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ABSTRACT 

The use of beams with sinusoidal corrugated web is increasing since their appearance. This 

kind of beams is mainly in Austria and Germany, but the surrounding countries are starting to 

use them more and more.  

These steel beams are relatively new, so there is not much experimental data to help predicting 

their behaviour in certain conditions. At ambient temperature, for example, the standards 

(namely EN 1993-1-5) are related to the trapezoidally corrugated web beams. If the 

methodology explained in these papers is used the obtained design results are more 

conservative than necessary. 

In the case of fire design, so little tests have been carried out using this kind of beams that no 

rules can be developed from the obtained results.  

Focusing on this last aspect, the aim of this thesis is to use some experimental data of fire tests 

(one run in an oven and another one in which a natural fire was performed) to compare it with 

the theoretical results that would be obtained using the standards and also via a simulation with 

a finite elements software. The differences that may appear will be analysed to try to determine 

the keys that make these beams behave in an unpredictable way by the rules generated to 

predict the behaviour of the standard I-section beams. 

The range of this project is not supposed to be to present definitive proposals that may be 

included in the standards. As several analyses are presented in this thesis, the aim of it is to 

find out some aspects of the behaviour of the beams with corrugated web in case of fire that 

may become the start of new ways of investigation in further and deeper studies. That is to say, 

this is a general approach to the problem that may be useful to get some new ideas and to get 

to a point where to start from. 
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Symbols 

The symbols used in this thesis can be found in this directory, with their meaning (some may be 

missing in case they are not relevant for the thesis and its definition appears next to the 

symbol). 

A  cross-section area 

a  width of the web 

Ai   transverse area of one flange 

Am  area of the surface exposed of the element per length unit 

b  reduced flange width 

bg  width of the flanges of a beam 

c  distance between lateral mountings 

cs  specific heat of the steel 

D  rigidity of one corrugation of a beam  

E  modulus of elasticity 

fp  proportional limit 

fu  ultimate strength 

fy  yield strength 

F  applied load 

G  shear modulus 

H  total height of a beam 

hnet  heat flow per unit area 

hs  height of the web of a beam 

Iy  moment of inertia of the section with respect to the Y axis 

kc  compressive force factor 

kE  reduction factor for the modulus of elasticity in case of fire 

ksh  shadow effect coefficient 

ky  reduction factor for the yield strength in case of fire 

L  length 

MEd  moment design value 

MR  moment resistance 

NEd  normal force design value 

NR  resistance to normal force 

s  uncoiled length of one corrugation 

t  thickness of the web of a beam or time 

tg  thickness of the flanges of a beam 

V  volume of the element per length unit 

VEd  shear design value 

VR  shear resistance 

w  length of one corrugation 

z  distance between the centres of the flanges of a beam 

αc  convection heat transfer coefficient 

α  imperfection factor or expansion coefficient 

γGA  partial factor for permanent actions in fire design 

γM  general partial factor 

γM0  partial factor for resistance of cross-sections of whatever class 

γM1  partial factor for resistance of members to instability 

δ  deflection in the midspan of the beam 



Behaviour of beams with corrugated web at elevated temperature in case of fire 

 

 
 

12 

εf  emissivity of the premises in case of fire 

εm  emissivity of the element 

εres  resultant emissivity 

θ  temperature 

θg  gas temperature 

θm  temperature on the surface of the element 

θr  ambient temperature 

κη  buckling coefficient 

λ  thermal conductivity 

    slenderness 

  p  specific slenderness 

ρ  density 

ζ1  elastic limit stress 

ηpi,g  transverse buckling stress 

υ  Poisson modulus 

Φ  configuration factor 

χ  reduction factor for flexural buckling 

Ψ  stress or strain ratio 

Ψ1.1  combination factor in fire design 

Subscripts 

The subscripts that appear along the thesis are summarized in this section. 

b  buckling 

c  convection 

cr  critical value 

d  design value 

fi  value for fire design  

k  characteristic value 

r  radiation 

requ  required value 

Rd  design resistance 

s  steel/of steel 

t  time of fire exposure 

web  makes reference to the web of the beam 

x  with respect to the X axis 

y  with respect to the Y axis 

θ  at a temperature of θºC 
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Axis criteria 

The labelling of the axis followed in this project is represented in next figure. 
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1. Beams with corrugated web 

1.1. Introduction to sinusoidal corrugated web beams 

The I-section beams or H-piles are commonly used in structural steel works. Ordinary shapes of 

these beams are constructed from two parallel flanges and a web where about 30–40% of the 

entire weight of a medium flange width or narrow flange type of beam is contributed by the web 

part. 

In construction application, the web usually bears most of the compressive stress and transmits 

shear in the beam while the flanges support the major external loads. Thus, by using greater 

part of the material for the flanges and thinner web, materials saving could be achieved without 

weakening the load-carrying capability of the beam (Zang et al., 2000). Nevertheless, as the 

compressive stress in the web has exceeded the critical point prior to the occurrence of yielding, 

the flat web loses its stability and deforms transversely. This could be improved by using 

corrugated web, an alternative to the plane web. The main benefits of this type of beams are 

that the corrugated webs increase the beam’s stability against buckling, which may result in an 

economical design via the reduction of web stiffeners. Furthermore, the use of thinner webs 

results in lower material cost, with an estimated cost savings of 10-30% in comparison with 

conventional fabricated sections and more than 30% compared with standard hot rolled 

universal beams. 

Since the 1990’s, corrugated web beams have been in development, especially in Germany and 

Austria, which resulted in their use in a number of applications from supporting roofs and floors 

to columns. Light gauge corrugated web beams are fabricated beams using thin gauge sine 

curve corrugated web welded to wide plate flanges. As a result of its profiling, the web does not 

participate in the longitudinal transfer of bending stresses. Therefore, in static terms, the 

corrugated web beam behaves similar to a lattice girder, in which the bending moments and 

applied forces are transferred only via the flanges, while the transverse forces are only 

transferred through the diagonals and verticals of the lattice girder, in this case the corrugated 

web.  

The early studies on the corrugated web were concentrated on the vertically trapezoidal 

corrugation. Elgaaly investigated the failure mechanisms of these beams under different loading 

modes, namely shear mode (Elgaaly et al., 1996), bending mode (Elgaaly et al., 1997 (1)) and 

compressive patch loads (Elgaaly et al., 1997 (2)). They found that the web could be neglected 

in the beam bending design calculation due to its insignificant contribution to the beam’s load-

carrying capability. Besides that, the two distinct modes of failure under the effect of patch 

loading were dependent on the loading position and the corrugation parameters. These are 

found agreeable to the investigation by Johnson and Cafolla and were further discussed in their 

writings (Johnson et al., 1997 (1) and (2)). In addition, the experimental tests conducted by Li et 

al. (Li et al., 2000) showed that the corrugated web beam has 1.5–2 times higher buckling 

resistance than the plane web type. According to Pasternak et al., 2010, the buckling resistance 

of presently used sinusoidal corrugated webs of 1,5 to 3 mm is comparable with plane webs of 

12 mm thickness or more. 
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Figure 1.1. Corrugated web beams 

Since the corrugation in the web provides the members with a higher bending resistance over 

the weak axis and rotation, further cost savings are realised by eliminating the auxiliary lifting 

equipment normally needed when unloading the beam and lifting it into its final position. The 

same resistance against rotation also reduces the need for brace angle. 

This form of corrugated web beams can now be economically fabricated using a highly 

automated manufacturing process. In 1988 the first machine for the production of sinusoidal 

corrugated web beams was developed by Zeman & Co Gesellschaft mbH, Austria. The 

machines of latest generation are able to produce SIN-beams by a fully automated process. 

This process starts at the beginning of the assembly line, where a decoiler feeds the thin web 

material into a stretch leveler for stress reduction before the flat material is fed into the 

corrugating unit. After the corrugation has been formed and the desired length of the web has 

been fabricated, the web is cut off by a flying shear guillotine. While the finished web is 

transported through the assembly line continuously, both flanges (which were preassembled in 

a separate process) are put in place and fixed to the web by means of a hydraulic press. 

Together they pass the welding unit where the flanges and the web are welded together under 

submerged arc. Speed and angle of the welding pistol are automatically controlled in order to 

achieve a high quality one sided weld. The entire manufacturing process takes place at a speed 

of 2 m/minute. Splice plates or other accessories then complete the finished beam before the 

required corrosion protection system is applied. 

The dimensioning of corrugated web beams is ruled by the EN 1993-1-5 Annex D (EN 1993-1-

5), which covers only web thicknesses up to 3 mm. Also older German standards like DASt-

Ri.015 rule corrugated web beams, but they only take into account the trapezoidal corrugated 

webs. 
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1.2. Technical data 

The beams analyzed in this project are models designed by the company Zeman & Co 

Gesellshaft mbH (Zeman & Co, technical data), from Austria. This section describes the main 

properties of the standard beams this company offers.  

1.2.1. General description 

 

Figure 1.2. Designations of the dimensions of the corrugated web beams 

Corrugated web beams are built-up girders with a thin-walled, corrugated web and wide plate 

flanges. The sizes of the upper and lower flanges are the same in standard beams. The 

dimensions of these beams are identified as shown in figure 1.1. 

1.2.2. Range and designation 

The available dimensions, in mm, are shown below. 

Web heights (hs): 333, 500, 625, 750, 1000, 1250, 1500 

Web thicknesses (t): 1,5, 2, 2,5, 3 

Flange widths (bg): From 200 to 450 

Flange thicknesses (tg): From 10 to 30 

The lengths supplied range from 6 to 20 m. 

The designation of the beam is as shown in the next example. All measures are in mm. 
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WTC 1000 300 x 15 

WT is common for all corrugated web beams. 

The third letter is the key for the web thickness: 

 0: 1,5 mm 

 A: 2 mm 

 B: 2,5 mm 

 C: 3 mm 

The first number (1000) refers to the web height. 

The second number (300) is the flange width. 

The third number (15) refers to the flange thickness. 

There is the possibility to ask for other dimensions. Here only the standard ones (appearing in 

the catalogues) are exposed. 

1.2.3. Material 

Flanges:  Wide flat steel or steel lamellas 

S235JRG2 in accordance with BS EN 10025 

 

Web:  Cold rolled sheet 

St 37-2G in accordance with DIN 1623, Part 2 (DIN 1623-2) with a 

guaranteed yield strength RH,min = 215 N/mm
2
 

1.2.4. Corrosion protection 

The finished beam is given a factory coating of approximately 40 µm. 

In the standard design, the connection between the web and the flanges is made by a 

continuous fillet weld. In the neck region of the non-welded side of the web an additional coating 

of zinc primer is applied. With this protection, the product can be classified in Corrosion 

Protection Class I and II in accordance with DIN 55928 part 8 (DIN 55928-8). 

1.3. Design with corrugated web beams at ambient temperature 

1.3.1. Application and behaviour of the corrugated web beams 

Corrugated web beams may be used as beams or as components subject to normal forces. The 

optimum area of application is in steel structural engineering, where rolled profiles of a structural 

height greater than 450 mm or low lattice girders of structural height below 1800 mm were 

formerly used. 

The sinusoidal profiling of the web generally avoids failure of the beam due to loss of stability 

before it reaches the plastic limit-loading. Furthermore, this profiling eliminates the problem of 

the local buckling of the web. This aspect represents an advantage compared to the trapezoidal 

web beams, whose web may fail due to local buckling, as it is made up by a number of flat 

sections. Figure 2.1 (Jongwon et al., 2008) shows a typical case of local buckling in a 

trapezoidal web. The sinusoidal web represents one step more in the evolution of webs, 

compared to the trapezoidal web. 



Behaviour of beams with corrugated web at elevated temperature in case of fire 

 

 
 

21 

 

Figure 1.3. Example of local buckling in trapezoidal web beams  

In reference to the basis for calculation, as said before, the first aspect to take into account is 

that as a result of its profiling, the web does not participate in the transfer of normal stresses. 

So, in static terms, the corrugated web beam behaves in a similar way to a lattice girder. In 

these beams the normal forces are transferred only via the flanges, while the transverse forces 

are only transferred by the web. 

1.3.2. Analytical models of resistance 

1.3.2.1. Transverse force load carrying capacity of webs 

DASt-Ri.015 indicates one way to calculate the transverse force load carrying capacity of 

trapezoidal corrugated web beams. It is possible to adapt the procedure to the case of 

sinusoidal corrugated web beams by substituting the trapezoidal form for the actual one. 

However, the results obtained by using this method are more conservative than necessary. The 

reason is that it takes into account the interaction between global and local buckling that occurs 

to these webs. This type of buckling does not occur to sinusoidal corrugated webs, so the result 

is not accurate.  

Pasternak (Pasternak et al., 1996), based on a number of tests (VUT, 1990 and BTU, 1996) 

and finite element calculations, suggested the following design procedure for more accurate 

results. 

The corrugated web is regarded as an orthotropic plate with rigidities Dx and Dy. According to 

Easley, (Easley, 1975), these rigidities can be calculated as follows. 

   
    

  
 
 

 
                

    
 

 
(eqs. 1 and 2)

for Dx << Dz 

where: w:  length of corrugation = 155 mm 

  s:  uncoiled length 

  Iz:  moment of inertia of one corrugation 

With transverse buckling stress: 
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η     
    

  h 
        

  
    (eq. 3)

In accordance with DASt-Ri.015, the resulting specific slenderness is: 

  
     

   

   η    

 
 

(eq. 4)

The buckling coefficient κη is, according to Pasternak, 1996: 

   
 

  
         

(eq. 5)

The transverse force loading capacity of the web is, then: 

    κη  
   

  
           κη           

(eq. 6)

    
   

γ
 

    (eq. 7)

1.3.2.2. Normal force load carrying capacity of the flanges 

In the case of normal forces, the distinction between tensile and compressive stresses has to be 

made.  

- Tensile stresses 

In the case of tensile stresses, no buckling failure is possible, so the load carrying capacity of 

the flanges is defined only by its cross area and its yield strength. 

                     ;          
    

  
  

(eq. 8)

Where the “g” in the subscripts makes reference to the flanges, as only they intervene in the 

carrying of the normal forces existing in the beam. 

- Compressive stresses 

In the context of compressive stress, the stability of the flange must be taken into consideration. 

Failure due to loss of stability can appear in two ways. On the one hand, local buckling of the 

flange can occur; on the other hand, the beam can fail because of global buckling (torsional-

flexural buckling). 

Local buckling is demonstrated via the limit values (lim (b/t)) in accordance with DIN 18800 Teil 

1, Table 13. In order to take into account the elastic restraining effect of the web, the flange 

width, reduced by half the height of the web, is used for the of the plate of the plate strip b. 

  
  

 
       

 

(eq. 9)
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Figure 1.4.Parameters to calculate the reduced flange width, b  

Reformulation of the expression from DIN 18800 Teil 1 for Ψ = 1 (Table 13, line 4) leads to the 

following elastic limit stress: 

ζ  
     

       
    [N/mm

2
] (eq.10)

And therefore the reduced normal force on the flange is: 

                  

 

(eq. 11)

if b > 12,9·tg, for fyk = 240 N/mm
2
 

   b > 10,5·tg, for fyk = 355 N/mm
2
 

Global failure of stability (lateral buckling of the flange) verification is equivalent to the 

verification against torsional-flexural buckling. If the restraining effect of the web is ignored, the 

torsional-flexural verification is carried out as the buckling verification for the isolated flange in 

accordance with DIN 18800 Teil 2, clause 3.3.3, EI (310). 

After a few steps the following condition for the distance between lateral supports is obtained: 

     
     

   
        

  
    

    
   

 

(eq. 12)

kc: Compressive force factor in accordance with DIN 18800 Teil 2, Table 8 

c: Distance between lateral mountings 

In the case of compressive stress, the load capacity of the flange is, therefore: 

                                  ;               (eqs. 13 and 14) 
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PART 2:  

DESIGN WITH STEEL BEAMS  

AT ELEVATED TEMPERATURE 



Behaviour of beams with corrugated web at elevated temperature in case of fire 

 

 
 

26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Behaviour of beams with corrugated web at elevated temperature in case of fire 

 

 
 

27 

 

2. Design with steel beams at elevated temperature 

In the case of fire design, the existing standards about the topic are typically related to the 

changes of the material properties. That is to say, there are no specific rules for different kinds 

of structural elements. Many investigations are being run in order to get some more accurate 

tools than the existing ones. These investigations are based on tests, namely furnace tests, 

consisting of the test of an element inside a furnace at different temperatures, or real fire tests in 

premises built specially with this purpose. It has to be taken into account that the slenderness of 

the webs used in the studied beams makes it difficult to predict their behaviour using the 

existing rules [Jana et al., 2010]. That is why fire design of these beams is usually based in 

furnace tests only.  

In this section these general rules, according to the Eurocodes (EC), will be exposed, in order to 

present the method used in fire design, as well as to make a later comparison of the results got 

from them, via an analytical and a numerical model, with the real behaviour of the analyzed 

beams. 

2.1. Introduction 

A steel structure has to be designed in such a way that, in case of fire, it is capable to satisfy the 

following requirements: 

 The resistant capacity of the structure is maintained during the required time. 

 The advance and expansion of the fire and smoke inside the building is restricted. 

 Also the expansion of the fire to the adjacent buildings has to be restricted. 

 The people who is in the building has to be capable to abandon the zone in a safe way. 

Otherwise, they have to be protected in other ways such as refuge zones. 

 The firemen have to be secure during their operations. 

2.2. Temperatures during the fires 

A real fire in a building grows and decreases according to the mass and energy balance inside 

the premises where it is produced. The energy outcome depends on the quantity and type of 

combustible and the existing ventilation conditions. 

A real fire is developed in three main stages: growth, maximum development and ceasefire. The 

faster increase of temperature takes place after the flash point, the point in which all of the 

organic materials in the premises start burning spontaneously. 

The time of resistance to the fire is based, in many standards, on a heating test that follows the 

internationally accepted curve of temperature-time named ISO834 (see EC1 part 2-2 (EN 1991-

1-2)), which does not represent any kind of natural fire. This curve shows a theoretical increase 

of the atmospheric temperature inside a building in case of fire, according to the time that has 

passed after the beginning of the fire. The fact that the curve does not represent the 
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atmospheric temperature in a real fire means that the resistance of an element, given in 

minutes, does not really match the real time that element would resist while affected by a 

natural fire. Actually, it is a relative comparison. It indicates the severity of the fire that element 

could resist. 

There are actually three nominal curves for three cases of fire, namely the standard one, the 

one used in case of external fire and the one used in case of fire produced by hydrocarbons. 

The curve related to an external structure is less severe than the standard one because in case 

of an external fire the reached temperatures are not as elevated as in case of a fire inside a 

building. If the fire is produced by hydrocarbons, it is more severe than a standard fire, so the 

temperatures reached in this curve are higher than in the standard one.  

An alternative methodology to the times of resistance to fire related to the nominal curves, 

which can only be used directly by calculation models of fire resistance, consists of trying to 

model a natural fire by means of a “parametric” curve. Its equations are indicated in EC1 Part 2-

2. This methodology makes it possible to create a model of the temperatures in an easy way. 

To use them it is necessary to know the properties of the materials existing in the premises, the 

density of load (combustible) and the ventilation areas. Their usage is limited to areas of not 

more than 100 m
2
, with cellulosic combustibles. 

In case that the density of the materials is low it is advisable to use this type of curve, as the 

result obtained via the nominal curves would be very conservative. 
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Figure 2.1. Nominal f ire curves 
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2.3. Behaviour of beams and pillars in a furnace test 

The furnace test based in the standard curve time-temperature is the traditional way to evaluate 

the behaviour of an element at elevated temperatures. Anyway, it is difficult to carry out the 

furnace tests at a representative scale and under a real load. The size of the furnaces 

represents a limitation. Usually the elements subjected to test are not larger than 5 m, and if 

different levels of load are required, it is necessary to run one experiment for each. Moreover, a 

test conducted in a small element may not be representative of the behaviour of a larger one.  

There are more difficulties regarding the tests carried out in a furnace. For example, the only 

reliable support condition for a piece in a furnace is the simple support. This means that the 

tested pieces have freedom to become deformed axially, while in a real structure the adjacent 

structure resists these deformations.  

Lately, a significant number of tests in premises have been carried out, with fires inside real 

buildings. The impact of these tests in the codes may become important after some years from 

now, as long as these tests are so expensive that it is going to take time to count on enough 

documented results. The existing ones will be used to verify the numeric models on which the 

future development of the design codes will be based. Currently, the Eurocodes 3 and 4 allow 

the usage of advanced calculation models, but their basic procedures of design for a routine 

calculation are still based on furnace tests. 

2.4. Basic calculation of resistance to fire of elements 

2.4.1. Loads 

The Eurocode 1 Part 2-2 includes rules to evaluate the actions of calculation in a fire taking into 

consideration the low or high probability of the fire to take place simultaneously with elevated 

intensities of load. According to the Eurocodes, there are two kinds of actions; the variable and 

the permanent ones. In fire design, the partial factor for permanent actions, γGA, is taken as 1, 

while the main variable characteristic (usage overloading) is reduced by means of a 

combination factor Ψ1.1 which value is between 0,5 and 0,9, depending on the usage of the 

building.  

2.4.2. Basic principles of the fire resistance calculation 

The calculation of fire resistance against fire of a structural element involves the satisfaction of 

the requirements of the national standards with respect to a certain period of time, applying the 

suitable nominal curve of fire. This can be expressed in three different ways: 

 The time of resistance to fire will be greater than the recommended time according to 

the type of building and its usage, loaded up to the level of design load and subjected to 

the nominal fire curve. 

                 (eq. 15)

 The resistant capacity of the element at the temperature corresponding to the required 

time in a nominal fire curve must be greater than the design load. 

                  (eq. 16)
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 The critical temperature of an element loaded up to the design level must be greater 

than the design temperature associated to the required exposure to the nominal fire. 

           (eq. 17)

2.5. Material Properties 

2.5.1. Mechanical properties of the steel 

Most of the materials used in construction go through a progressive reduction of their resistance 

and stiffness at elevated temperatures. With regard to steel this change can be noticed in its 

stress-strain curve (figure 2.2), from EC3/EC4 at a relatively low temperature like 300ºC. 

Although the melting of the steel occurs at 1500ºC, at 700ºC the strength of the steel is only the 

23% of its strength at ambient temperature. At 900ºC, its strength is reduced to the 6%. 
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Figure 2.2. Reduction of the stress-strain properties with temperature for an S275 

steel (EC4 curves)  
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Figure 2.3. Reduction factors of the strength of structural steels (SS) and cold 

formed frameworks (Rft) at elevated temperatures  

These factors are based on a series of tests that have been modelled by a number of equations 

that represent an initial elastic linear part that changes tangentially to an ellipse with a slope is 

equal to zero at a 2% strain.  

2.5.2. Thermal properties of the steel 

In reference to the thermal expansion of the materials, it has to be said that, in simple 

calculations of fire design, its effect is disregarded.  

When advanced calculation models are used it is necessary to recognize that the thermal 

expansion of the structure around the premises subjected to fire is restricted by the cold 

structure external to the fire zone. This causes a very different behaviour of the heated structure 

in comparison to the elements subjected to tests in ovens, whose deformation is not restricted.  

Another important aspect to take into consideration in reference to the differences between the 

behaviour of the elements in a furnace test and in a real structure is the difference between the 

thermal expansion coefficients of the different materials of which the structure is made up. The 

most typical one involving steel is between this material and concrete. Figure 2.4 shows these 

coefficients for both materials according to the temperature.  
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Figure 2.4. Variation of the thermal expansion coefficients of steel and concrete 

depending on temperature, according to EC3 and EC4 

Apart from the thermal expansion coefficient of the materials, there are other thermal properties 

that have to be considered in steel fire design.  
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Figure 2.5. Variation of the conductivity of steel with temperature, according to  

EC3 

The thermal conductivity is the coefficient that dictates the proportion of the heat that reaches 

the surface of the steel which is conducted through the metal. EC3 provides with a simplified 

version of the changes on steel conductivity depending on the temperature, as shown in figure 

2.5. In simple calculations it is allowed to use a constant conservative value of 45 W/mºC. 
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The specific heat of the steel is the quantity of heat which is needed to increase the temperature 

of the material in 1ºC. This value varies with temperature as shown in figure 2.6. The sharp 

change of this property is caused by the change in the crystalline structure that steel suffers at 

735ºC. Once again, using a constant value of 600 J/kg·K is allowed for simple calculation 

models. This value is considered quite precise, although it does not consider the change of 

structure of the steel. 
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Figure 2.6. Variation of the specif ic heat of steel with temperature  

2.6. Thermal analysis 

Parts 1.2 of both EC3 and EC4 provide with the same expressions to obtain the temperatures of 

the upper and lower flanges of the steel beams with or without protection. The temperatures in 

the upper and lower flanges can differ very much (see Annex B. Measurements of the Mokrsko 

test). That is why, in order to make a good estimation of the resistant flexural moment of the 

composite section, it is very important to get a reliable value of both temperatures. 

The heat transfer to the element is basically produced by two ways, namely convection and 

radiation. Given that the heating rate for both methods depends on the atmospheric 

temperature, as well as on the temperature of the element, the temperature of the element is 

related to time by means of a complex differential equation. EC3 solves the difficulty via the 

linearization of the temperature increments by small time increments. This methodology can not 

be carried out by manual calculations, but it is easy to implement it in a worksheet. 

In this project only unprotected steel sections are treated. That is why there will be no reference 

to protected sections. 

In the case of an unprotected steel section, the increase of temperature s.t to which the steel 

is subjected during a small period of time (up to 5 seconds) is determined by the net quantity of 

heat it acquires during this time: 
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(eq. 18)

in which 

cs:  Specific heat of the steel 

ρs: Density of the steel  

Am: Area of the surface exposed of the element per length unit 

V: Volume of the element per length unit 

hnet,d: Design value of the heat flow per unit area 

The net heat flow is made up by the terms corresponding to radiation and convection. The 

component of radiation is the next: 

                                                 

In which, apart from the Stefan-Boltzman constant, 0,567·10
-8

, 

(eq. 19)

Φ:  Configuration factor (can be set to 1.0 if data is missing). 

εres = εf·εm:  Resultant emissivity = Emissivity of the premises in case of  

 fire x Emissivity of the element (0,5 if no data available). 

θr, θm:  Ambient temperature and temperature on the surface of the   

 element. 

The heat flow corresponding to convection is: 

                 (eq. 20)

in which 

αc: Convection heat transfer coefficient (based in values given by NAD. 25 

W/m
2
·K in case of a standard or external fire, 50 W/m

2
·K in case of fire 

caused by hydrocarbons). 

θg, θm: Ambient (gas) temperature and temperature on the surface of the element. 

When the net heat flow is calculated from these two terms, each of them can be affected by 

factors to take into account national differences in practical fire tests. Even though, they are 

commonly summed directly. 

2.7. Mechanical Analysis 

Because of the loss of resistance of the steel with temperature, the carrying capacity of the 

elements is reduced with temperature, too.  

According to EC3, to take into account the effect of temperature in the resistance of the 

elements, certain reduction factors are used. Generally, it is assumed that the temperature of 

the cross section of the element is uniform. 

As the sections of the treated beams are classified as Class 1, only the rules related to the 

sections of this class will be taken into account in this section. 
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2.7.1. Tension members 

The design resistance Nfi,θ,Rd of a tension member with a uniform temperature θa should be 

determined from: 

                  
    

    
   (eq. 21)

where 

ky,θ : reduction factor for the yield strength of steel at temperature θa According to 

EN 1993-1-2, section 3. 

NRd: design resistance of the cross-section Npl,Rd for normal temperature design, 

according to EN 1993-1-1. 

2.7.2. Compression members with Classes 1, 2 or 3 cross-sections 

The design buckling resistance Nb,fi,t,Rd at time t of a compression member with Class 1, Class 2 

or Class 3 cross-section with a uniform temperature θ should be determined from the next 

expression. 

            
          

     
  

(eq. 22)

where: 

χfi: reduction factor for flexural buckling in the fire design situation. 

with: 

     
 

      
     

 
 (eq. 23)

     
             

 
  (eq. 24)

             
  

(eq. 25)

where: 

  θ: non-dimensional slenderness for the temperature θ. 

        
    

    
  

   

 

(eq. 26)

where: 

  : non-dimensional slenderness (see section 5 of the EN 1993-1-1. 

kE,θ: reduction factor from section 3 of the EN 1993-1-2 for the slope of the linear 

elastic range at the steel temperature θa. 
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2.7.3. Beams with Class 1 or 2 cross-sections 

The moment resistance Mfi,θ,Rd of a Class 1 or Class 2 cross-section with a uniform temperature  

should be determined from: 

              
    

     
      (eq. 27)

where: 

MRd: plastic moment resistance of the gross cross-section Mpl,Rd for normal 

temperature design, according to EN 1993-1-1 or the reduced moment 

resistance for normal temperature design,  allowing for the effects of shear 

if necessary, according to EN 1993-1-1. 

The design shear resistance Vfi,t,Rd at time t of a Class 1 or Class 2 cross-section should be 

determined from: 

                     
    

     
   (eq. 28)

where: 

VRd: shear resistance of the gross cross-section for normal temperature design, 

according to EN 1993-1-1. 

θweb: average temperature in the web of the section. 

ky,θ,web: reduction factor for the yield strength of steel at the steel temperature θweb, 

see section 3 of the EN 1993-1-2.  
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FIRE TESTS OF BEAMS 
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3. Fire tests of beams with corrugated web 

Two different fire tests carried out with corrugated beams will be examined to compare the 

obtained results with the results that both the finite elements model (FEM) and the analytical 

model (AM) developed in this project provide with.  

The first of them is a furnace test that was carried out in Austria. In that test a number of 

corrugated web beams were analyzed. One of them will be modelled to run a simulation and 

compare the results of the experiment with the results obtained by means of the simulation. 

Also an analytical model will be tested comparing its results with the test ones. 

The second one (Wald et al., 2010) is a test which was carried out in Mokrsko, Czech Republic. 

This test was a real fire test in which a one-storey building was burnt. 

3.1. Austrian furnace test 

Most of the tests carried out to evaluate the behaviour of elements at elevated temperatures are 

run out in a furnace. In these tests the air temperature is controlled to perform the desired time-

temperature curve. There is not a real fire in these tests. 

The main weak point of this kind of tests is that the behaviour of a single element is usually 

different from the same element when it is connected with a whole structure. That is why the 

results have to be treated carefully when designing a structure. 

It has to be mentioned that the available information of this test is not large, so it may not 

possible to make an accurate analysis of some of the obtained results. 

3.1.1. Introduction 

 This test was carried out in Linz, by the Institut für Brandschutztechnik und 

Sicherheitsforschung (Institute of Fire Safety Engineering and Safety Research) the 22
nd

 of May 

of 2007. The client who asked for the test was the company that produces the beams with 

corrugated web, Zeman & Co Gesellschaft mbH. 

The results of the test are presented in the report with different timings, which will be maintained 

in this thesis. The measurement of the temperature starts 5 minutes before the heating begins, 

while the time 0 of the deflections is set at the time when the heating starts.  
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Figure 3.1. Disposit ion of the test objects and loads in the furnace  

3.1.2. Test objects 

Four beams were used to run the test. All of them were beams with corrugated web. Three of 

them were mechanically loaded, and their displacement was measured during the test. The 

other one was not loaded, and only its temperature during the test was monitored. It has to be 

said that there is no information of where the measurements related to the displacement were 

placed. 

The support system made the beams behave like they were simply supported.  

The beams used in the test were regular beams from Zeman & Co Gesellschaft mbH. The steel 

from which they were produced was S235. 

3.1.2.1. Test object 1 

The test object 1 was a WTC 333 beam. Its dimensions are specified below. 

 Length:   2500 mm 

 Width:   180 mm 

 Height:   349 mm 

 Web height:  333 mm 

 Web thickness:  3 mm 

3.1.2.2. Test object 2 

The test object 2 was a WTA 333 beam. Its dimensions are specified below. 

 Length:   2500 mm 

 Width:   220 mm 
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 Height:   373 mm 

 Web height:  333 mm 

 Web thickness:  2 mm 

3.1.2.3. Test object 3 

The test object 3 was a WTA 500 beam. Its dimensions are specified below. 

 Length:   2500 mm 

 Width:   220 mm 

 Height:   540 mm 

 Web height:  500 mm 

 Web thickness:  2 mm 

3.1.2.4. Test object 4 

The test object 4 was a WTE 500 beam. Its dimensions are specified below. 

 Length:   2500 mm 

 Width:   220 mm 

 Height:   540 mm 

 Web height:  500 mm 

 Web thickness:  5 mm 

3.1.3. Mechanical load 

Test objects 1, 2 and 3 were mechanically loaded with a force of 40 kN, applied vertically in the 

middle of beams 1 and 2, and off-centre in the 3
rd

 beam. It was the client who decided which 

load to apply.  

The load was applied by a hydraulic stamp with a pressure of 140 bar. The stamp size was 

100x100 mm. 

3.1.4. Thermal load 

The temperature during the test followed the time-temperature standard curve ISO 384-1. The 

heating of the fire chamber was performed by heating oil. The thermal load was applied to all 

sides of the beams. Figure 3.2 shows the theoretical temperature of the air during the test. It 

has to be taken into account that the heating of the oven started in the minute 5 of the test. 
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Figure 3.2. ISO 384-1 curve 

 

Figure 3.3. Air measured and theoretical temperatures  

The measurement of the air temperature was made by eight NiCr-Ni thermocouples (type K) 

with a diameter of the wire of 1 mm. Figure 3.3 shows the curves of the measured air 

temperatures during the test, as well as the theoretical time-temperature curve, ISO 834-1. 

It is seen that thermocouple 5 measured a significantly higher range of temperatures than the 

other ones. Because of the lack of information in the test report, it is not possible to find where 

this thermocouple was placed in the oven. 
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3.1.5. Steel temperature 

Six thermocouples of NiCr-Ni, of a diameter of 1,6 mm, were installed in test object 4. Three 

were installed in each flange of the beam, at a depth of 10 mm. The registered temperatures 

are shown in Annex A. Figure 3.4 shows the curves of temperature measured by the different 

thermocouples. UpF is used for temperatures of the upper flange of the beam, and LwF makes 

reference to the lower flange of the beam. Corner makes reference to one of the corners of the 

beam, and middle temperatures are the ones measured in its midspan. 

 

Figure 3.4. Steel temperatures during the test  

As it can be observed in the graph, the differences between the temperatures of different points 

of the beam are of up to about 200ºC. The beams were supposed to be heated equally in all 

sides, but the results show a clear gradient of temperatures; the upper flange is at a higher 

temperature than the lower flange. Also, the beam temperature increases from corner 1 to 

corner 2. That is to say, corner 1 was at a higher temperature than corner 2 during the test. 

As the figure below shows, the reason for this temperature gradient may be the heating air flux. 

Assuming it came out of the whole that can be seen in the picture, the hot air was going 

upwards during the test, so the upper flange was more heated than the lower one. Also, the 

beam was more heated in the zones closer to the mentioned whole in the wall.  

This non uniformity of the heating may cause trouble when trying to generate prediction models 

of the temperature of the beam during the test in section 5.  
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Figure 3.5. Heating air flux of  the oven. 

3.1.6. Deformation 

The deflection of the mechanically loaded test objects was measured during the test. Figure 3.6 

shows the deformation of the test object 1 during the test. Time 0 corresponds to the minute in 

which the heating of the chamber started (minute 5 of test).  

There is one inconvenience in the measuring of the deflection. In the available report of the test 

there is no information of where in the beam the deflection was measured. It announces that the 

information can be found in Appendix B, but this appendix can not be found in the papers. It has 

to be assumed that the maximum deflection curve would follow the same shape as the 

measured deflection, but it may not be true that the recorded values are the maximum ones. 

They would if the measuring point was the midspan of the beam, but this it is not known. 

 

Figure 3.6. Deflection of the test object 1 during the test 
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The shape of the deflection curve may be surprising for those who are not used to working with 

deflection curves of resistant elements at elevated temperatures. Even so, it has an 

understandable explanation. First of all, it has to be said that a positive slope of the curve in the 

vertical axis means downwards deflection of the beam, and vice versa. 

The first value (7,2 mm) shows that the offset of the measuring device was not at 0. The first 

minute of the curve the beam is setting to its deformed shape after the mechanical loading is 

applied (goes to 7,56 mm). After that there is a plane zone, up to the minute 0 of the test (start 

of heating). During that period no mechanical or thermal load was being applied so the 

deflection remained practically constant. It finally ends at a value of 7,65 mm, once the beam 

reached its final shape after the mechanical loading was applied. This means that the deflection 

of the beam after the mechanical loading was applied was of 0,45 mm. 

