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The aim of the paper was to optimize the settings of the material properties 
of a computer model describing heat transfer in a wooden beam exposed 
to thermal loading from a porcelain radiation panel. The methodology was 
based on performing medium-scale fire tests as a basis for a creation of 
finite element model with 6 different setups of material characteristics 
based on the outputs of tests. When adjusting the settings, the T-history 
method was used to determine a beginning and end of a phase change of 
the water content in the wood, a thermal conductivity was adjusted based 
on a density and a moisture content, and enthalpy was used instead of a 
specific heat. The results of the simulations were compared with the real 
medium-scale fire tests, which showed the importance of adjusting the 
input data. Based on the T-history method, the setting with a thermal 
conductivity value of 0.35 W·m-1·K-1 at a temperature of 114.8 °C was 
shown to be the best, with a coefficient of determination 98.7%.The results 
of the simulations showed that there could be a correlation between the 
moisture content of the wood and the maximum value of the thermal 
conductivity of the wood in the phase change of water. 
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INTRODUCTION 
 

Currently, computer modeling based on finite element analysis (FEA) is 

increasingly involved in the design of buildings and the material design of structures, which 

provides several advantages. FEA is used to perform models, simulations, and provide the 

user with an idea of how the material or structure will probably behave under a certain 

load. The basic condition for comparing results from experimental tests or practice with 

results from FEA is the quality of the input data. As stated by Wald et al. (2017), one of 

the disadvantages of FEA-based software is the difficult availability of input data, 

especially material and fire characteristics, which can burden the output data with a 

significant error. These are drawn from standards or other research literature.  

In the case of modeling the behavior of homogeneous materials subjected to 

thermal loading, FEA and entering material properties are simple. Samples made of 

isotropic material do not differ from each other. Thus, model preparation building, and 

simulation setup are simple. The results are of high accuracy and are relatively easy 

replicable. In the case of modeling the behavior of anisotropic materials such as wood, 
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material properties that differ not only in different directions but also in one direction, are 

a fundamental problem. Moisture content is also an important factor, which completely 

changes the properties of wood (Malaga-Tobola et al. 2019; Hu et al. 2023). Therefore, the 

results of modeling isotropic materials do not provide high accuracy. The key to achieving 

valuable outputs from the simulation is the collection of information from real fire tests 

using a larger number of samples. The prepared model is subsequently validated with the 

average values obtained from real fire tests. In this way, it is possible to achieve the most 

accurate results in the simulations of the behavior of anisotropic materials exposed to 

thermal loading.  

The aim of the paper was to optimize the settings of the material properties of the 

computer model describing heat transfer in a wooden beam loaded with heat source. The 

basis for achieving accurate outputs from simulations of heat conduction in wood and the 

process of the formation of a charred layer is correctly entered input data relating primarily 

to the material characteristics of wood. The key variables are thermal conductivity, heat 

capacity, and density (Bartlett et al. 2019). All previous properties of wood depend on 

temperature.   

The thermal conductivity of wood has been investigated by many authors. Naser 

(Naser 2019) and Maraveas et al. (2015) compared the measured values of the thermal 

conductivity of different wood species exposed to thermal load from several authors 

(Janssens and White 1994; Frangi 2001; EN 1995-1-2 2004; Maciulaitis et al. 2012; Wald 

et al. 2017; Kamenická et al. 2018; Bartlett et al. 2019; Kmiecik 2019; Malaga-Tobola et 

al. 2019; Naser 2019; Hu et al. 2023). They pointed out the high dispersion of the measured 

values caused by different measurement procedures and the diversity of the measured wood 

species. It is therefore impractical to use the values given in EN 1995-1-2 (2004), for 

numerical calculations, because there is little chance for accurate results.  

The thermal conductivity of wood depends on its density, moisture content, and 

fibre direction. According to Friquin (2011) and Peng et al. (2011) thermal conductivity is 

greater parallel to the fibres than perpendicular to them. Çavuş et al. (2019) investigated 

the thermal conductivity of 31 different wood species. Thermal conductivity varied from 

0.090 to 0.197 W·m-1·K-1 and the highest thermal conductivity was obtained for oak with 

density 0.841 g·cm-3 and the lowest for Canadian poplar with density 0.340 g·cm-3. They 

obtained a linear relation between wood density and thermal conductivity shown in Eq. 1: 

𝑦 = 4.2401 × 𝑥 − 0.0036        (1) 

where y is the density of the wood and x is the thermal conductivity. Jang and Kang (2022) 

investigated the effects of density on thermal conductivity in samples of 15 woods. 

Consistent with previous study, thermal conductivity was found to increase with density. 

According to research wood with lower density commonly had lower thermal conductivity, 

consequently resulting in a faster temperature rise at the surface, by reason of pyrolyzing 

and charring start earlier. Conversely, higher density of wood had higher through-thickness 

temperatures, and it pyrolyzed faster thanks to shallower thermal gradients (Bartlett et al. 

2019).  

Moisture content affects the process of heat transport in wood in several ways. 

