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Foreword 
      
     The establishment of the Technical University in Zvolen is directly connected with 
the beginnings of the university technical education world-wide, and with the foundation 
of the Mining Academy in Bansk§ Ġtiavnica.  

In 2017, the Technical University in Zvolen celebrates the 255th anniversary of uni-
versity technical studies in Slovakia, 210th anniversary of forestry studies in Slovakia 
and the 65th anniversary of the University of Forestry and Wood Technology in Zvolen 
establishment, the Technical University in Zvolen since 1992.  

The Department of Fire Protection as an important workplace of the University and  
the Faculty of Wood Sciences and Technology is celebrating 20 years of its existence, 
too. 

The Department of Fire Protection is a guarantee workplace for the study field ñRes-
cue Servicesò, which take place in teaching in study programme ñFire Protection and 
Safetyò at the 1st, 2nd and 3rd level of university study, in full-time and part-time form. 
The Department employees provide and teach the profile subjects related to burning of 
materials, materials reaction to fire, fire safety of buildings, safety of technological pro-
cesses, crisis management, tactics, technical resources, organization and manage-
ment of fire and rescue services. 

In research, the Department is profiled in the areas of materials research, internal 
security, hazardous substances, accident prevention, fire investigation, forest fire risk 
management and minimizing the negative impacts on the environment. 

On occasion of the 20th anniversary the Department of Fire Protection organised an 
International Scientific Conference titled Fire Protection, Safety and Security 2017, 
which was held in Zvolen on May 3rd ï 5th, 2017. As a result of the Conference the 
Conference Proceedings, a common publication presenting the state-of-the-art 
knowledge in the fields of Fire Protection and Safety, Fire-Fighting Eqipment and Fire 
Tactics as well as Crisis Management and Crises Situations Coping, was published. 

The aim of this Proceedings is to present the knowledge and results that the Depart-
ment employees, its graduates and the colleagues from partner institutions achieved in 
above mentioned research fields in the last years. 
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The reviewing process 

      
     Manuscripts submitted for the inclusion in the Fire Protection, Safety and Secu-
rity 2017 International Scientific Conference Proceedings are subjected to the fol-
lowing review procedures: 

¶ It is reviewed by editor for general suitability for this publication. 

¶ If it is judged suitable two reviewers are selected and a double blind review 
process takes place. 

¶ Based on the recommendations of the reviewers, the editor then decide whet-
her the particular contribution should be accepted as it is, revised or rejected. 

 

Reviewing Committee 
      
     The Reviewing Committee is composed of the Editorial Board members, the Con-
ference Scientific Committee members in particular, excluding the editors of the Con-
ference Proceeedings.  
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Fire resistance of wooden materials and its improvement by means 

of protective agents 

Vladim²r Benedik*  

 

University of Zilina in Zilina, Faculty of Security Engineering, Ul. 1. maja 32, Zilina 010 26, Slovak Republic 

Abstract 

The aim of this work was to experimentally verify the resistance of wooden materials with and without the use of protective 

agents. Research verified the ability of wooden material to resist point heat source for the period of 70 minutes with the use of 

protective agents and without them. To verify the assumption that the protective agents improve the fire resistance of given 

material,  the temperature on the surface and inside the sample, weight loss over time, accompanying phenomena (formation of 

smoke, ignition) and external macroscopic manifestations (carbonization, formation of cracks)  were recorded. The results sup-

port the argument that protective agents increase fire resistance. In the discussion, the data and observed phenomena are com-

pared with the results of other surveys. In conclusion, the pros and cons of increasing the fire resistance of materials by individ-

ual preparations are evaluated.   

Keywords: weight loss; protective agent; retarder; heat flow; heat; temperature;  

1. Introduction  

Flame resistance is the ability of materials, struc-

tures to withstand thermal stress. Testing is used to 

particularize the information about progress during 

the thermal degradation of the element and its exter-

nal or internal changes (discoloration, cracking, cell 

structure change etc.). The aim is to create a material 

or structure which is primarily capable of withstand-

ing the required fire load or with additional adjust-

ments to increase the pre-existing fire resistance. 

Flame resistance is determined by the required crite-

ria and the time in minutes. We are able to improve 

flame resistance through chemical processing of ma-

terials (constructions) with injections, fire protection 

coatings or linings (walling, cladding) (Mitterov§ 

2010, Reinprecht 1996). The adjustments can be dif-

ferentiated according to the application: 

Å on the material, on the structure, 

Å prior to fire or immediately before the rescue 

work in the development or operation. 

ððð 
* Mgr. Ing. Vladim²r Benedik, PhD. Corresponding author; e-mail: vladimir.benedik@fbi.uniza.sk. 

Firesorb is a fire-suppressing additive for fire cat-

egory A. Liquid solution of hydrophilic polymer  ab-

sorbs multiple amounts of water compared to its own 

weight and creates a an adhesive heat resistant gel 

(Firesorb, 2009). Bochemit ANTIFLASH is a water 

soluble concentrate designed to reduce the reaction 

of wood to fire with preventive fungicide and insec-

ticide effect. The product is classified into class C re-

action to fire. It consists of 20% boric acid (Bochemit 

ANTIFLASH, 2011). 

For practical purposes nowadays it is sufficient to 

use the standardized assessment of reaction of mate-

rial to fire and fire resistance of the structure. Reac-

tion to flame of the material is regulated by the De-

cree of the Ministry of Interior no. 94/2004 Coll. in Ä 

9, which refers to The National Council of Slovak 

Republic Act no. 133/2013 Coll.  The Decree of the 

Ministry of Interior no.  94/2004 Coll. according to Ä 

8 allows to determine the fire resistance of fire con-

struction by the initial test according to The National 

Council of Slovak Republic Act no. 133/2013 Coll. 

or by calculation according to the technical standards 

- eurocodes. Fire resistance of structures may be de-

termined in accordance with normative values for 

mailto:vladimir.benedik@fbi.uniza.sk
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different types of materials and the structure design 

(see Eurocodes STN EN 1990-1999). Before each 

standard value a specific calculated or measured 

value by the assay in an accredited laboratory, which 

can more exactly determine its properties necessary 

for fire protection, should take precedence.. 

2. Experimental Procedure 

2.1. Sample  

Wood is a heterogeneous material with aniso-

tropic mechanical properties. Its macroscopic struc-

ture depends primarily on the type of wood - timber. 

The sections, areas, lines of the wood in strain deter-

mine the macroscopic features, and are characteristic 

of each type of timber (Poģgaj et al., 1997, Buck, 

1998 Klinda, 2010).  

The anatomical structure of wood, e. g. the aper-

ture sizes of micro- and macro-capillaries, affects the 

physical properties, transport of agents and heat. The 

physical properties by their course of reaction to ther-

mal load form a changing characteristics of the wood 

as complex changing over time, which results in a 

change of properties and parameters during measure-

ment (Poģgaj et al., 1997).  

The sample was drawn from solid spruce (Picea 

Abies). It was designed in a such way that the total 

active surface of the flame affected the sample, and 

also to prevent the heat transfer to the side of the 

prism, which did not interact with the flame. In each 

group, the samples with a different density, from dif-

ferent parts of the tree were represented. After dry-

ing, the sample had an average dimensions 

154x116x198 mm (width x height x length) corre-

sponding to the free shrinkage in individual anatom-

ical directions (originally 160x120x200). (Klement, 

Detvaj, 2007).  

After drying, holes were drilled into the samples 

to provide space for the thermocouple probe at the 

intersection of the middle of the longitudinal axis (x 

- 99 mm) and the transverse axis (y) at a distance of 

46 mm (B), 77 mm (A) and 108 mm (C). The tip of 

the probe was at a distance of 30 mm (B), 15 mm (A) 

and 45 mm (C) from the opposite side of the sample, 

which was affected by the flame (see Fig. 1 p. 3).The 

moisture of the probe was determined in each dimen-

sion with the use of non-destructive humidity meter 

NMC 100. The moisture of the probe was in the 

range of 9.7% Ñ 1%. 

The density of the sample was in the range of 360-

446 kg / m3 (at zero moisture). The weight loss was 

determined as the differences in weight in time at 30 

second intervals. When loading the sample, the 

weight loss was not recorded, i.e. the first indication 

of weight was recorded following 30 seconds after 

inserting the probe onto the stand. 

The heat flow of the flame was quantified as an 

open thermodynamic system. Based on the engineer-

ing practice, we counted with the ratio of 1: 1 of gas 

mixture and air in the total volume. Initial conditions 

were the temperature t = 15 Á C, relative humidity ű 

= 0, the average heating value of the gas according to 

the Slovak gas company - SPP (2010) equal to 9.56 

3-KW.h.m and the duration of action (measurement) 

t = 70 min. (4200 p. Ñ 1.166 h.) The diameter of the 

burner was  0,008 m. The flow rate was set as w1 = 

34.5 cm s -1 and w2 = 37.5 cm s-1. To calculate the 

theoretical heat flow we multiplied the volume of the 

burned gas by heating value, giving us the value of 

Q1 = 1.384 KW and Q2 = 1.505 KW. 

2.2. Laboratory measuring  

 Measurement consisted of  point heat source 

(flame) affecting the sample. Two different sizes of 

flame ï small and large - and a singular distance be-

tween the point heat source and the sample was used 

(see Fig. 1, p. 3 for layout). The application of  the 

heat lasted for 70 minutes. A total of 6 series was ex-

amined. One series consisted of three samples, in 

which the weight loss (with the use of digital scales - 

Kern KB 10000-1N), the temperature (with the use 

of thermocouples - the devices ALMEMO 2590-4S 

and ALMEMO ZA 9020-FS) and visible signs of 

thermal degradation of components of the individual 

samples was monitored. Overall 18 samples were ex-

amined.  
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Figure 1 Scheme of laboratory measurement 

1 - propane-butane (gas) cylinder; 2 - test sample; 3 - thermocou-

ples T2, T3, T4; 4 - burner; 5 - scales; 6 - safety structure, 7 - stand 

with thermocouple T1; 8 - stand with the test sample; 9 ï temper-

ature measuring device; A, B, C - position of thermocouples T2, 

T3, T4 in the sampleExperimental part ï principles of the test and 

measurement 

3. Results  

For the calculation of statistical interference the 

mathematical statistics program Statistica 10 was 

used. 

3.1. Thermal degradation ï Temperature curve 

Thermal degradation was evaluated according to 

the effect of the protective agent  ï samples without 

any treatment, samples treated with Firesorb and 

samples treated with Bochemit; and the size of the 

flame emitted by the point heat source ï small and 

large, on the course of the temperature measured with 

the thermocouples T1, T2, T3, T4. By analyzing the 

average temperatures with the use of basic statistics, 

by the means of Kolmogorov-Smirnov test a viola-

tion of the normality of all the dependent variables 

was found. For more detailed specification nonpara-

metric tests were used. 