At minute 0 the heating of the beam starts. First of all, the loss of resistant properties of the 

steel leads to the deflection of the beam (minutes 0 to 3). After some minutes the trend of 

deformation of the beam changes, and it starts bending to the opposite side (after the 3
rd

 

minute). This change of the behaviour is caused by the difference of the temperatures of the 

upper and lower flanges. The increase of temperature suffered by steel makes it tend to 

increase its volume. In the case of the heating of a beam, the most dangerous aspect of this is 

the length increase. As this increase is per unit of length and proportional to the increase of 

temperature (Δθ ↔ Δl/l), and the longitudinal dimension is the greatest of its lengths, this is the 

parameter which is more affected by the increase of temperature. As the beam tested is more 

heated in the upper zone, this increase of length is greater in this one, and the lower zone is 

less enlarged. This causes the beam to bend upwards, towards its most enlarged part, the 

upper flange. This bending appears at the same time as the internal stress that provokes it, 

which also points upwards in this case. This internal force grows with the difference of 

temperatures. As soon as this force becomes greater than the external load, the beam starts to 

bend upwards. This upwards bending is represented by the zone in which the slope of the curve 

is negative. 

 

Figure 3.7. Effect of the differential heating of the beam 

Once the curve has reached its lower point, it has a zone in which it does not present a clear 

tendency. During this time the external and internal forces are similar.  

In minute 23 after heating (minute 28 of test in the thermal analyses), the beam starts a fast 

displacement downwards. It is considered in the report that the failure of the beam took place in 

this minute. 
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3.1.7. Test results 

The collapse of the beams followed the sequence showed below. Time is counted since the 

heating started (minute 5 of test). 

 Minute 16: collapse of the test item 2 

 Minute 23: collapse of the test item 1 

3.2. Large scale test in Mokrsko  

The best way to get reliable information about the behaviour of a structure in case of fire is to 

build it and subject it to a fire. Even so, because of the cost involved in this kind of tests, not 

many have been run to the moment.  

3.2.1. Introduction 

The main objective of this test, like in any other real fire test, was to study the overall behaviour 

of a structure in case of fire, which may not be appreciated by separate tests on individual 

elements.  

The test was conducted in Mokrsko district, in Central Bohemia, Czech Republic, under the 

supervision of the staff of Department of Steel and Timber Structures, Czech Technical 

University in Prague.  

The structure was designed at ambient temperature by the partner companies in the 

Consortium, which was established to perform the test (Kallerová et al., 2010). The fire design 

of the structure was prepared at the Czech Technical University in Prague, the University of 

Sheffield and the Slovak Technical University in Bratislava, based on European standards (EN 

1991-1-2 and EN 1993-1-2). Also a simulation was carried out using the program VULCAN. The 

design drawings were prepared by EXCON a.s. Prague in cooperation with the parties involved 

in the structural parts delivery.  

The preparation, execution and evaluation of the experiment was in addition supported by the 

Research Centre of the Ministry of Education, Youth and Sports CIDEAS No. 1M0579, 

Research Plan Sustainable Construction No. 6840770005 and grants Component Methods of 

Joints Exposed to Elevated Temperature GACR No. 103-07-1142 and Fire Improved Joints No. 

OC 190. 

The fire test was conducted by the Czech Technical University in Prague in cooperation with the 

Institute of Applied Mechanics of the Academy of Sciences of the Czech Republic, Pavusa.s., 

The University of Sheffield, The Slovak University of Technology in Bratislava, the General 

Directorate of Fire Prevention, The Fire and Rescue Service of the Czech Republic, The 

Ministry of Interior, The Professional Chamber of Fire Prevention, The Technical Institute of Fire 

Prevention, and Faculty of Safety Engineering of The Technical University in Ostrava. The 

erection and demolition of the experimental building was carried out by ArcelorMittal Long 

Carbon R&D Centre, EXCON a.s., Rockwool a.s., Promat s.r.o., HAIRONVILLE VIKAM s.r.o., 

Metrostav a.s., TBG Metrostav s.r.o., DYWIDAG PREFA a.s., Kovové profily s.r.o., Kingspan 

a.s., SGB a Hünnebeck CZ s.r.o., Skála a Vít s.r.o. et al. Public Relations support was provided 

by Donath-Burson-Marsteller. The journal Konstrukce helped as a media partner. 
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3.2.2. Experimental Structure 

The experimental structure represented one floor of an administrative building 12 x 18 m, with a 

height of 4 m. The orientation of the wall with a window opening was 21° to the Southeast.  

 

Figure 3.8. Fire compartment  

The structure was made up by different types of beams and slabs. Two of the beams had a 

corrugated web, so the analysis of their behaviour is going to provide with the necessary data to 

make a comparison between the behaviour results obtained in a real fire test and in a furnace 

test. A description of the existing elements in the structure is given in this section to achieve a 

good understanding of the results of the test. 

The composite slab above the cellular beams had a span of 9 to 12 m and the overhead beams 

with corrugated webs with a span of 9 to 6 m. The composite slab consisted of a simple 

trapezoidal CF60 sheet 0,75 mm thick and the height of the rib was 60 mm. The height of the 

slab was 60 mm. The total thickness of the ceiling structure was 120 mm. A smooth mesh of 5 

mm diameter, 100/100 mm was used in the concrete. Its strength was 500 MPa, and the 

coverage was of 20 mm. The concrete used for the composite slab was classified as C30/37. 

During the concreting, three specimens of the same concrete were used. The specimen was a 

cube with the edge length of 150 mm. The average values of the density were 2230 kg/m
3
 and 

the compressive cube strength was 34 MPa.  
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Prefabricated hollow core Spiroll (S1-S5) panels of 320 mm high with hollow core openings form 

a span of 9 m. These panels were supported by the concrete external wall as well as by the 

primary hollow beam. 

The height of the castellated beams with the sinusoid Angelina (AS1-AS7), openings designed 

by ArcelorMittal, was 395 mm. They had been produced from an IPE 270. The steel was S235. 

The corrugated web beams (CS1-CS4), designed by Kovové profily s.r.o., were WTB 500. The 

thickness of the web was 2,5 mm and the flanges dimensions were 220 x 15 mm. Steel S320 

was used.  

The edge beams were IPE 400, made from steel S235. The fire protected columns were made 

from HEB 180 sections. 

Two cladding walls were composed from linear trays, mineral wool in the middle and external 

corrugated sheets. In two 6 m spans a system with an internal grid and horizontal sheeting and 

a system with vertical sheeting without the internal grid were compared. Two other walls were 

made of sandwich panels 150 mm thick filled with mineral wool.  

The horizontal stiffness of the frame was constructed with concrete walls 250 mm thick made of 

concrete C30/37 and two cross braces of L 80 x 80 x 8.  

The beam to beam and beam to column connections were designed as header plate 

connections, 10 mm with four bolts M20 class 8.8. The improved fire resistance was achieved 

by placing two upper bolts into the concrete slab.  

Fire protection of columns, primary and edge beams as well as bracings was designed for 

resistance R60 by board protection of 2 x 15 mm of Promatect H.  

Two window openings were in the front wall, the diameter of each was 2,34 x 4,00 mm, and 

height above the floor was 800 mm. The openings were without glass. The door with fire 

protection was situated in the back part of the fire compartment and its width was 800 mm. This 

door was in the wall of the fire compartment due to the initiation burning of the fire load. During 

the entire fire test it was closed. 

3.2.3. Mechanical load 

The loading was situated above the composite slab and the pre-stressed panels. It was 

designed to represent a typical value of loading in an administrative building, in which the 

variable actions may vary between 2,5 and 3,5 kN/m
2
. In this case, it represented a value of 3 

kN/m
2
. 

3.2.4. Fire load 

The combustible used to generate the fire was wood, distributed around the compartment in 50 

piles. The total volume of ligneous mass was 15 m
3
. Each pile represented a weight of 35,5 

kg/m
2
, and simulated a fire load of 620 MJ/m

2
. The design fire load of an administrative building 

is of 420 MJ/m
2
. The ignition of the piles was simultaneous. 
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Figure 3.9. Flames at the minute 35 of the test  

3.2.5. Gas temperatures 

The importance of the temperatures recorded inside the local lies in the possibility to compare 

the temperatures in a real test with the temperatures given by the nominal curves of fire.  

The ambient temperature inside the premises was measured by 12 jacketed thermocouples 

with a diameter of 3 mm. They were placed 0,5 m below the ceiling, at the level of the low 

flanges of the beams. The temperature profile along the height of the building was measured by 

5 thermocouples placed between the window openings, as well as in the back of the fire 

compartment, below the Spiroll. Six thermocouples were placed in the openings. 

 

Figure 3.10. Comparison of temperature curves 
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Figure 3.10 shows the average temperatures measured 0,5 m below the ceiling during the fire, 

apart from the nominal curve of fire and a parametric one. The profiles of the curves are 

comparable.  

3.2.6. Temperatures of the structure 

The temperature measurements of the elements were taken by jacketed thermocouples with a 

diameter of 2 mm and by board thermocouples. Many points of measurement were created but, 

according to the objective of this project, only the temperatures measured in the corrugated web 

beams will be analysed.  

 

Figure 3.11. Temperatures of the corrugated web beam CS2 during the fire  

Five thermocouples were located at the midspan of the beams with corrugated web. The course 

of the temperature along the cross section of the beam with corrugated web was measured, so 

it is possible to obtain the distribution of temperatures along the section during the fire.  

The lower range of temperatures is the one measured by the thermocouple located in the upper 

flange of the beam (TC23), followed by the one measured by the upper thermocouple placed in 

the web (TC80). The highest temperature is reached in the middle of the web (TC22). 

3.2.7. Deformation 

The horizontal and vertical deflection of the experimental structure was gauged by 

deflectometers. Trigonometric measurements and laser scanning were performed by the 

Department of Special Geodesy. The trigonometric measurements of vertical deformation were 

carried out by eight sticks with two self navigating targets fixed on the floor surface. Laser 

scanning was used for scanning the entire interior of the structure before and after the fire 

experiment. 

In reference to the deflectometers monitoring the deformation of the corrugated web beam, the 

maximal deflection of these beams was of 256 mm, reached when their temperature was 

780ºC. The maximal deflection of the slab above the corrugated web beams was of 250 mm, 

and of the hollow core panels, of 100 mm. 

The ceiling beams, including the two corrugated web ones, were evaluated in terms of 

deformation by means of a the method of cross cuts (Kremen et al., 2008). The first stage 
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consisted on the insertion of the cleaned beams into the model. The used system of coordinates 

was related to one of the beams (CS2) in the zero stage (before starting the test). X-axis was 

inserted in the longitudinal direction of the beam, Y-axis was upright the X-axis into the 

horizontal plane and Z-axis was the vertical one. Cross sections were created every 100 mm 

along the beams. From these sections the coordinates of the corner points of the beams every 

100 mm were obtained in both measuring stages. The height and cross shifts were determined 

from the difference of positions of the corner points of each beam between both stages.  

Figure 3.12 shows, as an example, the vertical deformation of one of the corners of the beam 

CS2. The X-axis represents the length of the beam (in m) while the Y-axis shows the vertical 

deformation of the corresponding section of the beam (in m). The origin of the X-axis 

corresponds to the beam edge adjoining to the enclosure wall. 

 

Figure 3.12. Vertical deformation of the r ight lower corner of CS2  

3.2.8. Relative stresses 

The relative deformation of the steel beam web was measured by seven ceramic strain gauges 

for high temperatures. The beams with corrugated web and castellated beams were installed 

close to connections with strain gauges for high temperatures to assume the shear stress 

across their webs during the fire test. The application of the free-filament high-temperature 

strain gauges, which are sandwiched between two thin ceramics cement layers, allow for 

measurements up 1150 °C. The accuracy of the measurement is 3% until the 5000 μm. 

Figure 3.13 shows the web of the beam with corrugated web after the fire test. The strain 

gauges and thermocouples are visible.  
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Figure 3.13. Corrugated web beam with thermocouples and strain gauges  

In figure 3.14 the stresses suffered by the three strain gauges placed in the web of CS2 are 

shown in accordance to the time. Short time after 15 minutes the material reaches the plastic 

region, in the point in which the Effective yield strength curve and the strain measured curve 

join.  

 

Figure 3.14. Strain measured during the test in the web of CS2  
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PART 4:  

ANALYTICAL SIMULATION OF THE  

AUSTRIAN AND MOKRSKO TESTS 
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4. Analytical simulation of the Austrian and Mokrsko tests 

Two analytical models based on the Eurocodes methodology of calculation have been 

developed to simulate each of the tests. A model has been developed to predict the 

temperature of the beams during the tests, and another one to predict their mechanical 

behaviour during the test. Both models consist of a sheet, developed by means of the program 

Microsoft Excel, that provide with the corresponding results of a thermal or mechanical analysis. 

To get the results some data related to the studied beam has to be introduced to the model. The 

text in the cells to be filled appears in dark blue so it is easy to recognize them. The other cells 

are automatically calculated by the model. 

4.1. Thermal model 

The thermal model calculates the variation of the temperature of the beam due to the variation 

of the air temperature, according to EN 1993-1-2, section 4.2.5, Steel Temperature 

Development. 

Its methodology of calculation, following EN 1993-1-2, consists of an incremental procedure. 

Dividing the time of analysis into different steps, the temperature of the steel in one step can be 

predicted from the temperature of the air at that step and the steel temperature in the step 

before. According to Eurocodes, the time steps should not be greater than 5 seconds to get 

accurate results. This model works with steps of 5 seconds. 

The increases of temperature are determined following the formulas provided by En 1993-1-2 

(See 2.6. Thermal analysis). 

This model does not have a direct application on the field of the structural analysis. Its purpose 

is to provide the mechanical model with the temperatures of the analysed element. As said 

before, the air temperature surrounding the resistant element is needed to calculate its 

temperature, so this model is useful when predicting the behaviour of an element subjected to a 

certain time-temperature curve. 

The parameters to introduce by the user are the next: 

Heat transmission parameters: 

Configuration factor (φ) 

Resultant Emissivity (εres) 

Convection coefficient (αc) 

Specific heat of the steel (cs) 

Density of the steel (ρs) 

Shadow effect coefficient (ksh) 
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Geometry parameters: 

Web height (hs) 

Web thickness (t) 

Flange width (bg) 

Flange thickness (tg) 

Also, in every case, the section factor has to be introduced, by means of a formula that 

calculates it from the geometrical parameters: 

Area per length (Am):  Perimeter of the section which is exposed to the action 

of the fire. 

Volume per length (V): Area of the section. 

An explanation of these parameters is shown next: 

 

Figure 4.1. Same beam with a different shape factor  

In the left beam, all the section is exposed to fire so Am corresponds to the perimeter of the 

section. In the right beam, the part of the section exposed to the fire is all of it minus the width of 

the upper flange, as it is in contact with another element and so not exposed to the fire action. 

In this case, for example, the section factor would be greater in the first beam, as the parameter 

V remains the same for both beams and the Am is greater in the first one. The result of this is 

that the first beam would reach a greater temperature than the second one in the same thermal 

load. 

The output of the model is the temperature of the steel at every step of the calculation. 

4.1.1. Thermal analytical simulation of the Austrian test 

As exposed in chapter 3, the test was carried out in such a way that the temperature of the 

furnace followed the ISO 384-1 curve of temperature and time. The test lasted 40 minutes, and 

the heating process started 5 minutes after it started. In figure 4.2 the ISO 384-1 is represented, 

as well as the average air measured temperature in the furnace during the test. 
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Figure 4.2. Theoretical and real temperatures during the test  

To predict the temperature variation of the beams during the test, the possibility of using the real 

temperature curve was dismissed because the method of calculation proposed by the 

Eurocodes is an incremental one, and the maximum increment of time recommended is of 5 

seconds. As the temperature was registered every minute, the step is too big to get accurate 

results. That is why, after evaluating the difference between the theoretical and the real curves 

of temperature it was decided to use the theoretical one, so it is possible to obtain the value of 

the temperature of every instant of the test. 

As a first step, the model was used to calculate the temperature of the beam using the whole 

section of it, that is to say, introducing the parameters corresponding to the I section. No 

distinction was used between the different components of it, namely flanges and web. Then the 

model was used introducing the data corresponding to the flanges and the web separately, to 

analyse the differences between the obtained results from a simple model with uniform 

temperature along the section and from a more complex model, separating the section in three 

areas to obtain their temperatures. 

4.1.1.1. Test object 4. Prediction of the temperature of the whole section 

As the beam from which the temperatures were measured is test object 4, it has been the one 

on which the model has been tested. 

The first analysis was made using the parameters of the whole section in the calculations. Next 

two tables are directly taken from the model, and they show these parameters used for the 

calculation of the temperature of the beam. 

Parameter Designation Value [m] 

Web height hs 0,5 

Web thickness t 0,005 

Flange width bg 0,22 

Flange thickness tg 0,02 

Length of corrugation w 0,155 

Uncoiled length s 0,178 
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Length of the beam L 2,5 

Width of the web a 0,043 

Table 4.1. Geometrical parameters of the beam 

Radiation 

hnet,r = 0,567·10^-8φεres*(θr+273)^4-(θm+273)^4+ 

Parameter Designation Value 

Configuration factor φ 1 

Resultant emissivity εres 0,5 

Convection 

hnet,c = αc(θg - θm) 

Parameter Designation Value 

Convection coefficient αc *W/m2K+ 25 

Increase of Temperature 

Δθs,t = ksh·Am·hnet,d·Δt/cs·ρs·V 

hnet,d = hnet,r + hnet,c 

Parameter Designation Value 

Area per length Am [m] 1,96 

Volume per length V [m2] 0,0113 

Specific heat of steel cs [J/kg·K] 600 

Density of steel ρs *kg/m3+ 7850 

Table 4.2. Heat transfer parameters  

The shadow effect coefficient (ksh), although its value is not represented in the table, was taken 

as 1. 

 

Figure 4.3. Theoretical and measured temperatures 

The results provided by the model are represented in figure 4.3, as well as the midspan 

measured temperatures of the upper and lower flanges of the beam. 
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It can be seen that the measured temperatures are higher than the theoretical one, which is a 

proof that the results of the model are not conservative. So, it might be said that the 

methodology of the Eurocodes does not work with corrugated web beams. As said in section 2, 

from [Jana et al., 2010], the slenderness of the web may lead to wrong results when using the 

standards. 

Also, the heating procedure used for the test reveals some unexpected results, such as the non 

uniformity of the temperatures of the beam (see 3.1.5. Steel temperature). There is a possibility 

that the temperature of the air surrounding the beam was not the expected (the same as the 

ISO 834-1 curve) and so that the temperature of the beam can not be predicted from that curve 

(see 3.1.4. Thermal load). 

4.1.1.2. Test object 4. Prediction of the temperature of the flanges 

There are two facts that suggest it is necessary to try to predict the temperature of the flanges 

separately, without taking into account the web, that is to say, using the geometry parameters of 

the flanges alone, instead of the parameters corresponding to the whole section.  

Firstly, the temperature of the beam was only measured in the flanges, and secondly, the web 

thickness is very small, so the heat transfer to it may behave in a different way as exposed in 

the Eurocodes.  

So the geometrical parameters of the flanges were introduced to the model (only the area and 

volume per length vary) to obtain the new results. The values of these parameters in this case 

are the next: 

 Area per length: 0,437 m 

 Volume per length: 0,0044 m
2
 

The results that the model provides with are the next: 

 

Figure 4.3. Theoretical and measured temperatures  

In this case the difference between the theoretical and the measured temperatures is even 

greater. This is because the flanges are thicker than the average thickness of the whole section, 

so they would be less heated than a thicker section, represented by the average thicknesses of 

the two flanges and the web of the beam. That is to say, the geometry of the flanges has an 
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area/volume smaller ratio than the whole section so, for the same heat transfer, its temperature 

is less increased as this increase is directly proportional to this ratio. 

These results reaffirm that the model proposed by EN 1993-1-2 is not valid to predict the 

temperatures of the beams with corrugated web. 

It would be good to be also able to work with the temperature of the web, but in this test it was 

not measured so there is no data available. 

Another inconvenience of this test is that in the beams in which the mechanical load was 

applied no temperature was measured. So when it is time to use the mechanical model to verify 

its results with the test ones there will be no real temperatures on which to base it. The best 

option is to use the temperatures measured in beam number 4, assuming they were similar in 

all of the beams, basing this hypothesis in the high conductivity of the steel and the small 

thicknesses of the different parts of the tested beams. This way the mechanical model can be 

applied to predict the behaviour of a loaded beam. 

Following the explanation below, the model was used to calculate the theoretical temperatures 

of the test object 1, to analyse the differences of the results caused by the difference of 

geometries. 

4.1.1.3. Test object 1. Prediction of the temperature of the whole section 

As for the test object 4, the first analysis was carried out with the geometrical parameters of the 

whole section: 

Parameter Designation Value [m] 

Web height hs 0,333 

Web thickness t 0,003 

Flange width bg 0,18 

Flange thickness tg 0,008 

Length of corrugation w 0,155 

Uncoiled length s 0,178 

Length of the beam L 2,5 

 

Radiation 

hnet,r = 0,567·10^-8φεres*(θr+273)^4-(θm+273)^4+ 

Parameter Designation Value 

Configuration factor φ 1 

Resultant emissivity εres 0,5 

Convection 

hnet,c = αc(θg - θm) 

Parameter Designation Value 

Convection coefficient αc *W/m2K+ 25 

Increase of Temperature 

Δθs,t = ksh·Am·hnet,d·Δt/cs·ρs·V 

hnet,d = hnet,r + hnet,c 
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Parameter Designation Value 

Area per length Am [m] 1,418 

Volume per length V [m2] 0,003879 

Specific heat of steel cs [J/kg·K] 600 

Density of steel ρs *kg/m3+ 7850 

Tables 4.3 and 4.4. Tables of input data for the thermal model  

Figure 4.4. shows the temperatures of the steel that the model provides with, as well as the 

flange measured temperatures for test object 4.  

 

Figure 4.4. Theoretical and measured temperatures  

In this case, using the geometry of the test object 1, the theoretical temperature is between both 

the upper and lower flange temperatures. If it was assumed that the temperatures of both 

beams (specimens 1 and 4) were similar (as steel conductivity is very high this does not seem 

to be too far from the reality, because the thicknesses treated are very similar, with a difference 

of a few mms), the model seems to work with the dimensions of the first beam although it does 

not with the geometry parameters of the fourth. (LwF stands for Lower Flange, and UpF for 

Upper flange). 

The only parameter that varies is the section factor of both beams, as shown in table 4.5. 

 

WTE500 WTC333 WTE/WTC 

Area per length [m] 1,96 1,42 1,4 

Volume per lenght [m2] 0,0113 0,00388 2,9 

Area/Volume [m-1] 173 365 0,5 

Table 4.5. Geometrical parameters of the specimens 1 and 4  

The section factor of the specimen 1 doubles the one of specimen 4, and that is why it is 

theoretically at a more elevated temperature. The main cause is that the volume per length of 

WTE500 is almost 3 times greater than for WTC333.  
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It seems that even though the differences of thicknesses are of a few mms, as these 

thicknesses are very little, it is easy that one doubles the other one with a difference of only a 

few mms.  

The methodology of calculation provided by the EC, as it can be seen, may not be consistent 

enough to handle these small thicknesses of the web, probably because of the difference in 

ratio between the thicknesses of the webs and flanges of the beams with corrugated webs. It 

may also occur that the problem comes from the non uniformity of the heating during the test, 

as said before. 

4.1.1.4. Test object 1. Prediction of the temperature of the flanges 

Like done for test object 4, also the theoretical temperature of the flanges was predicted using 

the analytical model (AM).  

In this case, the geometrical parameters are the next: 

Area per length: 0,333 m 

Volume per length: 0,00144 m
2
 

The obtained temperatures are shown in figure 4.5. 

 

Figure 4.5. Theoretical and measured temperatures  

As expected, the theoretical temperature obtained by using the parameters of the flanges 

instead of the ones of the whole section is lower, as its section factor is smaller. In this case the 

theoretical temperature is similar to the midspan measured temperature of the lower flange. 

4.1.2. Thermal analytical simulation of the Mokrsko test 

From the thermal point of view, the main difference between this test and the one run in Austria 

is that in this case, instead of using heated air and following a standard curve, a real fire was 

performed, as explained in section 3.2. Large scale test in Mokrsko. So in this case, to predict 

the steel temperature, it is necessary to use the measured air temperatures because there is no 

possibility of using a curve of time-temperature. 
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The main inconvenience is that the temperature data available is of only every 5 minutes, which 

is a big period of time taking into account the methodology used to calculate the steel 

temperature, that requires periods of 5 seconds between the measured temperatures. A linear 

interpolation between the different instants and temperatures has been developed to obtain the 

temperature of every 5 seconds increments. 

The beam used to test the model is CS2 (see 3.2.2. Experimental Structure) because between 

the beams with corrugated web it is the one in which more thermocouples were placed to 

measure its temperature. The air temperatures used to predict the steel temperature are the 

ones recorded by the thermocouple tagged as TG05 because it is the one which was closer to 

the mentioned beam. 

 

Figure 4.6. Schematic top view of the structure with  the posit ion of the 

thermocouples 

 

Figure 4.7. Air measured temperatures and temperature curve used in the model  

The measured temperatures are shown in Annex B, Measurements of the Mokrsko test. Figure 

4.7. shows the curve of temperature recorded by this thermocouple, as well as the curve used 

as input in the model, with temperature intervals of 5 minutes. 

The curve of temperature that is relevant is the one corresponding to TG05, and the red one is 

the one drawn from the points of that curve that were known. This figure is to compare the real 

CS2 
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behaviour of the air temperature (with a lot of peaks) with the one used to predict the beam 

temperature, which is much softer.  

Following the procedure of the AM of the Austrian test, the thermal simulation was carried out 

for the whole section first. After that, it the simulation was run for the upper flange, the lower 

flange and the web separately. 

4.1.2.1. CS2. Prediction of the temperature of the whole section 

 The next two tables show the input data of the model. 

Radiation 

hnet,r = 0,567·10^-8φεres*(θr+273)^4-(θm+273)^4+ 

Parameter Designation Value 

Configuration factor φ 1 

Resultant emissivity εres 0,5 

Convection 

hnet,c = αc(θg - θm) 

Parameter Designation Value 

Convection coefficient αc *W/m2K+ 25 

Increase of Temperature 

Δθs,t = ksh·Am·hnet,d·Δt/cs·ρs·V 

hnet,d = hnet,r + hnet,c 

Parameter Designation Value 

Area per length Am [m] 1,94 

Volume per length V [m2] 0,00785 

Specific heat of steel cs [J/kg·K] 600 

Density of steel ρs *kg/m3+ 7850 

 

Parameter Designation Value [m] 

Web height hs 0,5 

Web thickness t 0,0025 

Flange width bg 0,22 

Flange thickness tg 0,015 

Length of corrugation w 0,155 

Uncoiled length s 0,178 

Length of the beam L 9 

Width of wave a 0,0415 

Tables 4.6. and 4.7. Input data for the thermal model  

The shadow effect coefficient (ksh), although its value is not represented in the table, was taken 

as 1. 

The temperature curve provided by the model is presented in figure 4.8., with the measured 

average temperature of the section in the midspan of the beam. The measured air temperature 
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is also represented. The curve of air temperature used to predict the temperatures of the beam 

generated by the measured temperatures during the test is also represented. 

 

Figure 4.8. Temperatures during the test and prediction  

In this case, the results of the AM are more similar to the measured results of the test. The 

prediction of the temperatures using the parameters corresponding to the whole section match 

the average measured temperatures quite well. Although the heating is a little slower in the 

theoretical results than in the measured ones, the reached temperature is higher in the 

theoretical model. Actually, the maximum theoretical temperature is 798ºC while the maximum 

average measured temperature in the middle of the beam is 743ºC. The difference of 50ºC is 

slightly conservative, so the model works well in this case.  

It has to be taken into account that this test was monitored in better conditions than the Austrian 

one, and that the points of measurement of the air temperatures are known. So, it could happen 

that the Austrian test model does not provide with better results in part because of the lack of 

data related to the air temperature in the beam surroundings. 

4.1.2.2. CS2. Prediction of the temperature of the upper flange 

The parameter that changes in this case is the section factor. The upper side of the upper 

flange is in contact with the composite slab, so it is not added in the account for the area per 

length. The area and volume per length are the next. 

Parameter Designation Value 

Area per length Am [m] 0,25 

Volume per length V [m2] 0,0033 

Table 4.8. Area and volume per length 

Figure 4.9. shows the predicted upper flange temperature, as well as the measured temperature 

in the upper flange of the beam, in the middle of the beam. 
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Figure 4.9. Measured and theoretical temperatures 

In this case, like in the Austrian prediction of the temperatures, using the section factor 

corresponding to the flange the results are not acceptable because the temperatures provided 

by the model are lower than the real ones. So, by now, the results follow the same pattern as in 

the Austrian test simulation; the temperature of the flanges is higher than the predicted one. 

4.1.2.3. CS2. Prediction of the temperature of the lower flange 

The difference between the lower flange with respect to the upper flange is that the whole of its 

perimeter is exposed to the fire, so its section factor is greater than the one corresponding to 

the upper flange and as a consequence it is supposed to reach a higher temperature than the 

upper one.  

Parameter Designation Value 

Area per length Am [m] 0,47 

Volume per length V [m2] 0,0033 

Table 4.9. Area and volume per length 

In this case the predicted temperature is almost as high as the measured one, but the weakest 

point of the prediction is the speed of the heating, which is much slower than the real heating of 

the beam. The results are not satisfactory again.  
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Figure 4.10. Theoretical and measured temperatures  

4.1.2.4. CS2. Prediction of the temperature of the web 

To predict the temperature of the web, the parameters used have been the ones corresponding 

to a cut in the beam in which the wave was perpendicular to that cutting. The area and volume 

per length are the next. 

Parameter Designation Value 

Area per length Am [m] 0,5025 

Volume per length V [m2] 0,00125 

Table 4.10. Area and volume per length 

The obtained results are shown in figure 4.11.  

 

Figure 4.11. Theoretical and measured temperatures 

In the case of the web the theoretical temperatures are higher than the measured ones, which 

means that the results are conservative.  
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4.1.3. Interpretation of the analytical thermal model results 

The main conclusion that can be extracted from the obtained results is that using the whole 

section parameters the results are quite good at predicting the average temperature of the 

section. If the parameters used are the ones to calculate the temperatures of the flanges or the 

web separately, they are not so convenient, especially for the flanges, as they are non-

conservative.  

As a first observation it has to be said that in the case of the corrugated web beams the web is 

much thicker than the flanges, and that this difference is greater than in the regular beams. Next 

table shows the relation between the thicknesses of the flanges and web of some regular 

beams as well as of some corrugated web ones to evaluate the difference. 

Regular beams 

Section Flange thickness [mm] Web thickness [mm] Flange/Web thickness 

IPE100 5,7 4,1 1,39 

IPE500 16 10,2 1,57 

IPN240 13,1 8,7 1,51 

Corrugated web beams 

Section Flange thickness [mm] Web thickness [mm] Flange/Web thickness 

WTE500 20 5 4 

WTC333 8 3 2,67 

WTB500 15 2,5 6 

Table 4.11. Thicknesses ratio in regular and corrugated web beams 

This fact may explain why the methodology of temperature calculations does not work.  

There is another possibility related to this that may explain the results. The difference of 

thicknesses between the web and flanges is such that the difference of temperature between 

both could become so big that the heat transmission from the web to the flanges is more than 

expected by the calculation methodology found in the standards (thicker elements are heated 

faster than the ones with more width). This would explain why the theoretical temperature of the 

web is higher than the measured one, and why the flanges one is lower than the measured one. 

Maybe during the fire the web is “heating” the flanges, because of the difference of 

temperatures between them and the high conductivity of the steel. This could be the reason why 

that the temperature of the web is not as elevated as it should (its heat is transferred to the 

flanges) and that the flanges temperature is higher than expected (they are heated by the web). 

As a last point, it is fair to say that the Austrian test does not provide with consistent results, as 

the heating is not as uniform as expected; the difference of temperatures within the beam in 

some instants almost reaches the 200ºC, which is a very high value taking into consideration 

the length of the beam, of 2,5 m. The comparison between the theoretical results obtained 

under the assumptions proposed by the Eurocodes with the real results of a test that is not 

close to accomplish them is not easily treatable. 

4.1.4. Correction factor proposals 

To get more accurate results, correction factors for the web heating, as well as for the heating of 

flanges have been developed. The aim of these factors is to find out if with some simple adding 

in the heat transfer formula the results would become useful. 
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4.1.4.1. Correction factor for the web 

In the case of the web heating the main problem is that there is only one set of results, the 

Mokrsko test ones. So, even if a good correction factor was found there is no possibility to test it 

with more experimental data. That is why this factor is here only presented as a possibility to be 

developed in more extended studies. 

Firstly, figure 4.11 shows that the theoretical and measured temperatures curves have a very 

similar shape. So, in order to make them get closer, it may be only necessary to multiply them 

by a constant factor. A factor between 0,9 and 0,95 could be a good choice, as it can be seen in 

figure 4.12. 

 

Figure 4.12. Temperatures affected by coefficients  

As it can be seen, in this case, if the temperatures are lowered they get closer to the measured 

temperatures. Using a coefficient of 0,9 they become a little too low, but with a coefficient of 

0,95 the results provided by the model are more accurate. 

4.1.4.2. Correction factor for the flanges 

As for the web, the differences between the theoretical and measured temperatures of the 

Austrian and Mokrsko tests have been evaluated to try to find a way to make them fit. As seen 

below, the model does not make good predictions of the flanges temperatures, as they are 

lower and grow slower than the measured ones.  

After some trials, no satisfactory results have been obtained, and as the main aim of the project 

is not related to transfer of heat, the investigation in this line has been discarded. This section, 

then, is only included to introduce a possible field of investigation in this aspect of the heat 

transference. 

In the case of the Mokrsko test the main conclusion of the analysis is that the main difference 

between the theoretical and the real temperature curves is in the speed of the temperature 

increase. The real curves grow faster than the theoretical ones, as it can be observed in the 

figures shown in sections 5.1.2.2 and 5.1.2.3. 
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In the case of the Austrian test, the predicted temperatures were just lower than the measured 

ones.  

4.2. Mechanical model 

This model calculates the variation of the mechanical properties of the beam due to the 

variation of its temperature according to EN 1993-1-2, section 4.2.5, Steel temperature 

development. The main aim of the model is to predict the failure of the beam by comparing the 

variation of its resistance due to the temperature with the applied load. This model works under 

the hypothesis of uniform temperature distribution on the element. The resistances of the 

corrugated web beam are calculated via the formulas supplied by the EN 1993-1-5, Annex D. 

Plate girders with corrugated web. 

The main function of the model is to calculate the resistance to shear and bending moment of 

the beam at ambient temperature, and, by means of the reduction factors supplied by EN 1993-

1-2, determining the values of resistance at different temperatures (20ºC, 100ºC, 200ºC... up to 

1200ºC). As an extra, it also makes the calculation of these resistances by another way, which 

consists of using the ambient temperature calculations and affecting the involved parameters 

directly according to the temperature. From these values, and by introducing the different values 

of temperatures of the steel, the model finds the actual resistances of the element at every 

temperature by an interpolation of the values determined for the base temperatures. A table is 

generated in which, for every value of temperature, the values of Shear resistance, Moment 

resistance, Yield strength, Proportional limit, Modulus of elasticity, and Theoretical elastic 

deflection are given. The values of resistance that are lower than the applied load appear in red 

so it is possible to see in which moments (at which temperature) the failure of the beam would 

occur. The values of Yield strength and Proportional limit also appear in red in case they 

become lower than the stress suffered by the beam because of its load. 

The parameters to introduce by the user are the next: 

Geometry properties: 

 Web height (hs) 

 Web thickness (t) 

 Flange width (bg) 

 Flange thickness (tg) 

 Length of corrugation (w) 

 Uncoiled length (s) 

 Length of the beam (L) 

Material properties: 

 Modulus of elasticity (E) 

 Shear modulus (G) 

 Poisson modulus (ʋ) 

 Expansion coefficient (α) 

 Density (ρ) 

 Yield strength of the web (fykw) 

 Ultimate strength of the web (fukw) 

 Yield strength of the flange (fykf) 
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 Ultimate strength of the flange (fukf) 

Applied load: Force or pressure applied to the beam (As every type of beam to which the model 

may be applied may be differently loaded and supported, the table corresponding to the applied 

load should be revised every time the model is used) 

Parameters for resistance calculation: 

 Partial factor for resistance of cross-sections of whatever class (γM0) 

 Partial factor for resistance of members to instability (γM1) 

 Imperfection factor (α) 

Also the steel temperatures at which the resistances are to be obtained have to be introduced 

into the model in a table. These temperatures may be obtained from the thermal model if a 

whole model wants to be used to predict the resistance to fire of an element from the air 

temperature that is reached in the surroundings of the mentioned element. Another possibility is 

to use the temperatures that the steel is supposed to reach directly. 

The model output consists of the resistance to shear and bending of the beam at every input 

temperature. A comparison with the loading data is automatically done so it is easy to find out 

the temperature of failure of the resistant element. 

This model has been used only to predict the results of the Austrian test, as in the Mokrsko test 

the beam was linked with the slab above it and the calculation methods differ from the methods 

used by this model.  

4.2.1. Mechanical analytical simulation of the Austrian test 

As a second step after the thermal analysis, and with the aim to complete the theoretical 

simulation of the Austrian test, the mechanical model has been used to predict the behaviour of 

the studied beam.  