Amel et al. (2016) in their study demonstrated the effect of moisture content on the thermal 

conductivity values of wood. The results showed that an increase in the moisture content 

of the samples leads to an increase in the value of the thermal conductivity of the wood. 

Krišťák et al. (2019) reached a similar conclusion and demonstrated different values of 

thermal conductivity of wood depending on moisture content. Vololonirina et al. (2014) 
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showed that changes in thermal conductivity depending on moisture content had a visible 

linear trend. Some authors investigated the effect of moisture content on the thermal 

conductivity of wood and wood materials and found a relatively linear relationship 

(Mvondo et al. 2020). For other authors, thermal conductivity increased with moisture 

content according to the equation of the second order with pronounced curvature depending 

on the material (Zvicevicius et al. 2019). 

Despite the considerable dispersion of the thermal conductivity of different woods 

and wood materials depending on the moisture content, it is evident that the thermal 

conductivity increases with an increase in the moisture content of the wood with a more or 

less visible linear trend (Špilák et al. 2022b) (Eq. 2), 

𝜆𝜔 = 0,0064 · (𝜔 − 𝜔0) + 𝜆𝜔0
      (2) 

where λω is the thermal conductivity of wood at moisture content ω (W·m-1·K-1), ω is the 

wood moisture content (%), ω0 is the initial wood moisture content (%) and λω0 is the initial 

wood thermal conductivity at moisture content ω0 (W·m-1·K-1). Equation 2 is valid only up 

to a temperature of 100.0 °C, when the phase change of the water contained in the wood 

occurs. After exceeding this temperature, wood moisture has no longer a significant effect 

on its thermal conductivity.  

During the process of heating wood during a fire, the phase of water changes. This 

results in a state where the received energy is not used for heating wood, but mainly for 

changing the phase of water (Reszka and Torero 2008; Cachim and Franssen 2009; Cachim 

and Franssen 2010; Friquin 2011; Maraveas et al. 2015; Pecenko et al. 2015; Richter and 

Rein 2020; Spilák and Majlingová 2022; Spilák et al. 2022a; Hu et al. 2023; Rinta-Paavola 

et al. 2023). This is reflected in the temperature curves during fire tests of wood by 

equilibrating the temperature in the region around 100 °C for a certain time until all the 

water has evaporated from the wood (Frangi 2001). Moisture acts as a pyrolysis retarder 

as it absorbs heat and cools the wood. The higher the moisture content of the wood, the 

lower the temperature reached in the wood for the same supplied energy (Shen et al. 2007; 

Cachim and Franssen 2009; Cachim and Franssen 2010; Friquin 2011; Maraveas et al. 

2015; Richter and Rein 2020; Spilák and Majlingová 2022; Spilák et al. 2022a; Hu et al. 

2023; Rinta-Paavola et al. 2023). Wood moisture content also affects the initial thermal 

conductivity of wood. Acuna-Alegri et al. (2018) state that with increased thermal 

conductivities, moisture content and temperature increased.  

The charred layer is a black porous solid consisting predominantly of elemental 

carbon (Pinto et al. 2016). It consists of several layers. The charred cracked black layer has 

poorer thermal conductivity and thus slows down heat transfer to other layers (White and 

Dietenberger 2010).  Some authors (Blass and Eurofortech 1995; Friquin 2011; Harper 

2003) state that the thermal conductivity of the charred layer is lower than the thermal 

conductivity of intact wood. Su et al. (2019) state the fact that increasing the depth of the 

charred layer leads to improving a thermal insulating property. 

Specific heat defines the amount of thermal energy to raise a unit mass of substance 

a single unit of temperature. Naser (2019) made a comparison of the measured values from 

different authors (Fredlund 1988; Fuller et al. 1992; Mehaffey et al. 1994; König 2000; 

Frangi 2001; EN 1995-1-2 2004) and pointed out the dispersion of the values, but it was 

not as significant as thermal conductivity. Almost all authors measured increased values of 

heat capacity in the range from 100.0 to 120.0 °C, which corresponded with the 

recommended values from EN 1995-1-2 (2004). The resulting jump is again caused by a 

change in the state of the water. Frangi (2001), as the only one of the mentioned authors, 
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states that the thermal capacity of wood is significantly higher than stated by EN 1995-1-2 

(2004), while the dramatic increase in values started at 95.0 °C (1.73 kJ·kg-1·K-1) with a 

maximum at 100.0 °C (49.93 kJ·kg-1·K-1) and returning to the original values at a 

temperature of 105.0 °C. The moisture content of the wood during the tests was 14%. 

Wood density affects the rate of charring and mass loss. Many authors found that 

charring rates decrease with increasing density (Cachim and Franssen 2009; Yang et al. 

2009a,b; Friquin 2011; Bartlett et al. 2015; Schmid et al. 2015;). Bartlett et al. (2019) state 

that wood with higher density will char more slowly due to the greater mass of material to 

pyrolyze. According to that, more energy is required for endothermic reactions. Friquin 

(2011), Yang et al. (2009b) and Hugi et al. (2007) presented that mass loss rates increase 

for samples with higher density and charring rate decreases.  

