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Symbols 

Latin Upper Case Letters 

  Steel cross-section area 

   Design value of indirect actions from 

fire 

   Appropriate area of fire protection 

material per unit length of member 

    Steel area for design of shear 

resistance 

   Protection coefficient of member face   

  Young’s modulus 

   Design value of the relevant effects of 

actions 

    Design value of the relevant effects of 

Actions at ambient temperature when 

fire protection is added 

      Design value of the relevant effects of 

actions in fire conditions 

        Design effect of actions for fire 

situation 

  Shear modulus 

      Characteristic values of permanent 

actions j 

   Torsional moment of inertia 

   Vaulting constant 

     Moment of inertia 

  Beam span 

    Critical beam span 

    Critical bending moment 

    Design bending moment for normal 

temperature design 

       Design bending moment for fire 

temperature design 

 

       Plastic resistance to bending moment 

for normal temperature design 

    Design axial load for normal 

temperature design 

       Design axial load in fire situation 

  Design value of a prestressing load 

      Characteristic values of variable 

actions   

  Volume of the steel member per unit 

length 

    Design shear load 

       Shear resistance for normal 

temperature design 

    Bending elastic modulus 

    Bending plastic modulus 

 

Latin Lower Case Letters 

   Thickness of the fire protection 

material 

   Steel yield strength 

     Characteristic value of permanent 

action   

  Reduction factor for a strength or 

deformation property 

     Reduction factor (relative to   ) for 

the slope of the linear elastic range at 

the steel temperature    reached at 

time t 

    The interaction factor 

   The strength reduction factor for welds 

     The reduction factor for the yield 

strength of steel at the steel 

temperature    reached at time t 

   Reduction factor for a strength or 

deformation property, dependent on 

the steel temperature 

  Beam span 

     Characteristic values of variable 
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actions   

  Time 

   Design value of the load 

   Characteristic value of the load 

   Distance from the plastic neutral axis 

to the centroid of the elemental area    

 

Greek letters 

  The convective heat transfer 

coefficient 

   Equivalent uniform moment 

factors 

   Partial safety factor for the permanent 

action 

    Partial safety factor for the permanent 

Action at ambient temperature for 

design with additional fire protection 

    Partial factor for resistance of cross 

section at normal temperature 

      Partial factor for the relevant material 

property, for the fire situation 

   Partial safety factor for leading 

variable action 

  Deflection of the steel beam 

  Reduction factor for permanent 

unfavourable loads 

    Reduction factor for the design load 

level for the fire situation 

   Temperature of the steel beam reached 

at time t 

      Critical temperature 

   An adaptation factor for non-uniform 

temperature across the cross-section 

   An adaptation factor for non-uniform 

temperature across the beam 

   Non-dimensional slenderness for 

normal temperature design 

   The relative slenderness at ambient 

temperature 

        Non-dimensional slenderness for 

lateral torsional buckling 

            Non-dimensional slenderness for 

lateral-torsional buckling in fire 

situation 

      Non-dimensional slenderness for the 

temperature q 

   Thermal conductivity of the fire 

protection material 

   Degree of utilization 

    Degree of utilization 

   Degree of utilization 

    The reduction factor for flexural 

buckling in the fire design situation 

       The reduction factor for lateral-

torsional buckling in the fire design 

situation 

        The minimum value of       and       

      The reduction factor for flexural 

buckling about the y-axis in the fire 

design situation 

      The reduction factor for flexural 

buckling about the z-axis in the fire 

design situation 

  The combination factor for frequent 

values, given either by      or      
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Abstract 
In this research an analysis of the fire stability R60 of modular buildings was performed. The objective 

is the study of the structural stability of modular construction, using the CBZ modular units, in fire 

situation. The parameters influencing the strength of the structures in a fire situation are investigated in 

order to provide a safe solution. The analysis of the fire stability was done using the 3D finite element 

analysis software RFEM. Different arrangements of units where tested to simulate the different 

modular building configurations. Hence, different structural configurations and loadings of the 

modular units were considered. Based on the results of the numerical solutions, the fire stability is 

analysed. Possible solutions are proposed for the identified problems. In addition this thesis provides 

guidance for the fire design of steel structures using the software RFEM. 
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1 Introduction 
The popularity of steel as a material, used in the construction of large buildings, is rising due to its 

high strength and ductility. Therefore the need to improve the safety in steel constructions has 

increased significantly. Many engineers have made extensive progress over several decades 

considering this increase in safety. In addition, research for fire safety has had one of the most 

significant improvements due to major structural failures resulting from fire accidents, thus giving new 

insight on the behaviour of steel structures under fire conditions. This allowed steel beams to be 

designed according to accidental fire conditions in such a way that major structural failures do not 

occur during a certain period of time, which significantly reduces the risk of injury to people.  

The main objective of this document is to provide the reader with a better understanding of the current 

methods used in fire design, for steel modular units according, to the European Standard Eurocode. 

Furthermore, this information is used to gain more insight in the proper use of the software RFEM for 

the fire stability calculations. This objective is realised by carefully analysing the background of a fire 

situation and its conditions. On top of that, a parametric study is done to elaborately explain all 

influencing factors for the fire resistance of steel members. This leads to an opportunity to validate the 

accuracy of the current methods of fire design used by the software RFEM, which is used by many 

engineers. Once the software is validated, various models can be designed in fire situation R60, giving 

the company CBZ in Zutendaal-Belgium the option to do so for all modular units they construct. One 

of these basic modular units used by CBZ can finally be analysed in this document in order to provide 

CBZ with the calculation methods and results. By doing so, this document serves as a guide for 

engineers that use RFEM. 

In chapter one of this document, the background of a fire situation is examined and the parametric 

study is covered, leading to a better understanding of fire design in general. In chapter two this 

information is then used to validate the software RFEM in multiple validation examples. Finally, 

chapter three covers the evaluation of basic modular units in fire design for R60 and presents the 

results that were achieved. 
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2 Fire design of steel structures 

2.1 Development of a fire 
In order to design a model for a fire situation, a better understanding of the development of the fire 

itself and the thermal loads is required. Therefore, this chapter covers the requirements for the 

development of a fire and the most recent models used in fire design. 

There are three ingredients needed to create a fire: fuel, oxygen and heat. When one of these 

ingredients is not present, no fire can develop. The fire reaction is maintained by a plentiful supply of 

oxygen.  Secondly, there has to be a sufficient amount of heat or energy to increase the temperature of 

the materials to their ignition temperature. Lastly, there is need for a kind of fuel or a combustible 

material.  A fire develops over three stages, as shown in Figure 1. During the first stage the 

temperature increases and the materials start to melt. When more fuel becomes available, in the form 

of heated gasses released by the materials, the materials start to ignite and this causes the fire to 

consume more and more energy. Only when all the fuel is burning, the second stage of the fire is 

reached. At this stage the fire is called a "fully developed fire". The stage is signalled by the 

phenomenon called “flashover”.  The fire keeps consuming fuel and materials and slowly starts to 

decay in the last stage. the fire ceases to exist, when no more fuel, material or oxygen is available. 

 

 

Figure 1: Fire development curve.[1] 
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2.2 Fire models 

The development of a fire can be analysed using different models: 

 parametric models 

 zone models 

 field models 

 

Parametric models are used to describe the fire development with a reduced amount of parameters. 

These models are not used to do specific calculations, but they are used to give a first insight in the 

situation. This is be done by using parametric fire models instead of nominal fire models. Only the 

most important parameters are taken into account to assess the situation, which are: 

 

- The geometry of the structure 

- The fire load 

- Windows and doors which create openings in the structure 

- The properties of the members which form the boundary of the structure. 

Furthermore, an assumption is made in the parametric model that the temperature is uniform 

throughout the structure. Using this data, a more realistic nature of the fire is obtained in comparison 

to the usage of nominal fire models. 

For the use of zone models, the room in which the fire is burning gets divided into a small number of 

zones. For each zone a uniform temperature distribution is assumed.  The heat balance and energy 

balance are composed per sector, allowing a calculation of the effects of a developing fire. 

Field models are similar to zone models. The space, which is influenced by the fire, are divided into an 

extensive amount of zones. Therefore, these models are interesting to calculate specific models, when 

the calculations with the basic methods are not encouraged. This can be the case when there is a high 

risk of damage or when the room has a complex  geometrical shape.  

Most of the time, the fire development is analysed using zone models. These models can be 

subdivided into one- and two-zone models, which are illustrated in Figure 2 and Figure 3. One-zone 

models assume a uniform temperature distribution over the entire zone. This type of model is used for 

the determination of the thermal load after the flashover; this means it is used to determine the thermal 

load for fully developed fires. 
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Figure 2: One-zone model.[2] 

 

Two-zone models are used to observe the thermal load of a fire preceding the flashover. In this 

situation two zones are formed: a cold layer at the level of the floor and a warm layer appearing at the 

ceiling of the analysed space. This is the case before the fire is fully developed. For each zone, the 

mass and energy equilibriums can be calculated. The mass equilibrium takes into account that the total 

mass of gasses created by the fire, entered in the room and evacuated out of the room remains constant 

over time. The ability for gasses to enter or exit the room is established by the ventilation openings. 

The energy equilibrium states that there is a balance between the energy used by the combustion and 

the energy produced by the fire. The loss of energy can be explained by the need for energy to heat the 

gasses, the loss of heated gasses throughout the ventilation openings, the loss of heat by radiation and 

the heating of the building materials in the ceiling, the walls and the floor.  The combustion reaction 

itself produces energy in the form of heat. 

 

Figure 3: Two-zone model.[2] 
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2.3 The Design Fire 

When the determination of the fire load is completed, the amount of available energy is known. 

However, this available energy does not lead to an estimation of the gas temperature in the 

compartment. Because a fire load can burn at a fast pace in one situation, while it can smoulder in 

another. This leads to very differing gas temperatures within the compartment. Another parameter thus 

needs to be considered in the design of a fire. This is done by calculating the “Rate of Heat Release” 

(RHR). As shown in Figure 4, a higher RHR leads to a smaller period of time in which the fire burns. 

However, the gas temperatures are significantly higher. 

 

Figure 4: Influence of the RHR on the fire load. [3] 

Depending on the amount of oxygen available in the room, fires can be divided into two categories: 

- Fuel-controlled fire: In this case, the amount of oxygen is limitless. The limiting factor 

of the fire is the amount of flammable material present in the area, which serves as 

fuel, hence the name. 

- Ventilation controlled fire: There is a limited amount of oxygen entering the area, 

causing oxygen to be the limiting factor. This is often the case for structures with little 

or no windows. 

The RHR depends on the type of fire and the time within which the fire load burns and is therefore 

dependent on this fire classification. This is shown in Figure 5. 
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Figure 5: Calculation of the RHR based on the type of fire. [3] 
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2.4 Basis of the calculations 

The calculations used for this research are based on the Eurocodes. The Eurocodes are a collection of 

ten European normative documents and they are used to design and calculate buildings, structures and 

their foundations.  

For this research Eurocodes 0 to 3 were used. Eurocodes 0 and 1 treat the basics of construction design. 

The information found in Eurocode EN 1993-1-2[4] is used for fire design of steel structures. The 

calculations used in this research can be found in these chapters of the Eurocodes and they are 

specified on a national level in the National Annex. The fire safety of constructions is established by 

law, based on the principles described in these documents.  

When a construction is exposed to a fire situation, the calculations need to be executed based on the 

method of the limit states. There are two types of limit states: 

 Ultimate limit state (ULS): In this state the maximum loading capacity is reached. When 

the ultimate limit state of a construction is exceeded, the construction fails because the 

static balance is lost. This causes instability, failures, buckling or cracks. When such 

instabilities occur in the building, occupants can be in danger.[5] 

 

 Serviceability limit state (SLS): This can limit the use of a construction in three ways. 

Firstly, the deformation and bending of a structure can cause the external structure to 

disfigure or it can damage non-structural elements. Secondly the vibrations, caused by the 

loads in the serviceability limit state, can create discomfort to users, damage constructive 

elements or make equipment limp. Lastly, the serviceability limit state can result in 

undesirable cracks.[5] 

 

The calculations for the fire resistance of constructions are made in ultimate limit state (ULS) since 

structural failure complements the highest risk for people occupying the construction. However, since 

fire situation taken into account and thus accidental actions are applied, different partial safety factors 

are used. 

 

On top of this, all calculations are based on the standard ISO834 fire curve found in Eurocode 3. This 

standard fire curve can be seen in Figure 6. As explained earlier, real fire situations never follow this 

curve as realistic fires have a cooling phase (Figure 7). However, for the theoretical calculations, this 

assumption can be made. 
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Figure 6: Standard ISO834 fire curve.[4] 

 

 

Figure 7: Comparison of the standard ISO 834 fire curve with a realistic fire curve. [3] 
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2.5 Definition of fire resistance 

Fire resistance gives an indication of the capability of a construction to maintain its structural strength 

in a fire situation for a specific amount of time. The aspect “time” is very important since no structure 

is eternally resistant to fire. The indication of the fire resistance is done with three classifications 

which are defined as follows: 

- R: "With this classification, the element will maintain its stability during the indicated 

time. This means that during the specified time, its load-bearing and self-load bearing 

capacity will be sufficient according to the Eurocode."[4] 

- RE: "An element with this classification must be resistant to flames and inflammable 

gases, on top of conserving its stability properties mentioned in the R classification. The 

element must also be designed to prevent the spread of combustion gases and smoke on 

the side of the element that is not exposed to fire." [4] 

- REI: "This is the strictest classification. The element must limit the temperature of the 

non-affected surface to 140°C (on average) and 180°C (maximum). The element must also 

prevent heat from spreading from the side that is not exposed to fire." [4] 

These classifications are graphically presented in Figure 8. 

 

Figure 8: Fire resistance classifications of construction elements. [3] 
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For this research the focus lies on the R-classification. This fire resistance is defined by 3 “domains” 

as shown in Figure 9. 

 

Figure 9: Domains used to define fire resistance. [3] 

 

The determination of the fire resistance of structures can be done by following the step-by-step 

approach that is explained in the next chapter. 
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2.6 Step-by-step calculation of the fire resistance 

2.6.1 Overview 

1) Determination of the characteristic loads. 

2) Transformation of the characteristic loads to design loads. 

3) Classification of the examined elements as class 1, 2, 3 or 4 cross-section elements. 

4) Calculation of the design resistance of the steel members. 

5) Verification of the stability of the structure using the degree of utilization. 

6) Extraction of the critical temperature of the steel members. 

7) Evaluation of the temperature along the surface of the steel elements. 

8) Comparison between the critical temperature and the thermal evaluation for both steel members 

without fire protection and steel members with fire protection. 

During the determination of these responses, all influencing factors are elaborately explained to 

achieve a better understanding of the concept of fire resistance. Additionally, knowledge on these 

factors is essential to comprehend the guided calculations and results obtained later in the thesis. 

2.6.2 Determination of the characteristic loads 

For most cases the fire load is found in the tables from the Eurocode, where statistical averages of the 

fire load can be found depending on the occupancy. Table 1 represents the thermal loads on 

compartments based on the occupation. 

Table 1: Average fire loads depending on the occupancy.[6] 
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When the activity for the room is not described in the table, a detailed calculation can be done to 

determine the thermal loads. The characteristic thermal load is calculated while the amount of 

flammable material in the area is considered.  

      
         

 
             (2.6.1) 

With: 

-    : the amount of flammable materials (kg) , further divided into two subdivisions 

 

A. Materials which are permanently present. These materials will stay in the 

space throughout the designed lifetime of the structure. To take these materials 

in to account an average value has to be taken. 

B. The non-permanent materials, those that can change over a course of time, are 

counted for 80% fractile. 

-    : the heat produced by the burning materials (MJ/kg)(values shown in Table 2), 

calculated by : 

                              (2.6.2) 

With: 

  : The amount of moisture in the materials (%) 

     : The combustion heat of the dry materials 

-   : The factor considering the protection against fire, the value can be found in Table 3. 

