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Abstract 
The influence of differences in thermal expansion over the cross-section height on steel or aluminium 

structural elements during a fire is usually not included in the structural analysis. The research 
concerning the influence of this difference in thermal expansion is limited, and therefore the building 
codes do not provide design rules to take this effect into account. In this report, finite elements models 
are presented to describe the behavior of both slender and compact steel and aluminium cross-sections 
during a fire including the effect of thermal expansion. The temperature distribution over the cross-
section is of great importance concerning the magnitude of the thermal expansion effect. The 
temperature distribution is often assumed as constant while in this research the temperature 
distribution is determined based on a finite element analysis.  

The analyses show an increasing deflection for a simply supported beam (with a concrete floor) with 
an actual temperature distribution when thermal expansion is taken into account, the effect on the total 
resistance of the beam is however limited. The effect on continuous beam is larger. The extra deflection 
due to differences in thermal expansion over the cross-section height is (partly) restrained, this will cause 
a change in the bending moment distribution which could influence the (local buckling) behavior of the 
slender beam. The analyses show that no premature failure occurs for the regarded slender beams.   

 
Keywords: Aluminium, steel, fire conditions, thermal expansion, temperature gradient.  

 

1. Introduction 
Structures are not allowed to fail during their service period, it is however almost impossible to design 

a structure which will not fail during a severe fire. For this reason structures may fail eventually during a 
fire but have to survive a certain time so that people can reach a safe area and that the structure can be 
searched by a rescue team. This means that the fire resistance of structures needs to be sufficient, which 
can be checked with the building standards.  

Metal structures generally are sensitive to fire conditions. When comparing the materials steel and 
aluminium, especially aluminium is sensitive to elevated temperatures, the strength and Young’s modulus 
reduce rapidly for temperatures between 175 to 350˚C while the mechanical properties of steel are hardly 
affected for a temperature of 350˚C. Elevated temperatures also lead to expansion of a material. In 
general, metals have a relative large expansion coefficient which leads to significant expansion during fire 
conditions. In most structures this expansion is (partly) restrained, which leads to a change in the 
distribution of stresses. 

On a cross sectional level, a distinction can be made between the cross-section classes plastic, compact, 
semi-compact and slender (class 1 till 4). It is expected that partially restrained deformations due to 
thermal expansion results in a changing force distribution. It is however expected that this will not lead to 
large differences in the general structural behavior of plastic and compact section. The general structural 
behavior of plastic and compact sections for fire conditions is expected to be comparable with the 
behavior for ambient temperatures due to the plastic deformation capacity. Slender cross-sections 
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however have (very) limited deformation capacity, and therefore it is expected that the general structural 
behavior for ambient and elevated temperatures differs significantly. The changing force distribution 
could lead to local buckling, which may result in failure of slender cross-sections in an early stage of a fire. 
A realistic approach to model this behavior has not yet been developed. 

The research concerning the prematurely failure of slender cross-sections under fire conditions is 
limited, therefore the information provided in building codes is also limited. The current Eurocodes do not 
provide or recommend a certain design for slender cross-sections under fire conditions but only state that 
‘advanced calculation models may be used’ or a simplified method should be used. This simplified method 
only concerns a limitation of the maximum cross-sectional temperature or describe the resistance of a 
cross-section at a certain temperature as the resistance at room temperature multiplied with the ratio 
between that certain temperature and room temperature. These simplified methods are based on the 
available knowledge concerning the behavior and are probably conservative assumptions. However, the 
influences of thermal expansion are neglected in these simplified methods. This could make the simplified 
methods less conservative, or even non-conservative.  

 
In this research, realistic behavior of slender cross-sections under fire conditions is modeled by means 

of numerical analyses. Due to these models a more realistic view of the failure behavior of slender cross-
sections under fire conditions is gained. The failure behavior determined with the numerical models is 
compared with the behavior determined based on the procedure described in the Eurocode to determine 
if the procedure in the Eurocode contains a sufficient safety level.  

 
The case which will be analyzed is a continuous beam (I-section) over multiple supports which is 

covered by a slab without structural function. The element is loaded by a uniform distributed load, which 
makes the force distribution generally known. This model is an accurate example of cases which frequently 
occur in practice of I-sections mainly loaded in bending and subjected to 3-sided fire conditions. It is 
expected that the bending moment line will shift due to thermal bowing caused by the (partially 
protected) cooler top flange in comparison to the (unprotected) bottom flange. The restrained thermal 
expansion causes an additional compressive load at the supports on the plates of which the cross-section 
built up which may cause local buckling or yielding.  
 

2. Cross-sectional temperature distribution and material properties 
2.1 Cross-section temperature distribution 
The cross-sectional temperature distribution over time can be determined with the differential 

equation for heat conduction. Due to the relative high conductivity of both steel and aluminium, it is 
generally assumed that the temperature is constant over the cross-section. This assumption simplifies the 
differential equation substantially, and is therefore also included in the Eurocodes 3 and 9 (equation 1). 
Another frequently applied temperature distribution over the cross-section height is a linear distribution, 
this distribution is however not included in the Eurocodes. 

 

∆𝜃(𝑡) = 𝑘𝑠ℎ

1

𝑐𝜌

𝐴𝑚

𝑉
ℎ̇𝑛𝑒𝑡∆𝑡 

(1) 

Cooke [1987] however shows test data of steel I-sections in combination with a concrete slab which 
shows that the temperature distribution is not linear or constant over the cross-section height (Figure 1). 
The temperature distributions over the cross-section height provided by Cooke [1987] are based on tests 
reported by Thomson, Thomas and Smith [1981] on behalf of the British Steel Corporation. Other 
comparable cross-sectional temperature distributions based on either tests or simulations are not found 
in literature. 
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2.2 Material properties 
The (temperature dependent) properties of steel and concrete were included as provided by Eurocode 

2 and 3.  The properties of aluminium alloy 6060-T66 are provided by Maljaars [2008]. The modulus of 
elasticity, Poisson ratio, coefficient of linear expansion, specific heat, density and thermal conductivity are 
discussed in the annex.  

Due to the elevated temperatures, creep can become a significant factor in the analysis. However, to 
accurately model creep at elevated temperatures, significant knowledge concerning the creep 
mechanisms is required. A more practical application for taking creep into account is to include creep in 
an implicit way by adapting the stress-strain curves. Witteveen and Twilt [1975] provided the procedure 
for deriving the stress-strain curves which take creep implicitly into account for steel grade Fe E24 
(comparable to grade S235). Maljaars [2008] used the same approach for deriving adapted stress-strain 
curves for aluminium alloy 6060-T66. The applied stress-strain curves are shown in Figure 2. However, it 
should be noted that this approach is not an exact representation of the creep behavior. There are two 
main assumptions in this approach, namely that the temperature increment in time is constant (which is 
often not the case for a natural fire) and that the stress is constant over time (often not the case for local 
buckling and in general with partially restrained thermal expansion).    

 

   
 

  

Figure 1: Temperature distribution based on tests (Cooke [1987]). 

Figure 2: Stress-strain relation for aluminium alloy 6060 and steel grade S235 with creep implicit included. 
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3. Local buckling 
Local buckling is an instability phenomenon related to out-of-plane deformation of a plate loaded in 

plane by compression, bending or shear. There is a substantial amount of research carried out to local 
buckling of plates (at ambient temperature). Information can be found in for example Timoshenko and 
Gere [1961] and Alfutov [1999]. The research concerning local buckling at elevated temperatures is 
limited. Studies into the local buckling behavior of steel plates at elevated temperatures are conducted 
by, among others, Ranby [1998], Uy & Bradford [1995], Lee [2004], Knobloch & Fontfana [2005] and 
Knobloch [2008]. For local buckling of aluminium plates at elevated temperatures the research of Maljaars 
[2008] is available. 

 

3.1 Local buckling at ambient temperatures 
Von Karman et al. [1932] introduced the effective width method which can be used to determine the 

ultimate buckling resistance of steel plates. This method is based on the assumption that the buckling 
capacity of the plate can be expressed as the yield stress multiplied with an effective area. In equation 2 
the equation used for determining the ultimate buckling resistance is shown where 𝑁𝑏 is the ultimate 
buckling resistance, 𝑓𝑦 the yield stress, 𝐴𝑒𝑓𝑓 the effective area, 𝑡 the plate thickness and 𝑏𝑒𝑓𝑓  the effective 

width.  
The difference between the local buckling behavior of aluminium and steel is based on the stress-strain 

relation. Steel has a bi-linear stress-strain relation while that of aluminium is nonlinear. The Von Karman 
approach needs to be adapted to be valid for aluminium plates. Several researches have proposed 
adaptions for the Von Karman approach. The Eurocode provides the methods of Mazzolani and Mennink 
(simplified so that iterative calculations are avoided). The ultimate buckling resistance is not based on an 
effective width but on an effective thickness (equation 3). The reduction factor used for this reduction is 
the relative buckling resistance 𝜌𝑐. The parameters 𝛼 and 𝛽 in equation 4 depend on whether the plate is 
an internal or outstand, on the buckling class of the alloy and on the presence of welds. 

 
Ultimate buckling resistance of steel plates following effective width method: 

𝑁𝑏 = 𝑓𝑦 ∙ 𝐴𝑒𝑓𝑓 = 𝑓𝑦 ∙ 𝑡 ∙ 𝑏𝑒𝑓𝑓  (2) 
 
Ultimate buckling resistance of aluminium plate: 

𝑁𝑏 = 𝑓0.2 ∙ 𝑡 ∙ 𝑏 ∙ 𝜌𝑐     𝑤𝑖𝑡ℎ     𝜌𝑐 = 𝛼√
𝜎𝑐𝑟

𝑓0.2

 (1 − 𝛽√
𝜎𝑐𝑟

𝑓0.2

) 
(3) 

  

3.2 Local buckling at elevated temperatures 
The Eurocodes do not provide design approaches for local buckling of members subjected to elevated 

temperatures for either steel or aluminium. Eurocode 3 provides, in annex E, special ratios between the 
0.2% proof stress at elevated temperature and the yield stress at ambient temperature for slender 
sections which should be used in combination with the design method for non-slender sections. 

Uy and Brandford [1995] proposed to keep the same approach for local buckling of slender steel 
sections at ambient temperature in case of elevated temperatures and only apply an adapted critical 
elastic stress. Knobloch & Fontana [2006] provided equations for the reduction factor and relative plate 
slenderness at elevated temperatures (equations 4 and 5). It is stated that these equations are in good 
accordance with the results following form finite element models. 

The approach for determining the resistance to local buckling for aluminium alloys is provided by 
Maljaars [2008]. Maljaars [2008] provided equations for the relative buckling resistance (equation 6), in 
this approach the inelastic critical stress needs to be determined with equation 7.  
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Relative buckling resistance (Knobloch & Fontana, 2006): 

𝜌𝜃 = 1.27 − 0.47 𝜆̅
𝑝.𝜃      𝑖𝑓 𝜆̅

𝑝.𝜃 ≤ 1.0  

𝜌𝜃 =
1

√ 𝜆̅
𝑝.𝜃

 (1 −
0.20

 𝜆̅
𝑝.𝜃

−1
5⁄

)       𝑖𝑓 𝜆̅
𝑝.𝜃 > 1.0 

(4) 

 
Relative plate slenderness (Knobloch & Fontana, 2006): 

𝜆̅
𝑝.𝜃 = √

𝜎

𝜎𝑐𝑟.𝜃

    𝑖𝑓 휀 ≤ 휀𝑝.𝜃 

𝜆̅
𝑝.𝜃 = √

𝑘𝑝.𝜃

𝑘𝐸.𝜃

 𝜆̅
𝑝 

(5) 

 
Relative buckling resistance (Maljaars, 2008): 

𝜌𝑐.𝑖𝑛.𝜃 = (
𝜎𝑐𝑟.𝑖𝑛𝑒𝑙.𝜃

𝑓0.2.𝜃

)
0.5

+ 0,2 (
𝜎𝑐𝑟.𝑖𝑛𝑒𝑙.𝜃

𝑓0.2.𝜃

)
1

− 2,5 (
𝜎𝑐𝑟.𝑖𝑛𝑒𝑙.𝜃

𝑓0.2.𝜃

)
1.5

+ 2,3 (
𝜎𝑐𝑟.𝑖𝑛𝑒𝑙.𝜃

𝑓0.2.𝜃

)
2

 

𝜌𝑐.𝑜𝑢𝑡.𝜃 = (
𝜎𝑐𝑟.𝑖𝑛𝑒𝑙.𝜃

𝑓0.2.𝜃

)
0.5

+ 1,5 (
𝜎𝑐𝑟.𝑖𝑛𝑒𝑙.𝜃

𝑓0.2.𝜃

)
1

− 5,0 (
𝜎𝑐𝑟.𝑖𝑛𝑒𝑙.𝜃

𝑓0.2.𝜃

)
1.5

+ 3,5 (
𝜎𝑐𝑟.𝑖𝑛𝑒𝑙.𝜃

𝑓0.2.𝜃

)
2

 

(6) 

 
Inelastic critical stress (combination of Stowell [1948], Ramberg-Osgood relation and Maljaars [2008]): 

𝛼 ∙ 𝐸𝜃 ∙ 0,002 ∙ (
𝜎𝑐𝑟.𝑖𝑛𝑒𝑙.𝜃

𝑓0.2.𝜃

)
𝑛𝜃

+ 𝜎𝑐𝑟.𝑖𝑛𝑒𝑙.𝜃 = 𝑘𝑐𝑟 ∙
𝜋2𝐸𝜃

12(1 − 𝑣𝜃
2)

(
𝑡

𝑏
)

2

 
(7) 
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4. Finite element models 
4.1 Full model 
A finite element model has been developed for the analysis of a continuous beam subjected to elevated 

temperatures. The analysis method that was used is a sequentially coupled thermal-stress analysis. This is 
because the stresses and deformations depend strongly on the temperature field but the temperature is 
independent of the stress and deformation.  

The model is built up out of three separate analyses, namely a temperature analysis, a (linear 
perturbation) buckling analysis and a material and geometrical nonlinear analysis including imperfections 
(GMNIA). In Figure 3, the order of the analyses is shown. 

 

 
 

4.1.1 Temperature analysis 
The temperature analysis determines the temperature distribution in the I-section and slab over time 

based on a temperature input which represents a fire. The temperature distribution is determined with a 
transient nonlinear uncoupled heat transfer analysis, transient because properties are changing in time 
and nonlinear because the material properties depend on the temperature. The temperature data is saved 
separately for each time step in order to be applied in the mechanical analysis.  

 
The fire scenario which is included in this research is a standard fire describing the temperature 

increment of the gas over time as provided by Eurocode 1. This temperature input is applied on all surfaces 
except for the top surface of the I-section and the slab (Figure 5), shadow effects were not taken into 
account. Ambient conditions are assumed at the top of the slab (Figure 5), the factor for heat transfer at 
ambient conditions (4 W/m2K for convection) is in accordance with Eurocode 1. 

An interaction was modelled between the top of the I-section and the slab for including the contact 
resistance (dashed line in Figure 5). This interaction is known as contact resistance and is the resistance of 
heat flow through a contact area. This contact resistance occurs because solid materials only make contact 
in relative few places. A couple of assumptions for the contact resistance are found in literature but these 
are only determined for a combination of steel-concrete sections (see (10)). Ding & Wang [2008] 
recommended a value of 200 W/m2K for the conductance between steel and concrete. This value is based 
on experiments on concrete filled tubular sections and the appropriateness is checked with a sensitivity 
analysis. Mäkeläinen & Ma [2000] used a value of 50 W/m2K for the conductance between a steel beam 
and a concrete slab. This however was just an assumption and because the results were acceptable no 
further attention was paid to this factor. A second option, suggested by Ghojel [2004], is to express the 
conductance as a function of the steel temperature. This method uses an inverse heat conduction analysis 
which leads to a formulation of the correlation between the measured temperatures of the steel and 

Figure 3: Full analysis consisting out of a temperature, (linear perturbation) buckling and GMNIA analysis. 
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concrete elements. The last option is to create a perfect contact area, this will lead to equal temperatures 
of the concrete and steel surfaces at the interface. This however leads to very conservative results in the 
research of Ghojel [2004] concerning concrete filled hollow tubes, and is therefore not taken into account 
in this research. Espinos et al [2010] compared the assumptions for the contact resistance for concrete 
filled steel hollow sections and stated that the approach of Ding & Wang [2008] was most accurate. 

 
 
 
 
The temperature distribution over the flange thickness could be of importance on the general behavior 

of the structure. In order to determine this effect, an I-section with a height of 200 mm, width of 100 mm 
and a flange thickness of 15 mm in combination with a 200 mm thick concrete slab is modeled. 

By means of a validation analysis with 20-node quadratic heat transfer brick elements (DC3D20 
elements in Abaqus) and a fine mesh (Figure 4), it was determined that the temperature distribution over 
the flange and web thickness were very close to linear (see Figure 4 and Annex A). This caused that the 
model determining the temperature in the full analysis could be meshed with 8-node linear heat transfer 
bricks (DC3D8), which led to a significant reduction in computational time. The (almost) linear 
temperature distribution over the flange and web thickness also caused that is was possible to apply shell 
elements for the mechanical analyses.  