In materials in which a phase transformation occurs, it is important to know the 

temperature at which the phase transformation begins and ends. Zhang et al. (2020) showed 

that temperatures can be determined using the T-history method. The calculation was based 

on finding the minimum of the second derivative, the inflection points and the maximum 

of the first derivative. Subsequently, the intersections of the tangents from these points are 

determined, and the resulting two points represent the boundaries of the phase change.  

Wood can be understood as an organic composite material (wood-water) due to its 

moisture content. As already explained, the water contained in wood has a significant effect 

on the material properties of the wood-water system. When the temperature of water 

evaporation is reached, a phase change occurs in the system, which is presented by a change 

in properties. The effect of water evaporation is best visible when considering the specific 

heat values, presented by a steep increase in values in the range from 100.0 to 120.0 °C 

(Fredlund 1988; Fuller et al. 1992; Mehaffey et al. 1994; König 2000; Frangi 2001; EN 

1995-1-2 2004). The effect of water evaporation on thermal conductivity has not yet been 

further investigated (Bie et al. 2018). Authors investigating the values of thermal 

conductivity of wood at elevated temperatures made measurements outside the temperature 

range where phase transformation occurs (Janssens and White 1994; Frangi 2001; EN 

1995-1-2 2004; Maciulaitis et al. 2012; Wald et al. 2017; Kamenická et al. 2018; Bartlett 

et al. 2019; Kmiecik 2019; Malaga-Tobola et al. 2019; Naser 2019; Hu et al. 2023). 

There are two methods to measure the thermal conductivity during phase 

transitions, static and transient measurement methods such as laser flash method (LFA). 

LFA is commonly used to measure thermal diffusivity α and the thermal conductivity κ 

according to Eq. 3,  

𝜅 = 𝐶 × α × ρ         (3) 

where ρ is the density and C is the heat capacity. According to Chen et al. (2019), for 

materials with phase transition, there exists extra energy exchange to change a material’s 

internal energy. For this purpose, they corrected thermal transport equation by including 

the heat exchange term to the phase transition equation to reveal how phase transition 

affects the measured thermal conductivity (Eq. 4), 

𝜅
𝜕𝑇

𝜕𝑥𝑙
× ∆S − κ

𝜕𝑇

𝜕𝑥𝑟
× ∆S + Cρ

𝜕𝑇×∆S×∆x

𝜕𝑡
+ ∆Hd

𝜕𝑎×∆S×∆x

𝜕𝑡
= 0   (4) 

where the first term is an input heat flow, the second term is an output heat flow, the third 

term is an absorbed heat, and the last term is the heat absorbed by phase transition. ΔS is 

the cross-sectional area, κ is the thermal conductivity, ∆H is enthalpy change, C is the 

thermal capacity, and ρ is the density. Chen et al. (2019) also showed in different materials, 
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that due to the increase in temperature, a sharp change in thermal conductivity occurs 

during the phase change. Similar conclusions were reached by Mathur et al. (2021), who 

investigated the change in thermal conductivity during the phase change of polymers. They 

showed that because of the phase change, there is a significant increase in thermal 

conductivity, while the maximum was recorded in the middle of the temperature interval 

delimiting the phase change. 

 

 
EXPERIMENTAL 
 

The methodology of the work was divided into two main parts. The first part was 

the performance of a medium-scale fire test of a wooden beam made of spruce wood loaded 

with a radiant heat source. The aim of the test was to obtain information on temperature 

courses inside the beam during the fire loading and to obtain information on the initial 

density and moisture content of the wooden beam. The second part was the creation of a 

FEA and simulation of this wooden beam loaded with a radiant heat source using different 

settings of material properties. 

 

Medium-Scale Fire Test 
The temperature profiles over time were evaluated based on the medium-scale fire 

test. The medium-scale test was done with Norway spruce (lat. Picea abies) wooden 

beams, which were harvested in the Forest Enterprise territory belonging to the Technical 

University in Zvolen, in the central part of Slovakia during the autumn 2023. Test samples 

were made from the tree stem, i.e., the prisms with dimensions 100 x 100 x 1,000 mm. Test 

samples were not dried. The average density and moisture content was determined by 

gravimetric method from 6 samples with dimensions of 100 x 100 x 100 mm produced 

from the same tree stem wood as used in the medium scale fire tests. No surface treatment 

was applied to the test samples. Four test samples were subjected to the medium-scale test 

(Fig. 1). The test specimen was placed on a structure made of aerated concrete blocks so 

that the loading area of the test sample was at the same height as the center axis of the 

radiation panel.  

 

  
 

Fig. 1. Medium scale fire test 
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The medium-scale fire test lasted 30 min, during which the temperature courses 

were scanned at predetermined locations of the test sample. Temperature courses were 

scanned using NiCr-Ni thermocouples (Omega Engineering Inc., Norwalk, CT, USA) with 

a measuring range of -40.0 to +1200.0 °C. The locations of the thermocouples in the test 

sample are shown in Fig. 2. 

