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Abstract. The article presents the results of the depth of charring of wooden beams with fire-
retardant cladding with OSB plates and fire-retardant plywood during fire tests under standard 
temperature conditions. The aim of the work was to identify changes in the geometric parameters of 
the charring zone of a wooden beam as a basis for calculating the design data for the strength of 
these beams. To achieve the aim, the following tasks were set: to determine that the contours of the 
charred zone in the cross-sections of wooden beams with fire-retardant cladding can be described 
using isotherms with a critical temperature of charring initiation; to develop a method for 
mathematically describing the geometric shape of the charring zone in the cross-section of the beam 
by approximating the contour lines of this zone using Bézier lines. 

1 Introduction  
According to the European standards Eurocode5 [1] there are requirements for fire-resistant 
cladding, in particular, such as plasterboard and mineral wool boards. Asbestos-cement plates, 
gypsum concrete, perlite and asbestos-vermiculite plates are also often used as fire-resistant 
cladding. However, insufficient attention has been paid to such materials widely used in 
construction as OSB chipboard and plywood, which, due to their characteristics, can serve as fire-
resistant cladding for wooden structures. These boards are easy to install and have sufficient 
thickness to prevent the flame from reaching wooden elements. 

2 Main Part 
Given the assumption that the contour of the charred zone can be described by an isotherm with the 
temperature is criticalθcr=200 °С, it can be reproduced using a curve with parametric data. In 
research [2–4], a method based on the use of parametric Bézier curves, the configuration of which 
depends on the coordinates of five key points located on the isotherm, was developed. The 
disadvantage, because such methods have insufficient research accuracy of the isotherm 
approximation. To eliminate this disadvantage, it was proposed to change the position of these 
points by placing three points at the vertices of the rectangle defining the isotherm, and the last two 
between them on the sides of this rectangle. The layout of these key points is shown in Fig. 1 [5]. 
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Fig. 1. Scheme of determining key points for determining the parametric function of the Bézier 
curve and approximating the critical charring temperature isotherm 
 

By the coordinates of five points, the parametric function of the Bézier curve is written, which is 
given in implicit form using the expression [4, 5]: 
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where n=5 – number of control points; 
Bk, n(u) – Bernstein polynomials for constructing Bézier lines; 
pk – vector of control point coordinates for constructing Bézier lines. 

The Berstein polynomials have the following form: 
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Vector equation (1) in this case it represents is a system of two parametric equations: 
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These equations denote the coordinates of the vectors: 
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The components of the coordinate vectors (3) are determined according to the scheme shown in 
Fig. 1. In this case, for the parameterization of these curves, the assumption is made that the 
parameter r is dependent on the largest overall size in dimensionless relative notation as r=f(yc/h). 
This notation is effective when describing other cross-sections, including square ones. 

Materials. For testing, samples-fragments of wooden beams were used. The beam consisted of 
glued pine timber measuring 70×50×350 mm, to which glued plywood measuring 350×350×16 mm 
was attached. Samples with fire-retardant cladding (with one and two layers) were tested. For fire 
protection, OSB chipboard and impregnated plywood were used.  
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a)                                         b)                                                    c) 

Fig 2. General view of experimental specimens with fire-retardant cladding made of OSB board and 
impregnated plywood: a) wooden beam without fire protection; b) wooden beam with 1st layer of 
fire-retardant cladding; c) wooden beam with 2nd layer of fire-retardant cladding 

 
Experimental fire tests to study the fire protection effect of wooden beams with and without fire-

retardant cladding were carried out in a thermal chamber for fire tests of fragment samples in 
compliance with the standard temperature regime for 15, 30, and 60 minutes of exposure in 
accordance with the experimental methods program. After the fire tests, measurements of the depth 
of charring of these wooden beam samples were performed. After which the duration of protection 
of wooden beam samples without fire protection and with fire protection cladding from direct fire 
exposure was assessed. 

Tests. Experimental fire tests are expensive, so for a simpler study of wood charring, 
mathematical modeling was developed using Bézier line approximations of the contour of the 
charred zone of structures. 