 
 
 
The (temperature dependent) material properties conductivity, specific heat and density were 

included as provided by Eurocode 3 and 9. Eurocode 1 provides coefficients for the convective part of the 

heat transfer, 25 W
m2K⁄  for convection at the fire side and 4 W

m2K⁄  for convection at the ambient side, 

are used in the analysis. The radiative part of the analysis depends mainly on the Stefan-Boltzmann 
parameter, ambient temperature and the emissivity of the material. An ambient temperature of 20°C was 
applied and the emissivity of both steel and aluminium is set to 0.7 which is in accordance with a section 
which is covered by soot during a fire.   

Contact 

resistance Fire input 

Ambient conditions: 

hc,ambient = 4 W/m2K (convection) 

 

Figure 5: Temperature range per node row for aluminium top and bottom flange after 180s of standard fire. 

Figure 4: 2D schematization of 3-sided loading condition due to fire. 
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4.1.2 Linear perturbation buckling analysis 
According to EN 1993-1-1 cl. 5.3.2(1) and EN 1999 cl. 5.3.2(1), the initial imperfection of the member 

can be assumed as the Euler buckling mode, which is in this analysis determined with a linear perturbation 
buckling analysis. In order to take the influence of elevated temperatures and a realistic temperature 
distribution into account, the linear perturbation buckling analysis was conducted based on an actual 
temperature distribution where failure of the member is expected (maximum temperature of about 300°C 
for aluminium elements and 600° for steel elements). The slab is not included into this analysis, although 
it most likely prevents local buckling of the top flange to some extent, it is assumed that it has no structural 
function.  

4-node shell elements with reduced integration are applied (S4R elements in Abaqus) for the (linear 
perturbation) buckling model because these elements are perfectly suited for modelling (slender) plated 
cross-sections. The mesh size is of great importance because the computational time increases rapidly due 
to the length of the members. It is determined that accurate results can be obtained by application of a 
mesh size of 2.5x2.5 mm. A coarser mesh of 10x10 mm would lead to relatively large differences in 
Eigenvalue (about 5.2%) while a more dense mesh of 1.25x1.25 mm would lead to a substantial increment 
in computational time while the difference in Eigenvalue is very small (0.3%). 

The element is supported vertically over the full width of the cross-section every meter. To prevent 
high peak loads dominating the stress distribution, stiffeners are applied to introduce the load in the 
beam. The stiffeners are fully connected to the beam.  

Lamont [2001] showed that during a fire local buckling is first expected in the bottom flange near the 
support, therefore the bending moment is applied such that the bottom flange is loaded in compression 
(Figure 6). To prevent lateral torsional buckling, the flanges are supported laterally over the whole length 
(Figure 7).  

 

 
 

 

 
 

Figure 6: 3D schematization of boundary conditions and loads for the GMNIA. 

Figure 7: 2D schematization of boundary conditions and loads for the GMNIA. 
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4.1.3 GMNIA  
The model used for the mechanical analysis is comparable with the model of the linear perturbation 

buckling analysis (Figure 6 and Figure 7). The geometry, support conditions, material properties, loading 
conditions and mesh elements are all equal to the buckling analysis. The temperature input however 
differs. The magnitude of the equally distributed load is determined assuming an utilization ratio (bending 
moment/moment capacity) of 30% of the bending capacity at ambient temperatures for the simply 
supported beam. Equal loads are applied on the continuous beams. The temperatures in this analysis are 
included per specific time step, at the start of the analysis (t=0s) an ambient temperature of 20°C is applied 
for the whole section. 

The initial imperfection shape of the member is based on the Euler buckling mode, which is determined 
with the linear perturbation buckling analysis discussed previously. A linear perturbation buckling analysis 
however does not determine the magnitude of the imperfection but only the imperfection shape. The 
magnitude of this initial imperfection is, in accordance with EN 1993-1-1 table 5.1 and EN 1999-1-1 table 
5.1, set as H/200 for both the aluminium and the steel section (alloy 6060-T66 and grade S235), where H 
is the height of the member in mm. 

   
 

4.2 Validation 
The model is built up out of three separate analyses. A validation of the end results of the model is not 

possible because there were no comparable analyses available. Therefore, the analyses were validated 
separately.  

 

4.2.1 Temperature analysis 
In chapter 2, the cross-section temperature distribution is discussed. The only available test results for 

the temperature distribution over an I-shaped cross-section are provided by Thomson et. al. [1981] (Figure 
1). The test done by Thomson et. al. [1981] is reproduced in order to verify the FEM model. It is however 
difficult to accurately reproduce the tests due to the lack of information concerning the concrete slab and 
the deviations in temperature output. The width (667 mm) and the thickness (100 mm) of the slab are 
provided. However, no information concerning the type or thermal properties of the concrete is provided, 
therefore the thermal properties from the current Eurocode for concrete are applied in the analysis. The 
beam is heated in a furnace following the standard fire curve, however large deviations in temperature 
occurred during the tests (Figure 8). To take these temperature deviations into account in the FEM 
analysis, the standard fire curve is replaced by the average value of the measured furnace atmosphere 
temperatures (Table 1). However, it should be noted that the temperature increment is unstable during 
the first 12 minutes of the tests. 

The beam used for the test is a 356mmx171mmx67kg/m (height x width x mass per meter) beam. This 
beam is modelled full scale with 20-node quadratic heat transfer brick elements (DC3D20). The mesh size 
is set such that three elements over the web thickness (9mm) and 5 elements over the flange thickness 
(15mm) are applied. Three sided heating of the steel section is applied in order to accurately represent 
the furnace heating conditions.  

The results of the FEM analysis for the temperature distributions after 6, 12, 18 and 24 minutes are 
shown in Figure 9. The temperatures determined with the FEM analysis are shown by solid points, the 
hollow circles provide the measured temperatures from Thomson et. al. [1981]. The results show that the 
measured temperature at the top of the cross-section (below the concrete slab) is lower than the 
temperature determined with the FEM analysis for all fire durations. The temperature of this area 
depends, among others, on the contact resistance between the steel and concrete. In general it can be 
stated that a higher contact resistance leads to a lower steel temperature. The high value of Ding & Wang 
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[2008] (200 W/m2K) is used for the FEM analysis, this however still results in a higher temperature than 
determined during tests. By means of additional FEM analyses with contact resistances up to 1000 W/m2K 
it is determined that further increasing of the contact resistance does not lead to significant differences in 
temperature, therefore the value of 200 W/m2K proposed by Ding & Wang [2008] is applied in the further 
analyses. It is also shown that the models are less accurate for shorter fire durations (t<6min). This is 
caused by the instability in temperature input during the first minutes. When the temperature input 
stabilizes (after 15 minutes), the models are in good agreement with the measured temperatures.   

Considering the results of Figure 9, it can be stated that the model is a decent representation of the 
actual behavior. Relative large difference between measured temperature and temperature from analysis 
is determined for lower fire durations. It is however difficult to judge these results (for shorter fire 
durations) due to the unstable furnace temperature.  

 

 

Time 
[min] 

Average 
atmosphere 
temperature [°C] 

Temperature 
Standard fire 
curve [°C] 

Relative 
difference 
[%] 

3 602 502 16.6% 
6 579 603 -4.1% 
9 616 653 -6.1% 

12 632 705 -11.5% 
15 652 738 -13.3% 
18 688 766 -11.4% 
21 716 789 -10.3% 
24 739 808 -9.3% 

Table 1: Furnace atmosphere and standard fire temperature. Figure 8: Measured furnace atmosphere temperatures 
during tests Thomson et. al. [1981]. 

Figure 9: Measured and FEM temperatures in 356x171x67 cross-section for fire duration of 6, 12, 18 

and 24 minutes. 
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4.2.2 Linear perturbation buckling analysis 
A linear perturbation buckling analysis provides the critical elastic buckling load (also referred to as the 

Euler buckling load) and the buckling mode. In order to validate the linear perturbation buckling analysis, 
the critical elastic buckling load resulting from the FEM analysis is compared with theoretical results.  

A slender plate, with a height of 100 mm and a thickness of 1.2 mm, which is simply supported at all 
edges and subjected to both ambient temperatures and constant elevated (300°C for the aluminium 
section and 600°C for the steel section) temperatures is modelled. 

Table 2 shows the critical elastic buckling loads determined both theoretically and with the FEM model. 
The differences are small (in the order of 0.3%), so it can be stated that the linear perturbation buckling 
analysis is sufficiently accurate. 

 
Case Theoretical critical 

elastic buckling load [N] 
Critical elastic buckling 
load from FEM analysis [N] 

Difference [%] 

Aluminium – ambient 
temperature 

4465.7 4448.5 0.3 

Steel – ambient 
temperature 

13119 13067 0.4 

Aluminium – constant 
temperature of 300°C 

3221.4 3210.1 0.3 

Steel – constant 
temperature of 600°C 

4066.9 4050.6 0.4 

Table 2: Critical elastic buckling loads. 

 

4.2.3 Post buckling behavior 
Lamont [2001] stated that local buckling is of great importance in the failure mode of I shaped sections 

subjected to fire. Therefore, the post buckling behavior should be accurately described by the FEM 
models. The post buckling behavior of slender plates for ambient and elevated temperatures is 
determined with FEM analyses and compared with the analytical approaches described in chapter 3. In 
order to apply the approaches for determining the ultimate buckling resistances shown in chapter 3, the 
plate should be loaded in pure compression and a constant temperature distribution should be applied. 
The plate is simply supported at all sides. The magnitude of the initial imperfection is set to 0.1 mm, which 
corresponds to one-thousandth of the plate height.  

The load displacement propagation (Figure 11 and Figure 12) of a slender plate with a height of 100 
mm and a thickness of 1.2 mm is determined with a Riks analysis. The load-displacement diagrams of the 
slender aluminium plate for ambient temperatures shows an increasing load after buckling, which is 
typical behavior for axial loaded slender plates. The steel plate (with the exact same cross-sectional 
dimensions) does not show an increasing load after buckling but shows typical behavior of intermediate 
slender plates where a rigid plastic collapse mechanism dominates the post buckling behavior. The 
difference in post buckling behavior between the aluminium and steel section is caused by the difference 
in ratio between the Young’s modulus and the yield stress (0.2% proof stress) of steel and aluminium, 
which is shown in Figure 10. For elevated temperatures the post buckling behavior of the aluminium 
section changes from slender to the typical behavior of intermediate slender plates while for the steel 
section the post buckling behavior changes from intermediate slender to slender. This can again be 
explained by the ratio between the Young’s modulus and the yield stress for elevated temperatures 
(Figure 10), the ratio of aluminium increases for an increasing temperature while the ratio of steel 
generally decreases (until a temperature of about 700°C).  
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The ultimate buckling resistance determined with both Eurocode 3 and 9 is also shown in the load-
displacement diagrams of Figure 11. For the sections subjected to elevated temperatures, the ultimate 
buckling resistance is determined with the approaches proposed by Maljaars [2008] for aluminium plates 
(equation 6 and 7) and Knobloch & Fontana [2005] for steel plates (equation 4 and 5). The post buckling 
behavior resulting from the analysis is in agreement with the results of the analytical approaches shown 
in chapter 3.  It can be stated that the post buckling behavior is accurately described by the model. 

 

 
 

  

 
  

  

 
 

Figure 10: E/fy ratio for aluminium alloy 6060-T66 and steel grade S235 at elevated temperatures. 

Figure 11: Load-displacement diagrams of slender aluminium (alloy 6060-T66) plate including imperfections subjected to 
ambient and constant elevated temperatures. 

Figure 12: Load-displacement diagrams of slender steel (grade S235) plate including imperfections subjected to ambient and 
constant elevated temperatures. 
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4.2.4 GMNIA 
Lamont [2001] tested full scale steel frames subjected to fire conditions. It is stated that I-shaped 

beams will most likely fail near the supports due to local buckling of the bottom flange and shear buckling 
of the web. In Figure 13, the final deformation shape following from the full scale tests is shown together 
with the final deformation of the GMNIA. It can be stated that the deformation shape of the FEM model 
and the full scale tests are in agreement. 

  

5. Results 
 

5.1 Geometrical data and assumptions concerning temperature distribution 

5.1.1  Geometrical data 
The cross-sections applied in the analyses can roughly be divided in the classes compact (cross-section 

class 1) and slender (cross-section class 4). All cross-section have a height of 200 mm and a flange width 
of 100 mm (see Figure 14). The span of the element is two meters for all models.  

The flange and web thickness are based on the slenderness limits provided in Eurocode 3 and 9 for 
plates loaded in either compression or bending at ambient temperatures. The flange and web thicknesses 
and slenderness ratios are shown in Table 3.  
 

 
 
 

Material Cross-section tf [mm] tw 
[mm] 

cf/tf (flange) 
[-] 

cw/tw 
(web) [-] 

Eurocode classification 

Aluminium  
Alloy 6060-T66 

Compact 15 8 3.1 21.3 Class 1 (flange + web) 

Slender 7.5 4 6.4 46.3 Class 4 (flange + web) 

Steel  
S235 

Compact 8.5 5.6 5.6 14.8 Class 1 (flange + web) 

Slender 3 1.5 16.4 131 Class 4 (flange + web) 
Table 3: Cross-section dimensions. 

Figure 13: Final deformation from tests Lamont [2001] and FEM models. 

Figure 14: Cross-section dimensions. 
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5.1.2 Temperature distribution 
The temperature distribution over the cross-section height and over time is determined separately in 

each analysis, depending on the material properties and the cross-section dimensions. For the cases where 
a constant cross-section temperature is applied, this constant temperature is set equal to the maximum 
of the actual temperature distribution for the specific time step. 

 

5.2 Cross-sectional temperature distribution 
The cross-sectional temperature distribution is of great importance when determining the effect of 

thermal expansion. As discussed previously, the temperature distribution depends on the material 
properties, the cross-section dimensions and the interaction with other elements (contact resistance). 

Due to the lack of research concerning the contact resistance between a beam and a slab, the 
approaches of Ding & Wang [2008] and Mäkeläinen & Ma [2000] for the combination of a steel beam with 
a concrete slab are both taken into account. Another approach which is taken into account assumes no 
heat transfer between the beam and the slab, this approach provides an upper bound concerning the 
temperature of the steel section. These contact resistances are also applied to the aluminium sections due 
to the lack of specific research.  

In Figure 15, examples of actual temperature distributions of both the aluminium and steel compact 
sections subjected to three sided heating for several contact resistances are shown. The effect of the 
contact resistance is larger for higher temperatures and larger for the aluminium section compared to the 
steel section. Also the equivalent constant temperature determined with the Eurocode approach is shown. 
It can be stated that the equivalent constant temperature approach provides a conservative 
approximation of the cross-section temperature. 

 

𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒: 

200 𝑊
𝑚2𝐾⁄  [𝐷𝑖𝑛𝑔 & 𝑊𝑎𝑛𝑔 (2008)] 

50 𝑊
𝑚2𝐾⁄  [𝑀ä𝑘𝑒𝑙ä𝑖𝑛𝑒𝑛 &𝑀𝑎 (2000)] 

0 𝑊
𝑚2𝐾⁄  

(8) 

 
Figure 15: Temperature distribution over full cross-section height of steel and aluminium section for various contact resistances. 
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5.3 Full analyses  
Geometrical and material nonlinear analyses including imperfections (GMNIA) are done for slender 

and compact aluminium and steel simply supported and continuous elements. All elements are loaded 
with an equally distributed load corresponding to 30% of the bending moment capacity of the element for 
ambient temperatures. In order to accurately determine the influence of both the actual temperature 
distribution and thermal expansion, the following four analyses are applied for all cases: 

- Actual temperature distribution ; thermal expansion not included; 
- Actual temperature distribution ; thermal expansion included; 
- Constant temperature over cross-section ; thermal expansion not included; 
- Constant temperature over cross-section ; thermal expansion included. 
The constant temperature over the cross-section is here set as the maximum cross-sectional 

temperature of the actual distribution. 
 
The cases which are considered in this research are all combinations of the following three aspects: 
- Material: aluminium / steel; 
- Cross-section: slender / compact; 
- Schematization: simply supported / continuous. 
Sections 5.3.1, 5.3.2 and 5.3.3 provide the results of the simply supported elements, continuous 

elements and the insulated continuous elements. A discussion of the results is provided in section 5.3.4. 
 

5.3.1 Results simply supported beam 
In Figure 16 and Figure 17, the bending moment, utilization factor (which is defined as the average of 

the stress divided by the temperature dependent yield stress of all separate mesh elements(
𝜎𝜃

𝑓𝑦;𝜃
⁄ )

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
) 

and deflection propagation at mid span for the full cross-section are shown for a simply supported 
aluminium beam with a compact and slender cross-section heated according to the standard fire curve. 
The graphs show the bending moment at mid span, utilization factor and the deflection for a beam with 
an actual temperature distribution over the cross-section height, both with and without the influence of 
thermal expansion, and for a beam with a constant temperature distribution over the cross-section height 
equal to the maximum temperature of the actual temperature distribution. Graphs describing the 
behavior of the steel sections are included in the annex. 

