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Abstract 
The problem considered in this thesis concerns how the thermal expansion of steel beams in 
the ceiling of industrial halls affects the building and the fire protection. The subject has been 
up for discussion in Sweden for a while because of the difficulty in classifying the buildings 
correctly according to existing construction rules. In the thesis several dimensions of a fairly 
generic industrial hall with two compartments are analysed. One compartment exposed to 
fire consisting of three fourths of the building and the other sectioned off with a firewall class 
R30 and thus able to withstand fire for the full duration of the simulation. First the 
temperatures attained in the ceiling beams of the structures are simulated using Fluid 
Dynamic Simulator (FDS). After that these are used to calculate the strain caused by the 
thermal expansion on the firewall with the help of a worksheet developed during the course 
of the thesis. 
 
Using these beam calculations and computer programmes the problem has been reviewed and 
the following conclusion is drawn: Thermal expansion of the beams on its own is not enough 
to cause a collapse of the adjacent firewall in the cases studied in the thesis. Under simulated 
conditions the worst strain was nowhere near what was required to cause a collapse and 
temperatures would need to be a couple hundred degrees higher. The interactions between 
the bending and compression of the beams was not enough to cause a buckling either, further 
insuring the integrity of the firewalls protection.  
 
The thesis lends further support to the state of art regarding the construction of buildings 
sectioned with differing levels of fire protection. 
 
Keywords: steel beams, industrial hall, thermal expansion 
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1  Introduction 
The subject of industrial halls has been a hot topic in the Swedish fire engineering 
community for several years now. One of the discussion points revolves around the 
classification of these buildings in accordance with the rules set by Swedish National Board of 
Housing, Building and Planning, called the BBR. Currently an industrial hall can be classified 
either as a Br2 or a Br3 building, depending on how the rules are interpreted. This has a very 
big impact on the construction cost of industrial halls since Br2 requires the load bearing 
structural elements to be able to handle a fire scenario according to the standard fire for at 
least 30 minutes (R30), whereas a Br3 building requires no structural fire resistance at all 
(R0). An explanation of the standard fire can be found in chapter 3.4. To further complicate 
matters, and to combat costs, a building may consist of sections with different requirements 
for fire protection. There are also exceptions to the rules, which if certain requirements are 
fulfilled, allows for the fire resistance to be lowered or removed entirely. This will be dealt 
with further in chapter 2. 

1.1  Overal l  Goal 
The aim of the thesis is to provide further insight into the supposed significance of thermal 
expansion in the beams and trusses when constructing industrial halls. Furthermore the goal is 
to improve on current state of art when designing industrial halls with separate fire protected 
sections or mezzanine floors. The work is performed in conjunction with Bengt Dahlgren 
Brand & Risk AB.  

1.2  Defining the Problem 
The “case study” performed in this work will deal with a building with an industrial section 
with R0 and a smaller office section with R30 separated from the rest of the building by a 
firewall. The debate here concerns whether the R30 section of the industrial hall will be 
severely affected by structural elements exposed to fire in the unprotected section and thus, 
while fulfilling the R30 requirement on its own, if the sections is safe according to 
regulation. 
 
This work will deal in a very specific area of this problem, namely thermal expansion. It’s 
been said in previous research (Björkstad, 2012) that further analysis and research of this area 
would be needed to complement existing work on structural behaviour. Thermal expansion 
is a very apparent property of steel and, while at lower temperatures or for a single 
construction element on its own this seems harmless enough when at higher temperatures in 
combination with being restrained, this will exert a force on surrounding structural elements. 
This could in theory make an unprotected beam push on an adjacent column and/or beam 
inside a firewall and cause a collapse, meaning the fire protection is still deficient. The fact 
that the expanding beam is restrained can also cause it to buckle and in theory pull the 
firewall with it. These are the two types of failure that will be studied in the thesis. 

1.3  Main Queries 
The aim of the study and the aforementioned thesis is to answer the following questions: 
 

• How will the thermal expansion of the unprotected steel girders affect the firewall? 
• Will it a) cause a collapse into the protected section? And if not then b) cause the 

beam to buckle? If the beam does buckle this would cause a potentially much higher 
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horizontal force in the subsequent tensile stage and could also directly damage the 
physical integrity of the firewall. 

1.4  Boundaries 
The study is loosely based on a planned, but not yet constructed, building. Therefore several 
assumptions have been made. These include: pillar and beam placements and types, roof 
weight and possible fuel sources. Some assumptions will be based on a similar hall building 
used in Single storey steel building exposed to fire (Björkstad, 2012) and also the background 
document for the program LUCA. The work is also aimed at the specific study of thermal 
expansion and therefore several other parameters, which would otherwise be of interest when 
constructing an industrial hall, are not dealt with here. Furthermore the cases are only tested 
for a 30-minute fire, as it is the firewall integrity R30 that is of interest in the thesis.   

1.5  Means of Study 
The thesis will be tested with the help of a case study of a projected hall building with a 
mezzanine floor. To test whether the mezzanine floor can withstand an eventual collapse of 
the other part of the structure the study must first determine if the necessary conditions 
required to cause a collapse will be achieved. This will be tested both with a standard fire-
curve and with a designed fire with the use of the simulation program FDS. In the work the 
mezzanine floor will be treated as a firewalled section one portal frame wide. 

1.6  Self-Evaluations 
The aim of conducting a thesis like this is to practice, develop and prove skills obtained 
during the fire-engineering programme, needed in the future work as a fire safety engineer. 
Skills that include defining a problem, planning and executing a scientific method to reach 
results relevant to that problem, writing a scientific report and presenting and discussing 
obtained results. Of course the problem should have relevance to the field of fire engineering.  
 
This report is proof that the authors possess these skills. The work has been defined and 
executed in a scientific manner. This work is also proof of the authors’ ability and interest in 
attaining new skills and knowledge to solve problems as several issues faced and also tools and 
methods of calculation that were used had not been dealt with during course work.  
 
The work started in October 2012 and was finished in November 2014. The time-plan was 
much exceeded for various reasons but the amount of work put into this thesis by the authors 
also exceeds the required amount. 

1.7  Criteria for Completion 
As the research for, and composition of, the thesis spans a limited amount of time, and since 
the subject is broad and with many interesting points of research and analysis, certain 
conditions for having achieved a satisfactory level of completion are set. These conditions act 
as separate goals while not prohibiting further study into the subject should time and data 
allow for it. The conditions are as follows: 
 

• The thesis has estimated the temperature achieved in the roof of the case building. 
• The thesis has determined the thermal expansion in the beams and the horizontal 

force it will impose on the fire protected structure and the moments caused thereof.  
• The thesis has been evaluated using different approaches to see if they point towards a 

coherent conclusion. 
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1.8  Division of Labour 
The division of labour developed naturally during the work progress. Both authors 
conducted the literature study to gain equal knowledge. Since Erik had more prior 
experience using FDS it fell on him to do the simulations. Thus Niklas became responsible 
for the work on developing the excel application and doing the calculations. The work with 
FDS and the calculations was tied together with the use of the LUCA software where the 
responsibility was shared. Both Niklas and Erik wrote the report. 
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2  State of Art 
As mentioned in the introduction construction and fire safety, apart from being regulated in 
Swedish law by the PBL and PBF in very broad and general terms, is handled in a set of rules 
and guidelines commonly referred to as the BBR, which is developed and continuously 
updated by the Swedish National Board of Housing, Building and Planning. These go into 
much finer detail about specific details and elements of construction and fire safety, and also 
give advice on how to fulfil the specified requirements. To further assist is the EKS, which is 
the Swedish annex with guidelines to applying European construction standards, or 
Eurocodes. The EKS deals mainly with the design of the load bearing structures.  
 
The BBR can also be used with two different approaches: Using the general guidelines and 
advice in the book to fulfil the regulations, simplified dimensioning, or by analytical 
dimensioning whereby the fire safety of the building must be verified by quantifiable risk 
analysis, scenario study or some similar method to verify that the building lives up to 
regulation. The gain for this more complex approach is the variety of new solutions that 
open up and potentially less construction expenses for the same amount of safety. The latter 
being the main reason behind the current on-going debate. As an example (Veljkovic & 
Uppfeldt, 2012) have shown that it is possible to construct a safe steel structure without any 
need of passive fire protection. Analytical dimensioning requires a much larger knowledge of 
the field of fire safety than the simplified dimensioning however, and the way it is dealt with 
is by proving that the different approaches taken are equivalent or better than the regulated 
ones.  

2.1  Rules and regulations 
To further the understanding of industrial halls follows a short summary of those of the 
current rules for constructing industrial halls that will affect the thesis. This is by no means to 
be seen as a complete summary as the full rules are regulated by the BBR and the EKS. 
 
