
 

PEER-REVIEWED ARTICLE                             bioresources.cnr.ncsu.edu 

 

 

Zachar et al. (2025). “Oak wood fire performance,” BioResources 20(1), 860-876.  860 

 

The Effect of Heat Flux on the Fire and Chemical 
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Selected fire properties of oak wood (mass loss, burning rate, and charring 
rate) and its chemical composition (extraction substances, lignin, 
cellulose, hemicellulose) were assessed. Oak wood samples with 
dimensions of 50 × 40 × 50 mm (l × w × t) were thermally loaded by a heat 
flux of 15, 20, 25, and 30 kW·m-2, using a ceramic infrared heater with 
a power of 1000 W. At the given thermal loading, the mass loss ranged 
from 26% to 47%, whereas the burning rate ranged from 0.0365 to 
0.0584%·s-1. The maximum thickness of charred layer was 20 mm, and 
the charring rate reached values from 0.65 to 0.87 mm·min-1, in a time 
interval of 1800 s. With increasing thermal loading, the content of 
extraction substances increased by 30% and the content of lignin 
increased slightly as well. In contrast, the content of hemicelluloses 
decreased by 10.3%. This indicates that hemicelluloses are the least 
thermally resistant wood component. The obtained results can be used as 
basic data for future testing using medium-sized tests. Subsequently, they 
can be compared with the input parameters for calculating the fire 
resistance of wooden constructions elements, which will be the subject of 
further research.  
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INTRODUCTION 

 

Wood is used as a construction material because it is affordable and in the case of 

prefabricated houses it enables time saving in construction (Hrovatin 2005). It is important 

to ensure the strength and longevity of buildings, as well as to pay attention to their fire 

resistance (Zanatta et al. 2018). During fires in buildings made with structural elements of 

type D2 and D3, wood usually represents the main fuel. An important part of ensuring the 

fire safety of buildings is the knowledge of fire dynamics, which is an important starting 

point, for example, in the design of buildings, controlled evacuation, as well as in the 

process of determining the fire causes (Kačíková et al. 2017). 
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Wood is composed of polymers that are susceptible to thermal loading and is 

subject to destruction, while the thermal oxidation reactions take place in it, where the 

degradation reagent is e.g. flame or a radiant heat source acting on a sample (Reinprecht 

1997; Zanatta et al. 2018). The content of polymers, lignin, cellulose, and hemicelluloses 

in the structure of wooden fibres has an impact on the properties of wood structure during 

thermal degradation (Salmen et al. 2011). 

Lignin is the most thermally stable component of wood. It decomposes at 

temperatures above 250 to 500 °C. During degradation, charring takes place; therefore, it 

is subsequently difficult to ignite it (Osvald 2010; Poletto et al. 2015). Decomposition of 

cellulose takes place at temperatures of 276 to 350 °C. Hemicelluloses are the most 

thermally unstable, such that they decompose at temperatures of 180 °C (Lowden and Hull 

2013; Poletto et al. 2015). In the fast pyrolysis of individual wood components using 

a single particle reactor, the results show different rates of decomposition of wood 

components. Decomposition of hemicelluloses has been found to be faster compared to 

lignin and cellulose (Mensah et al. 2023). 

Charring occurs in the process of pyrolysis, which takes place at high temperatures 

and constant pressures in an oxygen-free environment for the thermal decomposition of 

wood as an organic material (Richter et al. 2019; Kravetz et al. 2020; Qin et al. 2021). 

During this process, Carbon monoxide and soot are produced (Hasburgh and Dietenberger 

2001; Liu et al. 2016). The charring temperature is approximately 300 °C, at which 

a charred layer of wood is formed (Booth 1987; White and Nordheim 1992; Chen et al. 

2016; Findorák et al. 2016). 

The charring rate is influenced by wood density and its moisture, external heat flux, 

and oxygen concentration in the ambient air, as well as by the type of wood and the burning 

direction (Njankouo et al. 2004; Mikkola 2007; Cachim and Franssen 2008; Salmen et al. 