Based on the use of the above-mentioned mathematical apparatus and varying the parameter r, it 
is possible to construct Bézier line curves that approximate the corresponding isotherms, which, 
according to our assumption, correspond to the contour of the charring zone of the cross-sections of 
the studied wooden beams. After carrying out appropriate calculations, Bézier line contours were 
constructed that approximate the corresponding isotherms, which are presented in Fig. 3. 
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а)    b)    c) 

Fig 3. Bézier lines (dashed lines) that approximate isotherms (solid lines) with a critical temperature 
θкр=200 °С, formed by varying the parameter r for wooden beams with cross section 70×200 mm: 
а) without fire protection; b) fire-retardant cladding w=12 mm; c) with fire-retardant cladding 
w=24 mm 

 
Approximation of isotherms with critical temperature by Bézier lines θcr=200 °С occurred due to 

variation of the parameter r=f(yc/h). In this case, the approximation of isotherms was constructed by 
minimizing mean square deviation by the coordinate descent method. The results shown in Fig. 6 
show the high efficiency of using Bézier curves to approximate isotherms, since the constructed 
Bézier lines coincide with the corresponding isotherms. 

Similar calculations were performed for other types of wooden beams with and without fire 
protection. The parameters of the considered beams are given in Table 1. 

Table 1. Limits of variation of geometric parameters of the design area of cross-sections of wooden 
beams with fire protection based on chipboard 

Cross-section width, 
b, [mm] 

Cross section height, 
h, [mm] 

Width of fire protection layer, 
w, [mm] 

19–106 200–1250 0 12 24 
 

Using a similar algorithm to that proposed in Fig. 3, the approximation of isotherms with a 
critical temperature was performed. θcr=200 °С with the help of a similar algorithm to that proposed 
in Fig. 3, the approximation of isotherms with a critical temperature was performed. The parametr 
r=f(yc/h) for beams, the geometric parameters of which are presented in table 1. Fig. 4 shows the 
distribution of the parameter r/yc=f(yc/h) for different geometric characteristics of wooden beams 
with different thicknesses of fireproof cladding. The parameter of the Bézier lines is given in 
dimensionless form so that it can be used for cross-sections of different geometric configurations [6, 
7]. 
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а)    b)    c) 

Fig 4. Parameter distribution r/yc=f(yc/h) based on the results of thermophysical calculation (1) and 
according to the constructed regression polynomial dependence of the 6th order (2) for different 
geometric characteristics of wooden beams with different thicknesses of fire-retardant cladding: a) 
without fire-retardant cladding; b) with fireproof cladding with a thickness w=12 mm; c) with fire-
retardant cladding with thickness w=24 mm 

 
Analysis of the given parameter distributions r/yc = f(yc/h) for constructing Bézier lines proves 

that they are similar for different configurations of wooden beams and different thicknesses of 
fireproof cladding using OSB plates [8]. This means that it is possible to construct a single 
distribution of this parameter for any beam cross-section for a given thickness of fireproof cladding. 
Using regression analysis, regression polynomial dependencies of the 6th order were constructed, 
which reproduce these distributions. This mathematical modeling, which is performed by 
approximating isotherms with a critical temperature, is shown in detail. θcr = 200 °С by Bézier 
lines, with the help of varying the parameter r = f(yc/h) for wooden beams. To describe the 
distribution of the parameter r/yc = f(yc/h) and constructing Bézier lines to reproduce the contour of 
the charring zone of cross-sections of wooden beams with different thicknesses of fireproof 
cladding, the following expression was used: 

r/yc=0.979+0.064p+3.6p2–32.339p3+59.242p4–41.82p5+10.273p6           (5) 
where р=yc/h – dimensionless largest size of the rectangular quadrant into which a Bézier curve fits. 

As a result of the application of the developed mathematical apparatus, it is possible to construct 
contours of the charred zone for different sizes of wooden beams without fire protection and with 
fire protection cladding of different thicknesses. Table 2 shows the parameters of wooden beams for 
which the contours of the charred zone were constructed according to the time corresponding to 
different fire resistance classes. Calculations were carried out to determine the accuracy of the 
results obtained using the proposed method of constructing contour lines of the charred zone of 
beams using Bézier lines [8, 9].  
Table 2. Structural elements of cross-sections of wooden beams with fire protection made of OSB 
plates and plywood cladding  

№ 
 

Cross-section width, 
b, [mm] 

