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ABSTRACT 

Test methods evaluating wood flame retardant efficiency are comprised of a parameter 
which is often considered to be an evaluation criterion and its calculation includes the weight 
of the test specimen or takes into account the change of its weight during the test. In this case, 
the overall result may be affected not only by the weight of the test specimens, but also by their 
density. Our aim is to observe the influence of density while evaluating the efficiency of wood 
flame retardants. 
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INTRODUCTION

Archimedes is considered to be the discoverer of density. In physics, a solid is characterized 
by a certain volume V, in which some mass m is spread either continuously or not. Mathematical 
and physical thinking allow us to introduce the concept of density of a solid in the given point as 
a limit (Danihelová 2010) (Eq.1) and at the same time it can be defined through the total weight 
of the solid m by an integral (Danihelová 2010) (Eq. 2).

		  (1)

			   (2)

where in the Eqs. 1 and 2:	 m - weight (kg),
			   V - volume (m3),
			   x, y, z – coordinates,
			   ρ - density (kg.m-3).
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The given mathematical notations apply to all kinds of materials. Density is considered to be 
the most important wood characteristic. Wood is a natural heterogeneous material, considering 
its chemical composition and other proprieties, so other terms considering its density have been 
introduced. Wood density also depends on the chemical composition of wood, its anatomical 
structure, its location within the tree trunk, its geographical location, climatic and growing 
conditions as well as on the type of the tree. Individual wood samples are divided into several density 
groups: wood of low density (ρ12< 540 kg.m-3), wood of medium density (ρ12 = 540-750 kg.m-3) 
and wood of high density (ρ12> 750 kg.m-3). In the previous line, index 12 is stated for the density. 
It means that wood is a material which contains water. The term - wood density for various 
moisture contents - has been introduced: dry wood density (w = 0 %), wood density at a humidity 
of 12 %, wet wood density (w > 0 %) (Trebula and Klement 2005, Požgaj et al. 1997). Terms 
like reduced density, conventional density, etc. have been introduced as well.  Various authors 
deal with wood density of different tree species (Carrillo at al. 2015, Zeidler and Šedivka 2015, 
Tsuomis 1991, Martinka and Chrebet 2014a).

This physical property affects all technological processes, starting with the purchase 
of wood, its drying (Trebula and Klement 2005), production of large-sized materials and 
composites (Barbu et al. 2014) and other wood products (Martinka at al. 2013, Martinka and 
Chrebet 2014a, Martinka at al. 2014b, c), its impregnation (Veľková et al. 2007) as well as wood 
waste. It influences the mechanical properties too (Kuklík and  Kuklíková 2010, Osvald 1984, 
1995), therefore it has a direct impact on the production of components and parts for wooden 
constructions.

Wood density interferes in other areas connected with the evaluation of wood and its 
properties (Zachar and Marková 2009, Carrillo 2015, Osvald 1997). It also applies to the 
evaluation of fire safety properties and retardant adjustments. No matter what assessment 
methodology we use (either the standard test methods, or conical calorimeter) if the weight 
change or the change in thermal properties are used as the evaluation criterion, density may 
affect the results of the test. In almost all methodical instructions, the parameters such as wood 
moisture content, the climate, the thickness or quality of the wood are provided but the density 
(at least at limit values) is missing. This article aims to find out the influence of density of spruce 
wood specimens on the final results of the experiments.

MATERIAL AND METHODS

Material
Norway spruce (Picea abies (L) Karst.)  is the second most widespread type of wood in 

Slovakia and the most important one from the economical point of view. Spruce wood is yellowish 
to yellow-brown, glossy, with colourless heartwood, very bright, light, soft, elastic, splits easily 
and is easy to stain but more difficult to impregnate (Balabán 1955). It is characterized by a 
symmetrical and narrow annual rings (1 to 4 mm) with a share of summer wood in an annual 
circle ranging from 5 to 20 % (Wagenführ 2007). The wood was used to manufacture test 
specimens which were sorted out according to their density. 60 pieces out of 450 samples have 
been divided into two density groups (see Tab. 1) low density LD, and high density HD.
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Tab. 1: Density in the given categories.

Density LD HD
Minimum density 369.84 543.12
Average density 375.42 554.07
Highest density 385.44 577.64

The metodology
From both density categories (45 test specimens in each), 15 samples were selected for testing 

in their unrefined form (no retardant being used, low density LD0, high density HD0), treated 
with a single layer of fire retardant on both sides (low density LD1, high density HD1) and 
treated with a double layer of fire retardant on both sides (low density LD2, high density HD2).

Fire retardant
A random retardant has been chosen for the experiment. The selected retardant will not 

be characterised or specified in more details. The aim of the experiment was not to assess the 
retardant. The aim was to find out if the density of the test specimens has any impact on the 
overall result even when applying a retardant.

Thermal load 
The principle of heat load has been selected from the traditional test method where the main 

assessment criterion is the weight loss. The test in question is represented by the test specimens 
of 200 x 100 x 10 mm (10 mm thick) exposed to f lame of the gas burner. The centre of the 
specimen was exposed to the f lame for 10 minutes, forming a 45° angle with the horizontal line.  
Perpendicular distance between the centre of the sample and the mouth of the burner was 90 mm, 
with the f lame height of 100 mm. 

