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1. Introduction

Wood is widely used as a building material in construc-
tion and architecture due to its mechanical and operational 
properties. However, because of its high combustibility, it is 
a fire-hazardous material. Level of fire safety of objects in 
which wood building structures are used can be raised by 
means of fire protection treatment, namely, providing the 
wood with the ability to withstand flame and its surface 
propagation, preventing free access of oxygen which pro-
motes wood destruction and accelerates the burning process.

The fires that have occurred in recent years have shown 
growth of dangerous fire factors, in particular, high tempera-
ture since nomenclature of various synthetic materials and 
hydrocarbons participating in fires and capable of emitting 
high heat during their combustion has expanded recently.

It is known that wood is not capable of flame combustion 
per se and the products of its decomposition burn only under 
thermal action. Wood impregnation with fire-retardants 
reduces formation of combustible volatile products, inhibits 
gas-phase flame reactions, eliminates surface combustion 
of carbonaceous residue and reduces rate of weight loss [1, 2].  
Application of coatings makes it possible to slow down 
material heating due to formation of a protective layer and 

maintain the material functions in fire for a definite period 
of time [3, 4].

Therefore, establishment of flame depression parameters 
at elevated temperatures, study of the rate of wood burnout 
and influence of coating on the burning process is an un-
solved component of ensuring fire resistance and, according-
ly, determines the need for such studies.

2. Literature review and problem statement

Feature of fire protection of wooden building structures 
consists in creation of elements of heat-insulating screens on 
the structure surface that withstand direct fire action and 
allow structures to maintain their functions for a certain 
period of time [5, 6]. Behavior of the flame-retardant coating 
which is a separate and complex task and covers both coating 
bloating and subsequent heat transfer is described in [5]. 
However, the issues connected with establishment of foam 
formation temperature remain unresolved there. Also, effect 
of binders based on vegetative raw materials on properties 
of flexible insulating materials is considered in [6], however, 
the flammability related issue remains unresolved. Effect 
of thermal modification and flame retarding ability was 
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Проведеними дослідженнями впливу вогнезахисту дереви-
ни на займання встановлено параметри поширення полум’я 
та пригнічення горіння, що дає можливість впливати на цей 
процес. Доведено, що вони полягають у створенні на поверх-
ні матеріалу шару, який запобігає прогріванню до критич-
ної температури розкладу матеріалу. Експериментальними 
дослідженнями підтверджено, що необроблений зразок дере-
вини під термічною дією зайнявся, що призвело до його зго-
рання з швидкістю вигорання 18 г/(м2ˑс). З підвищенням 
інтенсивності горіння запалювальної газової суміші на 25 % 
швидкість втрати маси зразка збільшується в 1,4 рази, а 
при підвищенні інтенсивності горіння запалювальної газо-
вої суміші на 50 % – у 1,8 разів відповідно. У разі застосу-
вання просочення деревини за рахунок розкладання анти-
піренів під дією температури з виділенням негорючих газів, 
які гальмують процеси окиснення матеріалу та утворю-
ють шар коксу, швидкість втрати маси знижується до  
4,8 г/(м2ˑс). При обробленні деревини неорганічним покрит-
тям на поверхні деревини утворюється термостійка кера-
мічна плівка, яка знижує швидкість вигорання у 3,8 рази. Але 
з підвищенням інтенсивності горіння запалювальної газової 
суміші на 50 % зразок деревини загорівся, що відобразилося 
на підвищенні швидкості втрати маси. Застосування орга-
но-мінерального покриття під дією температурного впли-
ву приводить до утворення шару пінококсу та гальмування 
теплопередачі високотемпературного полум’я і зниження 
швидкості вигорання до 3 г/(м2ˑс). Завдяки цьому стало мож-
ливим визначення умов зміни параметрів горіння та гальму-
вання при вогнезахисті деревини шляхом утворення бар'єру 
для теплопровідності. Результати співставлення експери-
ментальних даних швидкості вигорання деревини з отрима-
ним аналітичним рівняннями показали відповідність між 
ними. Таким чином, є підстави стверджувати про можли-
вість спрямованого регулювання процесів вогнезахисту дере-
вини шляхом застосування вогнезахисних покриттів, здатних 
утворювати на поверхні матеріалу захисний шар, який галь-
мує швидкість вигорання деревини 
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discovered in [7] by means of burning characteristics such 
as weight loss, combustion rate and maximum combustion 
rate but no chemical changes caused by influence of these 
factors have been reported The materials presented in [8] are 
characterized by high fire resistance but the mechanism of 
coke formation and temperature transitions during thermal 
action were not shown.