The BBR classifies buildings depending on the need for protection, the possible 
consequences of a fire and the complexity of the buildings. The scale goes from Br0 to Br3, 
where Br0 are buildings in large need of protection like hospitals and skyscrapers and Br3 are 
buildings in little need of protection like common houses and many one-story industrial halls. 
There are a lot of different requirements connected with the building class but the most 
relevant one in this thesis is the fire resistance of the load bearing structure. A Br 2 building 
requires the load bearing structure to have a standardised resistance of 30 minutes (R 30) 
while a Br3 building requires 0 minutes (R 0). However, if the load bearing structure in a 
Br2 building is designed in such a way that in case of fire, after 30 minutes have passed, the 
area affected by a local collapse is limited to an eleven-meter radius outside of a 20 m2 fire 
(see figure 1), you can circumvent the R 30 requirement. This exception further requires that 
the damage should not impose a risk of progressive collapse for other parts of the structure 
outside of the allowed area. 
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Figure 1 

Another way to design a building is to consider different parts as different building classes and 
design each after their own requirements. This requires the parts to be separated by a firewall 
with resistance according to the higher of the two requirements. Since the requirement for a 
building is different if it contains one or multiple levels there is also the issue of mezzanine 
floors to be considered. Generally a mezzanine floor is not considered a separate level if the 
area is less than half of the underlying level. However for a building in class Br2 this is not 
expected to surpass 200 m2 and the corresponding requirement for Br3 is 500 m2.  
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3  Theory 

3.1  General Properties of Structural Steel 
Steel has many advantages as a construction material, but its primary selling points are the 
high strength to weight ratio, the 100% recyclability and its elasticity. Since its introduction 
in construction, in the mid 1800s, steel has had a significant impact on building design 
(Isaksson, Mårtensson, & Thelandersson, 2011). 
 
As said before, one of the advantages of steel is its elasticity that can be seen in figure 2 
below.  

 
Figure 2 Stress-Strain curve for Steel .  

Up until the elastic limit the slope depends on the E-module of the steel, normally 210 GPa, 
and the elongations due to stress are temporary. However once the elastic limit, also known 
as the yield point, is reached the steel immediately starts to become irreversibly stretched. 
From the figure we see that the steel still hasn’t reached its peak strength when it starts to 
yield. Due to the unpredictable nature of the plastic yielding however this is hard to take 
advantage of in fire safety design, but there are methods that utilize strain hardening to make 
use of this residual strength. It should be noted that the additional strength from hardening 
comes at the expense of elasticity, which makes it less suitable for certain construction 
elements (Isaksson, Mårtensson, & Thelandersson, 2011). The elasticity also decreases with 
temperature as can be seen in figure 2. 
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Figure 3 Stress-strain curves for elevated temperatures. 

One of the significant drawbacks to constructing with steel is the rate with which the load 
bearing capacity decreases with elevated temperatures. In previous studies it’s been shown 
that an unprotected truss directly exposed to the flame will collapse in less than seven minutes 
for temperatures of 650°C and above (Lindqvist & Hägg, 2007). It is commonly accepted 
that the load bearing capacity of steel is depleted when the critical temperature reaches 
450°C, however the reality is more complex since the loadbearing capacity is also largely 
dependent on the degree of utilization in the structure (Karlström, 2006). The degree of 
utilization is simply the used load bearing capacity divided by the total load bearing capacity. 
Previous studies have also shown that when regarding an entire steel framework the actual 
fire resistance is higher than for single beams due to interaction between the different 
structural elements. This is however not accepted in the state of art and requires significant 
proof to take advantage of in fire safety design. The reason as to why the load bearing 
capability decreases are the reduced steel strength ƒ and modulus of elasticity E with 
temperature. As can be seen below in figures 4 and 5 the load bearing capacity starts falling 
quite dramatically after 400-450 °C. 
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Figure 4 

 
Figure 5 

 
Another important factor regarding steel is thermal expansion, which is highly relevant for 
the thesis. Thermal expansion in steel can, besides imposing a force on adjacent structural 
elements, cause thermal bowing. Thermal bowing is the result of differing temperatures in a 
beam causing different amounts of thermal expansion, which in turn makes the beam bend 
towards the hotter side where the expansion is greater (Karlström, 2006). 
 
When talking about elevated temperatures it might be worth to not that the rate of heating in 
the steel depends on the section factor. The section factor is the exposed surface area divided 
by the total volume of the body 𝐴!/𝑉. 

3.2  Portal frames under heating 
To help understand the work performed in the thesis it is important to have rudimentary 
knowledge of the behaviour of steel frames exposed to elevated temperatures. This section 
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will therefore serve both to educate readers unfamiliar with the subject and to explain the 
process by which the results will be attained without the involvement of math. 
 
The pictures are only meant to be explanatory and are not necessarily proportional, and the 
deflections will be exaggerated for better visibility. 
 

 
Figure 6 

 
First, consider a portal frame with length 12 m and height 4 m at room temperature. Both 
columns are identical, in the calculations following later IPE 180, whilst the beam is IPE 360. 
The portal frame is affected by the normal force, N, caused by the load it carries, but there 
are no significant horizontal forces.    
       

 
Figure 7 

Now consider the same portal frame during a uniformly elevated temperature. The fire will 
heat the steel beam and columns at the side. The rising temperature will cause the beam to 
expand, pushing the columns to the side. Since both the structure and the heating is 
symmetrical in this case, both sides will be deflected the same distance Δδ /2. The expansion 
will also exert a horizontal force H on the columns. This horizontal force will in turn be 
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countered by an identical spring force P caused by the stiffness of the bending columns on 
each side. The symmetry of this case makes it fairly easy to calculate all these parameters. 

 
Figure 8 

Next there is the case with two identical portal frames, like the ones above, with a firewall in 
between so that only one compartment is exposed to the elevated temperature. The heated 
beam will generate the same horizontal force H as in the previous case, but since the 
structure is now asymmetrical the spring stiffness k1 and k2 on either side will be different, 
with k2 being the collective stiffness of the whole cold portal frame. This will in turn lead to 
the horizontal deflections being different, with the deflection on the firewall side being the 
lesser of the two since it has the stronger spring. Adding additional portal frames on the cold 
side would thus lead to an even greater difference in deflection. 
 

 
Figure 9 

The last case to demonstrate is the case that is dealt with in the thesis and it is essentially the 
same as the previous but with a more complex spring on the hot side. In this case there are 
three portal frames in the hot compartment and, as before, a single portal frame in the cold 
one. In this instance all three of the heated beams will expand. Since the point of interest is 
the deflection of the top end of the firewall the stiffness of the collective hot side and the 
collective cold side respectively are the effective springs. 

3.3  Fire design 
When designing a building the different loads being applied must be taken into consideration. 
There is the load applied by the self-weight of the structure, called the permanent load (G), 
and there are the variable loads (Q) applied by snow, wind, occupants etc. A specific fire 
design load is calculated that allows for a less severe estimation of these parameters than for 
example the ultimate load combination. When calculating the design effect E in case of fire 
an additional accidental load (A) is also taken into account. 
 
E!",!,! = Σ𝐺!,! + 𝑃 + 𝐴! +Ψ𝑄𝑘1+ ΣΨ𝑄𝑘𝑖      (Eq 3.1) 
 
The Ad in Eq 3.1 represents the indirect fire actions on the structure. In comparison to the 
permanent and variable loads, called external loads, this load comes from the material itself 
and may be called an internal load. The internal load is an effect from the expansion of the 
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steel causing that causes axial forces, and additional shear forces and bending moments. 
(Franssen & Vila Real, 2010) 
 
Table 1 Eurocode load combinations with national parameters from the  Annex in EKS 8 
(Thelandersson, Mårtensson & Isaksson, 2010)  

 
 
A structure’s fire resistance can be calculated by obtaining the critical temperature. When the 
structure reaches the critical temperature a collapse or buckling occurs. The critical 
temperature occurs at the same point as the critical load is obtained. The ratio of the 
calculated design effect in the fire scenario at t=0 to the load-carrying capacity at room 
temperature gives the degree of utilization of the structure. 
 
𝜇! = 𝐸!",!/𝑅!",!,!         (Eq 3.2) 
 
Knowing the degree of utilization, the critical temperature may be obtained using Eq 3.3. 
There are also other ways as will be described in the calculation part of the thesis. 
 
𝜃!,!" = 39.19 ln !

!.!"#$!!!.!""
− 1+ 482      (Eq 3.3) 

3.4  Standard temperature fire curve 
The standard fire curve, ISO 834, is a standardized nominal temperature-vs-time relationship 
presented in the Eurocode. It is used for testing and classifying construction elements. The 
construction element is put in a furnace and exposed to temperatures following the ISO 834 
curve. The time it takes for the element to reach the designed critical condition is used when 
classifying the element. For example, if a steel beam can withstand the design fire load for 30 
minutes without failure it gets an R30 classification where the R stands for resistance. The 
equation used to calculate the standard temperature-time curve and a graph of the curve is 
presented below. 
 
𝑇! = 20+ 345 log!"(8𝑡 + 1)       (Eq 3.4) 
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Figure 10 Standard Temperature-Fire Curve 

One weakness with the standard fire curve is that it does not take into account that every fire 
sooner or later burns out. Some other weaknesses are that is does not account for difference 
in compartment geometry, different sizes of ventilation openings, different fuel sources, or 
thermal properties of different materials.  

3.5  FDS 
Understanding the limitations of a computer programme is essential when building and 
analysing a computer model. There are a couple of weaknesses with FDS that the user needs 
to be aware of. The main thing worth pointing out is that the results are a direct reflection of 
the competence of the operator. Being able to make correct assumptions and designing the 
meshes are fundamental for a realistic and reliable result. (Nystedt & Frantzich, 2011) 
 
Another weakness is that the program was developed for analysing industrial scale fires where 
the heat release rate (HRR) is known. When the HRR is predicted the uncertainty of the 
model increases since the properties of the combustion materials are difficult to obtain and 
since the equations used by FDS are simplifications of the physical processes of combustions. 
Also the model is created mainly for well-ventilated fires. Keeping these weaknesses in mind 
the simulations may be used to predict the smoke and heat transfers of various fire scenarios. 
(McGrattan et al, 2010) 
 
When designing a model in FDS it is recommended to start with a rough sketch and run it 
for a couple of seconds to make sure that there are no complications in the input file. When 
the geometry of the building and the fire are modelled a sensitivity analysis must be 
conducted to decide what grid sizes to use. A large sized grid gives a faster simulation time 
but larger uncertainties in the results. A smaller grid increases the certainty of the results but 
also the simulation time. Finding the right grid size is a crucial part in using FDS.  
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After the simulations are done there are various ways of validating the results to see if they 
represent reality. One way is using the Heskestad plume equation and comparing the 
calculated height of the flame with the simulated. The equation is presented below and it is 
taken from Enclosure Fire Dynamics, (Karlsson & Quintiere, 2000). The Q is the heat release 
rate in kW and the D is the diameter of the fuel source. 
 
