal conductivity. When performing the mechanical analysis, plastic and 

elastic properties are significant. 

 

When performing the calculations properties from Eurocode 2 and 3 have been used. The 

convective heat transfer coefficient and emissivity were assumed to be 25 W/m2K respectively 

0.7 for both steel and concrete. Poisson’s ratio was assumed to 0.2 as it is a recommended 

reasonable approximation (Harmathy 1993). 
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The purpose of the concept of travelling fire is that there is a non-uniform temperature rise 

and that cooling will take place at some locations occasionally. When exposed to fire, material 

properties change and when cooling occurs they are still affected. In Abaqus the material 

properties behave differently when it comes to cooling. When the temperature decreases, the 

material regains its old mechanical properties. That means that if the element is cooled down 

to ambient temperature it will have the same properties like it had before the occurrence of 

fire. This is an issue that is of significance in the analyses which considers cooling, e.g. TFT 

and FDS fires. It has been solved for the concrete behaviour by using user subroutines. 

USDFLD was the subroutine used in the standard calculations and VUSDFLD was the one 

used in the explicit dynamic procedures. These are further described in section 2.6.1. 

5.2.4. Boundary conditions and loads 
On the bottom of the box-sections boundary conditions were applied, see Figure 26. To 

represent the continuity of the concrete slab across the concrete frame and to the adjacent bays 

boundary conditions was applied on the slab edges. The boundary conditions restrained it in 

the vertical direction.  

 

Boundary condition 1 represents fixed connections while boundary condition 2 and 3 

comprises simply supported conditions. The three different cases can be seen in Table 9. X, y 

and z represent translations that are restrained. In addition to these boundary conditions a fixed 

boundary condition, was set in the y-direction on the edges of the slab. 

 
Table 9. Boundary conditions. 

Boundary Condition Bottom L1 and L2 Bottom P9 and L2 

1 x, y, z x, y, z 

2 y, z x, y, z 

3 x, y, z y, z 

 

 
Figure 26. The applied boundary conditions. 
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Two different loads were applied, also as part of a parameter analysis. Both loads comprise a 

distributed load applied on top of the concrete slab, see Figure 27. Load 1 represents the dead 

load, e.g. the structures own weight and load 2 represents its live load. The second load was 

calculated according to Eurocode 0 and 1 and represents office buildings. The values can be 

seen in Table 10. Since the parameter study only considers model 3350 there is no live load for 

model 5900. 

 
Table 10. Load cases. 

Model 
Load 1  

[N/mm2] 

Load 2 

[N/mm2] 

3350 0.02125 0.0309 

5900 0.01920 - 

 

 
Figure 27. The applied load. 

5.2.5. Fires 
Three different fires have been evaluated. The parameter study reviewed three different 

boundary conditions when the slab was exposed to the standard ISO fire curve. Furthermore, 

it studied two different loads when exposed to all three fires. Since slab 1 and 2 respectively 3 

and 4 behaves in the same manor when exposed to the ISO curve, it was enough to analyse 

one of each pair. The time-temperature relationship for the ISO curve can be seen in Figure 

1. In the models where the ISO curve was used a simulation time of one hour was used. 

 

The second fire origins from the Tisova fire test, TFT, where the average gas temperature 

represents a temperature-time curve for each slab. In Figure 28 the four temperature-time 

curves for each slab are presented. Data was measured for seven hours which was also the 

simulation time for the models. 
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Figure 28. TFT gas temperature measurments. 

 

The last fire represents the results from a previous study done in FDS where an average 

temperature field was obtained from plate thermometer measurements. The temperature-time 

curve for each slab that was used as input in Abaqus can be seen in Figure 29. Data was 

measured for approximately one hour which was set as simulation time for the models. 

 

 
Figure 29. FDS temperature measurments. 

5.2.6. Simplifications 
Some simplifications were made along the way, mainly to save time when running the analysis 

but also to save some time when modelling. These simplifications are described below and 

represent simplifications made for both 5900 and 3350. 
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The composite slab created in Abaqus consists of a rectangular/square concrete cross section 

with a 20 centimetre thickness. In the building in which the test was performed the slab 

consisted of a top-layer made of concrete on a thin trapezoidal-shaped steel profile jointly 

placed on top of the I-profiled beams. 

 

Another simplification that was made is when creating the I-profiled beams. Instead of 

creating round inside corners they were perpendicular to each other. In the same way a taper 

at the flanges in the box-section was ignored and a nominal thickness was assumed along the 

sides. 

 

Shell elements reduce the simulation time which is the reason why this type of element was 

chosen and not solid elements which visually would represent the reality well.  

5.2.7. Standard and explicit procedure 
Both standard and explicit dynamic procedures have been used in the thesis. All heat transfer 

stages have been performed using the standard solver in Abaqus and all mechanical stages have 

been performed with the explicit dynamic solver. The reason for using explicit solver for the 

mechanical analysis is that when the standard solver tries to solve the mechanical stage the time 

increments get very small which it can’t handle and therefore is not able to perform the 

calculation. 

 

To reduce that an unstable solution ensues, constant scaling of the time increment has been 

performed. A scale of 1000 was used for all explicit dynamic procedures. For example the 

models exposed to the standard fire curve, ISO, had a time period of 60 minutes. In the heat 

transfer stage where the standard procedure was used the step time was set to 3600 seconds for 

the duration of the fire. But in the mechanical stage where the explicit dynamic procedure was 

used the thermal step had a time period of 3.6. Using this constant scaling saves both time and 

decreases amount of data stored. 
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6. Results 
In this chapter the results from all models are displayed in figures and diagrams. The result is 

divided into two main sections where the first section present the parameter study which 

considers boundary conditions and loads and the second section present the results from the 

different temperature-time curves.  

6.1. General 
From each model and analysis there is certain data that is of interest. From the heat transfer 

analyses a simplified temperature distribution is derived from the temperature at the surface, 

middle and top of the concrete slab. From the mechanical analyses the results focus on mid-

span deflections, amount of plastic strain and stress in both concrete and steel. 

 

Each model has been considered in a heat transfer analysis and mechanical analysis. All results 

that represent temperature data origins from the heat transfer analyses, while all other data is 

taken from the mechanical analyses. 

 

In the figures from the mechanical analyses i.e. all diagrams that shows the mid-span 

deflection, stress and plastic strain have a black line at time step one. This line represents the 

bounds between the load and thermal step in the analysis. The load step has a time step of one, 

so all data before the black line is what happens in the load step and all data after is what 

happens in the thermal step. In the total time of the fires the load step is not included, that 

means that the time step for the thermal step is going from 1 to 4.6 in the ISO and FDS fire 

and 1 to 26.2 in the TFT, which represent the total time of the fires. A time step between 1 

and 4.6 is a fire of one hour and the time step between 1 and 26.2 represent a fire of seven 

hours, the unit for the time in the diagrams are therefore dimensionless.   

 

Figures presenting the mid-span deflection in diagrams show values on the Y-axis on both 

the positive and negative side. The positive values represent sagging while the negative values 

represent hogging. If nothing else is mentioned a scale factor of 1 has been used in the figures 

to visualize the results. The figures describing the deflected shape of the models are captured at 

the end of each analysis. 

 

When the (von Mises) stress and strain are plotted in Abaqus two values are possible to choose, 

one is on the top of the shell element and the other on the bottom. Since there is minimal 

difference between the result at the top and the bottom surface for the steel, the mean of these 

two results are reported. For concrete the difference is bigger between top and bottom, which 

is the reason why both are plotted. The value for concrete is acquired from the middle of the 

slab, and for steel it is acquired from three different positions which are described in Figure 30. 
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Figure 30. The positions were the value of stress and strain for steel are collected. 

 

The results from the analysis in Abaqus are not compared to the results from the full-scale 

test. This is because there were too many simplifications made, for example boundary 

conditions and material properties, so it would not be a fair comparison.  

6.2. Parameter study 
In the parameter study two different parameters were considered. Three different boundary 

conditions were applied in the first part and two different loads were used in the second one. 

The parameter study considering boundary condition was done on both models, 3350 and 

5900, and the structure was exposed to the standard fire curve, ISO, for 60 minutes. The 

parameter study considering load was done on model 3350, slab 1, exposed to all three fires 

with boundary condition according to set 1. 

6.2.1. Boundary condition 
The plot of the deflected shape of model 3350 using boundary condition 1 can be seen in 

Figure 31. A small deflection can be spotted in the middle of the structure and the ends of the 

steel beams shows a tendency to be squashed. 