There was a statistical significance of the differ-

ence of the effect of the protection agent on the tem-

perature (Table 1). The greatest impact on the tem-

peratures measured by T1, T2, T3 and T4 had the 

sample without any treatment, followed by the sam-

ple treated with Bochemit and the least impact had 

the sample treated with Firesorb. The sample without 

any treatment reached the highest median tempera-

tures (see Fig. 2, Fig. 3, Fig. 4, Fig. 5). The sample 

treated with Bochemit reached lower temperatures 

and the lowest temperatures were reached by the 

sample treated with Firesorb (see also Fig. 2, Fig. 3, 

Fig. 4, Fig. 5).
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Table 1 The results of Kruskal-Wallis ANOVA of the relation of the temperatures measured by T1, T2, T3 and T4 to individual treatments of 

the sample 

Depend.: 
T1 

Kruskal-Wallis ANOVA by Ranks; T1; Inde-
pendent (grouping) variable: PA; Kruskal-Wal-
lis test: H ( 2, N= 2556) =151.6795; p =0.000; 
Chi-Square = 76.59155 

Depend.: 
T2 

Kruskal-Wallis ANOVA by Ranks; T2; Inde-
pendent (grouping) variable: PA; Kruskal-Wallis 
test: H ( 2, N= 2556) =446.2843; p =0.000; Chi-
Square = 367.4366 

Code Valid 
N 

Sum of 
Ranks 

Mean. 
Ranks 

Code Valid 
N 

Sum of 
Ranks 

Mean. 
Ranks 

WT 101 852 1253768 1471.559 WT 101 852 1307919 1535.116 

FI 102 852 884972 1038.699 FI 102 852 719783 844.816 

BO 103 852 1129107 1325.242 BO 103 852 1240145 1455.569 

Depend.: 
T3 

Kruskal-Wallis ANOVA based on the order; T3; 
Independent (grouping) variable: PA; Kruskal-
Wallis test: H ( 2, N= 2556) =119.3390; p 
=0.000; Chi-Square = 65.59953 

Depend.: 
T4 

Kruskal-Wallis ANOVA based on the order; T4; 
Independent (grouping) variable: PA; Kruskal-
Wallis test: H ( 2, N= 2556) =132.3862; p 
=0.000; Chi-Square = 83.89374 

Code Valid 
N 

Sum of 
Ranks 

Mean. 
Ranks 

Code Valid 
N 

Sum of 
Ranks 

Mean. 
Ranks 

WT 101 852 1271589 1492.475 WT 101 852 1288065 1511.813 

FI 102 852 945577 1109.832 FI 102 852 957045 1123.292 

BO 103 852 1050680 1233.192 BO 103 852 1022736 1200.394 

 

 

Figure 2 Box plot of the relation of temperatures measured by T1 to individual treatments of the sample 
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 Figure 3 Box plot of the relation of temperatures measured by T2 to individual treatments of the sample 

 

 Figure 4 Box plot of the relation of temperatures measured by T3 to individual treatments of the sample 

 

Figure 5 Box plot of the relation of temperatures measured by T4 to individual treatments 
of the sample 
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There was a statistical significance in the differ-

ence of action of the two different sizes of the point 

heat sources on the measured temperatures, with the 

exception of the temperatures measured by T4 (Table 

2). Greater impact on the temperatures measured by 

T1, T2, T3 had the large point heat source in compar-

ison to the small point heat source. The samples ex-

posed to the larger heat point source reach higher me-

dian values of temperatures compared to the samples 

exposed to smaller heat point source (see Fig. 6, Fig. 

7, Fig. 8 and Fig. 9).

 

Table 2 The results of Kruskal-Wallis ANOVA of the relation of the temperatures measured by T1, T2, T3 and T4 to the sizes of point heat 

sources 

Depend.: 
T1 

Kruskal-Wallis ANOVA by Ranks; T1;  
Independent (grouping) variable: PHS; 
Kruskal-Wallis test: H ( 1, N= 2556) =1353.762; 
p =0.000; Chi-Square = 1376.908 

Depend.: 
T2 

Kruskal-Wallis ANOVA by Ranks; T2  
Independent (grouping) variable: PHS; 
Kruskal-Wallis test: H ( 1, N= 2556) =208.8164; 
p =0.000; Chi-Square = 150.3912 

Code Valid 
N 

Sum of 
Ranks 

Mean. 
Ranks 

Code Valid 
N 

Sum of 
Ranks 

Mean. 
Ranks 

SS 101 1278 947524 741.412 SS 101 1278 1364343 1067.561 

SL 102 1278 2320322 1815.588 SL 102 1278 1903503 1489.439 

Depend.: 
T3 

Kruskal-Wallis ANOVA by Ranks; T3;  
Independent (grouping) variable: PHS; 
Kruskal-Wallis test: H ( 1, N= 2556) =27.13230; 
p =0.000; Chi-Square = 20.33808 

Depend.: 
T4 

Kruskal-Wallis ANOVA by Ranks; T4;  
Independent (grouping) variable: PHS; 
Kruskal-Wallis test: H ( 1, N= 2556) 
=0.0120403; p =0.9126; Chi-Square = 
3.912516 

Code Valid 
N 

Sum of 
Ranks 

Mean. 
Ranks 

Code Valid 
N 

Sum of 
Ranks 

Mean. 
Ranks 

SS 101 1278 1536750 1202.464 SS 101 1278 1631876 1276.898 

SL 102 1278 1731097 1354.536 SL 102 1278 1635970 1280.102 

 

Figure 6 Box plot of the relation of temperatures measured by T1 to the size of the point heat source 
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Figure 7 Box plot of the relation of temperatures measured by T2 to the size of the point heat source 

 

Figure 8 Box plot of the relation of temperatures measured by T3 to the size of the point heat source 
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Figure 9 Box plot of the relation of temperatures measured by T4 to the size of the point heat source 

The data show that there is a mutual statistical sig-

nificance of the temperatures measured by T1, T2, 

T3, T4, reaching the level of p <0.001. Cohen's d val-

ues obtained from the Spearman correlation coeffi-

cient showed that the effect size of the examined re-

lationships is medium in the case of the relation of 

T2 to T3 (d=0.724115) and T2 to T4 (d=0.567332) 

and large in the case of  the relation of T3 to T4 

(d=0.882782) (see Table 2). The relations of temper-

atures measured by T1 to all others showed small ef-

fect size. That was caused by fire-through or by cre-

ation of a crack in the sample reaching all the way to 

the thermocouple T2.

 

Table 3 The Spearman correlation of the relations between the temperatures measured by T1, T2, T3 and T4. Effect sizes of the correlations 

between the temperatures measured by T1, T2, T3 and T4 

Variables 

Correlation matrix  (Spearman); MD pairwise 
deleted; Marked correlations are significant at 
p <0.0500 

Variables 

Effect sizes of the correlations (Cohen`s d) 

T1 T2 T3 T4 T1 T2 T3 T4 

T1 1.000000 0.351314 0.182319 0.100201 T1 1 0.123421 0.03324 0.01004 

T2 0.351314 1.000000 0.850949 0.753214 T2 0.123421 1 0.724115 0.567332 

T3 0.182319 0.850949 1.000000 0.939565 T3 0.03324 0.724115 1 0.882782 

T4 0.100201 0.753214 0.939565 1.000000 T4 0.01004 0.567332 0.882782 1 

 

3.2. Thermal degradation  - Weight loss 

Thermal degradation was assessed according to 

the effect of the protective agent and the size of the 

point heat source on the course of weight loss. Anal-

ysis of the weight loss using basic statistics by means 

of the Kolmogorov-Smirnov test showed violation of 

normality. For more detailed specification nonpara-

metric tests were used. 

The data show that there is a statistically signifi-

cant difference in the effect of the protecting agent 

on the weight loss (Table 4). The greatest impact on 

weight loss had the treatment of the sample with Fire-

sorb. Smaller impact on the weight loss had the lack 

of treatment of the sample and the smallest impact 
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had the treatment of the sample with Bochemit. The 

samples treated with Firesorb showed the highest 

median of percentage of weight loss (Fig. 10).  Lower 

percentages of weight loss reach the samples without 

any treatment, while the lowest percentages of 

weight loss reach the samples treated by Bochemit. 

The samples affected by large point heat source 

reached the highest median values of percentage of 

weight loss whereas the samples affected by the 

small point heat source reached lower median values 

of percentage of weight loss (Fig. 11).  The range of 

percentage of weight loss is wider in the samples af-

fected by the large point heat source in comparison 

to the samples affected by the small point heat 

source. 

 

Table 4 The results of Kruskal-Wallis ANOVA of the relation of the protective agent used and the size of the point heat source 

Depend.: 
WL 

Kruskal-Wallis ANOVA by Ranks; HU; 
Independent (grouping) variable: PA; 
Kruskal-Wallis test: H ( 2, N= 2520) =1045.893; 
p =0.000; Chi-Square = 1174.216 

Depend.: 
WL 

Kruskal-Wallis ANOVA by Ranks; HU; 
Independent (grouping) variable: S; 
Kruskal-Wallis test: H ( 1, N= 2520) =459.0138; 
p =0.000; Chi-Square = 167.6597 

Code Valid 
N 

Sum of 
Ranks 

Mean. 
Ranks 

Code Valid 
N 

Sum of 
Ranks 

Mean. 
Ranks 

WT 101 840 934585 1112.601 SS 101 1260 1197000 950.000 

BO 102 840 650905 774.887 SL 102 1260 1979460 1571.000 

FI 103 840 1590970 1894.012      

 

 

Figure 10 Box plot of the relation of the percentage of weight loss to the protective agent used 
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Figure 11 Box plot of the relation of the percentage of weight loss to the size of the point heat source

The average time of the observation of flame 

burning when the small heat source was used was in 

the samples without any treatment within 30 seconds. 

In the samples treated with Bochemit it was within 

40 seconds. In the samples treated with Firesorb it 

was within 300 second. When using the large heat 

source, the time of the observation of flame burning  

in the samples without treatment was 15 second, with 

the use of Bochemit it was 40 seconds and with the 

use of Firesorb it was 450 seconds. 

The average weight loss from the total weight of 

the sample when applying the small heat source in 

the sample without any treatment was 1.7%, with the 

use of Bochemit 1.6%, with the use of Firesorb 4%. 

When applying larger heat source, the average 

weight loss of the sample without adjustment was 

4.4%, with the use of Bochemit 2.0% and with the 

use of Firesorb it was 7.3%. 

4. Discussion 

The sample treated with Bochemit showed a bet-

ter resistance to thermal stress than the sample with-

out any treatment. Firesorb showed the best values in 

the observation of flame burning, but the worst re-

sults in weight loss, which was caused by thermal 

degradation of the protective layer of gel applied on 

the sample. The limits to the application of Bochemit 

concern questions about its health safety (Kaszonyi, 

2011). Also it can be used only indoors and in cov-

ered outdoor spaces. The usage of Firesorb is  af-

fected by its rather short lifespan as a gel formation 

compared to Bochemit, and its usage mainly out-

doors. 

The heat exposure changed the colour of the sam-

ples from light to medium brown. This is also sup-

ported in the study by Mehrotra et al. (2010). Accord-

ing to Johanson et al. (2006), the change of colour 

does not adequately assess the strength of the mate-

rial. For all of our measurements, the colour change 

took place in the same sequence, but the rate of the 

change depended on the heat flow applied to the sam-

ple. The greater the heat flow, the faster the change 

of colour occurred. In samples without any treatment, 

the process of thermal degradation of wood and its 

components took place by the change in colour from 

light to brown. It also took place via the creation of 

vapors and combustion gases, from pure white to 

dark, which was caused by the degradation of the 

wood  components. 