Note that    = 0 for materials used to prevent and protect from fire. 
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Table 2: Values of Hui derived from the Eurocode.[6] 
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Table 3: Fire protection factors.[6] 

Type of Protection Ψi 

Fireproof closet or rooms 0 

Combustible packaging 1.0 

Metal barrels (<450l) at 

atmospheric pressure 

1.0 

Liquids with flashpoint > 100°C , 

single reservoir 

0.70 

Liquid with flashpoint > 100°C, 

multiple barrels 

1 for the biggest , 0 for the rest 

Others 0.8 for the biggest, 0.55 for the 

rest 

 

During a developing fire the materials start to disintegrate. When the probability of the occurrence of a 

fire and the disintegration of materials due to the fire are taken into account, the determinative fire 

load can be calculated. 

                         (2.6.3) 

In this equation: 

-   : The coefficient taking into account the loss of materials due to burning. When most 

materials in the area are cellulose-based materials, such as wood and paper, the coefficient 

can be assumed as m=0.8. In most cases this coefficient is set to m = 1.0. 

-     : The probability factor that considers the chance a fire occurs based on the total area 

of the room. Standard values are shown in Table 4. 

-     : The probability factor that considers the chance a fire occurs based on the activities 

of the room. Standard values are shown in Table 5. 

-    : Takes into account the different methods installed in the room to prevent a fire. 

Table 4: Probability factor     based on the total room area.[6] 

 

 

 

 

 

 

 

 

 

 

Compartment 

floor area Af (m²) 

Risk of fire 

    

25 1.10 

250 1.50 

2500 1.90 

5000 2.00 

10000 2.13 
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Table 5: Probability factor     based on the activities of the room.[6] 

 

 

 

 

 

  

    
Risk of fire  Occupancy of the area 

0.78 Art gallery, museum, swimming pool 

1.00 office, hotel, paper industry 

1.22 manufactory of machines and engines 

1.44 chemical laboratories 

1.66 manufactory of fireworks and paint 
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2.6.3 Transformation of the characteristic loads to design loads  

A load or an action is a force that is exerted onto a construction. Bending, caused by the temperature 

changes or differential consolidation, is a form of an indirect force exerted on a construction. The 

loads are  divided into four groups which are defined by the Eurocode EN1990 as: 

 

 Permanent action (G or g): The most common actions, that are listed as permanent action, 

are: self-weight or consolidation of the soil. These loads are working on a building and 

they stay there from the moment of construction until the building is demolished. 

 Variable action (Q or q): These can be imposed loads, wind load or snow load. These 

loads will not be exerted permanently on a building. For example: The wind will not blow 

onto the construction all the time and there will be no snow on the roof during the summer.  

 Accidental action (A): Fire, explosions or extraordinary impacts are accidental actions. In 

normal circumstances these actions will not occur. However, in this research these actions 

are observed for the calculations, because of the fact that fire is an accidental action. 

 Seismic actions (AE): these loads are caused by the seismic energy and movements. 

 

When assessing the behaviour of construction in a fire situation, the design loads are calculated in the 

accidental design situation. 

 

                                                      (2.6.4) 

 

In this case, it is unlikely that a high load combination is achieved. The main accidental action Qk,1 has 

to be multiplied with the quasi-permanent combination factor Ψ2,1 according to NBN 1991-1-2–

ABN[6]. In case of fire there are some remarks that need to be taken into account. A fire produces a 

considerable amount of heat and this heat removes the possible present snow from the roof. Therefore 

snow loads has to be removed from the equation. Maintenance loads on the roof of a structure needs to 

be removed as well. The wind load can be reduced but not removed. For calculations in a fire situation 

only 20% of the wind load is taken into account. The only actions fully taken into account are self-

weight and permanent actions, multiplied by safety factor  g = 1.00 and the wind load is combined 

with the factor Ψ = 0.2.  

Since the design load in fire situation      is not the same as the load at ambient temperature  , a 

specific reduction factor has to be applied. The factor     serves as that reduction factor. This gives the 

following equation: 

                         (2.6.5) 
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Where: 

 Ed = the design value of the fundamental combination of loads on the structure. This is the 

most unfavourable of the following three equations: 

1.                                                     (2.6.6) 

2.                                                        (2.6.7) 

3.                                                      (2.6.8) 

 

 Efi,d = the design value of the combination of loads in fire situation. 

 ηfi = reduction factor for fire situation, calculated for each of the previous equations as 

follows: 

1.      
           

             
       (2.6.9) 

2.      
           

             
    

                   

(2.6.10) 

3.      
           

              
                   

(2.6.11) 

In the last three equations Ψfi, the combination factor in fire situations equals Ψ1,1 or Ψ2,1. The 

reduction factor ηfi can be found when analysing the ratio between the permanent action Gk and the 

dominant variable action Qk,1. The factors γG and γQ are the partial safety factors for permanent loads 

and variable loads respectively. 
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Table 6 gives the values of the combination factors ψ in relation to the different building types. As it 

can be seen, the factor Ψ1,1 varies in function of the building type. This significantly influences the fire 

reduction factor     as demonstrated in Figure 10. 

Table 6: Recommended values of ψ factors for buildings.[5] 

 

 

 

Figure 10: Influence of ψ factors on reduction factor ηfi. [3] 

This reduction factor     is often confused with the load level, which has the same symbol but has a 

different meaning. However, this load level is less important in our calculations and is therefore 

neglected. 



32 
 

2.6.4 Classification of the examined elements as class 1 , 2, 3 or 4 cross-

section elements 

Before being able to calculate the fire resistance of a steel element, specific assumptions have to be 

made regarding instability phenomena. If instabilities are not critical for the element, a simplified 

calculation method can be used, though the assumption of neglecting instability phenomena should 

always be justified. However, this chapter takes these instabilities into consideration to achieve a more 

elaborate calculation. For the validation of the software, which is covered later in this document, some 

examples neglect instability phenomena to simplify the validation. 

Because instability phenomena are taken into account, the slenderness of the steel cross-sections needs 

to be obtained. In order calculate the slenderness of each element, Eurocode 3 divides all steel 

elements into 4 classes. This division is done to simulate the possible local buckling of the steel cross-

sections. These classes are based on the moment that the element can be subjected to: 

- Class 1 cross-sections are called the “plastic design cross-sections” because the moment 

they are subjected to is equal to the plastic moment and additionally the cross-section is 

able to rotate locally, therefore creating a plastic hinge.  

- Class 2 cross-sections are “compact cross-sections” as they are subjected to a bending 

moment equal to the plastic moment but cannot rotate. 

- Class 3 cross-sections then are called the “non-compact cross-sections”. These elements 

are only be subjected to a bending moment equal to the yield moment. 

- Lastly the class 4 cross-section elements are called the “slender cross-sections” as they fail 

before being able to reach the yield moment. 

In normal calculations, Table 7 would be used to evaluate the cross sections. However, in fire situation 

the mechanical properties of the steel cross-sections may vary and the risk for buckling can therefore 

be different, which leads to a reclassification of the cross-sections using different criteria. As seen in 

Figure 11, the influence of the elevated temperature has to be taken into account by using a reduction 

coefficient of 0.85 for the calculation ε. 
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Table 7: Maximum width-to-thickness ratios for compression parts. [7] 

 

 

 

Figure 11: Classification of cross-section of elements. [3] 
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2.6.5 Calculation of the design resistance of the steel members 

2.6.5.1 Design conditions 

Since instability phenomena are taken into account, the design load-bearing capacity cannot be derived 

directly from the design load-bearing capacity of the element at ultimate limit state. Thus, all stability 

verifications are integrated into the design. Additionally, due to elevated temperatures caused by the 

fire on the surface of the steel elements, the thermal and mechanical properties of steel decrease. 

Specific reduction factors are therefore included and taken into account this reduction in strength. 

These factors are explained further. Firstly there is a reduction due to the mechanical loads being 

calculated in accidental situation, then reduction factors for the thermal and mechanical properties of 

steel are considered. Lastly adaptation factors are necessary to take into account the fact that the 

temperature along the steel element is not always be uniform. 

The resistance of the steel is calculated with the loads acting on an element during a fire situation. The 

calculation of the resistance is similar to the calculation in normal circumstances. The mechanical 

loads are calculated in accidental situation. Therefore, the properties of the steel need to be reduced as 

explained in Figure 11 earlier. 

Additionally, the thermal and mechanical properties of steel are reduced when the surface of these 

elements is exposed to elevated temperatures due to the fire. In order to consider these reductions in 

strength, specific reduction factors kE,θ and ky,θ are regarded. The thermal properties of steel are: 

thermal conductivity, specific heat and density. The mechanical properties are the elastic modulus and 

the yield strength. The influence of fire on these properties is shown in Figure 12 and Figure 13. 

 

Figure 12: Thermal properties of steel at elevated temperatures. [3] 
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Figure 13: Mechanical properties of steel at elevated temperatures. [3] 

The reduction of the steel elastic modulus and the yield strength is defined by the reduction factors kE,θ 

and ky,θ. The correlation of the reduction of these properties due to elevated temperatures is shown in 

Table 8. 

Table 8: Reduction factors at temperature θa relative to the value of fy or Ea at 20°C. [3] 
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Lastly, temperature in steel is uniform at ambient temperature. In fire situation, this might not be the 

case. To take this difference into account in the calculations, two adaption factors are used.   

κ1 is the adaptation factor for non-uniform temperature across the cross section whereas κ2 is the 

adaptation factor for non-uniform temperature along the beam. The values of these adaptation factors 

are defined as: 

- κ1 = 0.70 for unprotected beams with an exposure to fire on three sides. 

κ1 = 0.85 for protected beams with an exposure to fire on three sides. 

κ1 = 1.00 for beams with an exposure to fire on all four sides. 

- κ2 = 0.85 for statically indefinite beams that are simply supported. 

κ2 = 1.00 for all other cases. 

The structural performance of the steel members and connections is retained for a given amount of 

time during a fire. The profiles buckle under the loads applied on the construction during the fire. This 

happens when the loads exceed the resistance of the structure in fire conditions: 

                    (2.6.12) 

These are the basics for the calculations that are shown next. 

2.6.5.2 Resistance to tension 

When an element is subjected to tension, the mechanical resistance is calculated for a uniform 

temperature division: 

                  
    

     
     (2.6.13) 

For this equation: 

-      : The reduction factor for yield stress at a temperature   at time t 

-     : The resistance of the steel-section at normal temperatures 

-      : The partial safety factor for the material properties in ambient 

temperature design. 

-      : The partial safety factor for the material properties in fire design. 

The values of these partial safety factors is shown in Table 9. 

Table 9: Partial safety factors for materialistic properties of steel. [3] 
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When an element is subjected to tension, the mechanical resistance can be calculated for a non-

uniform temperature division: 

                   
  

     

 
       (2.6.14) 

With:  

-    : The surface area with a temperature of    

-        : The reduction factor for the yield strength 

-    : The yield strength of steel 

 

2.6.5.3 Resistance to compression 

When the steel element is subjected to compression another formula is used to determine the 

mechanical resistance of the element. 

                     
    

     
           

  

     
   (2.6.15) 

Where: 

-     : The reduction factor for buckling of a steel element in a fire situation, 

which can be calculated as shown next. 

-      : The reduction factor for the yield strength of steel at a specific 

temperature 

 

2.6.5.4 Resistance to buckling 

The reduction factor for buckling can be determined using: 

     
 

      
        

 
     (2.6.16) 

And: 

    
 

 
                

 
     (2.6.17) 

       
   

  
      (2.6.18) 

To calculate the slenderness of the steel element, the slenderness of the element at normal temperature 

is corrected using reduction factors. 

           
    

    
      (2.6.19) 

-      : Reduction factor for the yield strength at temperature  . 

-      : Reduction factor for the elastic modulus at a specific temperature   at a 

specific time t. 
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In which: 

   
 

  
       (2.6.20) 

  
  

  
       (2.6.21) 

              (2.6.22) 

        
   

  
     (2.6.23) 

Where 

- Lb is the buckling length 

- iz is the gyration radius  

In normal circumstances the buckling length of steel columns is determined by following simple rules. 

For a building with one floor, the column is fixed on one end and the buckling length is 0.7L. In 

multiple stories all columns are fixed on both ends, except for the top column, which is fixed at one 

end. The columns that are fixed at both ends have a buckling length of 0.5L and for the top floor the 

buckling length is 0.7L. This is illustrated in Figure 14. 

 

Figure 14: Buckling lengths in normal circumstances. [3] 

2.6.5.5 Resistance to bending 

The resistance of an element against the bending moment for class 1 and two with a uniform 

temperature can be determined: 

                  
    

     
     (2.6.24) 

-      : reduction factor for the yield strength at temperature   

-     : the resistance to the bending moment at normal temperature or the 

reduced resistance to the bending moment when shear has been taken into 

account 

Note that for class 3 sections     =       .  
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However, adaptation factors need to be considered to take into account the non-uniform division of the 

temperature along the cross-section of along the element, as explained earlier. The bending moment 

resistance of the element can thus be calculated with equation (2.6.25) and as shown in Figure 15: 

                        
    

     
           (2.6.25) 

 

Figure 15: Adaptation factors due to non-uniform temperature along the element. [3] 

 

2.6.5.6 Resistance to lateral torsional buckling 

The non-dimensional slenderness of steel beams subjected to lateral torsional buckling is calculated as 

follows: 

- For steel beams with class 1 or 2 cross-sections            =               =  
      

   
               

(2.6.26) 

- For steel beams with class 3 cross-sections            =               =  
      

   
               

(2.6.27) 

With  

    : The elastic critical moment for lateral-torsional buckling of the element at 20°C 

     and   : The plastic and elastic section moduli at 20°C 

This can be used together with the degree of utilization to determine further the critical temperature of 

the steel member. This is further explained in chapter 2.6.7. 
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The design resistance moment for Class 3 cross-sections  is found by using this equation: 

                                
  

     
     (2.6.28) 

Where: 

-        : the reduction factor for buckling as Eq. 2.6.16 

 

 

2.6.5.7 Resistance to shear 

The resistance to shear for columns is determined using the formula seen in Figure 15: 

                      
    

     
     (2.6.29) 

In which 

-     : the resistance to shear for the section at normal temperature   

-          : reduction factor of the yield strength of steel at the temperature of 

steel at time t 

 

2.6.5.8 Resistance to combined bending and axial force 

To determine the design value of the resistance to combined bending, shear and axial force the 

following formula is to be used respectively for elements with a cross section class 1,2 or 3 : 

      

            
  

     

 
          

         
  

     

 
          

         
  

     

      (2.6.30a) 

      

          
  

     

 
           

               
  

     

 
          

         
  

     

      (2.6.30b) 

      

            
  

     

 
          

         
  

     

 
          

         
  

     

      (2.6.30c) 

With: 

-        : is the design normal force in a fire situation. 

-          : is the design moment in fire situation. 

-        : is the reduction factor for buckling as in Eq. 2.6.16 
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And  : the reduction factor of the elastic range at the maximum steel temperature in the compressed 

zone of the element at time t: 

 

    =   
         

          
  

     

        (2.6.31) 

- where :                                    

 

   =   
        

          
  

     

        (2.6.32) 

- where :                                            

 

   =   
        

          
  

     

        (2.6.33) 

- where :                                              

 

 

2.6.6 Verification of the stability of the structure using the degree of 

utilization. 

The degree of utilization is a non-dimensional factor that gives the relation between the acting fire 

load and the fire resistance of the element at t = 0. 

   
      

        
      (2.6.34) 

As illustrated in the Figure 16, the degree of utilization is often utilised to determine the boundary 

between a stable structure and a designed collapse. This degree of utilization can also be used to 

determine the critical temperature, which is used to define the fire resistance. 

 

Figure 16: Relation between the degree of utilization and the critical temperature. [3] 
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A simple calculation of the degree of utilization is alternatively possible if no buckling can occur: 

        
     

   
      (2.6.35) 

However this is not applied in the calculations done in this thesis, since buckling is considered to be 

possible. Other suggestions for the calculation of this factor are made for that reason. These are 

defined as follows: 

- For beams that are subjected to bending with lateral torsional buckling the design bending 

moment and the moment resistances of the cross-section are used: 

    
   

        
                                  (2.6.36) 

    
   

        
                              (2.6.37) 

With  

   : The design bending moment of the element in fire situation 

        : The plastic moment resistance of the element in fire situation, this however at t=0, which 

means the fire has not developed yet. 