About the labelling of the axis, as exposed in the Axis section, they follow the scheme used in 

the ANSYS program, as it is used as a support in this thesis.  

 

Figure 4.13. Orientation of the axis  

Z X 

Y 
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When it is time to calculate the effects of the load of a beam, a model of the loading and the 

support conditions has to be used. The loading of the studied beam is represented by a single 

force applied in the middle of the beam, and the supports are treated as simple, with one of 

them without restriction of movement in the direction of the beam. Figure 4.14 represents the 

simplification of the loading and surrounding conditions used in the mechanical model.  

 

Figure 4.14. Loading and surrounding conditions model  

In the case of the Austrian test, the value of the applied force (F) is of 40 kN, while the length of 

the beam (L) is 2,5 m.  

The maximum bending moment and shear, as well as the stresses caused by each of these 

actions are summarized in table 4.12. 

Applied load [N] F 40.000 

Shear [N] VEd 20.000 

Bending moment [N·mm] MEd 25.000.000 

Longitudinal stress [N/mm2] σx 50,90 

Shear stress [N/mm2] τxy 20,02 

Table 4.12. Summary of the loading effects on the beam 

These values are obtained following the next formulas: 

     
   (eq. 29)

       
   (eq. 30)

   
      

  
   (eq. 31)

    
   

      (eq. 32)

where: 

L:  Length of the beam, 2.500 mm 

Ai:  Transverse area of one flange, 1.440 mm
2 

Iz:  Moment of inertia of the section with respect to the Z axis, 83.737.680 mm
4 

hs:  Height of the web, 333 mm 

t:  Thickness of the web, 3 mm 
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Also the deflection in the midspan of the beam (δ) is calculated by this AM, following the next 

formula: 

      

       
  (eq. 33)

where E is the modulus of elasticity of the steel (210.000 N/mm
2
 at ambient temperature). The 

deflection at ambient temperature obtained by the model is of 0,74 mm. It makes no sense to 

calculate the deflection at elevated temperature using this formula as it is given by the 

standards to be used in the elastic range of deformation. 

4.2.1.1. Uniform temperature mechanical analysis 

As a first stage, the mechanical model has been used under the assumption that the 

temperature of the beam was uniform during the test. The steel temperatures used here have 

been the measured temperatures of the beam 4, assuming that they are not very different from 

the temperatures reached by the other beams, because of the high conductivity of the steel. As 

the temperatures of the beam are very irregular and the effect of the loading at every section of 

the beam is different, the average measured temperature of the beam has been used to predict 

the behaviour of the beam during the test. It has to be taken into consideration that the 

temperature of the beam was only measured in the flanges, so the results of this analysis are 

actually useful for this part of the beam. The mechanical results obtained for the web using this 

curve of temperature have been obtained as well, but it may have developed a higher range of 

temperatures, so they will not be taken into consideration in this section. 

The stages of the loss of resistance due to the fire exposure supplied by the model are shown in 

table 4.13. They are obtained by the comparison of the resistance of the beam at every 

temperature (MEd, VEd) against the effects of the loading (MRd, VRd). In the table there are also 

represented the temperatures at which the steel is submitted to a greater stress than the 

proportional limit and yield limit respectively, also because of the effect of loading, but 

determined directly by the variation of these properties with the temperature. 

Time Temperature Description of the event 

22 593,08 Stress in flanges becomes greater than fp 

28 700,18 Stress in web becomes greater than fp 

28 700,18 MEd becomes greater than MRd 

29 714,53 Stress in flanges becomes greater than fy 

33 761,53 VEd becomes greater than VRd 

Table 4.13. Summary of the predicted loss of resistance  of the steel 

According to the results, failure due to the loss of resistance would take place theoretically in 

the minute 28. As the failure in the real test occurred in the 28
th
 minute it can be said that the 

results of the model under the hypothesis of uniform temperature look very good. Even though, 

it has to be taken into account that the real temperatures of the steel are unknown and that as 

the model has been run under some unproved assumptions it would be necessary to make 

more trials to evaluate it. At this stage it can only be said that the first trial has been a success. 

Taking a deeper look at the results, it can be said that, according to them, the failure of the 

beam is due to the effect of the bending. Failure due to shear would take place in the minute 33. 

As said before, this information may not be useful. A specific analysis for the web behaviour 

under the thermal loading corresponding to the test will be presented in next section, 5.2.1.2. 

Web mechanical analysis. 
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Another event that deserves a comment is the one corresponding to the minute 29 of the test. 

At that minute the stress in the flanges is supposed to become greater than the yield strength 

(which would mean that the flanges would lose their carrying capacity). As it is assumed that the 

bending moment only affects the flanges, these events should happen exactly at the same time 

and temperature. The fact that this second one happens a little later, at a higher temperature 

than the failure due to bending moment only means that the methodology proposed by the 

Eurocodes is conservative; the resistance is affected by the temperature in a greater grade than 

the steel properties. Even though, the difference in the results if the calculation is made by one 

way or the other is slight, so it can be deduced that both methodologies would lead to 

acceptable results. This also proves that the model has been well built, as the results obtained 

are the same via the two possible ways of calculation found in the Eurocodes. 

4.2.1.2. Web mechanical analysis 

To make an accurate simulation of the behaviour of the web during the experiment, as said 

before, the temperature used can not be the one measured in the flanges as, because of the 

different thicknesses of these parts of the beam, the temperatures reached by the web are 

different from the ones reached by the flanges. 

As there is no information about the temperature of the web in this test another strategy has 

been used to run the mechanical analysis corresponding to this part of the beam. The 

temperatures have to be obtained theoretically, and as in the simulation of the Mokrsko test, 

where the results could be proved by experimental data, the predicted temperatures of the web 

matched conveniently the measured ones (in a conservative way), the thermal model has been 

used to predict the temperatures of the web of the beam during the Austrian test. The predicted 

temperatures are presented in Annex D. Thermal analytical model data and results, and the 

time-temperature curve is shown below. No correction factor has been used to affect the 

theoretical temperature of the web. 

 

Figure 4.15. Measured flange temperatures and theoretical web temperature  

As expected, the web theoretical temperature is higher than the flanges measured temperature. 

This fact predicts that the resistance to fire of the web obtained by the mechanical model using 

these temperatures will be lower than the one obtained using the temperatures of the flanges. 

The results corresponding to the web are shown in table 4.14. 
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Time [min] Temperature [ºC] Description of the event 

21 700,84 Stress in web becomes greater than fp 

26 760,20 VEd becomes greater than VRd 

40 851,75 Stress in web becomes greater than fy 

Table 4.14. Summary of the predicted loss of resistance of the web 

As shown in the table, the moment in which the failure would occur is in minute 26, at a 

temperature of 760,2 ºC. The report of the experiment reveals that failure took place in the 

minute 28, so this result obtained theoretically is conservative. It has to be taken into account 

that, as seen in the prediction of the temperature of the web for the Mokrsko test, the 

temperatures provided by the thermal model are higher than the real ones. This may explain the 

conservativeness of the results of the mechanical model when it is used in connection with the 

thermal one. 

It is also interesting to observe that the failure occurs 100ºC below the temperature at which the 

stress in the web becomes higher than its yield strength. This means that, in this test, the failure 

of the web would be caused by a phenomenon of instability, not by a material failure. 

 

Figure 4.16. Test object 1 after the failure  

Anyway, as seen in figure 4.16, the failure of the beam was caused by a failure in the flanges. 

So, the prediction of the mechanical behaviour of the web is so conservative that it does not 

represent the real behaviour of the beam. The time of failure obtained for the web should be 

greater than the time of failure of the flanges, but, as exposed before, this may be caused by a 

too conservative prediction of the temperatures of the web. 

4.2.2. Interpretation of the analytical mechanical model results 

The results obtained by the model are consistent with the expectations. When the measured 

flanges temperature was used, the failure was well predicted. It has to be taken into account 

that the failure of the beam was really caused by the failure of the flanges. When the predicted 

temperatures of the web were used, under the assumption that they were higher than the real 

ones, the results were too conservative but probably not far from reality. 
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PART 5:  

FINITE ELEMENTS SIMULATION  

OF THE AUSTRIAN TEST 
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5. Finite elements simulation of the Austrian test 

The studied beam of the Austrian test, WTC 333, has been modelled with a finite elements 

software (ANSYS 12.0.1) to simulate its behaviour during the test, under both the mechanical 

and thermal loadings. 

The ANSYS is capable to solve static and dynamic structural analyses as well as various 

physical applications. The program has many special features which allow secondary effects to 

be included into solution, such as plasticity, large deflections, contact, stress stiffening, 

temperature dependency and many others.  

The ANSYS elements library includes more than eighty elements which could be used in two or 

three dimensional problems. 

All features make ANSYS a multi-purpose analysis tool for solving various engineering 

problems. But more than for everyday use of a civil engineer, it is practical for research studies. 

The program works without units so it is the user who has to define them in a consistent way. 

That is to say, the properties have to be defined using the same units as the loadings and 

dimensions. The units used in this model are N, mm and ºC. 

5.1. The model 

5.1.1. Element type 

The element type used to generate the model, because of its features, is named by the program 

SHELL 181.  

SHELL 181 is suitable for analyzing thin to moderately-thick shell structures. It is a 4-node 

element with six degrees of freedom at each node: translations in the x, y, and z directions, and 

rotations about the x, y, and z axes.  

The geometry, node locations and the element coordinate system for this element are shown in 

figure 5.1. The element is defined by four nodes: I, J, K, and L. The element formulation is 

based on logarithmic strain and true stress measures. The element kinematics allow for finite 

membrane strains (stretching). However, the curvature changes within a time increment are 

assumed to be small.  
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Figure 5.1. Element shell 181 geometry  

5.1.1.1. Assumptions and restrictions of the element SHELL 181 

- ANSYS recommends against using this element in triangular form, except as a filler 

element. Avoid triangular form especially in areas with high stress gradients.  

- Zero-area elements are not allowed. (Zero-area elements occur most often whenever 

the elements are numbered improperly.)  

- Zero thickness elements or elements tapering down to a zero thickness at any corner 

are not allowed (but zero thickness layers are allowed).  

- The maximum number of layers supported is 250.  

- If multiple load steps are used, the number of layers may not change between load 

steps.  

- If reduced integration is used SHELL 181 ignores rotary inertia effects when an 

unbalanced laminate construction is used, and all inertial effects are assumed to be in 

the nodal plane (that is, an unbalanced laminate construction and offsets have no effect 

on the mass properties of the element).  

- No slippage is assumed between the element layers. Shear deflections are included in 

the element; however, normals to the center plane before deformation are assumed to 

remain straight after deformation.  

- Transverse shear stiffness of the shell section is estimated by an energy equivalence 

procedure (of the generalized section forces & strains vs. the material point stresses 

and strains). The accuracy of this calculation may be adversely affected if the ratio of 

material stiffnesses (Young's modulus) between adjacent layers is very high.  

- The calculation of interlaminar shear stresses is based on simplifying assumptions of 

unidirectional, uncoupled bending in each direction. If accurate edge interlaminar shear 

stresses are required, shell-to-solid submodeling should be used.  

- The section definition permits use of hyperelastic material models and elastoplastic 

material models in laminate definition. However, the accuracy of the solution is primarily 

governed by fundamental assumptions of shell theory. The applicability of shell theory 

in such cases is best understood by using a comparable solid model.  

- The layer orientation angle has no effect if the material of the layer is hyperelastic.  

- Before using this element in a simulation containing curved thick shell structures with 

unbalanced laminate construction or shell offsets, validate the usage via full 3-D 

modeling with a solid element in a simpler representative model. This element may 

underestimate the curved thick shell stiffness, particularly when the offset is large and 

the structure is under torsional load.  
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- The through-thickness stress, SZ, is always zero.  

- This element works best with full Newton-Raphson solution scheme.  

- Stress stiffening is always included in geometrically nonlinear analyses.  

- In a nonlinear analysis, the solution process terminates if the thickness at any 

integration point that was defined with a nonzero thickness vanishes (within a small 

numerical tolerance).  

- If a shell section has only one layer and the number of section integration points is 

equal to one, then the shell has no bending stiffness, a condition that can result in 

solver and convergence problems.  

5.1.2. Real constants 

In ANSYS, Real Constants represent the input data relative to the Element Type to be 

introduced by the user. In this case, the only parameter to include is the thickness of the 

element SHELL 181. Three sets of Real Constants have been used: 

Set 1: Thickness of the flanges, 8 

Set 2: Thickness of the stiffeners, 20 

Set 3: Thickness of the web, 3 

5.1.3. Material properties 

In this case only one material is defined; it is steel with a yield strength of 235 N/mm
2
, S235. 

The properties are defined as temperature dependant, and the behaviour of the material is set 

as multilinear isotropic, with strain hardening. 

The set of properties at ambient temperature is the next: 

Yield strength (fy): 235 

Ultimate strength (fu): 360 

Modulus of elasticity (E): 210.000 

Shear modulus (G): 81.000 

Expansion coefficient (α): 1,2·10
-5

 

In Annex C. Reduction factors in case of fire the tables with the corresponding values of the 

different properties at each defined temperature are shown. Figure 5.2. shows the Stress-Strain 

curves at the defined temperatures. 
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Figure 5.2. Stress-Strain curves 

5.1.4. Geometry 

The geometry of the model is the same as the beam 1 tested in the experiment run in Austria. 

The meshing of the elements has been made automatically with the offset parameters of the 

program. 

 

Figure 5.3. Geometry of the model  
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To simulate the supports of the beam in the test, some degrees of freedom (DOF) of certain 

zones of the beam have to be restricted. In this case, the bisupported model has been used, 

restricting the vertical displacement as well as the translation along the Z axis of the lower 

flanges in the zone corresponding to where both exterior stiffeners are welded, as well as the 

horizontal displacement of one of these areas. These restrictions are represented by the 

program with triangles. They point the restricted direction of displacement. No rotation 

restrictions have been used. 

 

Figure 5.4. Meshed model with DOF restr ictions 

5.2. Load data 

5.2.1. Mechanical loading 

The first load that has to be applied to the model in the simulation is the mechanical one. To 

simulate the test, the load of 40 kN has been applied to the model. As the load was applied with 

a stamp of 100x100 mm, an area of these dimensions has been generated in the centre of the 

beam to apply a surface load of 4 N/mm
2
 on it. This pressure represents the force of 40 kN 

applied in the real test. 

5.2.2. Thermal loading 

Once the model is “loaded” with the force, the temperature can be added to the model. The 

maximum recorded temperature of the steel is of 930ºC, so the simulation reaches the 1000ºC. 

This temperature increase is made step by step, as explained in section 5.3. Solver 

5.3. Solver 

As the simulation is designed to provide with large displacements, the loading of the beam has 

to be made in different steps, updating the geometry of the model after every step. The number 

of steps is automatically determined by the program. In the case of the mechanical simulation, 

as the loading is not high enough to generate large displacements at ambient temperature, the 

simulation is run by the software in only one step. 

5.4. Results of the simulation 

The simulation of the test has been separated into 2 parts. First of all, a simulation at ambient 

temperature has been carried out, to compare the results provided by the software with the 

measured results of the test. After this analysis, the thermal analysis has been run, to simulate 

the whole experiment. 
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5.4.1. Simulation at ambient temperature 

From the simulation at ambient temperature, the results that have been recorded are useful for 

a later comparison with the calculations made by the AM at ambient temperature, from which 

the behaviour at elevated temperatures is predicted. The results provided by the finite elements 

model (FEM) are exposed in this section via different figures. 

5.4.1.1. Stress  

To help comparing the results provided in this section with the AM ones, the table summarizing 

the obtained actions and stresses showed before in section 4.2.1. Mechanical analytical 

simulation of the Austrian test is copied below. 

Applied load [N] F 40.000 

Shear [N] VEd 20.000 

Bending moment [N·mm] MEd 25.000.000 

Longitudinal stress [N/mm2] σx 50,90 

Shear stress [N/mm2] τxy 20,02 

Table 5.1. Summary of the loading effects on the beam provided by the analytical 

model 

 

Figure 5.5. Stress in the longitudinal (X) direction of the beam  

As it can be seen in the figure above, the maximum compression stress to which is subjected 

the beam under the applied load of 40 kN is of about 70 N/mm
2
, in the upper flange (detail in the 
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upper right corner). The maximum tensile stress, in the lower flange, is of about 60 N/mm
2
 

(detail in the lower left corner). The predicted values by the AM are lower, of 50,90 N/mm
2
. This 

difference may be caused by two different facts. 

First of all, it could happen that the shape of the elements is not the most proper one, because 

of the sinusoidal shape of the web, to get the most accurate results. This would also explain the 

difference between the values of stress in the upper and lower flanges, which are supposed to 

be equal in a beam whose flanges are equal and which is subjected to simple bending. 

On the other hand, in regular beams the tension caused by bending is regularly distributed 

through the web and the flanges. A particular aspect of this kind of beams, though, is that the 

web is not able to transfer stress in the longitudinal direction. This is caused by the shape of the 

web. If a longitudinal load was applied to it, it would be flattened as an accordion. The whole 

longitudinal stress is transferred via the flanges, so it may be increased in comparison to regular 

beams. 

 

Figure 5.6. Shear stresses in the XY plane 

As it can be observed the maximum shear stress can be found in the web. If it is treated as 

positive or negative has no importance in this analysis so only the absolute values of the stress 

will be taken into account.  

First of all it has to be explained that this figure shows the shear stresses in the XY plane. This 

is why the web is coloured differently depending on the zone; in the whole web the shear stress 

in the planes containing each differential section of the web is the same, but if only the 

component of this stress corresponding to the XY plane is taken into account, only the parallel 

sections to this plane bear the maximum stress, as seen in figure 5.7. 
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Figure 5.7. Detail of the shear stress in the web 

So, focusing on these stresses, it can be assumed that the stress suffered by the web in the FE 

simulation is between 18 and 23 N/mm
2
 (the maximum values in blue only appear in a few small 

zones, so it is going to be assumed that these values come from any irregularity of the model 

while, on the other hand, the red greater values appear in every wave of the web, so it is going 

to be assumed that they are reliable). It is also noticeable that in the left side of the web 

(coloured in blue), the maximum value that is repeated in every web corresponds to a value of 

stress between 14,5 and 20 N/mm
2
. So it could be assumed that, by a hypothesis of symmetry, 

the maximum stress in the web is of 20 N/mm
2
 (the red zone contains this value between its 

edges and possibly there are a few parts of the web that, like in the blue part of it, are supposed 

to be bearing a greater stress than they should because of some imperfections of the 

model).The analytical results are quite consistent with these ones as the maximum shear stress 

in the web obtained via that model is of 20,02 N/mm
2
. 

 

5.4.1.2. Deformation 

The maximum vertical deflection of the beam with the loading of the test at ambient temperature 

given by the software is of 1,072 mm. This value of deflection corresponds to the middle of the 

beam. The deflection value found in the test report before the heating started is of 0,45 mm. As 

said before, the point where the deflection was measured is not described. Comparing the 

values and taking into account the difficulty to measure the deflection in the same point where 

the load is applied, it may be assumed that the middle of the beam is not where the 

measurement was made. This means that, as said in section 3.1.6. Test results, the deflection 

values may not have an application in this thesis. 
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Figure 5.8. Vertical deflection of the beam 

Comparing this value to the one provided by the AM (0,74 mm), it is observed that the deflection 

obtained via the FE simulation is greater than the one obtained via the analytical one. This may 

be caused because, as seen in the anterior section, the longitudinal stress, in beams with 

corrugated web, is only transferred via the flanges, so it is greater than expected in the 

calculations for regular beams, the kind of calculation used in the AM. There is the possibility 

that because of this the deflection is greater in these beams than in the regular ones and so, in 

the AM. 

It is also interesting to observe that the beam suffers a slight deformation along the Z axis 

(figure 5.9). As explained before, the translation along the Z axis has been restricted in the 

areas of the lower flanges corresponding to where both outer stiffeners are placed. In the 

middle of the beam, though, a displacement in this direction can be observed. The detail of the 

upper flange (upper right corner) shows that the middle of that flange has moved backwards 

from the viewer. The lower flange (upper left corner) has moved frontwards from the viewer. 

This involves a rotation of the beam, in the direction of its longitudinal axis. This rotation is 

caused because, although the beam is loaded in the middle of the flange, the web is not 

symmetrical with respect to the mentioned axis, as seen in figure 5.10. This generates the 

torsion of the beam through this axis. 
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Figure 5.9. Translation along the Z axis  

 

Figure 5.10. Upper view of the beam, longitudinal axis and loaded area  

X 
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In this representation it can be seen that the centre of application of the loading (blue cross), 

centre of the uniformly loaded area (blue square), is placed in the axis of the sinusoidal web, 

which is not the inertial centre (red circle) of the part of the web which is shadowed (under the 

pressure of the load). When the equivalent punctual force of a loading is not aligned with the 

centre of inertia of the loaded element, a gyration tendency appears; this is what is happening 

with this corrugated web.  

This is a phenomenon to take into account when using this kind of beams, especially for beams 

with a big span, in which this effect would be greater than for short beams. 

5.4.1.3. Resistance of the beam at ambient temperature 

Going further in this analysis, a simulation has been run to determine the carrying capacity of 

the modelled beam. This study has been done in order to help this section proving the accuracy 

of the FE model in the ambient temperature scope. 

The simulation has been run with a loading of 400 kN instead of 40 kN, in order to provoke the 

failure of the beam. In the simulation, this failure is noticed because of the non-convergence of 

the results. That is to say, when at a certain substep the results do not converge, it means that 

the software has not found a solution in the strain-stress curve that fits with the loading level of 

the resistant element. This non convergence indicates the failure of the element. 

This non convergence has taken place in the substep 0,72096. As the substep represents the 

percentage of the defined load that has been applied to the model, the last substep to converge 

represented the 72,096% of the 400 kN applied to the model, that is to say, 288 kN. The shear 

and transverse moment that this load involves are shown in table 5.2. 

Applied load [N]                          400.000 

% at failure 72,096% 

Load at failure [N]                          288.384    

VEd at failure [N]                          144.192    

MEd at failure [Nmm]                  180.240.000   

VRk [N] 124.000 

MRk [Nmm] 118.000.000 

Table 5.2. Results of the simulation to determine the resistance of the beam  

In this table the results obtained in the simulation are exposed to determine the level of load that 

the beam supports. Also the data related to the resistance of the beam provided by Zeman 

(Zeman & Co, technical data) (VRk, MRk) are presented. As it can be seen, the resistance data 

provided by Zeman is lower than the resistance obtained in the simulation.  

This could be caused because the resistance criteria of the company are limited by the 

deformation of the beam, not by its resistance. Deformation criteria is sometimes more strict 

than the resistance one. This happens when, even if there is no possibility of the element to fail, 

its deformation is so obvious that is considered unacceptable. In this case, though, the 

resistance provided by the company fits with the one obtained via the analytical model so this 

possibility is discarded.  

Another possibility would be that the results provided by the standards are more conservative 

than the ones provided by a simulation. As simulations are more precise than analytical models, 

they usually provide with less conservative results. Furthermore, the standards base their 
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calculations in the trapeizodally corrugated web beams. These beams do not present the same 

resistance to instability as the beams with sinusoidally corrugated webs. This may be why the 

results provided by the existing rules is more conservative than the results obtained via a 

simulation, which is always more precise than simplified calculations. 

The stiffeners also may provide the beam with more resistance than expected when they are 

not taken into account (as in the analytical model, or the data provided by the company). 

It also has to be said that this information is not sufficient to predict the reason for failure of the 

beam (because of the failure of the flanges or of the web). The deformed shape at the moment 

before the failure may provide with information related to this aspect of the failure. 

 

Figure 5.11. Detail of the deformed shape of the beam before failure  

As it can be observed in this figure, the upper flange presents an irregularity before the failure. It 

may be assumed that the beam would fail because of the bending moment at ambient 

temperature. Therefore, the level of shear reached in the simulation may not be enough to 

provoke the failure of the beam. 

5.4.2. Simulation at elevated temperature 

The simulation at elevated temperature starts from the end of the one at ambient temperature. 

After having applied the mechanical load, the thermal load is applied.  

As explained before, the temperature is applied by the software in different substeps (from 1 to 

2, as the mechanical load application takes substeps from 0 to 1). It is possible to analyze the 

results at every substep which has been used. It is easy to recognize the temperature 

corresponding to these results, as the substeps are labelled with the corresponding percentage 

of the load (as explained in section 5.4.1.3. Resistance of the beam at ambient temperature); in 

this case, the temperature. So, if the final temperature of the simulation was 600 and the current 

substep 1,5, the current temperature would be 300. 
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In this simulation, as said before, the final temperature is 1000ºC. As the offset temperature is 0, 

the temperature of every substep is obtained multiplying the substep value minus 1 per 1000. 

The expected result of the simulation consists of a non-convergence of the results at a certain 

substep. This non convergence represents the point (temperature) at which the theoretical 

failure of the beam takes place.  

5.4.2.1. Resistance to temperature of the beam 

When running the simulation, it stopped at the substep (named time by the program) 1,709. 

This means that the solution did not converge from the previous substep, 1.6994, so it is 

assumed that in the simulation, the beam failed at a temperature between 699,4 and 709ºC. In 

the real test results, the average temperature of the flanges of test object 4 at the moment of 

failure (minute 28) was 700,18ºC. Although this temperature does not correspond to the 

temperature of the test object 1, as said before, it is assumed that the temperatures reached by 

the different beams of the test do not present a great difference so, to compare the real results 

with the predicted ones, these temperatures are going to be used. Under this assumption, the 

results provided by the FE simulation are consistent with the real ones. 

 

Figure 5.12. Convergence screen 

It has to be said that taking into account that the beam failed because of the flanges, the usage 

of the measured temperatures of the flanges (there is no data of the temperatures of the web) to 

compare the real results with the ones provided by the simulation is appropriate. 

5.4.2.2. Stress 

The stresses were not measured during the test so it is not useful to present the obtained 

results via the FE simulation. 
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5.4.2.3. Deformation 

 

Figure 5.13. Deflection of the beam at the failure temperature  

As it can be observed, the deflection of the beam at the moment of failure, according to the 

simulation, was of 28 mm. The measured displacement (setting the offset to 0 instead of 7,2 

mm) at the moment of failure was of 3,79 mm. The great difference between these values is 

caused by the effect of the difference of temperatures along the beam in the real test. The 

reaction generated upwards that provoked the beam to deflect up instead of downwards (see 

section 3.1.6. Deformation) did not let it reach the values of deflection predicted by the model, in 

which the temperature was uniform along the beam. So, because of this non-uniformity of 

temperatures in the real beam it is not possible to compare the information from the predicted 

deformation of the beam with the measured results.  
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PART 6:  

SUMMARY AND ANALYSIS OF THE RESULTS 



 
Behaviour of beams with corrugated web at elevated temperature in case of fire 

 

 

94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Behaviour of beams with corrugated web at elevated temperature in case of fire 

 

 

95 

 

6. Summary and analysis of the results 

6.1. Prediction of the temperatures of the steel 

As the prediction of the temperatures of the beam has been only carried out via the analytical 

model, only the corresponding results will be treated in this section. 

6.1.1. Austrian test 

As seen in section 4.1.1. Thermal analytical simulation of the Austrian test, the direct prediction 

of the test object 4, of which the temperatures were measured during the experiment, was not 

successful. The obtained theoretical temperatures were lower than the measured ones. If the 

data of the test object 1 were used, instead, and it was assumed that the temperatures of the 

test object 1 during the test were similar to the temperatures of the test object 4, the results 

looked better, as seen in figure 6.1. 

 

Figure 6.1. Air and steel measured and theoretical temperatures  

As explained in the corresponding section, probably the EC uses a methodology which is not 

solid enough to handle the phenomena that occurs when the elements of study have such 

differences in thicknesses. 

6.1.2. Mokrsko test 

If the data of the whole section are used, the results provided by the analytical model are 

consistent with the experimental ones. The prediction of the flanges temperatures, though, is 

not reliable. The obtained temperatures are lower than the measured ones. In the case of the 

web, the predicted temperatures are higher than the measured ones so, at least, the results are 

conservative. This phenomenon may be explained by the theory developed in this thesis that, 

because of the great difference of mass that exists between the web and flanges, it is probable 
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that the web “heats the flanges”. This would explain the fact that the web is at a lower 

temperature as expected and the flanges, oppositely, are at a higher temperature as predicted. 

6.2. Mechanical analyses of the Austrian test 

After analysing the experimental results, the analytical (mechanical) proposed model and the 

FE simulation of the Austrian test, the results obtained will be summarized and commented in 

this section. 

The mechanical measured results during the test (or the data provided by Zeman (Zeman & Co, 

technical data) if the treated property was not measured), as well as the ones provided by the 

analytical and FE models are summarized in table 6.1. 

 
Test AM FEM 

 
Ambient temperature 

Stress in flanges (tension) [N/mm2] - 50,90 60 

Stress in flanges (compression) [N/mm2] - 50,90 70 

Stress in web [N/mm2] - 20,02 23 

Deflection [mm] 0,45 0,74 1,072 

Moment resistance [Nmm] 118.000.000       113.563.119    180.240.000   

Shear resistance [N] 124.000              123.949    - 

 
Elevated temperature 

Failure [min] 28 28 28 

Table 6.1. Summary of  results 

In the ambient temperature domain, the results obtained via the three ways are quite different. 

The stresses to which the beam is subjected predicted by the AM and the FEM are different; in 

the calculations made by the software, the stresses are higher than in the ones made following 

the Eurocodes. The explanation for this is explained in section 5.4.1.1. Stress.  

About the deflection of the beam, as said before, it has to be taken into account that the place of 

measurement of it during the test is unknown. As it was probably not in the middle of the beam, 

it is predictable that the given value is lower than the value provided by the models (the middle 

of the beam is the part with a greater deflection, and it is where the theoretical values give 

information about). The difference between the deflections obtained by both models is 

explained in section 5.4.1.2. Deformation. 

The resistances obtained via the AM are quite consistent with the values provided by the 

manufacturer of the beams. The obtained moment resistance is a little lower than the one given 

by the company, which may mean that the calculations are conservative. Probably the 

manufacturer used a more accurate way to calculate the resistance of its beams than the one 

provided by the standards, and that is why its values are higher. The shear resistances are the 

same. 

The resistance at ambient temperature calculated via the FE software is higher than the other 

ones. This may be caused because of the conservativeness of the methodology used by the 

standards. As said before, the standards base their calculations in the trapeizodally corrugated 

web beams. These beams do not present the same resistance to instability as the beams with 

sinusoidally corrugated webs. This may be why the results provided by the existing rules is 
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more conservative than the results obtained via a simulation, which is always more precise than 

simplified calculations. 

The results at elevated temperature are extremely good; in both models the failure occurs at the 

same instant as it happened in the test. This reveals that the current methods of structural 

design at elevated temperatures work well with this type of beams. It has to be said that, in case 

of fire, the failure corresponds to the moment in which the beam loses its carrying capacity; that 

is to say, the moment in which it breaks. In this kind of simulation the results provided by 

ANSYS are the desired ones; they reveal the same event as the analytical models.  

6.3. Sensitivity analysis of the thickness of the web 

As the results related to the mechanical behaviour of the beams at elevated temperatures 

provided by the models are good, it is assumed in this thesis that they are useful for any beam 

of the same characteristics as the modelled one. Therefore, a sensitivity analysis has been 

made to evaluate the changes in the behaviour of the beam when its main characteristic is 

modified, that is to say, the web. Between the different aspects of the web, the one with a 

greater possibility to be modified, because of the nature of the fabrication process, is the 

thickness. That is why the sensitivity analysis is based in this parameter of the beam. 

To carry out this analysis, the AM and the FEM have been used to find the failure temperature 

of the beam for a number of web thicknesses, namely, 1,5, 2, 2,5, 3, 3,5, 4 and 4,5. It has to be 

said that in the case of the AM, the temperature of failure found is only related to the web, as 

the results can be separated for both the web and the flanges. In the case of the FEM, these 

results can not be separated. This is why they have to be interpreted carefully; the failure of the 

beam may be due to a failure of the flanges, and then the temperature obtained would not be 

useful for the analysis of the failure of the web. Next figure represents the failure temperatures 

given by the models. 

 

Figure 6.2. Failure temperatures obtained via FEM and AM 

As expected, the results provided by the FEM are not useful for this sensitivity analysis. For a 

thickness of 1,5 mm the failure of the beam is related to the web, but from a thickness of 2 mm 

the failure temperature remains practically constant which means that the failure is caused 
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because of the failure of the flanges. This result is consistent with the results found along the 

thesis, in which the beam used to fail because of the failure of the flanges. 

The information provided by the AM, on the other hand, looks very interesting. As the thickness 

increases, the resistance is increased. The slope of the curve that joins the different points is 

not constant; actually it decreases as the thickness is increased. This fact seems to lead to the 

conclusion that there is a certain thickness from which the resistance to fire would not be 

significantly increased (the shape of the curve follows the typical logarithmic shape, in which the 

represented property increases but with a smaller slope every time). Anyway, for the 

represented range of thicknesses, a difference of 3 mm of thickness represents an increase of 

resistance of up to 150ºC. This fact might have to be taken into account in fire design with this 

kind of beams. Their webs are so thick that a small change in this parameter causes the fire 

resistance to vary significantly. 

It also has to be taken into account that, from the point in which the failure is provoked by the 

flanges, there is no way to increase the resistance to fire by means of a change in the web 

parameters 
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7. Conclusions 

The first thing to be said in this section, for what has been developed in this thesis, is that the 

beams with corrugated web still need a high input of investigation to become as well known as 

the regular ones. That is to say, the prediction of the behaviour of these beams needs to be 

improved. Some of the results provided by the current methods seem to be consistent but not 

all of them, so they are not reliable in general. 

The greatest advance provided by this thesis is a proposal of investigation, that is to say, a 

possible explanation of an observed phenomenon regarding the corrugated web beams which 

has to be investigated to be taken as truth or discarded. This phenomenon is the fact that, for 

this kind of beams, when predicting the temperatures of the section of a beam exposed to a 

thermal load via the methodology proposed in the Eurocodes, the temperatures of the flanges 

are usually higher than the predicted ones while the temperatures of the web are usually lower 

than the calculated ones. 

The explanation proposed in this thesis consists of the idea that it could happen that the web 

“heats” the flanges. The small thickness of the web causes its temperature to be increased very 

rapidly. The flanges, on the other hand, have a greater thickness (about 3 or 4 times more), so 

its temperature increases slower. The great difference of temperature between both parts of the 

section, as well as the high conductivity of steel, generates an elevated heat transfer between 

them, which causes the web to be cooled by the flanges that are, therefore, heated. A further 

study should be carried out to prove this theory as it is based in the data recorded in only two 

experiments.  

This finding is very interesting although it has to be taken into account that this thesis is focused 

in the behaviour of the beams with corrugated web at elevated temperatures, not in the heating 

process itself. 

In this aspect the results obtained are very satisfactory. Only one of the tests studied have been 

modelled in order to simulate the mechanical behaviour of the beams at elevated temperature, 

but the results provided by the analytical and numerical models are excellent.  

Although some hypotheses were made to run the analytical model, the prediction of failure of 

the beam under the assumption of a uniform temperature in the beam is in the minute 28 of the 

test, which is the minute in which the failure occurred in the test.  

In the case of the finite elements simulation, the failure takes place when the beam reaches a 

temperature between 699,4 and 709ºC. In the real test results, the average temperature of the 

flanges of test object 4 at the moment of failure (minute 28) was 700,18ºC. Same as in the 

analytical model results, it has to be taken into account that some assumptions were made in 

order to carry out the simulation. 

In conclusion, between all the investigations to be made to improve the knowledge of the 

behaviour of the beams with corrugated web, the aspect that needs more input is the thermal 

one. The mechanical one is in a better condition thanks to the study of some experts in these 

beams like Hartmut Pasternak, but there are no specific rules related to the mechanical 

behaviour of these beams at an elevated temperature.  
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Annex A. Measurements of the Austrian test 

A.1. Air temperatures 

Table A.1 shows the air measured temperatures during the test in Austria. 