2011). According to STN EN 1995-1-2 (Eurocode 5), it is important to know the value of 

the charring rate, which enters into the calculation of the fire resistance of wooden 

constructions. The charring rate is determined based on the charring depth and the time of 

exposure to thermal loading (Martinka et al. 2018). In addition, it is important to investigate 

the fire causes, which is in line with NFPA 921 (2021). In accordance with NFPA 921 

(2017), the charring rate of wood under laboratory conditions and exposure to a heat source 

from one side is determined from 0.17 to 4.23 mm·min−1. In line with EN 1995-1-2 2, the 

proposed charring rate of solid and glued laminated softwood and beech is constant, 

approximately 0.6 mm·min−1, and it decreases with increasing density (Friquin 2011). The 

value of the charring rate of grown/solid and glued laminated hardwood and beech with a 

bulk density greater than 450 kg·m-3 is 0.50 mm·min−1 (Špilák 2018). The experiments 

showed that the charring rate is not constant. At the beginning of burning, the charring rate 

is usually faster than the rate after the formation of the charred layer, because the charred 

layer acts as an increasing thermal insulation between the exposed surface and the 

pyrolyzed wood, which results in degression of the charring rate during the first phase of 

combustion. Once the first few millimetres of charring are formed, the rate is stable 

(Friquin 2011). 

In practice, the charred layer is used as a retardation treatment. It absorbs thermal 

radiation well; however, it is a poor conductor of heat because of its porous structure 

(Bartlett et al. 2019). When evaluating the spread of fire, the depth of charred layer is 

analysed according to a technical standard (Eurocode 5). To determine burning time and 

fire intensity, the charring depth is defined as the distance between the outer surface of the 

original element and the position of the line between the charred layer and the rest of the 
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cross-section (Zhou et al. 2020). According to other authors, the charred layer is the 

boundary between non-degraded wood and charred wood (Kim et al. 2020). Thermally 

degraded wood has a thinned cell wall (Salmen et al. 2011). In the case of wooden 

constructions, it is important to identify the residual cross-section, which is able to 

withstand the load during fire; therefore, it is necessary to know the thickness of charring 

(Kamenická et al. 2018). In line with Babrauskas (2005), the load-bearing capacity of 

wooden beams and columns decreases after flashover. The charred layer shows good heat-

insulating properties and at the same time prevents the air to enter the internal parts of the 

cross-section, which slows down the burning (Babrauskas 2005). 

Fire properties, i.e., mass loss, burning rate, thickness of charred layer, and charring 

rate, serve as basic input data as computer-supported modelling of indoor fires. The data 

on the burning rate and the charring rate are also used in calculations of the fire safety of 

buildings, especially in case of load-bearing constructions made of structural elements of 

type D3. 

In terms of fire safety, it is important to know the content of individual chemical 

components of wood, i.e., hemicellulose, cellulose, lignin, and extractive substances 

because their degradation causes the loss of mechanical properties of wood, which can lead 

to disruption of stability of wooden constructions.  

The aim of the paper was to assess selected fire characteristics of oak wood (mass 

loss, burning rate, and charring rate) and its chemical composition (content of extractive 

substances, lignin, cellulose and hemicelluloses) after thermal loading carried out using a 

measuring apparatus described in the Utility Model No. 9373 registered by the Industrial 

Property Office of the Slovak Republic. 

 

 

EXPERIMENTAL 
 

Materials 
Test samples were prepared from the log of sessile oak (Quercus petraea) harvested 

during winter in the location of Kremenný Jarok (Linaj) 320 m.a.s.l., stand number 607, 

managed by the University Forest Enterprise. The trunk was 110 years old. The air-dried 

samples were sawn in tangential direction to dimensions of 50 × 40 × 50 mm (l × w × t). 

Subsequently, the selected samples without anatomical defects were sorted into 4 groups 

with 10 samples in each group (for loading with a heat flux of 15, 20, 25 and 30 kW∙m-2). 

The samples were then dried in a drying oven and adjusted to a moisture content of 10 +/- 

0.15%. The density of test samples was 681 ± 0.03 kg·m-3. Elemental analysis of oak wood 

was carried out as follows: carbon (C, 507 g/kg) was determined according to ISO 10694, 

nitrogen (N, 1.65 g/kg) according to ISO 13878, and sulphur (S, 236 mg/kg) according to 

ISO 15178, using elemental analysis with thermal decomposition. Phosphor (P, 0.162 

g/kg), calcium (Ca, 0.452 g/kg), magnesium (Mg, 0.048 g/kg), and potassium (K, 0.373 

g/kg) was determined according to ISO 11885, using atomic emission spectrometry with 

inductively coupled plasma. 