         The moment elastic resistance of the element in fire situation at t=0 

- For columns subjected to an axial compressive force with flexural buckling: 

    
   

        
      (2.6.38) 

With 

    The design axial compressive force of the element in fire situation 

         the plastic axial resistance of the cross-section in fire situation at t=0 
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2.6.7 Extraction of the critical temperature of the steel members 

The critical temperature is the temperature at which a steel element is about to fail. Once the degree of 

utilization is obtained, the critical temperature can be easily determined. However, a distinction has to 

be made between structures with instability phenomena and structures without instability phenomena. 

The use of the critical temperature method is the direct method only used when there is no need to take 

the influence of the change in stability into account. The bearing strength of the element can be easily 

found by using the bearing strength at normal temperatures and taking into account the reduction 

factor for the yield strength      . The element does not fail until the loads applied onto the element 

exceed the bearing strength. For calculations where instability phenomena are neglected, the following 

relation shown in Figure 17 can be assumed between the critical temperature and the degree of 

utilization: 

 

Figure 17: Critical temperature for calculations where instability phenomena are neglected. [3] 

However, since instability phenomena are taken into account in the calculations in this thesis, in Table 

10 the critical temperatures     are given , based on the non-dimensional slenderness of the element 

          .  
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Table 10: Critical temperatures for steel elements, steel grade S235, based on the non-dimensional slenderness and the 

degree of utilization. [3] 

 

This table only shows the values obtained when working with a steel grade of S235. However, the 

tables when using other steel grades are also shown in Annex A 

In fire situation the buckling length of an element is determined with the standard reduction factors 

based on the support conditions. The non-dimensional slenderness is calculated as explained 

previously with equation (5.7.1) and (5.7.2). 
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2.6.8 Evaluation of the temperature along the surface of the steel 

members 

2.6.8.1 Generalities 

When materials are subjected to the heat from the fire and the heated gasses created by the fire, their 

temperature increases as well. The temperature from the environment, the heated gasses and the fire, is 

transferred to the materials by convection and radiation. Heat transfer between materials that are in 

contact with each other, conduction, also influences the temperature of the materials. 

The heat transfer can be described by Fourier's differential equation: 

      

  
 

    
  

  
  

  
 

    
  

  
  

  
 

    
  

  
  

  
     (2.6.39) 

With: 

- x,y,z :  are the coordinates (m) 

-   : the temperature in the coordinates x,y,z (°C) 

-   : the density (kg/m³) 

-   : specific heat (J/kg) 

-   : heat transmission coefficient (W/mK) 

The strength and stiffness of steel decreases when the temperature of the steel increases. This relation 

is shown in Figure 18, where each different curve represents a different temperature. This is also 

explained earlier, where additional reduction factors are considered in the calculations to take into 

account these decreasing properties of the steel element. 

 

Figure 18: Stress-strain diagrams for different temperatures.[8] 

 

The heat transmission of steel decreases until the temperature of the steel member reaches 800°C. This 

is illustrated in Figure 12. 
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2.6.8.2 Evaluation of the temperature of steel members without fire 

protection 

Once the critical temperature is known, the heating of the element has to be evaluated, so these two 

values can be compared in order to check the fire resistance of the element. 

The heating of this element is influenced by the section factor and the shadow factor of this element. 

The steel perimeter is defined as the ratio between the perimeter through which heat is transferred to 

steel and the steel volume. As can be seen in Figure 19, this section factor can change under specific 

conditions. For steel elements under a slab, the heat exchange between the connected surface of the 

steel element and the slab is neglected. For steel elements with fire protection, the perimeter is 

assumed equal to the perimeter of the fire protection.  

 

Figure 19: Perimeter of unprotected steel cross-sections. [3] 

For unprotected steel elements with a constant cross-section, this section factor can be defined as the 

ratio between the perimeter of the element that is exposed to the fire and the cross-section area of this 

element, as shown in Figure 20. 

 

Figure 20: Section factor for unprotected steel cross-sections. [3] 

For unprotected steel elements, a correctional factor is used to take into account the reduced radiation 

as shown in Figure 21. This is called the shadow factor ksh. 
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Figure 21: Shadow factor for unprotected steel cross-sections. [3] 

The calculation of this shadow factor for I-shaped sections can be done by the following formula: 

        
 
  
 
 
 

  
 

     (2.6.35) 

In which 
  

 
 is the section factor and  

  

 
 
 
 is the box value of the section factor. In all other cases the 

value of this shadow factor is calculated with the following formula: 

    
 
  
 
 
 

  
 

      (2.6.36) 

  With these factors, the heating of the element can be evaluated as follows: 

       
 

    

  

 
          (2.6.37) 

The materials are heated by radiation and convection, therefore the total heat transfer is computed as 

the sum of the heat transfer by conduction and the heat transfer by radiation. 

                           (2.6.38) 

The heat transfer due to radiation can be calculated as such: 

                     
 
             (2.6.39) 

This is the radiation law of Stephan Bolzmann which states that “the maximum radiation temperature 

of the fire environment determines the maximum radiation to the steel element.” 

In this equation the Stephan Bolzmann constant   is a physical constant that is equal to 5,67*10
-8

 

W/m²K
4
.    represents the emissivity of the element and is in every case equal to 0.7. The 

configuration factor   is considered to be 1 for standard fire tests.   then is the temperature of the gas 

and    is the surface temperature of the material. 
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The heat transfer due to convection on the other hand can be calculated using the temperature 

difference: 

                     (2.6.40) 

Depending on the fire curve used to analyse the fire    can change. 

-    = 25 W/m²K for standard fire curves 

-    = 35 W/m²K for natural fire curves 

-    = 50 W/m²K for hydrocarbon fire curves 

As shown in Figure 22, unprotected elements can easily reach a fire resistance of R15. However, when 

tested for R30, the temperature elevates significantly, meaning that an unprotected element does not 

achieve a fire resistance of R30 without any design changes or fire protection. 

 

Figure 22: Fire resistance of steel elements in relation to their modified section factor. [3] 

2.6.8.3 Evaluation of the temperature of steel members with fire 

protection 

The evaluation of elements with fire protection follows the same principle as the evaluation of steel 

elements without fire protection. However, the effect of the insulation now needs to be taken into 

account when calculating the heat flux of the element. The thermal properties of the protected steel 

elements are directly derived from the fire tests, which means the shadow factor previously used to 

reduce radiation on the steel element is already taken into account. Therefore, the formulas used to 

evaluate the temperature in unprotected elements can now be written as follows: 

        
 

    

  

 
             (2.6.41) 

Where 

       =      
 

 
                  (2.6.42) 
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Which means that this factor is dependent on the thermal properties of the insulation and the steel 

element. In addition, when the thermal capacity of the insulation is small in comparison to the thermal 

properties of the steel element, a linear distribution of the temperature drop over the insulation can be 

assumed        
 

 
  . 

When applying the right type of insulation, the heat flow through the system (steel element and 

insulation) decreases significantly as seen in Figure 23.  

 

Figure 23: Temperature distribution with usage of insulation. [3] 

Note that the goal of the insulation is to decrease the heat flux reaching the steel element considerably. 

Therefore, the temperature drop between the insulation and the steel element has to be large. This 

means that the temperature of the gas   is not greater than that the surface temperature of the 

insulation   . Corresponding with Figure 23, this gives: 

                      (2.6.43) 
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The section factor 
  

 
 is now based on the perimeter of the fire protection instead of the cross-section. 

This is shown in Figure 24. 

 

Figure 24: Section factor of the fire-protected cross-sections. [3] 

The thermal response of a steel profile can finally be determined with the following equation: 

     
  

  

 

    

  

 
 

 

  
 

 

                         (2.6.44) 

With the thermal capacity of the steel profile: 

  
    

    
           (2.6.45) 

When this equation is applied in an Excel sheet, the temperature of steel at the required time can be 

easily obtained. 
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2.6.9  Comparison of the critical temperature and the heating evaluation of 

the steel element 

When the heating of the steel element is evaluated, the results are compared to the critical temperature 

obtained earlier to check the fire resistance of the steel element. The fire resistance of the element is 

met once the heating of the steel element does not exceed the critical temperature. 

These eight steps are summarized in Figure 25 and Figure 26 to give a quick overview of the 

calculation. 

 

Figure 25: Step-by-step approach of the fire resistance calculation for unprotected elements. [3] 

 

Figure 26: Step-by-step approach of the fire resistance calculation for protected elements. [3] 
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3 Structural fire design in RFEM 

3.1 RFEM software 
RFEM is a 3D finite element program in which the calculation of constructions made of steel, 

reinforced concrete, timber, glass or constructions using multiple materials is possible. RFEM is used 

to determine internal forces, deformations and support reactions using members, plates or walls, shells 

or a combination in one model. With a CAD-like graphical user interface, RFEM is easy to handle. 

RFEM has a modular structure: 

 Model creation 

 Load definition 

 Computation of model 

 Design of members and connections 

There are several add-on modules available, which can be combined into a custom-tailored program 

package. In addition to structural analysis you can perform dynamic analysis of the add-on module RF 

dynam which handles vibration and seismic analysis. RFEM offers a great selection of integrated 

interfaces with other programs for a seamless project workflow. Data can be exchanged using direct 

interfaces with autoCAD Autodesk revit structure. Other exchange file formats such as dxf, ifc, stp 

and many more are available for BIM oriented planning. 

In the following section, the validation of the RFEM fire design module is presented. Then, the model 

developed in RFEM to study the fire resistance of steel modular units is described. 

 

3.2 Validation examples 
For the validation of the software, multiple examples are worked out in order to determine RFEM’s 

accuracy and reliability. Figure 27 shows a steel structure from which 3 elements are calculated in fire 

design. These elements are the tie BE, the secondary beam AB and the column GH.  

Class 1 cross-sections are assumed and instability phenomena are neglected in the first two examples 

to simplify the manual calculations. The standard formula for the critical temperature can thus be used 

to check the fire resistance. In addition, the insulation used in protected elements is considered to be 

light-weight in the first two examples, which leads to       
 

 
. The modified massivity factor can 

thus be simplified. 
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Figure 27: Validation structure. [9] 
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3.2.1 Tie element BE 

The steel tie shown in Figure 28 has a length of 3.2 meters and has an IPE 120 profile. The force on 

the secondary beams create tension in the tie. For this example, an assumption was made for these 

forces. The total permanent action is assumed to be 24 kN/m while the total leading variable action is 

assumed to be 16.8 kN/m. 

 

Figure 28: Steel tie, first example. [9] 

With these actions, a total load of 345.60 kN is applied on the tie. When the self-weight of the tie is 

taken into account, a total force of 348.07 kN is applied on the tie. With the following steps a manual 

calculation has been made for this element. Table 11 shows all parameters used for this example. The 

calculation is made with Table 12. The calculation of the different parameters and design resistance 

was performed according to the EN 1993-1-2 [4], which was described is chapter 2. 
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Table 11: Parameters used for the calculation of the steel tie. 

Parameters steel tie Symbol Value Unit Calculation method 

Class cross-section # 1-4 1 / Table 7 

Permanent load gk 24,00 kN/m Assumed 

Variable load qk 16,80 kN/m Assumed 

Axial force F 0,00 kN Assumed 

Permanent safety factor γg 1,35 / EN1993-1-1 

Variable safety factor γq 1,50 / EN1993-1-1 

Height h 0,12 m IPE120 

Width b 0,06 m IPE120 

Length l 3,20 m IPE120 

Buckling length Lb 2.24 m IPE120 

Buckling length fire Lb,fi 2,24 m 0.7*L 

Reduction factor ψ 0,50 / EN1993-1-1 

Thermal conductivity of the 

fire protection 

λp 0,20 
W/mK 

Gypsum boards 

Thickness of the fire 

protection 

dp 40,00 
mm 

Assumed 

Section area As 1320,00 mm² IPE120 

Effective shear area Aeff 1320,00 mm² IPE120 

Steel perimeter A 459,20 mm IPE120 

Steel perimeter exposed to 

fire 

Afi 459,20 
mm 

IPE120 

Steel perimeter exposed to 

fire (BOX value) 

Afi,b 368,00 
mm 

IPE120 

Steel perimeter of fire 

protection 

Ap 368,00 
mm 

IPE120 

Quality of steel fy 275,00 Mpa S275 

ULS Safety factor γM0 1,00 / EN1993-1-1 

Safety factor in fire situation γM,fi 1,00 / EN1993-1-2 

Self-weight of the beam ρ 0,10 kN/m IPE120 
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The fire resistance to axial load for this element is 363 kN as can be seen in Figure 31. Since the 

design fire load applied on the tie is equal to 195.79 kN, the degree of utilization can be calculated, 

which is then used to determine the critical temperature θcr of the steel tie. Note that for this example 

the tie is in tension, which means no buckling can occur. This is important as it leads to a simplified 

method for the determination of θcr , as explained in chapter 2.  

Table 12: Calculation results for the steel tie. 

Calculation parameters Symbol Value Unit Calculation method 

Fire reduction factor ηfi 0,56 / Equation (2.6.9) 

Design loads 
   

 

Permanent load gd / kN  

Variable load qd / kN  

Total load P 345,60 kN Assumed 

Axial force Ned 346,03 kN P+ρ 

Fire situation Ned,fi 194,64 kN Equation (2.6.5) 

Design resistance 
   

 

Ambient temperature 
Npl,Rd 363,00 kN 

    

   
 

No Fire Protection 
   

 

Fire situation Nfi,Rd 363,00 kN Equation (2.6.13) 

Degree of utilization μ0 0,54 / Equation (2.6.29) 

Critical temperature θcr 573,28 °C Figure 17 

Shadow factor ksh 0,72 / Equation (2.6.35) 

Modified section factor 
 

0,25 /  

With Fire Protection 

  

 

 
 

Modified massivity factor 
 

1393,94 W/m³K Equation (2.6.42) 

 

When the critical temperature of the steel tie is obtained, a first evaluation of the R-value of the 

unprotected tie is possible. The modified section factor is determined after which Annex B is used as 

follows: 
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The critical temperature is equal to 572.31°C and the modified section factor is equal to 250m
-1

. 

Interpolation in  Figure 29 leads to an R-value of 9.8 minutes.  

 

Figure 29: Evaluation of the temperature of unprotected steel based on the section factor. [9] 

This R-value of 9.8 minutes for the unprotected steel tie is much lower than the objective of 60 

minutes. Therefore, fire protection needs to be added to the steel member. For this calculation, a fire 

protection of Gypsum boards is added to the element. This fire protection has a thickness dp of 40 mm 

and a thermal conductivity λp of 0.2 W/mK. With these values, the modified massivity factor is 

calculated as shown in Table 12. Using this modified massivity factor of 1393.94 W/m³K, the R-value 

of the steel tie can again be obtained by using Figure 30, which is derived from the Euro-Nomograms 

in Annex B.  

Note that this figure shows the relation between the R-value and the modified massivity factor of the 

steel tie, whereas Figure 29 shows the relation between the R-value and the section factor. This can be 

explained due to the fact that additional fire protection is used which leads to a lower thermal 

conductivity of the system, meaning that the normal section factor of the steel tie is no longer 

applicable.  
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Using the modified massivity factor of 1394 W/m³K and interpolation in Figure 30, an R-value of 60 

minutes is obtained. 

 

Figure 30: Evaluation of the temperature of protected steel based on the modified massivity factor. [9] 

These results are compared to the results that are extracted with the software, which leads to the 

conclusion whether the software is valid or not. The setup for the example made in RFEM is shown in 

the figures that follow. It is important that all support conditions are exactly the same as the conditions 

used for the manual calculations, as these can influence the results. A permanent load of 144kN 

(24kN/m*6m) and a variable load of 100.8kN (16.8kN/m*6m)are applied to simulate the exact forces 

used in the manual calculations. 

 

Figure 31: RFEM graphic representation of the steel tie. 
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The unprotected steel tie is verified with RFEM for an R-value of 15 minutes. As can be seen in Table 

13, the steel tie does not suffice (η>1). This can be explained by looking at the temperature of the steel 

tie at the required time(Table 14). 

Table 13: RFEM design results for the steel tie for R15. 

Design results R15 Symbol Value Unit 
Calculation (EN 1993-1-

2) 

Axial load Nfi,Ed 194.85 kN 
 

Cross-section area A 13.21 cm² 
 

Yield strength fy 27.50 kN/cm² 3.2.1 

Partial material factor at 

ambient temperature 
γM0 1.000 

 
6.1 

Plastic design resistance Npl,Rd 363.28 kN (6.6) 

Reduction factor for yield 

strength 
Ky,θ 0.229 

 
Tab. 3.1 

Partial material factor in fire 

situation 
γM,fi 1.000 

 
2.3(1) 

Fire design resistance Nfi,θ,Rd 83.32 kN eq. (4.3) 

Design ratio η 2.34 
 

EN 1993-1-2, eq. (4.1) 

 

Table 14: RFEM design parameters for the steel tie for R15. 