 

 
Figure 31. ISO fire Model 3350: Boundary condition 1. 

 

A plot of the plastic strain (PEEQ) for each material is presented in Figure 32 and Figure 33. 

The figures show no yielding in the middle of the beams instead a tension is noticed at the end 

of the beams. The same pattern is detected in the concrete slab where the positions of the 
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beams and their ends are distinguished in the slab. A greater plastic strain is detectable on the 

side where there is a larger box-section, P-9. Also the slab between the beams shows a greater 

plastic strain than the part lying on top of the beams. The maximum strain in the steel is 

0.1578 and in the concrete 0.01357. 

 
Figure 32. ISO fire Model 3350: Boundary condition 1 

concrete. 

 
Figure 33. ISO fire Model 3350: Boundary condition 1 

steel. 

 

The plot of the deflected shape of model 3350 using boundary condition 2 can be seen in 

Figure 34. Visually there is no difference between this model and the previous with fixed 

boundary conditions. There might be a little less squashing of the ends of the beams but there 

is still a small but yet detectable deflection in the middle. 

 

 
Figure 34. ISO fire Model 3350: Boundary condition 2. Roller support at “L1”. 

 

A plot of the plastic strain (PEEQ) for each material is presented in Figure 35 and Figure 36. 

Even though there are different boundary conditions between this model and the previous 

there are little or no differences to the results of the plastic strain. In the same manner it is the 

end of the beams that are yielding and a greater plastic strain is formed in the concrete where 

the larger box-section is lying. In the concrete the maximum strain is 0.01357 and in the steel 

it is 0.2164. 
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Figure 35. ISO fire Model 3350: Boundary condition 

2 concrete. 

 
Figure 36. ISO fire Model 3350: Boundary condition 1 

steel. 

 

The plot of the deflected shape of model 3350 using boundary condition 3 can be seen in 

Figure 37. Still there is no visual difference between the three different boundary conditions. 

In the same fashion as the two previous models this shows a tendency to deflect in the middle 

of the structure with the end of the beams squashed. 

 

 
Figure 37. ISO fire Model 3350: Boundary condition 3. Roller support at “P9”. 

 

A plot of the plastic strain (PEEQ) for each material is presented in Figure 38 and Figure 39. 

Visually there is no significant difference between this model and the previous one. Both are 

simply supported but with the roller support on either the small box-section or the bigger 

one. The plastic strains are in the same way forming and the end of the beams which is where 

the concrete slabs shows tendency to crack. The greatest strain in the steel is 0.2269 and in the 

concrete it is 0.01362.  

 

 
Figure 38. ISO fire Model 3350: Boundary condition 3 

concrete. 

 
Figure 39. ISO fire Model 3350: Boundary condition 3 

steel. 

 

A plot of the mid-span deflection of model 3350 in the concrete slab for the three boundary 

conditions is presented in Figure 40. The black line at time 1 represents the bounds between 

the load and thermal step in the analysis. There is little or no difference in the deflection 

between the structures using three different boundary conditions. 
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Figure 40. Mid-span deflection using boundary conditions 1-3 of the 3350 model. 

 

A plot of the plastic strain in slab 1 using BC1-3 when exposed to the ISO fire is presented in 

Figure 41. Largest plastic strains are found at the ends of the beams, but it is the end where the 

box-section L1 is located that shows the maximum value. The black line at time 1 represents 

the bounds between the load and thermal step in the analysis 

 

  

 
Figure 41. Plastic strain in slab 1 exposed to the ISO fire using BC1-3. 

 

The plot of the deflected shape of model 5900 using boundary condition 1 can be seen in 

Figure 42. The figure shows a centred deflection with tendency to form more on one side than 
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the other even though the same boundary conditions have been used on both sides, i.e. fixed. 

At the ends the beams are squashed. 

 

 
Figure 42. ISO fire Model 5900: Boundary condition 1. 

 

A plot of the plastic strain (PEEQ) for each material is presented in Figure 43 and Figure 44. It 

is easily detected that clear plastic hinges are forming somewhere close to the middle of the 

steel beams. The hinges in the beams are not forming in one straight line instead it is forming 

in two lines, where one is more detectable to the right. The concrete slab shows a tendency to 

crack where the hinges are formed on the beams and a distinctive line can easily be spotted 

where it most likely would crack. Maximum strain in the steel is 0.8319 and in concrete 

0.1565.  

 

 
Figure 43. ISO fire Model 5900: Boundary condition 1 

concrete. 

 
Figure 44. ISO fire Model 5900: Boundary condition 1 

steel. 

 

The plot of the deflected shape of model 5900 using boundary condition 2 can be seen in 

Figure 45. The deflection is still concentrated slightly to the right of the centre which in this 

case represents where the roller support is at. The end of the beams is even more squashed 

with the simply supported conditions than the fixed boundary conditions. 

 

 
Figure 45. ISO fire Model 5900: Boundary condition 2. Roller support at the right “L2”. 

 

A plot of the plastic strain (PEEQ) for each material is presented in Figure 46 and Figure 47. 

Clear plastic hinges are forming close to the middle of the steel beams on their upper flange 

which represents the yielding in the middle. The same behaviour can be detected in the 

middle of the concrete slab where a visual but not significant line is forming in the middle, but 
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with a gap in the centre of the slab, which represents where cracking would most likely occur. 

Opposed to the fixed boundary condition with the same model there is a significant detection 

of yielding at the ends of the steel beams and the corners of the concrete slab. 0.4248 is the 

maximum strain in the steel and 0.3422 for the concrete. 

 

 
Figure 46. ISO fire Model 5900: Boundary condition 2 

concrete. 

 
Figure 47. ISO fire Model 5900: Boundary condition 2 

steel. 

 

A plot of the mid-span deflection of model 5900 for the two boundary conditions is presented 

in Figure 48. The black line at time 1 represents the bounds between the load and thermal step 

in the analysis. The result seems to correspond to each other for approximately 30 minutes 

before they diverge and the simply supported structure ends up with a 50 millimetres greater 

deflection than the fixed structure. The reason why there are just two defined boundary 

conditions for this slab is that the slab is symmetric and the result would be the same regardless 

to where the roller support is located. The black line at time 1 represents the bounds between 

the load and thermal step in the analysis 

 

 
Figure 48. Mid-span deflection of the 5900 model. 

 

A plot of the plastic strain in slab 3 using BC 1 and 2 when exposed to the ISO fire is 

presented in Figure 49. Largest plastic strains are found at the ends of the beams naturally when 
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using the fixed boundary condition. But when using the simply supported condition, BC 2, it 

is the middle of the beam that peaks. The black line at time 1 represents the bounds between 

the load and thermal step in the analysis 

 

  
Figure 49. Plastic strain in slab 3 exposed to the ISO fire using BC1-2. 

 

A comparison of the mid-span deflection between the two models can be seen in Figure 50. 

There is a momentous difference in deflections between 3350-model and the 5900-model. 

The model with the larger span shows roughly a 420 millimetres deflection while the shorter 

one is approximately 50 millimetres. The black line at time 1 represents the bounds between 

the load and thermal step in the analysis 

 

 
Figure 50. Comparison of mid-span deflection between model 3350 and 5900 using fixed boundary 

conditions. 

6.2.2. Load 
In the analyse where the parameter load was studied the model represented slab 1 and had 

boundary conditions according to set 1.The plot of the deflected shape of model 3350 using 

ISO fire curve and load 2 can be seen in Figure 51. The results are compared with the 

deflected shape of model 3350 using boundary condition 1 represented in Figure 31 and plastic 
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strains in Figure 32 and Figure 33. In the figure where the deflected shape of the structure is 

visualized there is no noticeable difference from the results when using load 1. 

 

 
Figure 51. ISO fire Model 3350: Load 2. 

 

A plot of the plastic strain (PEEQ) for each material is presented in Figure 52 and Figure 53. 

There are still more detectable strains forming on the side where the larger box-section is 

located but when using a heavier load plastic strains are also starting to appear in the lower 

flange of the steel beams. The concrete slab shows large plastic strains perpendicular to the 

beams which are forming a thick line with the centre in the middle of the structure. The 

maximum strain in the steel is 0.2064 and in the concrete it is 0.0132. 

 

 
Figure 52. ISO fire Model 3350: Load 2. 

 
Figure 53. ISO fire Model 3350: Load 2. 