Temperatures above 100 Á C after prolonged time 

cause the thermal degradation of the accompanying 

components  e.g. the change of the colours and sur-

face properties (Kaļ²kov§, Netopilov§, Osvald, 

2006; Solari, 2001). When Bochemit was applied, 

the sample changed colour to pale yellow and under 

the influence of heat flow gradually began to darken 

until finally it became brown. The Firesor and water 

gel did not change colour, it lost its moisture, until 

the protective layer formed by the gel was so thin that 
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the sample began to change colour from light to 

brown. 

The time of occurrence of the flame burning de-

pended on the size of the applied point heat source. 

The flame burning was observed in all of the sam-

ples. The formation of flame burning was affected by 

the shape and the cracks on the surface of the sample. 

The thermal degradation of the main components of 

wood by temperaturse above 100 Á C is manifested 

by weight loss as well as changes in the physical and 

mechanical properties of wood. After that begins the 

burning without a flame and flame burning (Moun-

tain et al., 1984; in: Kaļ²kov§, Netopilov§, Osvald, 

2006, Reinprecht 1996). In the samples without any 

treatment and in the samples with the use of 

Bochemit the flame burning was observed just right 

after the occurrence of the locally charred areas. 

The spread of the flame on the surface of the sam-

ples ended, when the formation of inflammable gases 

and their concentrations decreased to a level at which 

the flame could burn no longer. In samples without 

any treatment the flame spread was quicker than in 

the other samples. After the creation of a char layer 

on the sample the flame spread slower. Flame spread 

in the sample treated by  Bochemit took place only 

within the radius of the point heat source. In samples 

with Firesorb the flame spread occurred as well only 

within the radius of the exposure of the point heat 

source. We believe that during the measurements the 

phenomenon of natural flame-resistance of wood 

was observed, resulting in a slowing of the weight 

loss of the samples and slowing of the fire spread 

along the surface of the sample. Increased production 

of coal reduces formation of inflammable gases and 

helps to protect the wood from another thermal deg-

radation (Rowel et al., 1984 in: Kaļ²kov§, Ne-

topilov§, Osvald, 2006). After the char layer was cre-

ated, the flame burning did not occur, except in the 

cases when cracks (collapses), which disrupted the 

integrity of the char layer. Subsequently, the burning 

changed its location outside the radius of impact of 

the flame. Our measurements support the claim that 

reducing the values of the measured temperatures 

from T2 to T4 is caused by heat transfer through the 

material (Hottel, Sarofim, 1979; Sazima et al., 1989).  

According to Buļko, Osvald (1998) the thermal deg-

radation is mainly influenced by the properties of the  

material and the environment. Their research and 

also the research by Kaļ²kov§, Netopilov§ and Os-

wald (2006) support the assertion that cracks, mois-

ture of the material, thermal conductivity and surface 

treatment of wood by anti-pyrogenic agents  affects 

the combustion. Results of the research by Chaouch 

et al. (2010) point to the complexity of the relation-

ship between the thermal properties and the thermal 

degradation rate, density and composition of wood. 

Their research also shows a positive correlation be-

tween the basic composition of wood and its weight 

loss. 

The shedding of the ashes was observed in the 

sample without any treatment and in the sample with 

the use of Firesorb. In samples treated with Bochemit 

the shedding proceeded more slowly. This finding is 

also supported by the research team of authors 

Dobele et al. (2007), where the charred layer of the 

sample treated with fire retardant was more stable. 

We observed increase in the weight of the sample, 

which could have been caused by the relative humid-

ity of the environment and subsequent water absorp-

tion of the sample. The humidity of the environment 

ranged between  80% to 100% and the moisture of 

the wood ranged from 9.4 to 11.4%. According to the 

authors Borrego and Kªrenlampi (2008) the humidity 

of air and the sample play an important role, whereas 

the greatest differences can be observed between the 

saturation point of wood fibers and the relative mod-

erate humidity.  Bochemit is based on salts, which 

may result in an increased ability to bind air humidity 

and this with chemical treatment of the wood may 

affect the heat flow. This assumption is supported by 

the research of Muller-Hagerdorn et al. (2003). 

We assume that all the variations of temperatures 

T2, T3, T4 in samples without any treatment and in 

samples treated with Bochemit were due to the for-

mation of cracks in the samples. The downward fluc-

tuations in the temperature on T1 in samples treated 

with Firesorb were caused by the protective proper-

ties of the gel created by Firesorb. We assume that 

the decreases of the medians of the temperatures 

measured by T1 to T4 were caused by the properties 

of the material to resist heat transfer through the ma-

terial. Overall, on average the samples without any 

treatment reached the highest temperatures. The sam-

ples treated with Bochemit reached lower tempera-

tures and the samples treated with Firesorb reached 
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the lowest temperatures. We assume that the fluctua-

tions of temperatures measured by T1, T2, T3, T4 in 

the samples exposed to large heat source were caused 

by greater heat flow through the material. Decrease 

in the range of temperatures measured by T1 to T4  

was caused by heat transfer through the material. In 

total samples exposed to small heat source reached  

lower temperatures, whereas higher values of tem-

peratures were reached in the samples exposed to 

large heat source. 

The samples treated with Firesorb showed better 

resistance to the heat flow in comparison to the sam-

ples without any treatment, which is supported by the 

research carried out by Chromek et al. (2010), be-

cause the observed time of occurrence of the flame 

burning in the samples treated with Firesorb was 

longer compared to samples without any treatment. 

The weight loss rates in samples treated with Fire-

sorb were higher than in the samples without any 

treatment. Research by Salgado (2009) supports our 

assertion that Firesorb has a high resistance to heat 

flow, and can be used in forest ecosystems, but the 

potential impact on the environment must also be 

dealt with. 

The samples treated with Bochemit showed a bet-

ter resistance to heat flow in comparison with the 

sample without any treatment. This result is sup-

ported by the research by Pedieu (2011), who regards 

the boric acid as a good fire retardant in the manufac-

ture of particleboard materials. The time of the ob-

servation of flame burning was longer compared to 

the samples without any treatment. Study by Gao et 

al. (2006) support our measurements and the assump-

tion that the preparations containing boron exhibit a 

good resistance to flame. 

Firesorb and Bochemit have different features. 

The solution of water with Firesorb forms a gel. Wa-

ter combined with Bochemit creates a liquid solution. 

The application of the two preparations limits their 

use. Firesorb is used rather to combat the already es-

tablished fire and to protect the buildings exposed to 

the effects of the fire. Bochemit is used for preven-

tive protection of wooden elements and construc-

tions. 

Desired environmental friendliness and harmless-

ness to health are also the limiting parameters of 

these products, because fire retardants have an im-

pact on the human body and are not recommended 

for use in large quantities in areas with the presence 

of people.  Also, gels and preparations have their ad-

verse impact on the ecology. Every element that is 

not found naturally in the environment represents an 

environmental burden. Therefore the advisability of 

application and the form of protection of given struc-

tural element and construction and as well as the pre-

ventive measures to reduce the possibility of adverse 

events should be take into account. In the study by 

Basanta (2002) no record of significant microbiolog-

ical changes was found after the application of Fire-

sorb into some selected types of soil. But field studies 

to confirm and evaluate the environmental impact 

were recommended. The study by D²az-Ravi¶ (2006) 

supports the argument that the environmental impact 

of Firesorb is negligible compared to the effects of 

fire. 

5. Conclusion 

The samples resist heat stress better with the use 

of protective agents. Concerning the time of occur-

rence of the flame burning, the samples with the use 

of protective agents showed better results compared 

to the samples without any treatment. External mor-

phological features such as roughness, cracks that 

caused the spread of flame outside it's radius, and the 

emergence of the smoldering areas near the cracks 

affect the visual signs of thermal degradation of the 

samples. The creation of charred layer and the subse-

quent reduction in weight loss were observed in all 

samples. In practice this phenomenon is called natu-

ral flame-resistance. In some samples the weight was 

increasing with time, which, as we believe, is the ef-

fect of the relative humidity of the environment and 

water absorption of the wood. 

If we take the ability of the material to resist the 

effects of the heat flow as the criterion for assessing 

the effectiveness, then Firesorb increases the re-

sistance but gives way itself (thermally degrades) and 

protects the sample for a longer period of time in 

comparison to Bochemit. 

Bochemit produces a layer which is more stable 

than the gel layer created by water and Firesorb. 
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Bochemit reduces the rate of the disintegration of the 

charred layer, thus enhancing the endurance and the 

ability to resist the heat flow of the sample compared 

to the sample without any treatment. Therefore it is 

difficul t to assess which of the products, Firesorb or 

Bochemit, resist the heat flow better. Considering the 

weight loss, Bochemit is more resistant. If we take 

the time of the sighting of the flame burning into ac-

count, then Firesorb is more resistant. 
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Abstract 

Fire safety solutions are applied practically in each building structure (e.g. in technological and industrial structures, and other 

ones, too). It is caused by legislation in force with the goal to ensure sufficient protection level against fires, and protection of 

health and lives of people, property protection and the last, but not the least, environmental protection. Increasing level of fire 

safety level can be reached by application of selected fire-protecting elements, systems, and devices and by these means to 

minimize danger and probability of fire origin, fire extent and consequences. In a technology of cellulose products based on 

tissue paper, lots of flammable substances and materials are presented. In a technological production process of tissue products 

ï hygienic toilet paper, hygienic napkins and handkerchiefs, the strong bleaching and oxidizing substance - hydrogen peroxide 

that in a contact with certain organic substances supports the burming process, is substituted by more suitable and in terms of 

fire safety more safe substance ï the enzyme. Experimental investigation is oriented on verification and comparation of bleach-

ing substances (hydrogen peroxide and an enzyme) effect on flammability of cellulose based materials. Subject of test are 

samples of input materials of tissue paper production - separated waste paper, pulp and intermediary products. The article is 

focused on determinatrion and comparation of oxygen index of cellulose materials using the standardized method STN EN ISO 

4589-1:2001. Part 1. Plastics. Determination of burning behaviour by oxygen index. Experimental flammability determination 

of cellulose-based products contributes to new knowledge that can be utilized in practice for increasing fire safety in technolo-

gies of processing and production thereof as well as in other building structures (e.g. storage halls and others). Knowledge of 

fire and technical characteristics of input raw materials, intermediary products, auxiliary substances as well as output products 

enables, together with designs and carrying out effective preventive and fire safe measures, to minimize danger and risk of fires 

origin.   

Keywords: building structure, structural fire safety, fire, flammability of materials, cellulose, waste paper, tissue paper, hydrogen peroxide,  

enzyme,  oxygen index;  

1. Introduction  

Nowadays, a large amount of crisis situation arises 

all around the world; one of them is fires not only in 

wildland but also in inhabited areas, which may cause 

disruption of critical infrastructure protection [1], [2]. 