Fire parameters R15 Symbol Value Unit 
Calculation (EN1993-1-

2) 

Required fire resistance treq 15 min 
 

Time interval Δt 5 s 
 

Fire curve 
 

Standard 
  

Coefficient for heat flux 

due to convection 
αc 25.000 W/(m²K) EN 1991-1-2, 3.2 

Coefficient of haze φ 1.000 
  

Area radiation of the 

element 
εf 0.700 

 
EN 1993-1-2, 2.2 

Radiation of the fire εm 1.000 
 

EN 1991-1-2, 3.1(6) 

Stefan-Boltzmann 

constant 
σ 5.67x10

-8
 W/(m²K

4
) 

 

Self-weight ρa 7850 kg/m³ 
 

Exposure to fire 
 

All sides 
  

Partial factor for fire 

situation 
γM,fi 1.000 

  

Unprotected section 

factor 
Am / V 363.361 m

-1
 EN 1993-1-2, 4.2.5.1(1) 

Shadow factor ksh 0.690 
 

EN 1993-1-2, 4.2.5.1(2) 

Gas temperature at 

required time 
θg(treq) 738.561 °C EN 1991-1-2, eq. (3.4) 

Steel temperature at 

required time 
θa(treq) 700.541 °C EN 1993-1-2, eq. (4.25) 
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This temperature of 700.541°C is much higher than the critical temperature of 573.28°C, which is 

unacceptable. In addition, this elevated temperature leads to a reduction of the effective yield strength 

of the steel tie as explained in chapter 2. For this case ky,θ is equal to 0.229, as shown in Table 13. This 

value from RFEM corresponds with the values shown in Table 8 in chapter 2. When taking into 

account this reduction factor, the fire resistance of the steel tie significantly reduces and R15 is not be 

obtained.  

In conclusion, RFEM takes into account all parameters defined in chapter 2 and the manual 

calculations, leading to a valid result.  

Fire protection is now added to the steel tie. Then the steel tie is calculated again, giving the results 

shown in Table 15 and Table 16. 

Table 15: Design parameters for the steel tie for R60. 

Fire parameters R60 Symbol Value Unit Formula 

Required fire resistance treq 60 min 
 

Time interval Δt 30 s 
 

Fire curve 
 

Standard 
  

Coefficient for heat flux 

due to convection 
αc 25.00 W/(m²K) EN 1991-1-2, 3.2 

Coefficient of haze φ 1.00 
  

Area radiation of the 

element 
εf 0.70 

 
EN 1993-1-2, 2.2 

Radiation of the fire 
εm 1.00 

 

EN 1991-1-2, 

3.1(6) 

Stefan-Boltzmann 

constant 
σ 5.67x10

8
 W/(m²K

4
) 

 

Self-weight ρa 7850 kg/m³ 
 

Exposure to fire 
 

All sides 
  

Partial factor for fire 

situation 
γM,fi 1.00 

  

Type of fire protection 
 

Contour 
  

Self-weight 
ρp 800.00 kg/m³ 

EN 1993-1-2, 

4.2.5.2(1) 

Heat conductivity λp 0.20 W/K 
 

Specific heat 
cp 1700.00 J/(kgK) 

EN 1993-1-2, 

4.2.5.2(1) 

Thickness dp 40.00 mm 
 

Protected section factor 
Ap / V 363.36 m

-1
 

EN 1993-1-2, 

4.2.5.2(1) 

Gas temperature at 

required time 
θg(treq) 945.34 °C 

EN 1991-1-2, eq. 

(3.4) 

Steel temperature at 

required time 
θa(treq) 231.65 °C 

EN 1993-1-2, eq. 

(4.27) 
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The steel temperature of the member is now 231.65°C at the required time, which means ky,θ is equal 

to 1.00. In other words, no reduction of the effective yield strength is required, meaning the fire 

resistance of the steel tie is not affected by the fire. As a result, the steel tie does obtain an R-value of 

60 minutes.  

Table 16: RFEM design results for the steel tie for R60. 

Design results R60 Symbol Value Unit Calculation (EN1993-1-2) 

Axial load Nfi,Ed 194.85 kN 
 

Cross-section area A 13.21 cm² 
 

Yield strength fy 27.50 kN/cm² 3.2.1 

Partial material factor at 

ambient temperature 
γM0 1.000 

 
6.1 

Plastic design resistance Npl,Rd 363.28 kN (6.6) 

Reduction factor for yield 

strength 
Ky,θ 1.000 

 
Tab. 3.1 

Partial material factor in 

fire situation 
γM,fi 1.000 

 
2.3(1) 

Fire design resistance Nfi,θ,Rd 363.28 kN eq. (4.3) 

Design ratio η 0.54 
 

EN 1993-1-2, eq. (4.1) 

 

A summary of all results is given in Table 17 in order to make a comparison between the manual 

calculations and the results obtained by RFEM. The steel temperature and reduction factor ky,θ were 

not calculated in the manual calculations because this was unnecessary. However these values can 

easily be determined using the same principle applied in the manual calculations. For the unprotected 

steel tie, the Euro-nomograms from Annex B can be used to obtain the steel temperature. Using the 

section factor of 250 m
-1

 and a fire resistance of R15, the actual steel temperature is obtained by 

interpolation. A steel temperature of 695°C is reached. For the protected steel tie the same 

interpolation method is applied with both a fire resistance of R60 and a modified massivity factor of 

1393.94W/m³K. A steel temperature of  555.74°C is obtained. Remarkably, this value is higher than 

the value obtained by RFEM (231.65°C). This can be explained with the assumptions that have been 

made in the beginning of this chapter. For the manual calculations, the insulation is considered 

lightweight, which means the modified massivity factor is simplified and the temperature distribution 

is assumed to be linear. In reality however, this is not the case. RFEM makes this distinction and a 

lower steel temperature can thus be obtained.  
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The reduction factor ky,θ can then be calculated with Table 8. For the unprotected steel tie, ky,θ is equal 

to 0.242. For the protected steel tie, a reduction factor of 1.00 is assumed even though the steel 

temperature exceeds 400°C. This is again due to the assumption that the insulation is lightweight and 

the steel temperature is therefore higher than in reality.   

Table 17: Comparison of the results obtained by manual calculations and RFEM for the steel tie. 

Summary R15 (Manual) R60 (Manual) R15 (RFEM) R60 (RFEM) 

Fire load 346.03 kN 346.03 kN 346.05 kN 346.05 kN 

Plastic resistance 363.00 kN 363.00 kN 363.28 kN 363.28 kN 

Steel temperature 695.00 °C 555.74 °C 700.541 °C 231.65 °C 

ky,θ 0.232 1.00 0.229 1.00 

Fire resistance 84.216 kN 363.00 kN 83.32 kN 363.28 kN 

Validation NOK OK NOK OK 
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3.2.2 Secondary beam AB 

The steel member shown in Figure 32 has a length of 6 meters and has an IPE 360 profile. For this 

example, the same assumption has been made for the acting forces as in the steel tie. The total 

permanent action is assumed to be 24 kN/m while the total leading variable action is assumed to be 

16.8 kN/m. The fire resistance R60 is validated for this example. An additional assumption was made 

to consider the reduction factor ky,θ to show once again the influence of this reduction of the effective 

yield strength of a steel member.  

 

Figure 32: Steel beam, second example. [9] 
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The parameters used in the manual calculations are shown in Table 18. Due to these loads, a bending 

moment of 262.67 kNm and a shear load of 175.11 kN are applied on the steel beam. 

Table 18: Parameters used for the calculation of the steel beam AB. 

Parameters steel beam Symbol Value Unit Calculation 

Class cross-section # 1-4 1 
 

Table 7 

Permanent load gk 24,00 kN/m Assumed 

Variable load qk 16,80 kN/m Assumed 

Axial force F 0,00 kN Assumed 

Permanent safety factor γg 1,35 
 

EN1993-1-1 

Variable safety factor γq 1,50 
 

EN1993-1-1 

Height h 0,36 m IPE360 

Width b 0,18 m IPE360 

Length l 6,00 m IPE360 

Buckling length Lb 6,00 m IPE360 

Buckling length fire Lb,fi 4,00 m 0.7*L 

Reduction factor ψ 0,50 
 

EN1993-1-1 

Thermal conductivity of the fire 

protection λp 0,20 W/mK Gypsum boards 

Thickness of the fire protection 
dp 15,00 mm Assumed 

Section area As 7270,00 mm² IPE360 

Effective shear area Aeff 3514,00 mm² IPE360 

Steel perimeter A 1142,00 mm IPE360 

Steel perimeter exposed to fire 
Afi 1142,00 mm IPE360 

Steel perimeter exposed to fire 

(BOX value) Afi,b 888,00 mm IPE360 

Steel perimeter of fire protection 
Ap 888,00 mm IPE360 

Quality of steel fy 275,00 Mpa S275 

ULS Safety factor γM0 1,00 
 

EN1993-1-1 

Safety factor in fire situation γM,fi 1,00 
 

EN1993-1-2 

Self-weight of the beam ρ 0,57 kN/m IPE360 

Modulus of elasticity E 210000,00 MPa IPE360 

Moment of inertia Iy,z 162700000,00 mm
4 

IPE360 

Radius of gyration  iz 0,05 m IPE360 

Torsional moment of inertia It 59,30 
 

IPE360 

Vaulting constant Iw 17,00 
 

IPE360 

Plastic resistance moment Wpl 1,02 m³ IPE360 

Elastic resistance moment Wel 0,09 m³ IPE360 

Reduction factors for non- K1 0,70 0,85 EN1993-1-2 

uniform temperature distribution K2 1,00 
 

EN1993-1-2 
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The same principle as with the steel tie is applied in this example. The formulas used to calculate the 

bending moment resistance and the shear resistance of the steel beam are shown in Table 19. Note that 

for the shear resistance, the effective shear area of the cross-section is used instead of the full cross-

section area. As a result, the shear resistance is reduced significantly to 557.92 kN. As explained in 

chapter 2, adaptation factors needs to be regarded when calculating the bending moment resistance in 

order to take into account the non-uniform distribution of the temperature along the cross-section and 

along the steel beam. This leads to a bending moment resistance of 400.71 kNm. The degree of 

utilization can then be found by dividing the design bending moment with the bending moment 

resistance, which gives a result of 0.37. Since instability phenomena are neglected for this example 

and the cross-section is of class 1, the standard formula can be used to determine the critical 

temperature. As can be seen, the critical temperature for the unprotected steel beam is equal to 

632.34 °C, which is used to evaluate the fire resistance of the steel beam using again the Euro-

monograms found in Annex B 

Table 19: Calculation of the fire resistance for the steel beam without fire protection. 

Calculation parameters Symbol Value Unit Calculation method 

Design load 
  

  

Bendig moment Med 262,66 kNm          
  

 
 

Shear load Ved 175,11 kN          
 

 
 

Fire situation Med,fi 147,75 kNm         

 
Ved,fi 98,50 kN         

Cross section class control c/t 
 

  

Bending resistance Mpl,Rd 280,50 kNm 
        

   
 

Shear resistance Vpl,Rd 557,92 kN 
  

  

  
   

 

No fire protection 
  

  

 
Mfi,20,Rd 280,50 kNm Equation (2.6.24) 

 
Mfi,0,Rd 400,71 kNm Equation (2.6.25) 

Degree of utilization μ0 0,37  Equation (2.6.29) 

Critical temperature θcr 632,34 °C Figure 17 

Shadow factor ksh 0,70  Equation (2.6.35) 

Modified section factor 
 

0,11   
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A modified section factor of 110 m
-1

 and a critical temperature of  632.34 °C  lead to a fire resistance 

of 17.5 minutes. This is illustrated in Figure 33. 

 

Figure 33: Evaluation of the temperature of unprotected steel based on the section factor. [9] 

To achieve a fire resistance of 60 minutes, additional fire protection is required. Since fire protection is 

used, the adaptation factor k1 changes to 0.85 as well. This results in a reduction of the bending 

moment resistance to 329.68 kNm. Thus, the degree of utilization is equal to 0.45 which leads to a 

critical temperature of 602.07°C, as shown in Table 20. For fire protection, gypsum boards with a 

thickness of 15 mm and a thermal conductivity of 0.2 W/mK are used, which leads to a modified 

massivity factor of 1627.94W/m³K, as can be seen.  

Table 20: Calculation of the fire resistance of the steel beam with fire protection. 

Calculation parameters Symbol Value Unit Calculation 

method 

With Fire Protection     

 Mfi,20,Rd 280,50 kNm Equation (2.6.24) 

 Mfi,0,Rd 330,00 kNm Equation (2.6.25) 

Degree of utilization μ0 0,45  Equation (2.6.29) 

Critical temperature θcr 602,23 °C Figure 17 

Shadow factor ksh 0,70   

Modified section factor 
 

0,11   

Modified massivity factor 
 

1628,61 W/m³K Equation (2.6.42) 
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With this modified massivity factor of 1627.94W/m³K and the critical temperature of 602.07°C, 

Annex B can again be used to verify if R60 is met. This is illustrated in Figure 34. When interpolation 

is used, the steel temperature at 60 minutes is equal to 597°C, which is lower than the critical 

temperature. The requirement R60 is therefore achieved. 

 

Figure 34: Evaluation of the temperature of protected steel based on the modified massivity factor. [9] 

Now this example is simulated in RFEM and the results are compared. The situation is shown in 

Figure 35. 

 

Figure 35: RFEM graphic representation of the second example. 

The fire parameters obtained from RFEM are shown in Table 21. The temperature of the steel beam at 

60 minutes is lower than the critical temperature of 602°C. Note that this was said to be sufficient in 

the manual calculations. However, as shown in Table 22, the steel beam does not attain a fire 

resistance of R60.  
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Table 21: RFEM design parameters for the steel beam for R60. 

Fire parameter R60 Symbol Value Unit Calculation method 

Required fire resistance treq 60 min 
 

Time interval Δt 30 s 
 

Fire curve 
 

Standard 
  

Coefficient for heat flux due to 

convection 
αc 25.000 W/(m²K) EN 1991-1-2, 3.2 

Coefficient of haze φ 1.000 
  

Area radiation of the element εf 0.700 
 

EN 1993-1-2, 2.2 

Radiation of the fire εm 1.000 
 

EN 1991-1-2, 3.1(6) 

Stefan-Boltzmann constant 
σ 

5.67x10
-

8
 

W/(m²K
4

)  

Self-weight ρa 7850 kg/m³ 
 

Exposure to fire 
 

All sides 
  

Partial factor for fire situation γM,fi 1.000 
  

Type of fire protection 
 

Casing 
  

Self-weight 
ρp 800.000 kg/m³ 

EN 1993-1-2, 

4.2.5.2(1) 

Heat conductivity λp 0.200 W/K 
 

Specific heat 
cp 

1700.00

0 
J/(kgK) 

EN 1993-1-2, 

4.2.5.2(1) 

Thickness dp 15.000 mm 
 

Protected section factor 
Ap / V 145.745 m

-1
 

EN 1993-1-2, 

4.2.5.2(1) 

Gas temperature at required time θg(treq) 945.340 °C EN 1991-1-2, eq. (3.4) 

Steel temperature at required time 
θa(treq) 584.068 °C 

EN 1993-1-2, eq. 

(4.27) 

 

Table 22: RFEM design results for the steel beam for R60. 