Evaluation criteria
Weight loss

During the exposure to thermal radiator, the weight loss was being observed and recorded, 
on the basis of which the relative weight loss has been calculated (Eq. 3):

	   (3)
			 

where:	 δm(τ) - relative weight loss in time (τ) (%),
	 m(τ) - sample weight in time (τ) (g),
	 m(τ+Δτ)- sample weight in time (τ + Δτ) (g),
	 Δm - the difference in weight (g).

Relative burning rate
Relative burning rate has been determined in accordance with the relations (4) (5): 

	 (4)
		
or numerically

	              (5)
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where:	 vr - relative burning rate (%.s),
	 δm(τ)- relative weight loss in time (τ) (%),
	 m(τ + Δτ) relatíve weight loss in time(τ + Δτ) (%),
	 Δτ - time interval when the weights are being subtracted (s).

RESULTS AND DISCUSSION

The results are presented in forms of graphs. Figs. 1-3 represent the weight loss process,  
Fig. 1 for unrefined wood of low (LD0) and high (HD0) density, Fig. 2 for wood of low (LD1) 
and high (HD1) density treated with a single layer of fire retardant and Fig. 3 for wood of a 
low (LD2) and high (HD2) density treated with a double layer of fire retardant. Fig. 4 shows a 
bar chart with the highest values of weight loss for the individual variations of the experiment.  
Figs. 5-7 show the course of burning rate. Fig. 5 for unrefined wood of low (LD0) and high 
(HD0) density, Fig. 6 for wood of low (LD1) and high (HD1) density treated with a single layer 
of fire retardant and Fig. 7 for wood of low (LD2) and high (HD2) density treated with a double 
layer of fire retardant. 

   
Fig. 1: Course of weight loss for unrefined wood of 
low (LD0) and high (HD0) density.

Fig. 2: Course of weight loss for wood of low 
(LD1) and high (HD1) density treated with a 
single layer of fire retardant.

 

 
    

Fig. 3: Course of weight loss for wood of low 
(LD2) and high (HD2) density treated with a 
double layer of fire retardant. 

Fig. 4: The highest values in weight loss for the 
individual variations of the experiment.
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Fig. 5: Course of burning rate for unrefined wood 
of low (LD0) and high (HD0) density.

Fig. 6: Course of burning rate for wood of low 
(LD1) and high (HD1) density treated with a 
single layer of fire retardant.

 

Fig. 7:  Course of burning rate for wood of low (LD2) and high (HD2) density treated with a double 
layer of fire retardant. 

All the above charts clearly show that density of test specimens has an influence on the 
overall results of the experiment i.e. the evaluation criterion of the test. With the unrefined 
samples, the influence of the density is clear. With the fire retardant treated samples of various 
density categories (see Tab. 1), the difference in the results averaged up to 12.4 % (low density-
weight loss of 46.11 %, high density-weight loss of 33.71 %). The influence of the retardant was 
obvious. The weight losses were lower than with the samples which had not been treated with 
any fire retardant. With a single layer coating (low density, weight loss was 23.7 %, high density-
weight loss of 16.08 %), the difference in density was 7.62 %. With a double layer coating (low 
density, weight loss of 19.27 %, high density, weight loss of 15.07 %), the difference in densities 
was 4.02 %. The shapes of the curves as well as the results of the experiment, considering the 
differences in weight loss between low and high density samples, confirm the influence of density 
on the result of the experiment. Although the differences shrink, it was possible to detect them.

This also applies to the second evaluation criterion-burning rate. With the unrefined 
samples, the burning rate peak is higher than at a higher density. This graph has an important 
explanatory value. With the unrefined samples (also confirmed by Martinka et al. 2014b, 
Mitterová and Zachar 2013, Draxlerová et al. 2014, Martinka et al. 2013, Xu et al. 2010) there 
is also a second burning rate peak. This applies in our case as well. Although the peak at a lower 
density is less than 0.0810 %/s, it has been recorded in 380.second of the experiment. At a high-
density, the burning rate was 0.0928 %/s, (higher by 0.0118 %/s) however the value was achieved 
after 490 seconds of the experiment, i.e. 110 seconds later. This time readout is very important 
from the point of view of fire protection as -when assessing materials- the later the ignition 
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occurs the better.  Thus, with this evaluation criterion, we consider the influence of density to be 
apparent. In case of a single layer retardant coating, maximum burning rate of 0.0966 %/s in 50 
seconds has been achieved with low-density samples, 0.0712 %/s in 70 seconds of the experiment 
with high-density samples. In case of a double layer retardant coating, maximum burning rate of 
0.0866 %/s in 60 seconds of the experiment has been achieved with low-density samples, 0.0602 
%/s in 90 seconds with high-density samples. With this evaluation criterion, the influence of the 
density has been detected in both - the burning rate as well as in the time when this value has 
been reached. The influence of retardant adjustment is obvious, however, it did not overwhelm 
the influence of the density of test specimens.

CONCLUSIONS

We can conclude that density of the wood specimens has a direct impact on the results of 
fire retardant efficiency. In this experiment, we only monitored the evaluation criteria which are 
related to weight, respectively, to its change during the evaluation of wood flame retardants. The 
experiment confirmed that the more retardant is being applied, (respectively the higher the quality 
of the retardant is) the lower the influence of density is, but it will never be negligible.  Moreover, 
if a quality selection of the test specimens (considering the density before the application of the 
coating respectively before the experiment) is not carried out, it can lead to a great variability of 
the results obtained within the test group. The auxiliary statistical criteria may affect the overall 
evaluation of the given retardant. It is necessary to note that density will also have an impact on 
the evaluation criteria which aim to track the changes in temperature, respectively the influence 
of heat f low.
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