A total of 10 thermocouples in 2 groups were placed in predefined locations in the 

middle of the sample at a depth of 50 mm for each sample. Thermocouple T1 and T6 was 

10 mm depth from the exposed side, T2 and T7 20 mm, T3 and T8 40 mm, T4 and T9 60 

mm, and T5 and T10 80 mm. 

At the same time, one thermocouple scanned the radiation panel load concerning 

the location of the test sample from the radiation panel and the other thermocouple scanned 

the ambient temperature, which was 17.0 ± 3.0 °C during the medium-scale test. 

AHLBORN ALMEMO 2290-8710 V7 (Ahlborn Messund Regelungstechnik GmbH, 

Holzkirchen, Germ) was used to record temperatures. 

 

 
Fig. 2. Positions of thermocouples in samples 
 

The test specimens were loaded with a radiation panel placed 100 mm from the test 

specimen. The size of the radiation surface was 480 x 280 mm. The energy source of the 

ceramic radiation panel was propane-butane gas at a constant flow rate 15 m3∙h−1 with heat 

capacity 50 kW.  During the tests, occurrences of 1 to 2 cm high laminar flames were 

observed at the upper edge of the samples for a period of 2 to 10 minutes. But their 

significance for the back heat flux to the surface of sample was very small. 

A Fluke RSE600 infrared camera (Fluke Corporation, Everett, WA, U.S.) with 

temperature measurement range −10.0 to +1,200.0 °C was used to measure the surface 

temperature and a heat flux between radiation panel and sample during the tests. The 

infrared camera was placed on a construction above the sample at a height of 2 m. Thermal 

records from the infrared camera were used as an input data for the FEM. 

 

Finite Element Model 
A preparation of the FEM that would comprehensively describe the entire 

combustion process and the formation of a charred layer is complicated due to many 

boundary conditions. It is more advantageous to simplify the model to the process of heat 

transfer through the material and reaching the charring temperature using thermal analysis 

(Frangi et al. 2008; Molina et al. 2012; Zhang et al. 2012; Couto et al. 2016; Regueira and 

Guaita 2018; Spilák and Majlingová 2022; Spilák et al. 2022a). The authors used thermal 

analysis and ANSYS software to study the behaviour of different timber construction 
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element types exposed to thermal loading. Because it is a heat transfer over time and a 

static result is not sought, the use of transient analysis is appropriate (Spilák and 

Majlingová 2022; Spilák et al. 2022a). For this purpose, transient thermal analysis, and 

software ANSYS 2023/R2 (ANSYS, Inc., Canonsburg, PA, USA) were used.  

For governing the relationship between heat flux and temperature software ANSYS 

used the Fourier’s law (Eq. 5), where 𝑞 is the heat flux, ∇𝑇 is the temperature gradient and 

𝑘 is the thermal conductivity, which represents the ability of material to transfer heat by 

conduction. Under steady state conditions, thermal conductivity is defined as the heat flux 

transmitted through a material due to a unit temperature gradient. Because wood materials 

characteristics change with temperature, Fourier’s law in a one-dimensional space is 

modified, where the thermal conductivity k is a function of temperature T (Eq. 6). 

Equations 4-5 do not include time for solving heat transfer problems. For solving complex 

2D or 3D geometry, ANSYS software used Newton–Raphson method. 

𝑞 = −𝑘 · ∇𝑇           (5) 

𝑞 = −𝑘(𝑇) · ∇𝑇        (6) 

The main equation for transient heat conduction through a solid is including the 

thermal equilibrium (Eq. 7,8).  

𝑘 × (
𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2) + 𝑞 = 𝜌 × 𝑐
𝜕𝑇

𝜕𝑡
      (7) 

𝑘∇2 × 𝑇 + 𝑞 =  𝜌 × 𝑐
𝜕𝑇

𝜕𝑡
       (8)  

where ρ is density of a material, c is specific heat capacity, k is thermal conductivity, q is 

heat flux, and T is thermodynamic temperature. In the equation for transient heat 

conduction, the expression on the right side of the equation (ρ×c ∂T/∂t) represents the rate 

of energy storage in the body. 

 

Modelling the Behaviour of Structural Elements in Fire in ANSYS Software 
The FEM was created in the “SpaceClaim” environment (ANSYS, Inc., 

Canonsburg, PA, USA) and was simplified to a simple cube with dimension of 100 mm 

and holes for thermocouples without supporting structures and the environmental 

condition. This simplification is necessary to reduce computational time of the computer 

model. The absence of environment and structures did not affect the simulation results.   