Thermal loading was carried out using a measuring apparatus described in the 

Utility Model No. 9373 registered by the Industrial Property Office of the Slovak Republic. 

The apparatus (Fig. 1) consisted of a ceramic infrared heater (with power of 1 000 W, 

Ceramicx Ltd., Gortnagrough, Ireland), accurate digital scales (Radwag PS 3500.R2, 

RADWAG Balances and Scales, Radom, Poland), control device (METREL HSN0203, 

Metrel d.d. Horjul, Slovenia), temperature measuring devices (Data logger 
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ALMEMO® 710, Ahlborn Mess und Regelungstechnik GmbH, Holzkirchen, Germany), 

type “K” thermocouples with a thickness of 0.5 mm (Omega Engineering Inc., Norwalk, 

CT, USA), and an initiation burner (propane burner CLASIC CZ, Ltd., Řevnice, Czech 

Republic).  
 

 
Fig. 1. Scheme of laboratory apparatus 

 

Individual thermocouples were inserted into the test samples in a distance of 10 mm 

(T1), 20 mm (T2), 30 mm (T3), and 40 mm (T4) from the thermally loaded surface. 

 

Mass Loss  
The weight of each sample was recorded at 5 seconds intervals for 1800 seconds 

using laboratory scales. Based on the measured values, the mass loss δ (τ) (%) was 

subsequently determined using Eq. 1,  
 

𝛿(τ)=
Δm

m(τ0)
·100 = 

m(τ0)-m(τ)

m(τ0)
·100      (1) 

 

where δ (τ) is the mass loss over time (τ) (%), m (τ0) is the original mass of the sample 

(g), m (τ) is the mass of the sample over time (τ) (g), and ∆m is the mass difference (g). 

  

Burning Rate  
The burning rate was determined according to Eq. 2, 
 

𝜗 =
𝛿(𝜏)−𝛿(𝜏+Δ𝜏)

Δ𝜏
        (2) 

 

where ʋ is the burning rate (%·s-1), δ(τ) is the mass loss over time (τ) (%), δ(τ + Δ τ) is the 

mass loss over time (τ + Δτ) (%), and Δτ is the time interval in which mass values are 

recorded (s). 

 

Charring Rate 
The charring rate was calculated according to Eq. 3, 
 

 β = 
𝑑 𝑐ℎ𝑎𝑟

𝑡
         (3) 
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where β is the charring rate (mm·min-1), d char is the charring thickness (mm), and t is the 

time of thermal loading (min). 

 

Chemical Composition of Wood 
The rest of the samples (after removing the charred layer) after the thermal loading 

with a heat flux of 15, 20, 25, and 30 kW·m-2 and reference sample were disintegrated into 

sawdust, and fractions from 0.5 mm to 1.0 mm in size were used for the chemical analyses. 

The extractives content (EXT) was extracted for 8 h with six siphonings per hour, using a 

Soxhlet apparatus with a mixture of absolute ethanol (Merck, Germany) and toluene 

specified for analysis, according to the ASTM D1107-21 (2021). The holocellulose 

(HOLO) content was determined to the method by Wise et al. (1946), cellulose (CEL) 

according to Seifert (1956), and lignin (LIG) according to Sluiter et al. (2012). 

Hemicelluloses (HEMI) were calculated as the difference between the holocellulose and 

the cellulose content. Measurements were carried out on four replicates per sample. The 

results were presented as oven-dry wood percentages. 

 
 
RESULTS AND DISCUSSION 
 

Selected fire properties of oak wood samples, i.e., the mass loss and the charring 

thickness, were measured using the measuring apparatus (described above), and 

subsequently, the burning rate and the charring rate were calculated according to Eqs. 2 

and 3 (see Experimental Section). Chemical composition was determined according to 

ASTM D 1107-21. 

 

Mass Loss of Samples 
The mass loss of oak wood samples depending on the thermal loading with a heat 

flux of 15, 20, 25, and 30 kW·m-2 had an increasing tendency, and it increased with 

increasing thermal loading of samples (Fig. 2).  