Fire protection level in structures depends on many 

factors, not least on the amount and type of flammable 

products, masterials and substances present in the 

structure. Among flammable materials that are rela-

tively often present both in building structures and in 

ððð 
* Iveta Coneva, PhD. Corresponding author. Tel.: +421 41 513 6755; e-mail: iveta.coneva@fbi.uniza.sk. 

technologies belong polymeric plastics on the cellu-

lose basis [3], [4], [5], [6] (e.g. wood, pulp, cellulose, 

waste paper, tissue paper and. others). Tissue products, 

for example tissue paper, kirchen towels and hygienic 

handkerchiefs are technically processed; both natural 

as well as polymer cellulose materials are flammable 

in the Fire Class A. In this case, it is a fire of solid rigid 

substances with organic origin and while they burn us-

sually, a glowing or burning residuum is created [7]. 

Presence of cellulose materials and tissue products sig-

nificantly affects processes of burning and fire; thus, it 
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is important to be acquainted with their fire and tech-

nical characteristics. One of them is the Oxygen Index 

(OI). Values of OI of cellulose materials can be deter-

mined by standardized method STN EN ISO 4589-

1:2001 Plastics. Part 1. Determination of burning be-

haviour by oxygen index [8], [9]. However, there are 

not known values of fire and technical characteristics 

of tissue products in a specialized literature, it is im-

portant to determine them experimentally, to compare 

them and make results, which are possible to apply in 

an expert theory and practice. Measured values enable 

to compare and evaluate the possibility of fire origin 

in the tissue products technology with focus on a 

bleaching process by two different methods ï by a per-

oxide one and an enzymatic one. At the same time, Ef-

fect of used bleaching agents (hydrogen peroxide and 

enzyme) on flammability of finished tissue products 

were studied. can be compared that in a final conse-

quence affects fire safety topic in bulding structures, 

namely in a technology process of tissue products pro-

duction. 

2. Oxygen Index Method  

Flammability determination of plastics ï polymer 

substances by the Oxygen Index method has a broad 

application at monitoring of relative flammability of 

both pure materials as well as materials treated by 

flame retardants [8], [9]. The Oxygen Index is defined 

as a minimal oxygen concentration in an oxygen/ ni-

trogen mixture expressed as a volume part of oxygen 

in 100 volume parts of the N2 and O2 mixture that wil 

support the examined sample to burn in flame under 

prescribed test conditions. The lower the oxygen in-

dex, then a material is more flammable. This parame-

ter characterize material ability to burn even in a de-

cresed oxygen concentration, especially in the devel-

opment phase of a fire in the buildings where the air 

supply to the space is very limited [10], [11], [12], 

[13], [14], [15], [16], [17], [18], [19], [20], [21], [22].   

The formula for the oxygen index calculation is as 

follows (Eq. (1)) [8], [9]: 

 

      [vol. %]            (1) 

 

where, 

OI ï oxygen concentration in a volume percentage [vol. %]; 

V0 ï volume of oxygen in a volume percentage [vol. %]; 

VN ï volume of nitrogen in a volume percentage [vol. %]. 

Oxygen Index method is the standardized test STN 

EN ISO 4589-1:2001 Plastics. Part 1. Determination 

of burning behaviour by oxygen index [8], [9]. It is 

used oft in ther most of industrially developed states 

because it with  have relative high accuracy and quan-

titatively expresses relative flammability of materials. 

Final values of oxygen index depend on a sample 

shape, its position ï orientation (angle as regards gas 

flow direction), way of ignition and on conditions un-

der which the test is carried out. The results are orien-

tative only; they can differ from material behaviour 

under real fire conditions therefore it is required to 

take into account also other fire and technical charac-

teristics when evaluating fire hazard [10], [11], [12], 

[13], [14], [15], [16], [17], [18], [19], [20], [21], [22]. 

The Table 1 refers to Oxygen Index values of selected 

ligno-cellulosic materials [23]. 

Table 1 Oxygen index values of selected ligno-cellulosic mate-

rials [23] 

Material  Oxygen Index (OI) 

[vol. %]  

Cellulose 18.5 

Paper 20.8 

Pine wood 22.2 

Beeach wood 25.0 

3. Experimental part ï principles of the test and 

measurement 

Burning process at Oxygen Index determination is 

evaluated by visual observation of flame and flame 

spread in a controlled oxidation atmosphere. For 

measurement purposes the equipment Stanton Red-

croft ï FTA module (Fig. 1) was used.  

The tested sample was ignited at the upper end of 

the sample holder; i.e. vertical positioning was used 
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and flame burning that spreads upstream of the oxi-

dizing agent flow was monitored. The flame burning 

lasts at least 180 seconds or for time required for 

reaching 50 mm length for samples I up to IV and VI; 

or 80 mm length for the sample V, respectively. The 

gas flowing rate (oxygen/nitrogen mixture) was (40 

Ñ 2) mm.s-1. 

The device was connected to the oxygen and ni-

trogen pressure vessel. The precise amount of oxy-

gen and nitrogen was adjusted by a needle valve. The 

main flowmeter indicated flowing amount ï the oxy-

gen concentration in the oxygen/nitrogen mixture 

that flows through the combustion tube. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The sample was positioned in the sample holder 

inside the fire resistant combustion tube. After open-

ing gases input, the sample was ignited by a gas 

burner and time in which the sample burns through ï 

the burning time in seconds, was measured. The de-

vice for determination of oxygen index allows sim-

ultaneously to measure linear flame spread rate on 

surface of polymer materials ï the length of burned 

part in mm as well as to create model of flame-free 

propagation process [8], [9], [15].  

3.1. Subjects of test ï samples of selected cellulose 

materials  

The subjects of test are samples of following cel-

lulose materials:  

- Sample A ï waste paper, raw material of the C 

group quality ï better quality types, i.e white 

newspaper pieces, journals and newspapers with 

minimal text and cut white coloured strips with mi-

nimum printed text [15], [24], [25].    

- Sample B - waste paper, raw material of the B 

group quality ï medium quality types, prevailingly 

journals and newspapers sheet pieces and cut white 

up too yellow coloured strips with printed text [15], 

[24], [25].   

- Sample C ï tissue product, toilet paper made from 

pulp ï cellulose raw material that was not treated 

by any bleaching agent (neither hydrogen peroxide 

nor enzyme was used) [15], [25].   

The Table 2 refers to selected characteristics of 

one-layer intermediary product ï the tissue paper 

made by an enzymatic bleaching method and that is 

suitable for production of multilayer toilet paper. 

 
Table 2 Parameters of tissue product - toilet paper made with 

enzyme application [15] 

Surface area [g.m-2] 49.5 

Whiteness pursuant to ISO [%] 78 - 84 

Longitudinal tensile stress/ strength 

[N.50 mm-1] 

min. 

16.2 

Transverse tensile stress/ strength 

[N.50 mm-1] 

min. 

6.0 

The Table 3 refers to selected characteristics of 

one-layer intermediary product ï the tissue paper 

made by a hydrogen peroxide bleaching method and 

that is suitable for production of multilayer toilet pa-

per. 

 
Table 3 Parameters of tissue product - toilet paper made with 
hydrogen peroxide application [15] 

Surface area [g.m-2] 48.5 

Whiteness pursuant to ISO [%] 78 - 84 

Longitudinal tensile stress/ strength 

[N.50 mm-1] 

min. 

15.9 

Transverse tensile stress/ strength 

[N.50 mm-1] 

min. 

5.8 

- Sample D ï tissue product, toilet paper product 

made from waste paper mixture(C group quality - 

30 % + B group quality ï 70 %) bleached by enzy-

matic method (Tab. 2) [15], [25].   

- Sample E - tissue product, toilet paper product 

made from waste paper mixture(C group quality - 

30 % + B group quality ï 70 %) bleached by hyd-

rogen peroxide method (Tab. 3) [15], [25].  

Fig. 1 Scheme of equipment for plastics flammability deter-

mination by the means of Oxygen Index Method [8], [9], 

[15] 
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3.2. Preparation of tested samples, test conditions 

and carrying out test and measurements  

Tested samples A and B were treated according to 

the standards [8], [9] on rectangle shape of the type 

III having dimensions 100 x 10 mm. The sample 

treating of the samples A and B into the type III shape 

was chosen depending on a shape and quality of the 

waste paper material and on its thickness not exceed-

ing 10.5 mm. Tested samples C and E were treated 

according to the standards [8], [9] on roll shape type 

VI having dimensions in unrolled plane shape 200 x 

20 mm. The sample treating of the samples C and E 

into the type VI shape ï dimension of tested subject, 

was chosen depending on a shape and quality of the 

material ï toilet paper made without any bleaching 

process and toilet paper made by hydrogen peroxide 

application that was so thin to be able be rolled-up on 

the rod; the thickness varied in the interval from 

0.02 mm up to 0.10 mm [15]. Tested sample D was 

treated on the rectangle shape type V having dimen-

sions 140 x 52 mm. The sample treating of the sam-

ple D into the type V shape ï dimension of tested 

subject, was chosen depending on a shape and quality 

of the material and its thickness not exceeding 10.5 

mm. It was flexible thin film that can be treated into 

the rectangular shape [15]. Tested samples A, B, C, 

D, and E were conditioned 100 hours at the tempera-

ture 23 Ñ 2 [o C], air humidity 50 Ñ 5 [%], and ambi-

ent temperature of testing laboratory 22,23 Ñ 1 [o C] 

and relative air humidity 44,48 [%] [15]. A gas 

burner was an ignition source (according to the 

Clause 5.5 of the standards [8], [9]) using propane 

without admixed air. The way of ignition of samples 

A (type III), C, and E (type VI) is the A method; 

while that of samples B (type III), and D (type V) is 

the B method.  

By the A method, the whole upper area of the up-

per end of samples is ignited but the flame shall not 

touch perpendicular side edges of the sample. By the 

B method, the whole upper area of the upper end of 

samples as well as perpendicular side edges of the 

sample up to depth 6 mm are ignited. The A ignition 

method can be used for types III and VI. The samples 

of the type III were marked in the distance 50 mm 

from the ignited end ï the upper area while those of 

the type VI ï rolls on the rod were not marked. The 

B ignition method can be used for types III and V. 

The type III shall be marked in the distances 10 mm 

and 60 mm, respectively, from the ignited end whikle 

the the type V shall be marked in the distances 20 mm 

and 100 mm, respectively, from the ignited end. 

Number of samples for experiments: 20 pieces 

from each sample.  

Test procedure: The sample was ignited at the 

upper end and flame-burning spreading upstream the 

oxidizing agent flow was monitored. The test lasts 

minimally 180 seconds. Oxygen concentration in the 

oxygen/nitrogen mixture was determined by flow-

meters [8], [9], [15].  

4. Evaluation of experimental measurements and 

discussion  

Measured values obtained by prescribed standard-

ized test are referred to in the Table 4 and drawn at 

the Fig. 2. The method ñOxygen Index - OIò is now-

adays one of the most important basic tests of the rel-

ative flammability laboratory determination of poly-

mer materials. Oxygen concentration under normal 

conditions does not exceed 21 [vol. %] and it is sup-

posed that substances having OI higher than 21 [vol. 

%] will not burn. 