Usually, the wooden beam is heated evenly mostly on one side of it and heat transfer 

perpendicular to the fibres is dominant. In such as case, the difference in results when using 

isotropic thermal conductivity or orthotropic thermal conductivity is negligible. Using 

isotropic thermal conductivity simplifies and speeds up the calculations. The “Patch 

Conforming Method” was applied to create a wooden beams and radiation panel mesh. The 

tetrahedral mesh with element size 2.5 mm was created for wooden beams, while the 

hexahedral mesh with element size 2.5 mm was created for the radiation panel (Fig. 3). In 

the holes areas “Inflation” function was used to create smoother mesh. The total number 

of 584,632 elements and 875,960 nodes were generated.  

The connection region in the model was created manually, representing the thermal 

connection between the radiation panel and the thermally loaded surface of the wooden 

beam. The initial temperature was set to 17.0 °C based on the results of the fire tests 

provided. The simulation duration was set to 1,800 s, i.e., 30 min. The duration of a sub-

step was set to 30 s and the maximum number of iterations was 1,000 based on the previous 
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study (Špilák et al. 2022b). During the calculation process, there was no problem with 

convergence criterion. As a boundary condition of the simulation in ANSYS (Fig. 4a), a 

uniform surface radiation panel with temperature of 855.0 °C was set. The radiation panel 

surface temperature values were recorded by the thermal imaging camera and 

thermocouple when providing the real fire tests. The surface temperature of the radiation 

panel was approximately constant during the entire fire test (±8.0 °C). 

 

 
Fig. 3. Finite element mesh 

 

Method of Solution and Processing of Results 

The temperatures form the simulations were recorded by Average Temperature” 

function in predefined positions in holes as used in the real fire tests provided (Fig. 4b). 

Temperature outputs were processed into the tabular form.  

 

  
a)       b) 

 

Fig. 4. Prepared model: a) Boundary condition, b) Measuring of the temperature in the test 
sample 

 

Validation prepared model using the results of medium-scale fire tests 

The validation of a FEM is a process of verification of the exactitude of the models 

and the material characterization associated with the existing experimental results 

(Hietaniemi 2007). The validation of the prepared FEM was provided based on the 
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temperature data, which were measured by the thermocouples. The starting point for FEM 

validation was a comparison of results from real fire tests and simulations. The key task 

was to achieve the highest possible accuracy of the simulation. 

 

Implementation of input parameters of material characteristics 

The material characteristics of wood in combination of density, thermal 

conductivity, thermal capacity, and enthalpy were inserted into the created FEA model. All 

properties were temperature dependent. The wood density was calculated according to EN 

1995-1-2 (2004). The initial density of wood was entered based on the results of density 

measurements using the gravimetric method. In the case of thermal conductivity of wood, 

several settings were used. The initial thermal conductivity curve was based on EN 1995-

1-2 (2004), which was gradually modified according to Çavuş et al. (2019), at the phase 

change temperature of water, using the settings according to Chen et al. (2019) and Mathur 

et al. (2021). The temperatures at which the phase transformation of water in wood occurs 

were determined from the temperature curves obtained from medium-sized tests using the 

T-history method according to Zhang et al. (2020). MATLAB R2023b software 

(MathWorks, Inc., Natick, MA, USA) was used for this purpose. Enthalpy was calculated 

using specific heat according to Naser (2019). 

 

 

RESULTS AND DISCUSSION 
 

The average moisture content of the wood was determined using the gravimetric 

method to be 9.54 % with a standard deviation of 0.23 %. The average density of wood at 

zero moisture content was 387.4 kg·m-3 with a standard deviation of 11.9 kg·m-3. At a 

moisture content of 9.54%, the average density of wood was 424.4 kg·m-3 with a standard 

deviation of 13.9 kg·m-3. The results from medium-scale tests of wooden beams were 

processed in the form of graphs; a separate graph was processed for each depth with a 

determined average value and standard deviation. At a depth of 1 cm, the average standard 

deviation was 53.4 °C, 2 cm 14.6 °C, 4 cm 2.6 °C, 6 cm 4.3 °C, and 8 cm 1.6 °C (Fig. 5). 

The temperature curves show that a phase change of the water contained in the 

wood occurred at a depth of 1 and 2 cm. These temperature curves were used to determine 

the beginning and end of the phase transformation according to the T-history method 

according to Zhang et al. (2020). The average values of “Average 1 cm” and “Average 2 

cm” were modified in MATLAB software using the application “Data Cleaner”. The 

“Smooth Data” function with parameters “Local quadratic regression” with 0.08 

smoothing factor was used to smooth the curve. The goal was to smooth the curves to 

determine the inflection points, the minimum of the second derivative and the maximum 

of the first derivative. Residual plots were generated for a better representation of changes 

in the resulting thermal curve (Fig. 6). Coefficient of determination R2 had a value of 

0.99996 in both cases.  