Effectiveness of application of components of a coating 
based on organic substances is shown in [9], i. e. it is pos-
sible to significantly influence formation of a protective 
foamed coke layer due to the action of flame retardants 
based on polyphosphoric acids and foamers. However, it is 
necessary to study conditions of formation of a heat barrier 
and establish an effective action of coating with formation 
of a coke layer.

Paper [10] presents the most promising flame-retardant 
compositions of bloater coatings which are complex systems 
of organic and inorganic components but the issues of man-
ifestation of joint action of the coating components in the 
foaming process remain unresolved.

Significant increase in stability, density and strength of 
the protective layer is achieved due to directed formation of 
certain additives that form high-temperature compounds [11]. 
However, no relevant physical and chemical calculations 
were given to confirm this process.

Besides, many coatings have a series of drawbacks, such 
as application of individual components or loss of functional 
properties with an increase in environment temperature [12]. 
This means that it was not found how the process proceeds 
under thermal conditions in the range of decomposition of 
the flame-retardant coating.

In addition, studies were conducted on protective ma-
terials prepared from organic substances and a solution of 
colemanite ore [13]. It was shown that due to the established 
relationship, it becomes possible to adjust contents of compo-
nents to ensure the heat resistance property.

Synergistic effect of ammonium polyphosphate and alu-
minum oxide trihydrate playing role of the fire protection 
components for an epoxy composition reinforced with natu-
ral fibers as a flame-retardant material is considered in [14]. 
It was also shown that not always nonreinforced composi-
tions were unable to provide an effective fire resistance when 
temperature changes. That is why the combustion process 
with an intense weight loss occurred, so solution of this issue 
requires development of new approaches.

Therefore, establishment of rate of flame-retarded ma-
terial burnout and influence of their components on this 
process is an unsolved part of the problem of ensuring fire 
resistance of wood building structures. This has necessitated 
studies in this direction.

3. The aim and objectives of the study

The study objective is to establish patterns of wood spec-
imen burning and parameters of reducing combustion rate 
when fire protection is applied.

To achieve the objective, the following tasks were solved:
– to establish features of reducing rate of wood burn-

out under thermal action on the specimen with coating 
applied;

– to compare experimental dependences of the rate of 
wood burnout with obtained analytical equations and estab-
lish conformity of the protective material structures.

4. Materials and methods used in studying the rate of 
wood burnout

4. 1. Materials used in the experiment
To establish wood combustibility, specimens of straight-

grained pine wood with dimensions of 150×60×30 mm, 
density of 450÷470 kg/m3 treated with the following flame 
retardants (Fig. 1) were used:

– impregnating solutions based on a mixture of ammo-
nium sulphates and phosphates and a polymer (DSА-1 fire 
protection means);

– flame-retardant bloating organic-mineral coating 
(Skela-w);

– inorganic coating (Utility Model Patent of Ukraine 
No. 95440).

The wood specimen surface was coated layer-wise with 
flame-retardants at the following consumption: 600 g/m2 for 
impregnating composition, 440 g/m2 for inorganic coating 
and 297 g/m2 for bloating organo-mineral coating. After 
drying to a constant weight, treated and untreated wood 
specimens were tested.

4. 2. The procedure of determining indicators of wood 
burnout rate

A unit for determining material combustibility group 
was used [1] in the study. It was additionally equipped with 
a device for recording the specimen weight change during 
tests. The essence of the tests was to measure loss of the 
wood specimen weight at certain times points during ther-
mal action and determine burnout rate.

The study of thermal action on wood specimens was 
conducted at various temperature values since wooden 
structures are exposed to thermal action of various flame 
types in a case of fire. Therefore, intensity of combustion of 
igniting gas mixture was increased by 25 % and 50 %, that 
is, temperature of the combustion gases at the unit exit was 
200 °C, 250 °C and 300 °C, respectively.