 
Table 4 Measured values of tested samples of  selected cellulose 

materials [15] 

Material  Oxygen Index 

(OI) [vol. %]  

Sample A ï waste paper 19.7  Ñ  0.3 

Sample B ï waste paper 18.8  Ñ  0.5 

Sample C ï toilet paper 

without any bleaching process 

18.3  Ñ  0.3 

Sample D ï toilet paper with 

enzymatic bleaching process 

18.1  Ñ  0.3 

Sample E ï toilet paper with 

hydrogen peroxide bleaching 

process 

17.7  Ñ  0.3 

From resulting measured Oxygen Index (OI) val-

ues that were processed in the Table 4 and Figure 2, 

we can state that the highest Oxygen Index value 

reached the sample A: 19.7 [vol. %] ï i.e. waste pa-

per with quality group C; while the lowest Oxygen 

Index value reached the sample E: 17.7 [vol. %] ï i.e. 

toilet paper made by peroxide bleaching [15]. All 

Oxygen Index values of all samples are lower than 
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21 [vol. %]; based on this fact we conclude that  all 

samples are flammable [15].  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Chart of final Oxygen Index values of the samples A, B, 

C, D, and E [15] 

Samples A and B, namely the sample A: 19.7 

[vol. %] - waste paper with quality group C and the 

sample B: 18.8 [vol. %] - waste paper with quality 

group C, reached higher Oxygen Index values; prob-

ably presence of printing dyers significantly affected 

these values [15]. The sample C: 18.3 [vol. %] ï toi-

let paper made without any bleaching process 

reached Oxygen Index value higher than samples D 

and E; namely the sample D: 18.1 [obj.%] ï a toilet 

paper made by enzymatic bleaching process and the 

sample E: 17.7 [vol. %] ï a toilet paper made by per-

oxide bleaching process. More intensive bleaching 

processes probably decrease Oxygen Index values 

and increase flammability of final tissue products 

[15]. The sample D: 18.1 [vol. %] - a toilet paper 

made by enzymatic bleaching process reached higher 

Oxygen Index value than the sample E: 17.7 [vol. %] 

ï a toilet paper made by peroxide bleaching process. 

Based on this fact we can assume that use of enzyme 

as a bleaching agent compared with hydrogen perox-

ide in the production process of tissue products de-

creases flammability of final tissue products ï 

namely of toilet paper [15]. 

5. Conclusion 

issue products, especially toilet paper, hygienic 

handkerchiefs, kitchen towels and other products are 

widely used in our households. Currently, we cannot 

imagine our daily life without using them.   

Fire hazard of technological processes represents 

elimination of possibility of fire origin under normal 

performance conditions. In case of extraordinary per-

formance conditions or accident situation, it is im-

portant to eliminate or restrict possibilities for fire 

origin on minimal reachable level. Decreasing flam-

mability of final tissue products resulting from 

change of bleaching agents contributes to overall in-

creasing protection against fire in technological pro-

cess of production wood-processing products. Exam-

ination of fire and technical characteristics of treated 

products based on polymer cellulose materials can 

contribute to increase fire safety in technological pro-

cesses concerning production and storage thereof in 

various building structures [26]. 
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Abstract 

This paper describes chemical changes of five fast-growing species, willow (Salix viminalis L.), acacia (Robinia pseudo-

acacia), poplar (hybrid) (Populus nigra x P. maximowiczii), alder (Alnus glutinosa L.) and birch (Betula pendula Roth.) with 

dimensions of 20 Ĭ 20 Ĭ 10 mm after thermal loading (ignition and flammable temperature). For each of them content of 

cellulose, hemicelluloses, holocellulose, lignin, extractives were rated. From the point of physical property, we followed fibreôs 

characteristics (fibre length, fibre width and shape factor). After the thermal loading of the samples, we observed an increase in 

the amount of cellulose, probably due to changes in its structure, and lignin because of the effect of greater thermal stability as 

well as due to its condensation. Conversely, content of holocellulose decreased (approx. 20 %) at all of used wood samples. 

Because of thermal degradation of wood, increasing of fibres in shorter fractions is visible. In terms of fire technical properties, 

one can say that acacia with the highest density of wood is the most resistant wood specie against thermal exposition.   

Keywords: ignition and ignitable temperature, thermal degradation of wood, chemical composition, fibres length, fast-growing species;   

1. Introduction  

Wood is a material that has always been used for 

different purposes. Due to its wide application (con-

struction industry, paper industry, furniture produc-

tion, ornaments, etc.) and because of its frequent use, 

it is necessary to know the behaviour and the changes 

that occur due to various forces, especially the heat. 

Therefore in order to understand the process of thermal 

degradation of wood, it is necessary to know the over-

all structure and the subsequent reaction of wood dur-

ing its decomposition. Important information on the 

wood reactions to the fire and heat can be used for the 

prevention of fire origin, for limiting its spread and 

minimize the loss of life, injury and property damage 

(Zachar 2009, Chovanec, Osvald 1992). Just the loss 

of the mechanical properties together with chemical 

processes that occur during thermal degradation of 

ððð 
* Assoc. prof. Iveta Ļabalov§, PhD., Corresponding author. Tel.: +421-45-5206375, e-mail: iveta.cabalova@tuzvo.sk. 

wood, give rise to the threat to life, health and prop-

erty. It should be noted, that such changes are irre-

versible (Gronli 1996, Kaļ²k, Markov§ 2000 Hill 

2006). The rate of thermal degradation is generally 

higher in deciduous than in coniferous wood. For ex-

ample, a spruce has a higher thermal stability than a 

beech (Schneider, Rusche 1973). But even small 

amounts of corrosive additives, for example sulphuric, 

hydrochloric, nitric, phosphoric or boric acids and 

their salts have very obvious acceleration effect on the 

rate of thermal degradation of wood (Le Van 1984, 

Reinprecht 1992, 1996). 

The decrease of hemicelluloses proportion is the 

most obvious in purposely thermally modified wood 

(Shafizadeh, Chin 1977). At the same time, a relative 

increase amount of lignin occurs (SUDO et al. 1985); 

or sometimes can be seen in the increase of extractive 

substances (Fengel, Przyklenk 1970, Kaļ²k et al., 

file:///C:/Users/Admin/AppData/Roaming/Microsoft/Word/iveta.cabalova@tuzvo.sk
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2001), respectively. Clear degradation of the hemicel-

luloses takes place particularly at temperatures above 

170 ÁC, the degradation depends also on several other 

factors, such as time, pressure, the presence of oxygen, 

the presence of water, the presence of aggressive 

chemicals (Reinprecht, Vidholdov§ 2011). 

Density of the wood, surface of the material or its 

quality, anatomical structure of wood significantly af-

fect physical-chemical and mechanical properties of 

wood during thermal exposure. Under the same load-

ing conditions, a rough surface is easier ignitable be-

cause of quality smooth surface reflects energy of a ra-

diant or flame sources and thus ignition is more diffi-

cult. Also, the geometric shape and dimensions such 

as thickness, length, diameter, number of edges, cur-

vature angles and others determine the actual re-

sistance of the wood material against ignition; these 

factors affect the combustion process, its speed and in-

tensity. An important parameter with regard to geo-

metrical shape, is the ratio of volume to surface of the 

material. Wooden items such as chips, chips and dust 

are easily ignitable with decreasing value of this ratio 

(Reinprecht 1997). 

The mass loss is a result of the effect of elevated 

temperature and also of changes that have occurred in 

the chemical composition of hemicellulose, cellulose 

and lignin. It depends on various factors such as the 

duration of temperature effect, initial moisture content 

of the material, porosity, concentration of reaction 

products in the environment and the oxygen concen-

tration (Kaļ²k et al., 2001). 

Thermal stress of wood results in permanent or 

temporary consequences. Permanent effects occur as 

mass loss, degradation of carbohydrates, water loss, 

and softening of the lignin accompanied by decrease 

of mechanical properties. The extent of this permanent 

change of strength depends on the type of thermal 

load, temperature, moisture, exposure time, type and 

size of the sample (Oltean et al. 2007, Figueroa, 

Moraes 2009). But the heat treatment results also in 

the improvement or stabilization of dimensional prop-

erties of wood as well as in the extension of lifetime in 

terms of disintegration, respectively. Other conse-

quences of such technological process can include re-

ducing the ability to absorb moisture, increasing mi-

crobial resistance, increased flexibility, darkening ma-

terial, etc. All these changes are dependent on several 

factors, such as time, temperature, atmospheric condi-

tions, wood species, used technique or technology, 

sample size, etc. 

The aim of this paper was to characterize dimen-

sional characteristic of fibres (length, width and shape 

factor) and chemical changes of extractives, lignin, 

polysaccharides of selected fast-growing wood spe-

cies, namely willow (Salix viminalis L.), acacia (Ro-

binia pseudoacacia L.), poplar (hybrid) (Populus nigra 

x P. maximowiczii), alder (Alnus glutinosa L.) and 

birch (Betula pendula Roth.) after thermal loading (ig-

nition and ignitable temperature). 

2. Experimental part 

2.1. Material 

Samples of wood species, willow - VR (Salix vim-

inalis L.), acacia - AG (Robinia pseudoacacia L.), pop-

lar (hybrid) - TO (Populus nigra, P. maximowiczii x), 

alder ï JL (Alnus glutinosa L.) and birch - BB (Betula 

pendula Roth.) with dimensions 20 x 20 x 10 mm 

(standard STN ISO 871: 2010), prepared from the tree 

trunk, were pre-test conditioned at 23 Ñ 2 ÁC and rela-

tive humidity 50 Ñ 5 % for at least 40 hours in accord-

ance with the standard STN EN ISO 291 (2008). Sam-

ple surfaces were not treated by another way. 

 To determine flash point and ignition temperature 

was used standard STN ISO 871 (2010). The principle 

of the test is to heat tested material in a heating cham-

ber at different temperatures. By positioning a small 

pilot flame impinging on the opening cover of the hot-

air furnace,  released gases ignite and the flash point 

can be determined. Ignition temperature is determined 

by the same way as the flash point, but without igniting 

flame. The course of the temperature in the furnace is 

measured with thermocouples (type K) with a diame-

ter of 0.5 mm; the data logger ALMEMOÈ 710 is used 

for temperature recording. 

Prior to the determination of the flash point and ig-

nition temperature, five subsample pieces for deter-

mining the moisture content and density were col-

lected from the individual plants (Table 1). 
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Table 1 Moisture and density of samples before thermal degradation 

Wood species Moisture (%)  Density (kg/m3) 

VR 6.33 511.13 

AG 6.55 725.86 

TO 5.85 495.49 

JL 6.75 538.50 

BB 6.55 621.51 

2.2. Chemical content 

For chemical analysis, we chose samples from the 

thermally degraded part of the wood and these were 

disintegrated and by grain size analysis arranged to 

fractions. A fractional piece of wood of 0.5 up to 1.0 

mm was used for the chemical analysis. Extractive 

agents were determined in a Soxhlet apparatus by the 

mixture of ethanol and toluene (2:1) according to the 

standard ASTM D 1107-96. Lignin was determined 

according to the Standard ASTM D 1106-96, and cel-

lulose according to Seifert (1956) and holocellulose 

according Wise et al (1946). 