In Figure 18, the maximum temperature [°C] and exposure time [s] to a standard fire of all steel and 
aluminium elements are shown. Here, the case numbers refer to the case overview of Table 4. 
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Figure 16: Bending moment and deflection of a simply supported compact aluminium section heated following the standard fire 
curve. 

 

  
Figure 17: Bending moment and deflection of a simply supported slender aluminium section heated following the standard fire 
curve. 

  

 
Figure 18: Maximum temperature and exposure time for simply supported aluminium (alloy 6060-T66) and steel (grade S235) 
sections subjected to a standard fire. 

 
Case 

Cross-section Temperature distribution Expansion included 

Compact Slender Actual Constant Yes No 

1 X  X  X  

2 X  X   X 

3 X   X X  

4 X   X  X 

5  X X  X  

6  X X   X 

7  X  X X  

8  X  X  X 

Table 4: Overview of analyzed cases. 
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The simply supported elements generally show comparable behavior, a constant bending moment until 
failure and a deflection which increases significantly just before failure. The difference, between the cases 
with a constant temperature distribution with and without thermal expansion, in bending moment, 
utilization and deflection are small. When an actual temperature distribution is applied, the difference in 
bending moment between the cases with and without thermal expansion remains limited (about 1% 
increment) while the deflection at a specific time can increase with a relative large factor (about 45%).    

The failure temperature of the compact aluminium section varies between 400°C and 410°C while the 
failure temperature of the slender aluminium section varies between 360°C and 390°C. The failure 
temperature of the compact steel section varies between 600°C and 710°C while the failure temperature 
of the slender steel section varies between 540°C and 580°C. The lowest failure temperatures for all cases 
are obtained for the elements with a constant temperature distribution over the cross-section. The 
difference between the failure temperatures of the analyses with and without thermal expansion is small 
for most cases, maximum 10°C. Only the slender steel element with an actual temperature distribution 
and expansion fails at a temperature which is 40°C (about 7% of the maximum cross-sectional 
temperature) lower than the failure temperature of the element without expansion. 

It can be stated that the maximum fire resistance of the unprotected aluminium sections is about 350 
seconds for the compact section and 230 seconds for the slender sections. For the compact section, the 
difference between a constant and an actual temperature distribution is limited to a maximum difference 
of 18 seconds. For the slender section, this difference is maximal 30 seconds. The time difference between 
the cases with and without thermal expansion is small (maximum 6 seconds). There is a large difference 
in the time before failure between the compact steel elements with an actual and constant temperature 
distribution (about 340 seconds). For the slender sections, the effect of the temperature distribution over 
the height is smaller. The effect of thermal expansion for the element with an actual temperature 
distribution however is relative large (80 seconds).  

 

5.3.2 Results continuous beam 
In Figure 19 and Figure 20, the bending moment and average utilization factor (σ/ f0.2;θ) propagation at 

the support and mid span for the full cross-section of the middle field are shown for a continuous beam 
with a compact and slender cross-section heated according to the standard fire curve. Please note that all 
bending moments here are defined as positive values.  
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Figure 19: Bending moment and deflection of a continuous compact aluminium section heated following the standard fire curve. 

 

  
  

 
 
Figure 20: Bending moment and deflection of a continuous slender aluminium section heated following the standard fire curve. 
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Figure 21: Maximum temperature and exposure time for a continuous aluminium (alloy 6060-T66) and steel (grade S235) sections 
subjected to a standard fire. 

  
The continuous beams with an actual temperature distribution and including thermal expansion show 

an increasing moment at the support while simultaneously the moment at mid span decreases. The other 
analyses show a relative constant bending moment which increases or decreases just before failure.  

The failure temperature of the compact aluminium section varies between 420°C and 456°C while the 
failure temperature of the slender aluminium section varies between 380°C and 430°C. The failure 
temperature of the compact steel section varies between 750°C and 766°C while the failure temperature 
of the slender steel section varies between 545°C and 585°C. The lowest failure temperature of the 
compact elements is generally obtained by the elements with a constant temperature distribution over 
the cross-section. The slender steel section shows a lowest failure temperature for elements with an actual 
temperature distribution which include thermal expansion, the slender aluminium section shows a lower 
failure temperature for an element with a constant temperature. 

The fire resistance (time until failure) of the compact unprotected aluminium sections varies between 
350 and 400 seconds and between 210 and 260 seconds for the slender section. The fire resistance of the 
compact steel section varies between 1122 and 1248 seconds (about 20 minutes) while the slender section 
has a resistance of about 320 seconds. The lowest resistance of the compact sections and the slender 
aluminium section is provided by the sections with a constant temperature distribution. An actual 
temperature distribution including thermal expansion provides the lowest resistance for the slender 
sections.  

 

5.3.3 Insulated continuous beam 
The fire resistance of unprotected aluminium members is low, therefore most aluminium structures 

which could be exposed to elevated temperatures are insulated. Thermal insulation is modelled, with the 
material properties shown in the annex and a thickness of 25 mm, in order to gain a more practically 
applicable fire resistance of the slender aluminium and steel member. The contact resistance between the 
insulation material and the steel and aluminium elements is not known, therefore it is conservatively 
assumed that the temperatures of the insulation material and the steel or aluminium element are equal 
at the contact interfaces.  

Figure 22 shows the temperature distribution over the cross-section height of the slender aluminium 
and steel section both for a case with and without insulation for equal maximum temperatures. Figure 23 
shows the failure temperature and time of the regarded slender aluminium and steel sections with an 
actual temperature distribution both with and without expansion. In this figure, case 1 and 2 describe the 
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aluminium element both with (case 1) and without (case 2) expansion and case 3 and 4 describe the steel 
section both with (case 3) and without (case 4) expansion. The difference in failure temperature between 
the cases with and without thermal expansion is 30°C for the aluminium section and 40°C for the steel 
section. The difference in failure time is 120 and 140 seconds for respectively the aluminium and the steel 
section.  

 
 

   
Figure 22: Temperature distribution of insulated slender aluminium and steel cross-section subjected to a standard fire. 

 

 
Figure 23: Failure time [s] and temperature [°C] for insulated slender aluminium and steel cross-section. Case 1: Aluminium - with 
expansion, case 2: Aluminium - no expansion, case 3: Steel - with expansion, case 4: Steel - no expansion. 

 

5.3.4 Discussion of results 

5.3.4.1 Cross-sectional temperature distribution 
The cross-sectional temperature distribution of aluminium and steel differs. Aluminium heats up faster 

compared to steel due to the lower thermal capacity and difference in slenderness. The difference 
between the maximum and minimum temperature in the aluminium cross-sections are small compared 
to the steel sections, this is caused by the larger thermal conductivity of aluminium.  

When insulation is included, the temperature distribution changes. Thermal insulation has a large 
influence on the temperature distribution of the elements. Obviously, the element will heat up less fast 
but also the temperature distribution over the cross-section height differs. The temperature distribution 
over the height of the aluminium section approaches a linear distribution while for the steel section the 
transition between the web and the (cooler) top flange becomes smoother. 
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5.3.4.2 Simply supported elements 
The moment distribution of the simply supported elements show that the effect of thermal expansion 

on simply supported elements is limited. Thermal expansion however causes a larger deflection but this 
has only a very limited effect on the capacity of the element.  

A small difference in the results of the elements with a constant temperature distribution over the 
cross-section, with and without thermal expansion, is observed. Theoretically, the results should be equal 
due to the fact that the structure is able to expand freely. The differences however are so small that it is 
expected that these are caused by numerical round-off errors.   

The slender and compact simply supported aluminium sections show similar behavior when subjected 
to elevated temperatures while the behavior of steel (especially the deflection) shows more differences. 
This difference is caused by the occurrence of local buckling in the steel section while there was no (large) 
local buckling effect observed in the slender aluminium section. This is most likely caused by a too low 
slenderness, although classified as class 4 by the Eurocode approach, of the aluminium slender section.  

The slender steel section fails in a relative early stage of the fire, it should however be noted that the 
cross-section temperature of about 540°C is much higher than the maximum temperature of 350°C which 
is advised by Eurocode 3. 

Relative large differences occur in the resistance of compact steel elements with a constant and an 
actual temperature distribution, and for the slender steel section with an actual temperature distribution 
with and without thermal expansion. These differences in resistances are both caused by the relative large 
temperature gradient over the cross-section height in the steel sections.  

 

5.3.4.3 Continuous elements 
The continuous beams with an actual temperature distribution and including thermal expansion show 

an increasing moment at the support while simultaneously the moment at mid span decreases. This is, as 
expected, most likely caused by the restrained deformation due to thermal expansion. 

For the compact sections, the fire resistance of an elements with an actual temperature distribution, 
even when including thermal expansion, is higher than the resistance for elements with a constant 
temperature over the cross-section. This is caused by the lower temperature of the top flange in the 
elements with an actual temperature distribution.   

The continuous slender steel section is the only section where an actual temperature distribution 
including thermal expansion leads to a lower fire resistance compared to equal elements with a constant 
temperature distribution. This section is also the section with the largest influence of local buckling in the 
(bottom) flange. It is expected that the restrained deformations, which cause a larger bending moment, 
causes or at least increases the influence of local buckling of the bottom flange and therefore the full 
resistance of the element. 

No premature failure due to local buckling is observed in the considered cases.  
 

 5.3.4.4 Insulated elements 
The fire resistance and critical temperature of both the slender steel and aluminium section increases 

when insulation is applied (compared to the uninsulated cases). The increment in fire resistance (time till 
failure) is caused by the slower heating of the section. The increment in critical temperature is expected 
to be the result of the change in cross-sectional temperature distribution compared to the uninsulated 
cases. The increment in critical temperature is relatively low for the aluminium section (about 10°C) 
compared to the steel section (about 40°C). The large increment in critical temperature of the steel 
sections is most likely caused by the change in temperature gradient for the insulated section compared 
to the uninsulated section. 
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6. Conclusion  
Thermal expansion may have an effect on the load bearing capacity of structural elements subjected 

to fire conditions, especially when the thermal expansion of the structural element is partly restrained. 
There are no design methods available to determine the influence of thermal expansion in steel or 
aluminium elements. The current Eurocodes only state that ‘advanced calculation models may be used’. 
However, the magnitude of the influence of thermal expansion is not generally known. 

 
Finite element models have been developed to determine the temperature distribution over the cross-

section height, to determine the Euler buckling mode and to simulate the behavior of aluminium (alloy 
6060-T66) and steel (grade S235) simply supported and continuous I shaped members subjected to fire 
conditions. The creep mechanism (which is a significant factor for aluminium and steel section subjected 
to elevated temperatures) is not explicitly modelled but implicitly taken into account in the material 
properties. The temperature input is limited to a standard fire. 

 
It was expected that the influence of thermal expansion on the resistance of simply supported 

elements was limited due to the fact that the element can expand freely and deformations are not 
restrained. This expectation is demonstrated for all simply supported elements in this research. A constant 
temperature distribution, with a temperature of at least the maximum of the actual temperature 
distribution, will be governing for simply supported elements. 

For continuous elements, it was expected that applying thermal expansion on an element with an 
actual temperature distribution over the cross-section height would lead to changes in the moment 
distribution of the element. The moment at the support was expected to increase until a maximum is 
reached, then the field moment will increase until also here the maximum moment is reached. This 
expectation is demonstrated for all continuous elements in this research. It is observed that no premature 
failure due to local buckling occurs in any of the regarded cases. 

 
The general design rule for determining the capacity of an element subjected to elevated temperatures 

is to multiply the resistance at room temperature with a reduction factor dependent on the temperature, 
which is assumed as constant over the full cross-section. Based on the analysis in this research, it can also 
be stated that assuming a constant temperature over the cross-section height, which is at least equal to 
the maximum temperature of the actual distribution, results in safe values for the fire resistance 
concerning the fire resistance of compact elements. This cannot be stated for the slender sections since 
the continuous slender steel section with an actual temperature distribution including thermal expansion 
has a lower fire resistance compared to the case where a constant temperature distribution is assumed, 
the difference however remains small. The Eurocode advices a specific maximum temperature for slender 
steel sections subjected to elevated temperatures. It can be stated that the design rule of a maximum 
temperature of 350°C for slender steel sections in Eurocode 3 is a safe approximation.  

7. Recommendations and future work 
This research provides an introduction into the effect of (partially) restrained thermal expansion on 

slender (and compact) sections subjected to fire conditions. In order to fully understand this effect, 
simulations with other slenderness and load ratios should be conducted.  

 
The models used in this research could be improved by including the creep mechanism in the analyses 

instead of applying adapted stress-strain relations. Another improvement would be a more accurate 
representation of the contact resistance between the beam and the slab, this is especially the case for 
aluminium members. Another improvement would be  
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9. Appendices  
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Annex D – Results FEM models 
Annex E – Example of scripts  
Annex F – Technical Datasheet applied insulation 
Annex G – Material properties



 
 

Annex A – Validation usage of shell elements 
 
Shell elements can only describe a linear temperature gradient over their thickness. Only one shell 

element over the thickness will be used, therefore it is determined if the temperature distribution over 
the web and flange thickness can be accurately described with a linear gradient. 

The temperature data used for composing the temperature gradients of section 3.1 (with a contact 
resistance of 200 W/m2K for the slab-beam interaction) is used for this analysis. The exact temperature 
distribution in the flanges is determined for temperatures where failure is expected. This temperatures 
occur after 180 seconds of standard fire for the aluminium section and after 800 seconds for the steel 
section. 

Figure A-3 shows the temperature ranges, average temperatures and 
temperatures of the most outer and center nodes (Figure A-1) of the top and 
bottom flange of an aluminium section after 180 seconds and a steel section after 
800 seconds of standard fire. It shows that the temperature distribution in the 
top flange of both the aluminium and steel section is very close to linear for the 
outer nodes and the average temperatures. The center nodes (area above the 
web) however show more deviation from a linear relation, this is however only 
the case for a relative small area of the flange width. In Figure A-2 the 
temperature difference of the maximum and minimum temperature per node 
column over the thickness of the top flange and the maximum temperature in 
the flange is shown. Figure A-2 shows that the temperature difference over the 
flange thickness is larger for the steel section, however this temperature 
difference is limited to a maximum of 10°C for a temperature of over 580°C. The 
temperature difference is largest in the area above the web. 

The temperature distribution in the bottom flange (shown in Figure A-3) is 
nonlinear. The magnitude however is so small (0.1°C for aluminium at 343°C and 0.2°C for steel at 672°C) 
that it is expected that this effect is negligible. Also the effect of the temperature distribution over the 
web thickness, which is usually about half the size of the flanges, is assumed to be negligible due to the 
small magnitude of the temperature difference (maximum difference of 0.08°C for the aluminium section 
and 0.1°C for the steel section). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-1: Location of 
center and outer nodes. 

Figure A-2: Temperature difference between maximum and minimum temperature over flange height and maximum 
temperature in flange for aluminium and steel flange. 



 
 

 
The effect of the (linear) temperature distribution in the upper flange on the global force distribution 

is expected to be limited. However, the temperature distribution causes extra bending in the unfavorable 
direction and should therefore be taken into account. Abaqus only allows one gradient per shell, however 
the distribution shown in Figure A-2 cannot be accurately described with one gradient (especially near the 
web). Therefore the upper flange is divided into several shells to determine the influence of the variating 
temperature distribution.  

In Figure A-4, the actual and modelled temperatures at the top and bottom of the top flange are shown. 
This figure shows that more shells provide a more accurate temperature distribution. The effect of the 
temperature distribution on the thermal bowing is shown in Table A-1. It is shown that the effect on the 
thermal bowing deformation is limited, therefore it is expected that the effect on the total deformation is 
almost negligible. By means of time efficiency and accuracy of the analysis, the case of one thermal 
gradient will be applied on the full models.  

 
 
 
 
 
 
 
 
 

Figure A-3: Temperature distribution in top and bottom flange for aluminium and steel section. 

Figure A-4: Actual and modelled temperature in top and bottom of flange. 



 
 

 
 

  

Number 
of shells 

Gradient(s) [°C/mm] Deformation 
center nodes 
[mm] 

Difference 
with one 
gradient [%] 

Deformation 
outer nodes 
[mm] 

Difference 
with one 
gradient [%] 

1  No 2.78362 -0.007 2.78533 0.001 

1 0.09 2.78381 0.000 2.78536 0.000 

2 0.09 – 0.23 2.78393 0.004 2.78534 0.001 

7 0.09 – 0.14 – 0.23 – 
0.60 – 0.63 

2.77493 -0.319 2.77708 -0.297 

Table A-1: Thermal bowing deformation for several gradients for the compact section. 