𝑀𝑒𝑎𝑛  𝑓𝑙𝑎𝑚𝑒  ℎ𝑒𝑖𝑔ℎ𝑡 = 0.235 ∙ 𝑄!/! − 1.02𝐷       (Eq 3.5) 
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4  Method 
The work process of this thesis is presented in the flow chart in figure (x). The written report 
follows this pattern as well.  

 
Figure 11 Work process 

4.1  Literature Study 
To fully understand the problem at hand a literature study was conducted in the first phase of 
the thesis work. The focus of this study was to gain a wider understanding of fire design 
when it comes to large steel halls. A summary of the knowledge gained is presented in the 
theory section and is the foundation of this thesis. 

4.2  FDS 
FDS (Fluid Dynamic Simulator) is a computer program developed by NIST (National 
Institute of Standards and Technology) used to calculate thermally driven flows, with focus 
on smoke and heat transfer from fires. Smokeview is a separate program used to visualize the 
simulations performed in FDS. (McGrattan et al. 2007) 
 
FDS is used in this thesis as a tool to calculate the temperatures that a steel beam in the 
ceiling of a large industrial hall will reach in different fire scenarios. The simulated 
temperatures will be used to calculate the axial force caused by thermal expansion of the 
beam.  

4.2.1  FDS cases 
A steel hall with the measurements 90x40x8 meters is used as a default structure. Eight 
different cases are simulated. The parameters that vary are the height of the building, the 
intensity of the fire and the location of the fire. Table (x) shows the eight different cases.  
l 
Table 2 

Case: Fire in 
corner 

Fire in 
middle 

15 MW 
fire 

6 MW 
fire 

8 m high 
building 

12 m high 
building 

1:A X  X  X  
1:B X  X   X 
1:C X   X X  
1:D X   X  X 
2:A  X X  X  
2:B  X X   X 
2:C  X  X X  
2:D  X  X  X 

 
The intensity of the fire depends on the fuel. Since the cases are hypothetical the fire is very 
hard to predict. The number of fire scenarios is limited to two: one large fire with a heat 
release rate of 15 MW and one small fire with a heat release rate of 6 MW. The large fire 

Literature	  
study	  

FDS	  
simulations	  

LUCA	  
simulations	  

Numerical	  
calculations	   Analysis	   Result	  
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reaches its maximum heat release rate after 565 seconds and the smaller fire reaches its 
maximum heat release rate after 357 seconds. This corresponds to fast-growing fires that are 
standard for this type of building. The height of the hall is 8 meters in cases 1:A, 1:C, 2:A and 
2:C and 12 meters in the other four cases. The fire is either located in the middle of the hall 
or in a corner. Openings 20 meters wide and 2 meters high in every wall and an opening in 
the roof 10 by 10 meters are used to supply the fire with oxygen in order to prevent a 
ventilations controlled fire. 
 
To get an idea of how large a 15 MW or a 6 MW fire is, se figure 12. The curves represent 
burning wooden pallets, 1.2 by 1.2 meters, stacked to a certain height. 
 

 
Figure 12 HRR of burning wooden pal lets stacked to dif ferent heights (Karlsson & Quintiere, 2000) 

 
In the cases with the fire in the corner, two steel beams are modelled. The beams are called 1 
and 2 and are shown in figure 13. 
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Figure 13 Beam 1 and 2 with c/c 9.8 meters  

Thermocouples are placed on the bottom of the steel beams all the way across the hall with 2 
meters between each thermocouple. See figure 14. 
 

 
Figure 14 Thermocouple placement 

The thermocouples measure the adiabatic surface temperature of the steel beam. The 
adiabatic surface temperature is calculated using a combination of the convective heat transfer 
and the heat transfer by radiation. After the simulation is done the temperatures are presented 
in an excel document. The only difference when changing the position of the fire is that 
when it is in the middle of the hall, only one beam is placed in the middle of the hall. 
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When designing the meshes and grid sizes, following formula may be used as a guideline on 
how to choose the grid size around the fire. Nystedt (Nystedt & Frantzich, 2011) states that 
D* divided by the grid size close to the fire should be somewhere between 10 and 20. Values 
with “∞” as subscript are the properties of air at ambient temperature. The Formula for grid 
approximation (Nystedt & Frantzich, 2011) is shown below in Eq 4.1. 
 

        (Eq 4.1) 
 

Below, the values for the two simulated fires are inserted in the formula with a grid size of 20 
cm close to the fire. 
 
!∗

!.!
= !"  !!!  !!!

!.!∗!"""∗!"#∗ !.!"

!/!
= !.!"

!.!
= 14.21      (Eq 4.2) 

 
!∗

!.!
= !  !!!  !!!

!.!∗!"""∗!"#∗ !.!"

!/!
= !.!"

!.!
= 9.85      (Eq 4.3) 

 
The results show that in the cases with the 15 MW fire the grid size is acceptable. In the cases 
with the 6 MW fire the chosen grid size might be a bit too large. 
 
A sensitivity analysis using the same input but different grid size to compare the results is also 
carried out. 

4.3  LUCA 
Luca is a computer program designed for evaluating the safety of single story steel industrial 
halls in case of a fire. The program has been verified against numerical models from finite 
element programs such as ABAQUS and SAFIR in order to make sure that the three-
dimensional construction behaviour is accounted for. The fire scenario in LUCA is 
represented by the ISO 834 fire curve. 
 
The following construction conditions needs to be fulfilled in order for the results to be 
applicable in reality. 
 

1. The steel frames need to be simple portal frames in standard H or I hot rolled profiles 
or frames with lattice beams with H or I columns. 

2. Buildings with different fire compartments separated from each other with fire walls 
parallel or perpendicular to the steel frames. 

 
The first thing to do when opening LUCA is choosing whether it is a single bay or multiple 
bay structure and the frame type. Then it is time to specify the measurements of the different 
parts of the structure. This includes the measurements of the beams and columns, the length 
and height of the bays, the number of bays and where the fire occurs. Figure 15 shows a 
screenshot from the program after the structure is chosen as multiple frames with cross section 
in H or I hot rolled profiles. 
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Figure 15 Window for input parameters in structure with multiple frames with cross section in H or I  

After entering all the parameters in the window in figure 15 and pushing next the results of 
the calculations are displayed i.e. the displacements induced at the end of the compartment 
and the tensile forces. The complete calculations are printed in a PDF-document. 

4.3.1  LUCA cases 
In this thesis LUCA is used in ten different cases to evaluate the effect thermal expansion has 
on the structure. The dimensions for the hall-buildings were taken from 
“Byggsystembeskrivningar och fallstudier för industribyggnader - En guide för arkitekter, 
konstruktörer och entreprenörer”. It is a guidebook distributed by SBI 
(Stålbyggnadsinstitutet) with focus on industrial hall buildings made of steel. It contains a 
chapter with custom solutions and measurements for different countries, including Sweden.  

4.4  Thermal expansion of s imply supported steel beam 
When it comes to structural response to increased temperatures the dominant factor is the 
manner in which it reacts to the produced thermal strains (Usmani et al. 2000). The thermal 
strains are displayed in two different ways; by curvature and by thermal expansion. 
 
As part of the study, originally just for use in the thesis, the excel worksheet “Horizontal 
forces and induced moments” was created. The worksheet aims to simplify and speed up 
calculations to provide a quick overview and approximation of some elements of the 
structural behaviour. These include thermal expansion, bowing, horizontal- and vertical 
forces as well as moments induced in the columns and a quick buckling check. The 
worksheet only requires material and environmental inputs such as snow and wind load and 
then performs the necessary calculations by itself. 
 
During the calculations several assumptions have been made:  
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• The beams are treated as simply supported. 
• The model only deals in two dimensions. Diaphragm action from the roof and 

support from adjacent portal frames have been neglected. 
• The buckling length was assumed to be fairly equivalent to Euler’s buckling case 1 

despite the more complex structure of the portal frames. 
• The beams were assumed to have a uniform temperature. 
• The starting temperature T0 was set to 0°C. 

4.4.1  Worksheet design guide 
The formulas used in the following guide have been collected from several different sources 
and may appear here with slightly different symbols than in their original context. This is in 
an effort to smooth the transition between formulas. The sources used are (Isaksson, 
Mårtensson, & Thelandersson, 2011), (Franssen & Vila Real, 2010), (Heyden, Dahlblom, 
Olsson, & Sandberg, 2008), (Ward, Mathforum.org, 2013) 
 
Legend: 
 
L  Length [m] 
A Cross section Area [m2] 
T Temperature [°C] 
𝛼(𝑓)  Coefficient of Thermal Expansion 
q Load [kN/m] 
r Deflection [m] 
E Young's Modulus of Steel  
I Moment of inertia [m4] 
W Elastic torque 
N Force [kN] 
M0 Moment of cross section area 
M  Second moment of bending [kNm] 
C Cord length of thermally expanded and bowed beam [m] 
D Span between parallel portal frames [m] 
𝑓 Steel yield strength [MPa] 
k Spring stiffness [kN/m] 
Ky Steel strength reduction factor 
 
To illustrate the link between the formulas and what they provide numeric values taken from 
the first scenario calculated later in the thesis will be used. The beam in the example is IPE 
360 and the pillars IPE 180. The temperatures are taken from the FDS simulation and is set 
to 416°C for T. The complete input can be seen in figure 17 in the next segment 4.5 The 
worksheet. The imagined construction is similar in form to figure 9 in section 3.2 in this 
thesis but with multiple sets of portal frames. 