Time [min] 
Measured air temperatures [ºC] 

TC 1 TC 2 TC 3 TC 4 TC 5 TC 6 TC7 TC 8 

0 22 22 22 22 23 23 23 22 

1 22 22 22 23 23 23 23 22 

2 22 23 22 23 23 23 23 22 

3 22 23 23 23 23 23 23 22 

4 23 23 23 23 24 23 23 22 

5 52 56 53 54 77 54 55 52 

6 324 354 424 381 644 360 314 358 

7 435 445 486 461 733 465 488 377 

8 504 499 520 503 758 515 547 439 

9 549 537 551 537 763 552 585 477 

10 596 584 597 585 782 597 628 521 

11 628 610 612 598 795 613 645 542 

12 645 623 608 599 809 634 670 564 

13 656 633 596 596 818 648 684 576 

14 673 635 619 623 817 648 681 588 

15 673 618 605 627 815 652 679 590 

16 664 611 596 622 825 673 693 602 

17 659 606 610 614 841 695 711 623 

18 662 651 621 642 859 721 732 639 

19 665 657 627 649 866 733 746 653 

20 673 663 647 662 873 743 759 662 

21 676 677 658 674 883 754 768 669 

22 682 677 665 662 894 766 774 679 

23 692 685 684 683 901 776 783 688 

24 705 693 690 698 910 786 793 700 

25 714 704 708 712 918 796 803 712 

26 729 729 725 725 924 805 812 724 

27 739 743 741 738 933 814 817 729 

28 750 755 750 746 939 822 821 733 

29 759 766 759 755 949 831 826 739 

30 767 768 762 759 956 840 837 752 
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31 775 772 764 763 964 849 845 760 

32 782 782 773 771 971 858 851 767 

33 789 788 777 776 977 867 859 777 

34 798 795 785 782 983 875 866 784 

35 805 803 792 789 988 882 873 793 

36 812 809 797 795 994 889 881 799 

37 818 815 802 801 999 897 886 806 

38 825 819 809 807 1.005 903 893 814 

39 832 826 816 815 1.008 910 898 817 

40 839 834 823 821 1.013 918 903 824 

Table A.1. Measured air temperatures during the test  

A.2. Steel temperatures of test object 4 

Table A.2 shows the measured temperatures of the test object 4 during the test in Austria. The 

placement of the measuring points (MP) is indicated in figure A.1. 

Time [min] 

Measured steel temperatures [ºC] 

Upper flange Lower flange 

MP 1 MP 2 MP 3 MP 4 MP 5 MP 6 

0 22,375 22,475 22,375 22,375 22,375 22,575 

1 22,375 22,575 22,375 22,375 22,375 22,575 

2 22,375 22,575 22,375 22,475 22,375 22,575 

3 22,475 22,675 22,375 22,475 22,475 22,675 

4 22,475 22,675 22,475 22,575 22,475 22,675 

5 22,975 23,475 22,675 22,775 22,475 23,075 

6 130,875 89,875 73,575 58,675 58,575 93,675 

7 161,475 119,675 92,875 82,775 82,775 107,875 

8 202,975 151,375 116,475 133,275 119,975 129,675 

9 246,575 186,975 140,675 161,075 144,075 153,175 

10 297,275 228,175 172,475 195,975 171,475 189,275 

11 342,175 264,675 198,175 225,575 197,675 214,775 

12 390,875 307,375 228,075 259,475 227,675 246,375 

13 437,875 349,475 255,275 290,775 259,875 271,675 

14 478,575 386,075 284,275 316,475 291,975 293,475 

15 516,975 422,275 314,075 344,275 323,475 317,875 

16 554,575 464,975 346,175 381,375 356,375 345,275 

17 588,475 506,675 378,375 418,175 387,875 375,375 

18 623,175 548,575 410,575 457,675 418,175 411,175 

19 650,875 585,075 441,075 494,375 448,875 442,075 

20 675,775 617,175 471,075 528,375 476,475 474,275 

21 697,275 644,375 499,675 559,475 503,475 505,275 
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22 717,075 667,775 526,175 587,575 528,475 531,475 

23 734,775 687,575 550,275 613,475 552,375 556,775 

24 747,575 705,375 572,475 636,275 574,375 579,675 

25 754,475 720,675 593,675 657,175 594,475 599,275 

26 767,575 733,875 612,975 676,275 613,175 618,675 

27 783,475 741,675 629,875 693,875 630,575 635,375 

28 798,675 747,875 643,775 710,175 646,875 653,675 

29 813,675 758,575 657,075 724,975 662,375 670,575 

30 827,375 770,575 670,075 738,475 676,575 683,675 

31 840,475 782,775 682,175 747,075 689,975 694,375 

32 853,775 794,575 693,575 753,575 702,175 703,975 

33 868,075 805,775 704,675 763,375 713,575 713,575 

34 881,075 816,875 715,075 775,575 724,075 724,175 

35 892,075 827,175 724,675 788,675 733,675 734,875 

36 901,875 837,375 733,475 801,675 741,875 743,675 

37 910,175 847,875 738,975 813,675 744,075 750,775 

38 917,975 858,875 741,175 825,075 750 756,175 

39 925,175 868,875 746,775 835,775 759 762,975 

40 931,475 878,275 755,075 846,675 769 771,475 

Table A.2. Measured steel temperature  

 

Figure A.1. Location of the measuring points in the beam 
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A.3. Deflection of test object 1 

The measured deflection of test object 1 is presented in next table.  

Time 

[min] 

Real deflection 

[mm] 
 

Time 

[min] 

Real deflection 

[mm] 
 

Time 

[min] 

Real deflection 

[mm] 
  

-15 7,2 

 

0 7,65 

 

15 4,27 

-14 7,56 

 

1 8,65 

 

16 4,89 

-13 7,56 

 

2 9,54 

 

17 4,26 

-12 7,58 

 

3 10,26 

 

18 4,62 

-11 7,58 

 

4 9,84 

 

19 4,03 

-10 7,58 

 

5 9,45 

 

20 3,92 

-9 7,58 

 

6 8,00 

 

21 3,88 

-8 7,65 

 

7 7,49 

 

22 3,75 

-7 7,65 

 

8 7,97 

 

23 3,41 

-6 7,65 

 

9 6,35 

 

24 5,74 

-5 7,65 

 

10 5,69 

 

25 6,86 

-4 7,65 

 

11 4,04 

 

26 12,75 

-3 7,65 

 

12 3,47 

 

27 15,66 

-2 7,65 

 

13 3,07 

 

28 25,68 

-1 7,65 

 

14 4,65 

 

29 - 

Table A.3. Deflection of the beam during the test  

The heating started in minute 0 (in italics).  
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Annex B. Measurements of the Mokrsko test 

B.1. Air temperatures 

Table B.1 provides with the air temperatures measured by the thermocouple TG05. 

Time [min] 
Air Temperature, 

TG05 [ºC] 

0 26,80 

5 185,00 

10 468,90 

15 514,90 

20 717,60 

25 696,20 

30 877,00 

35 810,90 

40 836,60 

45 837,10 

50 769,20 

55 762,40 

60 738,80 

65 209,50 

70 180,60 

75 130,80 

80 106,50 

85 106,00 

90 -  

Table B.1. Measured air  temperature by TG05 
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B.2. Steel temperatures of CS2 

In this section the temperatures of the steel measured by the thermocouples are listed. The 

figures show the placement of the thermocouples in the beam. 

Time [min] 
Measured temperature [ºC] 

TC 27 TC 28 TC 29 TC 30 TC 31 

0 10,80 8,30 8,40 7,70 7,90 

5 21,20 16,10 14,10 8,00 8,20 

10 100,50 47,90 37,90 11,80 11,10 

15 237,20 84,50 68,90 22,20 19,90 

20 354,30 118,20 99,60 37,20 33,80 

25 566,80 191,50 155,70 59,00 53,50 

30 679,80 245,00 203,90 96,30 98,40 

35 777,70 307,40 263,60 111,00 101,90 

40 823,80 354,50 311,90 135,40 114,90 

45 822,00 387,80 347,40 160,60 136,20 

50 823,50 417,80 375,90 184,10 154,90 

55 792,70 424,30 388,30 203,30 171,10 

60 777,10 428,50 394,30 218,40 184,10 

65 670,40 403,80 395,60 227,60 190,20 

70 525,00 365,30 362,80 232,90 199,60 

75 426,70 330,30 329,90 233,30 205,70 

80 359,00 300,80 300,80 232,00 206,10 

85 309,00 276,60 275,80 230,40 203,40 

90 271,20 257,40 257,50 225,30 199,30 

Table B.2. Measured temperatures in connection A 

Time [min] 
Measured temperature [ºC] 

TC 81 TC 82 TC 83 TC 84 TC 85 

0 12,70 11,90 11,20 11,50 12,80 

5 40,80 31,50 36,60 38,10 42,40 

10 203,90 149,90 157,50 165,20 217,50 

15 370,00 303,90 286,70 288,30 385,40 

20 447,40 403,60 364,00 357,00 460,70 

25 658,00 622,60 555,70 562,00 672,90 

30 705,80 694,10 616,10 622,60 725,70 

35 770,00 770,40 694,20 694,50 789,90 

40 798,80 806,10 734,10 739,40 814,80 

45 804,50 812,50 743,60 748,20 816,20 

50 802,60 812,70 748,60 753,50 815,00 

55 745,20 758,30 707,60 712,80 758,80 

60 733,40 745,10 695,30 702,00 749,50 

65 499,50 542,80 531,40 532,00 505,00 

70 371,80 416,80 416,40 425,80 363,80 



 
Behaviour of beams with corrugated web at elevated temperature in case of fire 

 

 

115 

75 306,60 339,10 439,00 364,00 295,50 

80 267,00 292,70 305,00 324,00 256,60 

85 234,90 253,60 268,90 292,70 224,40 

90 209,30 225,60 239,60 265,90 198,60 

Table B.3. Measured temperatures near connection A  

 

Figure B.1. Placement of the thermocouples in connection A and near it  

Time [min] 
Measured temperature [ºC] 

TC 21 TC 22 TC 23 TC 79 TC 80 

0 12,70 16,30 12,00 14,90 14,40 

5 32,50 80,20 34,50 60,40 66,40 

10 157,30 321,00 134,20 247,50 252,20 

15 334,40 464,70 264,40 405,60 381,30 

20 496,70 567,20 360,60 527,00 494,30 

25 658,20 651,00 471,30 636,00 590,90 

30 719,40 732,70 555,90 724,60 684,60 

35 744,10 723,70 602,20 719,50 693,10 

40 773,20 760,00 645,80 754,90 735,40 

45 781,60 763,00 666,30 761,70 743,80 

50 767,70 734,80 663,60 739,30 725,40 

55 746,50 713,70 654,20 717,50 708,40 

60 728,70 698,40 642,70 702,30 695,00 

65 614,40 422,70 549,20 465,40 480,50 

70 498,70 335,20 473,70 381,30 398,00 

75 413,70 271,90 408,40 314,10 334,30 

80 365,40 234,50 360,50 268,70 294,00 

85 312,60 210,90 324,60 245,30 265,30 

90 282,00 187,80 296,60 217,20 240,40 

Table B.4. Measured temperatures in the midspan of the beam 
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Figure B.2. Placement of the thermocouples in the midspan of the beam  

Time [min] 
Measured temperature [ºC] 

TC 26 TC 25 

0 10,10 11,00 

5 19,00 21,30 

10 48,90 83,10 

15 75,50 169,60 

20 123,10 294,40 

25 182,40 504,00 

30 260,50 655,30 

35 291,90 698,60 

40 360,60 780,20 

45 392,60 793,60 

50 400,00 760,50 

55 406,90 739,00 

60 409,50 719,40 

65 384,40 624,40 

70 352,60 518,30 

75 322,60 434,20 

80 296,80 376,70 

85 274,80 330,20 

90 260,60 298,40 

Table B.5. Measured temperatures in connection B 

 

Figure B.3. Placement of the thermocouples in connection B  
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Annex C. Reduction factors in case of fire 

In this section the reduction factors found in the standards (EN1993-1-2) for the steel properties 

according to the temperature can be found. 

PROPERTY 
Yield strength, fy Proportional limit, fp 

Amb T 235,00 Amb T 235,00 

T [ºC] Percentage Value [N/mm2] Percentage Value [N/mm2] 

20 1,00 235,00 1,00 235,00 

100 1,00 235,00 1,00 235,00 

200 1,00 235,00 0,81 189,65 

300 1,00 235,00 0,61 144,06 

400 1,00 235,00 0,42 98,70 

500 0,78 183,30 0,36 84,60 

600 0,47 110,45 0,18 42,30 

700 0,23 54,05 0,08 17,63 

800 0,11 25,85 0,05 11,75 

900 0,06 14,10 0,04 8,81 

1.000 0,04 9,40 0,03 5,88 

1.100 0,02 4,70 0,01 2,94 

1.200 0,00 0,00 0,00 0,00 

     750,00 0,17 39,95 0,06 14,81 

860,00 0,08 18,80 0,04 10,11 

Table C.1. Reduction factors for yield strength and proportional limit  
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PROPERTY 
Young's Modulus, E Expansion coefficient, α 

Amb T 210.000,00 Amb T 1,20E-05 

T Percentage Value [N/mm2] Percentage Value [ºC-1] 

20 1,00 210.000 0,83 9,98E-06 

100 1,00 210.000 0,97 1,16E-05 

200 0,90 189.000 1,03 1,24E-05 

300 0,80 168.000 1,08 1,30E-05 

400 0,70 147.000 1,13 1,35E-05 

500 0,60 126.000 1,17 1,40E-05 

600 0,31 65.100 1,21 1,45E-05 

700 0,13 27.300 1,22 1,47E-05 

800 0,09 18.900 1,07 1,28E-05 

900 0,07 14.175 1,15 1,38E-05 

1.000 0,05 9.450 1,20 1,44E-05 

1.100 0,02 4.725 1,24 1,48E-05 

1.200 0,00 0 1,40 1,67E-05 

     750 0,11 23.100 1,15 1,38E-05 

860 0,08 16.170 1,09 1,31E-05 

Table C.2. Reduction factors for Young’s modulus and expansion coefficient  
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Annex D. Thermal analytical model data and results 

D.1. Austrian test model 

D.1.1. Input data of the thermal model for test object 4, WTE500 

Parameter Designation Value [mm] 

Web height hs 500,00 

Web thickness t 5,00 

Flange width bg 220,00 

Flange thickness tg 20,00 

Length of corrugation w 155,00 

Uncoiled length s 178,00 

Length of the beam L 2.500,00 

Area of the section A 11.300,00 

   Material prop Designation Value 

General 

Elasticity Modulus E [N/mm2] 210.000,00 

Shear modulus G [N/mm2] 81.000,00 

Poisson coef ν 0,30 

Expansion coef α *ºC-1] 0,00 

Density ρ *kg/m3+ 7.850,00 

Web 

Yield strength fyk [N/mm2] 215,00 

Flanges 

Yield strength fyk [N/mm2] 235,00 

Table D.1. Input data related to the beam WTE500 

 

 

 

 

 



 
Behaviour of beams with corrugated web at elevated temperature in case of fire 

 

 

120 

D.1.2. Parameters and equations for the calculation of the temperatures of test object 4, 

WTE500 

Radiation 

hnet,r = 0,567·10^-8φεres*(θr+273)^4-(θm+273)^4+ 

Parameter Designation Value 

Configuration factor φ 1 

Resultant emissivity εres 0,5 

Convection 

hnet,c = αc(θg - θm) 

Parameter Designation Value 

Convection coefficient αc *W/m2K+ 25 

Increase of Temperature 

Δθs,t = ksh·Am·hnet,d·Δt/cs·ρs·V 

hnet,d = hnet,r + hnet,c 

Parameter Designation Value 

Area per length Am [m] 1,96 

Volume per length V [m2] 0,0113 

Specific heat of steel cs [J/kg·K] 600 

Density of steel ρs *kg/m3+ 7850 

Table D.2. Calculation parameters and equations  

D.1.3. Temperatures related to test object 4, WTE500 

Time 

[min] 

Theoretical Air 

Temperature [ºC] 

Average Measured 

Air Temperature 

[ºC] 

Theoretical Beam 

Temperature [ºC] 

Average Flanges 

Measured 

Temperature [ºC] 

0 20,00 22,38 20 22,425 

1 349,21 22,50 20 22,475 

2 444,50 22,63 20 22,475 

3 502,29 22,75 20 22,525 

4 543,89 23,00 20 22,575 

5 576,41 56,63 20 22,925 

6 603,12 394,88 33,12 84,175 

7 625,78 486,25 54,47 107,925 

8 645,46 535,63 79,15 142,325 

9 662,85 568,88 105,60 172,075 

10 678,43 611,25 133,02 209,125 

11 692,54 630,38 160,93 240,475 

12 705,44 644,00 189,00 276,625 

13 717,31 650,88 216,99 310,825 

14 728,31 660,50 244,73 341,825 

15 738,56 657,38 272,09 373,175 

16 748,15 660,75 298,98 408,175 
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17 757,17 669,88 325,32 442,475 

18 765,67 690,88 351,05 478,225 

19 773,72 699,50 376,12 510,375 

20 781,35 710,25 400,52 540,475 

21 788,62 719,88 424,20 568,275 

22 795,55 724,88 447,15 593,075 

23 802,17 736,50 469,37 615,875 

24 808,52 746,88 490,84 635,975 

25 814,60 758,38 511,56 653,275 

26 820,45 771,63 531,55 670,475 

27 826,08 781,75 550,79 685,775 

28 831,50 789,50 569,31 700,175 

29 836,74 798,00 587,11 714,525 

30 841,80 805,13 604,21 727,775 

31 846,69 811,50 620,61 739,475 

32 851,43 819,38 636,35 750,275 

33 856,02 826,25 651,43 761,525 

34 860,48 833,50 665,88 772,825 

35 864,80 840,63 679,71 783,525 

36 869,01 847,00 692,94 793,325 

37 873,10 853,00 705,60 800,925 

38 877,08 859,38 717,71 808,275 

39 880,96 865,25 729,29 816,475 

40 884,74 871,88 740,36 825,325 

Table D.3. Summary of the temperatures of the AM 

Test 

Time 

[sec] 

Air Curve 

Temperature 

[ºC] 

Beam 

Temperature 

[ºC] 

Heat transfer; 

convection 

[W/m2] 

Heat 

transfer; 

radiation 

[W/m2] 

Heat 

transfer 

[W/m2] 

Temperature 

Increase [ºC] 

0 20,00 20,00         

5 96,54 20,36 1.913,45 31,97 1.945,42 0,36 

10 146,95 20,95 3.164,84 67,18 3.232,02 0,60 

15 184,61 21,73 4.091,34 103,15 4.194,49 0,77 

20 214,67 22,64 4.823,70 138,96 4.962,66 0,91 

25 239,70 23,67 5.426,60 174,24 5.600,84 1,03 

30 261,14 24,80 5.936,85 208,81 6.145,66 1,13 

35 279,90 26,02 6.377,39 242,63 6.620,03 1,22 

40 296,56 27,32 6.763,55 275,68 7.039,23 1,30 

45 311,56 28,68 7.106,03 307,97 7.414,00 1,37 

50 325,19 30,11 7.412,67 339,52 7.752,19 1,43 

55 337,68 31,59 7.689,31 370,36 8.059,67 1,48 

60 349,21 33,13 7.940,49 400,52 8.341,01 1,54 

65 359,92 34,71 8.169,77 430,04 8.599,80 1,58 
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70 369,91 36,34 8.379,99 458,93 8.838,92 1,63 

75 379,28 38,01 8.573,49 487,24 9.060,73 1,67 

80 388,10 39,72 8.752,19 514,99 9.267,18 1,71 

85 396,42 41,46 8.917,68 542,21 9.459,89 1,74 

90 404,31 43,23 9.071,32 568,91 9.640,23 1,78 

95 411,80 45,04 9.214,28 595,12 9.809,40 1,81 

100 418,94 46,87 9.347,53 620,86 9.968,39 1,84 

105 425,75 48,74 9.471,93 646,16 10.118,09 1,86 

110 432,27 50,63 9.588,24 671,02 10.259,27 1,89 

115 438,51 52,54 9.697,11 695,48 10.392,59 1,91 

120 444,50 54,48 9.799,12 719,53 10.518,65 1,94 

125 450,27 56,44 9.894,79 743,20 10.637,99 1,96 

130 455,82 58,42 9.984,57 766,50 10.751,07 1,98 

135 461,17 60,41 10.068,87 789,44 10.858,31 2,00 

140 466,34 62,43 10.148,07 812,04 10.960,11 2,02 

145 471,33 64,47 10.222,48 834,31 11.056,80 2,04 

150 476,17 66,52 10.292,43 856,26 11.148,69 2,05 

155 480,85 68,59 10.358,17 877,89 11.236,07 2,07 

160 485,39 70,67 10.419,97 899,22 11.319,19 2,08 

165 489,80 72,77 10.478,04 920,26 11.398,31 2,10 

170 494,08 74,89 10.532,60 941,02 11.473,62 2,11 

175 498,24 77,01 10.583,84 961,50 11.545,34 2,13 

180 502,29 79,15 10.631,94 981,71 11.613,65 2,14 

185 506,23 81,30 10.677,06 1.001,65 11.678,71 2,15 

190 510,07 83,46 10.719,35 1.021,35 11.740,70 2,16 

195 513,82 85,64 10.758,95 1.040,79 11.799,75 2,17 

200 517,48 87,82 10.796,00 1.059,99 11.856,00 2,18 

205 521,04 90,01 10.830,61 1.078,96 11.909,57 2,19 

210 524,53 92,21 10.862,91 1.097,70 11.960,60 2,20 

215 527,93 94,42 10.892,98 1.116,21 12.009,19 2,21 

220 531,26 96,64 10.920,95 1.134,49 12.055,44 2,22 

225 534,52 98,87 10.946,88 1.152,57 12.099,45 2,23 

230 537,71 101,11 10.970,89 1.170,43 12.141,32 2,24 

235 540,83 103,35 10.993,04 1.188,09 12.181,12 2,24 

240 543,89 105,60 11.013,41 1.205,54 12.218,95 2,25 

245 546,88 107,86 11.032,08 1.222,79 12.254,88 2,26 

250 549,82 110,12 11.049,12 1.239,85 12.288,97 2,26 

255 552,70 112,39 11.064,59 1.256,72 12.321,31 2,27 

260 555,53 114,66 11.078,55 1.273,40 12.351,95 2,27 

265 558,31 116,94 11.091,06 1.289,90 12.380,95 2,28 

270 561,03 119,23 11.102,17 1.306,21 12.408,39 2,28 

275 563,71 121,52 11.111,94 1.322,35 12.434,29 2,29 

280 566,33 123,81 11.120,42 1.338,32 12.458,74 2,29 

285 568,92 126,11 11.127,65 1.354,11 12.481,76 2,30 
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290 571,46 128,41 11.133,69 1.369,73 12.503,42 2,30 

295 573,95 130,72 11.138,56 1.385,18 12.523,74 2,31 

300 576,41 133,03 11.142,32 1.400,47 12.542,79 2,31 

305 578,83 135,34 11.145,00 1.415,60 12.560,60 2,31 

310 581,21 137,66 11.146,64 1.430,57 12.577,21 2,32 

315 583,55 139,97 11.147,27 1.445,38 12.592,65 2,32 

320 585,85 142,30 11.146,93 1.460,04 12.606,97 2,32 

325 588,12 144,62 11.145,65 1.474,55 12.620,20 2,32 

330 590,36 146,95 11.143,47 1.488,90 12.632,37 2,33 

335 592,56 149,27 11.140,40 1.503,10 12.643,51 2,33 

340 594,73 151,60 11.136,49 1.517,16 12.653,65 2,33 

345 596,87 153,94 11.131,75 1.531,07 12.662,83 2,33 

350 598,98 156,27 11.126,22 1.544,84 12.671,06 2,33 

355 601,07 158,60 11.119,92 1.558,47 12.678,39 2,33 

360 603,12 160,94 11.112,87 1.571,96 12.684,82 2,34 

365 605,14 163,28 11.105,10 1.585,30 12.690,40 2,34 

370 607,14 165,61 11.096,62 1.598,51 12.695,14 2,34 

375 609,11 167,95 11.087,47 1.611,59 12.699,06 2,34 

380 611,06 170,29 11.077,66 1.624,53 12.702,19 2,34 

385 612,98 172,63 11.067,21 1.637,34 12.704,55 2,34 

390 614,88 174,97 11.056,15 1.650,02 12.706,16 2,34 

395 616,75 177,31 11.044,48 1.662,56 12.707,04 2,34 

400 618,60 179,65 11.032,23 1.674,98 12.707,21 2,34 

405 620,43 181,99 11.019,42 1.687,27 12.706,69 2,34 

410 622,23 184,33 11.006,06 1.699,43 12.705,49 2,34 

415 624,01 186,67 10.992,16 1.711,47 12.703,63 2,34 

420 625,78 189,01 10.977,75 1.723,38 12.701,14 2,34 

425 627,52 191,34 10.962,84 1.735,17 12.698,02 2,34 

430 629,24 193,68 10.947,45 1.746,84 12.694,29 2,34 

435 630,94 196,02 10.931,58 1.758,39 12.689,97 2,34 

440 632,63 198,35 10.915,25 1.769,82 12.685,07 2,34 

445 634,29 200,69 10.898,48 1.781,13 12.679,60 2,33 

450 635,94 203,02 10.881,27 1.792,32 12.673,59 2,33 

455 637,57 205,35 10.863,65 1.803,39 12.667,03 2,33 

460 639,18 207,69 10.845,61 1.814,34 12.659,96 2,33 

465 640,77 210,01 10.827,19 1.825,18 12.652,37 2,33 

470 642,35 212,34 10.808,37 1.835,91 12.644,28 2,33 

475 643,91 214,67 10.789,19 1.846,52 12.635,71 2,33 

480 645,46 216,99 10.769,64 1.857,02 12.626,66 2,32 

485 646,98 219,32 10.749,74 1.867,41 12.617,15 2,32 

490 648,50 221,64 10.729,49 1.877,68 12.607,18 2,32 

495 650,00 223,96 10.708,92 1.887,85 12.596,77 2,32 

500 651,48 226,28 10.688,02 1.897,90 12.585,92 2,32 

505 652,95 228,59 10.666,81 1.907,85 12.574,65 2,32 
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510 654,40 230,90 10.645,29 1.917,68 12.562,97 2,31 

515 655,84 233,22 10.623,48 1.927,41 12.550,89 2,31 

520 657,27 235,52 10.601,38 1.937,03 12.538,41 2,31 

525 658,68 237,83 10.579,00 1.946,55 12.525,54 2,31 

530 660,08 240,13 10.556,34 1.955,96 12.512,30 2,30 

535 661,47 242,44 10.533,43 1.965,26 12.498,69 2,30 

540 662,85 244,73 10.510,26 1.974,46 12.484,72 2,30 

545 664,21 247,03 10.486,84 1.983,55 12.470,39 2,30 

550 665,56 249,32 10.463,18 1.992,54 12.455,73 2,29 

555 666,90 251,62 10.439,29 2.001,43 12.440,72 2,29 

560 668,22 253,90 10.415,17 2.010,21 12.425,39 2,29 

565 669,54 256,19 10.390,83 2.018,90 12.409,73 2,29 

570 670,84 258,47 10.366,28 2.027,48 12.393,76 2,28 

575 672,13 260,75 10.341,52 2.035,96 12.377,48 2,28 

580 673,41 263,03 10.316,56 2.044,34 12.360,90 2,28 

585 674,68 265,30 10.291,40 2.052,62 12.344,02 2,27 

590 675,94 267,57 10.266,06 2.060,80 12.326,86 2,27 

595 677,19 269,83 10.240,53 2.068,89 12.309,41 2,27 

600 678,43 272,10 10.214,82 2.076,87 12.291,69 2,26 

605 679,66 274,36 10.188,94 2.084,76 12.273,70 2,26 

610 680,87 276,61 10.162,90 2.092,55 12.255,44 2,26 

615 682,08 278,87 10.136,69 2.100,24 12.236,93 2,25 

620 683,28 281,12 10.110,33 2.107,84 12.218,16 2,25 

625 684,47 283,36 10.083,81 2.115,34 12.199,15 2,25 

630 685,65 285,61 10.057,15 2.122,74 12.179,89 2,24 

635 686,82 287,85 10.030,35 2.130,05 12.160,40 2,24 

640 687,98 290,08 10.003,41 2.137,27 12.140,67 2,24 

645 689,13 292,31 9.976,33 2.144,39 12.120,72 2,23 

650 690,28 294,54 9.949,13 2.151,41 12.100,55 2,23 

655 691,41 296,76 9.921,81 2.158,35 12.080,16 2,22 

660 692,54 298,99 9.894,36 2.165,19 12.059,55 2,22 

665 693,66 301,20 9.866,80 2.171,94 12.038,74 2,22 

670 694,77 303,42 9.839,13 2.178,59 12.017,73 2,21 

675 695,87 305,62 9.811,36 2.185,16 11.996,51 2,21 

680 696,96 307,83 9.783,47 2.191,63 11.975,11 2,20 

685 698,05 310,03 9.755,49 2.198,02 11.953,51 2,20 

690 699,13 312,23 9.727,42 2.204,31 11.931,72 2,20 

695 700,20 314,42 9.699,25 2.210,51 11.909,76 2,19 

700 701,26 316,61 9.670,99 2.216,62 11.887,61 2,19 

705 702,31 318,79 9.642,65 2.222,65 11.865,29 2,18 

710 703,36 320,97 9.614,22 2.228,58 11.842,80 2,18 

715 704,40 323,15 9.585,72 2.234,43 11.820,15 2,18 

720 705,44 325,32 9.557,14 2.240,19 11.797,33 2,17 

725 706,46 327,49 9.528,49 2.245,86 11.774,35 2,17 



 
Behaviour of beams with corrugated web at elevated temperature in case of fire 

 

 

125 

730 707,48 329,65 9.499,77 2.251,44 11.751,21 2,16 

735 708,49 331,81 9.470,99 2.256,94 11.727,92 2,16 

740 709,50 333,97 9.442,14 2.262,35 11.704,48 2,16 

745 710,50 336,12 9.413,23 2.267,67 11.680,90 2,15 

750 711,49 338,27 9.384,27 2.272,91 11.657,17 2,15 

755 712,48 340,41 9.355,25 2.278,06 11.633,31 2,14 

760 713,46 342,55 9.326,18 2.283,13 11.609,31 2,14 

765 714,43 344,68 9.297,06 2.288,11 11.585,17 2,13 

770 715,40 346,81 9.267,90 2.293,01 11.560,91 2,13 

775 716,36 348,93 9.238,69 2.297,82 11.536,51 2,12 

780 717,31 351,05 9.209,45 2.302,55 11.512,00 2,12 

785 718,26 353,17 9.180,16 2.307,20 11.487,36 2,12 

790 719,20 355,28 9.150,84 2.311,76 11.462,60 2,11 

795 720,14 357,38 9.121,49 2.316,24 11.437,73 2,11 

800 721,07 359,49 9.092,10 2.320,64 11.412,74 2,10 

805 721,99 361,58 9.062,69 2.324,96 11.387,65 2,10 

810 722,91 363,67 9.033,25 2.329,20 11.362,44 2,09 

815 723,83 365,76 9.003,78 2.333,35 11.337,13 2,09 

820 724,73 367,84 8.974,30 2.337,42 11.311,72 2,08 

825 725,64 369,92 8.944,79 2.341,42 11.286,21 2,08 

830 726,53 372,00 8.915,27 2.345,33 11.260,60 2,07 

835 727,43 374,07 8.885,73 2.349,17 11.234,90 2,07 

840 728,31 376,13 8.856,18 2.352,92 11.209,10 2,06 

845 729,19 378,19 8.826,61 2.356,60 11.183,21 2,06 

850 730,07 380,24 8.797,04 2.360,19 11.157,23 2,05 

855 730,94 382,29 8.767,46 2.363,71 11.131,17 2,05 

860 731,81 384,34 8.737,87 2.367,16 11.105,02 2,04 

865 732,67 386,38 8.708,28 2.370,52 11.078,80 2,04 

870 733,52 388,41 8.678,68 2.373,81 11.052,49 2,04 

875 734,38 390,44 8.649,09 2.377,02 11.026,10 2,03 

880 735,22 392,47 8.619,49 2.380,15 10.999,64 2,03 

885 736,06 394,49 8.589,90 2.383,21 10.973,11 2,02 

890 736,90 396,50 8.560,32 2.386,19 10.946,51 2,02 

895 737,73 398,51 8.530,74 2.389,09 10.919,83 2,01 

900 738,56 400,52 8.501,17 2.391,93 10.893,09 2,01 

905 739,38 402,52 8.471,60 2.394,68 10.866,29 2,00 

910 740,20 404,52 8.442,05 2.397,36 10.839,42 2,00 

915 741,02 406,51 8.412,51 2.399,97 10.812,49 1,99 

920 741,83 408,49 8.382,99 2.402,51 10.785,50 1,99 

925 742,63 410,47 8.353,48 2.404,97 10.758,45 1,98 

930 743,43 412,45 8.323,98 2.407,36 10.731,34 1,98 

935 744,23 414,42 8.294,51 2.409,68 10.704,18 1,97 

940 745,02 416,39 8.265,05 2.411,92 10.676,97 1,97 

945 745,81 418,35 8.235,62 2.414,09 10.649,71 1,96 
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950 746,60 420,30 8.206,21 2.416,19 10.622,40 1,96 

955 747,38 422,26 8.176,82 2.418,22 10.595,04 1,95 

960 748,15 424,20 8.147,46 2.420,18 10.567,64 1,95 

965 748,93 426,14 8.118,12 2.422,07 10.540,19 1,94 

970 749,69 428,08 8.088,81 2.423,89 10.512,70 1,94 

975 750,46 430,01 8.059,53 2.425,64 10.485,17 1,93 

980 751,22 431,93 8.030,27 2.427,33 10.457,60 1,93 

985 751,98 433,85 8.001,05 2.428,94 10.429,99 1,92 

990 752,73 435,77 7.971,86 2.430,48 10.402,35 1,92 

995 753,48 437,68 7.942,71 2.431,96 10.374,67 1,91 

1.000 754,22 439,59 7.913,59 2.433,37 10.346,95 1,91 

1.005 754,97 441,49 7.884,50 2.434,71 10.319,21 1,90 

1.010 755,70 443,38 7.855,45 2.435,98 10.291,43 1,89 

1.015 756,44 445,27 7.826,44 2.437,19 10.263,63 1,89 

1.020 757,17 447,15 7.797,46 2.438,33 10.235,79 1,88 

1.025 757,90 449,03 7.768,53 2.439,40 10.207,93 1,88 

1.030 758,62 450,91 7.739,64 2.440,42 10.180,05 1,87 

1.035 759,34 452,78 7.710,78 2.441,36 10.152,14 1,87 

1.040 760,06 454,64 7.681,97 2.442,24 10.124,21 1,86 

1.045 760,77 456,50 7.653,20 2.443,06 10.096,26 1,86 

1.050 761,48 458,36 7.624,48 2.443,81 10.068,29 1,85 

1.055 762,19 460,20 7.595,80 2.444,50 10.040,30 1,85 

1.060 762,89 462,05 7.567,17 2.445,12 10.012,29 1,84 

1.065 763,59 463,89 7.538,58 2.445,69 9.984,27 1,84 

1.070 764,29 465,72 7.510,05 2.446,19 9.956,23 1,83 

1.075 764,98 467,55 7.481,56 2.446,63 9.928,18 1,83 

1.080 765,67 469,37 7.453,12 2.447,00 9.900,12 1,82 

1.085 766,36 471,19 7.424,73 2.447,32 9.872,05 1,82 

1.090 767,04 473,00 7.396,39 2.447,57 9.843,96 1,81 

1.095 767,72 474,81 7.368,10 2.447,77 9.815,87 1,81 

1.100 768,40 476,61 7.339,86 2.447,90 9.787,77 1,80 

1.105 769,08 478,41 7.311,68 2.447,98 9.759,66 1,80 

1.110 769,75 480,20 7.283,55 2.447,99 9.731,55 1,79 

1.115 770,42 481,99 7.255,48 2.447,95 9.703,43 1,79 

1.120 771,08 483,77 7.227,46 2.447,85 9.675,31 1,78 

1.125 771,75 485,54 7.199,49 2.447,69 9.647,18 1,78 

1.130 772,41 487,31 7.171,59 2.447,47 9.619,06 1,77 

1.135 773,06 489,08 7.143,74 2.447,20 9.590,93 1,77 

1.140 773,72 490,84 7.115,94 2.446,87 9.562,81 1,76 

1.145 774,37 492,60 7.088,21 2.446,48 9.534,69 1,76 

1.150 775,02 494,35 7.060,53 2.446,03 9.506,57 1,75 

1.155 775,66 496,09 7.032,92 2.445,53 9.478,45 1,75 

1.160 776,31 497,83 7.005,36 2.444,98 9.450,34 1,74 

1.165 776,95 499,57 6.977,87 2.444,37 9.422,23 1,73 
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1.170 777,59 501,30 6.950,43 2.443,70 9.394,14 1,73 