Design results steel beam Symbol Value Unit Calculation (EN1993-

1-2) 

Design moment Mfi,y,Ed 259.27 kNm 
 

Plastic moment resistance Wpl,y 1019.00 cm³ 
 

Yield strength fy 27.50 kN/cm² 3.2.1 

Partial material factor at 

ambient temperature 
γM0 1.00 

 
6.1 

Design resistance Mpl,y,Rd 280.23 kNm eq. (6.13) 

Design shear load Vfi,z,Ed 218.32 kN 
 

Effective shear area Av,z 35.14 cm² 6.2.6(3) 

Design shear resistance Vpl,z,Rd 557.89 kN eq. (6.18) 

Unity check Vfi,z,Ed / Vpl,z,Rd vfi,z 0.391 
 

6.2.8(2) 

Reduction factor ky,θ 0.519 
 

Tab. 3.1 

Material factor γM,fi 1.000 
 

2.3(1) 

Moment resistance Mfi,y,θ,Rd 145.55 kNm eq. (4.8) 

U.C.-waarde η 1.78 
 

EN 1993-1-2, eq. (4.1) 
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As explained in the beginning of this chapter, yield strength reduction and elastic modulus reduction, 

due to elevated temperatures,  are not considered in this example. This shows the influence of these 

reduction factors. While the manual calculations resulted in a fire resistance of R60 for this element, it 

is shown in RFEM that due to the elevated temperatures, this value cannot be achieved because of the 

yield strength reduction ky,θ which is equal to 0.454. The resistance moment decreases due to this 

reduction, which leads to an increase in degree of utilization μ0. This in turn causes the critical 

temperature to drop dramatically. When evaluating the heating of the element, a significant increase in 

the design of the fire protection is necessary to lower the surface temperature of the element below the 

critical temperature. This is illustrated in example 3, where instability phenomena are also included in 

the analysis for a more elaborate result. 

A summary for this example is given in Table 23.  

Table 23: Comparison of the results obtained by manual calculations and RFEM for the steel beam AB. 

Summary R60 (Manual) R60 (RFEM) 

Bending moment 262 kN 259.27 kN 

Shear load 175 kN 218.32 kN 

Bending resistance 280.5 kNm 280.23 kNm 

Shear resistance 557.92 kN 557.89 kN 

Critical temperature 602°C 602°C 

Steel temperature 597°C 584°C 

Reduction factor ky,θ 1 0.454 

Fire resistance 280.5 kNm 127.11 kNm 

Validation OK NOK 

 

When reductions in yield strength would be taken into account in the manual calculations, the 

following result was achieved: 

Table 24: Results for the steel beam AB with yield strength reductions. 

Summary R60 (Manual) R60 (RFEM) 

Bending moment 262 kN 259.27 kN 

Shear load 175 kN 218.32 kN 

Bending resistance 280.5 kNm 280.23 kNm 

Shear resistance 557.92 kN 557.89 kN 

Critical temperature 602°C 602°C 

Steel temperature 597°C 584°C 

Reduction factor ky,θ 0.471 0.454 

Fire resistance 132.116 127.11 kNm 

Validation NOK NOK 

 

This shows that RFEM provides valid results and takes into account all influencing factors for the 

design of steel members in fire situation. 
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3.2.3 Column GH 

For the example shown in Figure 36, instability manifestations are included for a more elaborate fire 

resistance calculation. The cross section is still classified as class 1. In contrast to the first two 

examples, instability phenomena are taken into consideration. All design parameters for this example 

are shown in Table 25. 

 

Figure 36: Steel column, third example. [9] 
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Table 25: Parameters used for the calculation of the steel column GH. 

Parameters steel beam Symbol Value Unit Calculation 

Class cross-section # 1-4 1 
 

Table 7 

Permanent load gk 24,00 kN/m Assumed 

Variable load qk 16,80 kN/m Assumed 

Axial force F 1057,50 kN Assumed 

Permanent safety factor γg 1,35 
 

EN1993-1-1 

Variable safety factor γq 1,50 
 

EN1993-1-1 

Height h 0,18 m HEB180 

Width b 0,18 m HEB180 

Length l 3,20 m HEB180 

Buckling length Lb 3,20 m HEB180 

Buckling length fire Lb,fi 2,24 m 0.7*L 

Reduction factor ψ 0,50 
 

EN1993-1-1 

Thermal conductivity of the fire 

protection λp 0,20 W/mK 
Gypsum 

boards 

Thickness of the fire protection 
dp 15,00 mm Assumed 

Section area As 6530,00 mm² HEB180 

Effective shear area Aeff 6530,00 mm² HEB180 

Steel perimeter A 1015,00 mm HEB180 

Steel perimeter exposed to fire 
Afi 1015,00 mm HEB180 

Steel perimeter exposed to fire 

(BOX value) Afi,b 720,00 mm HEB180 

Steel perimeter of fire protection 
Ap 720,00 mm HEB180 

Quality of steel fy 275,00 Mpa S275 

ULS Safety factor γM0 1,00 
 

EN1993-1-1 

Safety factor in fire situation γM,fi 1,00 
 

EN1993-1-2 

Self-weight of the beam ρ 0,51 kN/m HEB180 

Modulus of elasticity E 210000,00 MPa HEB180 

Moment of inertia Iy,z 38130000,00 mm
4 

HEB180 

Radius of gyration  iz 0.05 m HEB180 

Torsional moment of inertia It 42,16 
 

HEB180 

Vaulting constant Iw 93750,00 
 

HEB180 

Plastic resistance moment Wpl 0,48 m³ HEB180 

Elastic resistance moment Wel 0,23 m³ HEB180 

Reduction factors for non- K1 0,70 0,85 EN1993-1-2 

uniform temperature distribution K2 1,00 
 

EN1993-1-2 

 

As mentioned earlier, the occurrence of instability is taken into account. On top of that, the standard 

formula for calculating the critical temperature is no longer applicable, as explained in chapter 2. The 

critical temperatures have to be obtained by using the figures from Annex A. Next, the manual 

calculation is made with an Excel sheet. 
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First the cross-section are classified using Table 26. Since cf is equal to 70.8mm and tf is equal to 

14mm, the ratio cf/tf is equal to 5.057, which is lower than the required value of 33ε = 25.94 for parts 

subject to compression. For the web, cw and tw are respectively equal to 122mm and 8.5mm which 

gives a ratio cw/tw of 14.35, which is also lower than 25.94. Thus, the flange and web are both 

classified as class 1 so the cross-section is class 1. 

Table 26: Cross-section classification. [7] 
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As displayed in Table 27, the axial force that is applied on the column is equal to 1059.71kN and the 

design resistance to axial loads is equal to 1795.75kN. The buckling resistance is be calculated by 

integrating the reduction factor χ. To find this reduction factor, the slenderness has to be calculated as 

shown in Figure 49. Note that ε is not yet reduced by a factor 0.85 due to fire because this buckling 

resistance is first calculated at ambient temperature. The buckling length equals  0.7*L for this case 

since one end of the column is fixed and one end is hinged. This length is thus equal to 0.7*3.2m = 

2.24m. The relative slenderness is then equal to 0.56. Next, the buckling curve has to be determined in 

order to obtain an value for the imperfection factor α. This is done by following the instructions in 

Table 29. Since the height of the HEB profile is equal to the width of the profile, h/b is smaller than 

1.2 and with tf <100, buckling curve c is obtained for buckling around the weak axis z. The 

imperfection factor α is thus equal to 0.49, which leads to φ being equal to 0.75. χ can then be 

calculated and is equal to 0.81. The buckling resistance of the column is now equal to 1447.59kN. The 

column can resist to buckling at ambient temperature. However, fire design still needs to be checked. 

Table 27: Calculation of the design resistance of the steel column at ambient temperature. 

 

 

 

 

 

 

 

  

Calculation parameters Symbol Value Unit Calculation method 

Fire reduction factor ηfi 0,56   

Design loads     

Permanent load gd / kN  

Variable load qd / kN  

Total load P 1057,50 kN Assumed 

Axial force Ned 1059,70 kN P+ρ 

Fire situation Ned,fi 596,08 kN         

Design resistance     

Ambient temperature     

Design resistance Nb,Rd 1795,75 kN     
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Table 28: Calculation of the buckling resistance of the steel column at ambient temperature. 

Calculation parameters Symbol Value Unit Calculation method 

Buckling at ambient temperature     

Slenderness λ 49,02 
 

Equation (2.6.21) 

 
ε 0,92 

 
Equation (2.6.23) 

 
λ1 86,80 

 
Equation (2.6.22) 

Relative slenderness    0,56 
 

Equation (2.6.20) 

Choose Alfa φ 0,75 
 

 

                     
 

 
χ 0,81 

 

 

  
 

         
 

 

Buckling resistance Nb,Rd 1447,59 kN 

 

               

 
 

Table 29: Selection of buckling curve for a cross-section. [7] 
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First, a fire resistance of R15 needs to be verified for the steel column. In fire situation, ε is reduced by 

a factor 0.85. As a result, the relative slenderness increases to 0.66. The imperfection factor α and the 

reduction factor  φ is now also calculated differently, as can be seen in Table 30. These changes lead 

to a reduction of χ to 0.64, which in turn causes the resistance to buckling to decrease to 1153.29kN. 

The reduction factors for the effective yield strength and the elastic modulus of steel due to the fire 

now need to be taken into account. In order to do this, the steel temperature at t = 15 minutes has to be 

obtained. For R15, the calculations are simple since the steel temperature can be directly derived by 

using figures from Annex B and the corresponding section factor. The section factor for this steel 

column is equal to 99m
-1

. The steel temperature, extracted from Annex B, is then equal to 565°C. This 

is illustrated in Figure 37. For a temperature of 565°C, a reduction factor ky,θ of 0.578 is obtained from 

Table 8. Thus, the fire design resistance for the column is equal to 666 kN. This is higher than the fire 

load of 596 kN while the temperature of the steel column is lower than the critical temperature of 

579.3°C. The column is therefore verified for R15. 

 

Figure 37: Evaluation of the temperature of unprotected steel column based on the section factor. [9] 
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Table 30: Calculation of the buckling resistance of the steel column in fire situation. 

Calculation parameters Symbol Value Unit Calculation method 

No Fire Protection 
   

 

Slenderness fire situation λ 49,02 
 

 

   0,79 
 

 

    73,78 
 

 

Relative slenderness    0,66 
 

 

For t = 0 

  
    

    
   

 

 
 

 

    
0,66 

 

 

    
    

    
  

Imperfection factor 

α 0,60 
 

 

     
   

  
 

 

 

φ 0,92 
 

 

                 
 

 

Χfi 0,64 
 

 
 

            
 

 

Fire design resistance 

Nb,fi,0,Rd 1153,29 kN 
   

    

   
 

 

Degree of utilization 

μ0 0,52 
 

      

          
 

 

Critical temperature θcr 579,30 °C Figure 17 

 

Next, R60 is verified for the column. Since the goal of this example is to have a more elaborate 

validation of the software, the modified massivity factor cannot simply be calculated with the 

protected section facto and the thermal properties of the insulation. This results in a modified 

massivity factor of 1470. Otherwise, the same problem as in example one would occur, where the 

temperature of the steel column would be much lower in RFEM than the temperature calculated 

manually. Therefore equations 5.8.11 and 5.8.12 from chapter 2 is used to evaluate the steel 

temperature of the column over time. In this evaluation, not only the thermal properties of the 

insulation are taken into account, but also the thermal properties of the steel column. As explained in 

chapter 2, this results in a much more realistic distribution of temperature through the insulation. 

When using Gypsum boards as a case protection with a thickness of 15mm while evaluating R60, a 

modified massivity factor of 1231.13 W/m³K is obtained. The steel temperature can then be extracted 

using the same principle as in the previous examples. A temperature of 521.9°C is obtained as 

illustrated in Figure 38. 
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Figure 38: Evaluation of the temperature of protected steel based on the modified massivity factor. [9] 

For this temperature, the reduction factors for the yield strength and the elastic modulus are 

respectively equal to 0.712 and 0.538, calculated by interpolation of Table 8. This is illustrated in 

Figure 39 .The resistance of the column is reduced further by these factors. The final buckling 

resistance in fire situation for this column is equal to 821.142kN while the surface temperature of the 

steel column is lower than the critical temperature. This means the column realises a fire resistance of 

R60. 
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Figure 39: Reduction factors at temperature θa to the yield strength and elastic modulus. 

The validation of the column by the software RFEM is shown next. The setup for this example is 

shown in Figure 40.  

 

Figure 40: RFEM graphic representation of the column GH. 
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First, fire stability R15 is again checked with RFEM. The parameters for this example are shown in 

Table 31. A section factor of 159.4m
-1

 is obtained. With a shadow factor of 0.623, this section factor is 

modified to 99.3m
-1

. Additionally, the steel temperature at t=15 minutes is equal to 565.241°C.  

Table 31: RFEM design parameters for the steel column GH for R15. 

Fire parameters R15 Symbol Value Unit Calculation method 

Required fire resistance treq 15 min 
 

Time interval Δt 5 s 
 

Fire curve 
 

Standard 
  

Coefficient for heat flux due to 

convection 
αc 25.00 W/(m²K) EN 1991-1-2, 3.2 

Coefficient of haze φ 1.00 
  

Area radiation of the element εf 0.70 
 

EN 1993-1-2, 2.2 

Radiation of the fire εm 1.00 
 

EN 1991-1-2, 3.1(6) 

Stefan-Boltzmann constant 
σ 

5.67x10
-

8
 

W/(m²K
4

)  

Self-weight ρa 7850 kg/m³ 
 

Exposure to fire 
 

All sides 
  

Partial factor for fire situation γM,fi 1.00 
  

Unprotected section factor 
Am / V 159.387 m

-1
 

EN 1993-1-2, 

4.2.5.1(1) 

Shadow factor 
ksh 0.623 

 

EN 1993-1-2, 

4.2.5.1(2) 

Gas temperature at required time θg(treq) 738.561 °C EN 1991-1-2, eq. (3.4) 

Steel temperature at required time 
θa(treq) 565.241 °C 

EN 1993-1-2, eq. 

(4.25) 
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With this steel temperature, a reduction factor ky,θ of 0.578 is obtained. This leads to a fire design 

resistance of 662.89 kN, as shown in Table 32. This is higher that the fire load of 596.21kN, while the 

temperature is again lower than the critical temperature. This means the column is verified for R15 by 

RFEM. 

Table 32: RFEM design results for the steel column GH for R15. 

Design results R15 Symbol Value Unit Calculation (EN1993-1-2) 

Modulus of elasticity E 21000.0 kN/cm² 
 

Moment of inertia Iz 1363.0 cm
4 

 
Buckling length Lcr,z 2.240 m 

 
Critical load Ncr,z 5630.14 kN 

 
Cross-section area A 65.25 cm² 

 
Yield strength fy 27.50 kN/cm² 3.2.1 

Slenderness λz 0.565 
  

Reduction factor for the yield strength ky,θ 0.578 
 

Tab. 3.1 

Reduction factor for the elastic modulus kE,θ 0.411 
 

EN 1993-1-2, Tab. 3.1 

Slenderness in fire situation λz,θ 0.670 
 

EN 1993-1-2, eq. (4.7) 

Compression force Nfi,Ed 596.21 kN 
 

Imperfection factor α 0.601 
 

EN 1993-1-2, 4.2.3.2(2) 

Extra factor φz,θ 0.925 
 

EN 1993-1-2, 4.2.3.2(2) 

Reduction factor χz,fi 0.639 
 

EN 1993-1-2, eq. (4.6) 

Partial material factor γM,fi 1.000 
 

2.3(1) 

Buckling resistance Nb,fi,z,θ,Rd 662.89 kN EN 1993-1-2, eq. (4.5) 

Design ratio η 0.90 
 

EN 1993-1-2, eq. (4.1) 
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Next, fire stability R60 is checked in RFEM. The fire parameters for this example are shown in Table 

33. As can be seen, the steel temperature of the column reaches 521.946°C when gypsum board case 

insulation with a thickness of 15mm is used. 

Table 33: RFEM design parameters for the steel column GH for R60. 