 

 

A plot of the mid-span deflection for the two different loads when exposed to the ISO fire 

curve is presented in Figure 54. The black line at time 1 represents the bounds between the 

load and thermal step in the analysis. When using the structures live load, load 2, the deflection 

is approximately 30 millimetres larger than when using its dead load, load 1. 
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Figure 54. Comparison of mid-span deflection between Load 1 and 2 using ISO fire. 

 

The plot of the deflected shape of model 3350 using TFT fire curve and load 2 can be seen in 

Figure 55. A scale factor of five has been used to visualize how the model is hogging. The 

results are compared with the deflected shape of model 3350 using boundary condition one 

represented in Figure 68 and plastic strains in Figure 69 and Figure 70. In the figure where the 

deflected shape of the structure is visualized there is no noticeable difference from the results 

when using load 1. 

 

 
Figure 55. TFT fire Model 3350: Load 2. 

 

A plot of the plastic strain (PEEQ) for each material is presented in Figure 56 and Figure 57. 

The plastic strains are more detectable at the lower flange at the edges of the beams when 

looking at the steel, while in the concrete the corners shows the most plastic strains. 

Comparing the PEEQ result between the loads shows that the plastic strain in the steel are in 

the same position, but at the slab a greater plastic strain is formed where the larger box-section 

is lying instead of the corner for the case with the live load. In the steel the maximum strain is 

0.1001 and in the concrete it is 0.01204. 

 

0

20

40

60

80

100

120

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

D
ef

le
ct

io
n

 [
m

m
] 

Time 

Mid-span deflection ISO Load 1 vs. Load 2 

Load 1

Load 2



60 

 

 
Figure 56. TFT fire Model 3350: Load 2. 

 
Figure 57. TFT fire Model 3350: Load 2. 

 

 

The plot of the deflected shape of model 3350 using TFT fire curve and load 1 and 2 can be 

seen in Figure 58. The black line at time 1 represents the bounds between the load and 

thermal step in the analysis. There is roughly a 5 millimetres difference between load 1 and 2 

where load 1 resulted in a larger bend upwards at the end. But from the beginning load 2 

shows a bigger deflection downwards, the difference is approximately 5 millimetres. 

 

 
Figure 58.  Comparison of mid-span deflection between Load 1 and 2 using TFT fire. 

 

In Figure 59 the deflected shape of model 3350 using load 2, BC 1 and exposed to the FDS 

fire can be seen. The ends of the beams are being squashed while there is a quite 

distinguishable mid-span deflection in the middle of the beams. The results are compared with 

the deflected shape of model 3350 using boundary condition one represented in Figure 83 and 

plastic strains in Figure 84 and Figure 85.  
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Figure 59. FDS fire Model 3350: Load 2. 

 

The plastic strains for each material is visually described in Figure 60 and Figure 61. The steel 

shows clear plastic hinges forming in the upper flange of all beams. Also the ends of the beams 

are exposed to elevated plastic strains. In the concrete it is detectable that high plastic strains are 

forming on the end of the beams on the side where they are lying on the greater box-section. 

But there is also sign of plastic strain perpendicular to the beams in the middle of the slab, 

probably due to the plastic hinges in the steel. Comparing the deflected shape and the plots of 

PEEQ with the results from when using load 1 it almost no noticeable difference. The mid-

span deflection is bigger for load case 2 and at the ends of the beams there are more plastic 

hinges in load case 2 than 1. The concrete achieves a strain of 0.01711 and steel 0.2529. 

 

 
Figure 60. FDS fire Model 3350: Load 2. 

 
Figure 61. FDS fire Model 3350: Load 2. 

 

 

The plot of the deflected shape of model 3350 using FDS fire curve and load 1 and 2 can be 

seen in Figure 62. The black line at time 1 represents the bounds between the load and 

thermal step in the analysis. The difference in deflection between the loads is roughly 

60 millimetres whereas load 2 received the largest deflection. 
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Figure 62. Comparison of mid-span deflection between Load 1 and 2 using FDS fire. 

 

 

A comparison of the mid-span deflection for the three fires and two loads is plotted in Figure 

63. The black line at time 1 represents the bounds between the load and thermal step in the 

analysis. The TFT fire shows smaller deflection than both ISO and FDS fire and after seven 

hours it is hogging instead of deflecting downwards. The results from the ISO and FDS fire 

show quite large deflections where the FDS results obtain the largest deflection. Both load case 

1 and 2 exposed to the FDS fire shows a deflection peak at approximately 45 minutes before it 

starts to decrease. 

 

 
Figure 63. Comparing mid-span deflection of the three fires and two loads. 
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The plastic strain in slab 1 using load 2 is plotted in Figure 64. Like previous results the ends 

receives the largest plastic strains. However, in the analysis with FDS it is the middle of the 

beam that shows the maximum value. The black line at time 1 represents the bounds between 

the load and thermal step in the analysis 

 

  

 
Figure 64. Plastic strains in slab 1 exposed to all three fires using load 2. 

6.3. Fire 
Three different temperature-time curves have been used in this study. The curves have been 

applied as input data for the four different slabs, each curve representing the specific 

temperature relationship for each slab. 

6.3.1. ISO 
All performed analyses represent 60 minutes of the standard fire curve, ISO. Since the 

temperature-time relationship does not differ between the four slabs only slab 1, correlates to 

slab 2, and slab 3, correlates to slab 4, were analysed. The results from the mechanical analyses 

are presented in section 6.2.1. A plot of the temperatures in the concrete slab can be seen in 

Figure 65. Node 11 represents the fire exposed surface, node 13 the middle of the slab and 

node 15 the non-exposed surface. The fire exposed surface shows high temperatures while the 

others remain low. 
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Figure 65. Comparison in temperature in the concrete slab exposed to the ISO fire. 

6.3.2. TFT 
The TFT analyses correspond to a simulation time of approximately seven hours. Each slab 

correlates to a specific temperature-time curve measured in the fire test. A plot of the 

temperatures in the concrete slab can be seen in Figure 66. The plot shows that the surface 

temperature at slab 3, which was located where the fire was ignited, receives the highest 

temperatures in the heating phase. As the fire moves and evolves it is slab 1 and 2 who gets the 

highest temperature. When the structure starts to cool down it is slab 4, which was furthest 

away from where the ignition occurred that shows the greatest temperature. The peak 

temperature is found in slab 1 after approximately four hours when it reaches 600 Kelvin. In 

the same way as for the temperatures received from the ISO fire the fire exposed surface 

receives the highest temperatures. The other two still remain low but the temperature in the 

middle starts to differentiate more to the non-exposed surface than in the ISO fire. 

 

  

  
Figure 66. Comparison in temperature in the concrete slab exposed to the TFT fire. 

 

The result of the mid-span deflection from the four slabs is presented in Figure 67. Slab 3 

shows the largest deflection followed by slab 4. The two slabs represent the models with the 
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5900 millimetres span and reach approximately a 40 millimetres deflection. Slab 1 and 2 shows 

a less dramatically plot and in the end they hog a couple of millimetres instead of creating a 

deflection. The black line at time 1 represents the bounds between the load and thermal step in 

the analysis 

 

 
Figure 67. Comparison in mid-span deflection between slab 1-4. 

 

The result of the deflected shape of slab 1 at three stages of the analysis can be seen in Figure 

68. The three stages represent the beginning, middle of and end of the analysis and a scale 

factor of 10 have been used. In the process it can be seen that the beams behind the front beam 

starts to bend downwards a bit. But when the temperature increases the structure bends 

upwards instead.  
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Figure 68. TFT fire Model 3350, Slab 1. Three stages. 

 

In Figure 69 and Figure 70 the plot of PEEQ of each material is presented. These results are 

visualized with no scale factor. Like the case for slab 1 and load 1 when it is exposed to the 

ISO fire the plastic strain in the steel are more obvious at the lower flanges of the edges of the 

beams. In the concrete a greater plastic strain is formed where the larger box-section is lying. 

The greatest strain in the steel is 0.1016 and in concrete 0.01163. 

 

 
Figure 69. TFT fire Model 3350: Slab 1. 

 
Figure 70. TFT fire Model 3350: Slab 1. 

 

The result of the deflected shape of slab 2 at three stages of the analyse can be seen in Figure 

71. A scale factor of 10 has been used to visualize the results. Similar to previous case the 

structure starts to bend down a bit, the beams behind the front beam more, and the box-

sections are twisted outwards. In the end of the analysis the model is hogging.  
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Figure 71. TFT fire Model 3350, Slab 2. Three stages. 