1.175 778,22 503,02 6.923,06 2.442,98 9.366,04 1,72 

1.180 778,85 504,74 6.895,75 2.442,21 9.337,96 1,72 

1.185 779,48 506,46 6.868,51 2.441,38 9.309,89 1,71 

1.190 780,11 508,17 6.841,32 2.440,50 9.281,82 1,71 

1.195 780,73 509,87 6.814,20 2.439,57 9.253,77 1,70 

1.200 781,35 511,57 6.787,15 2.438,58 9.225,73 1,70 

1.205 781,97 513,26 6.760,16 2.437,55 9.197,71 1,69 

1.210 782,59 514,95 6.733,23 2.436,46 9.169,69 1,69 

1.215 783,20 516,63 6.706,38 2.435,32 9.141,70 1,68 

1.220 783,82 518,31 6.679,58 2.434,13 9.113,71 1,68 

1.225 784,43 519,98 6.652,86 2.432,89 9.085,75 1,67 

1.230 785,03 521,65 6.626,20 2.431,60 9.057,80 1,67 

1.235 785,64 523,31 6.599,61 2.430,26 9.029,87 1,66 

1.240 786,24 524,97 6.573,08 2.428,87 9.001,96 1,66 

1.245 786,84 526,62 6.546,63 2.427,44 8.974,06 1,65 

1.250 787,43 528,27 6.520,24 2.425,95 8.946,19 1,65 

1.255 788,03 529,91 6.493,92 2.424,42 8.918,34 1,64 

1.260 788,62 531,55 6.467,67 2.422,84 8.890,51 1,64 

1.265 789,21 533,18 6.441,50 2.421,21 8.862,71 1,63 

1.270 789,80 534,81 6.415,39 2.419,53 8.834,92 1,63 

1.275 790,38 536,43 6.389,35 2.417,81 8.807,16 1,62 

1.280 790,97 538,05 6.363,38 2.416,05 8.779,43 1,62 

1.285 791,55 539,66 6.337,49 2.414,23 8.751,72 1,61 

1.290 792,13 541,27 6.311,66 2.412,38 8.724,04 1,61 

1.295 792,70 542,87 6.285,91 2.410,47 8.696,39 1,60 

1.300 793,28 544,46 6.260,23 2.408,53 8.668,76 1,60 

1.305 793,85 546,05 6.234,62 2.406,54 8.641,16 1,59 

1.310 794,42 547,64 6.209,09 2.404,50 8.613,59 1,59 

1.315 794,99 549,22 6.183,63 2.402,43 8.586,05 1,58 

1.320 795,55 550,80 6.158,24 2.400,30 8.558,54 1,58 

1.325 796,11 552,37 6.132,92 2.398,14 8.531,07 1,57 

1.330 796,68 553,93 6.107,68 2.395,94 8.503,62 1,57 

1.335 797,23 555,49 6.082,51 2.393,69 8.476,20 1,56 

1.340 797,79 557,05 6.057,42 2.391,40 8.448,82 1,56 

1.345 798,35 558,60 6.032,40 2.389,08 8.421,48 1,55 

1.350 798,90 560,15 6.007,46 2.386,71 8.394,16 1,55 

1.355 799,45 561,69 5.982,59 2.384,30 8.366,89 1,54 

1.360 800,00 563,22 5.957,79 2.381,85 8.339,64 1,54 

1.365 800,55 564,75 5.933,07 2.379,36 8.312,44 1,53 

1.370 801,09 566,28 5.908,43 2.376,83 8.285,27 1,53 

1.375 801,63 567,80 5.883,86 2.374,27 8.258,13 1,52 

1.380 802,17 569,31 5.859,37 2.371,66 8.231,04 1,52 

1.385 802,71 570,83 5.834,96 2.369,02 8.203,98 1,51 



 
Behaviour of beams with corrugated web at elevated temperature in case of fire 

 

 

128 

1.390 803,25 572,33 5.810,62 2.366,34 8.176,96 1,51 

1.395 803,79 573,83 5.786,35 2.363,63 8.149,98 1,50 

1.400 804,32 575,33 5.762,17 2.360,88 8.123,04 1,50 

1.405 804,85 576,82 5.738,06 2.358,09 8.096,15 1,49 

1.410 805,38 578,30 5.714,03 2.355,26 8.069,29 1,49 

1.415 805,91 579,78 5.690,07 2.352,40 8.042,47 1,48 

1.420 806,43 581,26 5.666,19 2.349,51 8.015,70 1,48 

1.425 806,96 582,73 5.642,39 2.346,58 7.988,97 1,47 

1.430 807,48 584,20 5.618,67 2.343,62 7.962,28 1,47 

1.435 808,00 585,66 5.595,02 2.340,62 7.935,64 1,46 

1.440 808,52 587,12 5.571,45 2.337,59 7.909,04 1,46 

1.445 809,03 588,57 5.547,96 2.334,52 7.882,48 1,45 

1.450 809,55 590,01 5.524,55 2.331,42 7.855,97 1,45 

1.455 810,06 591,46 5.501,21 2.328,29 7.829,51 1,44 

1.460 810,57 592,89 5.477,95 2.325,13 7.803,09 1,44 

1.465 811,08 594,32 5.454,78 2.321,94 7.776,71 1,43 

1.470 811,59 595,75 5.431,68 2.318,71 7.750,39 1,43 

1.475 812,10 597,17 5.408,65 2.315,46 7.724,11 1,42 

1.480 812,60 598,59 5.385,71 2.312,17 7.697,88 1,42 

1.485 813,10 600,00 5.362,84 2.308,85 7.671,70 1,41 

1.490 813,61 601,41 5.340,06 2.305,51 7.645,56 1,41 

1.495 814,10 602,81 5.317,35 2.302,13 7.619,48 1,40 

1.500 814,60 604,21 5.294,72 2.298,73 7.593,44 1,40 

1.505 815,10 605,61 5.272,17 2.295,29 7.567,46 1,39 

1.510 815,59 606,99 5.249,69 2.291,83 7.541,52 1,39 

1.515 816,09 608,38 5.227,30 2.288,34 7.515,64 1,38 

1.520 816,58 609,76 5.204,98 2.284,82 7.489,80 1,38 

1.525 817,07 611,13 5.182,75 2.281,27 7.464,02 1,37 

1.530 817,56 612,50 5.160,59 2.277,70 7.438,29 1,37 

1.535 818,04 613,87 5.138,51 2.274,10 7.412,61 1,36 

1.540 818,53 615,23 5.116,51 2.270,48 7.386,99 1,36 

1.545 819,01 616,58 5.094,59 2.266,83 7.361,42 1,36 

1.550 819,49 617,93 5.072,75 2.263,15 7.335,90 1,35 

1.555 819,97 619,28 5.050,98 2.259,45 7.310,43 1,35 

1.560 820,45 620,62 5.029,30 2.255,72 7.285,02 1,34 

1.565 820,93 621,96 5.007,69 2.251,97 7.259,66 1,34 

1.570 821,40 623,29 4.986,17 2.248,19 7.234,36 1,33 

1.575 821,88 624,62 4.964,72 2.244,39 7.209,11 1,33 

1.580 822,35 625,94 4.943,35 2.240,57 7.183,92 1,32 

1.585 822,82 627,26 4.922,06 2.236,72 7.158,78 1,32 

1.590 823,29 628,57 4.900,85 2.232,85 7.133,70 1,31 

1.595 823,76 629,88 4.879,72 2.228,96 7.108,68 1,31 

1.600 824,23 631,18 4.858,66 2.225,05 7.083,71 1,30 

1.605 824,69 632,48 4.837,69 2.221,11 7.058,80 1,30 
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1.610 825,16 633,78 4.816,79 2.217,16 7.033,95 1,30 

1.615 825,62 635,07 4.795,97 2.213,18 7.009,15 1,29 

1.620 826,08 636,36 4.775,23 2.209,18 6.984,41 1,29 

1.625 826,54 637,64 4.754,57 2.205,16 6.959,73 1,28 

1.630 827,00 638,91 4.733,99 2.201,12 6.935,11 1,28 

1.635 827,45 640,19 4.713,48 2.197,06 6.910,55 1,27 

1.640 827,91 641,45 4.693,06 2.192,98 6.886,04 1,27 

1.645 828,36 642,72 4.672,71 2.188,89 6.861,60 1,26 

1.650 828,82 643,98 4.652,44 2.184,77 6.837,21 1,26 

1.655 829,27 645,23 4.632,25 2.180,63 6.812,88 1,25 

1.660 829,72 646,48 4.612,14 2.176,48 6.788,62 1,25 

1.665 830,17 647,73 4.592,10 2.172,31 6.764,41 1,25 

1.670 830,61 648,97 4.572,15 2.168,12 6.740,27 1,24 

1.675 831,06 650,20 4.552,27 2.163,91 6.716,18 1,24 

1.680 831,50 651,44 4.532,47 2.159,69 6.692,16 1,23 

1.685 831,95 652,66 4.512,74 2.155,45 6.668,19 1,23 

1.690 832,39 653,89 4.493,10 2.151,19 6.644,29 1,22 

1.695 832,83 655,11 4.473,53 2.146,92 6.620,45 1,22 

1.700 833,27 656,32 4.454,04 2.142,63 6.596,67 1,21 

1.705 833,71 657,53 4.434,62 2.138,33 6.572,95 1,21 

1.710 834,14 658,74 4.415,29 2.134,01 6.549,30 1,21 

1.715 834,58 659,94 4.396,03 2.129,68 6.525,71 1,20 

1.720 835,01 661,14 4.376,84 2.125,33 6.502,18 1,20 

1.725 835,45 662,33 4.357,74 2.120,97 6.478,71 1,19 

1.730 835,88 663,52 4.338,71 2.116,59 6.455,31 1,19 

1.735 836,31 664,70 4.319,76 2.112,21 6.431,96 1,18 

1.740 836,74 665,88 4.300,88 2.107,80 6.408,69 1,18 

1.745 837,17 667,06 4.282,09 2.103,39 6.385,47 1,18 

1.750 837,59 668,23 4.263,36 2.098,96 6.362,32 1,17 

1.755 838,02 669,40 4.244,72 2.094,52 6.339,23 1,17 

1.760 838,44 670,56 4.226,15 2.090,06 6.316,21 1,16 

1.765 838,87 671,72 4.207,65 2.085,60 6.293,25 1,16 

1.770 839,29 672,87 4.189,24 2.081,12 6.270,36 1,15 

1.775 839,71 674,02 4.170,89 2.076,63 6.247,53 1,15 

1.780 840,13 675,17 4.152,63 2.072,14 6.224,76 1,15 

1.785 840,55 676,31 4.134,44 2.067,63 6.202,06 1,14 

1.790 840,96 677,45 4.116,32 2.063,11 6.179,42 1,14 

1.795 841,38 678,58 4.098,28 2.058,57 6.156,85 1,13 

1.800 841,80 679,71 4.080,31 2.054,03 6.134,35 1,13 

1.805 842,21 680,84 4.062,42 2.049,48 6.111,91 1,13 

1.810 842,62 681,96 4.044,61 2.044,92 6.089,53 1,12 

1.815 843,03 683,08 4.026,87 2.040,36 6.067,22 1,12 

1.820 843,44 684,19 4.009,20 2.035,78 6.044,98 1,11 

1.825 843,85 685,30 3.991,61 2.031,19 6.022,80 1,11 
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1.830 844,26 686,40 3.974,09 2.026,60 6.000,68 1,10 

1.835 844,67 687,50 3.956,64 2.021,99 5.978,64 1,10 

1.840 845,08 688,60 3.939,27 2.017,38 5.956,66 1,10 

1.845 845,48 689,69 3.921,98 2.012,76 5.934,74 1,09 

1.850 845,88 690,78 3.904,76 2.008,14 5.912,89 1,09 

1.855 846,29 691,87 3.887,61 2.003,50 5.891,11 1,08 

1.860 846,69 692,95 3.870,53 1.998,86 5.869,40 1,08 

1.865 847,09 694,03 3.853,53 1.994,22 5.847,75 1,08 

1.870 847,49 695,10 3.836,60 1.989,57 5.826,16 1,07 

1.875 847,89 696,17 3.819,74 1.984,91 5.804,65 1,07 

1.880 848,28 697,23 3.802,96 1.980,24 5.783,20 1,06 

1.885 848,68 698,29 3.786,24 1.975,57 5.761,81 1,06 

1.890 849,08 699,35 3.769,60 1.970,90 5.740,50 1,06 

1.895 849,47 700,40 3.753,04 1.966,21 5.719,25 1,05 

1.900 849,86 701,45 3.736,54 1.961,53 5.698,07 1,05 

1.905 850,26 702,50 3.720,12 1.956,84 5.676,95 1,05 

1.910 850,65 703,54 3.703,76 1.952,14 5.655,90 1,04 

1.915 851,04 704,58 3.687,48 1.947,44 5.634,92 1,04 

1.920 851,43 705,61 3.671,27 1.942,74 5.614,01 1,03 

1.925 851,82 706,64 3.655,13 1.938,03 5.593,16 1,03 

1.930 852,20 707,67 3.639,07 1.933,32 5.572,39 1,03 

1.935 852,59 708,69 3.623,07 1.928,60 5.551,67 1,02 

1.940 852,97 709,71 3.607,14 1.923,89 5.531,03 1,02 

1.945 853,36 710,72 3.591,29 1.919,17 5.510,45 1,01 

1.950 853,74 711,73 3.575,50 1.914,44 5.489,94 1,01 

1.955 854,12 712,74 3.559,78 1.909,72 5.469,50 1,01 

1.960 854,50 713,74 3.544,14 1.904,99 5.449,13 1,00 

1.965 854,88 714,74 3.528,56 1.900,26 5.428,82 1,00 

1.970 855,26 715,74 3.513,05 1.895,53 5.408,58 1,00 

1.975 855,64 716,73 3.497,62 1.890,79 5.388,41 0,99 

1.980 856,02 717,72 3.482,25 1.886,06 5.368,30 0,99 

1.985 856,40 718,70 3.466,95 1.881,32 5.348,27 0,98 

1.990 856,77 719,68 3.451,71 1.876,58 5.328,30 0,98 

1.995 857,15 720,66 3.436,55 1.871,84 5.308,39 0,98 

2.000 857,52 721,64 3.421,46 1.867,10 5.288,56 0,97 

2.005 857,89 722,61 3.406,43 1.862,36 5.268,79 0,97 

2.010 858,26 723,57 3.391,47 1.857,62 5.249,09 0,97 

2.015 858,64 724,54 3.376,58 1.852,88 5.229,46 0,96 

2.020 859,01 725,49 3.361,76 1.848,14 5.209,90 0,96 

2.025 859,37 726,45 3.347,00 1.843,40 5.190,40 0,96 

2.030 859,74 727,40 3.332,31 1.838,66 5.170,97 0,95 

2.035 860,11 728,35 3.317,69 1.833,92 5.151,61 0,95 

2.040 860,48 729,30 3.303,13 1.829,18 5.132,32 0,95 

2.045 860,84 730,24 3.288,64 1.824,45 5.113,09 0,94 
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2.050 861,21 731,18 3.274,22 1.819,71 5.093,93 0,94 

2.055 861,57 732,11 3.259,86 1.814,98 5.074,84 0,93 

2.060 861,93 733,04 3.245,57 1.810,24 5.055,81 0,93 

2.065 862,29 733,97 3.231,35 1.805,51 5.036,86 0,93 

2.070 862,66 734,89 3.217,19 1.800,78 5.017,97 0,92 

2.075 863,02 735,81 3.203,09 1.796,05 4.999,14 0,92 

2.080 863,38 736,73 3.189,06 1.791,33 4.980,39 0,92 

2.085 863,73 737,64 3.175,10 1.786,60 4.961,70 0,91 

2.090 864,09 738,55 3.161,20 1.781,88 4.943,08 0,91 

2.095 864,45 739,46 3.147,36 1.777,16 4.924,52 0,91 

2.100 864,80 740,36 3.133,59 1.772,45 4.906,04 0,90 

Table D.4. Calculation of the temperatures of the beam WTE500 

D.1.4. Input data of the thermal model for test object 1, WTC333 

Parameter Designation Value [mm] 

Web height hs 333,00 

Web thickness T 3,00 

Flange width bg 180,00 

Flange thickness tg 8,00 

Length of corrugation w 155,00 

Uncoiled length s 178,00 

Length of the beam L 2.500,00 

Area of the section A 3.879,00 

   Material prop Designation Value 

General 

Elasticity Modulus E [N/mm2] 210.000,00 

Shear modulus G [N/mm2] 81.000,00 

Poisson coef ν 0,30 

Expansion coef [ºC-1] 0,00 

Density ρ *kg/m3+ 7.850,00 

Web 

Yield strength fyk [N/mm2] 215,00 

Flanges 

Yield strength fyk [N/mm2] 235,00 

Table D.5. Input data related to the beam WTC333 
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D.1.5. Parameters and equations for the calculation of the temperatures of test object 1, 

WTC333 

Radiation 

hnet,r = 0,567·10^-8φεres*(θr+273)^4-(θm+273)^4+ 

Parameter Designation Value 

Configuration factor φ 1 

Resultant emissivity εres 0,5 

Convection 

hnet,c = αc(θg - θm) 

Parameter Designation Value 

Convection coefficient αc *W/m2K+ 25 

Increase of Temperature 

Δθs,t = ksh·Am·hnet,d·Δt/cs·ρs·V 

hnet,d = hnet,r + hnet,c 

Parameter Designation Value 

Area per length Am [m] 1,418 

Volume per length V [m2] 0,003879 

Specific heat of steel cs [J/kg·K] 600 

Density of steel ρs *kg/m3+ 7850 

Table D.6. Calculation parameters and equations  

D.1.6. Temperatures related to test object 1, WTC333 

Time 

[min] 

Theoretical Air 

Temperature 

[ºC] 

Average Air 

Measured 

Temperature [ºC] 

Beam Theoretical 

Temperature [ºC] 

Average Flanges Measured 

Temperature WTE 500 [ºC] 

0 20,00 22,38 20 22,425 

1 349,21 22,50 20 22,475 

2 444,50 22,63 20 22,475 

3 502,29 22,75 20 22,525 

4 543,89 23,00 20 22,575 

5 576,41 56,63 20 22,925 

6 603,12 394,88 44,46 84,175 

7 625,78 486,25 82,93 107,925 

8 645,46 535,63 125,79 142,325 

9 662,85 568,88 170,06 172,075 

10 678,43 611,25 214,24 209,125 

11 692,54 630,38 257,50 240,475 

12 705,44 644,00 299,33 276,625 

13 717,31 650,88 339,42 310,825 

14 728,31 660,50 377,58 341,825 

15 738,56 657,38 413,71 373,175 

16 748,15 660,75 447,76 408,175 
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17 757,17 669,88 479,75 442,475 

18 765,67 690,88 509,70 478,225 

19 773,72 699,50 537,67 510,375 

20 781,35 710,25 563,73 540,475 

21 788,62 719,88 587,97 568,275 

22 795,55 724,88 610,49 593,075 

23 802,17 736,50 631,39 615,875 

24 808,52 746,88 650,77 635,975 

25 814,60 758,38 668,74 653,275 

26 820,45 771,63 685,39 670,475 

27 826,08 781,75 700,83 685,775 

28 831,50 789,50 715,15 700,175 

29 836,74 798,00 728,46 714,525 

30 841,80 805,13 740,82 727,775 

31 846,69 811,50 752,32 739,475 

32 851,43 819,38 763,05 750,275 

33 856,02 826,25 773,06 761,525 

34 860,48 833,50 782,43 772,825 

35 864,80 840,63 791,21 783,525 

36 869,01 847,00 799,46 793,325 

37 873,10 853,00 807,22 800,925 

38 877,08 859,38 814,54 808,275 

39 880,96 865,25 821,46 816,475 

40 884,74 871,88 828,01 825,325 

Table D.7. Summary of the temperatures of the AM 

Test 

Time 

[sec] 

Air Curve 

Temperature 

[ºC] 

Beam 

Temperature 

[ºC] 

Heat transfer; 

convection 

[W/m2] 

Heat 

transfer; 

radiation 

[W/m2] 

Heat 

transfer 

[W/m2] 

Temperature 

Increase [ºC] 

0 20,00 20,00         

5 96,54 20,68 1.913,45 31,97 1.945,42 0,68 

10 146,95 21,81 3.156,81 67,09 3.223,90 1,13 

15 184,61 23,26 4.070,03 102,90 4.172,94 1,46 

20 214,67 24,98 4.785,27 138,51 4.923,78 1,72 

25 239,70 26,92 5.368,03 173,54 5.541,57 1,94 

30 261,14 29,04 5.855,67 207,84 6.063,50 2,12 

35 279,90 31,31 6.271,56 241,34 6.512,90 2,27 

40 296,56 33,72 6.631,32 274,03 6.905,35 2,41 

45 311,56 36,25 6.945,92 305,94 7.251,85 2,53 

50 325,19 38,90 7.223,36 337,07 7.560,43 2,64 

55 337,68 41,63 7.469,67 367,46 7.837,14 2,74 

60 349,21 44,46 7.689,52 397,14 8.086,67 2,82 

65 359,92 47,36 7.886,59 426,14 8.312,73 2,90 
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70 369,91 50,34 8.063,82 454,49 8.518,31 2,98 

75 379,28 53,38 8.223,63 482,22 8.705,84 3,04 

80 388,10 56,48 8.368,02 509,35 8.877,37 3,10 

85 396,42 59,63 8.498,66 535,91 9.034,57 3,16 

90 404,31 62,84 8.616,96 561,92 9.178,89 3,21 

95 411,80 66,09 8.724,15 587,41 9.311,55 3,25 

100 418,94 69,38 8.821,25 612,39 9.433,64 3,29 

105 425,75 72,72 8.909,17 636,88 9.546,05 3,33 

110 432,27 76,09 8.988,70 660,90 9.649,61 3,37 

115 438,51 79,49 9.060,55 684,47 9.745,02 3,40 

120 444,50 82,93 9.125,31 707,60 9.832,91 3,43 

125 450,27 86,39 9.183,54 730,30 9.913,84 3,46 

130 455,82 89,88 9.235,73 752,59 9.988,32 3,49 

135 461,17 93,39 9.282,31 774,49 10.056,79 3,51 

140 466,34 96,92 9.323,67 795,99 10.119,66 3,53 

145 471,33 100,48 9.360,19 817,11 10.177,30 3,55 

150 476,17 104,05 9.392,16 837,87 10.230,03 3,57 

155 480,85 107,64 9.419,91 858,26 10.278,17 3,59 

160 485,39 111,25 9.443,68 878,31 10.321,99 3,61 

165 489,80 114,87 9.463,73 898,01 10.361,75 3,62 

170 494,08 118,50 9.480,29 917,38 10.397,67 3,63 

175 498,24 122,14 9.493,56 936,42 10.429,98 3,64 

180 502,29 125,79 9.503,73 955,14 10.458,88 3,65 

185 506,23 129,45 9.510,99 973,55 10.484,54 3,66 

190 510,07 133,12 9.515,50 991,65 10.507,14 3,67 

195 513,82 136,80 9.517,40 1.009,44 10.526,84 3,68 

200 517,48 140,48 9.516,85 1.026,94 10.543,79 3,68 

205 521,04 144,17 9.513,98 1.044,14 10.558,12 3,69 

210 524,53 147,86 9.508,91 1.061,06 10.569,97 3,69 

215 527,93 151,56 9.501,75 1.077,70 10.579,45 3,69 

220 531,26 155,26 9.492,62 1.094,05 10.586,67 3,70 

225 534,52 158,95 9.481,62 1.110,14 10.591,75 3,70 

230 537,71 162,65 9.468,83 1.125,95 10.594,78 3,70 

235 540,83 166,36 9.454,37 1.141,49 10.595,86 3,70 

240 543,89 170,06 9.438,30 1.156,78 10.595,07 3,70 

245 546,88 173,76 9.420,70 1.171,80 10.592,50 3,70 

250 549,82 177,45 9.401,66 1.186,57 10.588,23 3,70 

255 552,70 181,15 9.381,25 1.201,08 10.582,33 3,70 

260 555,53 184,84 9.359,53 1.215,34 10.574,87 3,69 

265 558,31 188,53 9.336,56 1.229,36 10.565,92 3,69 

270 561,03 192,22 9.312,41 1.243,13 10.555,54 3,69 

275 563,71 195,90 9.287,14 1.256,65 10.543,79 3,68 

280 566,33 199,58 9.260,79 1.269,94 10.530,74 3,68 

285 568,92 203,25 9.233,43 1.282,99 10.516,42 3,67 
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290 571,46 206,92 9.205,09 1.295,81 10.500,90 3,67 

295 573,95 210,58 9.175,84 1.308,40 10.484,23 3,66 

300 576,41 214,24 9.145,70 1.320,75 10.466,45 3,66 

305 578,83 217,89 9.114,73 1.332,88 10.447,61 3,65 

310 581,21 221,53 9.082,97 1.344,77 10.427,74 3,64 

315 583,55 225,16 9.050,45 1.356,45 10.406,90 3,63 

320 585,85 228,79 9.017,21 1.367,90 10.385,11 3,63 

325 588,12 232,41 8.983,28 1.379,14 10.362,42 3,62 

330 590,36 236,02 8.948,71 1.390,15 10.338,87 3,61 

335 592,56 239,62 8.913,53 1.400,95 10.314,48 3,60 

340 594,73 243,22 8.877,75 1.411,53 10.289,29 3,59 

345 596,87 246,80 8.841,42 1.421,90 10.263,33 3,58 

350 598,98 250,38 8.804,57 1.432,06 10.236,63 3,58 

355 601,07 253,94 8.767,21 1.442,01 10.209,23 3,57 

360 603,12 257,50 8.729,39 1.451,75 10.181,14 3,56 

365 605,14 261,04 8.691,11 1.461,29 10.152,40 3,55 

370 607,14 264,58 8.652,41 1.470,62 10.123,03 3,54 

375 609,11 268,10 8.613,31 1.479,75 10.093,05 3,53 

380 611,06 271,62 8.573,83 1.488,67 10.062,50 3,51 

385 612,98 275,12 8.533,99 1.497,39 10.031,38 3,50 

390 614,88 278,62 8.493,82 1.505,92 9.999,74 3,49 

395 616,75 282,10 8.453,33 1.514,25 9.967,57 3,48 

400 618,60 285,57 8.412,54 1.522,38 9.934,92 3,47 

405 620,43 289,02 8.371,47 1.530,32 9.901,79 3,46 

410 622,23 292,47 8.330,15 1.538,06 9.868,21 3,45 

415 624,01 295,91 8.288,58 1.545,62 9.834,19 3,43 

420 625,78 299,33 8.246,78 1.552,98 9.799,76 3,42 

425 627,52 302,74 8.204,77 1.560,16 9.764,92 3,41 

430 629,24 306,14 8.162,56 1.567,14 9.729,70 3,40 

435 630,94 309,52 8.120,17 1.573,94 9.694,12 3,39 

440 632,63 312,90 8.077,62 1.580,56 9.658,18 3,37 

445 634,29 316,26 8.034,91 1.587,00 9.621,90 3,36 

450 635,94 319,60 7.992,06 1.593,25 9.585,30 3,35 

455 637,57 322,94 7.949,08 1.599,32 9.548,40 3,33 

460 639,18 326,26 7.905,98 1.605,21 9.511,20 3,32 

465 640,77 329,57 7.862,79 1.610,93 9.473,72 3,31 

470 642,35 332,87 7.819,50 1.616,47 9.435,96 3,30 

475 643,91 336,15 7.776,12 1.621,83 9.397,96 3,28 

480 645,46 339,42 7.732,68 1.627,03 9.359,71 3,27 

485 646,98 342,67 7.689,18 1.632,05 9.321,23 3,26 

490 648,50 345,91 7.645,63 1.636,89 9.282,53 3,24 

495 650,00 349,14 7.602,04 1.641,57 9.243,61 3,23 

500 651,48 352,36 7.558,42 1.646,09 9.204,50 3,21 

505 652,95 355,56 7.514,77 1.650,43 9.165,20 3,20 
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510 654,40 358,75 7.471,11 1.654,61 9.125,73 3,19 

515 655,84 361,92 7.427,45 1.658,63 9.086,08 3,17 

520 657,27 365,08 7.383,79 1.662,49 9.046,27 3,16 

525 658,68 368,22 7.340,14 1.666,18 9.006,32 3,15 

530 660,08 371,36 7.296,51 1.669,72 8.966,23 3,13 

535 661,47 374,47 7.252,90 1.673,10 8.926,00 3,12 

540 662,85 377,58 7.209,33 1.676,32 8.885,65 3,10 

545 664,21 380,67 7.165,80 1.679,38 8.845,18 3,09 

550 665,56 383,74 7.122,31 1.682,30 8.804,61 3,08 

555 666,90 386,80 7.078,88 1.685,06 8.763,94 3,06 

560 668,22 389,85 7.035,51 1.687,67 8.723,17 3,05 

565 669,54 392,88 6.992,20 1.690,13 8.682,33 3,03 

570 670,84 395,90 6.948,96 1.692,44 8.641,40 3,02 

575 672,13 398,90 6.905,80 1.694,61 8.600,41 3,00 

580 673,41 401,89 6.862,72 1.696,63 8.559,35 2,99 

585 674,68 404,87 6.819,73 1.698,51 8.518,24 2,98 

590 675,94 407,83 6.776,83 1.700,25 8.477,08 2,96 

595 677,19 410,77 6.734,03 1.701,84 8.435,87 2,95 

600 678,43 413,71 6.691,33 1.703,30 8.394,63 2,93 

605 679,66 416,62 6.648,73 1.704,62 8.353,35 2,92 

610 680,87 419,53 6.606,25 1.705,81 8.312,06 2,90 

615 682,08 422,42 6.563,88 1.706,86 8.270,74 2,89 

620 683,28 425,29 6.521,63 1.707,77 8.229,40 2,87 

625 684,47 428,15 6.479,51 1.708,56 8.188,06 2,86 

630 685,65 430,99 6.437,51 1.709,21 8.146,72 2,85 

635 686,82 433,83 6.395,64 1.709,74 8.105,38 2,83 

640 687,98 436,64 6.353,90 1.710,14 8.064,04 2,82 

645 689,13 439,44 6.312,31 1.710,41 8.022,72 2,80 

650 690,28 442,23 6.270,85 1.710,56 7.981,41 2,79 

655 691,41 445,00 6.229,54 1.710,59 7.940,13 2,77 

660 692,54 447,76 6.188,37 1.710,49 7.898,87 2,76 

665 693,66 450,51 6.147,36 1.710,28 7.857,64 2,74 

670 694,77 453,24 6.106,49 1.709,95 7.816,44 2,73 

675 695,87 455,95 6.065,79 1.709,50 7.775,29 2,72 

680 696,96 458,65 6.025,24 1.708,94 7.734,18 2,70 

685 698,05 461,34 5.984,85 1.708,26 7.693,11 2,69 

690 699,13 464,01 5.944,63 1.707,47 7.652,10 2,67 

695 700,20 466,67 5.904,57 1.706,57 7.611,14 2,66 

700 701,26 469,32 5.864,68 1.705,57 7.570,25 2,64 

705 702,31 471,95 5.824,96 1.704,45 7.529,41 2,63 

710 703,36 474,56 5.785,41 1.703,23 7.488,64 2,62 

715 704,40 477,16 5.746,04 1.701,90 7.447,94 2,60 

720 705,44 479,75 5.706,84 1.700,47 7.407,31 2,59 

725 706,46 482,32 5.667,82 1.698,94 7.366,76 2,57 
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730 707,48 484,88 5.628,98 1.697,31 7.326,29 2,56 

735 708,49 487,43 5.590,32 1.695,58 7.285,90 2,54 

740 709,50 489,96 5.551,84 1.693,75 7.245,59 2,53 

745 710,50 492,47 5.513,55 1.691,83 7.205,38 2,52 

750 711,49 494,98 5.475,44 1.689,82 7.165,26 2,50 

755 712,48 497,46 5.437,52 1.687,71 7.125,23 2,49 

760 713,46 499,94 5.399,79 1.685,51 7.085,30 2,47 

765 714,43 502,40 5.362,25 1.683,22 7.045,46 2,46 

770 715,40 504,85 5.324,90 1.680,84 7.005,73 2,45 

775 716,36 507,28 5.287,74 1.678,37 6.966,11 2,43 

780 717,31 509,70 5.250,77 1.675,82 6.926,59 2,42 

785 718,26 512,10 5.214,00 1.673,19 6.887,19 2,41 

790 719,20 514,50 5.177,42 1.670,47 6.847,90 2,39 

795 720,14 516,87 5.141,04 1.667,68 6.808,72 2,38 

800 721,07 519,24 5.104,86 1.664,80 6.769,65 2,36 

805 721,99 521,59 5.068,87 1.661,84 6.730,71 2,35 

810 722,91 523,93 5.033,08 1.658,81 6.691,89 2,34 

815 723,83 526,25 4.997,49 1.655,70 6.653,19 2,32 

820 724,73 528,56 4.962,10 1.652,52 6.614,62 2,31 

825 725,64 530,86 4.926,91 1.649,27 6.576,18 2,30 

830 726,53 533,14 4.891,92 1.645,94 6.537,86 2,28 

835 727,43 535,41 4.857,13 1.642,55 6.499,68 2,27 

840 728,31 537,67 4.822,54 1.639,09 6.461,63 2,26 

845 729,19 539,91 4.788,16 1.635,56 6.423,71 2,24 

850 730,07 542,14 4.753,98 1.631,96 6.385,94 2,23 

855 730,94 544,36 4.719,99 1.628,30 6.348,29 2,22 

860 731,81 546,56 4.686,22 1.624,58 6.310,79 2,20 

865 732,67 548,75 4.652,64 1.620,79 6.273,43 2,19 

870 733,52 550,93 4.619,27 1.616,95 6.236,22 2,18 

875 734,38 553,10 4.586,10 1.613,04 6.199,14 2,17 

880 735,22 555,25 4.553,14 1.609,08 6.162,22 2,15 

885 736,06 557,39 4.520,37 1.605,06 6.125,44 2,14 

890 736,90 559,51 4.487,82 1.600,99 6.088,81 2,13 

895 737,73 561,63 4.455,46 1.596,86 6.052,33 2,11 

900 738,56 563,73 4.423,31 1.592,69 6.016,00 2,10 

905 739,38 565,82 4.391,36 1.588,45 5.979,82 2,09 

910 740,20 567,89 4.359,62 1.584,17 5.943,79 2,08 

915 741,02 569,96 4.328,08 1.579,85 5.907,93 2,06 

920 741,83 572,01 4.296,74 1.575,47 5.872,21 2,05 

925 742,63 574,05 4.265,61 1.571,05 5.836,65 2,04 

930 743,43 576,07 4.234,68 1.566,58 5.801,25 2,03 

935 744,23 578,09 4.203,95 1.562,06 5.766,01 2,01 

940 745,02 580,09 4.173,42 1.557,51 5.730,93 2,00 

945 745,81 582,08 4.143,10 1.552,91 5.696,01 1,99 
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950 746,60 584,06 4.112,97 1.548,28 5.661,25 1,98 

955 747,38 586,02 4.083,05 1.543,60 5.626,65 1,97 

960 748,15 587,97 4.053,33 1.538,89 5.592,22 1,95 

965 748,93 589,91 4.023,81 1.534,14 5.557,95 1,94 

970 749,69 591,84 3.994,49 1.529,35 5.523,84 1,93 

975 750,46 593,76 3.965,37 1.524,53 5.489,90 1,92 

980 751,22 595,67 3.936,45 1.519,67 5.456,12 1,91 

985 751,98 597,56 3.907,73 1.514,78 5.422,51 1,89 

990 752,73 599,44 3.879,20 1.509,86 5.389,07 1,88 

995 753,48 601,31 3.850,88 1.504,91 5.355,79 1,87 

1.000 754,22 603,17 3.822,75 1.499,94 5.322,69 1,86 

1.005 754,97 605,02 3.794,82 1.494,93 5.289,75 1,85 

1.010 755,70 606,86 3.767,08 1.489,89 5.256,98 1,84 

1.015 756,44 608,68 3.739,54 1.484,83 5.224,38 1,82 

1.020 757,17 610,49 3.712,20 1.479,75 5.191,95 1,81 

1.025 757,90 612,30 3.685,05 1.474,64 5.159,69 1,80 

1.030 758,62 614,09 3.658,09 1.469,50 5.127,60 1,79 

1.035 759,34 615,87 3.631,33 1.464,35 5.095,68 1,78 

1.040 760,06 617,64 3.604,76 1.459,17 5.063,93 1,77 

1.045 760,77 619,39 3.578,38 1.453,97 5.032,35 1,76 

1.050 761,48 621,14 3.552,19 1.448,75 5.000,95 1,75 

1.055 762,19 622,88 3.526,20 1.443,52 4.969,72 1,74 

1.060 762,89 624,60 3.500,39 1.438,26 4.938,66 1,72 

1.065 763,59 626,31 3.474,77 1.432,99 4.907,77 1,71 

1.070 764,29 628,02 3.449,34 1.427,71 4.877,05 1,70 

1.075 764,98 629,71 3.424,10 1.422,41 4.846,51 1,69 

1.080 765,67 631,39 3.399,05 1.417,09 4.816,14 1,68 

1.085 766,36 633,06 3.374,18 1.411,76 4.785,94 1,67 

1.090 767,04 634,72 3.349,49 1.406,42 4.755,91 1,66 

1.095 767,72 636,38 3.324,99 1.401,07 4.726,06 1,65 

1.100 768,40 638,02 3.300,68 1.395,71 4.696,38 1,64 

1.105 769,08 639,65 3.276,54 1.390,33 4.666,88 1,63 

1.110 769,75 641,27 3.252,59 1.384,95 4.637,54 1,62 

1.115 770,42 642,87 3.228,82 1.379,56 4.608,38 1,61 

1.120 771,08 644,47 3.205,23 1.374,16 4.579,39 1,60 

1.125 771,75 646,06 3.181,82 1.368,76 4.550,58 1,59 

1.130 772,41 647,64 3.158,59 1.363,34 4.521,93 1,58 

1.135 773,06 649,21 3.135,53 1.357,93 4.493,46 1,57 

1.140 773,72 650,77 3.112,66 1.352,50 4.465,16 1,56 

1.145 774,37 652,32 3.089,95 1.347,08 4.437,03 1,55 

1.150 775,02 653,86 3.067,43 1.341,65 4.409,08 1,54 

1.155 775,66 655,39 3.045,08 1.336,22 4.381,29 1,53 

1.160 776,31 656,91 3.022,90 1.330,78 4.353,68 1,52 

1.165 776,95 658,42 3.000,89 1.325,35 4.326,24 1,51 
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1.170 777,59 659,92 2.979,06 1.319,91 4.298,97 1,50 