Subsequently, curves of the first and second derivatives were made for temperature 

profiles at a depth of 1 and 2 cm, from which the minimum of the second derivative (t1), 

the inflection point (t2) and the maximum of the first derivative (t3) were determined using 

MATLAB software. For the temperature profile at a depth of 1 cm, t1 was 92.5 °C, t2 112.6 

°C and t3 188.5 °C (Fig. 7c). For the temperature profile at a depth of 2 cm, t1 was 90.1 

°C, t2 117.0 °C and t3 186.7 °C (Fig. 7b). 
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a)      b) 

 
c)      d) 

 
e)      f) 

 

Fig. 5. Comparison of the time-temperature curves in the different depths: a) depth 1 cm, b) 
depth 2 cm, c) depth 4 cm, d) depth 6 cm, e) depth 8 cm, f) comparison of all average curves 
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a)      b) 

 

Fig. 6. Residuals plots of smooth data: a) Average 1 cm b) Average 2 cm 
 

 
a)      b) 

 

Fig. 7. Curves of the first and the second derivation: a) Average 1 cm b) Average 2 cm 
 

 
a)      b) 

 

Fig. 8. Determination of the starting and ending points of the phase change a) Average 1 cm b) 
Average 2 cm 
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at 100.4 and 138.8 °C (Fig. 8b). The average values were 100.4 and 139.3 °C. The 

determined values were used in adjusting the input values of the computer model. 

Subsequently, the material characteristics of thermal conductivity, density, and 

enthalpy were implemented in the model (Fig. 9) (Tab. 1).  

 

 
a)       b) 

 

Fig. 9. Input data (density, specific heat, enthalpy, and thermal conductivity) in the process of 
computer modelling: a) density and specific heat b) enthalpy and thermal conductivity 

 

A total of 6 different settings A–F were tried. The initial setup of A was based on 

EN 1995-1-2 (2004). In setups B–F, enthalpy was used, the values of which were calculated 

using thermal capacity according to Naser (2019). Adjustments were made for the thermal 

conductivity of the wood in setups B–F. First, the initial thermal conductivity of wood at a 

temperature of 20.0 °C and a moisture content of 9.54% was adjusted according to the Eqs. 

1 and 2 to a value of 0.153 W·m-1·K-1. Several authors (Janssens and White 1994; Frangi 

2001; EN 1995-1-2 2004; Maciulaitis et al. 2012; Wald et al. 2017; Kamenická et al. 2018; 

Bartlett et al. 2019; Kmiecik 2019; Malaga-Tobola et al. 2019; Naser 2019; Hu et al. 2023) 

report that with increasing temperature, the value of thermal conductivity increases linearly 

on average by approximately 0.015 W·m-1·K-1 at 100.0 °C. Therefore, the thermal 

conductivity at a temperature of 100.0 °C was set to 0.168 W·m-1·K-1. Different thermal 

conductivity setups (B-F) were tested in the phase change region. The thermal conductivity 

maximum was gradually changed (0.168, 0.25, 0.35, 0.45 and 0.55 W·m-1·K-1) in the 

inflection point, which was located on average at a temperature of 114.8 °C. 

Density loss values were defined according to EN 1995-1-2 (2004). The enthalpy 

plot was created using equations (Eqs. 9 through 11). 

𝐻𝑇1
= 𝐻𝑇0

+ 𝑐𝑑𝑤 × 𝜌𝑑𝑤 × (𝑇1 − 𝑇0) + 𝑐𝑤 × 𝜌𝑤 × (𝑇1 − 𝑇0);  0 < 𝑇1 < 100.4   (9)  

𝐻𝑇2
= 𝐻𝑇1

+ 𝑐𝑑𝑤 × 𝜌𝑑𝑤 × (𝑇2 − 𝑇1) + 𝐻𝑒𝑣𝑎𝑝 × 𝜌𝑤;  100.4 ≤ 𝑇2 ≤ 139.3  (10) 

𝐻𝑇3
= 𝐻𝑇2

+ 𝑐𝑑𝑤 × 𝜌𝑑𝑤 × (𝑇3 − 𝑇2); 139.3 < 𝑇3 < 1200    (11) 

where HT0 represents the starting point of the volume enthalpy curve and is equal to 0, cdw 

is thermal capacity of a dry wood according to Naser (2019), ρdw is density of the dry wood, 
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cw is thermal capacity of water (4.22 kJ·kg-1·K-1), and ρw is density of water in wood. 

Equation 5 represents the calculation of the enthalpy of dry wood and the water content of 

the wood at temperature T1. Equation 6 represents the calculation of enthalpy, when the 

state of water changes up to the temperature T2. In this equation, Hevap is enthalpy of 

evaporation (2257 kJ·kg-1). Equation 7 represents the calculation of the enthalpy of dry 

wood at temperature T3. 