2.3. Fibers characteristics 

For determination of dimensional characteristic of 

fibers we used L & W Fiber Tester equipment that is 

used in practice for advanced analysis of fiber dimen-

sions. Measurement by the device is based on the prin-

ciple of two-dimensional imaging technology. Meas-

urement technology is automated, allowing frequent 

and rapid analysis of pulp quality. The instrument 

measures the fiber properties such as length and width 

of the fibers, shape factor (aspect ratio of displayed 

line length between the ends of the fibers to the actual 

length of the fiber - length along the outline of the fi-

ber), fine portion (fibers up to 0.1 resp. 0.2 mm), 

coarseness (fiber mass in ɛg per unit of fiber length) 

(Lorentzen - Wettre 2012). 

3. Results and discussion 

3.1. Fire technical characteristics 

Based on determination of flash point and ignition 

temperature of individual samples during the time in-

terval until flame was initiated, we can derive samplesô 

strength and behaviour at the time of the fire origin and 

during its subsequent development. It is also possible 

to use data for modelling purposes of fires in labora-

tory scale or for investigating the causes of fires, for 

confirmation or denial initiation of the material from 

sources present at fire site, respectively.  

During measuring, a gradual degradation of the 

timber components take place and the achievement of 

a sufficient concentration of combustible gases and va-

pours leads to ignition of the sample, resulting in a 

burning in flames (Rantuch et al. 2015). 

The initial burning in flames (flare temperature) 

and thus the lowest flash point (321.16 ÁC) was rec-

orded at birch samples, then followed by alder samples 

(326.44 ÁC), then almost the same value for the willow 

samples (338.57 ÁC) and poplar ones (338.66 ÁC) and 

the highest flare temperature was measured for acacia 

wood samples (353.54 ÁC). At the actual determina-

tion of the flash point, the important function plays the 

time period of flare ï flare time, which ranged from 

464.8 seconds for alder samples up to 534.4 seconds 

for poplar samples (Table 2). Time to flare also signif-

icantly informs on material resistance against thermal 

stress, because the higher the time the greater re-

sistance against thermal loads. 

At determination of ignition temperature, we rec-

orded minor differences between the measured values 

for each species. The lowest ignition temperature was 

found at the acacia samples (405.84 ÁC), followed by 

alder samples (407.87 ÁC) and birch ones (409.30 ÁC), 

higher values were obtained at  poplar samples (418.11 

ÁC) and the highest temperature reached willow sam-

ples(422.41 ÁC). The lowest times to flare but very 

comparable reached poplar samples (305.8 s) and wil-

low ones (318.9 s); longer times but also comparable 

times achieved alder samples (357.2 s) and birch ones 

(360.2 s). The highest time was measured for acacia 

samples (482.0 s) (Table 2). Based on this fact, we can 

say that this tree species (acacia) has the highest re-

sistance against thermal stresses from all monitored 

plants. Martinka et al. (2015) in their work dealt with 
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the issues of thermal resistance of spruce wood; where 

they referred to the initiation temperature of the com-

bustion process (ignition) at 450 ÁC under the same 

experimental conditions. 

Table 2 Flare and ignition temperatures and times of the samples 

Wood 

species 

Flare 

tempe-

rature 

[ÁC] 

Time to 

reach 

flame 

tempe-ra-

ture [s] 

Ignition 

tempe-ra-

ture 

[ÁC] 

Time to 

ignition 

tempe-ra-

ture 

[s] 

VR 338.57 482.4 422.41 318.9 

AG 353.54 518.8 405.84 482.0 

TO 338.66 534.4 418.11 305.8 

JL 326.44 464.8 407.87 357.2 

BB 321.16 509.6 409.30 360.2 

3.2. Chemical analysis of wood 

From the results of chemical analysis (Table 3), we 

observed an increase of the lignin and cellulose con-

tent with increasing amount of thermal loading. The 

increase of cellulose content is due to changes in its 

structure, because of carbonization and crosslinking 

(Tjeerdsma et al. 1998, Esteves et al. 2008, Kuļerov§ 

et al., 2009, and Ļabalov§ et al. 2013, 2016). The in-

crease of lignin content is because of the effect of 

greater thermal stability Compared to saccharides as 

well as due to its condensation. When thermal degra-

dation of wood took place up to temperatures VZP and 

VZN, there was a degradation of polysaccharides (hol-

ocelullosis) by more than 20% at all studied species. 

Wood polysaccharides are created by cellulose and 

hemicelloses. The thermal treatment of the sample 

timber tends to increase the proportion of the cellulose 

and the total thermal degradation of the more labile 

hemicelluloses  (Ļabalov§ et al. 2014). 

The yield of extractive substances significant in-

creased using the lower temperature of the thermal 

load (VZP) at willow, acacia, and birch plant samples. 

It was increased mainly by products of thermal decom-

position of lignin macromolecules (Fengel, Przyklenk 

1970). Charring the wood (at VZN) caused a decrease 

of extractive substances because of their lesser solu-

bility in organic solvents, which is caused by conden-

sation reactions. At the poplar and alder samples, de-

creasing of the extractives proportion occurred, de-

pending on the used temperature height. Decreasing of 

extractives in the char layer was also found for other 

modes of thermal load (Kaļ²k et al. 2006, Tumen et al. 

2010). 

Table 3 Amounts of extractives, cellulose, holocellulose and lignin in analysed samples (results are expressed in % odw of wood) 

Wood species Sample  Extractives  Cellulose Holocellulose Lignin 

VR 

origin 4.19 46.93 79.44 18.86 

VZP  7.62 62.96 60.33 30.90 

VZN  6.40 74.43 60.12 41.11 

AG 

origin 6.48 41.24 81.99 19.25 

VZP  9.10 71.21 60.96 37.15 

VZN  5.90 85.97 64.69 72.30 

TO 

origin 7.36 43.37 79.03 19.96 

VZP 6.62 74.22 61.25 51.79 

VZN  6.45 81.66 61.30 69.19 

JL 

origin 10.32 34.68 76.67 21.01 

VZP  6.84 67.63 59.10 43.22 

VZN  5.21 84.22 63.64 69.47 

BB 

origin 5.89 33.87 85.13 17.15 

VZP  8.60 56.08 58.35 31.44 

VZN  6.03 77.31 62.23 58.33 
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3.3. Fibers length 

From the results of the analysis of fibers of willow 

samples (Figure 1), it is clear that the thermal load af-

fects their length by increasing the proportion of fibers 

in the shorter fractions. At the original sample, the 

largest proportion of the fibers (51.18 %) was found 

within the length class from 0.51 mm up to 1.00 mm, 

and . Due to thermal load up to the point VZP, only 

26.00 % (a decrease of 49.2 %) of the fibers was found 

in this class; and among samples point VZN only 

18.77 % (a fall of 63.33 %) was  

 

observed. We recorded, however, increase of the pro-

portion of fibers in the fraction from 0.05 mm to 0.50 

mm (original sample: 39.38 % proportion; up to  

VZP point: 71.14 % proportion; and up to VZN point 

78.76 % proportion, respectively). 

Geffertov§, Geffert (2012) refer the short fibers 

proportion at the 33-year old willow timber of 15.2 % 

within the range of 0.20 mm up to 0.50 mm; and 71.4 

% proportion within the range 0.51 up to 1.00 mm.  

Further, they said that from the clones of willow, the 

clone RAPP had the greatest average fiber length 

(0.501 mm); while the clone ORM - the shortest one 

(0.480 mm). 

 
Figure 1 Fibers length of willow wood

The acacia properties were evaluated only at the 

original sample and sample up to the VZP point, be-

cause the sample up to the VZN point was completely 

charred (due to the longest exposure sample to radiant 

rays), and therefore the analysis of fibers by the Fiber 

Tester could not take place. As regards the observed 

fiber length (Figure 2), similarly as at willow samples, 

the decrease of the fibers proportion in the fraction 

from 0.51 mm up to 1.00 mm was observed, while in 

the original sample in this fraction was located 31.85 

% of fibers, and at samples up to the VZP point only 

27.46 % of fibers (decrease of 13.78%). One can also 

observe an increase in the fiber fraction from 0.05 mm 

up to 0.50 mm; while at the original sample in this 

fraction was located 52.32 % of fibers; and at samples 

up to the VZP point reached value 62.61%.

0

1

2

3

4

0
.0

5

0
.1

1

0
.1

7

0
.2

3

0
.2

9

0
.3

5

0
.4

1

0
.4

7

0
.5

3

0
.5

9

0
.6

5

0
.7

1

0
.7

7

0
.8

3

0
.8

9

0
.9

5

1
.1

1
.7

1
.1

3

1
.1

9

1
.2

5

1
.3

1

1
.3

7

1
.4

3

1
.4

9

1
.5

5

1
.6

1

VR-orig. VR-VZP VR-VZN

fibers length (mm)

fi
b

e
rs

 le
n

g
th

 d
is

tr
ib

u
tio

n
 

(%
)



Fire Protection, Safety and Security 2017 

 

 

 

27 

 
Figure 2 Fibers length of acacia wood

 
At the poplar samples (Figure 3), proportion of the 

31.55 % of the original sample, while that of 10.7 % 

(a decrease of 68.08 %) was found at samples up to the 

VZP point and 6.31 % (down by 80 %) at samples up 

to the VZN point, in the length class from 0.51 mm up 

to 1.00 mm was located. Conversely in the length class 

from 0.05 mm up to 0.50 mm, the increase of fiber 

proportion after thermal degradation took place; at the 

original sample this proportion was 46.55 % of fibers 

while at samples up to the VZP point this value in-

creased to 90.55 % and at samples up to the VZN point 

ï to 93.42 %. 

 
Figure 3 Fibers length of poplar wood

At the alder samples (Figure 4), only modest 

changes at samples up to the VZP point occurred in 

terms of fiber length; while in the fraction from 0.51 

mm up to 1.00 mm at the original sample was located 

46.07 % of fibers, at samples up to the VZP point 

42.46 % (a decrease only by 7.84 %) and at the sam-

ples up to the VZN point contained in this fraction only 
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12.2 % of fibers (a decrease by 73.91 %). In the frac-

tion from 0.05 mm up to 0.50 mm, in the original sam-

ple was located 49.87 % of fibers, at samples up to the 

VZP point the decrease took place to the value 52.85 

% of fibers and in samples up to the VZN point - 

87.98% of fibers.

 
Figure 4 Fibers length of alder wood

At the birch samples (Figure 5); in the length class 

from 0.51 mm up to 1.00 mm 54.49 % of fibres was 

found at the original sample; at samples up to the VZP 

point a decrease to 41.49 % (a fall of 23.86 %) took 

place and at samples up to the VZN point it was 22.60 

% (a fall of 58.52%) of fibres. Conversely in length 

class from 0.05 mm up to 0.50 mm, the increase of fi-

bre proportion arose in this fraction due to the thermal 

load; at the original sample there were 38.23 % of fi-

bres located; at samples up to the VZP point - 53.78 % 

and at samples up to the VZN point - 75.49 %.

 
Figure 5 Fibers length of birch wood
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3.4. Fibres width 

From dimensional characteristics, we further inves-

tigated the width of the fibres of thermally loaded tim-

ber and compared it with the original, unloaded timber. 

The results, set out in the graphs (Figures 6 up to10)as 

well as in the Table 4, show that thermal action as well 

as high temperatures lead to decrease of the average 

width of the fibres. It is also obvious a decrease in the 

percentage of fibres in the width class from 20.1 - 30.0 

microns and an increase in class up to 20.0 microns. 