1.175 778,22 661,42 2.957,39 1.314,48 4.271,87 1,49 

1.180 778,85 662,90 2.935,90 1.309,04 4.244,94 1,48 

1.185 779,48 664,37 2.914,57 1.303,61 4.218,18 1,47 

1.190 780,11 665,84 2.893,41 1.298,18 4.191,59 1,46 

1.195 780,73 667,29 2.872,42 1.292,75 4.165,17 1,45 

1.200 781,35 668,74 2.851,60 1.287,32 4.138,92 1,45 

1.205 781,97 670,17 2.830,94 1.281,90 4.112,83 1,44 

1.210 782,59 671,60 2.810,44 1.276,48 4.086,92 1,43 

1.215 783,20 673,02 2.790,11 1.271,06 4.061,17 1,42 

1.220 783,82 674,43 2.769,94 1.265,66 4.035,59 1,41 

1.225 784,43 675,83 2.749,93 1.260,25 4.010,18 1,40 

1.230 785,03 677,22 2.730,08 1.254,86 3.984,93 1,39 

1.235 785,64 678,60 2.710,39 1.249,47 3.959,85 1,38 

1.240 786,24 679,98 2.690,85 1.244,08 3.934,94 1,37 

1.245 786,84 681,34 2.671,48 1.238,71 3.910,19 1,37 

1.250 787,43 682,70 2.652,26 1.233,34 3.885,60 1,36 

1.255 788,03 684,05 2.633,20 1.227,98 3.861,18 1,35 

1.260 788,62 685,39 2.614,29 1.222,63 3.836,92 1,34 

1.265 789,21 686,72 2.595,53 1.217,30 3.812,83 1,33 

1.270 789,80 688,04 2.576,93 1.211,97 3.788,90 1,32 

1.275 790,38 689,36 2.558,48 1.206,65 3.765,13 1,32 

1.280 790,97 690,67 2.540,18 1.201,34 3.741,52 1,31 

1.285 791,55 691,96 2.522,03 1.196,05 3.718,08 1,30 

1.290 792,13 693,26 2.504,03 1.190,76 3.694,79 1,29 

1.295 792,70 694,54 2.486,18 1.185,49 3.671,66 1,28 

1.300 793,28 695,81 2.468,47 1.180,23 3.648,70 1,27 

1.305 793,85 697,08 2.450,91 1.174,98 3.625,89 1,27 

1.310 794,42 698,34 2.433,49 1.169,75 3.603,24 1,26 

1.315 794,99 699,59 2.416,22 1.164,53 3.580,75 1,25 

1.320 795,55 700,83 2.399,09 1.159,32 3.558,41 1,24 

1.325 796,11 702,07 2.382,10 1.154,13 3.536,23 1,24 

1.330 796,68 703,29 2.365,25 1.148,96 3.514,21 1,23 

1.335 797,23 704,51 2.348,54 1.143,79 3.492,34 1,22 

1.340 797,79 705,72 2.331,97 1.138,65 3.470,62 1,21 

1.345 798,35 706,93 2.315,54 1.133,52 3.449,06 1,20 

1.350 798,90 708,13 2.299,25 1.128,40 3.427,65 1,20 

1.355 799,45 709,32 2.283,09 1.123,30 3.406,40 1,19 

1.360 800,00 710,50 2.267,07 1.118,22 3.385,29 1,18 

1.365 800,55 711,67 2.251,18 1.113,16 3.364,34 1,18 

1.370 801,09 712,84 2.235,43 1.108,11 3.343,54 1,17 

1.375 801,63 714,00 2.219,81 1.103,08 3.322,88 1,16 

1.380 802,17 715,15 2.204,32 1.098,06 3.302,38 1,15 

1.385 802,71 716,30 2.188,96 1.093,07 3.282,02 1,15 
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1.390 803,25 717,44 2.173,72 1.088,09 3.261,81 1,14 

1.395 803,79 718,57 2.158,62 1.083,13 3.241,75 1,13 

1.400 804,32 719,70 2.143,65 1.078,19 3.221,83 1,13 

1.405 804,85 720,82 2.128,80 1.073,27 3.202,06 1,12 

1.410 805,38 721,93 2.114,08 1.068,36 3.182,44 1,11 

1.415 805,91 723,03 2.099,48 1.063,48 3.162,95 1,10 

1.420 806,43 724,13 2.085,00 1.058,61 3.143,62 1,10 

1.425 806,96 725,22 2.070,65 1.053,77 3.124,42 1,09 

1.430 807,48 726,31 2.056,42 1.048,94 3.105,36 1,08 

1.435 808,00 727,38 2.042,31 1.044,13 3.086,45 1,08 

1.440 808,52 728,46 2.028,33 1.039,35 3.067,67 1,07 

1.445 809,03 729,52 2.014,46 1.034,58 3.049,04 1,06 

1.450 809,55 730,58 2.000,71 1.029,83 3.030,54 1,06 

1.455 810,06 731,63 1.987,07 1.025,11 3.012,18 1,05 

1.460 810,57 732,68 1.973,56 1.020,40 2.993,96 1,05 

1.465 811,08 733,72 1.960,16 1.015,72 2.975,88 1,04 

1.470 811,59 734,75 1.946,87 1.011,06 2.957,93 1,03 

1.475 812,10 735,78 1.933,70 1.006,41 2.940,11 1,03 

1.480 812,60 736,80 1.920,64 1.001,79 2.922,43 1,02 

1.485 813,10 737,81 1.907,69 997,19 2.904,88 1,01 

1.490 813,61 738,82 1.894,85 992,61 2.887,47 1,01 

1.495 814,10 739,82 1.882,13 988,06 2.870,18 1,00 

1.500 814,60 740,82 1.869,51 983,52 2.853,03 1,00 

1.505 815,10 741,81 1.857,00 979,01 2.836,01 0,99 

1.510 815,59 742,79 1.844,60 974,51 2.819,12 0,98 

1.515 816,09 743,77 1.832,31 970,04 2.802,35 0,98 

1.520 816,58 744,75 1.820,12 965,59 2.785,72 0,97 

1.525 817,07 745,71 1.808,04 961,17 2.769,21 0,97 

1.530 817,56 746,67 1.796,06 956,76 2.752,82 0,96 

1.535 818,04 747,63 1.784,19 952,38 2.736,57 0,96 

1.540 818,53 748,58 1.772,42 948,02 2.720,43 0,95 

1.545 819,01 749,52 1.760,75 943,68 2.704,42 0,94 

1.550 819,49 750,46 1.749,18 939,36 2.688,54 0,94 

1.555 819,97 751,40 1.737,71 935,07 2.672,78 0,93 

1.560 820,45 752,32 1.726,34 930,80 2.657,13 0,93 

1.565 820,93 753,25 1.715,07 926,55 2.641,61 0,92 

1.570 821,40 754,16 1.703,89 922,32 2.626,21 0,92 

1.575 821,88 755,08 1.692,82 918,11 2.610,93 0,91 

1.580 822,35 755,98 1.681,84 913,93 2.595,77 0,91 

1.585 822,82 756,88 1.670,95 909,77 2.580,72 0,90 

1.590 823,29 757,78 1.660,16 905,64 2.565,79 0,90 

1.595 823,76 758,67 1.649,46 901,52 2.550,98 0,89 

1.600 824,23 759,56 1.638,86 897,43 2.536,28 0,89 

1.605 824,69 760,44 1.628,34 893,36 2.521,70 0,88 
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1.610 825,16 761,31 1.617,92 889,31 2.507,23 0,88 

1.615 825,62 762,18 1.607,59 885,29 2.492,88 0,87 

1.620 826,08 763,05 1.597,35 881,28 2.478,63 0,87 

1.625 826,54 763,91 1.587,20 877,30 2.464,50 0,86 

1.630 827,00 764,77 1.577,13 873,35 2.450,48 0,86 

1.635 827,45 765,62 1.567,16 869,41 2.436,57 0,85 

1.640 827,91 766,46 1.557,27 865,50 2.422,77 0,85 

1.645 828,36 767,31 1.547,47 861,61 2.409,08 0,84 

1.650 828,82 768,14 1.537,75 857,74 2.395,49 0,84 

1.655 829,27 768,97 1.528,11 853,90 2.382,01 0,83 

1.660 829,72 769,80 1.518,56 850,08 2.368,64 0,83 

1.665 830,17 770,62 1.509,10 846,28 2.355,37 0,82 

1.670 830,61 771,44 1.499,71 842,50 2.342,21 0,82 

1.675 831,06 772,26 1.490,41 838,74 2.329,15 0,81 

1.680 831,50 773,06 1.481,19 835,01 2.316,20 0,81 

1.685 831,95 773,87 1.472,05 831,30 2.303,35 0,80 

1.690 832,39 774,67 1.462,98 827,61 2.290,59 0,80 

1.695 832,83 775,46 1.454,00 823,94 2.277,94 0,80 

1.700 833,27 776,26 1.445,10 820,30 2.265,39 0,79 

1.705 833,71 777,04 1.436,27 816,68 2.252,94 0,79 

1.710 834,14 777,83 1.427,52 813,08 2.240,59 0,78 

1.715 834,58 778,60 1.418,84 809,50 2.228,34 0,78 

1.720 835,01 779,38 1.410,24 805,94 2.216,18 0,77 

1.725 835,45 780,15 1.401,72 802,41 2.204,12 0,77 

1.730 835,88 780,91 1.393,27 798,89 2.192,16 0,77 

1.735 836,31 781,67 1.384,89 795,40 2.180,29 0,76 

1.740 836,74 782,43 1.376,59 791,93 2.168,52 0,76 

1.745 837,17 783,19 1.368,35 788,48 2.156,84 0,75 

1.750 837,59 783,93 1.360,19 785,06 2.145,25 0,75 

1.755 838,02 784,68 1.352,10 781,65 2.133,75 0,75 

1.760 838,44 785,42 1.344,08 778,27 2.122,35 0,74 

1.765 838,87 786,16 1.336,13 774,90 2.111,04 0,74 

1.770 839,29 786,89 1.328,25 771,56 2.099,82 0,73 

1.775 839,71 787,62 1.320,44 768,24 2.088,68 0,73 

1.780 840,13 788,35 1.312,70 764,94 2.077,64 0,73 

1.785 840,55 789,07 1.305,02 761,66 2.066,68 0,72 

1.790 840,96 789,79 1.297,41 758,41 2.055,81 0,72 

1.795 841,38 790,50 1.289,86 755,17 2.045,03 0,71 

1.800 841,80 791,21 1.282,38 751,96 2.034,34 0,71 

1.805 842,21 791,92 1.274,97 748,76 2.023,73 0,71 

1.810 842,62 792,62 1.267,62 745,59 2.013,20 0,70 

1.815 843,03 793,32 1.260,33 742,43 2.002,76 0,70 

1.820 843,44 794,02 1.253,10 739,30 1.992,40 0,70 

1.825 843,85 794,71 1.245,94 736,19 1.982,13 0,69 
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1.830 844,26 795,40 1.238,84 733,09 1.971,93 0,69 

1.835 844,67 796,08 1.231,80 730,02 1.961,82 0,69 

1.840 845,08 796,76 1.224,82 726,97 1.951,79 0,68 

1.845 845,48 797,44 1.217,90 723,93 1.941,84 0,68 

1.850 845,88 798,12 1.211,05 720,92 1.931,97 0,67 

1.855 846,29 798,79 1.204,25 717,93 1.922,17 0,67 

1.860 846,69 799,46 1.197,51 714,96 1.912,46 0,67 

1.865 847,09 800,12 1.190,82 712,00 1.902,82 0,66 

1.870 847,49 800,78 1.184,20 709,07 1.893,26 0,66 

1.875 847,89 801,44 1.177,63 706,15 1.883,78 0,66 

1.880 848,28 802,09 1.171,12 703,26 1.874,37 0,65 

1.885 848,68 802,75 1.164,66 700,38 1.865,04 0,65 

1.890 849,08 803,39 1.158,26 697,52 1.855,78 0,65 

1.895 849,47 804,04 1.151,91 694,69 1.846,60 0,64 

1.900 849,86 804,68 1.145,62 691,87 1.837,49 0,64 

1.905 850,26 805,32 1.139,38 689,07 1.828,45 0,64 

1.910 850,65 805,96 1.133,20 686,29 1.819,48 0,64 

1.915 851,04 806,59 1.127,06 683,52 1.810,59 0,63 

1.920 851,43 807,22 1.120,98 680,78 1.801,76 0,63 

1.925 851,82 807,84 1.114,96 678,05 1.793,01 0,63 

1.930 852,20 808,47 1.108,98 675,34 1.784,32 0,62 

1.935 852,59 809,09 1.103,05 672,66 1.775,71 0,62 

1.940 852,97 809,70 1.097,18 669,98 1.767,16 0,62 

1.945 853,36 810,32 1.091,35 667,33 1.758,68 0,61 

1.950 853,74 810,93 1.085,58 664,70 1.750,27 0,61 

1.955 854,12 811,54 1.079,85 662,08 1.741,93 0,61 

1.960 854,50 812,14 1.074,17 659,48 1.733,65 0,61 

1.965 854,88 812,75 1.068,54 656,90 1.725,44 0,60 

1.970 855,26 813,35 1.062,96 654,33 1.717,29 0,60 

1.975 855,64 813,94 1.057,42 651,79 1.709,21 0,60 

1.980 856,02 814,54 1.051,94 649,26 1.701,19 0,59 

1.985 856,40 815,13 1.046,49 646,74 1.693,24 0,59 

1.990 856,77 815,72 1.041,10 644,25 1.685,34 0,59 

1.995 857,15 816,30 1.035,75 641,77 1.677,51 0,59 

2.000 857,52 816,89 1.030,44 639,31 1.669,75 0,58 

2.005 857,89 817,47 1.025,18 636,86 1.662,04 0,58 

2.010 858,26 818,04 1.019,96 634,43 1.654,39 0,58 

2.015 858,64 818,62 1.014,79 632,02 1.646,81 0,58 

2.020 859,01 819,19 1.009,66 629,63 1.639,28 0,57 

2.025 859,37 819,76 1.004,57 627,25 1.631,82 0,57 

2.030 859,74 820,33 999,52 624,89 1.624,41 0,57 

2.035 860,11 820,89 994,52 622,54 1.617,06 0,56 

2.040 860,48 821,46 989,56 620,21 1.609,77 0,56 

2.045 860,84 822,02 984,64 617,90 1.602,54 0,56 
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2.050 861,21 822,57 979,76 615,60 1.595,36 0,56 

2.055 861,57 823,13 974,92 613,32 1.588,24 0,55 

2.060 861,93 823,68 970,13 611,05 1.581,18 0,55 

2.065 862,29 824,23 965,37 608,80 1.574,17 0,55 

2.070 862,66 824,78 960,65 606,56 1.567,21 0,55 

2.075 863,02 825,32 955,97 604,34 1.560,31 0,54 

2.080 863,38 825,86 951,33 602,14 1.553,47 0,54 

2.085 863,73 826,40 946,73 599,95 1.546,67 0,54 

2.090 864,09 826,94 942,16 597,77 1.539,93 0,54 

2.095 864,45 827,48 937,63 595,61 1.533,25 0,54 

2.100 864,80 828,01 933,14 593,47 1.526,61 0,53 

Table D.8. Calculation of the temperatures of the beam WTC333  

D.2. Mokrsko test model 

D.2.1. Input data of the thermal model for specimen CS2, WTB500 

Parameter Designation Value [mm] 

Web height hs 500,00 

Web thickness t 2,50 

Flange width bg 220,00 

Flange thickness tg 15,00 

Length of corrugation w 155,00 

Uncoiled length s 178,00 

Length of the beam L 9.000,00 

Area of the section A 7.850,00 

   Material prop Designation Value 

General 

Elasticity Modulus E [N/mm2] 210.000,00 

Shear modulus G [N/mm2] 81.000,00 

Poisson coef ν 0,30 

Expansion coef [ºC-1] 0,00 

Density ρ *kg/m3+ 7.850,00 

Web 

Yield strength fyk [N/mm2] 320,00 

Flanges 

Yield strength fyk [N/mm2] 320,00 

Table D.9. Input data related to the beam WTB500 
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D.2.2. Parameters and equations for the calculation of the temperatures of specimen CS2, 

WTB500 

Radiation 

hnet,r = 0,567·10^-8φεres*(θr+273)^4-(θm+273)^4+ 

Parameter Designation Value 

Configuration factor φ 1 

Resultant emissivity εres 0,5 

Convection 

hnet,c = αc(θg - θm) 

Parameter Designation Value 

Convection coefficient αc *W/m2K+ 25 

Increase of Temperature 

Δθs,t = ksh·Am·hnet,d·Δt/cs·ρs·V 

hnet,d = hnet,r + hnet,c 

Parameter Designation Value 

Area per length Am [m] 1,94 

Volume per length V [m2] 0,00785 

Specific heat of steel cs [J/kg·K] 600 

Density of steel ρs *kg/m3+ 7850 

Table D.10. Calculation parameters and equations  

D.2.3. Temperatures related to specimen CS2, WTB500 

Time [min] 

Measured Air 

Temperature, 

TG05 [ºC] 

Theoretical Beam 

Temperature [ºC] 

Average Midspan 

Measured 

Temperature [ºC] 

0 26,80 26,8 14,06 

5 185,00 55,26 54,8 

10 468,90 152,69 222,44 

15 514,90 274,53 370,08 

20 717,60 407,97 489,16 

25 696,20 527,38 601,48 

30 877,00 642,90 683,44 

35 810,90 731,81 696,52 

40 836,60 774,55 733,86 

45 837,10 803,54 743,28 

50 769,20 801,58 726,16 

55 762,40 785,17 708,06 

60 738,80 769,06 693,42 

65 209,50 642,86 506,44 

70 180,60 480,69 417,38 

75 130,80 366,68 348,48 

80 106,50 281,69 304,62 
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85 106,00 222,47 271,74 

90     244,8 

Table D.11. Summary of the temperatures of the AM 

Test 

Time 

[sec] 

Air Curve 

Temperature 

[ºC] 

Beam 

Temperature 

[ºC] 

Heat transfer 

convection 

[W/m2] 

Heat 

transfer 

radiation 

[W/m2] 

Heat 

transfer 

[W/m2] 

Temperature 

Increase [ºC] 

Minutes of test from 0 to 5 

0 26,80 26,80         

5 29,44 26,82 65,92 0,82 66,73 0,02 

10 32,07 26,85 131,40 1,65 133,04 0,03 

15 34,71 26,90 196,44 2,50 198,94 0,05 

20 37,35 26,97 261,05 3,36 264,42 0,07 

25 39,98 27,06 325,23 4,25 329,48 0,09 

30 42,62 27,16 388,99 5,15 394,14 0,10 

35 45,26 27,28 452,32 6,07 458,39 0,12 

40 47,89 27,42 515,23 7,01 522,24 0,14 

45 50,53 27,57 577,72 7,97 585,69 0,15 

50 53,17 27,74 639,80 8,95 648,74 0,17 

55 55,80 27,93 701,46 9,94 711,40 0,19 

60 58,44 28,13 762,71 10,96 773,67 0,20 

65 61,08 28,35 823,55 12,00 835,55 0,22 

70 63,71 28,59 883,99 13,06 897,05 0,24 

75 66,35 28,84 944,02 14,14 958,16 0,25 

80 68,99 29,11 1.003,65 15,25 1.018,90 0,27 

85 71,62 29,39 1.062,89 16,37 1.079,26 0,28 

90 74,26 29,69 1.121,73 17,52 1.139,25 0,30 

95 76,90 30,00 1.180,17 18,69 1.198,87 0,31 

100 79,53 30,33 1.238,23 19,89 1.258,12 0,33 

105 82,17 30,68 1.295,89 21,11 1.317,00 0,35 

110 84,81 31,04 1.353,17 22,36 1.375,53 0,36 

115 87,44 31,42 1.410,06 23,63 1.433,69 0,38 

120 90,08 31,81 1.466,58 24,92 1.491,50 0,39 

125 92,72 32,21 1.522,71 26,24 1.548,95 0,41 

130 95,35 32,64 1.578,47 27,59 1.606,06 0,42 

135 97,99 33,07 1.633,85 28,97 1.662,82 0,44 

140 100,63 33,52 1.688,86 30,37 1.719,23 0,45 

145 103,26 33,99 1.743,50 31,80 1.775,30 0,47 

150 105,90 34,47 1.797,78 33,25 1.831,03 0,48 

155 108,54 34,96 1.851,68 34,74 1.886,42 0,49 

160 111,17 35,47 1.905,23 36,25 1.941,48 0,51 

165 113,81 36,00 1.958,41 37,80 1.996,21 0,52 

170 116,45 36,54 2.011,23 39,37 2.050,60 0,54 
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175 119,08 37,09 2.063,70 40,97 2.104,68 0,55 

180 121,72 37,65 2.115,81 42,61 2.158,42 0,57 

185 124,36 38,23 2.167,57 44,27 2.211,85 0,58 

190 126,99 38,83 2.218,98 45,97 2.264,95 0,59 

195 129,63 39,44 2.270,05 47,70 2.317,74 0,61 

200 132,27 40,06 2.320,76 49,46 2.370,22 0,62 

205 134,90 40,69 2.371,13 51,25 2.422,39 0,64 

210 137,54 41,34 2.421,16 53,08 2.474,24 0,65 

215 140,18 42,01 2.470,85 54,94 2.525,79 0,66 

220 142,81 42,68 2.520,20 56,84 2.577,04 0,68 

225 145,45 43,37 2.569,21 58,77 2.627,98 0,69 

230 148,09 44,07 2.617,90 60,73 2.678,63 0,70 

235 150,72 44,79 2.666,24 62,73 2.728,98 0,72 

240 153,36 45,52 2.714,26 64,77 2.779,03 0,73 

245 156,00 46,26 2.761,95 66,84 2.828,79 0,74 

250 158,63 47,02 2.809,31 68,95 2.878,26 0,76 

255 161,27 47,78 2.856,35 71,10 2.927,45 0,77 

260 163,91 48,56 2.903,07 73,28 2.976,35 0,78 

265 166,54 49,36 2.949,46 75,51 3.024,97 0,79 

270 169,18 50,16 2.995,54 77,77 3.073,31 0,81 

275 171,82 50,98 3.041,30 80,07 3.121,37 0,82 

280 174,45 51,81 3.086,75 82,41 3.169,15 0,83 

285 177,09 52,66 3.131,88 84,79 3.216,67 0,84 

290 179,73 53,52 3.176,70 87,21 3.263,91 0,86 

295 182,36 54,38 3.221,21 89,67 3.310,88 0,87 

300 185,00 55,26 3.265,41 92,18 3.357,58 0,88 

       Minutes of test from 5 to 10 

300 185,00 55,26         

305 189,73 56,17 3.361,68 97,06 3.458,74 0,91 

310 194,46 57,11 3.457,28 102,09 3.559,38 0,93 

315 199,20 58,07 3.552,23 107,28 3.659,51 0,96 

320 203,93 59,05 3.646,52 112,62 3.759,14 0,99 

325 208,66 60,06 3.740,16 118,12 3.858,28 1,01 

330 213,39 61,10 3.833,14 123,78 3.956,92 1,04 

335 218,12 62,17 3.925,48 129,61 4.055,09 1,06 

340 222,85 63,26 4.017,18 135,61 4.152,78 1,09 

345 227,59 64,37 4.108,23 141,77 4.250,01 1,11 

350 232,32 65,51 4.198,65 148,12 4.346,77 1,14 

355 237,05 66,68 4.288,43 154,64 4.443,07 1,17 

360 241,78 67,87 4.377,58 161,34 4.538,93 1,19 

365 246,51 69,08 4.466,10 168,23 4.634,34 1,22 

370 251,24 70,32 4.554,00 175,31 4.729,31 1,24 

375 255,98 71,59 4.641,27 182,58 4.823,85 1,27 

380 260,71 72,88 4.727,93 190,05 4.917,97 1,29 
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385 265,44 74,19 4.813,96 197,71 5.011,67 1,31 

390 270,17 75,53 4.899,38 205,58 5.104,96 1,34 

395 274,90 76,90 4.984,19 213,65 5.197,84 1,36 

400 279,63 78,29 5.068,39 221,93 5.290,32 1,39 

405 284,37 79,70 5.151,99 230,43 5.382,41 1,41 

410 289,10 81,13 5.234,98 239,14 5.474,11 1,44 

415 293,83 82,59 5.317,37 248,07 5.565,43 1,46 

420 298,56 84,08 5.399,15 257,22 5.656,38 1,48 

425 303,29 85,59 5.480,35 266,61 5.746,95 1,51 

430 308,02 87,12 5.560,95 276,22 5.837,17 1,53 

435 312,76 88,67 5.640,95 286,07 5.927,02 1,55 

440 317,49 90,25 5.720,37 296,15 6.016,53 1,58 

445 322,22 91,85 5.799,20 306,48 6.105,68 1,60 

450 326,95 93,48 5.877,45 317,06 6.194,50 1,63 

455 331,68 95,13 5.955,11 327,88 6.282,99 1,65 

460 336,41 96,80 6.032,19 338,96 6.371,15 1,67 

465 341,15 98,49 6.108,70 350,29 6.458,99 1,69 

470 345,88 100,21 6.184,63 361,89 6.546,52 1,72 

475 350,61 101,95 6.259,98 373,75 6.633,73 1,74 

480 355,34 103,71 6.334,77 385,88 6.720,64 1,76 

485 360,07 105,50 6.408,98 398,28 6.807,25 1,79 

490 364,80 107,31 6.482,62 410,95 6.893,58 1,81 

495 369,54 109,14 6.555,70 423,91 6.979,61 1,83 

500 374,27 110,99 6.628,22 437,15 7.065,37 1,85 

505 379,00 112,87 6.700,17 450,68 7.150,85 1,88 

510 383,73 114,77 6.771,56 464,50 7.236,06 1,90 

515 388,46 116,69 6.842,39 478,62 7.321,01 1,92 

520 393,19 118,63 6.912,67 493,04 7.405,70 1,94 

525 397,93 120,59 6.982,38 507,76 7.490,14 1,97 

530 402,66 122,58 7.051,55 522,79 7.574,34 1,99 

535 407,39 124,59 7.120,16 538,13 7.658,29 2,01 

540 412,12 126,62 7.188,23 553,78 7.742,01 2,03 

545 416,85 128,68 7.255,74 569,76 7.825,50 2,05 

550 421,58 130,75 7.322,71 586,06 7.908,77 2,07 

555 426,32 132,85 7.389,13 602,69 7.991,81 2,10 

560 431,05 134,96 7.455,00 619,65 8.074,65 2,12 

565 435,78 137,11 7.520,33 636,94 8.157,28 2,14 

570 440,51 139,27 7.585,12 654,58 8.239,70 2,16 

575 445,24 141,45 7.649,37 672,56 8.321,94 2,18 

580 449,97 143,65 7.713,08 690,89 8.403,98 2,20 

585 454,71 145,88 7.776,26 709,57 8.485,83 2,23 

590 459,44 148,13 7.838,89 728,61 8.567,50 2,25 

595 464,17 150,40 7.900,99 748,01 8.649,00 2,27 

600 468,90 152,69 7.962,56 767,78 8.730,33 2,29 
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Minutes of test from 10 to 15 

600 468,90 152,69         

605 469,67 154,97 7.924,46 769,35 8.693,81 2,28 

610 470,43 157,24 7.886,61 770,90 8.657,51 2,27 

615 471,20 159,50 7.848,99 772,44 8.621,44 2,26 

620 471,97 161,75 7.811,61 773,97 8.585,59 2,25 

625 472,73 164,00 7.774,47 775,49 8.549,96 2,24 

630 473,50 166,23 7.737,56 777,00 8.514,56 2,23 

635 474,27 168,46 7.700,88 778,49 8.479,37 2,22 

640 475,03 170,67 7.664,43 779,97 8.444,40 2,22 

645 475,80 172,88 7.628,22 781,43 8.409,65 2,21 

650 476,57 175,07 7.592,23 782,89 8.375,11 2,20 

655 477,33 177,26 7.556,46 784,33 8.340,79 2,19 

660 478,10 179,44 7.520,92 785,76 8.306,68 2,18 

665 478,87 181,61 7.485,61 787,18 8.272,79 2,17 

670 479,63 183,77 7.450,52 788,58 8.239,10 2,16 

675 480,40 185,93 7.415,64 789,98 8.205,62 2,15 

680 481,17 188,07 7.380,99 791,36 8.172,35 2,14 

685 481,93 190,21 7.346,56 792,72 8.139,28 2,14 

690 482,70 192,33 7.312,34 794,08 8.106,42 2,13 

695 483,47 194,45 7.278,34 795,43 8.073,77 2,12 

700 484,23 196,56 7.244,55 796,76 8.041,31 2,11 

705 485,00 198,66 7.210,98 798,08 8.009,06 2,10 

710 485,77 200,75 7.177,62 799,39 7.977,00 2,09 

715 486,53 202,84 7.144,46 800,68 7.945,15 2,08 

720 487,30 204,92 7.111,52 801,97 7.913,49 2,08 

725 488,07 206,98 7.078,78 803,24 7.882,03 2,07 

730 488,83 209,04 7.046,25 804,50 7.850,76 2,06 

735 489,60 211,09 7.013,93 805,76 7.819,69 2,05 

740 490,37 213,14 6.981,81 806,99 7.788,80 2,04 

745 491,13 215,17 6.949,89 808,22 7.758,11 2,04 

750 491,90 217,20 6.918,17 809,44 7.727,61 2,03 

755 492,67 219,22 6.886,66 810,64 7.697,30 2,02 

760 493,43 221,23 6.855,34 811,84 7.667,18 2,01 

765 494,20 223,23 6.824,22 813,02 7.637,24 2,00 

770 494,97 225,23 6.793,29 814,19 7.607,49 2,00 

775 495,73 227,22 6.762,57 815,35 7.577,92 1,99 

780 496,50 229,20 6.732,03 816,50 7.548,54 1,98 

785 497,27 231,17 6.701,69 817,64 7.519,33 1,97 

790 498,03 233,14 6.671,54 818,77 7.490,31 1,97 

795 498,80 235,09 6.641,58 819,89 7.461,47 1,96 

800 499,57 237,04 6.611,81 821,00 7.432,81 1,95 

805 500,33 238,99 6.582,22 822,10 7.404,32 1,94 

810 501,10 240,92 6.552,83 823,19 7.376,01 1,94 
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815 501,87 242,85 6.523,62 824,26 7.347,88 1,93 

820 502,63 244,77 6.494,59 825,33 7.319,92 1,92 

825 503,40 246,68 6.465,75 826,39 7.292,13 1,91 

830 504,17 248,59 6.437,09 827,43 7.264,52 1,91 

835 504,93 250,49 6.408,61 828,47 7.237,08 1,90 

840 505,70 252,38 6.380,31 829,50 7.209,80 1,89 

845 506,47 254,26 6.352,19 830,51 7.182,70 1,88 

850 507,23 256,14 6.324,24 831,52 7.155,77 1,88 

855 508,00 258,01 6.296,48 832,52 7.129,00 1,87 

860 508,77 259,87 6.268,89 833,51 7.102,40 1,86 

865 509,53 261,73 6.241,47 834,49 7.075,96 1,86 

870 510,30 263,58 6.214,23 835,46 7.049,69 1,85 

875 511,07 265,42 6.187,16 836,42 7.023,58 1,84 

880 511,83 267,26 6.160,26 837,37 6.997,63 1,84 

885 512,60 269,09 6.133,53 838,31 6.971,84 1,83 

890 513,37 270,91 6.106,97 839,25 6.946,22 1,82 

895 514,13 272,73 6.080,58 840,17 6.920,75 1,82 

900 514,90 274,53 6.054,35 841,09 6.895,44 1,81 

       Minutes of test from 15 to 20 

900 514,90 274,53         

905 518,28 276,36 6.093,58 856,60 6.950,18 1,82 

910 521,66 278,20 6.132,46 872,29 7.004,75 1,84 

915 525,04 280,05 6.170,97 888,16 7.059,14 1,85 

920 528,41 281,91 6.209,13 904,22 7.113,36 1,87 

925 531,79 283,79 6.246,94 920,47 7.167,41 1,88 

930 535,17 285,69 6.284,39 936,90 7.221,29 1,89 

935 538,55 287,60 6.321,48 953,53 7.275,01 1,91 

940 541,93 289,52 6.358,23 970,34 7.328,56 1,92 

945 545,31 291,46 6.394,62 987,34 7.381,96 1,94 

950 548,68 293,41 6.430,66 1.004,53 7.435,19 1,95 

955 552,06 295,37 6.466,35 1.021,92 7.488,27 1,96 

960 555,44 297,35 6.501,70 1.039,50 7.541,20 1,98 

965 558,82 299,34 6.536,69 1.057,27 7.593,97 1,99 

970 562,20 301,35 6.571,35 1.075,24 7.646,59 2,01 

975 565,58 303,37 6.605,65 1.093,41 7.699,06 2,02 

980 568,95 305,40 6.639,61 1.111,78 7.751,39 2,03 

985 572,33 307,45 6.673,23 1.130,34 7.803,57 2,05 

990 575,71 309,51 6.706,51 1.149,11 7.855,62 2,06 

995 579,09 311,59 6.739,45 1.168,07 7.907,52 2,07 

1000 582,47 313,67 6.772,04 1.187,24 7.959,28 2,09 

1005 585,85 315,77 6.804,30 1.206,61 8.010,91 2,10 

1010 589,22 317,89 6.836,21 1.226,18 8.062,40 2,12 

1015 592,60 320,02 6.867,79 1.245,96 8.113,76 2,13 
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1020 595,98 322,16 6.899,03 1.265,95 8.164,98 2,14 

1025 599,36 324,32 6.929,94 1.286,14 8.216,08 2,16 

1030 602,74 326,49 6.960,51 1.306,54 8.267,05 2,17 

1035 606,12 328,67 6.990,75 1.327,15 8.317,90 2,18 

1040 609,49 330,86 7.020,65 1.347,97 8.368,62 2,20 

1045 612,87 333,07 7.050,22 1.369,00 8.419,22 2,21 

1050 616,25 335,29 7.079,46 1.390,24 8.469,70 2,22 

1055 619,63 337,53 7.108,37 1.411,69 8.520,06 2,24 

1060 623,01 339,78 7.136,95 1.433,36 8.570,30 2,25 

1065 626,39 342,04 7.165,19 1.455,24 8.620,43 2,26 

1070 629,76 344,31 7.193,11 1.477,33 8.670,44 2,27 

1075 633,14 346,60 7.220,70 1.499,64 8.720,35 2,29 

1080 636,52 348,90 7.247,97 1.522,17 8.770,14 2,30 

1085 639,90 351,22 7.274,90 1.544,91 8.819,82 2,31 

1090 643,28 353,54 7.301,52 1.567,87 8.869,39 2,33 

1095 646,66 355,88 7.327,80 1.591,06 8.918,86 2,34 

1100 650,03 358,24 7.353,76 1.614,46 8.968,22 2,35 

1105 653,41 360,60 7.379,40 1.638,08 9.017,48 2,37 

1110 656,79 362,98 7.404,72 1.661,92 9.066,63 2,38 

1115 660,17 365,37 7.429,71 1.685,98 9.115,69 2,39 

1120 663,55 367,78 7.454,38 1.710,26 9.164,64 2,40 

1125 666,93 370,19 7.478,73 1.734,77 9.213,50 2,42 

1130 670,30 372,62 7.502,76 1.759,50 9.262,26 2,43 

1135 673,68 375,07 7.526,47 1.784,46 9.310,93 2,44 

1140 677,06 377,52 7.549,86 1.809,64 9.359,50 2,46 

1145 680,44 379,99 7.572,93 1.835,05 9.407,98 2,47 

1150 683,82 382,47 7.595,68 1.860,68 9.456,36 2,48 

1155 687,20 384,96 7.618,12 1.886,54 9.504,66 2,49 

1160 690,57 387,47 7.640,24 1.912,62 9.552,86 2,51 

1165 693,95 389,99 7.662,04 1.938,94 9.600,98 2,52 

1170 697,33 392,52 7.683,53 1.965,48 9.649,01 2,53 

1175 700,71 395,06 7.704,70 1.992,25 9.696,95 2,54 

1180 704,09 397,62 7.725,56 2.019,25 9.744,81 2,56 

1185 707,47 400,19 7.746,11 2.046,48 9.792,58 2,57 

1190 710,84 402,77 7.766,34 2.073,93 9.840,27 2,58 

1195 714,22 405,37 7.786,26 2.101,62 9.887,88 2,59 

1200 717,60 407,97 7.805,86 2.129,54 9.935,41 2,61 

       Minutes of test from 20 to 25 

1200 717,60 407,97         

1205 717,24 410,56 7.731,78 2.116,33 9.848,12 2,58 

1210 716,89 413,12 7.658,27 2.103,10 9.761,38 2,56 

1215 716,53 415,65 7.585,34 2.089,85 9.675,19 2,54 

1220 716,17 418,17 7.512,96 2.076,59 9.589,55 2,52 
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1225 715,82 420,66 7.441,15 2.063,31 9.504,46 2,49 