Loss of wood specimen weight was measured and the 
obtained values were used in calculation of burnout rate 
using the equation:

,i

m
m

S
∆=
τ⋅

	 (1)

where Δm is the specimen weight loss in the test, kg; τ is the 
test time, s; S is the specimen surface area, m2.

In this case, the specimen surface area was 0.0306 m2, 
that is, the entire surface of the specimen was subjected to 
thermal action.

5. Analysis of functional dependences occurring during 
burning of wood specimens

In general, the wood burning rate is described by equa-
tion [2]:

0
0 ( ),m m e e−gτ −aτw

= + ⋅ −
a − g

 	 (2)

where τ is the time of burning of the wood specimen, s; α is 
the index of flame burning development, s-1; γ is the index 
of inhibition of combustion reactions due to the action of 
flame retardants, s-1; w0 is intensity of combustion at the 
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time point, kg/(m2·s2); m0 is the initial rate of burnout, 
kg/(m2∙s).

Functional dependences of the wood burnout rate in 
the presence of fire protection and without it are shown in 
Table 1.

Table 1

Functional dependences of wood burnout rate

Wood specimen
Functional dependence of wood 

burnout rate

Nontreated (a>>g оr g→0) 0
0 0 (1 )m m e−a⋅τ

g→
w= + −
a

,           (3)

Flame-retarded  
(a<<g or a→0)

0
0 0 ( 1)m m e−g⋅τ

a→
w= − −
g

,      (4)

Flame-retarded (a»g) 0 0m m e− g⋅τ
a→ g = + w ⋅τ ⋅ .  (5)

Practically, material weight loss during combustion 
of flame-retarded wood is possible in accordance with the 
above laws which makes it possible to establish dynamics 
of material burnout rate depending on properties of the 
flame-retardant coating. Comparison of theoretical depen-
dences and experimental data allows one to predict flame-re-
tarding qualities of materials depending on physical and 
chemical properties of the coating.

6. Results obtained in the study of wood burnout rate

6. 1. Specimen weight loss during wood burnout
Tests on objects, in particular model specimens of 

flame-retarded wood (Fig. 1), were performed to determine 
wood burnout rate.

 
 
 
 
 
 
 
 
 
 
 

а                                               b 

 
 
 
 
 
 
 
 
 
 

c                                          d  
Fig. 1. Model specimens of flame-retarded wood: untreated (a); 

treated by flame retardant impregnation (b); treated with 
a flame-retardant coating on an inorganic base (c); treated 

with a flame retardant organic-mineral coating (d)

Weight loss of specimens during wood burnout is shown 
in Table 2.

Table 2

Loss of wood specimen weight during testing

Time,  
s

Loss of wood specimen 
weight (g) at the burn-

er heating rate, % Time, 
s

Loss of wood specimen 
weight (g) at the burner 

heating rate, %

Untreated
Flame retarded with 

impregnating solution

150 125 100 150 125 100

50 21.42 11.21 3.63 50 9.18 1.12 0.086

100 64.26 38.86 15.99 100 31.824 6.82 0.83

150 114.75 76.22 35.90 150 59.67 15.522 2.37

200 146.88 107.12 55.72 200 97,92 38.952 7.15

250 175.95 112.36 58.45 250 129.285 51.43 9.44

300 183.6 117.98 57.76 300 157.896 67.643 10.35

Time,  
s

Loss of wood specimen 
weight (g) at the burn-

er heating rate, % Time, 
s

Loss of wood specimen 
weight (g) at the burner 

heating rate, %

Flame-retarded with a 
bloating coating

Flame-retarded with an 
inorganic coating

150 125 100 150 125 100

50 9.945 1.06 0.07 50 10.71 1.97 0.18

100 33.66 4.12 0.32 100 36.72 8.99 1.10

150 55.08 10.11 0.93 150 78.03 21.49 2.63

200 67.32 14.42 1.32 200 110.16 32.7 5.00

250 76.5 16.38 2.00 250 137.7 40.03 7.35

300 78.03 16.24 2.10 300 165.24 41.06 6.28

As can be seen from Table 2, the specimen weight loss 
occurred at the initial heating stage because of water evapo-
ration and then the stage of intense combustion of untreated 
wood has taken place. Multiple burnout increase with an 
increase in the burner flame intensity was observed. Water 
evaporation is characteristic of flame-retarded wood at the 
initial stage and then the process of coating bloating takes 
place with weight loss.