 

The plastic strain in the concrete and steel is shown in Figure 72 and Figure 73. These results 

are visualized with no scale factor. As the other slabs with the same configuration the plastic 

strain in the steel is more noticeable at the lower flanges of the edges of the beams. Where the 

larger box-section is located, the concrete has a greater plastic strain. The steel reaches a strain 

of 0.1125 and the concrete 0.009847. 

 

 
Figure 72. TFT fire Model 3350: Slab 2. 

 
Figure 73. TFT fire Model 3350: Slab 2. 

 

In Figure 74 the result from the deflected shape of slab 3 is visualized at three stages of the 

analysis, a scale factor of 10 has been used to visualize the results. About half way through the 

analysis the deflection is larger than in the end. The beams behind the front beam bends down 

more in the end of analyse. 
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Figure 74. TFT fire Model 5900, Slab 3. Three stages. 

 

A plot of the plastic strain (PEEQ) for each material is presented in Figure 75 and Figure 76. 

These results are visualized with no scale factor. The plastic strains are more detectable at the 

lower flange at the edges of the beams and the contact area between the box-section and 

beams when looking at the steel. In the concrete the corners shows the most plastic strains and 

in the center of the slab that goes along the beams exhibit a higher degree of plastic strain. 

Maximum strain in the steel is 0.09327 and in concrete 0.009561. 

 

 
Figure 75. TFT fire Model 5900: Slab 3. 

 
Figure 76. TFT fire Model 5900: Slab 3. 

 

A visualization of the deflected shape at three stages of slab 4 exposed to the TFT fire can be 

seen in Figure 77, a scale factor of 10 has been used to visualize the results. The mid-span 

deflection in the middle of is larger than in the end of the analysis and like in previous models 

the beams behind the front beam shows more deflection in the end.  
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Figure 77. TFT fire Model 5900, Slab 4. Three stages. 

 

Just as in slab 3 the plastic strain in the steel is more noticeable in the contact area between the 

beams and box-section and at the lower flange at the edges of the beams. Also in the concrete 

the plastic strain is concentrated to the corners. In Figure 78 and Figure 79 the PEEQ is 

plotted for each material. In the concrete the maximum strain is 0.009473 and in the steel it is 

0.08025. 

 

 
Figure 78. TFT fire Model 5900: Slab 4. 

 
Figure 79. TFT fire Model 5900: Slab 4. 

 

A plot of the plastic strain in each slab is presented in Figure 80. As seen in the plots it is the 

end of the beams that show on the largest plastic strains. The black line at time 1 represents the 

bounds between the load and thermal step in the analysis 
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Figure 80. Plastic strain in all slabs exposed to the TFT fire. 

6.3.3. FDS 
The FDS analyses correspond to a simulation time of one hour. Each slab correlates to a 

specific temperature-time curve measured in a prior study done in FDS. All analyses in this 

chapter have boundary conditions according to set 1. The temperatures in the concrete are 

plotted in Figure 81. In the heating phase of the fire slab 3 receives the greatest temperature 

which correlates to the fact that the fire was ignited there. After that it is slab 1 and 2 that 

burns with the highest temperature. Just like in the TFT fire slab 4 peaks after slab 1 and 2 and 

then has the highest temperature when the fire cools. Still it is the fire exposed surface who 

measures the highest temperature naturally, but now the surface temperature at the non-

exposed surface and the temperature in the middle of the concrete differ less than the ISO fire. 
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Figure 81. Comparison in temperature in the concrete exposed to the FDS fire. 

 

A comparison of mid-span deflection between the four slabs is presented in Figure 82. Slab 1 

and 3 follow each other quite well and ends up at a deflection of 60-80 millimetres. Slab 2 

does have the same pattern as the previous ones but reacts a little bit slower before it ends up at 

a deflection of 90 millimetres. Slab 4 does not behave like its peers, and ends up at a deflection 

at almost 180 millimetres. The black line at time 1 represents the bounds between the load and 

thermal step in the analysis 

 
Figure 82. Comparison in mid-span deflection between slab 1-4. 

 

The deformed shape of slab 1 exposed to the FDS temperature-time curve is presented in 

Figure 83. After one hour it is detectable that the ends of the beams are being squashed and a 
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small mid-span deflection is forming. Large stresses are conflicted upon the ends and upper 

flange and web of the beams. 

 

 
Figure 83. FDS fire Model 3350:  Slab 1. 

 

Examining the plot of plastic strains in each material, Figure 84 and Figure 85, the steel tends 

to yield at the ends of the beams with larger plastic strains in the web on the side were the 

beams are lying on the larger box-section. Plastic hinges are starting to form in the middle of 

the structure and the same pattern can be seen when examining the concrete. The concrete 

achieves a strain of 0.01609 and the steel 0.2124.  

 

 
Figure 84. FDS fire Model 3350: Slab 1. 

 
Figure 85. FDS fire Model 3350: Slab 1. 

 

The deformed shape of slab 2 when exposed to the FDS fire can be seen in Figure 86. The 

same pattern as for slab 1 is detectable though slab 2 shows less stresses in the middle. Instead 

the stresses are focused on the ends of the beams. 

 

 
Figure 86. FDS fire Model 3350: Slab 2. 

 

Figure 87 and Figure 88 displays the PEEQ plot of concrete and steel separated. Like the 

deformed shape of the structure the plot of PEEQ is also showing the same pattern for slab 1 as 

for slab 2.  In the middle of the beams plastic hinges are forming while the ends of the beams 

also shows increased plastic strains with focus on the side where the greater box-section is 

located. 0.1966 is the maximum strain in the steel and in concrete it is 0.01543. 
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Figure 87. FDS fire Model 3350: Slab 2. 

 
Figure 88. FDS fire Model 3350: Slab 2. 

 

The deformed shape of slab 3 when exposed to the FDS fire can be seen in Figure 89. A scale 

factor of 5 has been used to visualize the result. There is somehow forming a wavelike pattern 

in the middle of the structure. Large stresses are focused in the middle and end of the beams 

and the ends are being squashed. The beam that is closet in the picture has a smaller deflection 

than the beam behind.  

 

 
Figure 89. FDS fire Model 5900: Slab 3 

 

Figure 90 and Figure 91 shows the plastic strains in the concrete and steel in slab 3. No 

significant plastic strains are seen in the middle of the beams even if a detectable line created by 

plastic strains in the concrete is easily noticed. The same wavelike behaviour is distinguished in 

the beams. Except for the middle line there is greater plastic strains detected in the corners of 

the concrete slab and at the lower flange of the steel beams. In the concrete the maximum 

strain is 0.03796 and in the steel it is 0.2254.  

 

 
Figure 90. FDS fire Model 5900: Slab 3. 

 
Figure 91. FDS fire Model 5900: Slab 3. 

 

The deformed shape of slab 4 is visually described in Figure 92. A scale factor of 5 is still used 

which intensifies the structures behaviour. A clear mid-span deflection is perceived where the 

largest stresses are focused on the middle of the web and lower flange of the beams. Like in 

slab 3 the beam closet in the picture has a smaller deflection than the beam behind. 
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Figure 92. FDS fire Model 5900: Slab 4. 

 

Figure 93 and Figure 94 shows the PEEQ plot of concrete and steel. On this slab there are 

none plastic strains found in the corners of the slab, instead there is more focus on plastic 

strains forming like a straight line in the concrete perpendicular to the beams. There is also a 

hint of a second line starting next to the more obvious one. In the steel the plastic strains are 

focused on the upper flange of the beams in different locations which are still closer to the 

middle than to the ends. Also plastic strains are noticed in the lower flange in the ends of the 

beams. The maximum strain in the steel is 0.2396 and in the concrete it is 0.1316. 

 

 
Figure 93. FDS fire Model 5900: Slab 4. 

 
Figure 94. FDS fire Model 5900: Slab 4. 

 

In Figure 95 the plastic strains in all the four slabs are presented when exposed to the FDS fire. 

The largest plastic strains are found at the end of the beams, particularly at the end where the 

box-section P9 lies. The black line at time 1 represents the bounds between the load and 

thermal step in the analysis 
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Figure 95. Plastic strain in all slabs exposed to the FDS fire. 