4.4.1.1 Beam	  Calculations	  
Starting off thermal expansion can be calculated quite simply using the linear relationship 
described in Eq. 4-16 (Heyden, Dahlblom, Olsson, & Sandberg, 2008):  
 
∆𝐿 = 𝐿×𝛼×∆𝑇  
           (Eq 4.4) 
or numerically: 
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∆𝐿 = 12×1.2 ∗ 10!!×416 = 0.0599m 
 
Deflection is slightly more complex since it depends on several material parameters and the 
most unfavourable fire design load case (all load cases are shown in the worksheet for 
reference). The fireload in the numerical example is multiplied with the depth to the adjacent 
portal frame, in this case 5m, to account for the area load: 
 

𝑟 =
5𝑞𝐿!

384𝐸𝐼  
           (Eq 4.5) 

𝑟 =
5 ∗ 1.512 ∗ 5 ∗ 12!

384 ∗ 147 ∗ 10! ∗ 1.63 ∗ 10!! = 0.017m  
 
Once these two values have been calculated it is time to calculate the chord length C of the 
circle segment the beam forms post deflection as seen in the figure below.  
 

 
Figure 16 Cord length compared to total  length 

This requires iteration with Newton’s Method 
(http://mathforum.org/dr.math/faq/faq.circle.segment.html#3, 1994) for the case: 
 
1− 𝑐𝑜𝑠 𝑥

𝑥 =
2r
𝐿!"!

 

           (Eq 4.6) 
Where:  
 
𝑥(0)   =   2 !"

!!"!
  

𝑥 0 =   2
2 ∗ 0.017

12+ 0.0599 = 0.005661439 

 
r being the deflection of the beam and the full length of the elongated beam 
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𝐿!"! = 𝐿 + ∆𝐿. 
           (Eq 4.7) 
Iteration with 
 

  𝑥 𝑛 + 1 =   𝑥 𝑛 −
!"# ! ! ! !"

!!"!
  ! ! !!

! !"# ! ! ! !"
!!"!

  
  

           (Eq 4.8) 
 
yields x = 0.005661454 which can then be used to calculate the chord length. The chord 
length being the effective length of the beam taking into consideration both expansion from 
heat and reduction in distance at the ends by deflection.   
 

𝐶   =    !!"!
!
sin  (𝑥)  

           (Eq 4.9) 
𝐶   =    !",!"##

!,!!"##$%"%
sin 0.005661454 = 12.0598𝑚       

 
However this value is only accurate for an unrestrained beam expanding. The horizontal 
forces calculated further on are caused by the pillars acting as springs and inhibiting this 
expansion.      
 
Next up the load is calculated, specifically the design load in case of fire. The input used are 
as follows: Snow load Sk = 1.2 kN/m2, Wind load Wk = 0.2 kN/m2 and Gk = 0.3576 
kN/m2, which here is represented by the beam’s self-weight of 57,1 kg/m and the roof 
weight of 25 kg/m2, which is also the roof weight used in LUCA. The load is calculated 
using two different equations and the worst case is used. Only the largest load is presented 
here. 
 
𝑞   𝑓𝑖𝑟𝑒   = Gk+ ψs, 1 ∗ Sk+   ψw, 2 ∗Wk	  	  
           (Eq 4.10)	  
Numerically:  0.3576+ 1.2 ∗ 0.4+ 0.2 ∗ 0 = 0.8696	  kN/m2 
 
Now we can calculate the moment induced by the fire design load, where D and L represent 
the load bearing area of the beam: 
 

𝑀!",!" =
!   !"#$ ∗!∗!!

!
   

           (Eq 4.11) 

Numerically: 
!.!"#"∗!∗!"!

!
= 78.268  𝑘𝑁𝑚  

 
Next the Beam Bending Moment Resistance is calculated for the fire scenario: 
 
𝑀!",!" = Ky ∗ 𝑓 ∗𝑊 
           (Eq 4.12) 
Numerically: 0.9648 ∗ 355 ∗ 10! ∗ 0.000904 = 309.624  𝑘𝑁𝑚   
 
Finally for the beam the Buckling Resistance is calculated for the elevated temperatures 
follows: 
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𝑁!,!",!" = χ ∗ Ky ∗ 𝑓 ∗ 𝐴 
           (Eq 4.13) 
 
However to do this the following parameters need to be calculated: χ, which is the fire 
reduction factor, which that in turn requires the critical load, 𝑁!", the slenderness factor λ as 
well as the buckling curve imperfection factor α(B). α(B) depends on the height/width ratio 
of the girder as well as the thickness of the flanges and can be found in the Eurocodes. In this 
case for a girder with a height/with ratio greater than 1.2 and flanges thinner than 40 mm 
α(B) = 0.21. 
 

𝑁!" =
𝜋!𝐸!"#$𝐼!"#$
(𝛽𝐿!"#$)!

 

           (Eq 4.14) 
 
where 𝛽 is determined by the Euler buckling case. In this situation both ends of the beam are 
dealt with as pivoted, which means that 𝛽 = 1. For the pillar, one end is dealt with as static 
meaning 𝛽 = 2. Numerically: 
 

𝑁!" =
𝜋!143.48 ∗ 10! ∗ 1.63 ∗ 10!!

(1 ∗ 12)! = 1599.986𝑘𝑁 

 
Now slenderness λ, for class 1 cross sections, can be calculated as: 
 

λ =
𝐴 ∗ 𝑓
𝑁!"

 

           (Eq 4.15) 

Numerically: 
!.!"∗!"!!∗!""∗!"!

!"###$%
= 1.2703 

 
Having attained that we can calculate  λ for elevated temperatures λ!:  
 

λ! = λ
𝐾𝑦
𝐸! 𝐸 

           (Eq 4.16) 

Numerically:  λ! = 1.2703 !.!"#$
!"#.!" !"#

= 1.5095 

 
Next up we calculate: 
 

χ =
1

𝛷 + 𝛷! − λ!
!
 

           (Eq 4.17) 

Where Φ = !!! ! ∗ !!!!.! !!!
!

!
 

           (Eq 4.18) 
Numerically:  χ = !

!.!""#! !.!""#!!!.!"#$!
= 0.3604 
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Inserting χ = 0.3684 in Eq 4.13: 
 
𝑁!,!",!" = 0.3684 ∗ 0.9648 ∗ 355 ∗ 10! ∗ 7.27 ∗ 10!! = 917.793  kN  

4.4.1.2 Pillar	  calculations	  
That concludes the pure beam calculations and it’s time to calculate the forces and moments 
affecting the pillars, starting off with the spring stiffness of the pillars inhibiting the thermal 
expansion of the beam. The formulas used to calculate the springs are the same as used in the 
LUCA background document: 
 
𝑘! hot  side =   0.13 ∗ 𝑘 ∗ 𝑐 
           (Eq 4.19) 
𝑘! cold  side =   𝑘 
 
Where: 
           (Eq 4.20) 

𝑘 =
𝑎(𝑆)

1+ 2𝑎(𝑆)×
12𝐸𝐼!"##$%
𝐿!"##$%!

 

           (Eq 4.21)
  

𝑐 = 1+
𝑖
2

!!!

!!!

∗
𝑎(𝑆)

1+ 2𝑖 ∗ 𝑎(𝑆) 

           (Eq 4.22) 
Note that n is the number of frames in the compartment exposed to fire and: 
 

𝑎(𝑆) =
𝐼!"#$
𝐼!"##$%

×
𝐿!"##$%
𝐿!"#$

 

           (Eq 4.23) 
Doing these numerically: 
 

𝑎 𝑆 =
1.63 ∗ 10!!

1.32 ∗ 10!!×
4
12 = 4.1179 

 
And as there are only 3 frames in the case n-1=2 yielding the simple: 

𝑐 = 1+
4.1179

1+ 2 ∗ 2 ∗ 4.1179 = 1.2357 

 
This leads to: 
 

𝑘! = 𝑘 =
4.1179

1+ 2 ∗ 4.1179×
12 ∗ 210 ∗ 10! ∗ 1.32 ∗ 10!!

4! = 231.211𝑘𝑁/𝑚   
 
and 𝑘! = 0.13 ∗ 1.2357 ∗ 231.211 = 37.142𝑘𝑁/𝑚 
 
These are the combined acting springs of the cold and hot side collectively. Using these we 
calculate the effective spring 𝑘!  working on the beam and inhibiting its expansion as: 
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𝑘! =
𝑘!𝑘!
𝑘! + 𝑘!

 

           (Eq 4.24) 
or using numbers: 
 

𝑘! =
37.142 ∗ 231.211
37.142+ 231.211 = 32.001𝑘𝑁/𝑚 

 
Knowing this it’s time to calculate the sought after horizontal force acting upon the firewall 
called 𝑁!",!" as well as the top en deflection of the firewall Δδ. 
 

𝑁!",!"   =
𝐸!"#$   ∗ 𝐴!"#$ ∗ α f ∗ T  

1+ 𝐸!"#$   ∗ 𝐴!"#$
𝐿!"#$ ∗ 𝑘!