6. 2. The wood specimen burnout rate
Fig. 2 shows dynamics of change of untreated wood 

specimen burnout rate in the course of experimental study 
(dots). Theoretical dynamics of burning rate was calculated 
in accordance with this value.

The specimens treated with an impregnating solution 
based on a mixture of ammonium sulfates and phosphates 
and a polymer (DSA-1 flame-retardant means) as well as 
organic-mineral and inorganic coatings were subjected to 
thermal action during tests. The obtained experimental 
dependence of specimen weight loss and the accordingly cal-
culated theoretical dynamics of burnout rate for specimens 
of flame-retarded wood are shown in Fig. 2–5.

The results of processing experimental values obtained 
in burning wood specimens are shown in Table 2. Exper-
imental studies have confirmed that the untreated wood 
specimen was ignited under thermal action, flame spread 
over the specimen surface resulting in its combustion at a 
burnout rate of 18 g/(m2∙s). For the cases of raising intensity 
of combustion of the igniting gas mixture by 25 % and 50 %, 
the specimen weight loss rate increased 1.4 and 1.8 times, 
respectively.
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Fig. 2. Dynamics of burnout rate for untreated wood 
specimens depending on the flue gas temperature: 200 °С (1); 
250 °C (2); 300 °C (3) (the dots are experimental data and the 

solid line shows theoretical values)

In the case of wood impregnation, the rate of weight loss 
has reduced to 4.8 g/(m2∙s) due to decomposition of fire-re-
tardants under thermal action with release of non-combus-
tible gases inhibiting the processes of material oxidation 
and forming a coke layer. The obtained experimental data 
on temperature (200 °C) of flue gases at the unit exit are 
described by equation (3) and by equation (1) when combus-
tion intensity increases.

Fig. 3. Dynamics of burnout rate for wood specimens treated 
with an impregnating solution depending on the flue gas 

temperature: 200 °С (1); 250 °C (2); 300 °C (3) (the dots are 
experimental data and the solid line shows theoretical values)

Fig. 4. Dynamics of burnout rate for wood specimens treated 
with a flame-retarding bloater coating depending on the flue 

gas temperature: 200 °С (1); 250 °C (2); 300 °C (3)  
(the dots are experimental data and the solid line shows 

theoretical values)

Application of organic-mineral bloater coating under 
thermal action has resulted in formation of a foamed coke 
layer, suppression of heat transfer from the high-tempera-

ture flame to the material and reduction of the burning rate 
gown to 3 g/(m2∙s). Experimental values are described by  
equation (3). When wood was treated with an inorganic 
coating, a heat-resistant ceramic film was formed on the 
wood surface. It reduced the burnout rate 3.8 times. How-
ever, the wood specimen has been ignited with an increase 
in intensity of combustion of the igniting gas mixture by  
50 % which has brought about an increase in the rate of 
weight loss. Experimental curves of the wood weight loss are 
described by equations (3) and (4) for an increase in intensi-
ty of igniting gas combustion by 50 %.

Fig. 5. Dynamics of burnout rate when burning wood 
specimens coated with an inorganic coating depending on 

temperature of the flue gas at the unit exit: 200 °С (1);  
250 °C (2); 300 °C (3)

Table 3

Results of processing experimental data for the wood 
specimen burnout 

Pine wood 
specimens 

Temperature of 
flue gases, °С

ω0, N/m3 α·103, s–1 γ·103, s–1

Untreated 200 0.15 7.01 0

– " – 250 0.22 9.35 0

– " – 300 0.75 31.89 0

Treated with 
an impregnat-
ing solution 

200 0.09 0 18

– " – 250 0.07 2.2 0.287

– " – 300 0.10 3.0 0.121

Treated with 
an organic- 

mineral  
coating

200 0.09 0 27.8

– " – 250 0.11 0 18.1

– " – 300 0.26 0 7.8

Treated with 
a mineral 
coating

200 0.12 0 24.1

– " – 250 0.20 0 7.3

– " – 300 0.16 0.29 7.1

Criterion characteristics of parameters of combustion 
and its termination were established. It was found that in the 
case of flame-retarded wood, the criterion relations changed 
in an inverse order depending on the coating properties. For 
example, when impregnation was applied, the ratio varied 
by 2.6 times. Corresponding figures were 3.4 times for in-
organic coatings and 4.0 times for organic-mineral coatings. 
At the same time, a 3.9 time decrease in the burnout rate 
was found for wood specimens protected by impregnation,  
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3.3 times decrease for inorganic coatings and almost 6 times 
for organic coatings.