 
 

Annex B – Validation Eigenvalue analysis 
 
Eigenvalue analysis 

The Eigenvalue and Eigenmode of an aluminium I-section loaded in compression, bending and a 
combination of compression and bending were determined for ambient temperature and for three 
temperature distributions namely a constant elevated temperature, a linear distribution between the 
flanges and a realistic distribution (Table B-1). When regarding the expected realistic situation, there is a 
specific ratio between bending and the axial load due to restrained thermal expansion. This ratio is 
dependent on many factors and is therefore not known for this specific case. Therefore several ratio’s 
between the axial compression and bending are assumed (Figure B-1). This graph provides an indication 
for the allowed restrained thermal expansion for a specific bending moment. It should however be noticed 
that imperfections, and therefore post-buckling behavior, are not taken into account in this graph. 

 
 
 
 
 
 
 
 
 

 
 

 
 
In Figure B-2 and B-3, the Eigenmode of an I-section with a constant and realistic temperature 

distribution loaded by either pure compression or bending is shown. The figures show that the buckling 
shape for the cases is very similar. The Eigenvalues, shown in Table B-1, differ slightly for the applied 
temperature distributions but show an overall agreement for this specific case. The largest difference in 
Eigenvalue, of the section with a constant temperature loaded in compression, is caused by the relative 
large difference in temperature of the top flange compared to the other temperature distributions. For a 
beam loaded in pure bending, the difference in Eigenvalues is smaller because the temperature of the 
bottom flange (which is loaded in compression) is equal for all distributions and the influence of the web 
on the bending resistance is limited.  

Temperature distribution 
 

Eigenvalue pure 
compression [N] 

Eigenvalue bending 
[Nmm] 

1st mode 2nd mode 1st mode 2nd mode 

Constant ambient (20°C) 17.182 19.155 2.702.930 2.954.810 

Constant elevated (343°C) 10.115 11.327 1.498.140 1.680.140 

Linear distribution (271-343°C) 11.547 12.969 1.443.770 1.680.020 

Realistic distribution (271-343°C) 11.595 12.865 1.433.790 1.660.850 
Table B-1: Eigenvalues determined with Abaqus. 

Figure B-1: Relation between compression and bending for local buckling of slender section 
without imperfections after 180 seconds of standard fire. 



 
 

 
 
Validation of Eigenvalue analysis 

First, it is determined which mesh size provides sufficiently accurate results while taking computational 
time into account. Figure B-4 shows that a mesh size of 2.5x2.5mm provides a relative accurate result 
compared to the rough 10x10mm mesh (5.2% difference) and the fine 1.25x1.25mm mesh (0.33% 
difference). By applying a mesh of 2.5x2.5mm, the results are sufficiently accurate and the computational 
time remains limited.  

 

 
 
 

Figure B-2: Euler buckling shape of slender section loaded by pure compression for constant elevated and realistic temperature gradient. 

Figure B-3: Euler buckling shape of slender section loaded by pure bending for constant elevated and realistic temperature gradient. 

Figure B-4: Mesh size sensitivity of compact section. 



 
 

The validation of the Eigenvalue analysis is done for a simply supported element subjected to uniform 
compression. Due to the cross-sectional dimensions and the ratio between the web and flange thickness, 
local buckling will occur first in the web. There is no analytical analysis available which describes the 
buckling resistance of the web of an I-section subjected to uniform compression. Plate theory however 
provides analytical results for the buckling resistance of simply supported and clamped plates subjected 
to uniform compression, which provide upper and lower limits of the buckling resistance of a web.  

Table B-1 shows the Eigenvalues of the web of the slender section, see Figure B-1, for ambient 
temperatures determined with Abaqus and of simply supported/clamped plates supported along 2 edges 
determined with plate theory. It shows that the Eigenvalues of the web are between the analytical values 
of simply supported and clamped plates but are relative close to the Eigenvalues of a plate which is 
clamped along two edges. This is most likely caused by the relative large stiffness of the flanges compared 
to the web stiffness.  

An Eigenvalue analysis is a theoretical analysis which is only dependent on the modulus of elasticity 
and the Poisson’s ratio of the material. The procedure does not change for elevated temperatures, the 
only changing variable is the modulus of elasticity. The validation of the Eigenvalue analysis at ambient 
temperatures is therefore sufficient.   

An extra validation step is done by decreasing the flange stiffness, the Eigenvalues of the web 
determined with Abaqus should approach the analytical Eigenvalues of a simply supported plate. These 
results are shown in Table B-2. The difference between the analytical and Abaqus results are relatively 
large (order of 5%) but it should be taken into account that an I-section with flanges with a low stiffness is 
only a rough approximation of a simply supported plate. 

 

 
 

 
Cross-section Material Theoretical Eigenvalue 

simply supported plate [N] 
Theoretical Eigenvalue 
clamped plate [N] 

Abaqus Eigenvalue 
web [N] 

Slender Aluminium 
Steel 

4.557 
13.387 

7.975 
23.427 

7.556 
22.348 

Semi-compact Aluminium 
Steel 

10.913 
32.0589 

19.097 
56.103 

18.663 
55.190 

Compact Aluminium  
Steel 

74.231 
218.068 

129.905 
381.619 

125.979 
372.766 

 
 
 
 
 

Figure B-1: Schematization and applied cross-section for buckling analysis.  

Table B-1: Theoretical Eigenvalues for simply supported and clamped plates and Abaqus Eigenvalues for the web of the slender 
section. 



 
 

 
 
 
 

  

Cross-section Theoretical Eigenvalue simply 
supported plate [N] 

Abaqus Eigenvalue 
web [N] 

Difference 
[%] 

Slender 4.557 4.812 5.6 

Semi-compact 10.913 11.291 3.5 

Compact 74.231 75.451 1.6 

TableB-2: Eigenvalues for web of I-section with flanges with a low stiffness. 



 
 

Annex C – Validation of thermal bowing effect 
 
Thermal bowing is induced bending due to differing temperatures over the cross-section height. Cooke 

[1987] developed and validated an analytical theory where unrestrained steel members bend in a circular 
arc when subjected to elevated temperatures. Cooke [1987] provided an equation to determine the 
thermal bowing deformation of unloaded and unrestrained steel I-sections with a linear temperature 
distribution over the cross-section height (equation C-1). In this equation, ΔT is the temperature difference 
over the cross-section height (for a linear distribution), L and d represent the length and the height of the 
member and α the linear expansion coefficient of the material. 

 

𝛿 =
 𝛼 𝐿2 ∆𝑇

8𝑑
 

(C-1) 

 
In Table C-1, the thermal bowing deformation determined with Abaqus and with equation C-1 are 

shown for both aluminium and steel sections after 180 seconds of standard fire (the temperature range 
of the slender sections is not realistic for aluminium but still used for reasons of comparison). This table 
shows that the deflections determined with equation C-1 are smaller compared to the deflections 
determined with Abaqus, the difference is however relative small (about 5%). Table C-1 shows that the 
thermal bowing effect is almost equal for a linear and realistic temperature distribution. It should be noted 
that the deflections shown in Table C-1 are determined based on a non-temperature dependent thermal 
expansion coefficient.  

 

Material Cross-section 
type 

Distribu
tion 

Thermal bowing 
determined with 
Abaqus (mm) 

Deflection 
according to Cooke 
[1987] (mm) 

Difference 
(%) 

 

Aluminium  
 

 

Slender  
(330 - 461°C) 

Linear 4.24 4.05 4.7 

Realistic 4.16 - - 

Compact (268 - 
343°C) 

Linear 2.39 2.31 3.5 

Realistic 2.37 - - 

Steel  Slender (250 – 
428, max=450°C) 

Linear 3.17 3.03 4.6 

Realistic 3.08 - - 

Compact(184–
275, max= 310°C) 

Linear 1.69 1,62 4.3 

Realistic 1.66 - - 

  
 

  

Table C-1: Thermal bowing of slender sections with linear and realistic temperature gradient after 180s standard fire. 



 
 

Annex D – Results FEM models 
 
Legend: 

 

 

 
 
Simply supported compact aluminium member 

     

Simply supported slender aluminium member 

   

  



 
 

Simply supported compact steel member 

  

Simply supported slender steel member 

  
 
Continuous compact aluminium member 

  

  
  



 
 

 
 
Continuous slender aluminium member 

 

   
 

 
 

 
 
 
 
 



 
 

Continuous compact steel member 

  
 

 
 
Continuous slender steel member 

  
 



 
 

 
 
 
Failure temperature and time for steel sections subjected to a three sided high radiative load: 

 

  

  



 
 

Annex E – Example of script 
 

# -*- coding: mbcs -*- 

from abaqus import * 

 

from part import * 

from material import * 

from section import * 

from assembly import * 

from step import * 

from interaction import * 

from load import * 

from mesh import * 

from optimization import * 

from job import * 

from sketch import * 

from visualization import * 

from connectorBehavior import * 

from datetime import * 

import os 

import csv 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

## Parameters ## 

 

analysis       = "Alu_Slender_continuous_Exp" 

cwd        = os.getcwd() 

filelocation     = 

str(cwd)+"\\"+str(date.today())+"_"+analysis+"\\" 

name_model      = "Temperature_Analysis_UC_ALU" 

 

 

#-----------------------------------------------------------------------------

--------------------------------- 

 

## Gerneral Script Data ## 

session.journalOptions.setValues(replayGeometry=COORDINATE, 

recoverGeometry=COORDINATE) 

 

Path_Data_Files = 'C:\Users\s143200\Documents\Abaqus files Afstuderen\Full 

models'+'\\'+analysis 

if not os.path.exists(Path_Data_Files): 

 try:  

  os.makedirs(Path_Data_Files) 

 except OSError as exc:  

  if exc.errno != errno.EEXIST: 

   raise 

os.chdir(Path_Data_Files) 

 

Scratch   = Path_Data_Files 

 

myModel_1 = mdb.Model(name = name_model) 

 

if "Model-1" in mdb.models:  



 
 

 del mdb.models["Model-1"] 

  

# ----------------------------------------------------------------------------

------------------------ 

 

## General Data Model ## 

 

 # Beam Length # 

L = 2000 #mm 

 

 # I-Section cross-section dimensions # 

H = 200 # Height in m 

W = 100 # Width in m 

tw = 4 # Web thickness m 

tf = 7.5 # Flange thickness m 

 

 # Slab cross-section dimensions # 

Hs = 40 # Height of slab in m 

Ws = 400 # Width of slab in m  

 

 # Material # 

Material = 'Aluminium' 

 

 # Fire Load # 

Fire_Load = 'Standard_Fire' 

# Options: 'Standard_Fire' ; '100 for hour' ; 350 for 10 min' (Time needs to 

be specified manually) #  

T = 600 # Time in s 

Step_time = 6 # s 

  

 # Convection Coefficient # 

Conv_hot = 25e-3 # Convection coefficient hot side in W/m2K 

Conv_ambient = 4e-3 # Convection coefficient ambient side in W/m2K 

 

 # Emissivity # 

Emissivity = 0.7 

Emissivity_Concrete = 0.9 

 

 

 # Mechanical load # 

Load = 0.2 # Pressure load in MPa  

 

# ----------------------------------------------------------------------------

------------------------ 

 

## Sketch + Part ## 

 

# Part 1 - I-Section # 

 

mySketch_1 = myModel_1.ConstrainedSketch(name="I-Section", sheetSize = 0.2) 

 

xyCoords = ((-(0.5*W), -tf), (-(0.5*W), 0), (0.5*W, 0), (0.5*W, -tf), 

 ((0.5*tw), -tf), ((0.5*tw), -(H-tf)), (0.5*W, -(H-tf)), (0.5*W, -H), 

 (-(0.5*W), -H), (-(0.5*W), -(H-tf)), (-(0.5*tw), -(H-tf)), (-(0.5*tw), -

tf), (-(0.5*W), -tf))  

# Please note: Coordinates have to be such order that section can be drawn 

fluent 



 
 

 

for i in range (len(xyCoords)-1): mySketch_1.Line(point1 = xyCoords [i], 

point2 = xyCoords [i+1]) 

 

myPart_1 = myModel_1.Part(name = "I-Section", dimensionality = THREE_D, type = 

DEFORMABLE_BODY) 

myPart_1.BaseShell(sketch = mySketch_1) 

 

myPart_1.BaseSolidExtrude (sketch = mySketch_1, depth = L) 

 

# Part 2 - Slab # 

 

mySketch_2 = myModel_1.ConstrainedSketch(name="Slab", sheetSize = 0.2) 

xyCoords_2 = ((-(0.5*Ws), 0), (-(0.5*W), 0), ((0.5*W), 0), ((0.5*Ws), 0), 

((0.5*Ws), Hs), (-(0.5*Ws), Hs), (-(0.5*Ws), 0), ) 

 

for i in range (len(xyCoords_2)-1): mySketch_2.Line(point1 = xyCoords_2 [i], 

point2 = xyCoords_2 [i+1]) 

 

myPart_2 = myModel_1.Part(dimensionality = THREE_D, name = "Slab", type = 

DEFORMABLE_BODY)  

myPart_2.BaseShell(sketch = mySketch_2) 

 

myPart_2.BaseSolidExtrude (sketch = mySketch_2, depth = L) 

 

myPart_2.PartitionFaceByShortestPath(faces = myPart_2.faces.findAt((0, 0, 

(0.5*L)), ), 

 point1 = myPart_2.vertices.findAt((-(0.5*W), 0, L), ), point2 = 

myPart_2.vertices.findAt((-(0.5*W), 0, 0), ), ) 

myPart_2.PartitionFaceByShortestPath(faces = myPart_2.faces.findAt((0, 0, 

(0.5*L)), ), 

 point1 = myPart_2.vertices.findAt(((0.5*W), 0, L), ), point2 = 

myPart_2.vertices.findAt(((0.5*W), 0, 0), ), )  

  

# Please note:  

  # Sketch is in m 

   

# ----------------------------------------------------------------------------

------------------- 

 

## Materials ## 

 

# Material 1  - Steel # 

 

myMaterial_1 = myModel_1.Material(name = "Steel") 

myMaterial_1.Conductivity(temperatureDependency = ON, table= ((53.33, 20), 

(50.67, 100), (47.34, 200), (44.01, 300), (40.68, 400), (37.35, 500), (34.02, 

600), (30.69, 700), (27.36, 800), (27.36, 1200), )) 

myMaterial_1.SpecificHeat(temperatureDependency = ON, table = ((439.8e6, 20), 

(487.62e6, 100), (529.76e6, 200), (564.74e6, 300), (605.88e6, 400), (666.5e6, 

500), (760.22e6, 600), (1008.16e6, 700), (803.26e6, 800), (650e6, 900), 

(650e6, 1200), )) 

myMaterial_1.Elastic(temperatureDependency=ON, table=((2100000, 0.29, 20), 

(210000, 0.29, 100), (189000, 0.29, 200), (168000, 0.29, 300), (147000, 0.3, 

400), (126000, 0.3, 500), (65100, 0.3, 600), (27300, 0.31, 700), (18900, 0.31, 

800), (14175, 0.31, 900), (9450, 0.31, 1000), (4725, 0.31, 1100), (1, 0.31, 

1200), ), ) 



 
 

myMaterial_1.Plastic(temperatureDependency = ON, table=((800, 0, 20), (203.9, 

0, 200), (204, 0.001537, 200), (137.6, 0, 300), (180, 0.002655, 300), (180.1, 

0.002928, 300), (112.5, 0, 400), (149.5, 0.002995, 400), (159.63, 0.003625, 

400), (159.7, 0.003923, 400),  

 (89.3, 0, 500), (101.6, 0.002195, 500), (112.3, 0.00311, 500), (119, 

0.00384, 500), (119, 0.004271, 500), (47.5, 0, 600), (52.6, 0.00213, 600), 

(56.3, 0.002729, 600), (58.5, 0.003352, 600), (58.6, 0.003919, 600), (0.1, 0, 

800)), ) 

myMaterial_1.Density(table=((7.85e-9, ), )) 

 

# Material 2 - Concrete # 

 

myMaterial_2 = myModel_1.Material(name = "Concrete") 

myMaterial_2.Conductivity(temperatureDependency = ON, table = ((1.95, 20), 

(1.77, 100), (1.55, 200), (1.36, 300), (1.19, 400), (1.04, 500), (0.91, 600), 

(0.81, 700), (0.72, 800), (0.66, 900), (0.6, 1100), )) 

myMaterial_2.SpecificHeat(temperatureDependency = ON, table = ((900e6, 20), 

(900e6, 100), (1000e6, 200), (1050e6, 300), (1100e6, 400), (1100.5e6, 1200), 

)) 

myMaterial_2.Density(temperatureDependency = ON, table = ((2.4e-9, ), )) 

 