Poģgaj et al. (1997) indicate an average values of the 

willow fibre length of wood 0.95 mm and width 35.7 

microns; Sisko and Pfªffli (1995) refer to an average 

length of 1.1 mm and a width 22 microns. 

 
Figure 6 Fibers width of willow wood 

 
Figure 7 Fibers width of acacia wood 
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Figure 8 Fibers width of poplar wood 

 
Figure 9 Fibers width of alder wood 
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Figure 10 Fibers width of birch wood

3.5. Shape factor 

The shape factor is a sign of straightness of fibres. 

Decreasing of this factor occurs e.g. at the thermal 

treatment the wood; fibres are twisted, become brittle  

and lose their strength. From the individual graphs 

(Figures 11 up to 15) and the Table 4, we can see the 

proportional decrease of more straight fibres (fraction 

95.1 ï 100 %) and the increase of the proportion of the 

fractions up to 95%. 

 
Figure 11 Shape factor of willow wood 
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Figure 12 Shape factor of acacia wood 

 
Figure 13 Shape factor of poplar wood 
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Figure 14 Shape factor of alder wood 

 

Figure 15 Shape factor of birch wood 
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Table 4 The percentage of fibres in each class 

Wood spe-

cies (sample) 

Length classes (mm) Width classes (Õm) Shape factor classes (%) 

0 -0.50 
0.51-

1.00 
>1.01 

8.4 - 

20.0 

20.1 - 

30.0 
>30.1  >90.0 

90.1 - 

95.0 

95.1 - 

100 

VR 

origin 39.38 51.18 9.44 58.80 39.47 1.72 8.34 9.00 82.66 

VZP 71.14 26.00 2.87 62.90 35.33 1.77 10.30 14.06 75.64 

VZN 78.76 18.77 2.47 66.33 31.70 1.97 15.26 15.68 69.07 

AG 

origin 52.32 31.85 15.83 68.32 28.66 3.01 9.66 9.31 81.03 

VZP 62.61 27.46 9.93 71.29 26.82 1.88 11.24 12.05 76.71 

VZN - - - - - - - - - 

TO 

origin 46.55 31.55 21.89 52.79 43.18 4.03 12.65 13.36 73.99 

VZP 90.00 10.00 0.00 57.71 37.45 4.84 16.30 21.44 62.26 

VZN 93.77 6.23 0.00 60.67 35.53 3.80 13.08 21.77 65.15 

JL 

origin 49.87 46.07 4.06 68.56 28.45 2.99 9.66 9.31 81.03 

VZP 52.85 42.46 4.69 71.51 26.62 1.87 11.24 12.05 76.71 

VZN 87.98 12.02 0.00 64.70 28.27 7.03 18.72 25.07 56.21 

BR 

origin 38.23 54.49 7.28 79.65 19.27 1.08 7.62 5.27 87.11 

VZP 53.78 41.49 4.73 89.79 9.46 0.75 10.68 7.98 81.34 

VZN 75.49 22.60 1.91 86.63 12.86 0.52 12.07 14.90 73.02 

4. Conclusions 

From the experimental results of ignition temper-

ature and flash point obtained by the thermal degra-

dation of selected fast-growing trees result following 

conclusions: 

- the amount of lignin and cellulose increases at a 

higher temperature of the thermal load; 

- the amount of extractive substances in willow, 

acacia and birch plants, respectively, at the VZP 

temperature is higher compared to that in ther-

mal non-loaded timber; but in the char timber (at 

the VZN temperature) the decrease of those oc-

curs; on the other hand, in poplar and alder 

plants quantity of extractives with a high tempe-

rature thermal loading declined; 

- polysaccharide proportion (holocellulosis) 

significantly degraded due to the thermal load up 

to the VZP and VZN points by more than 20 %; 

- cellulose trends to charring, which together with 

a condensed lignin occurs in its the increased 

amount in the thermally degraded wood at deter-

mination according to Seifert method; 

- length of the fibres of the thermal loaded trees is 

reduced, which led to a reduction of the propor-

tion of longer fibres and increasing the propor-

tion of shorter fibres in the fractions (0.05 mm to 

0.50 mm). 

In terms of fire-technical characteristics it can be 

said that the most resistant wood species against ther-

mal exposition is acacia wood with the highest wood 

density. Results of physical and chemical analyses 

are not comparable between individual tree species 

due to the fact that each species reached a different 

temperature and flare time and ignition time, it means 

that there were different degrees of degradation of 

wood samples. 
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A proposed mid-scale test for evaluation of vertical construction 

elements 
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Abstract 

Fire resistance is expressed by limit states and classification times. To determine these, the construction element must undergo 

specific tests in accordance to the relevant standards. The proposed mid-scale test method is considered a mid-scale method, by 

which vertical construction elements can be evaluated from the fire-resistance point of view. The basis of the proposed mid-

scale test comes from STN EN 13501-2 and linked standards. The paper provides a theoretical background and describes the 

individual parts of the test apparatus, test conditions, description of the test specimen, test methodology and principles of eval-

uation of the limit states ï thermal insulation and integrity.  

Keywords: fire resistance, mid-scale test, vertical construction element, integrity,thermal insulation, standard time-temperature curve; 

1. Introduction  

From a fire-protection point of view, building ma-

terials are evaluated to establish their fire performance 

by using various standardised tests. For the construc-

tion as a whole, it is not reaction to fire, but fire re-

sistance that is evaluated. Specific regulations and 

standards deal with fire resistance tests. The test meth-

odology depends on the type and function of the con-

struction element. 

It is necessary to select an appropriate fire scenario 

when testing a construction element. Usually, the 

standard time-temperature curve is employed when 

evaluating the fire resistance of walls. Fire resistance 

is expressed in limiting states and classification times 

in minutes. 

ððð 
* Katar²na D¼bravsk§, PhD. Corresponding author. Tel.: +421-45-5206827;e-mail: ydubravska@is.tuzvo.sk. 

2. Evaluation of fire resistance of load-bearing 

construction element in accordance with current 

legislation 

2.1. Theoretical basis 

The general methodology of fire resistance classifi-

cation is set out in STN EN 13 501-2 [1].  

The goal of determining fire resistance in accord-

ance with 1363-1 [2] is to evaluate the performance of 

the construction element specimen exposed to defined 

conditions of thermal and mechanical loading. This 

method provides means for determining the ability of 

an construction element to resist the effects of high 

temperatures through a set of limit-state criterions 

used for evaluation of the load-bearing function, fire-

barrier performance (integrity) and heat transfer (insu-

lation), among other limit states.  

The test method for evaluation of load-bearing fire 

walls is set out in EN 1365-1[3]. 

file:///C:/Users/Admin/AppData/Roaming/Microsoft/Word/ydubravska@is.tuzvo.sk
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2.2. Standardised test apparatus 

The standardised test apparatus as per STN EN 

1363-1 [2] consists of:  

- test furnace for thermal exposure of test speci-

mens,  

- control device allowing furnace temperature con-

trol,  

- device for furnace pressure monitoring and con-

trol, 

- device for fixing and imposing loading on the 

specimen and monitoring of the loads imposed, 

- device for measurement of test specimen defor-

mation, 

- device for evaluation of test specimen integrity, 

- time-monitoring device, 

- measurement of oxygen concentration in furnace. 

2.3. Standard thermal exposure 

Usually, standard time-temperature-curve thermal 

loading is applied in fire resistance tests. This fire sce-

nario is internationally recognised as a uniform time-

temperature course during a fire. The standard time-

temperature curve is shown in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Standardised time-temperature curves 

 
The dependence which is the model of a fully-de-

veloped fire in enclosures can be expressed as: 

T = 345 log10 (8t + 1) + 20   (1) 
where  

t - time from the start of the test (min); 

T - average temperature in the furnace (ÁC).Werner[4] 

2.4. Test specimen 

The number of test specimens, which are to be 

tested, depends on the number of sides with fire re-

sistance requirements [2]: 

- in cases of load-bearing walls for which fire re-

sistance is required only from one side, only one 

specimen is tested. In this case, thermal loading is 

applied to the side which is expected to be at-

tacked by fire in real application. 

- if a load-bearing wall is required to be fire re-

sistant from both sides, two specimens are tested. 

2.5. Test procedure in accordance to EN 1363-1 

The general test procedure for the determination of 

fire resistance of vertical load-bearing construction el-

ements is specified in STN EN 1363-1 [1], as follows: 

1. Before the test, the test specimen is built into a 

frame placed in the test furnace. 

2. The load-bearing element is put under the load at 

least 15 minutes before the test. Deformations result-

ing from the pre-test load are measured before the test. 
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3. 5 minutes, at the earliest, the start temperature is rec-

orded; temperature is measured by thermocouples. 

The average initial internal temperature and the tem-

perature of the unexposed specimen surface must be 

(20 Ñ 10) ÁC and cannot differ from the ambient tem-

perature more than 5 ÁC. 

4. The moment when the temperature at any of the 

thermocouples exceeds 50 ÁC is considered the start of 

the test. 

5. The thermocouples record temperature for the entire 

duration of the test in intervals not exceeding 1 minute. 

6. Pressure in the furnace is measured for the entire 

duration of the test and its values are recorded in inter-

vals not exceeding 1 minute. 

7. The deformation of test specimens is measured be-

fore and after the load is imposed by the test apparatus 

and during thermal exposure every 1 minute. 

8. The integrity criterion of separating elements is 

evaluated by cotton pads, dimensions of cracks and 

monitoring of the test specimen for continuous flam-

ing combustion. 

9. The behaviour of the test specimen is monitored for 

the entire duration of the test (smoke production, 

cracks, melting, softening, delamination or carbona-

tion of the test specimen), any observations are rec-

orded. 

10. The test may terminate from various reasons: lab-

personnel is in danger or test apparatus may be dam-

aged; set criteria are met; or the client requests test ter-

mination. 

2.6. Principles of integrity and thermal insulation 

evaluation in accordance to STN 13 501-2 

2.6.1 Integrity 

Integrity E is the ability of the construction ele-

ment, which has a fire-separating, function, to resist 

fire exposure from on one side without its passage to 

the unexposed side due to the passage of flames or hot 

gases. These may cause ignition of the unexposed sur-

face or any combustible material in its vicinity(STN 

EN 13501-2[1]). 

STN EN 1363-1 [2] considers the integrity criterion 

met as long as none of the following situations occur: 

- Ignition of a cotton pad which is applied to the 

specimen for 30 seconds or until its ignition.  

- Two gauges are used to evaluate any cracks or 

openings created during the test. The 6-mm gauge 

is used to check penetration through the specimen 

and the possibility to move along 150 mm. The 

25-mm gauge is used only to check penetration 

through specimen. The time and place when one 

of the gauge was used is recorded. 

- Continuous flaming combustion is evaluated vis-

ually. Its occurrence is recorded as well as its du-

ration, and location on the unexposed side. 

2.6.2 Thermal insulation 

Thermal insulation is defined in STN EN 13 501-2 

[1] as the ability  of the construction element to resist 

fire exposure on one side without its passage on the 

unexposed side due to significant heat transfer from 

the exposed to the unexposed side. 