 

           (Eq 4.25) 
Using the coefficient of thermal expansion α f  = 1.2 ∗ 10!! and T = 416°C: 
 

𝑁!",!"   =
143.48 ∗ 10!   ∗ 7.27 ∗ 10!! ∗ 1.2 ∗ 10!! ∗ 416  

1+ 143.48 ∗ 10!   ∗ 7.27 ∗ 10!!
12 ∗ 32001

= 𝟏.𝟗𝟏𝟔𝒌𝑵 

 
Knowing the force acting upon the firewall Δδ can be attained by: 
 

𝛥𝛿   =
𝑁!",!"   

𝑘!(ℎ𝑜𝑡  𝑠𝑖𝑑𝑒)
 

           (Eq 4.26) 

𝛥𝛿   =
1.916  
37.142 = 𝟎.𝟎𝟓𝟏𝟓𝟗𝒎 

 
Knowing these are not enough though. To insure that no buckling has occurred before this 
point the level of strain on both the beam and the pillar is checked. 
 
First the pillar is checked by calculating N, also called the normal force. Simply the area load 
carried by an individual pillar: 
 
𝑁   = 𝐿!"#$ ∗ 𝐷 ∗ 𝑞(𝑓𝑖𝑟𝑒) 
           (Eq 4.27) 
𝑁   = 12 ∗ 5 ∗ 0.8696 = 52.179  𝑘𝑁 
 
Next the critical load and fire reduction factor for the pillar is calculated using the same 
procedure as for the beam in Eq 4.14 and Eq 4.16. 
            
𝑁!" = 426.51𝑘𝑁 yields χ = 0.4121 
 
Now both the first-,  𝑀! (Moment of cross section area), and second-degree moment, M 
(Second moment of bending), of the pillar can be calculated as 
 
𝑀!   = 𝑁!",!" ∗ 𝐿!"##$% and 𝑀 =   𝑀! + 𝑁 ∗ 𝛥𝛿 
            (Eq 4.28 and Eq 4.29) 
𝑀 = 1.916 ∗ 4+ 52.179 ∗ 0.05159 = 10.357𝑘𝑁𝑚 
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Knowing the necessary moments and forces it’s time to check the Pillar Moment Bending 
Interaction to see if buckling occurs. This is done with the following relationship: 
 
𝑁

χK!𝑓𝐴
+

𝑀
K!𝑓𝑊

≤ 1 

           (Eq 4.30) 
If this is greater than 1, the pillar cannot handle the strain and buckles. 
 
Numerically, with K!=1: 
 

52179
0.4121 ∗ 355 ∗ 10! ∗ 2.4 ∗ 10!! +

10357
355 ∗ 10! ∗ 1.46 ∗ 10!! = 𝟎.𝟏𝟔 ≤ 1 

 
The pillar is only under 16% of the strain it can handle and no buckling will occur. The 
beam is also checked for its Compression Bending Interaction using the following formula: 
 
𝑁!",!"
𝑁!,!",!"

+
𝑀!",!"
𝑀!",!"

≤ 1 

           (Eq 4.31) 
1.91628
917.793+

78.858
309.624 = 𝟎.𝟐𝟓𝟒𝟖𝟕 ≤ 1 

 
Which shows that the beam will not buckle either and the structure is still in an expansion 
(compression) stage after 30 minutes of fire.  

4.5  The worksheet 
The worksheet was create due to the sheer number of equations that had to be redone every 
time a single parameter was varied and also to ensure that as few calculation errors as possible 
became a factor. It was developed in such a way that only the input parameters should have 
to be known by the user and no previous knowledge of the calculation method is required, 
although such knowledge would surely grant greater insight. The input parameters required 
include the material parameters for the beams and pillars as well as the load factors as well as 
some properties of the building itself. The first page of the worksheet can be seen below. 
 

 
Figure 17 The worksheet front page 
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The input data is marked with green. The commonly desired end products are marked red 
and other parameters that could be of interest are marked blue. Pure calculations are marked 
black and are only present for practical reasons. On page 2 of the worksheet there are various 
graphs, mainly used to check the calculations but some conclusions could be drawn from 
these. Two are included here as an example: 
 

 
Figure 18 

Simply depicts the mid span deflection of the beam exposed to the load and elevated 
temperature. Note that these figures don’t take any form of buckling or instability into 
account but only thermal expansion and mid span deflection based on temperature. A curve 
that rises early indicates that the beam dimension is too small. 
 

 
Figure 18 

The effective horizontal length figure depicts the chord length C of the beam as it varies with 
temperature. Depending on the load the necking, here occurring around 800°C, will vary 
between temperatures. The above figure indicates a very sturdy construction considering it 
necks after the critical temperature of carbon steel.  
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5  Results 

5.1  FDS 
The heat release rates of the two large and the small fire are shown below in figure (x). 

 
Figure 19 HRR 

5.1.1  Case 1:A 
In case 1:A a fast growing 15 MW fire was placed in the corner of a large industrial hall. The 
measurements of the hall are 90x40 m with a height of 8 m. Figure 20 shows two 
temperature slices after 1800 seconds of simulation. The temperature slices show how the 
temperature varies in the compartment depending on the distance to the fire. Naturally the 
highest temperatures are reached above the fire source. 
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Figure 20 Temperature s l ice after 1800 seconds 

Figure 21 shows the circle from EKS with the accepted maximum area affected by a local 
collapse applied above the FDS-model. This is done to in order to localize which 
thermocouples that are relevant to display the results for. 

 
Figure 21 Maximum area in which a local col lapse is  a l lowed 

The temperature distribution along the steel beam inside the maximum area affected by a 
local collapse is presented below in figure 22.  
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Figure 22 Temperature along beam measured every 200 seconds 

 

5.1.2  Case 2:A 
In case 2:A a fast growing 15 MW fire is placed in the middle of a large industrial hall. The 
measurements of the hall are the same as in case 1:A. Figure 23 shows the temperature slices 
after 1204 seconds of simulations. The reason for this is that somewhere around 1204 seconds 
the fire becomes ventilation controlled. After that point the temperatures become inaccurate 
because of the limitations of the program in simulating ventilation controlled fires. 

 
Figure 23 Temperature s l ice after 1204 seconds 

Figure 24 shows the circle from EKS with the accepted maximum area affected by a local 
collapse. 
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Figure 24 Maximum area in which a local col lapse is  a l lowed 

The temperature distribution along the steel beam inside the maximum area affected by a 
local collapse is presented below in figure 25.  

 
Figure 25 Temperature along beam measured every 200 seconds 

5.1.3  Steel beam temperature 
The temperature of the steel beam is presented below in table 3. For case 1:A only beam 
number 1 is taken into account since that is the beam where the highest temperatures were 
measured. 
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Since the highest temperatures were measured in case 1:A and 2:A these are the results 
presented here. The rest of the results are presented in Appendix B. 
 
Table 3 Measured beam temperatures 

Case: 

Average beam 
temperature inside the 

inner  circle representing 
the fire [°C] 

Average beam temperature 
inside the outer circle 

representing maximum area 
damaged by a local collapse  

[°C] 

Maximum steel 
temperature 

[°C] 

1:A 416 °C 297 °C 616 °C 
2:A 302 °C 210 °C 547 °C 

 

5.1.4  Sensitivity analysis 
As a sensitivity analysis, case 1:A was simulated with a grid size of 10x10x10 cm around the 
fire (as opposed to 20x20x20 cm) with all the other parameters kept the same. The simulation 
was run for 565 seconds, i.e. during the growing phase of the fire. The following figures 
show a slight difference in measured temperature. Each line represent a thermocouple at that 
distance from the wall. 
 

 
Figure 26 
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Figure 27 

The mean temperature of each thermocouple and the difference between the two simulations 
are presented in the following table. 
 
Table 4 

Thermocouple, 
distance from 

wall [m] 

Mean 
temperature, 
10 cm grid 

[°C] 

Mean 
temperature, 
20 cm grid 

[°C] 

Difference 

2 185 220 35 
4 179 186 7 
6 156 155 1 
8 132 138 6 
10 112 124 12 
12 95 111 16 
14 84 100 16 
16 74 91 17 
18 66 84 18 
20 59 77 18 
22 55 72 17 

 

5.2  LUCA 
Table 5 shows the dimensions used as input data in LUCA. The dimensions are taken from 
“Byggsystembeskrivningar och fallstudier för industribyggnader - En guide för akritekter, 
konstruktörer och enterpenörer” (Stålbyggnadsinstitutet, 2008) and are used as preliminary 
design for load bearing structure elements for cases with a snow load of 1.2 kN/m2. The fire 
loads have been calculated using the worksheet. Since the suggested dimensions from 
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Stålbyggnadsinstitutet included constructing with an angled roof, whereas our model and 
calculations were drawn from a flat roofed scenario, both versions were tested in LUCA to 
see if this had a major impact. 
 