 

 

Fig. 2. Mass loss of samples over time with varying heat fluxes  
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At a heat flux of 15 kW·m-2, the mass loss was 26%. At increased heat flux of 20 

kW·m-2, the mass loss was 32%. At a heat flux of 25 kW·m-2, the mass loss increased to 

41%. The sample loaded by a heat flux of 30 kW·m-2 reached the greatest mass loss, i.e., 

almost 47%. With increasing heat flux from 15 to 30 kW·m-2, there was an increase in mass 

loss in the range from 26 to 47%.  

The achieved results are also confirmed by previous measurements carried out by 

other authors who used samples of similar dimensions, and approximately the same source 

of thermal loading. Protić et al. (2020) determined the mass loss of oak wood loaded by a 

heat flux of 30 kW·m-2 using a mass loss calorimeter, which is a device used for reaction-

to-fire characterization of a solid sample in a similar way as in a cone calorimeter. The 

material testing procedure was set up in ISO 17554 and ISO 13927. Kmeťová et al. (2022) 

determined the mass loss of oak wood samples with dimensions of 10 × 40 × 50 mm to 86 

% of its original weight. The samples were loaded by a ceramic heater with a power of 

1000 W, in a distance of 40 mm from the thermally loaded surface, during a loading time 

of 600 seconds.  

 

Burning Rate 
The values of the burning rate of oak wood samples depending on thermal loading 

with a heat flux of 15, 20, 25, and 30 kW·m-2 had an upward tendency. With increasing 

thermal loading, the burning rate also increased (Fig. 3). Based on the variation in the 

burning rate curves of the oak wood samples, the samples reached the maximum burning 

rate in a shorter time, with increasing heat flux. 
 

 
 

Fig. 3. Burning rate of thermally loaded samples over time with varying heat fluxes 

 

At a heat flux of 15 kW·m-2, the maximum burning rate of 0.0358%·s-1 was reached 

in 180 seconds. At a heat flux of 20 kW·m-2, the maximum burning rate was 0.0475%·s-1, 

which was reached in 110 seconds. At a heat flux of 25 kW·m-2, the maximum burning rate 

was 0.0516%·s-1, which was reached in 90 seconds. The sample loaded by a heat flux of 30 

kW·m-2 reached the maximum burning rate of 0,0648%·s-1 in 80th seconds from the 
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beginning of thermal loading. The results confirmed that the time to reach the maximum 

burning rate varied significantly depending on the heat flux. With increasing heat flux, the 

maximum burning rate increased and time interval to reach the burning rate decreased.  

According to the results of Zachar et al. (2021), for Norway spruce samples dried 

to absolute humidity at constant weight, loaded with a heat flux of 15 kW·m-2 the maximum 

burning rate was 0.09%·s-1; at a higher heat flux of 30 kW·m-2, the maximum burning rate 

was 0.32 %·s-1. Kačíková and Makovická-Osvaldová (2009) determined the burning rate 

of individual parts of a tree – wood from the log, branches, and roots, using samples with 

dimensions of 10 × 12 × 150 mm prepared from Scots pine, white fir, European larch, and 

Norway spruce. The samples were thermally loaded by a ceramic infrared heater with a 

power of 1000 W for 180 seconds. The lowest average burning rate (0.033 %·s-1) was 

determined for spruce roots, and the maximum average burning rate (0.090 %·s-1) was 

determined for spruce log. The authors stated that the burning rate depends on the type of 

wood as well as the part of the three from which the wood is cut. According to their 

experiments, the lowest burning rate of pine, fir, spruce, and larch was measured for wood 

from branches, their values ranged from 0.033 to 0.039 %·s-1.  

 

Temperature Profile 
The temperature profile in the sample under thermal loading depends on the 

magnitude of heat flux. The higher heat flux is acting on the sample, the earlier it reaches 

the charring temperature (300 °C). At heat fluxes of 15, 20, and 25 kW·m-2 acting on the 

sample of oak wood, charring occurred only to a depth of 10 mm from the thermally loaded 

surface, on thermocouple T1. At a heat flux of 15 kW·m-2, a temperature of 300.4 °C was 

reached on thermocouple T1 in a time of 1030 s; at a heat flux of 20 kW·m-2, a temperature 

of 300.6 °C was reached in a time of 820 s; at a heat flux of 25 kW·m-2, a temperature of 

300.7 °C was reached in a time of 750 s; and at a heat flux of 30 kW·m-2, a temperature of 

300.2 °C was reached in a time of 620 s. The temperature progression in the samples under 

a thermal loading of 15, 20, 25 and 30 kW·m-2 are shown in Figs. 4, 5, 6 and 7. 