6.3.4. With vs. without user subroutines 
In the TFT and FDS analyses user subroutines have been used to prevent the concrete from 

regaining its old material properties. The analyses were also performed without user 

subroutines to be able to compare what difference it makes. A comparison in temperature of 

user subroutines vs. without user subroutines using TFT fire and FDS fire for each slab is 

presented in Figure 96 and Figure 97. The different nodes in the picture describe where in the 

concrete the temperature is measured. Node 11 is on the fire exposed side, 13 in the middle of 

the slab and 15 on the non-exposed side i.e. the upper side of the slab. Node 12 is in-

between node 11 and 13, while node 14 is in-between 13 and 15. US represent the analyses 

performed with user subroutines. 
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Figure 96. Comparison between the temperature in the four concrete slabs exposed to TFT fire with user 

subroutines and without. 

 

Through the figure describing the TFT result there is almost no detectable difference between 

the results. But by looking at the table values there is approximately a one degree difference, 

where the analyses performed with user subroutines receives the lower value. It is only the fire 

exposed surface temperature, node 11, that shows a somewhat more significant difference. At 

the beginning there is none to one degree difference where the analyses with user subroutines 

gain the lowest temperatures. But with increased temperature the gap also increases and there is 

as most a difference of approximately 20-25 Kelvin before the temperature is decreasing again 

and the gap decreases again to a difference of approximately five Kelvin. When the 

temperature reaches approximately 450 Kelvin, there is a change. Before, it was the results 

without user subroutine that received the highest temperatures. Now, it is the other way 

round and the results with user subroutines show one to three degrees higher than without 

user subroutines. 
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Figure 97. Comparison between the temperature in the four concrete slabs exposed to FDS fire with user 

subroutines and without. 

 

For the FDS fire the difference between temperature for the analyses with user subroutines and 

without user subroutine are even smaller than the TFT fire. The trend is the same for all four 

slabs. In node 11 (at the surface) and node 12 there is a difference of one to two Kelvin almost 

all the way, but in the end the temperature in the analysis without user subroutines decrease 

faster and the difference is approximately eight degrees. For the three other nodes the 

temperature are pretty much the same in both analysis.  

 

The difference between the mid-span deflection, with and without user subroutines, is 

presented in Figure 98 and Figure 99. When exposed to the TFT fire, there are, like presented 

above, slab 3 and 4 that receive the largest deflection. However, the results do not show any 

noticeable difference when using US and not. The black line at time 1 represents the bounds 

between the load and thermal step in the analysis 
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Figure 98. Comparison in deflection between deflection of user subroutine and without user subroutines for 
the FDS fire.  The curves with and without user subroutines is on each other, therefore just four curves are 

visibule. 

 

The results from the FDS fire shows no difference between deflections for slab 1-3, but for 

slab 4 there is a 10 millimetres difference. The black line at time 1 represents the bounds 

between the load and thermal step in the analysis 

 

 
Figure 99. Comparison in deflection between deflection of user subroutine and without user subroutines for 

the FDS fire. 

 

A comparison in plastic strain between user subroutines and not when exposed to the TFT fire 

and FDS fire is presented in Figure 100 and Figure 101.When looking at the results from the 

TFT fire it can be seen that all slabs shows no or small differences between user subroutines 

0

20

40

60

80

100

0 3 6 9 12 15 18 21 24 27

D
ef

le
ct

io
n

 [
m

m
] 

Time 

TFT - Comparison between US and WUS in 
deflection 

Slab 1 - 3350 - US

Slab 1 - 3350

Slab 2 - 3350 - US

Slab 2 - 3350

Slab 3 - 5900 - US

Slab 3 - 5900

Slab 4 - 5900 - US

Slab 4 - 5900

0

20

40

60

80

100

120

140

160

180

0 1 2 3 4

D
ef

le
ct

io
n

 [
m

m
] 

Time 

FDS - Comparison between US and WUS in 
deflection 

Slab 1 - 3350 - US

Slab 1 - 3350

Slab 2 - 3350 - US

Slab 2  - 3350

Slab 3 - 5900 - US

Slab 3 - 5900

Slab 4 - 5900 - US

Slab 4 - 5900



79 

 

and not. It is always the end of the beams that gains the highest values. The black line at time 1 

represents the bounds between the load and thermal step in the analysis 

 

  

  
Figure 100. Comparison in plastic strain between  user subroutine and without user subroutines for the TFT 

fire. 

The result from FDS shows on small variances but still detectable. The most startling result is 

found in slab 4 where the middle of the beam without user subroutines acts totally different 

from the result from when using user subroutines. The black line at time 1 represents the 

bounds between the load and thermal step in the analysis 

 

  

  
Figure 101. Comparison in plastic strain between  user subroutine and without user subroutines for the FDS 
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fire. 

 

Like when comparing the plastic strains the plots of the difference in stresses shows on some 

alterations in the results between with and without user subroutines in Figure 102 and Figure 

103. This is evident when comparing the results from middle of the beam in the TFT fire for 

slab 3. The black line at time 1 represents the bounds between the load and thermal step in the 

analysis 

 

  

  
Figure 102. Comparison in stress between user subroutine and without user subroutines for the TFT fire. 

 

The result from FDS has less alteration than the results from TFT. For example, in slab 2 and 3 

the results follow each other almost all the way to the end but it is still detectable that the result 

is not a perfect match. The black line at time 1 represents the bounds between the load and 

thermal step in the analysis 
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Figure 103. Comparison in stress between user subroutine and without user subroutines for the FDS fire. 
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7. Analysis 
In this chapter an analysis and comparison of the underlying theories and result from the FE-

calculations is presented. It is further used as a basis for conclusions. Loads, boundary 

conditions and fires are the main factors that are evaluated. Calculations with and without user 

subroutines has also been assessed. 

7.1. Boundary conditions 
From the results of the analyses with boundary conditions in section 6.2.1 it can be seen that 

when using the model with the shorter beams there is little or no difference in deflection or 

plastic strain. What is notable is that more plastic strain tends to occur on the side where the 

larger box-section is located. The reason might be that the larger box-section is more rigid 

and forces the deflections to happen in only the beams. This is also a general conclusion from 

the work where the 3350 model has been used. 

 

In the model where the longer beams were used a more noticeable alteration is obtained. The 

fixed boundary conditions shows plastic hinges forming on two different places in the steel 

beams while the simply supported structure creates plastic hinges at one centred place on the 

beams. For both models the strains are forming a straight line across the structure where it 

would most likely crack. Also plastic strain at the corners of the concrete slab is created in the 

simply supported structure. The reason for this is when bi-directional curvatures found in a 

concrete slab create uplift in the corners. The boundary conditions restrict this uplift and plastic 

strains form at the corners, i.e. the concrete will crack. 

 

Between the two models with the different lengths of the beams there is a significant difference 

in deflection. The model with the longer span deflects approximately 370 millimetres more 

than the short one. The reason for this is probably depending on three things. One is the 

geometry of the box-section the structure is lying on and the second thing is that the span of 

the longer structure covers a larger area and its slenderness compared to the short, stubby one, 

makes it more sensitive. The third and probably the most likely reason is the amount of 

concrete. The structure covering a larger area also supports a heavier concrete slab than its 

contrary. 

 

In the end the results shows that boundary conditions do affect the behaviour of the structure 

but that there is also other factors that matters such as geometry. 

7.2. Load 
Two loads were applied to all the three different temperature-time curves to determine the 

effect of different loading. The results from the ISO fire curve show quite a big difference. 

When only using the structures dead load the largest plastic strains where found at the end of 

the beams closest to the largest box-section but when using its live load the largest plastic 
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strains where found in the middle of the slab perpendicular to the beams. When exposed to a 

larger load it will therefore have the tendency to yield in the middle. 

 

When exposed to the TFT fire curve both models show the same behaviour, instead of 

forming a mid-span deflection they hog. But in the end there is a difference between the sizes 

of the hogging. The model with the live load bends approximately 5 millimetres less than the 

model with the dead load. When comparing plastic strains the largest difference is where the 

plastic strains are forming. The model exposed to the live load forms plastic strains in the 

concrete at the end of the beams lying on top of the greater box-section while the largest 

plastic strains when using load 2 are found in the corners of the concrete. 

 

When the slab is exposed to the FDS fire it shows a similar behaviour between the two loads. 

There are larger plastic strains formed in the middle of the concrete slab when exposed to the 

heavier load, but otherwise they tend to yield in the same places. But even though they behave 

in the same manner there is still a 60 millimetres difference in mid-span deflection where the 

heavier load results in a larger deflection. 