1230 715,46 423,14 7.369,90 2.050,01 9.419,91 2,47 

1235 715,10 425,58 7.299,20 2.036,70 9.335,90 2,45 

1240 714,75 428,01 7.229,05 2.023,38 9.252,43 2,43 

1245 714,39 430,42 7.159,45 2.010,06 9.169,50 2,41 

1250 714,03 432,80 7.090,39 1.996,72 9.087,11 2,38 

1255 713,68 435,16 7.021,87 1.983,37 9.005,25 2,36 

1260 713,32 437,51 6.953,89 1.970,02 8.923,92 2,34 

1265 712,96 439,83 6.886,45 1.956,67 8.843,12 2,32 

1270 712,61 442,12 6.819,53 1.943,31 8.762,84 2,30 

1275 712,25 444,40 6.753,14 1.929,95 8.683,09 2,28 

1280 711,89 446,66 6.687,27 1.916,59 8.603,87 2,26 

1285 711,54 448,90 6.621,93 1.903,24 8.525,16 2,24 

1290 711,18 451,11 6.557,09 1.889,88 8.446,98 2,22 

1295 710,82 453,31 6.492,78 1.876,53 8.369,31 2,20 

1300 710,47 455,48 6.428,97 1.863,18 8.292,15 2,18 

1305 710,11 457,64 6.365,66 1.849,84 8.215,51 2,16 

1310 709,75 459,77 6.302,86 1.836,51 8.139,38 2,14 

1315 709,40 461,89 6.240,56 1.823,19 8.063,75 2,12 

1320 709,04 463,99 6.178,76 1.809,88 7.988,64 2,10 

1325 708,68 466,06 6.117,45 1.796,58 7.914,02 2,08 

1330 708,33 468,12 6.056,62 1.783,29 7.839,91 2,06 

1335 707,97 470,16 5.996,29 1.770,01 7.766,30 2,04 

1340 707,61 472,17 5.936,43 1.756,75 7.693,18 2,02 

1345 707,26 474,17 5.877,06 1.743,51 7.620,57 2,00 

1350 706,90 476,15 5.818,16 1.730,28 7.548,44 1,98 

1355 706,54 478,12 5.759,74 1.717,07 7.476,81 1,96 

1360 706,19 480,06 5.701,78 1.703,88 7.405,66 1,94 

1365 705,83 481,98 5.644,29 1.690,72 7.335,01 1,92 

1370 705,47 483,89 5.587,27 1.677,57 7.264,84 1,91 

1375 705,12 485,78 5.530,70 1.664,45 7.195,15 1,89 

1380 704,76 487,65 5.474,59 1.651,35 7.125,94 1,87 

1385 704,40 489,50 5.418,94 1.638,27 7.057,21 1,85 

1390 704,05 491,33 5.363,74 1.625,22 6.988,96 1,83 

1395 703,69 493,15 5.308,98 1.612,20 6.921,18 1,82 

1400 703,33 494,94 5.254,67 1.599,21 6.853,88 1,80 

1405 702,98 496,73 5.200,80 1.586,25 6.787,05 1,78 

1410 702,62 498,49 5.147,37 1.573,31 6.720,68 1,76 

1415 702,26 500,23 5.094,37 1.560,41 6.654,78 1,75 

1420 701,91 501,96 5.041,81 1.547,54 6.589,35 1,73 

1425 701,55 503,67 4.989,68 1.534,70 6.524,37 1,71 

1430 701,19 505,37 4.937,97 1.521,89 6.459,86 1,69 

1435 700,84 507,05 4.886,68 1.509,12 6.395,80 1,68 

1440 700,48 508,71 4.835,82 1.496,38 6.332,20 1,66 
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1445 700,12 510,35 4.785,37 1.483,69 6.269,05 1,64 

1450 699,77 511,98 4.735,33 1.471,02 6.206,36 1,63 

1455 699,41 513,59 4.685,71 1.458,40 6.144,11 1,61 

1460 699,05 515,19 4.636,50 1.445,81 6.082,31 1,60 

1465 698,70 516,77 4.587,69 1.433,27 6.020,96 1,58 

1470 698,34 518,33 4.539,28 1.420,76 5.960,04 1,56 

1475 697,98 519,88 4.491,28 1.408,29 5.899,57 1,55 

1480 697,63 521,41 4.443,66 1.395,87 5.839,54 1,53 

1485 697,27 522,93 4.396,45 1.383,49 5.779,94 1,52 

1490 696,91 524,43 4.349,62 1.371,15 5.720,77 1,50 

1495 696,56 525,91 4.303,18 1.358,86 5.662,04 1,49 

1500 696,20 527,38 4.257,13 1.346,61 5.603,74 1,47 

       Minutes of test from 25 to 30 

1500 696,20 527,38         

1505 699,21 528,87 4.295,71 1.369,34 5.665,05 1,49 

1510 702,23 530,37 4.333,89 1.392,22 5.726,11 1,50 

1515 705,24 531,89 4.371,67 1.415,25 5.786,92 1,52 

1520 708,25 533,43 4.409,04 1.438,44 5.847,48 1,53 

1525 711,27 534,98 4.446,03 1.461,77 5.907,80 1,55 

1530 714,28 536,54 4.482,61 1.485,26 5.967,88 1,57 

1535 717,29 538,12 4.518,80 1.508,91 6.027,71 1,58 

1540 720,31 539,72 4.554,60 1.532,70 6.087,30 1,60 

1545 723,32 541,33 4.590,01 1.556,65 6.146,66 1,61 

1550 726,33 542,96 4.625,03 1.580,75 6.205,78 1,63 

1555 729,35 544,60 4.659,66 1.605,01 6.264,67 1,64 

1560 732,36 546,26 4.693,91 1.629,42 6.323,33 1,66 

1565 735,37 547,94 4.727,77 1.653,99 6.381,76 1,67 

1570 738,39 549,63 4.761,24 1.678,71 6.439,96 1,69 

1575 741,40 551,33 4.794,34 1.703,59 6.497,93 1,70 

1580 744,41 553,05 4.827,05 1.728,62 6.555,68 1,72 

1585 747,43 554,79 4.859,39 1.753,81 6.613,20 1,73 

1590 750,44 556,54 4.891,35 1.779,16 6.670,50 1,75 

1595 753,45 558,30 4.922,93 1.804,66 6.727,59 1,76 

1600 756,47 560,08 4.954,14 1.830,31 6.784,45 1,78 

1605 759,48 561,88 4.984,98 1.856,13 6.841,10 1,79 

1610 762,49 563,69 5.015,44 1.882,10 6.897,54 1,81 

1615 765,51 565,51 5.045,53 1.908,22 6.953,76 1,82 

1620 768,52 567,35 5.075,26 1.934,51 7.009,77 1,84 

1625 771,53 569,20 5.104,62 1.960,95 7.065,56 1,85 

1630 774,55 571,07 5.133,61 1.987,54 7.121,15 1,87 

1635 777,56 572,95 5.162,24 2.014,29 7.176,53 1,88 

1640 780,57 574,85 5.190,50 2.041,20 7.231,70 1,90 

1645 783,59 576,76 5.218,40 2.068,27 7.286,67 1,91 
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1650 786,60 578,69 5.245,95 2.095,49 7.341,44 1,93 

1655 789,61 580,63 5.273,13 2.122,87 7.396,00 1,94 

1660 792,63 582,58 5.299,95 2.150,40 7.450,36 1,95 

1665 795,64 584,55 5.326,42 2.178,09 7.504,52 1,97 

1670 798,65 586,53 5.352,53 2.205,94 7.558,48 1,98 

1675 801,67 588,53 5.378,29 2.233,94 7.612,24 2,00 

1680 804,68 590,54 5.403,70 2.262,10 7.665,80 2,01 

1685 807,69 592,57 5.428,76 2.290,42 7.719,17 2,03 

1690 810,71 594,61 5.453,46 2.318,89 7.772,35 2,04 

1695 813,72 596,66 5.477,82 2.347,51 7.825,33 2,05 

1700 816,73 598,73 5.501,83 2.376,29 7.878,12 2,07 

1705 819,75 600,81 5.525,49 2.405,22 7.930,71 2,08 

1710 822,76 602,90 5.548,81 2.434,31 7.983,12 2,09 

1715 825,77 605,01 5.571,78 2.463,55 8.035,33 2,11 

1720 828,79 607,13 5.594,41 2.492,94 8.087,36 2,12 

1725 831,80 609,27 5.616,70 2.522,49 8.139,19 2,14 

1730 834,81 611,42 5.638,65 2.552,19 8.190,84 2,15 

1735 837,83 613,58 5.660,26 2.582,04 8.242,31 2,16 

1740 840,84 615,75 5.681,54 2.612,05 8.293,59 2,18 

1745 843,85 617,94 5.702,48 2.642,20 8.344,68 2,19 

1750 846,87 620,15 5.723,08 2.672,51 8.395,58 2,20 

1755 849,88 622,36 5.743,35 2.702,96 8.446,31 2,22 

1760 852,89 624,59 5.763,28 2.733,57 8.496,85 2,23 

1765 855,91 626,83 5.782,89 2.764,32 8.547,21 2,24 

1770 858,92 629,09 5.802,16 2.795,22 8.597,38 2,26 

1775 861,93 631,36 5.821,11 2.826,27 8.647,38 2,27 

1780 864,95 633,64 5.839,73 2.857,47 8.697,19 2,28 

1785 867,96 635,93 5.858,02 2.888,81 8.746,83 2,29 

1790 870,97 638,24 5.875,98 2.920,30 8.796,28 2,31 

1795 873,99 640,56 5.893,62 2.951,93 8.845,55 2,32 

1800 877,00 642,90 5.910,94 2.983,71 8.894,65 2,33 

       Minutes of test from 30 to 35 

1800 877,00 642,90         

1805 875,90 645,20 5.825,06 2.944,48 8.769,54 2,30 

1810 874,80 647,46 5.740,00 2.905,44 8.645,45 2,27 

1815 873,70 649,70 5.655,76 2.866,60 8.522,35 2,24 

1820 872,59 651,90 5.572,32 2.827,94 8.400,26 2,20 

1825 871,49 654,08 5.489,68 2.789,48 8.279,16 2,17 

1830 870,39 656,22 5.407,84 2.751,22 8.159,06 2,14 

1835 869,29 658,33 5.326,78 2.713,17 8.039,95 2,11 

1840 868,19 660,40 5.246,51 2.675,32 7.921,83 2,08 

1845 867,09 662,45 5.167,01 2.637,68 7.804,69 2,05 

1850 865,98 664,47 5.088,28 2.600,25 7.688,53 2,02 
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1855 864,88 666,46 5.010,31 2.563,03 7.573,34 1,99 

1860 863,78 668,41 4.933,10 2.526,03 7.459,13 1,96 

1865 862,68 670,34 4.856,63 2.489,24 7.345,88 1,93 

1870 861,58 672,24 4.780,91 2.452,68 7.233,59 1,90 

1875 860,48 674,11 4.705,93 2.416,34 7.122,27 1,87 

1880 859,37 675,95 4.631,67 2.380,23 7.011,90 1,84 

1885 858,27 677,76 4.558,14 2.344,34 6.902,48 1,81 

1890 857,17 679,54 4.485,33 2.308,68 6.794,01 1,78 

1895 856,07 681,29 4.413,23 2.273,25 6.686,48 1,75 

1900 854,97 683,02 4.341,83 2.238,06 6.579,89 1,73 

1905 853,87 684,72 4.271,13 2.203,10 6.474,23 1,70 

1910 852,76 686,39 4.201,13 2.168,37 6.369,50 1,67 

1915 851,66 688,03 4.131,81 2.133,89 6.265,70 1,64 

1920 850,56 689,65 4.063,17 2.099,64 6.162,81 1,62 

1925 849,46 691,24 3.995,21 2.065,63 6.060,84 1,59 

1930 848,36 692,80 3.927,92 2.031,86 5.959,78 1,56 

1935 847,26 694,34 3.861,29 1.998,34 5.859,63 1,54 

1940 846,15 695,85 3.795,31 1.965,06 5.760,37 1,51 

1945 845,05 697,34 3.729,99 1.932,02 5.662,01 1,49 

1950 843,95 698,80 3.665,31 1.899,23 5.564,55 1,46 

1955 842,85 700,23 3.601,28 1.866,69 5.467,97 1,43 

1960 841,75 701,64 3.537,87 1.834,40 5.372,27 1,41 

1965 840,65 703,03 3.475,09 1.802,35 5.277,45 1,38 

1970 839,54 704,39 3.412,94 1.770,56 5.183,50 1,36 

1975 838,44 705,72 3.351,40 1.739,01 5.090,41 1,34 

1980 837,34 707,03 3.290,47 1.707,71 4.998,19 1,31 

1985 836,24 708,32 3.230,15 1.676,67 4.906,82 1,29 

1990 835,14 709,58 3.170,42 1.645,88 4.816,30 1,26 

1995 834,04 710,82 3.111,29 1.615,34 4.726,63 1,24 

2000 832,93 712,04 3.052,75 1.585,05 4.637,80 1,22 

2005 831,83 713,23 2.994,79 1.555,01 4.549,80 1,19 

2010 830,73 714,40 2.937,41 1.525,23 4.462,63 1,17 

2015 829,63 715,55 2.880,60 1.495,69 4.376,29 1,15 

2020 828,53 716,68 2.824,35 1.466,42 4.290,77 1,13 

2025 827,43 717,78 2.768,67 1.437,39 4.206,06 1,10 

2030 826,32 718,86 2.713,54 1.408,62 4.122,16 1,08 

2035 825,22 719,92 2.658,96 1.380,10 4.039,06 1,06 

2040 824,12 720,96 2.604,93 1.351,83 3.956,76 1,04 

2045 823,02 721,98 2.551,44 1.323,82 3.875,25 1,02 

2050 821,92 722,97 2.498,48 1.296,06 3.794,53 1,00 

2055 820,82 723,95 2.446,05 1.268,55 3.714,59 0,97 

2060 819,71 724,90 2.394,14 1.241,29 3.635,43 0,95 

2065 818,61 725,83 2.342,76 1.214,28 3.557,04 0,93 

2070 817,51 726,75 2.291,89 1.187,52 3.479,41 0,91 
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2075 816,41 727,64 2.241,53 1.161,02 3.402,54 0,89 

2080 815,31 728,51 2.191,67 1.134,76 3.326,43 0,87 

2085 814,21 729,37 2.142,31 1.108,75 3.251,06 0,85 

2090 813,10 730,20 2.093,44 1.082,99 3.176,44 0,83 

2095 812,00 731,01 2.045,07 1.057,48 3.102,55 0,81 

2100 810,90 731,81 1.997,18 1.032,22 3.029,40 0,79 

       Minutes of test from 35 to 40 

2100 810,90 731,81         

2105 811,33 732,60 1.988,02 1.029,28 3.017,29 0,79 

2110 811,76 733,39 1.978,94 1.026,36 3.005,29 0,79 

2115 812,19 734,17 1.969,93 1.023,46 2.993,39 0,79 

2120 812,61 734,96 1.961,01 1.020,58 2.981,59 0,78 

2125 813,04 735,73 1.952,16 1.017,73 2.969,89 0,78 

2130 813,47 736,51 1.943,39 1.014,89 2.958,28 0,78 

2135 813,90 737,28 1.934,70 1.012,08 2.946,78 0,77 

2140 814,33 738,05 1.926,08 1.009,29 2.935,37 0,77 

2145 814,76 738,82 1.917,53 1.006,52 2.924,06 0,77 

2150 815,18 739,58 1.909,06 1.003,78 2.912,84 0,76 

2155 815,61 740,35 1.900,67 1.001,05 2.901,72 0,76 

2160 816,04 741,10 1.892,34 998,35 2.890,70 0,76 

2165 816,47 741,86 1.884,09 995,67 2.879,76 0,76 

2170 816,90 742,61 1.875,91 993,01 2.868,92 0,75 

2175 817,33 743,36 1.867,81 990,37 2.858,18 0,75 

2180 817,75 744,11 1.859,77 987,75 2.847,52 0,75 

2185 818,18 744,85 1.851,80 985,16 2.836,96 0,74 

2190 818,61 745,60 1.843,90 982,58 2.826,48 0,74 

2195 819,04 746,33 1.836,07 980,02 2.816,10 0,74 

2200 819,47 747,07 1.828,31 977,49 2.805,80 0,74 

2205 819,90 747,80 1.820,62 974,98 2.795,59 0,73 

2210 820,32 748,53 1.812,99 972,48 2.785,47 0,73 

2215 820,75 749,26 1.805,43 970,01 2.775,44 0,73 

2220 821,18 749,99 1.797,93 967,56 2.765,49 0,73 

2225 821,61 750,71 1.790,50 965,13 2.755,63 0,72 

2230 822,04 751,43 1.783,14 962,71 2.745,85 0,72 

2235 822,47 752,15 1.775,84 960,32 2.736,16 0,72 

2240 822,89 752,86 1.768,60 957,95 2.726,55 0,72 

2245 823,32 753,58 1.761,43 955,60 2.717,03 0,71 

2250 823,75 754,29 1.754,31 953,27 2.707,58 0,71 

2255 824,18 755,00 1.747,26 950,96 2.698,22 0,71 

2260 824,61 755,70 1.740,27 948,66 2.688,94 0,71 

2265 825,04 756,40 1.733,35 946,39 2.679,74 0,70 

2270 825,46 757,10 1.726,48 944,14 2.670,62 0,70 

2275 825,89 757,80 1.719,67 941,90 2.661,58 0,70 

2280 826,32 758,50 1.712,92 939,69 2.652,61 0,70 
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2285 826,75 759,19 1.706,23 937,49 2.643,73 0,69 

2290 827,18 759,88 1.699,60 935,32 2.634,92 0,69 

2295 827,61 760,57 1.693,03 933,16 2.626,19 0,69 

2300 828,03 761,26 1.686,51 931,02 2.617,53 0,69 

2305 828,46 761,94 1.680,05 928,90 2.608,96 0,68 

2310 828,89 762,63 1.673,65 926,80 2.600,45 0,68 

2315 829,32 763,31 1.667,30 924,72 2.592,02 0,68 

2320 829,75 763,98 1.661,01 922,65 2.583,67 0,68 

2325 830,18 764,66 1.654,77 920,61 2.575,38 0,68 

2330 830,60 765,33 1.648,59 918,58 2.567,17 0,67 

2335 831,03 766,00 1.642,46 916,57 2.559,03 0,67 

2340 831,46 766,67 1.636,39 914,58 2.550,97 0,67 

2345 831,89 767,34 1.630,36 912,61 2.542,97 0,67 

2350 832,32 768,01 1.624,39 910,65 2.535,05 0,67 

2355 832,75 768,67 1.618,47 908,72 2.527,19 0,66 

2360 833,17 769,33 1.612,61 906,80 2.519,41 0,66 

2365 833,60 769,99 1.606,79 904,90 2.511,69 0,66 

2370 834,03 770,65 1.601,03 903,01 2.504,04 0,66 

2375 834,46 771,30 1.595,31 901,15 2.496,46 0,65 

2380 834,89 771,95 1.589,65 899,30 2.488,94 0,65 

2385 835,32 772,60 1.584,03 897,46 2.481,49 0,65 

2390 835,74 773,25 1.578,46 895,65 2.474,11 0,65 

2395 836,17 773,90 1.572,94 893,85 2.466,80 0,65 

2400 836,60 774,55 1.567,47 892,07 2.459,54 0,65 

       Minutes of test from 40 to 45 

2400 836,60 774,55         

2405 836,61 775,19 1.551,55 883,80 2.435,35 0,64 

2410 836,62 775,82 1.535,79 875,59 2.411,37 0,63 

2415 836,63 776,44 1.520,18 867,45 2.387,63 0,63 

2420 836,63 777,06 1.504,73 859,38 2.364,10 0,62 

2425 836,64 777,68 1.489,43 851,37 2.340,80 0,61 

2430 836,65 778,29 1.474,29 843,43 2.317,71 0,61 

2435 836,66 778,89 1.459,29 835,55 2.294,84 0,60 

2440 836,67 779,48 1.444,45 827,74 2.272,19 0,60 

2445 836,68 780,08 1.429,75 820,00 2.249,75 0,59 

2450 836,68 780,66 1.415,21 812,32 2.227,52 0,58 

2455 836,69 781,24 1.400,81 804,70 2.205,51 0,58 

2460 836,70 781,81 1.386,55 797,15 2.183,70 0,57 

2465 836,71 782,38 1.372,44 789,66 2.162,09 0,57 

2470 836,72 782,94 1.358,46 782,23 2.140,69 0,56 

2475 836,73 783,50 1.344,63 774,87 2.119,50 0,56 

2480 836,73 784,05 1.330,94 767,57 2.098,51 0,55 

2485 836,74 784,59 1.317,38 760,33 2.077,71 0,55 
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2490 836,75 785,13 1.303,96 753,15 2.057,12 0,54 

2495 836,76 785,67 1.290,68 746,04 2.036,72 0,53 

2500 836,77 786,19 1.277,53 738,98 2.016,51 0,53 

2505 836,78 786,72 1.264,51 731,99 1.996,50 0,52 

2510 836,78 787,24 1.251,63 725,05 1.976,68 0,52 

2515 836,79 787,75 1.238,87 718,18 1.957,05 0,51 

2520 836,80 788,26 1.226,24 711,36 1.937,61 0,51 

2525 836,81 788,76 1.213,74 704,61 1.918,35 0,50 

2530 836,82 789,26 1.201,37 697,91 1.899,28 0,50 

2535 836,83 789,75 1.189,12 691,27 1.880,39 0,49 

2540 836,83 790,24 1.177,00 684,69 1.861,69 0,49 

2545 836,84 790,73 1.164,99 678,17 1.843,16 0,48 

2550 836,85 791,20 1.153,11 671,70 1.824,81 0,48 

2555 836,86 791,68 1.141,35 665,29 1.806,64 0,47 

2560 836,87 792,15 1.129,71 658,94 1.788,65 0,47 

2565 836,88 792,61 1.118,19 652,64 1.770,83 0,46 

2570 836,88 793,07 1.106,78 646,40 1.753,18 0,46 

2575 836,89 793,53 1.095,49 640,21 1.735,70 0,46 

2580 836,90 793,98 1.084,32 634,08 1.718,40 0,45 

2585 836,91 794,42 1.073,26 628,00 1.701,26 0,45 

2590 836,92 794,87 1.062,31 621,98 1.684,29 0,44 

2595 836,93 795,30 1.051,47 616,01 1.667,48 0,44 

2600 836,93 795,74 1.040,74 610,10 1.650,84 0,43 

2605 836,94 796,17 1.030,12 604,23 1.634,35 0,43 

2610 836,95 796,59 1.019,61 598,42 1.618,03 0,42 

2615 836,96 797,01 1.009,20 592,67 1.601,87 0,42 

2620 836,97 797,43 998,91 586,96 1.585,87 0,42 

2625 836,98 797,84 988,71 581,31 1.570,02 0,41 

2630 836,98 798,25 978,62 575,70 1.554,33 0,41 

2635 836,99 798,65 968,64 570,15 1.538,79 0,40 

2640 837,00 799,05 958,75 564,65 1.523,40 0,40 

2645 837,01 799,45 948,97 559,20 1.508,17 0,40 

2650 837,02 799,84 939,29 553,80 1.493,08 0,39 

2655 837,03 800,22 929,70 548,44 1.478,15 0,39 

2660 837,03 800,61 920,22 543,14 1.463,36 0,38 

2665 837,04 800,99 910,83 537,88 1.448,71 0,38 

2670 837,05 801,36 901,53 532,68 1.434,21 0,38 

2675 837,06 801,74 892,34 527,52 1.419,85 0,37 

2680 837,07 802,11 883,23 522,41 1.405,64 0,37 

2685 837,08 802,47 874,22 517,34 1.391,56 0,37 

2690 837,08 802,83 865,30 512,32 1.377,63 0,36 

2695 837,09 803,19 856,47 507,35 1.363,83 0,36 

2700 837,10 803,54 847,74 502,43 1.350,16 0,35 
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Minutes of test from 45 to 50 

2700 837,10 803,54         

2705 835,97 803,88 810,59 479,89 1.290,48 0,34 

2710 834,84 804,21 773,84 457,62 1.231,46 0,32 

2715 833,71 804,51 737,47 435,62 1.173,09 0,31 

2720 832,57 804,81 701,48 413,89 1.115,37 0,29 

2725 831,44 805,08 665,87 392,42 1.058,30 0,28 

2730 830,31 805,35 630,64 371,22 1.001,86 0,26 

2735 829,18 805,60 595,78 350,27 946,05 0,25 

2740 828,05 805,83 561,28 329,58 890,87 0,23 

2745 826,92 806,05 527,15 309,15 836,30 0,22 

2750 825,78 806,25 493,37 288,98 782,35 0,21 

2755 824,65 806,45 459,95 269,06 729,00 0,19 

2760 823,52 806,62 426,87 249,38 676,26 0,18 

2765 822,39 806,79 394,15 229,96 624,11 0,16 

2770 821,26 806,94 361,76 210,78 572,54 0,15 

2775 820,13 807,07 329,72 191,85 521,56 0,14 

2780 818,99 807,20 298,00 173,16 471,16 0,12 

2785 817,86 807,31 266,62 154,70 421,33 0,11 

2790 816,73 807,40 235,57 136,49 372,06 0,10 

2795 815,60 807,49 204,83 118,51 323,35 0,08 

2800 814,47 807,56 174,42 100,77 275,19 0,07 

2805 813,34 807,62 144,33 83,26 227,59 0,06 

2810 812,20 807,67 114,54 65,98 180,52 0,05 

2815 811,07 807,70 85,07 48,93 133,99 0,04 

2820 809,94 807,73 55,90 32,10 88,00 0,02 

2825 808,81 807,74 27,03 15,50 42,52 0,01 

2830 807,68 807,74 -1,54 -0,88 -2,43 0,00 

2835 806,55 807,73 -29,82 -17,05 -46,87 -0,01 

2840 805,41 807,70 -57,80 -32,99 -90,79 -0,02 

2845 804,28 807,67 -85,50 -48,72 -134,22 -0,04 

2850 803,15 807,62 -112,91 -64,23 -177,15 -0,05 

2855 802,02 807,56 -140,04 -79,54 -219,58 -0,06 

2860 800,89 807,49 -166,89 -94,63 -261,52 -0,07 

2865 799,76 807,41 -193,47 -109,52 -302,99 -0,08 

2870 798,62 807,32 -219,77 -124,20 -343,97 -0,09 

2875 797,49 807,22 -245,81 -138,68 -384,49 -0,10 

2880 796,36 807,11 -271,58 -152,95 -424,53 -0,11 

2885 795,23 806,99 -297,09 -167,03 -464,11 -0,12 

2890 794,10 806,86 -322,33 -180,91 -503,24 -0,13 

2895 792,97 806,72 -347,33 -194,59 -541,92 -0,14 

2900 791,83 806,56 -372,06 -208,08 -580,14 -0,15 

2905 790,70 806,40 -396,55 -221,38 -617,93 -0,16 

2910 789,57 806,23 -420,79 -234,48 -655,27 -0,17 
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2915 788,44 806,05 -444,78 -247,40 -692,19 -0,18 

2920 787,31 805,86 -468,53 -260,14 -728,67 -0,19 

2925 786,18 805,66 -492,05 -272,69 -764,74 -0,20 

2930 785,04 805,45 -515,32 -285,06 -800,38 -0,21 

2935 783,91 805,23 -538,36 -297,25 -835,61 -0,22 

2940 782,78 805,00 -561,18 -309,26 -870,43 -0,23 

2945 781,65 804,76 -583,76 -321,09 -904,85 -0,24 

2950 780,52 804,51 -606,12 -332,75 -938,86 -0,25 

2955 779,39 804,26 -628,25 -344,23 -972,48 -0,26 

2960 778,25 804,00 -650,16 -355,55 -1.005,71 -0,26 

2965 777,12 803,72 -671,86 -366,69 -1.038,55 -0,27 

2970 775,99 803,44 -693,34 -377,67 -1.071,01 -0,28 

2975 774,86 803,15 -714,61 -388,49 -1.103,09 -0,29 

2980 773,73 802,86 -735,66 -399,14 -1.134,80 -0,30 

2985 772,60 802,55 -756,51 -409,62 -1.166,13 -0,31 

2990 771,46 802,24 -777,15 -419,95 -1.197,11 -0,31 

2995 770,33 801,91 -797,59 -430,12 -1.227,72 -0,32 

3000 769,20 801,58 -817,83 -440,13 -1.257,97 -0,33 

       Minutes of test from 50 to 55 

3000 769,20 801,58         

3005 769,09 801,26 -812,42 -436,94 -1.249,36 -0,33 

3010 768,97 800,93 -807,06 -433,79 -1.240,84 -0,33 

3015 768,86 800,61 -801,75 -430,67 -1.232,42 -0,32 

3020 768,75 800,29 -796,50 -427,58 -1.224,08 -0,32 

3025 768,63 799,97 -791,31 -424,53 -1.215,83 -0,32 

3030 768,52 799,65 -786,16 -421,51 -1.207,67 -0,32 

3035 768,41 799,34 -781,08 -418,53 -1.199,60 -0,31 

3040 768,29 799,02 -776,04 -415,57 -1.191,62 -0,31 

3045 768,18 798,71 -771,06 -412,66 -1.183,72 -0,31 

3050 768,07 798,40 -766,13 -409,77 -1.175,90 -0,31 

3055 767,95 798,10 -761,25 -406,91 -1.168,17 -0,31 

3060 767,84 797,79 -756,42 -404,09 -1.160,51 -0,30 

3065 767,73 797,49 -751,64 -401,30 -1.152,94 -0,30 

3070 767,61 797,19 -746,92 -398,54 -1.145,45 -0,30 

3075 767,50 796,89 -742,24 -395,81 -1.138,04 -0,30 

3080 767,39 796,59 -737,61 -393,11 -1.130,71 -0,30 

3085 767,27 796,30 -733,02 -390,44 -1.123,46 -0,29 

3090 767,16 796,01 -728,49 -387,79 -1.116,28 -0,29 

3095 767,05 795,72 -724,00 -385,18 -1.109,18 -0,29 

3100 766,93 795,43 -719,56 -382,60 -1.102,16 -0,29 

3105 766,82 795,14 -715,16 -380,04 -1.095,21 -0,29 

3110 766,71 794,85 -710,81 -377,51 -1.088,33 -0,29 

3115 766,59 794,57 -706,51 -375,01 -1.081,52 -0,28 
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3120 766,48 794,29 -702,25 -372,54 -1.074,79 -0,28 

3125 766,37 794,01 -698,03 -370,10 -1.068,13 -0,28 

3130 766,25 793,73 -693,86 -367,68 -1.061,54 -0,28 

3135 766,14 793,45 -689,73 -365,28 -1.055,02 -0,28 

3140 766,03 793,18 -685,64 -362,92 -1.048,56 -0,28 

3145 765,91 792,90 -681,60 -360,58 -1.042,18 -0,27 

3150 765,80 792,63 -677,60 -358,26 -1.035,86 -0,27 

3155 765,69 792,36 -673,64 -355,97 -1.029,61 -0,27 

3160 765,57 792,09 -669,72 -353,71 -1.023,42 -0,27 

3165 765,46 791,83 -665,84 -351,47 -1.017,30 -0,27 

3170 765,35 791,56 -662,00 -349,25 -1.011,25 -0,27 

3175 765,23 791,30 -658,20 -347,06 -1.005,26 -0,26 

3180 765,12 791,04 -654,44 -344,89 -999,33 -0,26 

3185 765,01 790,77 -650,72 -342,74 -993,46 -0,26 

3190 764,89 790,52 -647,04 -340,62 -987,66 -0,26 

3195 764,78 790,26 -643,39 -338,52 -981,91 -0,26 

3200 764,67 790,00 -639,79 -336,44 -976,23 -0,26 

3205 764,55 789,75 -636,22 -334,39 -970,61 -0,25 

3210 764,44 789,49 -632,68 -332,36 -965,04 -0,25 

3215 764,33 789,24 -629,19 -330,35 -959,54 -0,25 

3220 764,21 788,99 -625,73 -328,36 -954,09 -0,25 

3225 764,10 788,74 -622,30 -326,39 -948,70 -0,25 

3230 763,99 788,50 -618,91 -324,45 -943,36 -0,25 

3235 763,87 788,25 -615,56 -322,52 -938,08 -0,25 

3240 763,76 788,00 -612,24 -320,62 -932,86 -0,24 

3245 763,65 787,76 -608,96 -318,73 -927,69 -0,24 

3250 763,53 787,52 -605,71 -316,87 -922,58 -0,24 

3255 763,42 787,28 -602,49 -315,03 -917,51 -0,24 

3260 763,31 787,04 -599,30 -313,20 -912,51 -0,24 

3265 763,19 786,80 -596,15 -311,40 -907,55 -0,24 

3270 763,08 786,56 -593,03 -309,61 -902,64 -0,24 

3275 762,97 786,33 -589,95 -307,85 -897,79 -0,24 

3280 762,85 786,09 -586,89 -306,10 -892,99 -0,23 

3285 762,74 785,86 -583,87 -304,37 -888,24 -0,23 

3290 762,63 785,63 -580,87 -302,66 -883,53 -0,23 

3295 762,51 785,40 -577,91 -300,97 -878,88 -0,23 

3300 762,40 785,17 -574,98 -299,29 -874,27 -0,23 

       Minutes of test from 55 to 60 

3300 762,40 785,17         

3305 762,01 784,94 -579,08 -301,16 -880,24 -0,23 

3310 761,61 784,71 -583,14 -303,00 -886,14 -0,23 

3315 761,22 784,47 -587,16 -304,81 -891,98 -0,23 

3320 760,83 784,24 -591,15 -306,61 -897,75 -0,24 
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3325 760,43 784,00 -595,09 -308,38 -903,47 -0,24 

3330 760,04 783,76 -599,00 -310,12 -909,12 -0,24 

3335 759,65 783,52 -602,87 -311,84 -914,71 -0,24 

3340 759,25 783,28 -606,70 -313,54 -920,24 -0,24 

3345 758,86 783,04 -610,50 -315,22 -925,72 -0,24 

3350 758,47 782,79 -614,26 -316,87 -931,13 -0,24 

3355 758,07 782,55 -617,99 -318,50 -936,49 -0,25 

3360 757,68 782,30 -621,68 -320,11 -941,79 -0,25 

3365 757,29 782,05 -625,34 -321,69 -947,03 -0,25 

3370 756,89 781,80 -628,96 -323,26 -952,22 -0,25 

3375 756,50 781,55 -632,55 -324,80 -957,35 -0,25 

3380 756,11 781,30 -636,10 -326,33 -962,43 -0,25 

3385 755,71 781,04 -639,62 -327,83 -967,45 -0,25 

3390 755,32 780,79 -643,11 -329,31 -972,42 -0,26 

3395 754,93 780,53 -646,57 -330,77 -977,34 -0,26 

3400 754,53 780,28 -649,99 -332,21 -982,20 -0,26 

3405 754,14 780,02 -653,38 -333,63 -987,01 -0,26 

3410 753,75 779,76 -656,74 -335,03 -991,77 -0,26 

3415 753,35 779,49 -660,07 -336,41 -996,48 -0,26 

3420 752,96 779,23 -663,37 -337,78 -1.001,14 -0,26 

3425 752,57 778,97 -666,63 -339,12 -1.005,75 -0,26 

3430 752,17 778,70 -669,87 -340,44 -1.010,31 -0,27 

3435 751,78 778,44 -673,08 -341,75 -1.014,82 -0,27 

3440 751,39 778,17 -676,25 -343,03 -1.019,29 -0,27 

3445 750,99 777,90 -679,40 -344,30 -1.023,71 -0,27 

3450 750,60 777,63 -682,52 -345,55 -1.028,08 -0,27 

3455 750,21 777,36 -685,61 -346,79 -1.032,40 -0,27 

3460 749,81 777,09 -688,67 -348,00 -1.036,67 -0,27 

3465 749,42 776,82 -691,71 -349,20 -1.040,91 -0,27 

3470 749,03 776,54 -694,71 -350,38 -1.045,09 -0,27 

3475 748,63 776,27 -697,69 -351,54 -1.049,23 -0,28 

3480 748,24 775,99 -700,64 -352,69 -1.053,33 -0,28 

3485 747,85 775,71 -703,57 -353,82 -1.057,39 -0,28 

3490 747,45 775,43 -706,47 -354,93 -1.061,40 -0,28 

3495 747,06 775,15 -709,34 -356,03 -1.065,37 -0,28 

3500 746,67 774,87 -712,19 -357,11 -1.069,29 -0,28 

3505 746,27 774,59 -715,01 -358,17 -1.073,18 -0,28 

3510 745,88 774,31 -717,80 -359,22 -1.077,02 -0,28 

3515 745,49 774,03 -720,57 -360,25 -1.080,82 -0,28 

3520 745,09 773,74 -723,31 -361,27 -1.084,58 -0,28 

3525 744,70 773,46 -726,03 -362,27 -1.088,31 -0,29 

3530 744,31 773,17 -728,73 -363,26 -1.091,99 -0,29 

3535 743,91 772,88 -731,40 -364,23 -1.095,63 -0,29 

3540 743,52 772,59 -734,05 -365,19 -1.099,24 -0,29 
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3545 743,13 772,30 -736,67 -366,13 -1.102,80 -0,29 