# Material 3 - Aluminium # 

myMaterial_3 = myModel_1.Material(name = "Aluminium") 

myMaterial_3.Conductivity(temperatureDependency = ON, table = ((191.4, 20), 

(193.5, 50), (197, 100), (200.5, 150), (204, 200), (207.5, 250), (211, 300), 

(214.5, 350), (218, 400), (221.5, 450), (225, 500), (228.5, 550), )) 

myMaterial_3.SpecificHeat(temperatureDependency = ON, table = ((911.2e6, 20), 

(923.5e6, 50), (944e6, 100), (964.5e6, 150), (985e6, 200), (1005.5e6, 250), 

(1026e6, 300), (1046.5e6, 350), (1067e6, 400), (1087.5e6, 450), (1108e6, 500), 

(1128.5e6, 550), )) 

myMaterial_3.Elastic(temperatureDependency = ON, table = ((70000, 0.33, 20), 

(69300, 0.33, 50), (67900, 0.33, 100), (65100, 0.34, 150), (60200, 0.34, 200), 

(54600, 0.35, 250), (47600, 0.4, 300), (37800, 0.4, 350), (28000, 0.4, 400), 

(1, 0.4, 550), ), ) 

myMaterial_3.Plastic(temperatureDependency = ON, table = ((205, 0, 20), (210, 

0.00322, 20), (215, 0.00515, 20), (220, 0.00892, 20), (225, 0.01274, 20), 

(230, 0.01971, 20), (235, 0.03014, 20), (240, 0.04557, 20), (245, 0.06805, 

20), (250, 0.10027, 20), (255, 0.14559, 20), (260, 0.20789, 20), 

 (120, 0, 175), (125, 0.0033, 175), (130, 0.0052, 175), (135, 0.0082, 

175), (140, 0.0126, 175), (145, 0.0191, 175), (150, 0.0286, 175), (155, 

0.0421, 175), (160, 0.0611, 175), (165, 0.0872, 175), (170, 0.1225, 175), 

(175, 0.1693, 175), (180, 0.2301, 175), 

 (110, 0, 200), (115, 0.0032, 200), (120, 0.0052, 200), (125, 0.0081, 

200), (130, 0.0125, 200), (135, 0.0188, 200), (140, 0.0279, 200), (145, 

0.0408, 200), (150, 0.0587, 200), (155, 0.0832, 200), (160, 0.1160, 200), 

(165, 0.1591, 200), (170, 0.2147, 200), 

 (100, 0, 225), (105, 0.0032, 225), (110, 0.0052, 225), (115, 0.0080, 

225), (120, 0.0123, 225), (125, 0.0184, 225), (130, 0.0271, 225), (135, 

0.0393, 225), (140, 0.0561, 225), (145, 0.0788, 225), (150, 0.1089, 225), 

(155, 0.1481, 225), (160, 0.1983, 225), 

 (88, 0, 250), (93, 0.0033, 250), (98, 0.0052, 250), (103, 0.0082, 250), 

(108, 0.0125, 250), (113, 0.0188, 250), (118, 0.0276, 250), (123, 0.0398, 

250), (128, 0.0565, 250), (133, 0.0788, 250), (138, 0.1083, 250), (143, 

0.1463, 250), (148, 0.1945, 250), 

 (75, 0, 275), (80, 0.0033, 275), (85, 0.0054, 275), (90, 0.0085, 275), 

(95, 0.0131, 275), (100, 0.0197, 275), (105, 0.029, 275), (110, 0.0418, 275), 



 
 

(115, 0.0591, 275), (120, 0.0822, 275), (125, 0.1122, 275), (130, 0.1506, 

275), (135, 0.1987, 275), 

 (60, 0, 300), (65, 0.0035, 300), (70, 0.0059, 300), (75, 0.0095, 300), 

(80, 0.0148, 300), (85, 0.0226, 300), (90, 0.0335, 300), (95, 0.0486, 300), 

(100, 0.0689, 300), (105, 0.0956, 300), (110, 0.1301, 300), (115, 0.1736, 

300), (120, 0.2274, 300), 

 (46, 0, 325), (51, 0.0037, 325), (56, 0.0065, 325), (61, 0.0108, 325), 

(66, 0.0173, 325), (71, 0.0266, 325), (76, 0.0398, 325), (81, 0.0578, 325), 

(86, 0.0818, 325), (91, 0.1130, 325), (96, 0.1526, 325), (101, 0.1911, 325),  

 (34, 0, 350), (39, 0.0040, 350), (44, 0.0072, 350), (49, 0.0123, 350), 

(54, 0.0200, 350), (59, 0.0309, 350), (64, 0.0461, 350), (69, 0.0665, 350), 

(74, 0.0930, 350), (79, 0.1268, 350), (84, 0.1686, 350), (89, 0.2193, 350),  

 (0.1, 0, 550), (0.1, 0.08, 550)), ) 

myMaterial_3.Density(table = ((2.7e-9, ), )) 

 

# ----------------------------------------------------------------------------

------------------- 

 

## Section ## 

 

myModel_1.HomogeneousSolidSection(material=Material, name='I-Section', 

thickness= None) 

 

myModel_1.HomogeneousSolidSection(material='Concrete', name='Slab', 

thickness=None) 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

## Section Assignment ## 

 

mySet_1 = myPart_1.Set(cells = myPart_1.cells, name = "I-Section") 

myPart_1.SectionAssignment(offset = 0.0, offsetField = " ", offsetType = 

MIDDLE_SURFACE, 

 region = mySet_1, sectionName = "I-Section", thicknessAssignment = 

FROM_SECTION) 

 

mySet_2 = myPart_2.Set(cells = myPart_2.cells, name = "Slab") 

myPart_2.SectionAssignment(offset = 0.0, offsetField = " ", offsetType = 

MIDDLE_SURFACE,  

 region = mySet_2, sectionName = "Slab", thicknessAssignment = FROM_SECTION) 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

## Assembly ## 

 

myAssembly = myModel_1.rootAssembly 

 

myAssembly.DatumCsysByDefault (CARTESIAN) 

myAssembly.Instance(dependent = ON, part = myPart_1, name = "I-Section-1") 

myAssembly.Instance(dependent = ON, part = myPart_2, name = "Slab-1") 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

## Step ## 



 
 

myModel_1.HeatTransferStep (timePeriod = T, deltmx = 50, initialInc = 5, 

maxInc = T,  

 maxNumInc = 10000, minInc = 0.001, name = "Heat Transfer", previous = 

"Initial", response = TRANSIENT) 

   

# ----------------------------------------------------------------------------

------------------------------- 

 

## Temperature - Time curve ## 

 

 # Standard Fire # 

if Fire_Load == 'Standard_Fire':  

 myModel_1.TabularAmplitude (name = "Standard Fire", data=((0.0, 20.0), 

(6.0, 108.1), ( 

  12.0, 163.2), (18.0, 203.4), (24.0, 235.0), (30.0, 261.1), (36.0, 

283.4), ( 

  42.0, 302.7), (48.0, 319.9), (54.0, 335.3), (60.0, 349.2), (66.0, 

362.0), ( 

  72.0, 373.7), (78.0, 384.6), (84.0, 394.8), (90.0, 404.3), (96.0, 

413.3), ( 

  102.0, 421.7), (108.0, 429.7), (114.0, 437.3), (120.0, 444.5), 

(126.0,  

  451.4), (132.0, 458.0), (138.0, 464.3), (144.0, 470.3), (150.0, 

476.2), ( 

  156.0, 481.8), (162.0, 487.2), (168.0, 492.4), (174.0, 497.4), 

(180.0,  

  502.3), (186.0, 507.0), (192.0, 511.6), (198.0, 516.0), (204.0, 

520.3), ( 

  210.0, 524.5), (216.0, 528.6), (222.0, 532.6), (228.0, 536.4), 

(234.0,  

  540.2), (240.0, 543.9), (246.0, 547.5), (252.0, 551.0), (258.0, 

554.4), ( 

  264.0, 557.8), (270.0, 561.0), (276.0, 564.2), (282.0, 567.4), 

(288.0,  

  570.4), (294.0, 573.5), (300.0, 576.4), (306.0, 579.3), (312.0, 

582.1), ( 

  318.0, 584.9), (324.0, 587.7), (330.0, 590.4), (336.0, 593.0), 

(342.0,  

  595.6), (348.0, 598.1), (354.0, 600.7), (360.0, 603.1), (366.0, 

605.5), ( 

  372.0, 607.9), (378.0, 610.3), (384.0, 612.6), (390.0, 614.9), 

(396.0,  

  617.1), (402.0, 619.3), (408.0, 621.5), (414.0, 623.7), (420.0, 

625.8), ( 

  426.0, 627.9), (432.0, 629.9), (438.0, 632.0), (444.0, 634.0), 

(450.0,  

  635.9), (456.0, 637.9), (462.0, 639.8), (468.0, 641.7), (474.0, 

643.6), ( 

  480.0, 645.5), (486.0, 647.3), (492.0, 649.1), (498.0, 650.9), 

(504.0,  

  652.7), (510.0, 654.4), (516.0, 656.1), (522.0, 657.8), (528.0, 

659.5), ( 

  534.0, 661.2), (540.0, 662.8), (546.0, 664.5), (552.0, 666.1), 

(558.0,  

  667.7), (564.0, 669.3), (570.0, 670.8), (576.0, 672.4), (582.0, 

673.9), ( 



 
 

  588.0, 675.4), (594.0, 676.9), (600.0, 678.4), (702, 701.7), (804, 

721.4), ( 

  900, 738.6), (1002, 754.5), (1104, 768.9), (1200, 781.4), (1260, 

788.6),( 

  1320, 795.6), (1380, 802.8), (1440, 808.5), (1500, 814.6), (1560, 

820.5), ( 

  1620, 826.1), (1680, 831.5), (1740, 836.7), (1800, 841.8), (1860, 

846.7), ( 

  1920, 851.4), (1980, 856), (2040, 860.5), (2100, 864.8), (2160, 

869), (2220, 873.1), ( 

  2280, 877.1), (2340, 881), (2400, 884.7), (2460, 888.4), (2520, 

892), (2580, 895.9), ( 

  2640, 899), (2700, 902.3)), timeSpan = TOTAL, smooth = 

SOLVER_DEFAULT)  

 

# ----------------------------------------------------------------------------

--------------------------------- 

 

## Surfaces ## 

 

  # Fire Side # 

mySurface_1 = myModel_1.rootAssembly.Surface(name='Fire_Side_Beam', 

side1Faces= 

 myModel_1.rootAssembly.instances['I-Section-1'].faces.findAt( 

 ((-(0.2*W), -tf, (0.5*L)), ), ((-(0.5*tw), -(0.5*H), (0.5*L)), ), ((-(0.2*W), 

-(H-tf), (0.5*L)),  

 ), ((-(0.5*W), -(H-(0.2*tf)), (0.5*L)), ), (((0.2*W), -H, (0.5*L)), ), 

(((0.5*W), -(H-(0.5*tf)), (0.5*L)),  

 ), (((0.2*W), -(H-tf), (0.5*L)), ), (((0.5*tw), -(0.5*H), (0.5*L)), ), 

(((0.2*W), -tf, (0.5*L)),  

 ), (((0.5*W), -(0.5*tf), (0.5*L)), ), ((-(0.5*W), -(0.5*tf), (0.5*L)), ), ), 

) 

 

mySurface_2 = myModel_1.rootAssembly.Surface (name = 'Fire_Side_Slab', 

side1Faces = 

 myModel_1.rootAssembly.instances['Slab-1'].faces.findAt (((-(0.4*Ws), 0, 

(0.5*L)), ), (((0.4*Ws), 0, (0.5*L)), )), ) 

  

  # Ambient side # 

mySurface_3 = myModel_1.rootAssembly.Surface (name = "Ambient side",  

 side1Faces = myModel_1.rootAssembly.instances['Slab-1'].faces.findAt (((0, 

Hs, (0.5*L)), ), )) 

  

  # Contact surface # 

mySurface_4 = myAssembly.Surface(name = 'Contact Area I-Section', side1Faces= 

    myAssembly.instances['I-Section-1'].faces.findAt(((0, 0.0, (0.5*L)), )))  

  

mySurface_5 = myAssembly.Surface(name = 'Contact Area Slab',  

 side1Faces = myAssembly.instances['Slab-1'].faces.findAt(((0, 0.0, (0.5*L)), 

))) 

  

# ----------------------------------------------------------------------------

--------------------------------- 

 

## Fire Loads ## 

 

# Convection Fire Side # 



 
 

if Fire_Load == 'Standard_Fire': 

 myModel_1.FilmCondition(createStepName = 'Heat Transfer', definition = 

EMBEDDED_COEFF,  

  filmCoeff = Conv_hot, name = 'Convection_Fire_Side_Beam', 

sinkDistributionType = UNIFORM,  

  sinkTemperature = 1, sinkAmplitude = "Standard Fire", surface = 

mySurface_1) 

  

if Fire_Load == 'Standard_Fire': 

 myModel_1.FilmCondition(createStepName = 'Heat Transfer', definition = 

EMBEDDED_COEFF, 

  filmCoeff = Conv_hot, name = 'Convection_Fire_Side_Slab', 

sinkDistributionType = UNIFORM, 

  sinkTemperature = 1, sinkAmplitude = 'Standard Fire', surface = 

mySurface_2) 

  

# Convection Ambient Side # 

if Fire_Load == 'Standard_Fire':  

 myModel_1.FilmCondition (createStepName = 'Heat Transfer', definition = 

EMBEDDED_COEFF, 

  filmCoeff = Conv_ambient, name = 'Convection_Ambient_Side', 

sinkDistributionType = UNIFORM, 

  sinkTemperature = 20, surface = mySurface_3) 

  

# Radiation Fire Side # 

if Fire_Load == 'Standard_Fire':  

 myModel_1.RadiationToAmbient (ambientTemperature = 1, 

ambientTemperatureAmp = 'Standard Fire',  

  createStepName = 'Heat Transfer', emissivity = Emissivity, name = 

'Radiation_Fire_Side_Beam',  

  distributionType = UNIFORM, surface = mySurface_1) 

   

if Fire_Load == '100 for hour': 

 myModel_1.SurfaceHeatFlux(name = 'Radiation I-Section', createStepName = 

'Heat Transfer', region = mySurface_1, 

  magnitude = 100) 

   

if Fire_Load == '350 for 10 min': 

 myModel_1.SurfaceHeatFlux(name = 'Radiation I-Section', createStepName = 

'Heat Transfer', region = mySurface_1, 

  magniture = 350) 

 

if Fire_Load == 'Standard_Fire':   

 myModel_1.RadiationToAmbient (ambientTemperature = 1, 

ambientTemperatureAmp = 'Standard Fire', 

  createStepName = 'Heat Transfer', emissivity = Emissivity, name = 

'Radiation_Fire_Side_Slab', 

  distributionType = UNIFORM, surface = mySurface_2) 

   

if Fire_Load == '100 for hour': 

 myModel_1.SurfaceHeatFlux(name = 'Radiation Slab', createStepName = 

'Heat Transfer', region = mySurface_2, 

  magnitude = 100) 

   

if Fire_Load == '350 for 10 min': 

 myModel_1.SurfaceHeatFlux(name = 'Radiation Slab', createStepName = 

'Heat Transfer', region = mySurface_2, 



 
 

  magnitude = 350) 

   

# Radiation Ambient Side # 

myModel_1.RadiationToAmbient (ambientTemperature = 20, createStepName = 'Heat 

Transfer', 

 emissivity = Emissivity_Concrete, name = 'Radiation_Ambient_Side', 

distributionType = UNIFORM, 

 surface = mySurface_3) 

 

# Contact Resistance #  

myModel_1.ContactProperty ('Contact_Resistance') 

 

myModel_1.interactionProperties['Contact_Resistance'].ThermalConductance 

(clearanceDepTable =  

 ((200e-3, 0), (0, 1)), clearanceDependency = ON, definition = TABULAR) 

 

myModel_1.SurfaceToSurfaceContactStd (name = 'Contact_Resistance', master = 

mySurface_5, 

 slave = mySurface_4, createStepName = 'Heat Transfer', interactionProperty = 

'Contact_Resistance', 

 sliding=FINITE, surfaceSmoothing=NONE, thickness=ON) 

  

# Convecton Attributes # 

myModel_1.setValues(absoluteZero = -273.15, stefanBoltzmann = 5.67e-11) # 

W/m2K4 

 

# ----------------------------------------------------------------------------

--------------------------------- 

  

## BCs ## 

 

  # Predifined field - constant initial temperature of 20 C # 

myModel_1.Temperature (createStepName = "Initial", crossSectionDistribution = 

CONSTANT_THROUGH_THICKNESS,  

 distributionType = UNIFORM, magnitudes =(20, ), name = "Initial Temperature 

I-Section",  

 region = myAssembly.instances["I-Section-1"].sets["I-Section"]) 

  

myModel_1.Temperature (createStepName = "Initial", crossSectionDistribution = 

CONSTANT_THROUGH_THICKNESS,  

 distributionType = UNIFORM, magnitudes =(20, ), name = "Initial Temperature 

Slab",  

 region = myAssembly.instances["Slab-1"].sets["Slab"]) 

  

# ----------------------------------------------------------------------------

------------------------------- 

 

## Mesh ## 

  

 # Mesh I-Section # 

myPart_1.setMeshControls(algorithm = MEDIAL_AXIS, elemShape = HEX, 

minTransition = ON,  

 technique = SWEEP, regions = myPart_1.cells.findAt(((-tf, -(0.5*tf), 

(0.5*L)), )), ) 