The results of comparison of experimental dependences 
of the wood burnout rates with analytical equations are 
given in Table 4.

The results of comparison of experimental dependenc-
es of the wood burnout rate with the derived analytical 
equations have shown on the whole a conformity between 
them. However, individual deviations of experimental and 
theoretical data, in particular, loss of wood weight at burner 
heat intensity of 150 % can be explained by the period of 
transition to other dependence which requires other study.

6. Discussion of results obtained in determining the wood 
burnout rate

As evidenced by the study results (Fig. 3, Table 1), the 
wood burnout under thermal action of high-temperature 
flame, proceeds through its decomposition and is charac-
terized by loss of specimen weight. Instead, the processes 
of ignition and flame propagation for treated specimens  
(Fig. 4–6, Table 1) considerably slowdown due to the action 
of flame retardants. Such protective mechanism is deter-
mined, first of all, by decomposition of flame retardants 
under influence of temperature with heat absorption and 
release of non-combustible gases and a change of direction of 
material expansion toward formation of a hard-combustible 
coke residue. When wood is treated with inorganic coating, 
a heat-resistant ceramic film is formed on the wood surface 
that reduces burnout rate. However, heat conductivity rises 
to critical temperatures with growth of thermal action and 
the wood specimen decomposes which is confirmed by an in-

crease in the rate of burnout. Application of an organic-min-
eral bloating coating under thermal action leads to forma-
tion of a layer of foamed coke, inhibition of heat transfer 
from high-temperature flame to the material and reduction 
of burnout rate. Besides, processes of coating decomposition 

occur with a release of gases and formation of 
a heat-protecting layer of foamed coke on the 
wood surface. This agrees with the data known 
from [5, 8] which associate effectiveness of 
material thermal protection with the action of 
protective substances when flame retardants 
are added.

In contrast to the results of studies [12, 14], 
the obtained data on the influence of protective 
means on the process of heat transfer to the ma-
terial and change of flame-retardant properties 
have enabled the following assertion:

– not only formation of a flame-retardant 
coke layer is the main regulator of the process 
but also decomposition of flame retardants 
with release of non-combustible gases, in par-
ticular, nitrogen and carbon dioxide which 
effect flame and inhibit the oxidation process 
in the gas and condensed phases as noted in [1];

– the process of protection of combustible 
materials with application of flame-retardant 
coatings is significantly influenced by reac-
tions in a pre-flame zone resulting in formation 
of products like soot on the surface of the natu-
ral combustible material.

However, as can be seen from the study 
results, when thermal action on the wood spec-
imens treated with flame-retardant impregna-
tion increases, protection is greatly reduced 
which is indicated by growth of combustion 

parameters and requires use of a greater amount of flame 
retardants. The fire protection with inorganic coatings 
can withstand rising combustion heat but it also must be 
improved. For the wood specimens treated with bloater 
coatings, all parameters affecting the burnout rate had lower 
values and were leveled out with a growth of thermal action.

Such conclusions can be considered useful from a prac-
tical point of view as they make it possible to reasonably 
approach to definition of necessary formulations of flame re-
tardants. Treatment with a bloater coating more effectively 
counteracts high temperatures. This fact should be kept in 
focus when developing coating formulations for wood. From 
theoretical point of view, they make it possible to establish 
mechanism of the fire protection processes which constitute 
certain advantages of this study. The results of determining 
the flame-retarded wood burnout rate (Tables 1, 4) indicate 
an ambiguous effect of nature of protective means on the 
change of combustion parameters and flame suppression. 
In particular, this implies availability of data sufficient for 
obtaining a quality combustion process and determining the 
moment from which oppression process starts which is a new 
and unexplored occurrence. Such determination will make 
it possible to investigate transformation of the wood surface 
under the action of fire protection with coke formation and 
flame suppression and identify the variables significantly 
affecting start of this process.