Table 5 Prel iminary design of load bearing structure elements (Stålbyggnadsinst itutet,  2008)  

Span [m] Height [m] Roof-
angle 

Distance 
between 

frames [m] 

Pillar 
 profile 

Beam 
profile 

Fire Load 
q 

[kN/m2] 
12 4 3.6° 5 IPE 180 IPE 360 0.876 
15 5 3.6° 5 IPE 220 IPE 450 0.917 
20 6 3.6° 5 IPE 270 IPE 550 0.974 
25 6 3.6° 5 IPE 300 HEA 550 1.094 
30 6 3.6° 5 IPE 300 HEA 700 1.17 

 
Table 6 Same dimensions but with zero roof angle 

Span [m] Height [m] Roof-
angle 

Distance 
between 

frames [m] 

Pillar 
 profile 

Beam 
profile 

Fire Load 
q 

[kN/m2] 
12 4 0° 5 IPE 180 IPE 360 0.870 
15 5 0° 5 IPE 220 IPE 450 0.910 
20 6 0° 5 IPE 270 IPE 550 0.966 
25 6 0° 5 IPE 300 HEA 550 1.084 
30 6 0° 5 IPE 300 HEA 700 1.158 

 
 
The output data from LUCA is presented below in tables 7 and 8. The spring stiffness were 
only noted for 0° roof slope as that is the case that’s comparable to the worksheet. 
 
Table 7 LUCA calculat ions based on profi les from table 5 with roof angle 3.6° 

Span [m] Displacements induced at the ends 
of the compartment [m] 

Hot side Firewall 
12 m 0.383 0.050 
15 m 0.479 0.062 
20 m 0.639 0.083 
25 m 0.798 0.104 
30 m 0.959 0.125 

 
Table 8 LUCA calculat ions based on profi les from table 6 with roof angle 0° 

Span [m] Displacements induced at the ends 
of the compartment [m] 

Springs  
kN/m 

Hot side Firewall k1 kt 

12 m 0.319 0.041 30.057 26.619 
15 m 0.398 0.052 32.339 28.619 
20 m 0.531 0.069 38.388 33.972 
25 m 0.664 0.086 54.836 47.527 
30 m 0.796 0.104 57.762 51.117 
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5.3  Beam Calculations 
Below in Table 9 are the results from the calculations based on the average beam 
temperatures attained in the FDS simulations. Since case 1:A had the highest mean 
temperature of the beams that is the case that will be studied. The portal frames are the same 
as used in the LUCA calculations above. 
 
Table 9 

Span 
[m] 

 
Height 

[m] Pillar 
Profile 

Beam 
Profile 

Horizontal 
Force on 
Firewall 

[kN] 

Beam  
Compression 

Bending 
Interaction 
<1 = OK 

Pillar 
Moment 
Bending 

Interaction 
<1 = OK 

Firewall 
horizontal  
top end 

deflection 
[m] 

12 4 IPE180 IPE360 1.92 0.255 0.16 0.0515 
15 5 IPE220 IPE450 2.58 0.251 0.16 0.0645 
20 6 IPE270 IPE550 4.07 0.292 0.16 0.0860 
25 6 IPE300 HEA550 7.26 0.302 0.17 0.108 
30 6 IPE300 HEA700 9.22 0.309 0.23 0.129 

 
While performing these calculations the critical temperature for the beams were also attained 
in the various cases by iterating until the Beam Compression Bending Interaction was 1. 
 
Table 10 

Beam 
Critical 

Temperature 
[°C] 

IPE360 688 
IPE450 689 
IPE550 671 

HEA550 663 
HEA700 661 

 
Table 11 Comparisons between Worksheet Calculations and LUCA 

Span 
[m] 

 
 

Height 
[m] Pillar 

Profile 
Beam 
Profile 

Critical 
Horizontal 
Force on 
Firewall 

from 
Worksheet 

[kN] 

Top End 
Deflection of 
Firewall from 
Worksheet at 

Critical 
Temperature 

[m] 

Critical 
Horizontal 
Force on 
Firewall 

from 
LUCA 
[kN] 

Top End 
Deflection 
of Firewall 

from 
LUCA 

[m] 

12 4 IPE180 IPE360 3.17 0.0852 1.232 0.041 
15 5 IPE220 IPE450 4.26 0.107 1.681 0.052 
20 6 IPE270 IPE550 6.56 0.139 2.648 0.069 
25 6 IPE300 HEA550 11.56 0.171 4.716 0.086 
30 6 IPE300 HEA700 14.64 0.205 6.007 0.104 
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6  Analysis  

6.1  FDS validation and sensit ivity analysis  
The sensitivity analysis indicates that a finer grid would give similar results. If possible, 
choosing a finer grid is almost always preferable. However this would cause the simulation 
times to be extremely long and since the work is set under a specific time frame the chosen 
grid size is deemed suitable for the FDS models. 
 
The mean flame height for the two fires is calculated using the Heskestad flame equation (Eq 
3.5). For the 15 MW fire the mean flame height is 8.2 meters and for the 6 MW fire the 
mean flame height is 4.8 meters. Comparing the calculated heights with the flame heights in 
the model shows a fairly similar result. 
 
To validate the FDS model comparisons are made with a thesis written by Johan Rönnblom 
where he uses FDS to measure temperatures (and other important evacuation parameters) in a 
large steel hall called “Brand i hallbyggnad”. Instead of a burner he defines a material with 
similar burning properties as wood. This makes the fire growth slower in the early stages of 
the simulations.  However the interesting comparison is in the heat release rates and the steel 
temperatures when the conditions are similar. With models of roughly the same height and 
ventilation openings of roughly the same area, the heat release rate of his model reaches 25 
MW in 30 minutes. The temperatures in the cases with similar conditions reach between 
320ºC to 320ºC after 30 minutes directly above the fire source and 180º farther away from 
the fire. These temperatures correspond well to the temperatures reached in our model. 
(Rönnblom, 2013) 

6.2  FDS results 
The FDS results presented in the previous section shows what kind of temperatures that 
might appear when there is a fire in a large industrial hall. It is important to note that the two 
fire scenarios simulated does not represent an actual fire. Simulating fires is complicated for a 
lot of reasons. First of all you can never really tell how the fire will develop. That depends on 
the levels of oxygen, the burning properties of the material and the geometry of the enclosure 
among other things. In the simulated cases the geometry of the enclosure is kept the same, 
except for the height of the building. The fire is simplified to a burner with a specified heat 
release rate. It is basically a constant flow of gas from a solid surface being ignited. The 
volume of the enclosure was thought to be enough to entrain the fire with oxygen 
throughout the entire simulation. However this was not the case when the fire was located in 
the middle of the hall. Probably because of the distance to the openings supplying the 
oxygen. Since FDS is designed for well-ventilated fires the results measured after the fire 
becomes ventilation controlled cannot be viewed as accurate. This becomes clear when 
looking at the temperatures reached from those cases. The temperature rise is steady for 
around 1250 seconds but after that the temperatures start fluctuating in a way that is not very 
unrealistic. 
 
The problem with a fire becoming ventilation-controlled was known before starting the 
simulations.  The plan was to build around this problem by making the openings large 
enough. The openings in the walls were broadened to allow more oxygen to enter and the 
openings in the roof were also made larger. This was adjusted numerous times during the 
simulation process but the problem remained. 
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The temperatures presented under results are the average steel temperatures and the 
maximum steel temperatures reached in each simulation. The average steel temperature is 
supposed to represent the average temperature reached in the hot gas layer at ceiling level and 
is calculated using all the devices along the beam. The maximum temperature is reached in 
one of the devices directly above the burner.  
 
All of the average temperatures are below the critical temperature of steel, 550 °C. 
Occasional higher temperatures are reached in the simulations. These higher temperatures are 
always measured directly above the fire. This points towards the importance of how the fire is 
simulated. For example, a fire at floor level with a low flame will result in lower temperatures 
than a fire on top of a high shelf with a taller flame. This leaves questions unable to be 
answered in this thesis. How do we simulate the most realistic fire without being too specific? 
 
The results from the simulations all points towards temperatures in the hot gas layer not 
reaching critical temperatures for steel in this type of building during the presented 
circumstances.  

6.3  LUCA 
The LUCA cases are based on preliminary design for load bearing structure elements for cases 
with a snow load of 1.2 kN/m2. Since this is not a case study of an existing structure these 
dimensions were chosen to represent typical industrial halls in Sweden. The results show that 
naturally, the displacements induced at the top of the firewall increase with the span due to 
more material expanding; from 41 mm for a span of 12 m to 104 mm for a span of 30 m.  

6.4  Worksheet Calculations 
The calculations strongly indicate that thermal expansion on its own is insufficient to cause a 
collapse of the firewall. The degree of utilization in the beams ranged from 0.256 to 0.32 
while the pillar representing the firewall itself remained below 0.23 in all cases. There appears 
to be no risk of either buckling in the cases tested. 

6.5  Comparison of Calculation model results with LUCA  
Considering LUCA uses the standard ISO 834 fire curve and only calculates the maximum 
displacements, and not displacements at a specific temperature or time as is of interest to the 
thesis, the results are not directly comparable. The calculation model can however still be 
compared with LUCA by using the critical temperature in the worksheet and comparing the 
critical force attained to that which can be calculated from the output in LUCA using EQ 
4.26.  
 
The forces calculated using the Worksheet and those attained by LUCA are of the same order 
of magnitude, which is a good start. The values of the forces attained by LUCA are on 
average two and a half times less than those attained only using the worksheet calculations 
and this trend is true for all the five cases. The reason for this is most likely due to the fact 
that while LUCA considers the compartments to have a uniform temperature the calculations 
using the worksheet use different temperatures for beams and pillars. In the worksheet 
calculations the pillars, according to the FDS simulations, never reached above an average 
temperature of 100 °C. This means that the stiffness of the pillars will be higher and thus they 
will be stronger springs and generate a larger force on the beam. As the acting springs of the 
hot compartment are stronger it is only logical that the deflection on the firewall is larger as 
well. In the comparison the deflection is about twice as large as that attained by LUCA.  
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7  Discussion 

7.1  Discussing the method 
The method used is a quantitative analysis of structural behaviour where mathematical models 
and computer simulations are used to reach a greater understanding of how steel beams 
behave during fires. The quantitative method is often used in engineering as it seeks to 
explain the world around us in measurable data and mathematical models. 
 