  

myPart_1.setElementType (regions = mySet_1, elemTypes = (ElemType( elemCode = 

DC3D8,  



 
 

 elemLibrary = STANDARD), )) 

  

myPart_1.seedPart (deviationFactor = 1, minSizeFactor = 1, size = 10) 

 

myPart_1.generateMesh() 

  

 

 # Mesh Slab # 

myPart_2.setMeshControls(algorithm=MEDIAL_AXIS, elemShape=HEX, minTransition = 

ON,  

 technique = SWEEP, regions = myPart_2.cells.findAt(((tf, 0, 0.5*L), )), )  

  

myPart_2.setElementType (regions = mySet_2, elemTypes = (ElemType( elemCode = 

DC3D8,  

 elemLibrary = STANDARD), )) 

  

myPart_2.seedPart (deviationFactor = 1, minSizeFactor = 1, size = 10) 

 

myPart_2.generateMesh() 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

## Output Request ## 

myModel_1.fieldOutputRequests['F-Output-1'].setValues(variables = ('NT', 

'COORD'), frequency = 1, region = myAssembly.allInstances['I-Section-

1'].sets['I-Section']) 

 

myModel_1.FieldOutputRequest (name = 'Temperature_XYZ_Output', createStepName 

= 'Heat Transfer',  

 timeInterval = Step_time, variables = ('COORD', 'NT'), region = 

myAssembly.allInstances['I-Section-1'].sets['I-Section']) 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

## Job ## 

 

myJob_1 = mdb.Job(name = name_model, model = myModel_1, type = ANALYSIS,  

 scratch = Scratch) 

myJob_1.submit(consistencyChecking=OFF) 

myJob_1.waitForCompletion()  

 

odb = session.openOdb(name = name_model+'.odb') 

frames = odb.steps['Heat Transfer'].frames 

numFrames = int(len(frames))  

 

i=1 

while (i < numFrames): 

 coord_file = 'Coordinates-'+name_model+'-frame '+str(i)+'.txt' 

 NT_file = 'NTFile-'+name_model+'-frame '+str(i)+'.txt' 

 comb_file = 'C+T File'+name_model+'-frame '+str(i)+'.txt' 

 odb = session.openOdb(name = name_model+'.odb') 

 step = odb.steps['Heat Transfer'].frames[i] 

 coord = step.fieldOutputs['COORD'] 

 fieldValuesC = coord.values 

 temp = step.fieldOutputs['NT11'] 



 
 

 fieldValuesT=temp.values 

 outFileC = open(coord_file, 'w') 

 for v in fieldValuesC: 

  outFileC.write('%3.10f, %3.10f, %3.10f \n' % (v.data[0], 

v.data[1], v.data[2])) # writing coordinates to file # 

 outFileC.close() 

 outFileT = open(NT_file, 'w') 

 for v in fieldValuesT: 

  outFileT.write('%1.10f \n' % (v.data)) # writing concentrations to 

file # 

 outFileT.close() 

 odb.close() 

 with open(coord_file, 'r') as f: 

  with open(NT_file, 'r') as g: 

   with open(comb_file, 'w') as h: 

    reader = csv.reader(f) 

    reader1 = csv.reader(g) 

    writer = csv.writer(h) 

    for row in reader: 

     row1 = reader1.next() 

     writer.writerow(row+row1) # writing coordinates 

+ concentrations to single file # 

 i=i+1 

 

# ----------------------------------------------------------------------------

------------------------------- 

  

""" ## Local buckling ## """ 

 

name_model_2    = "Local_Buckling_Analysis_ALU_UC" 

 

myModel_2 = mdb.Model(name=name_model_2) 

 

## Loading materials ## 

myModel_2.Material('Aluminium', myModel_1.materials['Aluminium']) 

myModel_2.Material('Steel', myModel_1.materials['Steel']) 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

## Sketch + Part ## 

 

# Part 2-1 - I-Section # 

mySketch_21 = myModel_2.ConstrainedSketch(name="I-Section", sheetSize = 0.2) 

 

mySketch_21.Line(point1=(-(0.5*W), -(0.5*tf)), point2=((0.5*W), -(0.5*tf))) 

mySketch_21.Line(point1=(0, -(0.5*tf)), point2=(0, -(H-(0.5*tf)))) 

mySketch_21.Line(point1=(-(0.5*W), -(H-(0.5*tf))), point2=((0.5*W), -(H-

(0.5*tf)))) 

  

myPart_21 = myModel_2.Part(dimensionality = THREE_D, name = 'I-Section', type 

= DEFORMABLE_BODY) 

 

myPart_21.BaseShellExtrude(depth = L, sketch = mySketch_21) 

 

# Part 2-2 - Support Reinforcements # 

 



 
 

mySketch_22 = myModel_2.ConstrainedSketch(name="Support Reinforcement", 

sheetSize = 0.2) 

mySketch_22.rectangle(point1 = (0, 0), point2 = ((0.5*W), (H-tf))) 

 

myPart_22 = myModel_2.Part(dimensionality = THREE_D, name = 'Support 

Reinforcement', type = DEFORMABLE_BODY) 

 

myPart_22.BaseShell(sketch = mySketch_22) 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

## Section ## 

mySet_21 = myPart_21.Set(name = 'Flanges', faces = (myPart_21.faces.findAt(  

 ((-(0.2*W), -(0.5*tf), (0.5*L)), ), (((0.2*W), -(0.5*tf), (0.5*L)), ), 

((-(0.2*W), -(H-(0.5*tf)), (0.1*L)), ), (((0.2*W), -(H-(0.5*tf)), (0.1*L)), ), 

)), ) 

 

myModel_2.HomogeneousShellSection(material='Aluminium', name='Flanges', 

thickness= tf) 

myModel_2.parts['I-Section'].SectionAssignment(offset = 0.0, offsetType = 

MIDDLE_SURFACE, 

 region = myModel_2.parts['I-Section'].sets['Flanges'], sectionName = 

'Flanges', thicknessAssignment = FROM_SECTION) 

 

mySet_22 = myPart_21.Set(name = 'Web', faces = myPart_21.faces.findAt(((0, -

(0.5*H), (0.5*L)), )), ) 

myModel_2.HomogeneousShellSection(material='Aluminium', name='Web', 

thickness=tw) 

myModel_2.parts['I-Section'].SectionAssignment(offset = 0.0, offsetType = 

MIDDLE_SURFACE, 

 region = myModel_2.parts['I-Section'].sets['Web'], sectionName = 'Web', 

thicknessAssignment = FROM_SECTION) 

 

mySet_25 = myPart_22.Set(faces = myPart_22.faces, name = "Support 

Reinforcement") 

myModel_2.HomogeneousShellSection(material='Steel', name='Support 

Reinforcement', thickness=tw) 

myModel_2.parts['Support Reinforcement'].SectionAssignment(offset = 0.0, 

offsetField = " ", offsetType = MIDDLE_SURFACE, 

 region = myModel_2.parts['Support Reinforcement'].sets['Support 

Reinforcement'], sectionName = "Support Reinforcement", thicknessAssignment = 

FROM_SECTION) 

  

# ----------------------------------------------------------------------------

------------------------------- 

 

## Assembly ## 

 

myAssembly_2 = myModel_2.rootAssembly 

 

myAssembly_2.DatumCsysByDefault (CARTESIAN) 

myAssembly_2.Instance(dependent = ON, part = myPart_21, name = "I-Section-1")  

 

myAssembly_2.Instance(dependent = ON, part = myPart_22, name = 'Support 

Reinforcement-1') 



 
 

myAssembly_2.translate(instanceList = ('Support Reinforcement-1', ), vector = 

(0, -(H-(0.5*tf)), 0)) 

 

myAssembly_2.Instance(dependent = ON, part = myPart_22, name = 'Support 

Reinforcement-2') 

myAssembly_2.translate(instanceList = ('Support Reinforcement-2', ), vector = 

(-(0.5*W), -(H-(0.5*tf)), 0)) 

 

myAssembly_2.Instance(dependent = ON, part = myPart_22, name = 'Support 

Reinforcement-3') 

myAssembly_2.translate(instanceList = ('Support Reinforcement-3', ), vector = 

(0, -(H-(0.5*tf)), L)) 

 

myAssembly_2.Instance(dependent = ON, part = myPart_22, name = 'Support 

Reinforcement-4') 

myAssembly_2.translate(instanceList = ('Support Reinforcement-4', ), vector = 

(-(0.5*W), -(H-(0.5*tf)), L)) 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

## Step ## 

 

myModel_2.BuckleStep(minEigen = None, maxEigen = None, eigensolver = SUBSPACE, 

 numEigen = 15, maxIterations = 800, name = "Local buckling analysis", 

previous = "Initial") 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

## Surfaces ## 

 

mySurface_21 = myAssembly_2.Surface (name = "Front Surface",  

 side1Edges = (myAssembly_2.instances['I-Section-1'].edges.findAt( 

 ((-(0.2*W), -(0.5*tf), 0.0), ), (((0.2*W), -(0.5*tf), 0.0), ), ((0.0, -

(0.5*H), 0.0),), (((0.2*W), -(H-(0.5*tf)), 0.0), ), ((-(0.2*W), -(H-(0.5*tf)), 

0.0), ), )),) 

  

mySurface_22 = myAssembly_2.Surface (name = "Back Surface",  

 side1Edges = (myAssembly_2.instances['I-Section-1'].edges.findAt(  

 ((-(0.2*W), -(0.5*tf), L), ), (((0.2*W), -(0.5*tf), L), ), ((0.0, -

(0.5*H), L),), (((0.2*W), -(H-(0.5*tf)), L), ), ((-(0.2*W), -(H-(0.5*tf)), L), 

), )),) 

 

mySurface_23 = myAssembly_2.Surface (name = "Support Reinforcement-1",  

 side1Edges = (myAssembly_2.instances['Support Reinforcement-

1'].edges.findAt(  

 (((0.2*W), -(0.5*tf), 0), ), ((0, -(0.5*H), 0), ), (((0.2*W), -(H-

(0.5*tf)), 0),), )), ) 

 

mySurface_24 = myAssembly_2.Surface (name = "Support Reinforcement-2",  

 side1Edges = (myAssembly_2.instances['Support Reinforcement-

2'].edges.findAt(  

 ((-(0.2*W), -(0.5*tf), 0), ), ((0, -(0.5*H), 0), ), ((-(0.2*W), -(H-

(0.5*tf)), 0),), )), ) 

 

mySurface_25 = myAssembly_2.Surface (name = "Support Reinforcement-3",  



 
 

 side1Edges = (myAssembly_2.instances['Support Reinforcement-

3'].edges.findAt(  

 (((0.2*W), -(0.5*tf), L), ), ((0, -(0.5*H), L), ), (((0.2*W), -(H-

(0.5*tf)), L),), )), ) 

 

mySurface_26 = myAssembly_2.Surface (name = "Support Reinforcement-4",  

 side1Edges = (myAssembly_2.instances['Support Reinforcement-

4'].edges.findAt(  

 ((-(0.2*W), -(0.5*tf), L), ), ((0, -(0.5*H), L), ), ((-(0.2*W), -(H-

(0.5*tf)), L),), )), ) 

 

mySurface_211 = myAssembly_2.Surface (name = 'Pressure Load', 

 side1Faces=myAssembly_2.instances['I-Section-1'].faces.findAt((((0.2*W), 

-(0.5*tf), (0.2*L)), ), (((-0.2*W), -(0.5*tf), (0.2*L)), ), ), ) 

  

# ----------------------------------------------------------------------------

------------------------------- 

 

## Sets ## 

 

mySet_23 = myAssembly_2.Set(name = 'LTB Support 1',  

 edges = myAssembly_2.instances['I-Section-1'].edges.findAt(((-(0.5*W), -

(0.5*tf), (0.9*L)), ), ((-(0.5*W), -(0.5*tf), (0.1*L)), ), )) 

 

mySet_24 = myAssembly_2.Set(name = 'LTB Support 2',  

 edges = myAssembly_2.instances['I-Section-1'].edges.findAt(((-(0.5*W), -

(H-(0.5*tf)), (0.9*L)), ), ((-(0.5*W), -(H-(0.5*tf)), (0.1*L)), ), )) 

 

mySet_27 = myAssembly_2.Set(name = 'I-Section',  

 faces = (myAssembly_2.instances['I-Section-1'].faces.findAt(((-(0.2*W), 

-(0.5*tf), (0.5*L)), ), 

 (((0.2*W), -(0.5*tf), (0.4*L)), ), ((-(0.2*W), -(H-(0.5*tf)), (0.4*L)), 

), (((0.2*W), -(H-(0.5*tf)), (0.4*L)), ), ((0, -(0.5*H), (0.5*L)), ), )), ) 

 

mySet_28 = myAssembly_2.Set(name = 'Support-1',  

 edges = (myAssembly_2.instances['I-Section-1'].edges.findAt( 

 ((-(0.2*W), -(0.5*tf), 0.0), ), (((0.2*W), -(0.5*tf), 0.0), ), ((0.0, -

(0.5*H), 0.0),), (((0.2*W), -(H-(0.5*tf)), 0.0), ), ((-(0.2*W), -(H-(0.5*tf)), 

0.0), ), )),) 

 

 # (((0.2*W), -(H-(0.5*tf)), 0), ), ((-(0.2*W), -(H-(0.5*tf)), 0), ), ), 

)) 

  

mySet_29 = myAssembly_2.Set(name = 'Support-2',  

 edges = (myAssembly_2.instances['I-Section-1'].edges.findAt( 

 ((-(0.2*W), -(0.5*tf), L), ), (((0.2*W), -(0.5*tf), L), ), ((0.0, -

(0.5*H), L),), (((0.2*W), -(H-(0.5*tf)), L), ), ((-(0.2*W), -(H-(0.5*tf)), L), 

), )),) 

  

 # (((0.2*W), -(H-(0.5*tf)), L), ), ((-(0.2*W), -(H-(0.5*tf)), L), ), ), 

))  

  

# ----------------------------------------------------------------------------

--------------------------------- 

  

## Tie I-Section and reinforcements ## 

 



 
 

myModel_2.Tie(adjust = ON, master = mySurface_21, slave = mySurface_23, name = 

'Constraint-1', 

 positionToleranceMethod = COMPUTED, thickness = ON, tieRotations = ON) 

 

myModel_2.Tie(adjust = ON, master = mySurface_21, slave = mySurface_24, name = 

'Constraint-2', 

 positionToleranceMethod = COMPUTED, thickness = ON, tieRotations = ON) 

 

myModel_2.Tie(adjust = ON, master = mySurface_22, slave = mySurface_25, name = 

'Constraint-3', 

 positionToleranceMethod = COMPUTED, thickness = ON, tieRotations = ON) 

  

myModel_2.Tie(adjust = ON, master = mySurface_22, slave = mySurface_26, name = 

'Constraint-4', 

 positionToleranceMethod = COMPUTED, thickness = ON, tieRotations = ON) 

 

# ----------------------------------------------------------------------------

--------------------------------- 

  

## BCs ## 

 

 # Supports # 

myModel_2.DisplacementBC (createStepName = 'Local buckling analysis', name = 

'Support 1',  

 u1=0, u2=0, u3=0, ur1=0, ur2=0, ur3=0, region = mySet_28, buckleCase = 

PERTURBATION_AND_BUCKLING) 

 

myModel_2.DisplacementBC (createStepName = 'Local buckling analysis', name = 

'Support 2', 

 u1=0, u2=0, u3=0, ur1=0, ur2=0, ur3=0, region = mySet_29, buckleCase = 

PERTURBATION_AND_BUCKLING)  

 

 # Lateral Torsional Buckling Support # 

myModel_2.DisplacementBC (createStepName = 'Local buckling analysis', name = 

'LTB Support 2', 

 u1=0, u2=UNSET, u3=UNSET, ur1=UNSET, ur2=UNSET, ur3=UNSET, region = mySet_23, 

buckleCase = PERTURBATION_AND_BUCKLING) 

 

myModel_2.DisplacementBC (createStepName = 'Local buckling analysis', name = 

'LTB Support 1', 

 u1=0, u2=UNSET, u3=UNSET, ur1=UNSET, ur2=UNSET, ur3=UNSET, region = mySet_24, 

buckleCase = PERTURBATION_AND_BUCKLING) 

  

# ----------------------------------------------------------------------------

--------------------------------- 

  

## Loads ## 

 

myModel_2.Pressure(name = 'q-load', createStepName = 'Local buckling 

analysis', region = mySurface_211, 

 magnitude = -Load) 

 

# ----------------------------------------------------------------------------

--------------------------------- 

  

## Predifined Field ## 



 
 

comb_file_LB = 'C+T File'+name_model+'-frame 36.txt' #frame nr. needs to be 

entered manually 

 

with open(comb_file_LB) as f: 

 myList = [tuple(map(float, i.split(','))) for i in f] 

 

myModel_2.MappedField(description = "", fieldDataType = SCALAR, localCsys = 

None, name = "AnalyticalField",  

 partLevelData = False, pointDataFormat = XYZ, regionType = POINT, 

xyzPointData = myList) 