Section height, 
h, [mm] 

Width of fire protection layer, 
d, [mm] 

With fireproof cladding made of OSB board 
1 100 300 0 12 24 

With fire-retardant impregnated plywood cladding 
1 200 400 0 10 20 

 
The time of charring onset is determined according to calculations in accordance with Eurocode 

5, information on the time of charring onset is provided in Table 3. 
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Table 3. Time of charring initiation of wooden beam cross-sections with and without existing 
fireproof cladding 

Of OSB plate Of impregnated plywood 
Width of fire 

protection 
layer, d, [mm] 

Initial time of 
lateral charring 

t0s, [min] 

Initial time of 
end charring 

t0e, [min] 

Width of fire 
protection layer, 

d, [mm] 

Width of fire 
protection layer 

t0s, [min] 

Initial time of 
end charring 

t0e, [min] 
0 0 0 0 0 0 
12 14 13 10 15 11 
24 30 26 20 25 20 
 
The contours of the resulting charring zone are shown Fig. 5 for a wooden beam of size 

100×300 mm without fire protection and with fire-resistant cladding with OSB plates with a 
thickness of w=12÷24 mm. 
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a)          b)           c) 

Fig. 5. Contour lines of charring zones in a cross-section of a wooden beam 100×300 mm 
approximated by a Bézier curve, with fire protection with OSB plates of various thicknesses: а) 
without fire protection; b) with fireproof cladding thickness w=12 mm; c) with fireproof cladding 
thickness w=24 mm. 

 
The contours of the resulting charring zone are shown in Fig. 6 for a wooden beam of size 

200×400 mm without fireproof cladding and with fireproof plywood with a thickness of 
w=10÷20 mm. 
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Fig. 6. Contour lines of charring zones in a cross-section of a wooden beam 200×400, approximated 
by a Bézier curve with fire protection made of impregnated plywood of different thicknesses:  
a) without fireproofing; b) with fireproofing of thickness w=10 mm; с) with fireproofing of 
thickness w=20 mm. At different points in time of exposure to the standard temperature regime of 
fire: 1 – 15 min; 2 – 30 min; 3 – 45 min; 4 – 60 min; 5 – 90 min; 6 – 120 min. 

 
From Fig. 5–Fig. 6 it is seen that a mathematical model has been developed for constructing 

time-dependent charring zone at standard temperature of fire allows to effectively predict the 
geometric configuration of the charring zone of wooden beams without fire protection, with fire-
retardant cladding based on OSB plates and impregnated plywood [10, 11]. 

After mathematical modeling, the average relative error of reproducing the contour of the 
charred zone of a wooden beam with and without fireproof cladding was determined, shown in 
Table 4. 

Table 4. Error of the method for predicting the fire resistance of wooden beams with fire-retardant 
cladding 

Type of wooden beam Absolute deviation, 
[mm] 

Relative deviation, [%] Average relative 
deviation, [%] 

Without fire protection 8 11.4  
9.533 

 
1-layer cladding 6 8.6 
2-layer cladding 6 8.6 

 
The data in Table 4 show that the accuracy of the proposed method for predicting the charred 

zone in cross-sections of wooden beams with fire-retardant cladding is sufficient, since the largest 
relative deviation of the results obtained using this method is no more than 11.4 %.  

3 Conclusion 
It was determined that the contours of the charred zone in the cross-sections of wooden beams with 
fireproof cladding can be described by isotherms using Bézier lines with a critical charring initiation 
temperature. A method has been developed for constructing contour lines of the charred zone of 
wooden beams with fireproof cladding with OSB plates and cladding with impregnated plywood at 
any time of exposure to the standard temperature regime of fires. This is the basis for calculating the 
strength of these beams. This method allows us to accurately determine the geometric 
characteristics of their reduced curved cross-sections due to charring. 
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Analysis of the constructed charring contour lines in cross-sections of wooden beams without 
fire protection and with fire-retardant cladding with OSB plates and impregnated plywood of 
different thicknesses shows the fire-retardant effect of this cladding. Analytical description of the 
contour lines of the charred zone allows obtaining geometric characteristics of the cross-sections of 
the remaining intact part of this beam cross-section, which can be used to calculate the strength of 
the corresponding wooden structures. 
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