 

Comparing the three fires shows that the ISO and FDS fire leads to large deflections. The fires 

makes the structure behave in the same way, at first there is a sharp upward slope which ends 

with a peak value before it turns and with the same sharpness starts to return. In the end there 

is a deflection between 70-130 millimetres. The structure exposed to the TFT fire behaves in 

a totally different manner. Instead of a fast increase in deflection it is reacting more slowly and 

as an alternative of a sharp peak there are a couple values that form an even plateau. The main 

difference between the TFT fire and FDS/ISO fire is that after seven hours of fire the structure 

is hogging instead of creating a mid-span deflection. Looking at the fire curves it is seen that 

there are large differences in temperature between the fire curves. In the beginning of the TFT 

fire there is for a long time low temperatures close to 400 Kelvin before it slowly increases and 

flashover occurs with a peak temperature of 1000 Kelvin. After that the temperature is getting 

higher, but it is still not gaining temperatures higher than 800 Kelvin. The FDS fire behaves in 

the same manner but the main difference is that when the TFT fire has temperature between 

600-800 Kelvin the FDS fire has temperatures between 1000-1200 Kelvin. The ISO fire also 

reaches temperatures above 1000 Kelvin. This means that even if the structure is exposed to 

fire for seven hours the temperature is important for the structures behaviour. High 

temperatures increase the temperature gradient and the possibility of large deflections. 

 

In all three cases load 2 results in a larger deflection which is reasonable because it is a heavier 

load. It was the FDS fire that gained the largest deflections which correlates to its high 

temperatures compared to the other fires. 
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7.3. Fire 
Three different fires have been analysed; ISO, FDS and TFT. Each fire represents 

temperature-time curves that four slabs have been exposed to. 

7.3.1. ISO 
The reason why only two of four slabs were analysed with the ISO fire is that slab 1 and 2 

respectively 3 and 4 has the same dimensions, properties and exposure. The results would end 

up exactly the same since the fire load is homogenous and the model symmetric. Furthermore, 

since there is no difference when using the standard fire curve on the two remaining slabs the 

temperature on the fire exposed surface behaves in the same manner and follow each other 

quite well. Though, there is actually an approximately 40 degree difference between the two 

slabs, where the model 3350 receives the higher temperature. Why this is happening is 

probably due to the different dimensions, which is the only thing differing between the 

models. 

 

The great difference in temperature between the surface temperature on the fire exposed and 

non-exposed side shows on a large temperature gradient in the concrete, which is expected to 

give rise to large deflections. This is supported by the results. 

 

The strain is approximately ten times higher in the steel than the concrete except for slab 3 

with boundary condition 2 where the strain is almost the same.  It doesn’t matter which 

boundary conditions that was used. The largest plastic strains were still found at the end of the 

steel beams lying on top of the larger box-section, followed by the other end which was lying 

on top of P9. Plastic strains in the composite beams tend to be larger in regions where the 

supporting construction is more rigid. 

7.3.2. TFT 
When the model is exposed to the temperature-time curve from the full-scale test, TFT, the 

surface temperature of the concrete for slab 1 and 2 achieves the highest temperature. After 

approximately two and a half hours the temperature for all four slabs shoot up, but particularly 

in slab 1 and 2. The shoot up happens due to the flashover that occurred when the windows 

were covered.  

 

Another interesting thing is that the deflection is bigger for slab 3 and 4 even if the concrete 

temperature was lower in this case. The reason for this is probably the design of the structure. 

Like mentioned above about the boundary conditions, the 5900 model has a longer span than 

its opponent and is lying on top of more slender box-sections carrying a heavier slab. This 

slenderness compared to the smaller and chubbier structure makes it more sensitive. 

 

The temperature gradient in the concrete for the TFT fire is smaller than the other two fires, 

which leads to a smaller deflection. In the end the temperature is the same in all three nodes, 
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around 400 Kelvin. A plausible reason for this is the long cooling phase that is included in the 

analysis. Slab 1 and 2 reaches a temperature that is almost 100 Kelvin higher than slab 3 and 4. 

The plateau that is formed enables the higher temperature for a longer time, this could be a 

reason why slab 1 and 2 are the hogging. 

 

Like the results from the ISO fire the strain is almost ten times higher in the steel than 

concrete. The plots of the plastic strains shows that it is still the ends that receive the highest 

values. Slab 1 and 2, representing the 3350 model, has their maximum value on the end of the 

beam lying on top of the larger box-section, P9, while the other two, which represents the 

5900 model has a peak value on one of the sides. Since the boundary condition and size of 

box-section is the same in this model there is an interesting aspect that even though the input 

is the same the output is not. 

 

Hogging is only happening when the structure is exposed to the temperature-time curve from 

the test. Hogging is due when thermal expansion of the beams is overcoming thermal bowing 

in the concrete. The thrust generated by the thermal expansion of the beams is above the level 

of supports inducing in an upward deflection. Also, since the concrete is heated for such a long 

time in the TFT fire the thermal gradient actually reduces. This stops the concrete from 

pushing the beam downward, which in turn lets the upward moment from the beams 

dominate the behaviour. 

7.3.3. FDS 
As it can be seen in the figures that shows the surface temperature of the concrete, the slabs 

have a peak of temperature at different times. First out is slab 3, this because it is just above 

where the fire was started. Slab 1 has the second peak, slab 2 the third peak and at last slab 4 

has its peak. This pattern is evident particularly in the fire with the temperature-time curve 

from FDS. It is correlates to what an expected result should look like according to where the 

fire was ignited.   

 

Like previous fires the result shows larger deflections in the 5900 models which fortify 

previous analysis. Just like in the ISO fire the FDS fire results in large deflections which is 

supported by the fact that there is a great temperature gradient due to great differences in 

temperatures in the slab. 

 

The behaviour of slab 4 is interesting when comparing the mid-span deflection. Instead of 

following the behaviour of rest of the slabs the mid-span deflection of slab 4 shoots up and 

concludes at an end value of 180 millimetres compared to 60-90 millimetres. This behaviour 

cannot be explained. The temperatures in the nodes does not show any sign of acting strange 

compared to the other slabs. The script has been troubleshot but no evident mistakes could be 

detected. 
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In slab 4 the strain is just a tenth higher in the steel than concrete, otherwise it is the same as 

the other two fires where steel value is ten time higher than in the concrete. The same pattern 

like in the TFT fire is found where the end of the beams lying on the greater box-section has 

the highest values in plastic strains for slab 1 and 2. Plastic strains in the composite beams tend 

to be larger in regions where the supporting construction is more rigid. For slab 3 and 4 it is 

one of the ends that receive higher values than the other side, even though it is symmetric. 

 

By reviewing the diagrams that shows the plastic strain the concept of travelling fire is very 

clear. Slab 3 was located just above where the fire started. This is also where the plastic strain 

starts to increase first, around time step 1.5. Just before time step 2 the strain starts to increase 

in slab 1 and right after that in slab 2. These slabs were the following slabs where the fire 

travelled to. For slab 4 the increase of the strain starts lastly. This happens around time step 2.5. 

This indicates that the fire travel across the room and does not affect all the slabs at the same 

time.  

7.3.4. Comparison 
When the deflections of the four slabs are compared between the TFT and FDS fire it can be 

seen that slab 1 and 2 exposed to TFT fire are hogging in the end while the corresponding 

slabs that are exposed to the FDS fire is sagging. This is not the case for slab 3 and 4, where the 

slabs are bending downwards in both structures. Two of the main differences between the 

TFT and FDS fire are the length of the analysis but also the magnitude of the temperatures. 

The structures exposed to the TFT fire are subjected to moderate temperatures for a long time. 

While the FDS fire only burns for one hour but reaches high temperatures. The cooling phase 

also differs between the two fires, whereas the structure exposed to the TFT fire has a longer 

cooling phase. These three differences is probably the reason why the results differ. 

 

In the same way the standard fire and travelling fire can be compared. The ISO fire represents 

a fire of one hour which reaches high temperatures. A great difference is that the ISO fire 

never considers cooling which might give a misleading result since for example the mid-span 

deflection is compared at the end of the analyses. 

 

Best likeness gave the FDS fire compared to the ISO fire. Both represented a fire of one hour 

and reaches similar temperatures with the main difference that the FDS fire takes some cooling 

into account. High temperatures conducted to large temperature differences in the slab. This in 

turn led to large temperature gradients which is equivalent to large mid-span deflections. 