 

# ----------------------------------------------------------------------------

--------------------------------- 

  

## Initial temperature ## 

 

myModel_2.Temperature (createStepName = "Initial", crossSectionDistribution = 

CONSTANT_THROUGH_THICKNESS,  

 distributionType = UNIFORM, magnitudes =(20, ), name = "Initial Temperature",  

 region = mySet_27) 

  

# ----------------------------------------------------------------------------

------------------------------- 

 

## Mesh ## 

  

 # Mesh I-Section #  

 

myAssembly_2.setElementType (elemTypes = (ElemType( elemCode = S4R,  

 elemLibrary = STANDARD), ), regions = mySet_27) 

  

myModel_2.parts['I-Section'].seedPart (deviationFactor = 0.1, minSizeFactor = 

0.1, size = 5) 

 

myModel_2.parts['I-Section'].generateMesh() 

 

  # Mesh Reinforcements #  

 

myAssembly_2.setElementType (elemTypes = (ElemType( elemCode = S4R,  

 elemLibrary = STANDARD), ), regions = mySet_25) 

  

myModel_2.parts['Support Reinforcement'].seedPart (deviationFactor = 0.1, 

minSizeFactor = 0.1, size = 5) 

 

myModel_2.parts['Support Reinforcement'].generateMesh() 

 

# ----------------------------------------------------------------------------

--------------------------------- 

  

## Job ## 

 

myJob_2 = mdb.Job(name = "COMP_ALU_2SUP", model = myModel_2, type = ANALYSIS,  

 scratch = Scratch) 

myModel_2.keywordBlock.synchVersions(storeNodesAndElements=False) 

myModel_2.keywordBlock.replace(120,  

    '\n*Output, field, variable=PRESELECT\n*NODE FILE\nU') 

 



 
 

myJob_2.submit(consistencyChecking=OFF) 

myJob_2.waitForCompletion() 

 

#-----------------------------------------------------------------------------

-------------------------------- 

 

""" ## Fire Resistance Restart ## """ 

 

incr=0 

for incr in range (0, (numFrames-1)):  

 name_model_4    = "Fire_Resistance_incr"+str(incr) 

 myModel_4 = mdb.Model(name=name_model_4) 

 

 

 ## Loading Part / Materials / Section ## 

 myPart_40 = myModel_4.Part('I-Section', myModel_2.parts['I-Section']) 

 myPart_41 = myModel_4.Part('Support Reinforcement', 

myModel_2.parts['Support Reinforcement']) 

 

 myModel_4.Material('Aluminium', myModel_1.materials['Aluminium']) 

 myModel_4.Material('Steel', myModel_1.materials['Steel']) 

 

 myModel_4.Section('Support Reinforcement', myModel_2.sections['Support 

Reinforcement']) 

 myModel_4.Section('Flanges', myModel_2.sections['Flanges']) 

 myModel_4.Section('Web', myModel_2.sections['Web']) 

 

 myModel_4.Instance('I-Section-1', myModel_2.rootAssembly.instances['I-

Section-1']) 

 myModel_4.Instance('Support Reinforcement-1', 

myModel_2.rootAssembly.instances['Support Reinforcement-1']) 

 myModel_4.Instance('Support Reinforcement-2', 

myModel_2.rootAssembly.instances['Support Reinforcement-2']) 

 myModel_4.Instance('Support Reinforcement-3', 

myModel_2.rootAssembly.instances['Support Reinforcement-3']) 

 myModel_4.Instance('Support Reinforcement-4', 

myModel_2.rootAssembly.instances['Support Reinforcement-4']) 

  

 

# ----------------------------------------------------------------------------

--------------------------------- 

  

 # OldJob = '3D_Model_GA_old' 

 # OldStep = 'General_Analysis' 

 NewJob = '3D_Model_GA_new'+str(incr) 

 PrevJob = '3D_Model_GA_new'+str(incr-1) 

 NewStep = 'General_Analysis'+str(incr) 

 PrevStep = 'General_Analysis'+str(incr-1) 

  

# Loading Restart File # 

 if incr>=1: 

  myModel_4.setValues(restartJob = PrevJob, restartStep = PrevStep, 

   restartIncrement = STEP_END) 

 

# ----------------------------------------------------------------------------

------------------- 

 



 
 

 ## Assembly ## 

 

 myAssembly_4 = myModel_4.rootAssembly 

  

   # Local Coordinate System # 

 myLocCoor_1 = myAssembly_4.DatumCsysByThreePoints (coordSysType = 

CARTESIAN, name = 'Local_Coordinates_1',  

  origin = myAssembly_4.instances['I-Section-1'].vertices.findAt((0, -

(0.5*tf), 0), ),  

  point1 = myAssembly_4.instances['I-Section-

1'].vertices.findAt(((0.5*W), -(0.5*tf), 0), ), 

  point2 = myAssembly_4.instances['I-Section-1'].vertices.findAt((0, -(H-

(0.5*tf)), 0), ), ) 

 LC_1=myLocCoor_1.id  

 

 myModel_4.parts['I-

Section'].DatumCsysByThreePoints(coordSysType=CARTESIAN, name='Datum csys-1', 

origin= 

  myModel_4.parts['I-Section'].vertices.findAt((0.0,-(0.5*tf), 0.0), 

), point1=myModel_4.parts['I-Section'].vertices.findAt(((0.5*W),  

  -(0.5*tf), 0.0), ), point2=myModel_4.parts['I-

Section'].vertices.findAt(((0.5*W), -(H-(0.5*tf)), 0.0), )) 

  

 mySet_40a = myPart_40.Set(name = 'Flanges', faces = 

(myPart_40.faces.findAt(  

  ((-(0.2*W), -(0.5*tf), (0.5*L)), ), (((0.2*W), -(0.5*tf), 

(0.5*L)), ), ((-(0.2*W), -(H-(0.5*tf)), (0.1*L)), ), (((0.2*W), -(H-(0.5*tf)), 

(0.1*L)), ), )), ) 

 mySet_40b = myPart_40.Set(name = 'Web', faces = 

myPart_40.faces.findAt(((0, -(0.5*H), (0.5*L)), )), ) 

 

 myModel_4.parts['I-

Section'].MaterialOrientation(additionalRotationType=ROTATION_NONE, axis = 

AXIS_2, angle=0,  

  localCsys = myModel_4.parts['I-

Section'].datums[5],orientationType=SYSTEM, region=mySet_40a) 

 myModel_4.parts['I-

Section'].MaterialOrientation(additionalRotationType=ROTATION_NONE, axis = 

AXIS_2, angle=0,  

  localCsys = myModel_4.parts['I-

Section'].datums[5],orientationType=SYSTEM, region=mySet_40b) 

  

 myModel_4.materials['Aluminium'].Expansion(type = ORTHOTROPIC, 

temperatureDependency = ON, zero=20, table=((2e-7,0,0, 20), (1.4e-5,0,0, 50), 

(1.9e-5,0,0, 100), (2.1e-5,0,0, 150), (2.23e-5,0,0, 200), (2.32e-5,0,0, 250), 

(2.4e-5,0,0, 300), (2.47e-5,0,0, 350), (2.54e-5,0,0, 400), (2.6e-5,0,0, 450), 

(2.66e-5,0,0, 500), (2.72e-5,0,0, 550),)) 

 myModel_4.materials['Steel'].Expansion(type = ORTHOTROPIC, 

temperatureDependency=ON, zero=20, table=((0, 0, 0, 0), (9.98e-6, 0, 0, 100), 

(1.16e-5, 0, 0, 200), (1.24e-5, 0, 0, 300), (1.3e-5, 0, 0, 400), (1.35e-5, 0, 

0, 500), (1.4e-5, 0, 0, 600), (1.45e-5, 0, 0, 700), (1.38e-5, 0, 0, 800), 

(1.31e-5, 0, 0, 900), (1.38e-5, 0, 0, 1000), (0, 0, 1.44e-5, 1100), (0, 0, 

1.48e-5, 1200),)) 

# ----------------------------------------------------------------------------

------------------------------- 

 

## Reference Points ## 



 
 

 

 myReferencePoint_1 = myModel_4.rootAssembly.ReferencePoint(point = (0.0, 

-(H-(0.5*tf)), 0)) 

 

# ----------------------------------------------------------------------------

------------------------------- 

    

 ## Surfaces ## 

 

 # Distributed load # 

 mySurface_41 = myModel_4.rootAssembly.Surface(name = 'Load', side2Faces= 

  myModel_4.rootAssembly.instances['I-Section-1'].faces.findAt(((-

(0.2*W), -(0.5*tf), (0.5*L)), ), (((0.2*W), -(0.5*tf), (0.5*L)), ), ))  

 

 mySurface_42 = myAssembly_4.Surface (name = "Front Surface",  

  side1Edges = (myAssembly_4.instances['I-Section-1'].edges.findAt( 

  ((-(0.2*W), -(0.5*tf), 0.0), ), (((0.2*W), -(0.5*tf), 0.0), ), 

((0.0, -(0.5*H), 0.0),), (((0.2*W), -(H-(0.5*tf)), 0.0), ), ((-(0.2*W), -(H-

(0.5*tf)), 0.0), ), )),) 

   

 mySurface_43 = myAssembly_4.Surface (name = "Back Surface",  

  side1Edges = (myAssembly_4.instances['I-Section-1'].edges.findAt(  

  ((-(0.2*W), -(0.5*tf), L), ), (((0.2*W), -(0.5*tf), L), ), ((0.0, 

-(0.5*H), L),), (((0.2*W), -(H-(0.5*tf)), L), ), ((-(0.2*W), -(H-(0.5*tf)), 

L), ), )),) 

 

 mySurface_44 = myAssembly_4.Surface (name = "Support Reinforcement-1",  

  side1Edges = (myAssembly_4.instances['Support Reinforcement-

1'].edges.findAt(  

  (((0.2*W), -(0.5*tf), 0), ), ((0, -(0.5*H), 0), ), (((0.2*W), -(H-

(0.5*tf)), 0),), )), ) 

 

 mySurface_45 = myAssembly_4.Surface (name = "Support Reinforcement-2",  

  side1Edges = (myAssembly_4.instances['Support Reinforcement-

2'].edges.findAt(  

  ((-(0.2*W), -(0.5*tf), 0), ), ((0, -(0.5*H), 0), ), ((-(0.2*W), -

(H-(0.5*tf)), 0),), )), ) 

 

 mySurface_46 = myAssembly_4.Surface (name = "Support Reinforcement-3",  

  side1Edges = (myAssembly_4.instances['Support Reinforcement-

3'].edges.findAt(  

  (((0.2*W), -(0.5*tf), L), ), ((0, -(0.5*H), L), ), (((0.2*W), -(H-

(0.5*tf)), L),), )), ) 

 

 mySurface_47 = myAssembly_4.Surface (name = "Support Reinforcement-4",  

  side1Edges = (myAssembly_4.instances['Support Reinforcement-

4'].edges.findAt(  

  ((-(0.2*W), -(0.5*tf), L), ), ((0, -(0.5*H), L), ), ((-(0.2*W), -

(H-(0.5*tf)), L),), )), ) 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

 ## Sets ## 

 

 # LTB - Supports # 

 mySet_42 = myModel_4.rootAssembly.Set(name = 'LTB Support 1',  



 
 

  edges = myModel_4.rootAssembly.instances['I-Section-

1'].edges.findAt(((-(0.5*W), -(0.5*tf), (0.5*L)), )), ) 

 

 mySet_43 = myModel_4.rootAssembly.Set(name = 'LTB Support 2',  

  edges = myModel_4.rootAssembly.instances['I-Section-

1'].edges.findAt(((-(0.5*W), -(H-(0.5*tf)), (0.5*L)), )), ) 

 

 # Supports # 

 mySet_44 = myModel_4.rootAssembly.Set(name = 'Support 1', 

  edges = myModel_4.rootAssembly.instances['I-Section-

1'].edges.findAt(((-(0.2*W), -(0.5*tf), 0.0), ), (((0.2*W), -(0.5*tf), 0.0), 

), ((0.0, -(0.5*H), 0.0),), (((0.2*W), -(H-(0.5*tf)), 0.0), ), ((-(0.2*W), -

(H-(0.5*tf)), 0.0), ), )) 

 

   

 mySet_45 = myModel_4.rootAssembly.Set(name = 'Support 2',  

  edges = myModel_4.rootAssembly.instances['I-Section-

1'].edges.findAt(((-(0.2*W), -(0.5*tf), L), ), (((0.2*W), -(0.5*tf), L), ), 

((0.0, -(0.5*H), L),), (((0.2*W), -(H-(0.5*tf)), L), ), ((-(0.2*W), -(H-

(0.5*tf)), L), ), )) 

 

 # I-Section # 

 mySet_46 = myModel_4.rootAssembly.Set(name = 'I-Section', 

  faces = myModel_4.rootAssembly.instances['I-Section-

1'].faces.findAt(((-(0.2*W), -(0.5*tf), (0.5*L)), ), (((0.2*W), -(0.5*tf), 

(0.5*L)), ),  

  ((-(0.2*W), -(H-(0.5*tf)), (0.4*L)),), (((0.2*W), -(H-(0.5*tf)), 

(0.4*L)), ), ((-(0.2*W), -(H-(0.5*tf)), (0.6*L)),), (((0.2*W), -(H-(0.5*tf)), 

(0.6*L)), ), ((0, -(0.5*H), (0.5*L)), ), )) 

 

  # Reference Points #  

 RP_1=myReferencePoint_1.id 

 mySet_RP1 = myAssembly_4.Set(name = 'Reference Point 1', referencePoints 

= (myAssembly_4.referencePoints[RP_1], )) 

   

# ----------------------------------------------------------------------------

------------------------------- 

 

 ## Step ## 

  

 if incr==0: 

  myModel_4.StaticStep(name = 'General_Analysis0', nlgeom = ON, 

previous = 'Initial') 

  #myModel_4.StaticStep(name = NewStep, nlgeom=ON, 

previous='Start_Analysis') 

 if incr==1: 

  myModel_4.StaticStep(name = 'General_Analysis0', nlgeom = ON, 

previous = 'Initial') 

  myModel_4.StaticStep(name=NewStep, nlgeom = ON, previous = 

'General_Analysis0') 

 if incr>1: 

  myModel_4.StaticStep(name=PrevStep, nlgeom= ON, 

previous='Initial') 

  myModel_4.StaticStep(name=NewStep, nlgeom = ON, previous = 

PrevStep, maxNumInc = 1000, minInc = 0.0001) 

 

   



 
 

 # Creating Restart File # 

 if incr==0: 

  myModel_4.steps['General_Analysis0'].Restart(frequency = 1, 

numberIntervals = 0,  

   overlay=ON, timeMarks=OFF) 

 else: 

  myModel_4.steps[NewStep].Restart(frequency = 1, numberIntervals = 

0,  

   overlay=ON, timeMarks=OFF) 

# ----------------------------------------------------------------------------

--------------------------------- 

  

 ## Tie I-Section and reinforcements ## 

 

 myModel_4.Tie(adjust = ON, master = mySurface_42, slave = mySurface_44, 

name = 'Constraint-1', 

  positionToleranceMethod = COMPUTED, thickness = ON, tieRotations = 

ON) 

 

 myModel_4.Tie(adjust = ON, master = mySurface_42, slave = mySurface_45, 

name = 'Constraint-2', 

  positionToleranceMethod = COMPUTED, thickness = ON, tieRotations = 

ON) 

 

 myModel_4.Tie(adjust = ON, master = mySurface_43, slave = mySurface_46, 

name = 'Constraint-3', 

  positionToleranceMethod = COMPUTED, thickness = ON, tieRotations = 

ON) 

   

 myModel_4.Tie(adjust = ON, master = mySurface_43, slave = mySurface_47, 

name = 'Constraint-4', 

  positionToleranceMethod = COMPUTED, thickness = ON, tieRotations = 

ON)  

 

 myModel_4.Coupling(controlPoint = mySet_RP1, couplingType = KINEMATIC, 

influenceRadius = WHOLE_SURFACE, 

  name = 'CP-1', surface = mySurface_42, u1=ON, u2=ON, u3=ON, 

ur1=ON, ur2=ON, ur3=ON) 

  

# ----------------------------------------------------------------------------

--------------------------------- 

 

 ## BCs ## 

 

 myModel_4.DisplacementBC (createStepName = 'Initial', name = 'Support 

1',  

  u1=UNSET, u2=0, u3=UNSET, ur1=0, ur2=0, ur3=0, region = mySet_RP1) 

 

 myModel_4.DisplacementBC (createStepName = 'Initial', name = 'Support 

2',  

  u1=UNSET, u2=0, u3=0, ur1=0, ur2=0, ur3=0, region = mySet_45) 

 

 myModel_4.DisplacementBC (createStepName = 'Initial', name = 'LTB 

Support 1',  

  u1=0, u2=UNSET, u3=UNSET, ur1=UNSET, ur2=UNSET, ur3=UNSET, region 

= mySet_42) 