 

 
Fig. 4. Temperature profile in the sample under a thermal loading of 15 kW·m-2 
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Fig. 5. Temperature profile in the sample under a thermal loading of 20 kW·m-2 

 
 

 
Fig. 6. Temperature profile in the sample under a thermal loading of 25 kW·m-2 

 
At a heat flux of 25 kW·m-2, in a time of 1800 s, the charring temperature was not 

reached (a temperature of 295.50 °C was reached on thermocouple T2, which is 4.5 °C 

below the charring temperature). Under a thermal loading of 30 kW·m-2, a temperature of 

300.95 °C was reached on thermocouple T2 in a time of 1460 s, charring at the given heat 

flux reached a thickness of 20 mm from the thermally loaded surface. On thermocouples 

T3 and T4, the charring temperature of 300 °C was not reached during 1800 s, i.e., at heat 

fluxes of 15, 20, 25 and 30 kW·m-2, charring did not occur during 1800 s, at a depth of 

more than 20 mm from the thermally loaded surface. 
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Fig. 7. Temperature profile in the sample under a thermal loading of 30 kW·m-2 

 

The above-mentioned findings are comparable to the results of studies by other 

authors. The temperature profile in spruce wood samples was investigated by Zachar et al. 

2021, where a charred layer was formed at a depth up to 20 mm at heat fluxes of 15 and 20 

kW·m-2. According to the measurement of the temperature progression at a heat flux of 15, 

20, 25 and 30 kW·m-2, the charring temperature of 300 °C was not reached at a depth of 40 

mm during the entire time interval.  

The temperature profile and the charred layer in CLT panel sample was determined 

by Dúbravská et al. (2020). The authors found that at a distance of 200 mm from a radiation 

panel with dimensions of 480 x 280 mm, and at a heat flux of 43.1 kW·m-2, the maximum 

temperature of 101.10 °C was reached at a depth of 20 mm from the thermally loaded 

surface, in a time interval of 30 min.  

Terrei et al. 2020, determined the charring thickness of spruce wood samples with 

dimensions of 100 x 100 x 50 mm, thermally loaded using a conical calorimeter with a heat 

flux of 16.5 kW·m-2. The charring depth of 10 mm from the thermally loaded surface was 

recorded in 1680 s from the beginning of the measurement. In the time up to 1800 s, a 

temperature of 124 °C was reached at a depth of 20 mm from the surface, i.e., no charred 

layer was formed, which is comparable with our results. When the heat flux was increased 

to 35.0 kW·m-2, charring was reached at a depth of 10 mm at a time of 630 s, and at a depth 

of 20 mm at a time of 1630 s, which is comparable with our measurements at a heat flux 

of 30 kW·m-2. 

 

Charring Rate 
When wood is exposed to intense fire, it undergoes pyrolysis, where both a 

combustible gas and a char layer are formed. This char layer shields a portion of the 

uncharred wood from the fire intensity, thereby reducing the incident heat flux to the 

unburned portion on the underside of the char layer. As the char layer becomes thicker, this 

effect becomes increasingly significant. Therefore, if the strength of the fire’s intensity is 

constant, the burning rate will slow and the time required for combustion will increase 

(Babrauskas 2004). 

620, 300.23 1460, 300.95

0

100

200

300

400

500

600

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800

T
e

m
p

e
ra

tu
re

 (
°C

)

Time (s)

T 0 T1 T2 T3 T4



 

PEER-REVIEWED ARTICLE                             bioresources.cnr.ncsu.edu 

 

 

Zachar et al. (2025). “Oak wood fire performance,” BioResources 20(1), 860-876.  869 

The charring rate of oak wood sample was calculated according to Eq. 3, i.e., based 

on the time to reach a temperature of 300 °C and depth at which this temperature was 

reached. Based on measured data, average values of the charring rate were determined in 

the time interval from 0 to 1800 s (Tab. 1). 