Fire parameter R60 Symbo

l 

Value Unit Calculation (EN1993-1-2) 

Required fire resistance treq 60 min 
 

Time interval Δt 30 s 
 

Fire curve 
 

Standard 
  

Coefficient for heat flux due to 

convection 
αc 25.00 W/(m²K) EN 1991-1-2, 3.2 

Coefficient of haze φ 1.00 
  

Area radiation of the element εf 0.700 
 

EN 1993-1-2, 2.2 

Radiation of the fire εm 1.000 
 

EN 1991-1-2, 3.1(6) 

Stefan-Boltzmann constant 
σ 

5.67x10
-

8
 

W/(m²K
4

)  

Self-weight ρa 7850 kg/m³ 
 

Exposure to fire 
 

All sides 
  

Partial factor for fire situation γM,fi 1.000 
  

Type of fire protection 
 

Casing 
  

Self-weight ρp 800.000 kg/m³ EN 1993-1-2, 4.2.5.2(1) 

Heat conductivity λp 0.200 W/K 
 

Specific heat 
cp 

1700.00

0 
J/(kgK) EN 1993-1-2, 4.2.5.2(1) 

Thickness dp 15.000 mm 
 

Protected section factor Ap / V 110.345 m
-1

 EN 1993-1-2, 4.2.5.2(1) 

Gas temperature at required time θg(treq) 945.340 °C EN 1991-1-2, eq. (3.4) 

Steel temperature at required time θa(treq) 521.946 °C EN 1993-1-2, eq. (4.27) 
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The design results provided by RFEM are then shown in Table 34. The buckling resistance in fire 

situation for the column is equal to 830.11kN, which is higher than 596.21kN. Therefore the column 

has obtained a fire resistance of R60. 

Table 34: RFEM design results for the steel column GH for R60. 

Design results R60 Symbol Value Unit Calculation (EN1993-1-2) 

Modulus of elasticity E 21000.0 kN/cm² 
 

Moment of inertia Iz 1363.0 cm
4 

 
Buckling length Lcr,z 2.240 m 

 
Critical load Ncr,z 5630.14 kN 

 
Cross-section area A 65.25 cm² 

 
Yield strength fy 27.50 kN/cm² 3.2.1 

Slenderness λz 0.565 
  

Reduction factor for the 

yield strength 
ky,θ 0.712 

 
Tab. 3.1 

Reduction factor for the 

elastic modulus 
kE,θ 0.536 

 
EN 1993-1-2, Tab. 3.1 

Slenderness in fire 

situation 
λz,θ 0.650 

 
EN 1993-1-2, verg. (4.7) 

Compression force Nfi,Ed 596.21 kN 
 

Imperfection factor α 0.601 
 

EN 1993-1-2, 4.2.3.2(2) 

Extra factor φz,θ 0.907 
 

EN 1993-1-2, 4.2.3.2(2) 

Reduction factor χz,fi 0.650 
 

EN 1993-1-2, verg. (4.6) 

Partial material factor γM,fi 1.000 
 

2.3(1) 

Buckling resistance Nb,fi,z,θ,Rd 830.11 kN EN 1993-1-2, verg. (4.5) 

Design ratio η 0.72 
 

EN 1993-1-2, verg. (4.1) 
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A summary of the results is shown in Table 35 and Table 36.  

Table 35: Comparison of the results for R15 obtained by manual calculations and RFEM for the steel column GH. 

Summary R15 (Manual) R15 (RFEM) 

Fire load 596.08 kN 596.21 kN 

Buckling length 2.24 m 2.24 m 

Relative slenderness at ambient 

temperature 
0.56 0.565 

Steel temperature at 15 minutes 565°C 565.241°C 

Reduction factor ky,θ 0.578 0.578 

Reduction factor kE,θ 0.411 0.411 

Relative slenderness at 15 

minutes 
0.67 0.67 

Imperfection factor α 0.60 0.601 

Reduction factor φ 0.92 0.925 

Reduction factor χ 0.64 0.639 

Fire design resistance 666 kN 662.89 kN 

Validation OK OK 

 

Table 36: Comparison of the results for R60 obtained by manual calculations and RFEM for the steel column GH. 

Summary R60 (Manual) R60 (RFEM) 

Fire load 596.08 kN 596.21 kN 

Buckling length 2.24 m 2.24 m 

Relative slenderness at ambient 

temperature 
0.56 0.565 

Steel temperature at 60 minutes 521.9°C 521.946°C 

Reduction factor ky,θ 0.712 0.712 

Reduction factor kE,θ 0.538 0.536 

Relative slenderness at 60 

minutes 
0.66 0.65 

Imperfection factor α 0.60 0.601 

Reduction factor φ 0.92 0.907 

Reduction factor χ 0.64 0.65 

Fire design resistance 821.142 kN 830.11 kN 

Validation OK OK 

 

From the comparison of these three manual calculations with their respective calculations in RFEM 

can be concluded that the software is valid. Even the reduction factors for the yield strength and the 

elastic modulus, due to elevated temperatures, are taken into account by RFEM, which again 

guarantees a safe calculation for the fire resistance of steel elements. This means that various models 

can now be calculated with the software.  
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3.3 The RFEM Model of modular units 

3.3.1 CBZ modular units 

For the present research, one single unit was modelled in the 3D finite element analysis software 

RFEM. The calculations executed for  the study are all preformed on this single unit shown in Figure 

41. The unit is constructed out of twelve essential steel elements. These form the main structural 

components of the unit. 

 

 

Figure 41: RFEM single unit. 

The model used in the RFEM-software is a simplified version of the constructed unit. The twelve main 

structural elements, forming the skeleton of the model, are recreated in the software. These elements 

carry the major part of the loads applied onto the model. These elements are bolted together, resulting 

in a fixed connection between the most important structural elements. The structure of the roof is 

simplified, to the basic elements, the steel beams. The same simplification is used to reproduce the 

floor. Only the steel grid of the floor is recreated in to design the structure in the design software. Both 

the floor and roof profiles can be seen in Figure 43 and Figure 44. 

The floor of a unit is constructed with a grid of steel beams. In between the steel elements a layer of 

80mm of rock wool insulation is placed. On top of the elements two grids of wooden beams of 

60mmx40mm are bolted on top of the steel structure of the floor. Between these wooden beams there 

is another layer of PUR. On top of the wooden grid a 22mm fibreboard is placed. This is shown in 

Figure 42. For the designs model in RFEM, the wooden structure is left out. 

 

Figure 42: Floor profile of the model. 

 

Figure 43: RFEM floor profile. 
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The roof is constructed with steel beams as shown in Figure 44. 

 

Figure 44: RFEM roof profile. 

The wall consist of a steel frame as in Figure 44. welded into the steel structure. Onto this frame, 

wooden beams of 40mmx20mm are attached, this time in three layers. This is shown in Figure 46. In 

between the beams 160mm of rock wool is placed as insulation. On top of the wooden web, a steel 

sheet is bolted as facade finishing. 

 

Figure 45: Steel frame welded onto the steel structure. 

 

Figure 46: Wooden frame attached on the steel frame. 
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However, in RFEM the walls of the unit are recreated in different ways, as surfaces or as a steel web 

with the actual elements, in order to realise a representative model as explained earlier.  

To analyse the effects of a wall on the stability of a unit, several types of walls are analysed. The 

calculations are performed on a single, closed unit. The wall build-up is recreated in RFEM with 

several systems: Rigid walls, orthotropic steel walls and a wall made out of steel profiles, to simulate 

the situation in real-life.  

Finally, the complete structure is created as shown in Figure 47. All different components are shown 

in Annex C.

 

Figure 47: Steel skeleton frame of the model. 
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3.3.2 Loads 

There are three types of loads applied onto the modular units. These load cases are listed in Table 37. 

Table 37: Loads applied on the modular units. 

Load Case Loads Value 

LC1 Self-weight  

LC2 Snow 0,40 kN/m² 

LC3 Floor Loads 3 kN/m² 

 

The loads are put together in several load combinations as shown in Table 38. These combinations are 

then used to determine the values for different calculations. The load factors and combination factors, 

that are highlighted,  are used to determine the accidental ULS for the calculations of the fire stability. 

Table 38: Load combinations. 

Load Combination Combination factors 

CO1 1.35G 

CO2 1.35G + 1.5Qs 

CO3 1.35G + 1.5Qs + 1.05QiB 

CO4 1.35G + 1.5QiB 

CO5 1.35G + 0.75Qs + 1.5QiB 

CO6 G 

CO7 G + Qs 

CO8 G + Qs + 0.7QiB 

CO9 G + QiB 

CO10 G + 0.5Qs + QiB 

CO11 G 

CO12 G + 0.2Qs 

CO13 G + 0.2Qs + 0.3QiB 

CO14 G + 0.5QiB 

CO15 G 

CO16 G + 0.3QiB 

CO17 G 

CO18 G+0,2Qs 

CO19 G + 0.2Qs + 0.3QiB 

CO20 G + 0.5QiB 

CO21 G 

CO22 G + 0.3QiB 
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4 Fire design of modular units 

4.1 Modular building configurations analysed 
Four types of units are analysed, based on the different configurations  

Case I-III: single modular unit  

The closed unit is the most rudimentary case. In this situation, shown in Figure 48, the walls of the 

modular unit are filled with a type of wall. These walls will divide a portion of the vertical loads, 

exercised on the structure, to the columns and the bottom horizontal beams.  

 

Figure 48: RFEM closed unit. 

 

For multiple modular units in one floor, different build-ups of multiple modular units are tested. 

Therefore a division is made between the three most common build-ups. It is important to note that the 

modular units are placed next to each other and connected. This means that the units handle the loads 

separately. That is why the assumption was made that the modular units can be tested as separated 

units. The changes in setup is simulated in a simplified way. When units are placed next to each other, 

the walls are left open to create an open space. This is replicated by leaving the walls open in the 

different models. 

Case II and III are representing an addition of respectively one and two floors.  
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Case IV-VI: 2x1 short face 

To simulate the case shown in Figure 49, one short face of the modular unit was left open as shown in 

Figure 50. The elements are no longer supported by the wall. This causes an alteration in the division 

of the loads, causing the unsupported beams to bend. 

 

Figure 49: Blueprint of 2 units connected by their short surface. 

 

Figure 50: RFEM model of the unit connected by its short surface. 

 

Case V and VII are modelled to simulate the addition of respectively one and two floors.  
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Case VII-VIII: 2x1 long face 

The case shown in Figure 51 is simulated by leaving the long face of the unit open, as shown in Figure 

52 . This means that the long roof element is no longer supported by the surface or wall.  The 

structural elements of the open facade are bolted together to combine the units.  

Case VIII represents the two story building of this type of set up. 

 

Figure 51: Blueprint of 2 units connected by their long surface. 

 

Figure 52: RFEM model of the unit connected by its long surface. 
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Case IX-X: 2x2 

To simulate the situation shown in Figure 53, four units are arranged . In this placement there is one 

column standing completely alone, without  the support of the walls. This is represented in Figure 54. 

The roof structure is only supported by a facade at two sides.  

 

Figure 53: Blueprint of 4 units connected by both their short and long surfaces. 

 

Figure 54: RFEM model of the unit connected by both its short and long surface. 

Case X represents an addition of one floor.  
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For the analysis of modular buildings with more than one floor, the situation can be reduced to a single 

unit. This can be explained because of the fact that the units are mounted up upon each other. The 

bottom unit is only carrying the loads of the units stacked upon it. These base units are the critical 

units in the construction and that is why only the base unit is analysed. 

To determine the loads working on the unit, a calculation was made with the RFEM-software as 

shown in Figure 55. The reaction forces at the bottom are determined by calculating the reaction forces 

on the supports of the units. The units of the upper floors are supported by the superior structural 

elements, this is recreated by putting a line load on the bottom of the unit to get a realistic perspective 

on the loads working on a supporting unit. 

 

Figure 55: Support line loads for one modular structure. 

With this method an analysis of the self-weight and the floor loads of the upper floors is done, in order 

to obtain the correct values of the support reactions for each setup.  
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4.2 Results 

4.2.1 RFEM design results 

For calculations with RFEM, the modular unit shown in Figure 56 is created. The walls are filled with 

three different structures. For each of these wall build-ups, ten cases are tested.  

 

 

 

 

 

Figure 56: Numeration of the profiles used in the modular unit. 
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4.2.2 Profiles 

For the following ten cases , the wall is made out of the profiles, used by CBZ to produce the actual 

units. Due to the fact that these walls are welded in the frame, the modelling does not allow to create 

the real situation. However, the design ratios for this build-up give another indication to compare the 

different possibilities for the wall modelling.  

Cases I-III show the same design ratios as in the previous tests. The non-structural roof elements and 

floor elements show no increase in design ratio when the loads of extra floors are placed on top of the 

unit. The profiles will direct a larger amount of the loads towards element 6, therefore the design ratio 

for these elements are higher. The design ratios are listed in Table 39 

In case I the critical element is element 6, with a design resistance to bending is Mb,fi,t,Rd = 1.08 kNm  

and the moment on this element is Mfi,y,Ed = 0.52 kNm.  Not a single element of the modular unit fails 

in a R60 fire situation. 

For case II the same element is critical, now with a design ratio of 0.97. Element 7, furthermore all the 

critical elements shows an increase in their design ratio. Element 3 is supported by several vertical 

profiles and is therefore less subjected to bending. These profiles direct the loads towards the 

structural elements of the floor, element  6. For element 6 the resistance moment of the element in a 

fire situation is Mb,fi,t,Rd = 1.08 kNm  and the moment on this element is Mfi,y,Ed = 1.04 kNm.   

For case III element 6 fails the calculation for stability during a fire situation R60. The design 

resistance to bending is Mb,fi,t,Rd = 1.08 kNm  and the moment on this element is Mfi,y,Ed = 2.22 kNm. 

Table 39: Design ratios with profiles for case I-III. 

Element Case I Case II Case III 

1 0,01      (Eq. 2.6.25) 0,08      (Eq. 2.6.25) 0,16      (Eq. 2.6.25) 

2 0,13      (Eq. 2.6.25) 0,13      (Eq. 2.6.25) 0,13      (Eq. 2.6.25) 

3 0,04      (Eq. 2.6.12) 0,07      (Eq. 2.6.12) 0,11      (Eq. 2.6.12) 

4 0,24      (Eq. 2.6.12) 0,25      (Eq. 2.6.12) 0,26      (Eq. 2.6.12) 

5 0,08      (Eq. 2.6.12) 0,06      (Eq. 2.6.12) 0,06      (Eq. 2.6.25) 

6 0,48      (Eq. 2.6.12) 0,97      (Eq. 2.6.12) 2,06      (Eq. 2.6.12) 

7 0,05      (Eq. 2.6.12) 0,11      (Eq. 2.6.12) 0,16      (Eq. 2.6.12) 
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The design ratios for case IV to VI are listed in Table 40. 

The elements in case IV have the same design ratios as case 1. This is the result of the small loads 

applied on the structure. The critical element is element 6 with a design resistance to bending of this 

element, for the fire situation R60, is Mb,fi,t,Rd = 1.08 kNm  and the moment on this element is Mfi,y,Ed = 

0.52 kNm.   

Case V demonstrates an increase of the design ratio of element 6, this causes element 6 to be the 

critical element again. The a design Lateral Torsional Buckling resistance moment of this element is 

Mb,fi,t,Rd = 1.08 kNm  and the moment on this element is Mfi,y,Ed = 1.04 kNm, for the fire situation R60. 

Case VI shows a big increase in design ratio for element 1 and element 6. Element 6 has a design 

resistance to buckling Mb,fi,t,Rd = 1.04 kNm and the moment Mfi,y,Ed = 3.05 kNm due to the forces in the 

columns. Element 1 displays a big increase in design ratio and the design ratio is calculated for biaxial 

bending.  The explanation can be found in the deformation of the structure due to the loads applied on 

top of the structure.  

Table 40: Design ratios with profiles for case 4-6. 

Element Case IV Case V  Case VI 

1 0,04      (Eq. 2.6.25) 0,35      (Eq. 2.6.25) 2,14      (Eq. 2.6.28) 

2 0,13      (Eq. 2.6.25) 0,13      (Eq. 2.6.25) 0,48      (Eq. 2.6.28) 

3 0,04      (Eq. 2.6.12) 0,07      (Eq. 2.6.12) 0,28      (Eq. 2.6.28) 

4 0,24      (Eq. 2.6.12) 0,25      (Eq. 2.6.12) 0,27      (Eq. 2.6.28) 

5 0,08      (Eq. 2.6.12) 0,07      (Eq. 2.6.12) 0,11      (Eq. 2.6.28) 

6 0,48      (Eq. 2.6.12) 0,95      (Eq. 2.6.12) 2,94      (Eq. 2.6.28) 

7 0,05      (Eq. 2.6.12) 0,15      (Eq. 2.6.12) 0,26      (Eq. 2.6.28) 
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The design ratios for the calculation of the fire stability R60 are presented in Table 41.  