  

Table 1. Input Data 
 

Temp. 
(°C) 

Density 
(kg·m-3) 

Specific Heat 
(kJ·kg-1·K-1) 

Thermal Conductivity 
(W·m-1·K-1) 

Enthalpy 
(MJ·m-3) 

 Setup  
A-F 

Setup 
A 

Setup 
B-F 

Setup 
A 

Setup 
B 

Setup 
C 

Setup 
D 

Setup 
E 

Setup 
F 

Setup  
B-F 

20 424.4 1.53  0.120 0.153 0.153 0.153 0.153 0.153 0 

25 424.4  2.034        

99 424.4* 1.77         

100 424.4* 13.60 1.579        

100.4 424.4**    0.168 0.168 0.168 0.168 0.168 57.9 

114.8     0.168 0.25 0.35 0.45 0.55  

120 387.4* 13.50         

121 387.4* 2.12         

139.3 387.4**    0.168 0.168 0.168 0.168 0.168 164.6 

200 387.4 2.00 1.918 0.15 0.150 0.150 0.150 0.150 0.150 205.4 

250 360.3 1.62        233.0 

300 294.4 0.71 1.654       257.4 

350 201.4 0.85  0.070 0.070 0.070 0.070 0.070 0.070 272.9 

400 147.2 1.00 1.417       283.3 

500   1.367 0.090 0.090 0.090 0.090 0.090 0.090 300.8 

600 108.5 1.40 1.330       315.2 

700   1.243       328.2 

800 100.7 1.65 1.675 0.350 0.350 0.350 0.350 0.350 0.350 345.1 

900   1.798       358.9 

1000          369.4 

1200 3.9 1.65 2.018 1.500 1.500 1.500 1.500 1.500 1.500  

* Only Setup A 
** Only Setup B-F 

 

After the end of the simulations with different settings of material properties, the 

resulting values obtained from the simulations were compared with medium-scale fire tests 

(Fig. 10). The accuracy of the simulations was determined using the “Coefficient of 

Determination” (R2) in MATLAB software. 
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a)      b) 

 
c)      d) 

 
e)      f) 

 

Fig. 10. Different setup of the computer model material characteristics: a) setup A according to 
EN 1995-1-2, b) setup B with enthalpy and upgrade of thermal conductivity in 20.0–100.0 °C c) 
setup C with upgrade of thermal conductivity with maximum value of 0.25 W·m-1·K-1 at 114.8 °C, 
d) setup D with upgrade of thermal conductivity with maximum value of 0.35 W·m-1·K-1 at 114.8 
°C, e) setup E with upgrade of thermal conductivity with maximum value of 0.45 W·m-1·K-1 at 
114.8 °C, f) setup F with upgrade of thermal conductivity with maximum value of 0.55 W·m-1·K-1 
at 114.8 °C 
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The results of the simulations gradually show the importance of adjusting the input 

data (Tab. 2). With the A setup, the simulation results do not reflect the phase change 

starting at 100 °C. R2 for setting A was 0.98257. In the case of setting B, increasing the 

initial thermal conductivity, and using enthalpy refined the simulation results to an R2 value 

of 0.98444. At a temperature of 100.0 °C, a slight break representing a phase change is 

visible. With the C setup, the simulation results were further refined and the break in the 

temperature curve increased at a temperature of 100.0 °C, and R2 was 0.98622. Setting D 

brought further refinement of the results with R2 0.98691 and highlighted the break in the 

temperature curve at the beginning of the phase change. Based on the setups E and F, there 

was an even more pronounced break at a temperature of 100.0 °C. R2 was smaller and had 

a value of 0.98664 and 0.98588, respectively. The R2 values shown represented the average 

R2 from all depths for each setup (A–F). It is interesting to compare the accuracy of the 

simulation for each depth (Fig. 11). 

 

Table 2. Coefficients of Determination for Different Setups 
 

 Setup A Setup B Setup C Setup D Setup E Setup F 

R2 0.98257 0.98444 0.98622 0.98691 0.98664 0.98588 

 

 
 

Fig. 11. Coefficient of determination and standard deviation depended on depth of thermocouples 

 

Setup A produced the least accuracy with a standard deviation of 0.0028. Setup B 

had a standard deviation of 0.0063, C 0.0052, D 0.0030, E 0.0014, and G 0.0032. It can be 

seen from the graph that setting D achieved the highest accuracy, the values had an average 

dispersion compared to the others, which was also confirmed by the standard deviation. 

Settings E and F already brought lower accuracy. It follows from the results that the most 

accurate simulation results were obtained by setting D with a thermal conductivity value 

of 0.35 W·m-1·K-1 at a temperature of 114.8 °C with an accuracy of 98.691%. 

The results show that adjusting the input settings of the material characteristics of 

wood can bring a significant advance in the accuracy of the results. The settings according 

to EN 1995-1-2 (2004) provide reliable results with relatively good accuracy, but their use 

in the case of different wood moistures content is limited because the input data on specific 

heat and thermal conductivity do not take wood moisture into account (Spilák and 
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Majlingová 2022). Badly set input data can lead to a high dispersion of the resulting values, 

which is also confirmed by Naser (2019). Regueira and Guaita (2018), Pierin et al. (2015), 

Molina et al. (2012), Couto et al. (2016), and Martínez et al. (2018) used in the 

calculation’s thermal response of wood the properties of wood according to EN 1995-1-2 

(2004).  