This study is a continuation of the studies discussed in 
[1–4] where the mechanism of fire protection of organic 
natural materials, formation of foamed coke and reduction 

Table 4

Comparison of rates of wood specimen burnout under thermal action

Time, 
s

Wood burnout rate, kg/(m2∙s)

Time, 
s

Wood burnout rate, kg/(m2∙s)

Untreated
Treated with a flame-retardant 

impregnating solution

150 125 100 150 125 100

Еx Т(3) Еx Т(3) Еx Т(3) Еx Т(2) Еx Т(2) Еx Т(4)

50 14 20.4 11.4 9.1 7.7 6.4 50 6 4.7 4 3.3 2,5 2.9

100 21 25 16.6 15 12 10.8 100 10.4 8.6 7 6.2 4 4.2

150 25 26.2 20.1 18.6 14 13.9 150 13 12 8.5 8.7 5 4.7

200 24 26.3 22 20.8 17 16.1 200 16 14.9 12 11 6 4.9

250 23 26.3 20 20.2 17 17.6 250 16.9 17.3 13 13 6 5

300 20 26.3 20 23 16 18.7 300 17.2 19.3 14 14.6 5 5

Time, 
s

Wood burnout rate, kg/(m2∙s)

Time, 
s

Wood burnout rate, kg/(m2∙s)

Treated with a bloater coating
Treated with an inorganic 

coating

150 125 100 150 125 100

Еx Т(5) Еx Т(4) Еx Т(4) Еx Т(2) Еx Т(5) Еx Т(4)

50 6.5 8.6 3.5 3.6 2 2.4 50 7 6.7 6 6.4 3 3.5

100 11 11.6 4 5 2.5 3 100 12 11.3 8 9.6 4 4.5

150 12 11.9 6 5.7 3 3.2 150 17 14.5 9 10 4 4.8

200 11 10.7 7 6 3 3.2 200 18 16.6 9,7 9.2 5 4.9

250 10 9.1 7 6 4 3.2 250 18 18 9,5 8.1 6 5

300 8.5 7.4 6.8 6.1 4 3.3 300 18 18.9 8,1 6.7 5 5

Note: Ex: experimental values of the wood burnout rate; T: theoretical values calculat-
ed by (2)–(5) and taken in brackets
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of weight loss during wood combustion are fully provided. 
These studies require development of full-scale test methods 
and study and description of wood behavior.

Further studies may be aimed at theoretical and ex-
perimental elucidation of the wood combustion processes, 
establishment of a relationship between components and 
properties of the protection means.

8. Conclusions

1. Experimental studies of burnout rate in a case of 
ignition of wood specimens were conducted and the effect 
of flame-retardant coating on this parameter was revealed. 
Characteristics of parameters of ignition and combustion 
suppression were determined which makes it possible to 
know the change of dynamics of wood burnout during de-
composition of the flame-retardant coatings. For example, 
for wood flame-retarded by impregnation, the burning 
suppression indicator is reduced to zero when thermal ac-
tion grows and the burning parameter rises from zero to  
α≈3.0 s-1. Instead, the burnout indicator decreased by 3.5 
times in the wood protected by coating with growth of ther-
mal action but the burning parameter was absent. At the 

same time, the rate of burnout of wood specimens protected 
by impregnation was reduced 3.9 times. Corresponding fig-
ures were 3.3 times for inorganic coatings and almost 6 times 
for organic coatings.

2. The results of comparison of the experimental depen-
dences of the wood burnout rate with the derived analytical 
equations have shown conformity between them with an 
admissible deviation. Criterion characteristics of the com-
bustion parameters and the combustion termination pa-
rameters were determined. It has been established that the 
criterion relations changed in an inverse order in presence 
of fire barrier depending on coating properties, that is, the 
burning parameter was absent and the burning suppression 
parameter increased by ten times: 0.0018 s-1 for impregna-
tion, 0.00241 s-1 for inorganic coatings and 0.00278 s-1 for 
bloater coatings. This indicates formation of a heat-shield-
ing layer on the wood surface which prevents burning and 
propagation of high temperature to the material which is 
confirmed by absence of ignition of flame-retarded wood. 
With an increase in thermal action on flame-retarded wood 
specimens, the burning parameter increased and the burning 
suppression indicator decreased and, depending on its value, 
treatment of wood with the bloater coatings is the most ef-
fective protection.
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