Case VII is determined by the most critical element, again element 6. Element 3 shows an increase in 

design ratio as well. For case 7 the design ratio of element 3 is 0.12. This can be explained by the 

removal of the profiles. The critical element, element 6, has a design ratio of 0.46. This is because of 

biaxial bending. fi,Rd = 23.50 kN/cm² and the working stress is fi,Ed = 10.95 kN/cm². 

For case VIII, element 6 fails the calculations for fire stability R60. The calculated resistance is 

Mb,fi,t,Rd = 1.08 kNm where the moment on the element is Mfi,y,Ed = 1.57 kNm. Therefore the element 

has a design ratio of 1.46. None of the other elements fails the calculations. 

The floor elements manifest only a small increase in design ratio, due to the deformation of the 

structure. The same explanation can be given for the small increase of design ratio for the roof 

elements.  

Table 41: Design ratios with profiles for case VII-VIII. 

Element Case VII Case VIII 

1 0,05      (Eq. 2.6.12) 0,19      (Eq. 2.6.12) 

2 0,13      (Eq. 2.6.25) 0,14      (Eq. 2.6.25) 

3 0,12      (Eq. 2.6.25) 0,33      (Eq. 2.6.25) 

4 0,24      (Eq. 2.6.12) 0,25      (Eq. 2.6.12) 

5 0,07      (Eq. 2.6.12) 0,08      (Eq. 2.6.12) 

6 0,46      (Eq. 2.6.12) 1,46      (Eq. 2.6.12) 

7 0,18      (Eq. 2.6.12) 0,52      (Eq. 2.6.12) 
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Table 42 gives the design ratios for case 9 and case 10. These are the cases where the units are 

constructed with two open sides.  

Case IX demonstrates the same results as case 7. Because the loads are working on the structure are 

small and the design loads for the roof and the floor are constant for every case. The critical element is 

element 6 ,due to instability for biaxial bending. The design ratio is 0.47. The resistance of the element 

in a fire situation is fi,Rd = 23.50 kN/cm² and the working stress is fi,Ed = 10.95 kN/cm². 

For case X the explanation of the results interpreted by analysing the build-up of the case. The design 

results can be found somewhere between case 4 and case 7. The elements without the support of the 

profiles lose a part of their stability. The increase of force of the columns on element 6 causes the 

element to fail the calculations. The resistance to bending is Mb,fi,t,Rd = 1.08 kNm where the moment on 

the element is Mfi,y,Ed = 1.60kNm. The element fails the calculation of the fire stability R60. 

Table 42: Design ratios with profiles for case IX-X. 

Element Case IX Case X 

1 0,05      (Eq. 2.6.12) 0,29      (Eq. 2.6.28) 

2 0,13      (Eq. 2.6.25) 0,13      (Eq. 2.6.28) 

3 0,12      (Eq. 2.6.25) 0,34      (Eq. 2.6.28) 

4 0,24      (Eq. 2.6.12) 0,25      (Eq. 2.6.28) 

5 0,08      (Eq. 2.6.12) 0,08      (Eq. 2.6.28) 

6 0,47      (Eq. 2.6.25) 1,49      (Eq. 2.6.28) 

7 0,18      (Eq. 2.6.12) 0,51      (Eq. 2.6.28) 
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4.2.3 Rigid Surface  

The elements supported by a rigid surface will not experience any loads. The rigid surface diverts the 

loads directly to the foundations. Only element 1 on the top of the walls experience a small moment 

working on it.  

The design ratios for case I-III are all results of floor loads working on the elements. The results are 

shown in Table 43. Except for element 1, no structural element has internal forces working on it due to 

the rigid surface diverting all the loads away from the elements. Element 2 is loaded with a constant 

floor load and element 2 has a moment of resistance Mb,fi,t,Rd = 0.66 kNm  while the moment is Mfi,y,Ed 

= 0.18 kNm. This results in a design ratio of 0.27. None of the element fails the stability calculations 

for R60. 

Table 43: Design ratios with a rigid surface for case I-III. 

Element Case I Case II Case III 

1 0 0,01      (Eq. 2.6.29) 0,07      (Eq. 2.6.28) 

2 0,27      (Eq. 2.6.28) 0,27      (Eq. 2.6.28) 0,27      (Eq. 2.6.28) 

3 0 0,01      (Eq. 2.6.29) 0,02      (Eq. 2.6.29) 

4 0,12      (Eq. 2.6.28) 0,12      (Eq. 2.6.28) 0,12      (Eq. 2.6.28) 

5 0,17      (Eq. 2.6.28) 0,17      (Eq. 2.6.28) 0,17      (Eq. 2.6.28) 

6 0 0 0 

7 0 0 0 
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For case IV, V and VI element 1 is no longer supported by the rigid surface. Thus the element can no 

longer divert the loads to the foundation. The removal of one of the rigid surfaces also causes an 

increase in the design ratios of the floor elements. The design ratios of these elements, again, do not 

increase when extra units are stacked on top of the base unit. 

For case IV, the non-structural roof element has the highest design ratio. For a fire situation R60, the 

design Lateral Torsional Buckling resistance moment of element 2 is Mb,fi,t,Rd = 0.66 kNm  and the 

moment is Mfi,y,Ed = 0.18 kNm. None of the elements fail during a fire situation R60. 

In case V the most critical element is the short structural element: element 1. This can be explained 

due to the loss of support when the rigid surface was removed. The design LTB resistance moment is 

Mb,fi,t,Rd = 0.93 kNm  , where the moment on the element is Mfi,y,Ed = 0.80 kNm. This results in a design 

ratio of 0.85. 

Element 1 fails the calculations for fire stability in fire situation R60 for case VI. The design ratio is 

1.51, this means the element does not provide the necessary  stability during a fire. The design Lateral 

Torsional Buckling resistance moment of element 2 is Mb,fi,t,Rd = 0.93 kNm  and the moment is Mfi,y,Ed 

= 1.41 kNm for a fire situation R60. 

The results are shown in Table 44. 

Table 44: Design ratios with a rigid surface for case IV-VI. 

Element Case IV Case V Case VI 

1 0,11      (Eq. 2.6.28) 0,85      (Eq. 2.6.28) 1,51      (Eq. 2.6.28) 

2 0,27      (Eq. 2.6.28) 0,27      (Eq. 2.6.28) 0,27      (Eq. 2.6.28) 

3 0,01      (Eq. 2.6.29) 0,01      (Eq. 2.6.29) 0,02      (Eq. 2.6.29) 

4 0,13      (Eq. 2.6.28) 0,13      (Eq. 2.6.28) 0,13      (Eq. 2.6.28) 

5 0,20      (Eq. 2.6.28) 0,20      (Eq. 2.6.28) 0,20      (Eq. 2.6.28) 

6 0 0 0 

7 0 0 0 
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The setup with a long opened face are calculated with the cases VII and VIII. In Table 45 the design 

ratios for each case is listed.  

Case VII is determined by the design of element 6. The design Lateral Torsional Buckling resistance 

moment of this element, for the fire situation R60, is Mb,fi,t,Rd = 1.04 kNm  and the moment on this 

element is Mfi,y,Ed = 0.82 kNm. Therefore the design ratio is 0.79.  

The fire design ratio of 0,79 is calculated again for element 6 . This means element 6 fails during a 

R60 fire design. The resistance moment of the element in a fire situation is Mb,fi,t,Rd = 1.04 kNm  and 

the moment on this element is Mfi,y,Ed = 0.82 kNm.   

Table 45 displays that the design ratio of the non-structural floor elements again remains constant. The 

columns are supported by at least one rigid surface and this takes away all the loads.   

Table 45: Design ratios with a rigid surface for case VII-VIII. 

Element Case VII Case VIII 

1 0 0,04      (Eq. 2.6.28) 

2 0,41      (Eq. 2.6.28) 0,42      (Eq. 2.6.28) 

3 0,11      (Eq. 2.6.28) 0,39      (Eq. 2.6.28) 

4 0,19      (Eq. 2.6.28) 0,19      (Eq. 2.6.28) 

5 0,19      (Eq. 2.6.28) 0,19      (Eq. 2.6.28) 

6 0,79      (Eq. 2.6.28) 0,79      (Eq. 2.6.28) 

7 0 0 
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Table 46 gives an overview of the design ratio for the structural elements of a modular unit with two 

open sides.  

For case IX, all the structural elements have a design ratio calculated. This is due to the fact that at 

least one of each profile is no longer supported by a rigid surface. Element 6 is the critical element due 

to the floor loads working on the elements on the open side of the unit. . The design Lateral Torsional 

Buckling resistance moment of this element, for the fire situation R60, is Mb,fi,t,Rd = 1.04 kNm  and the 

moment on this element is Mfi,y,Ed = 0.99 kNm. 

Two elements fail for the setup of case X. Element 6 is again the most critical with a design ratio of 

1.12. The design LTB resistance is Mb,fi,t,Rd = 1.04,kNm and the moment applied on the element is 

Mfi,y,Ed = 1.17 kNm. This is because of the extra loads coming from the columns. Therefore the floor 

element fails the calculations of fire stability R60. This can be explained due to the forces applied on 

the element by the column, which is no longer supported by a rigid surface. This column also shows a 

noticeable increase in design ratio. 

Element 1 fails the calculations as well due to the loads applied on the beam when an extra floor is 

added on top. And without the wall supporting the element, the loads are too high, resulting in a 

design ratio of 1.05.  

Table 46: Design ratios with a rigid surface for case IX-X. 

Element Case IX Case X 

1 0,05      (Eq. 2.6.28) 1,05      (Eq. 2.6.28) 

2 0,21      (Eq. 2.6.28) 0,43      (Eq. 2.6.28) 

3 0,13      (Eq. 2.6.28) 0,50      (Eq. 2.6.28) 

4 0,21      (Eq. 2.6.28) 0,22      (Eq. 2.6.28) 

5 0,17      (Eq. 2.6.28) 0,23      (Eq. 2.6.28) 

6 0,42      (Eq. 2.6.28) 1,12      (Eq. 2.6.28) 

7 0,10      (Eq. 2.6.30) 0,46      (Eq. 2.6.30) 
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4.2.4 Orthogonal Surface 

Table 47 shows us the design ratios of each element for case I-III with the orthogonal surface. The 

design ratio of the elements carrying only the floor and roof loads (element 2 and 5)  do not change 

when a modular unit is added on top of the case unit. 

For case I element 2 is the critical element, with a design ratio of 0.18. The load applied on this 

element is only the self-weight of the roof. The element has the highest design ratio for Lateral 

Torsional Buckling. The Mb,fi,t,Rd = 0.95 kNm and the moment working on element in a fire situation is 

Mfi,y,Ed = 0.17 kNm. The design ratios of all the elements are below 0.18 thus no element fails during a 

fire situation. 

For case II the highest design ratio, 0.28,  can be found  for element 6. This is the longest horizontal 

floor element. It supports the floor loads and the loads from the upper floor as well. The loads working 

on this element increases as the amount of floors stacked on top of the base unit . The design Lateral 

Torsional Buckling resistance moment of this element, for the fire situation R60, is Mb,fi,t,Rd = 0.99 

kNm  and the moment is Mfi,y,Ed = 0.28 kNm. For case 2, again no element is failing in a fire situation 

R60. 

For the analysis of case III, element 6 has a design ratio of 0.45. As said for case 2, this element will 

take the loads of the units stacked on top of the base units. An extra unit, stacked on top of the base 

unit, will result in a higher  load on the bottom elements. The design Lateral Torsional Buckling 

resistance moment of this element, for the fire situation R60, is Mb,fi,t,Rd = 0.99 kNm  and the moment 

on this element is Mfi,y,Ed = 0.45 kNm. This element does therefore not fail for fire situation R60.  

Table 47: Design ratios with an orthogonal surface for case I-III. 

Element Case I Case II Case III 

1 0,01      (Eq. 2.6.12) 0,01      (Eq. 2.6.28) 0,03      (Eq. 2.6.28) 

2 0,18      (Eq. 2.6.28) 0,18      (Eq. 2.6.28) 0,18      (Eq. 2.6.28) 

3 0,01      (Eq. 2.6.29) 0,03      (Eq. 2.6.29) 0,03      (Eq. 2.6.29) 

4 0,16      (Eq. 2.6.28) 0,17      (Eq. 2.6.28) 0,17      (Eq. 2.6.28) 

5 0,14      (Eq. 2.6.28) 0,14      (Eq. 2.6.28) 0,15      (Eq. 2.6.28) 

6 0,03      (Eq. 2.6.28) 0,28      (Eq. 2.6.28) 0,45      (Eq. 2.6.28) 

7 0       0,05      (Eq. 2.6.28) 0,08      (Eq. 2.6.28) 
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Case IV to VI are situations in which the short face of the modular unit is left open. The results of the 

fire design tests for R60 are listed in Table 48. The open face of the model causes a shift in the 

division of the forces on the model. 

For case IV, element 2 is the most critical, for the same reasons as case I. For a fire situation R60, the 

design Lateral Torsional Buckling resistance moment of element 2 is Mb,fi,t,Rd = 0.95 kNm  and the 

moment is Mfi,y,Ed = 0.17 kNm. No element fails during a fire situation R60. 

For case V the critical element is element 1, the structural element of the roof at the open face of the 

modular unit, with a design ratio of 0.40. The design Lateral Torsional Buckling resistance moment of 

this element, for the fire situation R60, is Mb,fi,t,Rd = 1.08 kNm  and the moment on this element is 

Mfi,y,Ed = 0.73 kNm.  The structural elements of the unit does not fail during R60 for a build-up like 

case V. 

In case VI, element 1 has a design ratio of 0.71 for the fire design R60. For a fire situation R60, the 

design Lateral Torsional Buckling resistance moment of element 2 is Mb,fi,t,Rd = 1.80 kNm  and the 

moment is Mfi,y,Ed = 1.27 kNm. None of the elements fail the calculations. 

Element VI shows an increasing design ratio because the columns have to bear a bigger load due to the 

opening in the short face. This causes element 6 to carry a part of the load. The floor elements  

manifest no augmenting in design ratio due to the constant floor load. 

Table 48: Design ratios with an orthogonal surface for case IV-VI. 

Element Case IV Case V  Case VI 

1 0,05      (Eq. 2.6.28) 0,40      (Eq. 2.6.28) 0,71      (Eq. 2.6.28) 

2 0,18      (Eq. 2.6.28) 0,18      (Eq. 2.6.28) 0,18      (Eq. 2.6.28) 

3 0,01      (Eq. 2.6.29) 0,01      (Eq. 2.6.29) 0,01      (Eq. 2.6.29) 

4 0,17      (Eq. 2.6.28) 0,17      (Eq. 2.6.28) 0,17      (Eq. 2.6.28) 

5 0,15      (Eq. 2.6.12) 0,15      (Eq. 2.6.12) 0,15      (Eq. 2.6.28) 

6 0,03      (Eq. 2.6.28) 0,07      (Eq. 2.6.28) 0,34      (Eq. 2.6.28) 

7 0,01      (Eq. 2.6.12) 0,07      (Eq. 2.6.28) 0,12      (Eq. 2.6.12) 
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The setup with a long open face is calculated with the cases 7 and 8. Table 49 shows the design ratios 

of case VII and VIII. 

Case VII is be determined by the design of element 6. The removal of the wall causes the moment 

working on the element to increase. The design Lateral Torsional Buckling resistance moment of this 

element, for the fire situation R60, is Mb,fi,t,Rd = 1.04 kNm  and the moment on this element is Mfi,y,Ed = 

1.02 kNm. Therefore the design ratio is 0.97. The element  does fail during a fire situation R60. 

For the fire design of a modular unit like case VIII, the design ratio is 1.41 for element 6. This means 

element 6 fails during a R60 fire design. The resistance moment of the element in a fire situation is 

Mb,fi,t,Rd = 1.04 kNm  and the moment on this element is Mfi,y,Ed = 1.48 kNm.   

In Table 49 some other developments can be analysed. The floor elements do not increase in design 

ratio because the loads applied on these elements do not increase when the units are stacked up upon 

each other. The roof element on the open face has an increasing design ratio because there is no wall 

anymore to support the element. This also causes the columns to carry a bigger load. 

Table 49: Design ratios with an orthogonal surface for case VII-VIII. 