 

Table 1. Charring Rate of Samples in Time Intervals at a Depth of 10 and 20 mm 

 

Reaching a temperature of 300 °C on thermocouple T1 was recorded at a heat flux 

of 15 to 30 kW·m-2. At a heat flux of 15 kW·m-2, the charring rate in the time interval from 

0 to 1030 s was 0.582 mm·min-1; at a heat flux of 20 kW·m-2, the charring rate in the time 

interval from 0 to 820 s was 0.732 mm·min-1. At a heat flux of 25 kW·m-2, the average 

charring rate in the time interval from 0 to 750 s was 0.801 mm·min-1. With a heat flux of  

30 kW·m-2, the average charring rate in the time interval from 0 to 620 s was 0.968 

mm·min-1. 

Reaching a temperature of 300 °C on thermocouple T2 was recorded only at a heat 

flux of 30 kW·m-2, calculated charring rate in the time interval from to 1460 s was 0.822 

mm·min-1. The relationship between the average charring rate of oak wood and the density 

of heat flux is shown on Fig. 8. It can be stated that the charring rate of oak wood increases 

with increasing heat flux, and it confirms the decreasing charring rate with increasing 

duration of the experiment. The reason for the decreasing charring rate is that the charred 

layer formed on the surface of the sample reduces the overheating and thermal 

decomposition of the thermally non-degraded wood under the charred layer. 

 

  
Fig. 8. Relationship between heat flux and charring rate  
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The charring rate is influenced not only by the heat flux, but also by the moisture 

content and oxygen concentration in the air (Xu et al. 2020). The greater the heat flux 

acting on the sample, the faster the charring rate, which means that in the experiment the 

trend was confirmed, as was expected. Zachar et al. (2021) also stated this claim in their 

experiment. When determining the charring rate of spruce wood in the time interval from 

0 to 1920 s, they report the average charring rate from 1.00 mm·min-1 (at a heat flux of 15 

kW·m-2) to 1.84 mm·min-1 (at a heat flux of 30 kW·m-2). Values of the charring rate for 

spruce wood were significantly higher compared to oak wood due to different wood 

density.  

Because oak wood samples had a higher density than spruce wood, the charring rate 

decreased with increasing density, which corresponds to the results of scientific works of 

other authors (Harada 1996; Martinka et al. 2014; Martinka et al. 2018; Hao et al. 2020). 

Hao et al. (2020) reported values of the charring rate for oak wood in the range of 0.26 ± 

0.06 mm·min-1 at a heat flux of 20 kW·m-2, 0.58 ± 0.08 mm·min-1 at a heat flux of 25 

kW·m-2, 0.74 ± 0.09 mm·min-1 at a heat flux of 30 kW·m-2, and 0.79 ± 0.09 mm·min-1 

observed at a heat flux of 35 kW·m-2, which is comparable to the findings reported here. 

Mathieu et al. (2023) reported in their study the charring rate of 0.35 mm·min-1 for oak 

wood, which is a lower rate than was determined in the present measurements.  

In the conditions of real fires, in post-flashover room fires, unprotected load-bearing 

wooden elements will be charred at similar rate as in laboratory tests, i.e., approximately 

0.5 to 0.8 mm·min-1. Therefore, it can be assumed that if the charring rate in a real fire does 

not exceed specified values, it can be useful in estimating the duration of burning time after 

the ignition in the room. Based on the depth of charring, e.g., 30 mm, it can be estimated 

that at the burning rate of 0.8 mm·min-1, the charring lasted at least 24 min. 

 
Chemical Composition of Natural and Thermally Loaded Oak Wood 

Increased temperature causes chemical changes in the main components of wood 

and extractive substances. Their range depends on the duration of the exposure and the 

temperature of the thermal exposure. In the temperature range of 180 to 250 °C, significant 

chemical changes take place in the wood. At temperatures higher than 250 °C, the charring 

process begins, which means that carbon dioxide and other pyrolytic products are formed 

(Bartlett et al. 2019). After the exposure to heat flux, a charred layer had been formed on 

the wood. Chemical analyzes were performed on the rest of oak wood samples (the charred 

layer was removed) after thermal stress and original wood samples (Fig. 9). The results 

obtained revealed that the higher value of the heat flux (over than 20, 25, and 30 kW∙m-2) 

resulted in increased extractives content in the rest of the oak wood. Comparable content 

of EXT was determined in samples loaded at a heat flux of 25 and 30 kW∙m-2, whereas 

these values were higher by 30% in relation to the original wood sample. Esteves et al. 