 

What is noticed in the results of the plotted plastic strain from the TFT fire is that the effect of 

preheating is very clear in slab 3, whereas on slab 1,2 and 4 it is not so obvious. A plausible 

reason for this is that the ignition occurred below slab 3. The slow increase in temperature in 

the beginning of the fire affected the structure differently than the other slabs where the 

temperature increased more rapidly. In the plots of plastic strains from the FDS fire there is no 

effect of preheating. The fact that there are none preheating differs from the results from TFT 
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where slab 3 shows on preheating. One reason for this might be the length of the fire. In the 

test there was a slow increase in temperature and it lasted for seven hours, while the FDS fire 

lasted for one hour and is a more rapid fire. 

7.4. User subroutines vs. without user subroutines 
An interesting aspect that evolved during the modelling phase was to see what effect user 

subroutines had on the results, contrary to not using user subroutines. The purpose of the tool 

was to prevent the concrete from regaining its old material properties when the fire cooled. 

 

The results from the TFT fire show a one-two degree difference inside and the non-exposed 

side of the concrete. There is a more significant difference on the fire exposed surface of the 

concrete with a difference of 25 Kelvin at the most. For the FDS fire the difference between 

the temperature for the analyses with user subroutines and without user subroutine are even 

smaller than the TFT fire. The trend is the same for all four slabs. In node 11 (at the surface) 

and node 12 it is a difference of one to two Kelvin almost all the way, but in the end the 

temperature in the analysis without user subroutines decrease faster and the difference is 

approximately eight degrees. For the three other nodes the temperature are pretty much the 

same in both analysis. There is a pattern showing a greater temperature in the result from 

without user subroutines in the heating of and on-going fire. But when cooling is reached it 

turns and now it is the results from with user subroutines which gain the highest temperatures. 

The pattern is noticed in both TFT and FDS fire. 

 

While no great difference could be noticed in the results regarding temperature and mid-span 

deflection, there were more variances in the results comparing stresses and strains. The 

diagrams of the strains and stresses show on small and large differences, especially in the middle 

of the structure. 

7.5. Travelling fire vs. ISO fire 
The TFT and FDS temperature-time curves represent the travelling fire concept but the FDS 

fires does not differ from the results received from the standard temperature time curve, ISO. 

Both FDS and ISO fires lasted one hour while seven hours of data were achieved from the 

full-scale test representing the TFT fire. 

 

The FDS fire and ISO fire in some respects behave in a similar manner as compared to the 

TFT fire. They result in large deflections while the TFT fire makes the structure to hog in the 

end. The main differences between the fires are the length of fire, magnitude of temperature 

and if cooling occurs and if it does for how long.  
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8. Discussion 
One general aim of the thesis has been to further investigate the concept of travelling fire. The 

full-scale test performed in Czech Republic generated in seven hours of data. The measured 

temperature did not exceed 800 Kelvin, except for when flashover occurs. The temperatures 

generated from the fire made the structures to behave in a totally different way than the ISO 

fire and even FDS fire which was supposed to represent a travelling fire. What is noticeable 

between how the three different fires affect the slab is that the length of the fire, magnitude of 

temperature and the fact if cooling takes place, and if for how long, influence the structures 

behaviour. 

8.1. Sources of errors 
There was no comparison in temperature distribution and mid-span deflection between the 

full-scale test and analysis in Abaqus because too many simplifications were made. In this 

chapter the simplifications and why a comparison was not made are discussed. The comparison 

that are made is between the three different temperature-time curves and if user subroutines 

or not was used. In these comparisons the source of errors are less important because the 

models are structured in the same way and the simplifications are the same. 

 

One question that might be of importance is how much do the Eurocode material properties 

affect the results? Since there was no time to wait for the analysis of the materials from the test 

building an assumption was made that all materials behave according to Eurocode. But it is 

known that there might be large differences between behaviour. This might be a possible 

source of error. Also, it is of importance to remember that assumption has been made during 

the cooling phase as well. The function of the user subroutines was used to not regain the old 

material properties as the temperature decreases. Instead it was to keep the property which 

correlates to the latest maximum temperature value. This is probably a more accurate 

description of reality than if it would have regained its old properties. However, also this 

model is an approximation. 

 

Besides from using the correct material properties there might be other factors that could be 

sources of errors. For example, simplifications made in Abaqus could have affected the result. 

But they were considered to be insignificant when modelling and the adoption remains. 

Another factor is boundary condition. Since none of the three different BC correlates to the 

real conditions there might be a difference in results. The reason why it does not correlate to 

the reality is that it was not decided what the boundary conditions were when the models 

were created. 

8.2. Mid-span deflection 
The time period of the fire, how fast the temperature increases and if cooling is considered 

affects the mid-span deflection of the slab. In the TFT fire, slab 3 has a mid-span deflection of 



89 

 

almost 90 millimetres in the middle of the analysis but in the end it is 40 millimetres. For the 

same slab in the FDS fire the deflection is 100 millimetres just before cooling take place and in 

the end it is 80 millimetres. The difference between these two is the length of the cooling 

phase and what the end temperature is. For the shorter slab the behaviour is totally different, 

there the slab is hogging in the TFT fire and in the FDS fire it behaves like the longer slab. 

The difference here is that the temperature increases rapidly a moment into the fire in the TFT 

analysis, i.e. when flash over occurs. In the analysis with the FDS fire the temperature increases 

in the same rate from the beginning. The peak of the temperature last for a longer time in the 

TFT cases, where a plateau is seen. In the FDS cases it is just a peak before the temperature 

starts decreasing.    

8.3. User subroutines 
Looking at the results from the comparison between using user subroutine and not there is no 

significant difference when comparing the temperatures and mid-span deflection, though 

there is for some results that differ minor. When comparing stresses and strains there were both 

small and large differences in the result. The question is; are the user subroutines necessary for 

these types of calculations or is the margin of error acceptable? This study shows a margin of 

error that could be considered as acceptable when interested in temperatures. If the main 

interest is more mechanical it might not be acceptable to not use user subroutines. More 

research on the subject has to be made to answer the question. 

8.4. Parameter study 
What is interesting in the results from, for example, the different boundary conditions is that 

there is little difference in deflection but there is a very large difference in plastic strains. This 

concludes in that just looking at a building, comparing the deflections, after a fire is not 

enough to tell how damaged it is. 

 

The results of the different loading and also boundary conditions show the vulnerability of the 

structure with the longer beams. Long slender beams carrying a heavier load becomes more 

sensitive to stresses and strains and are therefore more prone to deflect. 
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9. Conclusions 
In this chapter the conclusions of the master thesis are lined up. Furthermore, suggestions for 

further studies are presented. Conclusions are based on the aim and research questions stated in 

the beginning of the study. 

9.1. Compilation of research questions 
The answers to the research questions stated in the beginning of the thesis are compiled below. 

1. What is the thermal impact on the slab exposed to three different fires? 

Large deflections were evident in the results from the ISO and FDS fires. This is explained by 

great temperature gradients which are due to the difference in temperature between the 

bottom and top surface of the concrete slab. The TFT fire on the other hand displayed smaller 

deflections due to smaller temperature differences in the slab. 

 

Except the great temperature gradient, the fast temperature increase and higher temperatures 

were evident in the result from the ISO and FDS fires and differ from the results from the TFT 

fire. Since the temperature is not that high in the TFT fire the fire exposed and non-fire 

exposed side almost have the same temperature in the end of the analysis. For the FDS fire the 

difference between these two temperatures are 200-300 degrees and the ISO fire does not 

consider cooling. All these things influence the result in the end, the mid-span deflections are 

greater where the fire is shorter and the increase of temperature is faster.     

 

2. What is the mechanical impact on the slab exposed to three different fires?  

The time period of the fire, how fast the temperature increases and if cooling is considered 

affects the mechanical response of the composite slabs. One other thing that influences the 

mid-span deflection is the weight the model is carrying. A larger weight gives a larger 

deflection. It is obvious when comparing slab 1 and 2 with 3 and 4, where slab 3 and 4 is a 

larger model that is carrying more concrete and therefore exhibit larger deflections. 

 

At the same time as the temperature increases and big differences in deflection starts to appear, 

the plastic strain also begins to increase. Unlike the temperature and deflection, the strain does 

not recover. When it reaches its peak, it keeps that value. The slabs with the bigger deflections 

also have higher plastic strains compared with the slabs with smaller deflection.  

 

Some of the results show that even if there is little difference in deflection it can still be very 

large difference in plastic strains. This concludes that just looking at a building, comparing the 

deflections, after a fire is not enough to tell how damaged it is. 
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3. How does the composite structure behave during a travelling fire? 