In this case we chose to focus on hand calculations and two different computer programs. 
FDS has been used in previous courses in the programme and is a common tool of a fire 
protection engineer. LUCA was a new acquaintance to both of us that proved to be more 
limited than we first expected. It would have been desirable to obtain the results along the 
heating process instead if just the maximum stage of push and traction.  
 
The hand calculations are based on equations taught in other courses of the fire-engineering 
programme and are a simplification of the reality. For more exact calculations computer 
programmes using the finite element method are required.  
 
There are more complex methods available for this kind of work but based on our previous 
knowledge and the time frame this method was deemed satisfactory. 

7.1.1  FDS 
In the early stages of the FDS simulations the definition of the burner proved to be a 
problem. As the intensity of the fire increased the flame reached the ceiling of the building. 
This resulted in extremely high temperatures in the devices placed directly above the flame. 
This was not unexpected since previous reports (Lindqvist & Hägg, 2007) shows that the 
temperature if a steel beam directly exposed to a flame will reach critical temperatures very 
fast. In these early stages beam temperatures of 950 °C and above were reached only after a 
couple of minutes. If this would happen in reality there is no question that a collapse of that 
beam would be imminent. 

7.1.2  LUCA 
A couple of weaknesses in the LUCA software were revealed during the process of the work. 
The main weakness is the simplification that the ISO 834 fire represents. The results given by 
LUCA are that of a construction being exposed to a 60 minute long fire with the 
temperature rising to 945ºC. As the FDS simulations shows, this will not be the case with a 
15 MW fire in a large industrial hall. 
 
Another weakness is that LUCA assumes the temperature in the compartment to be uniform. 
However, in reality there will be a hot gas layer in the top half of the compartment while the 
bottom part will still be somewhat clear of smoke and with much lower temperatures in the 
early stages of the fire. As the fire grows one of two things will happen. Either the hot gas 
layer will reach temperatures of around 500ºC and a flashover will occur or the fire will 
become ventilation controlled (as in the cases with the fire placed in the middle of the 
compartment) and eventually suffocate because of the lack of oxygen. 
 
Because of the temperature not being uniform in the compartment, the temperatures of the 
pillars will vary over their height and will on average be much lower than the beams.  
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7.2  Discussing the results  
The results attained from the FDS simulation are very much in line with previous research 
performed by Olivere Vassart (Veljkovic & Uppfeldt, 2012), which shows that temperatures 
in large hall buildings rarely exceed the critical temperature for steel. This has a profound 
effect on the building’s ability to withstand fire and maintain its integrity while doing so. 
 
The impacts of thermal expansion were far lower than we had anticipated when we started 
the thesis work. Given the fairly scarce amount of research on the subject and our own very 
limited practical experience we had little knowledge beforehand but still thought it could be 
a significant factor. Our results point in the other direction however. All the structure 
dimensions calculated proved exceedingly safe barely reaching a third of their utility factor in 
case of fire. That being said, taking into account that the temperature attained in the FDS 
simulation was far lower than the commonly accepted critical temperature of steel it seems a 
logical result. All in all it goes along with the current state of art regarding to construction. 
 
Another surprise was the effect the relative sizes of the beams and pillars had. Using a sturdier 
beam without also upgrading the pillars accordingly causes a higher amount of stress by 
thermal expansion. This can be seen when comparing case 4 and 5 of the portal frames 
calculated with the worksheet. Both cases were identical apart from the beams that were 
HEA 550 and HEA 700 respectively. Overall there also seemed to be a slightly increasing 
trend in the level of strain as the dimensions were increased. The argument could be made 
that a sturdier beam, which would be able to handle more heating before buckling from the 
load carried, would also be able to generate a greater horizontal force and thus be worse from 
a design perspective when considering the stress caused on adjacent structures such as the 
firewall in our thesis. Looking at the calculated cases the stress levels are however quite 
similar ranging from 25 to 31% of what the beams can handle, and even lower ranging from 
16 to 23% for the pillars. This indicates that the industry standard combinations of pillars and 
beams are very well dimensioned from a stress perspective, as they should be.  
 
One thing that was not varied in the cases was the distance 5m to the adjacent sets of portal 
frames. This was due to lack of industry standard construction information and the used 
distance was based on a plan for a current building. However the span would have needed to 
be increased a couple of times over to pose any risks. Testing on case 1 in the worksheet 
showed that a span of 22m would be needed to cause buckling of the beam whereas the pillar 
was still only at 56% utilization degree. 

7.3  Reflections 
The greatest challenge conducting this thesis has been attaining all the knowledge in 
constructional engineering needed to understand the problem at hand. In the beginning we 
were aware of the challenge ahead but it proved to be greater than imagined. Some things we 
might have done differently looking back include putting more focus into the FDS-input 
parameters and not relying too much on new software in which we did not have any prior 
experience. The LUCA software proved to be useful but not as informative as we had hoped 
on beforehand when we had great hopes that it would be able to provide us with most, if not 
all, the parameters we needed. Since LUCA couldn’t provide all the information we needed 
the calculations had to be done manually, which in turn lead to the development of the 
worksheet. Having to do all the necessary calculations by hand required us to attain a much 
deeper understanding of constructional engineering than we had first anticipated. This turn of 
events also caused our initially proposed method in the thesis work to partly crumble. That is 
the major part of the reason why the work on the thesis dragged out. That being said, while 
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the LUCA program itself wasn’t fully satisfactory for our needs, the design guide of the 
program provided much insight and also some formulas used in the worksheet. 
 
All in all, the greatest lesson we take with us from the thesis work would be this: Spend 
plenty of time developing a solid method, one that you feel comfortable and at least fairly 
familiar with. This was pointed out to us several times by Lars, and while we thought we had 
done so, in retrospect we could have been much more rigorous and most of all realistic in 
our planning. While it can be very educating to aim high, a lot of our time was spent 
fumbling in the dark. 
 
The second problem we encountered was our initial decision to divide the work to be more 
effective. While it proved useful to get started once we started hitting our first bumps our 
lacking knowledge of each other’s work was frustrating. Both in the regard that it was hard to 
discuss the issues since we lacked sufficient insight to be of much help to one another, but 
also the simple fact that it was hard to coordinate work efforts without understanding the 
time requirements and effort needed by the other part to solve issues. The division also made 
work effort skewed during different parts of the process, which inevitably lead to some 
tension. It was still a necessary split but with better communication along the process some of 
these issues might have been avoided. 
 



 40 

8  Conclusions 
The main queries presented in the introduction were: 
 

• How will the thermal expansion of the unprotected steel girders affect the firewall? 
• Will it a) cause a collapse into the protected section? And if not then b) cause the 

beam to buckle? If the beam does buckle this would cause a potentially much higher 
horizontal force in the subsequent tensile stage and could also directly damage the 
physical integrity of the firewall. 
 

 
The answers are provided in two distinct type of analysis: temperature analysis by FDS and 
structural analysis by hand calculation models and output from the software LUCA. 
 
Effects of the local fire are modeled using the FDS software and the temperature profile is 
obtained on the main girder. Certainly, the validation of the results obtained on the model 
could be done in more comprehensive way but having in mind approximation of the 
structural calculation, the accuracy of the FDS results is considered satisfactory.  
 
Models used to obtain the level of horizontal forces are limited by the objective to use as 
simple as possible approach feasible for the hand calculation.    
 
First and foremost the thermal expansion of the beam on its own is not enough to cause a 
collapse of the firewall. In the worst case attained with the temperature 416 °C, from the 
FDS simulation, the calculated pillar bending moment interaction was only 23% of what it 
could withstand. In three of the cases it was as low as 16%. This concludes that the firewall 
will not collapse from the horizontal force in the expansion phase which satisfies a) 
 
The maximum forces induced on the firewall caused by the thermal expansion are 1.92kN, 
2.58 kN, 4.07kN, 7.26kN and 9.22 kN respectively for the five cases in the stage of 
expansion (compression). 
 
As it’s concluded a collapse towards the protected section will not occur b) is investigated. In 
the calculations the beam compression bending interaction was calculated and it too was well 
on the safe side ranging from 25.1 to 30.9%. Out of interest the critical temperatures were 
calculated and they ranged from 661 to 689°C, showing that significantly higher temperatures 
would be needed to buckle the beams and cause a catenary (tensile) stage. Consider this in 
relation to the 416°C attained after thirty minutes by the FDS simulation. The dimensions 
tested were all well on the safe side and the validity of the R30 protection is confirmed in 
this thesis. 
 
Thus based on the results in this thesis it is well within the safety margins to construct 
industrial hall buildings containing sections with differing fire safety classifications and still 
retain the desired protection. 
 
The thesis illustrates rather simplified methodology that is useful in pre-design of the 
industrial halls primarily to predict the forces at the supports of the main girders and estimate 
if or when, knowing the temperature/time curve, a possible buckling/collapse would occur. 
The level of the horizontal forces is one of the main design criteria, in addition to the girders 
stability, for the performance based design of the structures exposed to fire. 
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9  Issues for further analytical work and research 
As the FDS simulation showed, temperatures could exceed the critical temperature of a truss 
member in compression. It would be desirable with more complicated FDS modeling using 
realistic fires. We used a simple fire model with a gas burner located in the same place during 
the entire simulation. Simulations using fuel catching on fire at different times and burning 
out would create a more realistic fire scenario. This would take a lot of knowledge, time and 
computer power. 
 