 



 
 

 myModel_4.DisplacementBC (createStepName = 'Initial', name = 'LTB 

Support 2',  

  u1=0, u2=UNSET, u3=UNSET, ur1=UNSET, ur2=UNSET, ur3=UNSET, region 

= mySet_43) 

  

# ----------------------------------------------------------------------------

------------------------------- 

 

 # Load # 

 if incr==0: 

  myModel_4.Pressure(name = 'q-load', createStepName = 

'General_Analysis0', region = mySurface_41, 

   magnitude = Load) 

 else: 

  myModel_4.Pressure(name = 'q-load', createStepName = NewStep, 

region = mySurface_41, 

   magnitude = Load) 

 

# ----------------------------------------------------------------------------

------------------------------- 

 

 ## Predifined Field ## 

  

 # Initial temperature # 

 if incr<1: 

  myModel_4.Temperature (createStepName = "Initial", 

crossSectionDistribution = CONSTANT_THROUGH_THICKNESS,  

   distributionType = UNIFORM, magnitudes =(20, ), name = 

"Initial Temperature I-Section",  

   region = mySet_46) 

 else: 

  myModel_4.InitialState(createStepName='Initial', 

endIncrement=STEP_END, endStep=LAST_STEP,  

   fileName=PrevJob, 

instances=(myModel_4.rootAssembly.instances['I-Section-1'], ),  

   name='Initial_Temperature', 

updateReferenceConfiguration=OFF) 

   

 # Temperature # 

 if incr>=1: 

  Temperature_GA = 'C+T File'+name_model+'-frame '+str(incr)+'.txt' 

  with open(Temperature_GA) as f: 

   myList = [tuple(map(float, i.split(','))) for i in f] 

 

  myModel_4.MappedField(description = "", fieldDataType = SCALAR, 

localCsys = None, name = "AnalyticalField",  

   partLevelData = False, pointDataFormat = XYZ, regionType = 

POINT, xyzPointData = myList) 

   

  myModel_4.Temperature(createStepName=NewStep, 

crossSectionDistribution=CONSTANT_THROUGH_THICKNESS,  

   distributionType=FIELD, field='AnalyticalField', 

magnitudes=(1.0, ), name='Temperature',  

   region= mySet_46) 

  

 if incr==0: 



 
 

  myModel_4.fieldOutputRequests['F-Output-1'].setValues(variables = 

('TEMP', 'S', 'U', 'LE', 'PE', 'E'), timeInterval = Step_time) 

 if incr==1: 

  myModel_4.fieldOutputRequests['F-Output-1'].setValues(variables = 

('TEMP', 'S', 'U', 'LE', 'PE', 'E'), timeInterval = Step_time) 

 if incr>1: 

  myModel_4.fieldOutputRequests['F-Output-1'].setValues(variables = 

('TEMP', 'S', 'U', 'LE', 'PE', 'E'), timeInterval = Step_time) 

 

  

 # ----------------------------------------------------------------------

--------------------------------------- 

   

 ## Job ## 

 if incr==0: 

  myModel_4.keywordBlock.synchVersions(storeNodesAndElements=False) 

  myModel_4.keywordBlock.replace(116,  

   '\n** ------------------------------------------------------

----------

\n**\n**STEP:General_Analysis0\n**\n*IMPERFECTION,FILE=COMP_ALU_2SUP,STEP=1\n1

,1')  

  myJob_4 = mdb.Job(name = NewJob, model = myModel_4, type = 

ANALYSIS, 

   scratch = Scratch) 

 else: 

  myJob_4 = mdb.Job(name = NewJob, model = myModel_4, type = 

RESTART, 

   scratch = Scratch) 

   

 myJob_4.submit(consistencyChecking=OFF) 

 myJob_4.waitForCompletion() 

  

  

 ef = myJob_4.status 

 conv = ef != ABORTED 

 if conv == True: 

  incr+=1 

 else: 

  break 
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  FYREWRAP® LT BLANKET  

 

 

 

Description 

FyreWrap® LT Blanket is a new lightweight, & flexible  

high temperature insulation blanket manufactured from Insulfrax low 

biopersistence fibres and is specifically designed for passive fire 

protection applications. 

 

With its enhanced fibre properties, FyreWrap LT Blanket offers 

significant weight savings when compared with both traditional AES 

wool blankets and more particularly mineral wool based products.  

 

The modified fibre characteristics also give FyreWrap LT Blankets 

improved handling characteristics. 

Thin, lightweight systems, combined with a flexible and easy to install  

form result in lower installation costs and significant weight savings. 

 

The fibres are totally inorganic and FyreWrap LT Blanket contains no binder, 

no smoke or fumes are generated when exposed heat. 

 

Fire Protection properties  

• Non Combustible to IMO FTP code Part 1  

• Classified A1 to EN 13501-1   

 

Typical applications  

FyreWrap LT Blanket is suitable for use in a wide variety of passive fire protection applications including:  

• Marine deck and bulkhead insulation in all types of craft  

• Hydrocarbon and jet fire protection of vessels and pipes  

• Bulkhead & deck insulation for offshore oil platforms & FPSO’s  

• Cable tray fire protection  

• Ductwork fire protection  

• Infill of fire doors and lightweight cladding panels  

 

Any new and/or special use of these products, whether or not in an application listed in our literature, must be 

submitted to our technical department for their prior written approval. 
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TYPICAL PRODUCT PARAMETERS 

Ambient Insulation Performance 

Blanket Thickness   R Value   U Value 

25 mm     0.78    1.28 

40 mm     1.25   0.80 

45 mm     1.41    0.71 

50 mm     1.56    0.64 

55 mm     1.72    0.58 

Based on thermal conductivity of FyreWrap LT Blanket 64 kg/m³ density measured to BS EN 12667 at 

10°C of 0.0320 W/mK.  

For blanket densities above 64 kg/m³ the same values may be used. 

 

Acoustic Insulation Performance 

   Sound Absorption Coefficient 

Frequency Hz    50 mm x 70 kg/m
3
  50 mm x 96 kg/m

3 

125     0.47    0.26     

250     1.0    0.94     

500     1.0    1.0     

1000      1.0     1.0     

2000   1.0   1.0        

4000     1.0    1.0     

5000     1.0     1.0     

Noise Reduction  

Coefficient   1.0    1.0     

Test method BS EN ISO 354:2003. Foil facing will reduce the sound absorption characteristics. 

 

Thermal Conductivity (W/mK) 

Mean Temp. (°C)  64kg/m³  96kg/m³  128kg/m³ 

200    0.06   0.06   0.05 

400    0.11   0.09   0.08 

600    0.17   0.14   0.12 

800    0.26   0.20   0.18 

1000    0.38   0.29   0.25 

Thermal Conductivity measured in accordance with ASTM C-201. 
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Blanket Facings 

FyreWrap LT Blanket can be supplied faced with aluminium foil.  

The following grades are available : 

FyreWrap LTF Blanket   with 30μm foil on one face 

FyreWrap LTF2 Blanket   with 30μm foil on two faces 

FyreWrap LTFR Blanket   with 30μm foil & glass fibre mesh reinforcement on one face 

FyreWrap LTFR2 Blanket   with 30μm foil & glass fibre mesh reinforcement on two 

faces 

 

 

Availability 

Standard Roll Sizes 

Thickness  Roll length  Standard Densities 

(mm)   (m)   kg/m
3 

25    7.32   64,96,128 

35    5.0    70 

38    5.0    96, 128 

40    5.0   70 

45    5.0   64  

50    3.66   70, 96,128 

55    3.66    64 

Non-standard combinations may be available upon request subject to minimum) 

 

 

Handling information 

A Material Safety Data Sheet has been issued describing the health, safety and environmental 

properties of this product, identifying the potential hazards and giving advice on handling precautions 

and emergency procedures. This must be consulted and fully understood 

before handling, storage or se. 
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Annex G – Material properties 
 

G.1 General 
The material properties of steel, aluminium and concrete at elevated temperatures will be discussed 

in this chapter. Due to the fact that one of the results of this research is a comparison between the analyses 
from the numerical models and the method described in the Eurocodes, the material properties as 
discussed in the Eurocode will be applied.  

The material properties which are discussed are: 
- density; 
- modulus of elasticity; 
- Poisson ratio; 
- thermal expansion coefficient; 
- thermal conductivity; 
- specific heat. 

 

G.2 Steel 
 

Density 
Section 3.2.2 of Eurocode 1993-1-2 describes that the unit mass of steel can be considered to be 

independent of the temperature of the steel. The value which may be taken for the unit mass of steel is: 

𝜌𝑠 = 7850 
𝑘𝑔

𝑚3⁄  

 

Modulus of elasticity and yield strength 
The development of the modulus of elasticity and the yield strength of steel over a temperature range 

of 0 to 1200 ˚C is shown in figure 3.2 and table 3.1 in Eurocode 1993-1-2, which are shown below. The 
change of the modulus of elasticity and yield strength is described as a combination of different linear 
functions for temperatures between 0 and 1200˚C. The values in figure 3.2 and table 3.1 of EC 1993-1-2 
are normalized based on the value of the modulus of elasticity or yield strength at 20 ˚C. The normalized 
value at a certain temperature can be obtained by reading of the graph or interpolation between values 
in the table.  

   

 

Figure G-1: Reduction of stress-strain relation and modulus of elasticity of carbon steel at elevated temperatures (fig. 3.2 
of EN 1993-1-2). 



 
 

 
 
 
 

Poisson ratio 
Eurocode 3 states that a constant Poisson’s ratio may be applied for steel. Influence of elevated 

temperatures on the Poisson’s ratio is not discussed in the Eurocode, and therefore it may be assumed 
that Poisson’s ratio does not change for elevated temperature. The Poisson ratio differs between 0,29 and 
0,31 between temperatures of 0°C and 700°C (Luecke et al. [2005]).  

 

Thermal expansion coefficient 
Expansion at elevated temperatures for steel is described in section 3.4.1.1 of Eurocode 1993-1-2. It 

states that the relative thermal elongation (induced elongation at certain temperature as a ratio of the 
total length at 20˚C) of steel depends on the temperature of the steel. The relative elongation is described 
for three temperature regions. The determination of the value of the relative elongation at a certain 
temperature can be done with equations 3.1a till 3.1c of figure 3.3 from Eurocode 1993-1-2, the equations 
are shown below.  

20℃ ≤ 𝜃𝑠 < 750℃    →     
𝛥𝑙

𝑙
= 1,2 ∗ 10−5 ∗ 𝜃𝑠 + 0,4 ∗ 10−8 ∗ 𝜃𝑠

2 − 2,416 ∗ 10−4 

750℃ ≤ 𝜃𝑠 ≤ 860℃    →     
𝛥𝑙

𝑙
= 1,1 ∗ 10−2 

860℃ < 𝜃𝑠 ≤ 1200℃    →     
𝛥𝑙

𝑙
= 2 ∗ 10−5 ∗ 𝜃𝑠 − 6,2 ∗ 10−3 

 

 

Figure G-2: Reduction factors for stress-strain relation and modulus of elasticity of carbon steel at elevated temperatures 
(table 3.1 of EN 1993-1-2). 



 
 

 
 
 

Thermal conductivity 
The thermal conductivity of steel decreases for an increasing temperature. At 20 ˚C the conductivity of 

steel is 54 W/mK. For a higher steel temperature this value decreases linearly to a minimum value of 27,3 
W/mK which is reached at a steel temperature of 800 ˚C. The equation that is used to determine the 
thermal conductivity at a certain temperature between 20 ˚C and 800 ˚C is shown below, also figure 3.5 
from EC 1993-1-2 can be used.  

Thermal conductivity for 20℃ ≤ 𝜃𝑠 < 800℃: 

𝜆𝑠 = 54 − 3,33 ∗ 10−2 ∗ 𝜃𝑠   [
𝑊

𝑚𝐾
]  

 

 

 

 
 
 

Specific heat 
The specific heat of steel is discussed in section 3.4.1.2 of EC 1993-1-2 and are shown in equation 33.  

20℃ ≤ θs < 600℃        →     cs

= 425 + 7,73 ∗ 10−1 ∗ θs − 1,69 ∗ 10−3 ∗ θs
2 + 2,22 ∗ 10−6 ∗ θs

3 

600℃ ≤ θs < 735℃      →     cs = 666 +
13002

738 ∗ θs

 

735℃ ≤ θs < 900℃      →     cs = 545 +
17820

θs − 731
 

900℃ ≤ θs < 1200℃    →     cs = 650 

 

 

Figure G-3: Relative thermal elongation of carbon steel as a function of the temperature (fig. 3.3 of EN 1993-1-2). 

Figure G-4: Thermal conductivity of carbon steel as function of the temperature  (fig. 3.5 of EN 1993-1-2). 



 
 

 

 
 

 

G.3 Aluminium 
 

Density  
Section 3.2.2 of Eurocode 1999-1-2 describes that the density of aluminium can be considered to be 

independent of the temperature. The value which may be taken for the unit mass of aluminium is: 

𝜌𝑎𝑙 = 2700 
𝑘𝑔

𝑚3⁄  

 

Modulus of elasticity 
The the modulus of elasticity of aluminium at elevated temperatures is shown in table 2 of EN 1999-1-

2. This table shows that the modulus of elasticity decreases from 70.000 N/mm2 at 20˚C to 0 N/mm2 at 
550˚C. 

 

 
 
 

Figure G-5: Specific heat of carbon steel as function of the temperature (fig. 3.4 of EN 1993-1-2). 

Figure G-6: Modulus of elasticity of aluminium alloys at elevated temperature for an two hour thermal exposure period 
(table 2 of EN 1999-1-2). 



 
 

Poisson ratio 
Eurocode 9 states that for aluminium a constant Poisson’s ratio may be used. Influence of elevated 

temperatures on the Poisson’s ratio is not discussed in the Eurocodes, and therefore it may be assumed 
that Poisson’s ratio does not change for elevated temperature. Maljaars [2008] shows that the Poison’s 
ratio of aluminium alloys may change when the temperature increases (from 0,33 to 0,40 for alloy 6060-
T66, and 0,33 to 0,43 for alloy 5083-H111). 

 

Thermal expansion 
The thermal elongation of aluminium increases with an increasing temperature (see figure below, 

figure 3 from NEN-EN 1999-1-2). The thermal elongation is equal for all alloys and tempers and can be 
determined with: 

0℃ ≤ 𝜃𝑎𝑙 < 500℃    →     
𝛥𝑙

𝑙
= 0,1 ∗ 10−7 ∗ 𝜃𝑎𝑙

2 + 22,5 ∗ 10−6 ∗ 𝜃𝑎𝑙 − 4,5 ∗ 10−4   

 

 
 
 

Thermal conductivity 
The thermal conductivity differs for different groups of aluminium alloys. In Eurocode 9, the thermal 

conductivity of only the 3XXX, 5XXX, 6XXX and 7XXX alloys is given.  
Thermal conductivity for 3XXX and 6XXX alloys at 0℃ ≤ 𝜃𝑎𝑙 < 500℃: 

𝜆𝑎𝑙 = 0,07 ∗ 𝜃𝑎𝑙 + 190  [
𝑊

𝑚℃
]  

 

Thermal conductivity for 5XXX and 7XXX alloys at 0℃ ≤ 𝜃𝑎𝑙 < 500℃: 

𝜆𝑎𝑙 = 0,1 ∗ 𝜃𝑎𝑙 + 140  [
𝑊

𝑚℃
]  

 

 

 

Figure G-7: Relative thermal elongation of aluminium alloys as a function of the temperature (fig. 3 of EN 1999-1-2). 



 
 

 
 
 

Specific heat 
The specific heat of aluminium is discussed in section 3.3.1.2 of NEN-EN 1999-1-2. This section shows 

that the specific heat of aluminium between 0 ˚C and 500 ˚C can be determined with: 

0℃ ≤ θal < 500℃        →     cal = 0,41 ∗ θ𝑎𝑙 + 903 [
𝐽

𝑘𝑔 ∗ ℃
] 

 

 

 
 
 

G.4 Concrete 
Concrete is only applied in the thermal analysis, therefore only the material properties which are 

relevant for the thermal analysis are discussed in this section.  
 

Density 
Section 3.2.2 of Eurocode 1992-1-2 describes that the unit mass of concrete is dependent on the 

temperature. The density of concrete can be determined with: 

Figure G-8: Thermal conductivity as a function of the temperature (fig. 5 of EN 1999-1-2). 

Figure G-9: Specific heat of aluminium alloys as a function of the temperature (fig. 4 of EN 1999-1-2). 



 
 

 
 

Thermal conductivity 
EN 1993-1-2, cl. 3.3.3, provides an upper and lower limit for the thermal conductivity of concrete: 
 
Upper limit: 

 
 
Lower limit: 

 
 

 
 
 

Specific heat 
EN 1992-1-2, cl. 3.3.2(1) states that the specific heat of concrete is: 

  
 
 
 
 
 
 

Figure G-10: Thermal conductivity of concrete (fig. 3.7 of EN 1992-1-2). 
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