3550 742,73 772,01 -739,27 -367,06 -1.106,33 -0,29 

3555 742,34 771,72 -741,85 -367,97 -1.109,82 -0,29 

3560 741,95 771,43 -744,40 -368,87 -1.113,27 -0,29 

3565 741,55 771,14 -746,94 -369,76 -1.116,69 -0,29 

3570 741,16 770,84 -749,44 -370,63 -1.120,07 -0,29 

3575 740,77 770,55 -751,93 -371,49 -1.123,42 -0,29 

3580 740,37 770,25 -754,40 -372,33 -1.126,73 -0,30 

3585 739,98 769,96 -756,84 -373,16 -1.130,00 -0,30 

3590 739,59 769,66 -759,26 -373,98 -1.133,24 -0,30 

3595 739,19 769,36 -761,66 -374,79 -1.136,45 -0,30 

3600 738,80 769,06 -764,04 -375,58 -1.139,62 -0,30 

       Minutes of test from 60 to 65 

3600 738,80 769,06         

3605 729,98 768,68 -977,11 -474,01 -1.451,12 -0,38 

3610 721,16 768,22 -1.188,13 -568,74 -1.756,88 -0,46 

3615 712,34 767,68 -1.397,15 -659,83 -2.056,98 -0,54 

3620 703,51 767,06 -1.604,20 -747,35 -2.351,55 -0,62 

3625 694,69 766,37 -1.809,32 -831,37 -2.640,69 -0,69 

3630 685,87 765,60 -2.012,54 -911,96 -2.924,50 -0,77 

3635 677,05 764,76 -2.213,90 -989,19 -3.203,09 -0,84 

3640 668,23 763,85 -2.413,44 -1.063,12 -3.476,56 -0,91 

3645 659,41 762,87 -2.611,18 -1.133,83 -3.745,00 -0,98 

3650 650,58 761,82 -2.807,16 -1.201,37 -4.008,53 -1,05 

3655 641,76 760,70 -3.001,41 -1.265,83 -4.267,23 -1,12 

3660 632,94 759,51 -3.193,96 -1.327,26 -4.521,22 -1,19 

3665 624,12 758,26 -3.384,85 -1.385,73 -4.770,58 -1,25 

3670 615,30 756,94 -3.574,10 -1.441,30 -5.015,41 -1,32 

3675 606,48 755,57 -3.761,75 -1.494,05 -5.255,80 -1,38 

3680 597,65 754,13 -3.947,82 -1.544,04 -5.491,86 -1,44 

3685 588,83 752,62 -4.132,34 -1.591,32 -5.723,66 -1,50 

3690 580,01 751,06 -4.315,34 -1.635,97 -5.951,31 -1,56 

3695 571,19 749,44 -4.496,85 -1.678,05 -6.174,90 -1,62 

3700 562,37 747,76 -4.676,89 -1.717,61 -6.394,51 -1,68 

3705 553,55 746,03 -4.855,49 -1.754,73 -6.610,22 -1,73 

3710 544,72 744,24 -5.032,68 -1.789,46 -6.822,14 -1,79 

3715 535,90 742,40 -5.208,48 -1.821,86 -7.030,33 -1,84 

3720 527,08 740,50 -5.382,91 -1.851,99 -7.234,90 -1,90 

3725 518,26 738,55 -5.556,00 -1.879,91 -7.435,91 -1,95 

3730 509,44 736,54 -5.727,77 -1.905,68 -7.633,45 -2,00 

3735 500,62 734,49 -5.898,25 -1.929,36 -7.827,61 -2,05 

3740 491,79 732,39 -6.067,45 -1.951,00 -8.018,45 -2,10 

3745 482,97 730,23 -6.235,40 -1.970,67 -8.206,07 -2,15 
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3750 474,15 728,03 -6.402,12 -1.988,41 -8.390,53 -2,20 

3755 465,33 725,78 -6.567,63 -2.004,27 -8.571,90 -2,25 

3760 456,51 723,49 -6.731,95 -2.018,33 -8.750,28 -2,30 

3765 447,69 721,15 -6.895,10 -2.030,62 -8.925,72 -2,34 

3770 438,86 718,76 -7.057,10 -2.041,20 -9.098,30 -2,39 

3775 430,04 716,33 -7.217,97 -2.050,12 -9.268,09 -2,43 

3780 421,22 713,85 -7.377,72 -2.057,44 -9.435,16 -2,48 

3785 412,40 711,34 -7.536,38 -2.063,19 -9.599,58 -2,52 

3790 403,58 708,77 -7.693,96 -2.067,44 -9.761,41 -2,56 

3795 394,76 706,17 -7.850,48 -2.070,24 -9.920,72 -2,60 

3800 385,93 703,53 -8.005,96 -2.071,62 -10.077,58 -2,64 

3805 377,11 700,84 -8.160,40 -2.071,64 -10.232,04 -2,68 

3810 368,29 698,12 -8.313,83 -2.070,34 -10.384,17 -2,72 

3815 359,47 695,36 -8.466,27 -2.067,77 -10.534,04 -2,76 

3820 350,65 692,55 -8.617,72 -2.063,98 -10.681,70 -2,80 

3825 341,83 689,71 -8.768,20 -2.059,00 -10.827,20 -2,84 

3830 333,00 686,83 -8.917,73 -2.052,89 -10.970,62 -2,88 

3835 324,18 683,92 -9.066,32 -2.045,68 -11.112,00 -2,92 

3840 315,36 680,97 -9.213,98 -2.037,41 -11.251,39 -2,95 

3845 306,54 677,98 -9.360,73 -2.028,14 -11.388,87 -2,99 

3850 297,72 674,96 -9.506,57 -2.017,89 -11.524,47 -3,02 

3855 288,90 671,90 -9.651,53 -2.006,72 -11.658,24 -3,06 

3860 280,07 668,80 -9.795,61 -1.994,65 -11.790,25 -3,09 

3865 271,25 665,68 -9.938,82 -1.981,72 -11.920,54 -3,13 

3870 262,43 662,52 -10.081,18 -1.967,98 -12.049,16 -3,16 

3875 253,61 659,32 -10.222,69 -1.953,47 -12.176,16 -3,19 

3880 244,79 656,09 -10.363,37 -1.938,20 -12.301,58 -3,23 

3885 235,97 652,83 -10.503,23 -1.922,24 -12.425,47 -3,26 

3890 227,14 649,54 -10.642,28 -1.905,59 -12.547,87 -3,29 

3895 218,32 646,22 -10.780,52 -1.888,32 -12.668,84 -3,32 

3900 209,50 642,86 -10.917,97 -1.870,43 -12.788,40 -3,36 

       Minutes of test from 65 to 70 

3900 209,50 642,86         

3905 209,02 639,54 -10.846,14 -1.841,65 -12.687,79 -3,33 

3910 208,54 636,23 -10.774,96 -1.813,42 -12.588,39 -3,30 

3915 208,06 632,96 -10.704,44 -1.785,73 -12.490,17 -3,28 

3920 207,57 629,70 -10.634,56 -1.758,56 -12.393,12 -3,25 

3925 207,09 626,48 -10.565,32 -1.731,89 -12.297,21 -3,23 

3930 206,61 623,28 -10.496,71 -1.705,73 -12.202,43 -3,20 

3935 206,13 620,10 -10.428,71 -1.680,05 -12.108,77 -3,18 

3940 205,65 616,95 -10.361,34 -1.654,85 -12.016,19 -3,15 

3945 205,17 613,82 -10.294,57 -1.630,12 -11.924,69 -3,13 

3950 204,68 610,71 -10.228,40 -1.605,84 -11.834,24 -3,10 
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3955 204,20 607,63 -10.162,82 -1.582,01 -11.744,83 -3,08 

3960 203,72 604,58 -10.097,83 -1.558,61 -11.656,45 -3,06 

3965 203,24 601,54 -10.033,42 -1.535,64 -11.569,07 -3,04 

3970 202,76 598,53 -9.969,59 -1.513,09 -11.482,68 -3,01 

3975 202,28 595,54 -9.906,32 -1.490,95 -11.397,26 -2,99 

3980 201,79 592,57 -9.843,61 -1.469,20 -11.312,81 -2,97 

3985 201,31 589,62 -9.781,45 -1.447,85 -11.229,30 -2,95 

3990 200,83 586,70 -9.719,84 -1.426,88 -11.146,72 -2,92 

3995 200,35 583,80 -9.658,77 -1.406,28 -11.065,05 -2,90 

4000 199,87 580,91 -9.598,24 -1.386,04 -10.984,29 -2,88 

4005 199,39 578,05 -9.538,24 -1.366,17 -10.904,41 -2,86 

4010 198,90 575,21 -9.478,76 -1.346,65 -10.825,41 -2,84 

4015 198,42 572,39 -9.419,80 -1.327,47 -10.747,27 -2,82 

4020 197,94 569,60 -9.361,36 -1.308,62 -10.669,98 -2,80 

4025 197,46 566,82 -9.303,42 -1.290,11 -10.593,53 -2,78 

4030 196,98 564,06 -9.245,98 -1.271,92 -10.517,89 -2,76 

4035 196,50 561,32 -9.189,04 -1.254,04 -10.443,07 -2,74 

4040 196,01 558,60 -9.132,58 -1.236,47 -10.369,06 -2,72 

4045 195,53 555,90 -9.076,62 -1.219,21 -10.295,82 -2,70 

4050 195,05 553,21 -9.021,13 -1.202,24 -10.223,37 -2,68 

4055 194,57 550,55 -8.966,12 -1.185,56 -10.151,68 -2,66 

4060 194,09 547,91 -8.911,58 -1.169,16 -10.080,74 -2,64 

4065 193,61 545,28 -8.857,50 -1.153,05 -10.010,55 -2,63 

4070 193,12 542,67 -8.803,89 -1.137,21 -9.941,10 -2,61 

4075 192,64 540,08 -8.750,73 -1.121,63 -9.872,36 -2,59 

4080 192,16 537,51 -8.698,02 -1.106,32 -9.804,34 -2,57 

4085 191,68 534,95 -8.645,76 -1.091,26 -9.737,02 -2,55 

4090 191,20 532,42 -8.593,94 -1.076,46 -9.670,40 -2,54 

4095 190,72 529,90 -8.542,55 -1.061,90 -9.604,46 -2,52 

4100 190,23 527,39 -8.491,60 -1.047,59 -9.539,19 -2,50 

4105 189,75 524,91 -8.441,08 -1.033,51 -9.474,59 -2,49 

4110 189,27 522,44 -8.390,98 -1.019,66 -9.410,64 -2,47 

4115 188,79 519,99 -8.341,30 -1.006,05 -9.347,34 -2,45 

4120 188,31 517,55 -8.292,03 -992,65 -9.284,68 -2,44 

4125 187,83 515,13 -8.243,18 -979,48 -9.222,65 -2,42 

4130 187,34 512,73 -8.194,73 -966,52 -9.161,25 -2,40 

4135 186,86 510,34 -8.146,69 -953,77 -9.100,45 -2,39 

4140 186,38 507,97 -8.099,04 -941,22 -9.040,26 -2,37 

4145 185,90 505,61 -8.051,79 -928,88 -8.980,67 -2,36 

4150 185,42 503,27 -8.004,93 -916,74 -8.921,67 -2,34 

4155 184,94 500,95 -7.958,46 -904,79 -8.863,25 -2,33 

4160 184,45 498,64 -7.912,37 -893,04 -8.805,40 -2,31 

4165 183,97 496,34 -7.866,65 -881,47 -8.748,12 -2,30 

4170 183,49 494,06 -7.821,32 -870,08 -8.691,40 -2,28 
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4175 183,01 491,80 -7.776,36 -858,88 -8.635,24 -2,27 

4180 182,53 489,55 -7.731,76 -847,86 -8.579,62 -2,25 

4185 182,05 487,31 -7.687,53 -837,00 -8.524,53 -2,24 

4190 181,56 485,09 -7.643,66 -826,32 -8.469,98 -2,22 

4195 181,08 482,88 -7.600,15 -815,81 -8.415,96 -2,21 

4200 180,60 480,69 -7.557,00 -805,46 -8.362,45 -2,19 

       Minutes of test from 70 to 75 

4200 180,60 480,69         

4205 179,77 478,50 -7.522,90 -795,63 -8.318,53 -2,18 

4210 178,94 476,33 -7.489,09 -785,96 -8.275,05 -2,17 

4215 178,11 474,17 -7.455,57 -776,42 -8.231,98 -2,16 

4220 177,28 472,02 -7.422,32 -767,02 -8.189,34 -2,15 

4225 176,45 469,89 -7.389,36 -757,76 -8.147,12 -2,14 

4230 175,62 467,76 -7.356,68 -748,63 -8.105,31 -2,13 

4235 174,79 465,65 -7.324,27 -739,63 -8.063,90 -2,12 

4240 173,96 463,54 -7.292,13 -730,77 -8.022,89 -2,10 

4245 173,13 461,45 -7.260,26 -722,03 -7.982,28 -2,09 

4250 172,30 459,36 -7.228,65 -713,41 -7.942,07 -2,08 

4255 171,47 457,29 -7.197,31 -704,92 -7.902,23 -2,07 

4260 170,64 455,23 -7.166,23 -696,55 -7.862,78 -2,06 

4265 169,81 453,17 -7.135,41 -688,30 -7.823,71 -2,05 

4270 168,98 451,13 -7.104,85 -680,16 -7.785,01 -2,04 

4275 168,15 449,10 -7.074,54 -672,14 -7.746,68 -2,03 

4280 167,32 447,08 -7.044,48 -664,23 -7.708,71 -2,02 

4285 166,49 445,06 -7.014,67 -656,43 -7.671,11 -2,01 

4290 165,66 443,06 -6.985,11 -648,74 -7.633,85 -2,00 

4295 164,83 441,07 -6.955,79 -641,16 -7.596,95 -1,99 

4300 164,00 439,09 -6.926,71 -633,69 -7.560,40 -1,98 

4305 163,17 437,11 -6.897,88 -626,31 -7.524,19 -1,97 

4310 162,34 435,15 -6.869,28 -619,04 -7.488,32 -1,96 

4315 161,51 433,19 -6.840,91 -611,87 -7.452,79 -1,96 

4320 160,68 431,25 -6.812,78 -604,80 -7.417,59 -1,95 

4325 159,85 429,31 -6.784,88 -597,83 -7.382,71 -1,94 

4330 159,02 427,38 -6.757,21 -590,95 -7.348,16 -1,93 

4335 158,19 425,46 -6.729,77 -584,17 -7.313,93 -1,92 

4340 157,36 423,55 -6.702,55 -577,47 -7.280,02 -1,91 

4345 156,53 421,65 -6.675,55 -570,87 -7.246,42 -1,90 

4350 155,70 419,76 -6.648,77 -564,36 -7.213,13 -1,89 

4355 154,87 417,87 -6.622,21 -557,93 -7.180,15 -1,88 

4360 154,04 416,00 -6.595,87 -551,60 -7.147,47 -1,88 

4365 153,21 414,13 -6.569,74 -545,34 -7.115,09 -1,87 

4370 152,38 412,27 -6.543,83 -539,17 -7.083,00 -1,86 

4375 151,55 410,42 -6.518,12 -533,09 -7.051,21 -1,85 
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4380 150,72 408,58 -6.492,62 -527,08 -7.019,71 -1,84 

4385 149,89 406,75 -6.467,33 -521,16 -6.988,49 -1,83 

4390 149,06 404,92 -6.442,25 -515,31 -6.957,56 -1,83 

4395 148,23 403,11 -6.417,36 -509,54 -6.926,90 -1,82 

4400 147,40 401,30 -6.392,68 -503,85 -6.896,53 -1,81 

4405 146,57 399,50 -6.368,20 -498,23 -6.866,43 -1,80 

4410 145,74 397,70 -6.343,91 -492,68 -6.836,60 -1,79 

4415 144,91 395,92 -6.319,82 -487,21 -6.807,04 -1,79 

4420 144,08 394,14 -6.295,93 -481,81 -6.777,74 -1,78 

4425 143,25 392,37 -6.272,23 -476,48 -6.748,71 -1,77 

4430 142,42 390,61 -6.248,71 -471,22 -6.719,93 -1,76 

4435 141,59 388,85 -6.225,39 -466,03 -6.691,41 -1,76 

4440 140,76 387,10 -6.202,25 -460,90 -6.663,15 -1,75 

4445 139,93 385,36 -6.179,30 -455,84 -6.635,14 -1,74 

4450 139,10 383,63 -6.156,53 -450,85 -6.607,38 -1,73 

4455 138,27 381,90 -6.133,94 -445,92 -6.579,86 -1,73 

4460 137,44 380,18 -6.111,54 -441,05 -6.552,59 -1,72 

4465 136,61 378,47 -6.089,31 -436,24 -6.525,55 -1,71 

4470 135,78 376,77 -6.067,26 -431,50 -6.498,76 -1,70 

4475 134,95 375,07 -6.045,39 -426,82 -6.472,20 -1,70 

4480 134,12 373,38 -6.023,69 -422,19 -6.445,88 -1,69 

4485 133,29 371,69 -6.002,16 -417,62 -6.419,79 -1,68 

4490 132,46 370,01 -5.980,81 -413,12 -6.393,92 -1,68 

4495 131,63 368,34 -5.959,62 -408,66 -6.368,28 -1,67 

4500 130,80 366,68 -5.938,60 -404,27 -6.342,87 -1,66 

       Minutes of test from 75 to 80 

4500 130,80 366,68         

4505 130,40 365,03 -5.907,13 -399,61 -6.306,74 -1,65 

4510 129,99 363,38 -5.875,89 -395,02 -6.270,91 -1,65 

4515 129,59 361,74 -5.844,88 -390,49 -6.235,38 -1,64 

4520 129,18 360,12 -5.814,11 -386,03 -6.200,14 -1,63 

4525 128,78 358,50 -5.783,57 -381,63 -6.165,20 -1,62 

4530 128,37 356,89 -5.753,26 -377,29 -6.130,55 -1,61 

4535 127,97 355,29 -5.723,18 -373,01 -6.096,19 -1,60 

4540 127,56 353,70 -5.693,32 -368,79 -6.062,11 -1,59 

4545 127,16 352,12 -5.663,68 -364,63 -6.028,31 -1,58 

4550 126,75 350,55 -5.634,27 -360,53 -5.994,80 -1,57 

4555 126,35 348,98 -5.605,08 -356,48 -5.961,55 -1,56 

4560 125,94 347,43 -5.576,10 -352,49 -5.928,59 -1,56 

4565 125,54 345,88 -5.547,34 -348,55 -5.895,89 -1,55 

4570 125,13 344,34 -5.518,80 -344,67 -5.863,46 -1,54 

4575 124,73 342,81 -5.490,46 -340,84 -5.831,30 -1,53 

4580 124,32 341,29 -5.462,34 -337,06 -5.799,40 -1,52 

4585 123,92 339,78 -5.434,43 -333,33 -5.767,76 -1,51 
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4590 123,51 338,27 -5.406,73 -329,66 -5.736,38 -1,50 

4595 123,11 336,78 -5.379,23 -326,03 -5.705,26 -1,50 

4600 122,70 335,29 -5.351,93 -322,45 -5.674,39 -1,49 

4605 122,30 333,81 -5.324,84 -318,92 -5.643,76 -1,48 

4610 121,89 332,34 -5.297,95 -315,44 -5.613,39 -1,47 

4615 121,49 330,87 -5.271,26 -312,00 -5.583,26 -1,46 

4620 121,08 329,41 -5.244,77 -308,62 -5.553,38 -1,46 

4625 120,68 327,96 -5.218,47 -305,27 -5.523,74 -1,45 

4630 120,27 326,52 -5.192,36 -301,97 -5.494,33 -1,44 

4635 119,87 325,09 -5.166,45 -298,71 -5.465,17 -1,43 

4640 119,46 323,66 -5.140,73 -295,50 -5.436,23 -1,43 

4645 119,06 322,24 -5.115,20 -292,33 -5.407,53 -1,42 

4650 118,65 320,83 -5.089,86 -289,20 -5.379,06 -1,41 

4655 118,25 319,43 -5.064,71 -286,11 -5.350,82 -1,40 

4660 117,84 318,03 -5.039,74 -283,07 -5.322,80 -1,40 

4665 117,44 316,64 -5.014,95 -280,06 -5.295,01 -1,39 

4670 117,03 315,26 -4.990,35 -277,09 -5.267,44 -1,38 

4675 116,63 313,89 -4.965,92 -274,16 -5.240,09 -1,37 

4680 116,22 312,52 -4.941,68 -271,27 -5.212,95 -1,37 

4685 115,82 311,16 -4.917,62 -268,42 -5.186,03 -1,36 

4690 115,41 309,81 -4.893,73 -265,60 -5.159,33 -1,35 

4695 115,01 308,46 -4.870,01 -262,82 -5.132,83 -1,35 

4700 114,60 307,12 -4.846,47 -260,08 -5.106,55 -1,34 

4705 114,20 305,79 -4.823,11 -257,37 -5.080,47 -1,33 

4710 113,79 304,46 -4.799,91 -254,69 -5.054,60 -1,33 

4715 113,39 303,14 -4.776,88 -252,05 -5.028,93 -1,32 

4720 112,98 301,83 -4.754,02 -249,45 -5.003,47 -1,31 

4725 112,58 300,52 -4.731,33 -246,87 -4.978,20 -1,31 

4730 112,17 299,22 -4.708,81 -244,33 -4.953,14 -1,30 

4735 111,77 297,93 -4.686,44 -241,82 -4.928,27 -1,29 

4740 111,36 296,64 -4.664,25 -239,35 -4.903,59 -1,29 

4745 110,96 295,36 -4.642,21 -236,90 -4.879,11 -1,28 

4750 110,55 294,09 -4.620,33 -234,49 -4.854,82 -1,27 

4755 110,15 292,82 -4.598,62 -232,10 -4.830,72 -1,27 

4760 109,74 291,56 -4.577,06 -229,75 -4.806,81 -1,26 

4765 109,34 290,31 -4.555,66 -227,42 -4.783,08 -1,25 

4770 108,93 289,06 -4.534,41 -225,13 -4.759,54 -1,25 

4775 108,53 287,82 -4.513,32 -222,86 -4.736,18 -1,24 

4780 108,12 286,58 -4.492,38 -220,62 -4.713,00 -1,24 

4785 107,72 285,35 -4.471,59 -218,41 -4.690,00 -1,23 

4790 107,31 284,12 -4.450,96 -216,23 -4.667,19 -1,22 

4795 106,91 282,91 -4.430,47 -214,07 -4.644,54 -1,22 

4800 106,50 281,69 -4.410,14 -211,94 -4.622,08 -1,21 

       



 
Behaviour of beams with corrugated web at elevated temperature in case of fire 

 

 

168 

Minutes of test from 80 to 85 

4800 106,50 281,69         

4805 106,49 280,49 -4.380,03 -209,59 -4.589,62 -1,20 

4810 106,48 279,29 -4.350,14 -207,27 -4.557,41 -1,20 

4815 106,48 278,11 -4.320,45 -204,99 -4.525,44 -1,19 

4820 106,47 276,93 -4.290,98 -202,73 -4.493,71 -1,18 

4825 106,46 275,76 -4.261,71 -200,51 -4.462,22 -1,17 

4830 106,45 274,59 -4.232,66 -198,31 -4.430,97 -1,16 

4835 106,44 273,44 -4.203,80 -196,14 -4.399,95 -1,15 

4840 106,43 272,29 -4.175,15 -194,01 -4.369,16 -1,15 

4845 106,43 271,15 -4.146,71 -191,90 -4.338,60 -1,14 

4850 106,42 270,02 -4.118,46 -189,82 -4.308,27 -1,13 

4855 106,41 268,90 -4.090,41 -187,76 -4.278,17 -1,12 

4860 106,40 267,79 -4.062,56 -185,74 -4.248,29 -1,11 

4865 106,39 266,68 -4.034,90 -183,74 -4.218,64 -1,11 

4870 106,38 265,58 -4.007,44 -181,76 -4.189,20 -1,10 

4875 106,38 264,49 -3.980,17 -179,81 -4.159,99 -1,09 

4880 106,37 263,41 -3.953,10 -177,89 -4.130,99 -1,08 

4885 106,36 262,33 -3.926,21 -175,99 -4.102,21 -1,08 

4890 106,35 261,26 -3.899,52 -174,12 -4.073,64 -1,07 

4895 106,34 260,20 -3.873,01 -172,27 -4.045,28 -1,06 

4900 106,33 259,15 -3.846,68 -170,45 -4.017,13 -1,05 

4905 106,33 258,10 -3.820,54 -168,65 -3.989,19 -1,05 

4910 106,32 257,06 -3.794,59 -166,87 -3.961,46 -1,04 

4915 106,31 256,03 -3.768,81 -165,11 -3.933,93 -1,03 

4920 106,30 255,00 -3.743,22 -163,38 -3.906,60 -1,02 

4925 106,29 253,99 -3.717,81 -161,67 -3.879,48 -1,02 

4930 106,28 252,98 -3.692,57 -159,98 -3.852,55 -1,01 

4935 106,28 251,97 -3.667,51 -158,31 -3.825,82 -1,00 

4940 106,27 250,97 -3.642,63 -156,67 -3.799,29 -1,00 

4945 106,26 249,99 -3.617,92 -155,04 -3.772,96 -0,99 

4950 106,25 249,00 -3.593,38 -153,44 -3.746,82 -0,98 

4955 106,24 248,03 -3.569,01 -151,85 -3.720,86 -0,98 

4960 106,23 247,06 -3.544,82 -150,29 -3.695,10 -0,97 

4965 106,23 246,09 -3.520,79 -148,74 -3.669,53 -0,96 

4970 106,22 245,14 -3.496,93 -147,22 -3.644,15 -0,96 

4975 106,21 244,19 -3.473,24 -145,71 -3.618,95 -0,95 

4980 106,20 243,25 -3.449,71 -144,22 -3.593,93 -0,94 

4985 106,19 242,31 -3.426,35 -142,75 -3.569,10 -0,94 

4990 106,18 241,38 -3.403,15 -141,30 -3.544,45 -0,93 

4995 106,18 240,46 -3.380,11 -139,86 -3.519,97 -0,92 

5000 106,17 239,54 -3.357,23 -138,45 -3.495,68 -0,92 

5005 106,16 238,63 -3.334,51 -137,05 -3.471,56 -0,91 

5010 106,15 237,72 -3.311,95 -135,67 -3.447,62 -0,90 
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5015 106,14 236,83 -3.289,55 -134,30 -3.423,85 -0,90 

5020 106,13 235,93 -3.267,30 -132,95 -3.400,25 -0,89 

5025 106,13 235,05 -3.245,21 -131,62 -3.376,83 -0,89 

5030 106,12 234,17 -3.223,27 -130,31 -3.353,57 -0,88 

5035 106,11 233,29 -3.201,48 -129,01 -3.330,49 -0,87 

5040 106,10 232,43 -3.179,84 -127,72 -3.307,57 -0,87 

5045 106,09 231,56 -3.158,36 -126,45 -3.284,81 -0,86 

5050 106,08 230,71 -3.137,02 -125,20 -3.262,22 -0,86 

5055 106,08 229,86 -3.115,83 -123,96 -3.239,80 -0,85 

5060 106,07 229,01 -3.094,79 -122,74 -3.217,53 -0,84 

5065 106,06 228,18 -3.073,90 -121,53 -3.195,43 -0,84 

5070 106,05 227,34 -3.053,15 -120,34 -3.173,49 -0,83 

5075 106,04 226,52 -3.032,54 -119,16 -3.151,70 -0,83 

5080 106,03 225,70 -3.012,08 -117,99 -3.130,07 -0,82 

5085 106,03 224,88 -2.991,76 -116,84 -3.108,60 -0,82 

5090 106,02 224,07 -2.971,58 -115,70 -3.087,28 -0,81 

5095 106,01 223,27 -2.951,54 -114,57 -3.066,11 -0,80 

5100 106,00 222,47 -2.931,64 -113,46 -3.045,10 -0,80 

Table D.12. Calculation of the temperatures of the beam WTB500  
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Annex E. Mechanical analytical model data and results 

E.1. Input data of the mechanical model for test object 1, WTC333 

This model was used only for test object 1 of the Austrian test. The geometry parameters of the 

beam have to be introduced in the mechanical model. They are the same as for the thermal 

model (see D.1.4. Input data of the thermal model for test object 1, WTC333). 

E.2. Loading 

Next tables show the data to be introduced to the model (in blue) as well as the results 

automatically calculated by the model (in black). 

F [N]  40.000    

Ved [N] 20.000    

Mymax [Nmm] 25.000.000    

Table E.1. Loading of test object 1 

Property of section Designation Value 

Mid height  zi [mm] 170,50 

Area of flange Ai [mm2] 1.440,00 

Iy of section (simpl) Iy [mm4] 83.737.680,00 

Max stress X-dir σx [N/mm2] 50,90 

Max shear stress τy [N/mm2] 20,02 

Table E.2. Stresses born by test object 1 
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E.3. Resistance of test object 1 at ambient temperature 

Next tables show the steps used by the model to calculate the resistance of the beam. 

Moment Resistance 

     fT 1,00 

Yield strength reduced due to transverse 

moments in flanges 
fyw,r 235,00 

   Reduction factor for out of plane buckling χ 0,98 

  φ 0,54 

Specific slenderness    0,24 

Critical load Ncr [N] 10.346.503,69 

Critical buckling length Lcr [mm] 1.250,00 

Buckling curve 

 

b 

Imperfection factor α 0,34 

   Tension flange MRd1 [Nmm] 115.394.400,00 

Comp flange MRd2 [Nmm] 115.394.400,00 

Comp flange MRd3 [Nmm] 113.563.119,75 

Moment resistance MRd [Nmm] 113.563.119,75 

Table E.3. Moment resistance of test object 1  

Shear Resistance 

     fT 1,00 

Yield strength reduced due to transverse 

moments in flanges 
fyw,r 235,00 

   Buckling factor χc 1,00 

   Local buckling factor χc,l 1,00 

 Local specific slenderness   c,l 0,25 

 Critical shear stress - local τcr,l [N/mm2] 1.977,73 

   Global buckling factor χc,g 1,00 

 Global specific slenderness   c,g 0,19 

 Critical shear stress - global τcr,g [N/mm2] 3.560,66 

 Rigidity of one corrugation - X Dx [Nmm] 452.139,15 

 Rigidity of one corrugation - Z Dz [Nmm] 158.089.561,48 

 Moment of inertia of one corrugation - Z Iz [mm4] 58.342,58 

   Shear resistance VRd [N] 123.949,34 

Table E.4. Shear resistance of test object 1  
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E.4. Resistance of test object 1 at elevated temperature 

MOMENT RESISTANCE (CLASS 1, 2, UNIF TEMP) 

Mfi,θ,Rd = ky,θ*γM,0/γM,fi+MRd 

SHEAR RESISTANCE 

Vfi,θ,Rd = ky,θ,webVRd[γM,0/γM,fi] 

    Temperature [ºC] ky,θ Mfi,θ,Rd [Nmm] Vgfi,θ,Rd [N] 

20 1,00 103.898.173,38 123.949,34 

100 1,00 103.898.173,38 123.949,34 

200 1,00 103.898.173,38 123.949,34 

300 1,00 103.898.173,38 123.949,34 

400 1,00 103.898.173,38 123.949,34 

500 0,78 81.040.575,24 96.680,49 

600 0,47 48.832.141,49 58.256,19 

700 0,23 23.896.579,88 28.508,35 

800 0,11 11.428.799,07 13.634,43 

900 0,06 6.233.890,40 7.436,96 

1.000 0,04 4.155.926,94 4.957,97 

1.100 0,02 2.077.963,47 2.478,99 

1.200 0,00 0,00 0,00 

Table E.5. Resistance according to the temperature  

In table E.6 some steel properties are represented with their values, as well as the resistance of 

the section, according to the steel temperature (the temperatures used in this model are the 

average measured temperatures of the test object 4). The values of the proportional limit and 

yield strength in red indicate that they are lower than the steel current stress, caused by the 

mechanical loading, in the flanges. The values in italics provide with the same information about 

the web.   

The values of resistance that appear in red indicate that the resistance at the corresponding 

temperature is lower than the stress born by the steel due to the mechanical loading. This 

means that, according to the model, the failure of test object 1 would occur at the minute in 

which the first resistance value is typed in red. As said before the model prediction of the failure 

is at minute 28 (minute 23 after the start of the heating). 
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Time 

[min] 

Beam Average 

Temperature 

[ºC] 

RESISTANCE STEEL PROPERTIES 

MRd [Nmm] VRd [N] 
fy 

[N/mm2] 

fp 

[N/mm2] 
E [N/mm2] 

0 22,43 103.898.173,38 123.949,34 235,00 235,00 210.000,00 

1 22,48 103.898.173,38 123.949,34 235,00 235,00 210.000,00 

2 22,48 103.898.173,38 123.949,34 235,00 235,00 210.000,00 

3 22,53 103.898.173,38 123.949,34 235,00 235,00 210.000,00 

4 22,58 103.898.173,38 123.949,34 235,00 235,00 210.000,00 

5 22,93 103.898.173,38 123.949,34 235,00 235,00 210.000,00 

6 84,18 103.898.173,38 123.949,34 235,00 235,00 210.000,00 

7 107,93 103.898.173,38 123.949,34 235,00 231,41 208.335,75 

8 142,33 103.898.173,38 123.949,34 235,00 215,80 201.111,75 

9 172,08 103.898.173,38 123.949,34 235,00 202,31 194.864,25 

10 209,13 103.898.173,38 123.949,34 235,00 185,48 187.083,75 

11 240,48 103.898.173,38 123.949,34 235,00 171,19 180.500,25 

12 276,63 103.898.173,38 123.949,34 235,00 154,71 172.908,75 

13 310,83 103.898.173,38 123.949,34 235,00 139,15 165.726,75 

14 341,83 103.898.173,38 123.949,34 235,00 125,09 159.216,75 

15 373,18 103.898.173,38 123.949,34 235,00 110,87 152.633,25 

16 408,18 102.029.564,74 121.720,11 230,77 97,55 145.283,25 

17 442,48 94.189.408,57 112.366,89 213,04 92,71 138.080,25 

18 478,23 86.017.817,24 102.618,28 194,56 87,67 130.572,75 

19 510,38 77.698.950,24 92.693,96 175,74 80,21 119.681,63 

20 540,48 68.004.211,68 81.128,25 153,81 67,48 101.350,73 

21 568,28 59.050.267,10 70.446,30 133,56 55,72 84.420,53 

22 593,08 51.062.575,53 60.917,07 115,49 45,23 69.317,33 

23 615,88 44.873.621,08 53.533,72 101,50 38,38 59.099,25 

24 635,98 39.861.573,20 47.554,40 90,16 33,42 51.501,45 

25 653,28 35.547.721,04 42.408,03 80,40 29,15 44.962,05 

26 670,48 31.258.804,44 37.291,40 70,70 24,91 38.460,45 

27 685,78 27.443.663,52 32.739,98 62,07 21,14 32.677,05 

28 700,18 23.874.761,26 28.482,32 54,00 17,61 27.285,30 

29 714,53 22.085.634,72 26.347,91 49,95 16,77 26.079,90 

30 727,78 20.433.653,76 24.377,12 46,22 15,99 24.966,90 

31 739,48 18.974.923,41 22.636,87 42,92 15,31 23.984,10 

32 750,28 17.628.403,08 21.030,48 39,87 14,67 23.076,90 

33 761,53 16.225.777,74 19.357,17 36,70 14,01 22.131,90 

34 772,83 14.816.918,51 17.676,42 33,51 13,35 21.182,70 

35 783,53 13.482.865,96 16.084,91 30,50 12,72 20.283,90 

36 793,33 12.261.023,44 14.627,26 27,73 12,14 19.460,70 

37 800,93 11.380.746,17 13.577,10 25,74 11,72 18.856,29 

38 808,28 10.998.920,38 13.121,59 24,88 11,51 18.509,01 

39 816,48 10.572.937,87 12.613,39 23,91 11,27 18.121,56 

40 825,33 10.113.188,45 12.064,92 22,87 11,01 17.703,39 

Table E.6. Loss of resistance according to temperature  