Molina et al. (2012), who performed a numerical analysis of structural wooden 

elements exposed to fire with a cross section of 6 × 16 cm in ANSYS software, stated that 

research should focus on thermal properties data of different wood species. Due to the lack 

of data, the generalized data for hardwood and softwood available from technical standards 

(EN 1995-1-2 2004) still have to be used, which leads to inaccuracies in the numerical 

results of the simulation. 

The most complex problem is the correct simulation of the temperature course in 

water phase change. Regueira and Guaito (2018) simulated this problem only partially. 

According to the results of Martínez et al. (2018), they did not simulate this range at all. 

Couto et al. (2016) used medium-scaled fire tests and FEA to examine the fire resistance 

of cellular wooden slabs and state that many differences between experimental and 

numerical results may be due to different levels of moisture content in the wood material. 

With the use of enthalpy, it is possible to imitate to a certain extent the phase transformation 

of water in wood at a temperature of 100 °C (Spilák and Majlingová 2022; Spilák et al. 

2022a,b), which was also confirmed by the results of simulations. However, with only the 

help of enthalpy, the accuracy of the simulations during the phase change can be judged as 

average.  

The T-history method (Zhang et al. 2020) proved to be a useful tool with which the 

accuracy of the simulations was highly refined. It made it possible to define the beginning 

and end of the phase transformation, which is strictly specified by EN 1995-1-2 (2004) but 

also by many other authors (Fredlund 1988; Fuller et al. 1992; Mehaffey et al. 1994; König 

2000; Frangi 2001). Further refinement of the results brought an increase in the thermal 

conductivity of wood according to the density and moisture content in the area before the 

water phase change (Çavus et al. 2019; Špilák et al. 2022b). In the area of phase change of 

water, setting D with a thermal conductivity value of 0.45 W·m-1·K-1 at a temperature of 

114.8 °C was shown to be the best with an accuracy of 98.691% with an almost perfect 

imitation of the temperature course during the phase change of water. The reason why the 

temperature course in the phase change area was imitated by changing the thermal 

conductivity is in the equations used by FEA. If a change in properties such as enthalpy, 

specific heat, or density of wood does not cause a change in the temperature course, the 

last property by which the effect of phase transformation can be imitated is the thermal 

conductivity, which is also confirmed by the results of authors investigating phase 

transformations of materials (Chen et al. 2019; Mathur et al. 2021). The results of the 

simulations also show that there could be a correlation between the moisture content of the 

wood and the maximum value of the thermal conductivity of the wood in the phase change 

of water.  

The correct implementation of input data, especially thermal conductivity, has a 

significantly important influence on the simulation of a formation of charred layer and 

layer of degraded wood parameters, and on determining the fire resistance of wooden 

structural elements. According to many authors (Gerhards 1982; Östman 1985; Glos and 

Henrici 1991; Janssens and White 1994; König 2000; EN 1995-1-2 2004; Jong and Clancy 

2004; König 2005; Van Zeeland et al. 2005; White and Dietenberger 2010; Naser 2019), 

the strength of wood in pressure and modulus of elasticity decreases dramatically with the 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Spilak et al. (2025). “Heat transfer to wooden beam,” BioResources 20(1), 1230-1250.  1246 

temperature rising in temperatures range 20.0 to 300 °C, from the maximum values to 

almost zero. 

In the simulations, the accuracy varies depending on the thermal conductivity 

setting. Martinez et al. (2018) and Zhang et al. (2012) stated that the accuracy of the 

simulation decreased with increasing distance of the thermocouple position from the 

radiation panel. They further stated that it is necessary to examine the influence of water 

evaporation, mass transfer, pyrolysis, thermal properties of contacts between individual 

layers of wood and cracks formed in the wood during the thermal load. 

Improving the accuracy of computer models in the field of water phase change is 

very important. Thanks to the refinement of the computer models and input data, it is 

possible to predict with better accuracy an ignition time, activation energy, and fire 

resistance of wood and wood-based constructions. Increasing the accuracy of computer 

models also improves the economics of the construction, thanks to more efficient design 

processes. To further improve computer models of heat transfer in wood, it is necessary to 

focus on the effect of moisture content on thermal conductivity of wood and its 

experimental determination.  

 

 

CONCLUSIONS 
 
1. Settings according to EN 1995-1-2 (2004) provide reliable results with relatively good 

accuracy, but their use in the case of different wood moisture content is limited.  

2. With the use of enthalpy, it is possible to imitate to a certain extent the phase 

transformation of water in wood at a temperature of 100.0 °C. However, with only the 

help of enthalpy, the accuracy of the simulations during the phase change is relatively 

average.  

3. The T-history method is a useful tool with the help of which the accuracy of the 

simulations is highly accurate.  

4. In the area of phase change of water, the setting with a thermal conductivity value of 

0.35 W·m-1·K-1 at a temperature of 114.8 °C was shown to be the best with an accuracy 

of 98.691% with an almost perfect imitation of the temperature course during the phase 

change of water.  

5. The results of the simulations show that there could be a correlation between the 

moisture content of the wood and the maximum value of the thermal conductivity of 

the wood in the phase change of water. 
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