We have focused only on effects of thermal loading at the support of the beam which are 
caused by the heating of the main girder in order to determine the level of the horizontal 
force and its direction which is changing during the heating, from compression to tension. 
Further work should incorporate multiple sets of frames and look at diaphragm action and its 
stabilizing effect. More advanced analysis of the local effect of fire would improve prediction 
of the girder behavior accounting for the possibility for local instabilities as well as the 
behavior of the top ends of the pillars, which will be experiencing much higher temperatures 
than the average one. Looking closer at how the girders act in an eventual catenary stage 
would also be of great interest for structures with a greater span variation in the fire safety 
classification. 
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Appendix A – FDS-input Case 1:A 
 
&HEAD CHID = 'Case_1A' / 
 
&MESH IJK = 50, 200, 40, XB= 0.0, 10.0, -20.0, 20.0, 0.0, 8.0 / 20 cm grid 
 
&MESH IJK = 200, 100, 20, XB= 10.0, 90.0, -20.0, 20.0, 0.0, 8.0 / 40 cm grid 
 
&TIME T_END = 1800.0 / 
 
&MISC SURF_DEFAULT = 'STEEL WALL' / 
 
&RADI NUMBER_RADIATION_ANGLES = 104/ 
 
&DUMP DT_DEVC = 10. / 
 
 
&SURF ID = 'BURNER' 
 
HRRPUA = 2500.0 
 
COLOR  = 'RED' 
TAU_Q = -600 / Definition av brännare 15 MW, 600s till full HRR 
 
&OBST XB= 0.0, 2.0, -20.0, -17.0, 0.0, 2.0, 
SURF_IDS = 'BURNER', 'STEEL WALL', 'INERT' / 
 
 
&HOLE XB= 35.0, 55.0, -20.0, -20.0, 0.0, 2.0 
&HOLE XB= 35.0, 55.0, 20.0, 20.0, 0.0, 2.0 
&HOLE XB= 0.0, 0.0, -10.0, 10.0, 0.0, 2.0 
&HOLE XB= 90.0, 90.0, -10.0, 10.0, 0.0, 2.0 
&HOLE XB= 40.0, 50.0, -10.0, 0, 8.0, 8.0 
 
 
&MATL ID = 'LIGHT CONCRETE' 
DENSITY       = 600. 
 
CONDUCTIVITY  = 0.1 
 
SPECIFIC_HEAT = 0.8  
 
EMISSIVITY = 0.9 / Definition av material 
 
 
&SURF ID  = 'CONCRETE FLOOR'      
 
MATL_ID   = 'LIGHT CONCRETE' 
 



 

THICKNESS = 0.2 
 
COLOR     = 'GRAY' / Definition av yta 
 
&OBST XB= 0.0, 90.0, -20.0, 20.0, 0.0, 0.0, 
SURF_ID = 'CONCRETE FLOOR' / golv 
 
 
&MATL ID   = 'STEEL WALL' 
 
DENSITY    = 7800. 
 
CONDUCTIVITY  = 45 
 
SPECIFIC_HEAT = 0.46 
 
EMISSIVITY = 0.3 / Stål till vägg (murcia) 
 
 
&SURF ID  = 'STEEL WALL' 
MATL_ID   = 'STEEL WALL' 
 
THICKNESS = 0.006 
 
COLOR     = 'BEIGE' / Vägg 
 
 
&MATL ID = 'STEEL BEAM' 
DENSITY = 7800. 
CONDUCTIVITY = 45 
SPECIFIC_HEAT = 0.46 
EMISSIVITY = 0.8 / Balkmaterial 
 
&SURF ID = 'STEEL BEAM' 
MATL_ID = 'STEEL BEAM' 
THICKNESS = 0.02 
COLOR = 'BLUE' / Balk 
 
====================================== 
BALKAR 
====================================== 
 
&OBST XB= 0.0, 0.2, -20.0, 20.0, 7.8, 8.0       
 
SURF_ID = 'STEEL BEAM' / 
 
&OBST XB= 9.8, 10.0, -20.0, 20.0, 7.8, 8.0       
 
SURF_ID = 'STEEL BEAM' / 
 
====================================== 



 

OUTPUT 
====================================== 
 
 
&SLCF PBX = 0.2, 
QUANTITY = 'TEMPERATURE', 
VECTOR = .TRUE. / 
 
&SLCF PBY = 0.0, 
QUANTITY = 'TEMPERATURE', 
VECTOR = .TRUE. / 
 
 
&DEVC XYZ = 0.2, -18, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE', 
ID = 'B1_1' / 
 
 
&DEVC XYZ = 0.2, -16.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE', 
ID = 'B1_2' / 
 
 
&DEVC XYZ = 0.2, -14.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_3' / 
 
 
&DEVC XYZ = 0.2, -12.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_4' / 
 
 
&DEVC XYZ = 0.2, -10.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE', 
ID = 'B1_5' / 
 
 
&DEVC XYZ = 0.2, -8.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE', 
ID = 'B1_6' / 
 
 
&DEVC XYZ = 0.2, -6.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_7' / 
 
 
&DEVC XYZ = 0.2, -4.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_8' / 



 

 
 
&DEVC XYZ = 0.2, -2.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_9' / 
 
 
&DEVC XYZ = 0.2, 0.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_10' / 
 
 
&DEVC XYZ = 0.2, 2.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_11' / 
 
 
&DEVC XYZ = 0.2, 4.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE', 
ID = 'B1_12' / 
 
 
&DEVC XYZ = 0.2, 6.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_13' / 
 
 
&DEVC XYZ = 0.2, 8.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_14' / 
 
 
&DEVC XYZ = 0.2, 10.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_15' / 
 
 
&DEVC XYZ = 0.2, 12.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_16' / 
 
 
&DEVC XYZ = 0.2, 14.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_17' / 
 
 
&DEVC XYZ = 0.2, 16.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_18' / 
 



 

 
&DEVC XYZ = 0.2, 18.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B1_19' / 
 
 
&DEVC XYZ = 9.8, -18.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE', 
ID = 'B2_1' / 
 
 
&DEVC XYZ = 9.8, -16.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE', 
ID = 'B2_2' / 
 
 
&DEVC XYZ = 9.8, -14.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_3' / 
 
 
&DEVC XYZ = 9.8, -12.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_4' / 
 
 
&DEVC XYZ = 9.8, -10.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE', 
ID = 'B2_5' / 
 
 
&DEVC XYZ = 9.8, -8.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE', 
ID = 'B2_6' / 
 
 
&DEVC XYZ = 9.8, -6.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_7' / 
 
 
&DEVC XYZ = 9.8, -4.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_8' / 
 
 
&DEVC XYZ = 9.8, -2.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_9' / 
 
 



 

&DEVC XYZ = 9.8, 0.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_10' / 
 
 
&DEVC XYZ = 9.8, 2.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_11' / 
 
 
&DEVC XYZ = 9.8, 4.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE', 
ID = 'B2_12' / 
 
 
&DEVC XYZ = 9.8, 6.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE', 
ID = 'B2_13' / 
 
 
&DEVC XYZ = 9.8, 8.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_14' / 
 
 
&DEVC XYZ = 9.8, 10.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_15' / 
 
 
&DEVC XYZ = 9.8, 12.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_16' / 
 
 
&DEVC XYZ = 9.8, 14.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_17' / 
 
 
&DEVC XYZ = 9.8, 16.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_18' / 
 
 
&DEVC XYZ = 9.8, 18.0, 7.8, IOR = -3,  
QUANTITY = 'ADIABATIC SURFACE TEMPERATURE',  
ID = 'B2_19' / 
 
 
&DEVC XB  = 0.0, 90.0, -20.0, 20.0, 6.0, 8.0, 



 

QUANTITY = 'TEMPERATURE',  
STATISTICS = 'MEAN', 
ID = 'MEAN TEMPERATURE_1' / 
 
&BNDF QUANTITY = 'ADIABATIC SURFACE TEMPERATURE' / 
 
&TAIL / 
 
  



 

Appendix B – FDS-results 

Case 1:A 
 
 

 
Figure 28 Temperature s l ice after 1800 seconds 

 

 
Chart 1 Temperature of steel beam 1 

 



 

 
Chart 2 Temperature of steel beam 2 

 

Case 1:B 

 
Figure 29 Temperature s l ice after 1800 seconds 

 



 

 
Chart 3 Temperature of steel beam 1 

 

 
Chart 4 Temperature of steel beam 2 



 

Case 1:C 

 
Figure 30 Temperature s l ice after 1800 seconds 

 

 
Chart 5 Temperature of steel beam 1 

 



 

 
Chart 6 Temperature of steel beam 2 

Case 1:D 

 
Figure 31 Temperature s l ice after 1800 seconds 

 



 

 
Chart 7 Temperature of steel beam 1 

 

 
Chart 8 Temperature of steel beam 2 



 

 

Case 2:A 

 
Figure 32 Temperature s l ice after 1204 seconds 

 

 
Chart 9 Temperature of steel beam 



 

Case 2:B 

 
Figure 33 Temperature s l ice after 1204 seconds 

 

 
Chart 10 Temperature of steel beam 

 



 

Case 2:C 

 
Figure 34 Temperature s l ice after 1204 seconds 

 

 
Chart 11 Temperature of steel beam 

 



 

Case 2:D 

 
Figure 35 Temperature s l ice after 1204 seconds 

 

 
Chart 12 Temperature of steel beam 

 
 
 