Element Case VII Case VIII 

1 0,13      (Eq. 2.6.12) 0,13      (Eq. 2.6.12) 

2 0,27      (Eq. 2.6.28) 0,24      (Eq. 2.6.28) 

3 0,10      (Eq. 2.6.25) 0,33      (Eq. 2.6.28) 

4 0,21      (Eq. 2.6.28) 0,21      (Eq. 2.6.28) 

5 0,14      (Eq. 2.6.28) 0,14      (Eq. 2.6.28) 

6 0,98      (Eq. 2.6.28) 1,41      (Eq. 2.6.28) 

7 0,14      (Eq. 2.6.12) 0,52      (Eq. 2.6.28) 
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Case IX and X are representing the units with two open faces. The design ratios of the calculations are 

listed in Table 50. 

Element 6 fails the calculations for case IX. The design ratio is 1.03, this is because the design Lateral 

Torsional Buckling resistance moment of this element, for the fire situation R60, is Mb,fi,t,Rd = 1.04 

kNm  and the moment on this element is Mfi,y,Ed = 1.07 kNm, causing the element to fail the 

calculation. 

For case X element 6 fails the calculation as well. The free standing column will carry a larger load 

and it, again, results in an increase of the moment in element 6. The design resistance moment Mb,fi,t,Rd 

= 1.04 kNm  and the moment on this element is Mfi,y,Ed = 1.77 kNm.  Therefore element 6 does not 

suffice the fire design calculations. 

Because of the deformation of the unit, the moment working on the non-structural roof elements 

increases. This causes an increase in the design ratio of the elements.  The floor elements do not carry 

a bigger load than 3 kN/m². The floor elements are not affected by the deformation of the  other 

elements because they are supported by the foundations. The free column carries a bigger part of the 

loads applied on the unsupported elements of the roof.  

Table 50: Design ratios with an orthogonal surface for case IX-X. 

Element Case IX Case X 

1 0,09      (Eq. 2.6.28) 0,40      (Eq. 2.6.25) 

2 0,27      (Eq. 2.6.28) 0,31      (Eq. 2.6.28) 

3 0,13      (Eq. 2.6.25) 0,40      (Eq. 2.6.28) 

4 0,24      (Eq. 2.6.12) 0,24      (Eq. 2.6.12) 

5 0,14      (Eq. 2.6.25) 0,14      (Eq. 2.6.28) 

6 1,03      (Eq. 2.6.28) 1,68      (Eq. 2.6.28) 

7 0,15      (Eq. 2.6.12) 0,72      (Eq. 2.6.25) 
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4.2.5 Comparison between cases 

To compare the differences in the results between the three different types of walls, Table 51 is used. 

When the different critical elements are analysed, it is remarkable that ,for the wall with the profiles , 

element 6 is the critical element for each case. This can be explained by looking at the connections 

between the profiles and the structural elements. The structural elements divert their loads throughout 

the profiles, causing point loads on element 6. These point loads cause the problems for element 6. 

They fail due to bending occurring at the connections between the profiles and element 6, where the 

forces are transferred. 

The rigid surface has almost no changes in the design ratio for the critical elements except for case VI 

and X. This is because a completely rigid surface takes on most of the loads and direct them straight to 

the foundations. For case 6, element 1 loses its support of the rigid surface and has to take on the loads 

of the extra unit by itself, causing it to fail the calculations. For case X the instability can be explained 

by the high forces from the columns working on the unsupported element 6. 

The orthogonal surface is the most realistic view of the situation for the division of the forces in the 

structural elements of a modular unit. Not only does the surface direct a part of the forces to the 

bottom horizontal elements, a part of the forces is directed towards the columns. The stiffness of the 

orthogonal surface gives an impression of the stiffness that the wall provides in the real life scenario.  

The element that is most critical in with this installation is element 6, a structural floor element. 

Mostly due to the forces applied on it by the columns. When the element is connected to a orthogonal 

surface, the forces are divided more equally, resulting in a lower design ratio.  

In contradiction to the other wall arrangements case IX and case X fail the fire stability calculations. 

To be more specific, element 6 fails the fire stability calculations due to lateral torsional buckling. This 

can be explained by the division of the forces to the columns. These transfer the forces to element 6 

where they are connected together. This results in the failure of the stability calculation of the element.  

Furthermore the non-structural roof elements (element 2) are critical when a small load is applied onto 

the units, this is true for case I and case IV. The biggest surfaces of the unit are stiffened by the wall 

and the small forces are divided equally. When het rigid surfaces are applied, the other elements are 

almost unloaded. And in case of the wall made out of profiles the forces are to concentrated on the 

structural floor elements, element 6. 
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One thing the three systems do have in common is the failure of element 6 for case X. Again the 

explanation can be found in the forces of the columns. The column, which is not adjacent to a surface 

or wall, is loaded with half of the loads on the roof elements. These loads are transferred to element 6 

in the connection, causing a moment which is to extensive. In the next chapter a solution is provided 

for the failure of the walls modelled with an orthogonal surface. 

Table 51:  Comparison of the results for the three different types of walls. 

Summary Profiles Rigid Orthogonal 

Case I 0,48  (6) 0,27 (2) 0,18 (2) 

Case II 0,97 (6) 0,27 (2) 0,28 (6) 

Case III 2,06 (6) 0,27 (2) 0,45 (6) 

Case IV 0,48 (6) 0,27 (2) 0,18 (2) 

Case V 0,95 (6) 0,85 (1) 0,40 (1) 

Case VI 2,94 (6) 1,51 (1) 0,71 (1) 

Case VII 0,46 (6) 0,79 (6) 0,98 (6) 

Case VIII 1,46 (6) 0,79 (6) 1,41 (6) 

Case IX 0,47 (6) 0,42 (6) 1,03 (6) 

Case X 1,49 (6) 1,12 (6) 1,68 (6) 
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4.2.6 Solutions 

This research tries to suggest solutions for when the elements do not sustain the loads during a fire 

situation R60. The solutions are offered for case 8 to 10 of the systems with a orthogonal wall, because 

these systems are the most realistic.  

Case VIII 

In case VIII element 6 fails the fire stability calculations for R60 due to lateral torsional buckling. The 

problem occurs at the beginning and the end of the element, where the columns are attached to the 

horizontal element.  The resistance to buckling can only be improved by increasing the steel quality of 

the element. The moment that is applied on the element is Mfi,y,Ed = 1.48 kNm is constant because the 

loads on the structure do not change. For the original situation the resistance is Mb,fi,t,Rd = 1.05 kNm. 

Table 52 shows the increase of the design lateral torsional buckling resistance with the increase of 

steel quality. Steel with a quality of S275 does not suffice to increase the design lateral torsional 

buckling design resistance. The design ratio does decrease to 1.21. The resistance is Mb,fi,t,Rd = 1.23 

kNm. 

Increasing the steel quality to S355 improves the design ratio even further, to 0.92. The resistance to 

lateral torsional buckling is raised to Mb,fi,t,Rd = 1.61 kNm. With this resistance the element is able to 

sustain the loads from the column. Therefore realising a fire stability R60 for all the elements of the 

unit. 

Table 52: Solutions for case VIII. 

Case VIII Steel Quality Design Ratio Moments 

Element 6 

S235 1,41 
Mfi,y,Ed = 1,48 kNm 

Mb,fi,t,Rd = 1,04 kNm 

S275 1,21 
Mfi,y,Ed = 1,48 kNm 

Mb,fi,t,Rd = 1,23 kNm 

S355 0,92 
Mfi,y,Ed = 1,48 kNm 

Mb,fi,t,Rd = 1,61 kNm 

 

Case IX 

The solution for case IX can be found with two different approaches. The moment Mfi,y,Ed = 1.06 kNm 

causes the element to fail due to lateral torsional buckling in the middle. This means that the resistance 

can be improved by increasing the steel quality, but the moment can also be reduced by placing extra 

supports and therefore reducing the buckling length. The effects of both these solutions are researched. 

First the effects of raising the steel quality is be discussed. The design resistance of the element with a 

steel quality is Mb,fi,t,Rd = 1.03 kNm. Improving the quality to S275 results in a design ratio of 0.88. 

The element no longer fails the calculation for the fire stability R60. The design lateral torsional 

resistance is Mb,fi,t,Rd = 1.22 kNm.  

When two extra supports are added at 1/4th of the length, the resistance of element 6 does not improve. 

The moment working onto the element is instead decreased to Mfi,y,Ed = 0.40 kNm and the design 

resistance increases slightly to Mb,fi,t,Rd = 1.06 kNm. Therefore the design ratio reduces to 0.38. This is 

shown in Table 53. 
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Table 53: Solutions for case IX. 

Case IX Steel Quality Design Ratio Moments 

Element 6 

S235 1,03 
Mfi,y,Ed = 1,06 kNm 

Mb,fi,t,Rd = 1,03 kNm 

S275 0,88 
Mfi,y,Ed = 1,06 kNm 

Mb,fi,t,Rd = 1,22 kNm 

Extra Supports   

2 0,38 
Mfi,y,Ed = 0,40 kNm 

Mb,fi,t,Rd = 1,06 kNm 

 

Case X 

For case X the lateral torsional buckling is again induced by the loads of the columns being transferred 

to element 6 resulting in a design ratio of 1.68. The moment is Mfi,y,Ed = 1.77 kNm and the design 

resistance is Mb,fi,t,Rd = 1.03 kNm. The resistance to lateral torsional buckling can be improved by 

increasing the steel quality. 

With a steel quality S275 the design ratio is lowered to 1.43 and the design lateral torsional buckling 

resistance is Mb,fi,t,Rd = 1.23 kNm. The element still fails the calculation for fire stability R60. 

Increasing the quality to S355 decreased the design ratio to 1.10 and the resistance is raised to Mb,fi,t,Rd 

= 1.60 kNm. The element fails the  fire stability calculations. The steel quality is raised even further to 

S450. This does increase the resistance of the element to  Mb,fi,t,Rd = 2.06 kNm, lowering the design 

ratio to 0.86. Only with a steel quality of S450 this system withstands the loads and is stable during a 

fire situation of R60. This is shown in Table 54. 

Table 54: Solutions for case X. 

Case X Steel Quality Design Ratio Moments 

Element 6 

S235 1,68 
Mfi,y,Ed = 1,77 kNm 

Mb,fi,t,Rd = 1,04 kNm 

S275 1,43 
Mfi,y,Ed = 1,77 kNm 

Mb,fi,t,Rd = 1,23 kNm 

S355 1,10 
Mfi,y,Ed = 1,77 kNm 

Mb,fi,t,Rd = 1,60 kNm 

S450 0,86 
Mfi,y,Ed = 1,77 kNm 

Mb,fi,t,Rd = 2,06 kNm 

 

Another possible solution would be to increase the amount of insulation placed in the floor of the 

modular unit. This can also increase the resistance of the elements against fire.  Unfortunately the 

amount that is modelled, is already the maximum amount of insulation possible in RFEM. Therefore 

the influence of this solution cannot be explored any further. 
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Next, a summary for all results is made. First, all critical elements for each case are shown in Table 55 

and then all configurations are again shown in Table 56. 

Table 55: Summary for all critical elements for each case. 

Profiles Stable for R60 Failing element 

Case I Yes Element 6      (Eq. 2.6.12) 

Case II Yes Element 6      (Eq. 2.6.12) 

Case III NO Element 6      (Eq. 2.6.12) 

Case IV Yes Element 6      (Eq. 2.6.12) 

Case V Yes Element 6      (Eq. 2.6.12) 

Case VI NO Element 6      (Eq. 2.6.28) 

Case VII Yes Element 6      (Eq. 2.6.12) 

Case VIII Yes Element 6      (Eq. 2.6.12) 

Case IX Yes Element 6      (Eq. 2.6.25) 

Case X NO Element 6      (Eq. 2.6.28) 

Rigid Stable for R60 Failing element 

Case I Yes Element 2      (Eq. 2.6.28) 

Case II Yes Element 2      (Eq. 2.6.28) 

Case III Yes Element 2      (Eq. 2.6.28) 

Case IV Yes Element 2      (Eq. 2.6.28) 

Case V Yes Element 1      (Eq. 2.6.28) 

Case VI NO Element 1      (Eq. 2.6.28) 

Case VII Yes Element 6      (Eq. 2.6.28) 

Case VIII Yes Element 6      (Eq. 2.6.28) 

Case IX Yes Element 6      (Eq. 2.6.28) 

Case X NO Element 6      (Eq. 2.6.28) 

Orthogonal Stable for R60 Failing element 

Case I Yes Element 2      (Eq. 2.6.28) 

Case II Yes Element 6      (Eq. 2.6.28) 

Case III Yes Element 6      (Eq. 2.6.28) 

Case IV Yes Element 2      (Eq. 2.6.28) 

Case V Yes Element 1      (Eq. 2.6.28) 

Case VI Yes Element 1      (Eq. 2.6.28) 

Case VII Yes Element 6      (Eq. 2.6.28) 

Case VIII NO Element 6      (Eq. 2.6.28) 

Case IX NO Element 6      (Eq. 2.6.28) 

Case X NO Element 6      (Eq. 2.6.28) 
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Table 56:Configuratons of all cases. 

Case Configuration Extra floors 

Case I Single modular unit / 

Case II Single modular unit  + 1 floor 

Case III Single modular unit  + 2 floors 

Case IV 2x1 Short face / 

Case V 2x1 Short face  + 1 floor 

Case VI 2x1 Short face  + 2 floors 

Case VII 2x1 Long face / 

Case VIII 2x1 Long face  + 1 floor 

Case IX 2x2 / 

Case X 2x2  + 1 floor 
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Conclusion 
This research grants a logical insight into the calculations for a fire situation according to Eurocode 3. 

An extensive analysis is made of the concept "fire" and the influence of the fire on structural elements 

and loads.  

The calculations for the design of fire stability give a good impression on how these calculations are 

performed. With these calculations it was also possible to validate the used software, RFEM, with 

some examples. This was done in order to obtain valid results and to get a better understanding of the 

background of the software. 

The results grant an insight on how the modular units, as constructed by CBZ, behave in a fire 

situation. Most of the tested configurations have enough fire stability to reach a fire resistance of R60. 

Only when the long facades of the unit are left open, problems of stability occur. 

In order to solve these stability problems, some solutions are presented. With an improvement of the 

steel quality of one elements, some of the problems are already resolved. In one other specific case, 

the addition of supports increased the fire resistance. 

This research also opens up the opportunity for other researches. The wall configuration for the 

models of the modular units can be further improved. This has be done with a better analysis of the 

load dispersion for the actual wall build-up. 

Also , it can be useful to explore the influence of the insulation on the fire resistance of some of the 

elements. This was not possible to do for this research, due to the limitations of the software.  

To summarise, this paper grants an insight in the fire resistance calculations according to Eurocode3. 

The fire resistance of modular units constructed by CBZ is analysed using different setups. This 

research can therefore be used, by engineers, as a guide to perform similar calculations. 
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Annex A 
A.1: Critical temperatures for steel elements, steel grade S235, based on the non-dimensional slenderness 

and the degree of utilization. [3] 
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A.2: Critical temperatures for steel elements, steel grade S275, based on the non-dimensional slenderness 

and the degree of utilization. [3] 
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A.3: Critical temperatures for steel elements, steel grade S335, based on the non-dimensional slenderness 

and the degree of utilization. [3] 
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A.4: Critical temperatures for steel elements, steel grade S420, based on the non-dimensional slenderness 

and the degree of utilization. [3] 
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A.5: Critical temperatures for steel elements, steel grade S460, based on the non-dimensional slenderness 

and the degree of utilization. [3]
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Annex B 

 

B.1: Evaluation of the temperature of unprotected steel based on the section factor part 1. [9]
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B.2: Evaluation of the temperature of unprotected steel based on the section factor part 2. [9]
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B.3: Evaluation of the temperature of unprotected steel based on the section factor part 3. [9]
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B.4: Evaluation of the temperature of protected steel based on the modified massivity factor part 1. [9]
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B.5: Evaluation of the temperature of protected steel based on the modified massivity factor part 2. [9]
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Annex C 
C.1: Properties of all elements used in the steel skeleton frame of the model. 

Nr. Profiel I1 I2 A 

1. 

 

40,10 6,93 4,41 

2. 

 

20,25 4,08 4,04 
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3. 

 

900,97 71,77 16,80 

4. 

 

135,26 21,85 9,17 
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5. 

 

72,34 7,46 5,02 

6. 

 

836,76 51,24 15,58 
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7. 

 

530,51 187,33 16,26 
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