(2008) explain the increase of extractives as products of the thermal decomposition of 

lignin and polysaccharide macromolecules. Several authors recorded decreased content 

and others increased content of EXT depending on the conditions of thermal loading (e.g. 

time, temperature) (Hu et al. 2012; Sikora et al. 2018; Čabalová et al. 2022) and method 

of the EXT determination (Sharma et al. 2022). With a higher value of the heat flux, the 

content of HOLO decreased, mainly due to the lover stability of hemicelluloses compared 

to cellulose (Zhou et al. 2015; Wang et al. 2020). After exposure to a heat flux level of 30 

kW·m-2, the content of hemicellulose was lower by 10.3% compared to the original wood. 

A slight increase of lignin content also was observed with the higher value of the heat flux. 

It could have been caused by the formation of pseudo-lignin (Čabalová et al. 2022). During 
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the thermal degradation of wood, the degradation of the lignin macromolecule occurs, but 

also the condensation of the thermally activated lignin macromolecule with the products of 

the thermal degradation of polysaccharides and extractive substances (Rowel and Levan-

Green 2005).  

A more detailed characterization of the individual chemical components of wood is 

important to understand the fire safety of wood. The effect of the heat flux of 15, 20, 25 

and 30 kW∙m-2 resulted in only certain changes in the chemical composition of the rest of 

oak wood, primarily in the content of thermally labile hemicelluloses and in the extractives 

content. Lignin and cellulose are among the more stable components and ensure its strength 

in wood. From the point of view of changes in the chemical composition, it is likely that 

the rest of wood retained good strength properties even after the heat fluxes indicated.  

 
Fig. 9. Effect of heat flux on the chemical composition of oak wood; LIG – lignin, HOLO – 
holocellulose, HEMI – hemicelluloses, CEL – cellulose, EXT - extractives 

 
 
CONCLUSIONS 
 
1. The greater the heat flux acting on the sample, the greater the mass loss. At the lowest 

heat flux of 15 kW·m-2, the mass loss showed the lowest values i.e., 26 %, whereas at 

the highest heat flux of 30 kW·m-2, the mass loss was almost 47 %.  

2. The greater the heat flux acting on the sample, the greater the burning rate. At the lowest 

heat flux of 15 kW·m-2, the maximum burning rate was the lowest i.e., 0.0358 %·s-1, 

whereas at the greatest heat flux of 30 kW·m-2, the maximum burning rate was 0.0648 

%·s-1. 

3. The greater the heat flux acting on the sample, the greater the charring rate. At the 

lowest heat flux of 15 kW·m-2, the charring rate in the time interval from 0 s to 1030 

s was the lowest, i.e., 0.582 mm·min-1. However, at the greatest charring rate of 30 

kW·m-2, the charring rate in the time interval from 0s to 1460 s was the greatest, i.e., 

0.968 mm·min-1.  
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4. Depending on the charring rate, it is possible to estimate the fire resistance of wooden 

construction elements in connection with its effective cross-section in case of fire, 

which is detailed in the EUROCODE5 standard. 

5. At a lower heat loading, the oak wood did not reach the charring temperature deeper in 

the sample. The charring occured only to a depth of 10 mm (thermocouple T1) at a heat 

flux of 15, 20, and 25 kW·m-2. The charring to the depth of 20 mm (thermocouple T2) 

occurred only at a heat flux of 30 kW·m-2. 

6. The effect of the heat flux caused changes in the oak wood structure. A charred layer 

was formed, and the rest of the wood remained, on which the chemical analysis was 

performed. It was found that at heat flux of 30 kW∙m-2, the amount of extractive 

substances in the sample increased by 30% and thermally labile hemicelluloses 

decreased by 10.3% compared to the original samples. The content of thermally more 

stable both lignin and cellulose did not change. It is therefore possible to conclude that, 

from the point of view of the chemical composition, no significant changes occurred in 

the rest of the wood. 
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