The main differences between the fires are the duration of fire, magnitude of temperature and 

if cooling occurs and if it does, for how long. Depending on these three factors the structure 

behaves in different ways. There are other factors such as geometry, material properties and 

boundary conditions that affect the result, but these are not relevant in the formulation of 

question. If the structure is exposed to a long fire with slowly rising temperatures, such as the 

TFT fire, there will not be any large difference in temperature between the fire exposed and 

non-exposed surface. The temperature slowly moves to the non-exposed side. However, if 

the temperature rises quickly, the concrete will not absorb the heat as fast as the temperature 

rises and therefore there will be large differences between the surface temperatures. These large 

differences lead to large temperature gradients as mentioned above. A great temperature 

gradient leads to larger deflections. This argument is supported by the results from the thesis 

where the TFT fire did not show as large mid-spans deflection as the FDS fire even though 

both were supposed to represent a travelling fire. 

 

If the fire is long with average temperatures, the structure will not deflect as much and instead 

of sagging it might even hog after the cooling phase. Hogging was prominent in the results 

from the 3350 model where shorter beams were used and is due when thermal expansion of 

the beams is overcoming thermal bowing in the concrete. The thrust generated by the thermal 

expansion of the beams is above the level of supports inducing in an upward deflection. The 

FDS fire on the other hand, with its fast evolving fire and high temperatures, led to large 

deflections. 

 

4. How do the user subroutines USDFLD and VUSDFLD affect the result? 

The subroutine USDFLD was used in the heat transfer analyses with the standard solver. The 

comparison between the analyses with and without US shows that there is no significant 

difference in nodal temperature. There is a noticeable pattern showing a greater temperature in 

the result from without US in the heating of and on-going fire. When cooling is reached, it 

turns and it is the result obtained with US that gain the highest temperatures. For most parts 

there is only a one to two degree difference between with and without US. The largest 

differences are found on the side where the fire is located and on the fire exposed surface there 

is a difference of 25 Kelvin at the most. 

 

VUSDFLD was the subroutine used with the explicit solver, thus the mechanical analyses. 

Aspects that have been compared from the mechanical analyses are mid-span deflection, plastic 

strains and von Mises stresses. The results of mid-span deflections do not show any noticeable 

difference when using user subroutines or not. The plots of plastic strain show that there are 

differences at the edges of the structures and some at the middle and that the longer the fire 

burns and temperature increases the more difference it makes. The von Mises stresses show a 

similar behaviour like the plastic strains. Contrary to the outcomes from the thermal analyses, 
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these results showed a variance between US and not. If the main interest is in temperatures it 

might be acceptable to ignore the error obtained with the standard solver without US. 

However, if the main focus is mechanical output one has to consider using US. Still, more 

research has to be conducted to decide if user subroutines are necessary or not.  

9.2. Suggestions for further studies 
One thing that could be further evaluated is the model. Some assumptions and simplifications 

have been made along the way to save time but also since the information was scanty. For 

example, Eurocode properties have been used since the material properties from the test were 

not yet determined. Refining of the models could therefore be an important follow-up. Also 

cooling could be studied in more detail. 

 

Parameters or other factors that could be changed in the models are: 

 Refining of the models. For example, adding a trapezoidal steel deck with concrete on 

top instead of a rectangular cross-section. 

 Vary boundary conditions to represent the test as good as possible. 

 Add different behaviour by changing the material properties according to the test. 

 Change temperature-time curve. For example, add parametric fire to see the effect of 

cooling on structures. 

 

An interesting aspect that evolved during the modelling phase was to see what effect user 

subroutines had on the results, contrary to not using user subroutines. In the end the results 

show that more research has to be made on the subject to be able to say anything valid and 

conclusive.  
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Appendix A  
Interface USDFLD 

      subroutine usdfld(field,statev,pnewdt,direct,t,celent,time,dtime, 

     1 cmname,orname,nfield,nstatv,noel,npt,layer,kspt,kstep,kinc, 

     2 ndi,nshr,coord,jmac,jmatyp,matlayo,laccfla) 

c 

      include 'aba_param.inc' 

c 

      character*80 cmname,orname 

      character*3  flgray(15) 

      dimension field(nfield),statev(nstatv),direct(3,3),t(3,3),time(2) 

C      

      dimension array(15),jarray(15),coord(*),jmac(*),jmatyp(*) 

c 

c Get temperatures  

      call getvrm('TEMP',array,jarray,flgray,jrcd, 

     $     jmac, jmatyp, matlayo, laccfla) 

      TEMP = ABS (ARRAY(1)) 

C Get the previous value of the solution dependent state variable and set this to be the 

previous maximum temperature 

      call getvrm('SDV',array,jarray,flgray,jrcd, 

     $    jmac,jmatyp,matlayo,laccfla) 

      TEMPMAX = array (1) 

C Set the first state variable  to be the maximum of temp (current increment) and tempmax (all 

previous increments) 

      FIELD(1) = MAX(TEMP, TEMPMAX) 

      STATEV(1) = FIELD(1) 

      IF(JRCD.NE.0) THEN 

          WRITE(6,*) 'REQUEST ERROR IN USDFLD FOR ELEMENT NUMBER 

',NOEL, 

     $    ' INTEGRATION POINT NUMBER ',NPT 

      ENDIF 

       

      return 

      end 
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Appendix B 
Interface VUSDFLD 

     subroutine vusdfld( 

c Read only variables - 

     1   nblock, nstatev, nfieldv, nprops, ndir, nshr,  

     2   jElem, kIntPt, kLayer, kSecPt,  

     3   stepTime, totalTime, dt, cmname,  

     4   coordMp, direct, T, charLength, props,  

     5   stateOld,  

c Write only variables - 

     6   stateNew, field ) 

c 

      include 'vaba_param.inc' 

c 

      dimension jElem(nblock), coordMp(nblock,*),  

     1          direct(nblock,3,3), T(nblock,3,3),  

     2          charLength(nblock), props(nprops),  

     3          stateOld(nblock,nstatev),  

     4          stateNew(nblock,nstatev), 

     5          field(nblock,nfieldv) 

      character*80 cmname 

c 

c     Local arrays from vgetvrm are dimensioned to  

c     maximum block size (maxblk) 

c 

      parameter( nrData=6 ) 

      character*3 cData(maxblk*nrData) 

      dimension rData(maxblk*nrData), jData(maxblk*nrData) 

c       

      jStatus = 1 

      call vgetvrm( 'TEMP', rData, jData, cData, jStatus ) 

c 

      if( jStatus .ne. 0 ) then 

          call xplb_abqerr(-2,'Utility routine VGETVRM failed '// 

     *         'to get variable.',0,zero,' ') 

              call xplb_exit 

      end if 

c 

      call setField( nblock, nstatev, nfieldv, nrData, 

     *    rData, stateOld, stateNew, field) 
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c 

      return 

      end 

      subroutine setField( nblock, nstatev, nfieldv, nrData,  

     *   temperature, stateOld, stateNew, field ) 

c 

      include 'vaba_param.inc' 

c 

      dimension stateOld(nblock,nstatev),  

     *   stateNew(nblock,nstatev), 

     *   field(nblock,nfieldv), temperature(nblock,nrData) 

c 

      do k = 1, nblock 

c 

c     Absolute value of current temp: 

         temp = abs( temperature(k,1) ) 

c 

c     Maximum value of temp up to this point in time: 

         tempmax = stateOld(k,1) 

c 

c     Use the maximum temp as a field variable 

         field(k,1) = max( temp, tempmax ) 

c 

c     Store the maximum temp as a solution dependent state  

         stateNew(k,1) = field(k,1) 

c 

      end do 

c 

      return 

      end 
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Appendix C  
Mechanical Properties for Steel  

To get the stress-strain relationship for steel according to Figure 6, following equations from 

Eurocode 3, part 2 were used. 

 

 
 

To calculate the reduction factor for the stress-strain relationship of steel at elevated 

temperature, following factors from Eurocode 3 part 2 have been used. 
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Appendix D  
Mechanical Properties for Concrete 

The stress-strain relationship for the concrete can be seen in Figure 10. To obtain this 

relationship, following ratio from Eurocode 2, part 2 has been used. 

 

 
 

For concrete at elevated temperature, reduction factors needs to be used. Eurocode 

differentiate calcareous and siliceous aggregates. These factors can be seen below.  

  

 

 