STN EN 1363-1 [2] considers the insulation crite-

rion met as long as none of the following situations 

occur: 

- Average temperature increase, against the initial 

temperature, on the unexposed side is smaller than 

140 ÁC, or 

- Maximum temperature in any location of the un-

exposed side is not greater than 180 ÁC against the 

initial temperature. 

3. Proposed mid-scale test 

3.1. Theoretical background for mid-scale test 

The mid-scale test is considered a model test. Its 

basis comes from STN EN 13 501-2 [1], which refer-

ences to EN 1365-1[3] regarding the evaluation of 

load-bearing fire walls. 

3.2. Test apparatus for mid-scale test 

The test apparatus for mid-scale testing of two cri-

teria of fire resistance ï integrity and insulation, con-

sists of the following components: 

- Furnace chamber constructed of porous concrete 

blocks, 

- Specimen sealing assembly,  

- Assembly for simulation of static loading 

(threaded rods), 

- Gas burners for creating thermal loading with 

holders, 

- Gas flow regulators, 

- Temperature recording device, 
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- Voltage recording device, 

- Integrity test gauge, 

- Clock.D¼bravsk§ [5]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Mid-scale test furnace [5]

 

The furnace chamber was constructed of porous 

concrete blocks. An opening fo 400 x 250 mm was in 

the middle of the front face of the furnace, into which  

 

 

the gas burners were placed. This opening allowed the 

exchange of gases into and out of the furnace. The test 

specimen was placed in an opening in the top segment 

of the rear face of the furnace (see Fig. 3).

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Front and rear face of test furnace [5]

3.3. Conditions during the mid-scale test 

The temperature in the test furnace was 20 Ñ10ÁC 

prior the test.  

The temperature in the furnace depends on the re-

quired thermal loading during the mid-scale test. The 

standard time-temperature curve exposure was se-

lected. The course of the temperature is measured by a 

thermocouple placed in the upper part of the furnace. 

This thermocouple is connected to a voltage-measur-

ing device and the output voltage from the NiCr-Ni 

type thermocouple are converted to temperature read-

ings using Tab. 1. 
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Tab. 1.Voltage ï temperature conversion for NiCr-Ni type thermocouple [5] 

ÁC 0 10 20 30 40 50 60 70 80 90 mV/ÁC 

0 0.00 0.40 0.80 1.20 1.61 2.02 2.43 2.85 3.26 3.68 0.041 

100 4.10 4.51 4.92 5.33 5.73 6.13 6.53 6.93 7.33 7.73 0.040 

200 8.13 8.54 8.94 9.34 9.75 10.16 10.57 10.98 11.39 11.80 0.041 

300 12.21 12.63 13.04 13.46 13.88 14.29 14.71 15.13 15.55 15.98 0.042 

400 16.40 16.82 17.24 17.67 18.09 18.51 18.94 19.36 19.79 20.22 0.042 

500 20.65 21.07 21.50 21.92 22.35 22.78 23.20 23.63 24.06 24.49 0043 

600 24.91 25.34 25.76 26.19 26.61 27.03 27.45 27.87 28.29 28.72 0.042 

700 29.14 25.34 25.76 26.19 26.61 27.03 27.45 27.87 28.29 28.72 0.042 

800 33.30 33.71 34.12 34.53 34.93 35.34 35.75 36.15 36.55 36.96 0.041 

900 37.36 37.76 38.16 38.56 38.95 39.35 39.75 40.14 40.53 40.92 0.040 

1000 41.31 41.70 42.09 42.48 42.87 43.25 43.63 44.02 44.40 44.78 0.039 

1100 45.16 45.54 45.92 46.29 46.67 47.04 47.41 47.78 48.15 48.52 0.037 

1200 48.89 49.25 49.62 49.98 50.34 50.69 51.05 51.41 51.76 52.11 0.036 

 

By regulating the output of the gas burners, the re-

quired temperature in the furnace chamber is achieved, 

given the time step of the test. A number of specimens 

were tested in the mid-scale model furnace and the 

temperature courses for the individual tests are shown 

in Fig. 4. The differences among the individual tests 

are caused by the impact of weather, which could not 

be excluded entirely. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Simulation of standard time-temperature curve [5]

The above is a description of temperature regula-

tion in the furnace chamber during the model test. 3.4. Temperature-recording device 

The temperature is recorded by a data-logging hub 

with connected thermocouples. The temperature is 
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being recorded at predefined intervals during the en-

tire test. The temperature data are being recorded in 

the data logger every 10 seconds. 

After the tests, the data measured by the individ-

ual thermocouples are recorded to an external storage 

device. From this device the data are transferred to a 

PC and subsequently evaluated by the ALMEMO ï 

WINCONTROL software. It si possible to export the 

data into Microsoft Excel. 

The data logger was connected with NiCr-Ni ther-

mocouples which have a measurement range of -40 

ÁC do +1200 ÁC. 

3.5. Test specimen 

The test specimen is fitted into the rear face of the 

test furnace. The dimensions of the test specimen are 

180 mm height and 400 mm length. The specimen 

must be adequately sealed along its edges to prevent 

spread of fire along the gaps. 

The number of test specimens to be tested by the 

mid-scale test is identical to STN EN 1363-1 [2].  

Thermocouples are positioned into the test speci-

men. Their locations are as follows: 

- 1 pc 5 mm from the exposed face, 

- 1 pc 5 mm from the unexposed face, 

- other thermocouples are uniformly placed 

through the specimen width. 

3.6. Test methodology 

The methodology of the mid-scale test is as fol-

lows [5]: 

1. Before the test, the test specimen is placed in the 

rear furnace opening. 

2. The test specimen is placed into a sealing assem-

bly which prevents fire from passing along the edges 

of the specimen to the unexposed side. 

3. The initial temperature is checked before the start 

of the test. The initial temperature on the individual 

thermocouples in the test specimen must be 20 Ñ 10 

ÁC. 

4. The moment when the specimen is put under ther-

mal loading is considered the start of the test. 

5. The individual thermocouples record the temper-

ature in specified locations for the entire duration of 

the heating every 10 seconds. 

6. The duration of thermal loading is 60 minutes. 

7. The integrity criterion is evaluated during ther-

mal loading and after the test, when the specimen is 

removed and let to cool. 

8. The insulation criterion is evaluated during ther-

mal loading.  

3.7. Principles of integrity and insulation  

The principles of limit state evaluation is partially 

based on the STN EN 1363-1 methodology [2].  

 

3.7.1 Integrity criterion 

The integrity criterion is evaluated: 

- during thermal loading, 

- after thermal loading.   

During thermal exposure of the test specimen the 

unexposed side of the specimen is monitored contin-

uously. Every 10 seconds, the integrity and intactness 

of the unexposed side of the test specimen is evalu-

ated. 

After the end of the test and a cooling period, a 

final visual check is performed: 

- If no cracks or gaps are present on the unexposed 

side, the integrity criterion is met, 

- If there are cracks or gaps present on the unex-

posed side, the following evaluation is carried 

out: 

o The dimensions of the individual cracks and 

gaps, which appeared during the test, are 

measured, 

o The 6 mm gap gauge test is carried out to 

evaluate the extent of the cracks or gaps. 

 

3.7.2 Thermal insulation criterion 

The thermal insulation criterion is evaluated, 

based on the data obtained during the test and their 

subsequent processing. This way, temperature pro-

files are obtained for the unexposed and exposed 

sides as well as the interior of the specimen. 

The insulation criterion based on STN EN 1363-1 

[2] is maintained, if: 

- The increase of the average temperature in rela-

tion to the initial temperature on the unexposed 

side is smaller than 140 ÁC, or, 

- The increase of the temperature in any location 

on the unexposed side of the test specimen is, in 

relation to the initial temperature, not greater 

than 180 ÁC. 
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The insulation criterion is evaluated on the unex-

posed side and thermal insulation may also be evalu-

ated in the individual locations where thermocouples 

are placed. 

4. Conclusions 

The mid-scale test simulates the conditions of 

standardised fire resistance tests. The test is based 

primarily on current legislation and standards in 

force in the Slovak republic. From the limit states, 

the test is focused only on the integrity and insulation 

criteria. 

The classification of integrity in the mid-scale 

tests was simplified as the cotton pad ignition is not 

part of the evaluation. During the test, the unexposed 

specimen side is monitored and after the test ends the 

gauge evaluation is performed. 

The ability of a construction element to resist ther-

mal loading without fire passage to the unexposed 

side is evaluated, based on the recorded tempera-

tures. These represent temperature profiles in speci-

fied depths of the test specimen. It is, therefore, pos-

sible to evaluate the increase of temperature on the 

unexposed side as well as inside the specimen. 

A number of different test specimens were tested, 

already and satisfactory results were obtained, de-

spite the fact that the adverse weather effects could 

not be completely avoided. 
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Abstract 

The article focuses on the study of the technical and structural characteristics of extrusion machines used to make multi-com-

ponent waste, RDF (refuse derived fuel). It outlines the results of DEM analysis enabling to forecast the behaviour and volume 

distribution of multi-component material particles in the extruder to maintain the rational value of ceramic heating element 

temperature, optimise the speed of auger rotation, reduce emergency shutdown and extruder clogging, and prevent potential 

ignition of extrusion machine elements. It presents the results of the simulation done in YADE software for the distribution of 

particles freely leaving the hole. The participles with higher adhesion were established to stick to extrusion machine walls, while 

less adhesive particles are located in the centre ready to leave the extruder. ROCKY DEM software was used to model the 

machine body frame and particle movement inside the casing. Simulation results confirmed the need to adjust the auger heating 

temperature in given points as well as current gauge-assisted control. It was found that uniform heating to 400Áʉ did not yield 

positive results. The experiments completed and computer models provided information on local heating sites in the extruder 

and the need to control a heating temperature. Research results were used to upgrade ʄʅ-3 experimental extruder by integrating 

controlled ceramic elements for mixture heating and heating temperature control gauges. These enhancements improved the 

quality of finished products.  

Keywords: DEM of simulation, movement of particles, adhesion, clogging, auger, extrusion, parameters, automatics, thermal gauges, 

extrusion machine, municipal solid waste; 

1. Introduction  

The annual volumes of municipal solid waste 

(MSW) generated in Russia which are suitable for pro-

cessing by extrusion approximate 55 million m3 (Final 

Report on the Waste in Russia, [1]). The high content 

of metals, plastic, and glass in MSW limits the use of 

extrusion machines (Figure 1) (Federal Law dated 24 

June 1998, [2]). Furthermore, fuel elements made of 

such raw materials have a high ash content (Williams, 

[3]).  

ððð 
* Assoc. prof. Andrei Nikulin. Corresponding author. e-mail: nikulin.nmru@gmail.com. 

 

Figure 1 Composition of MSW disposed at Russian landfills 
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The generation of a homogeneous material features 

even distribution of particles with similar physical and 

chemical properties (peat, coal, clays, and saw dust) in 

the extrusion machine body frame (Nikulin, [4]). 

However the target of research is waste with a multi-

component composition. This task is solved by DEM 

analysis which enables to forecast the behaviour and 

volumetric distribution of multi-component materials 

particles in the extruder. The understanding of particle 

distribution across the mixing drum will enable to 

maintain the rational value of ceramic heating element 

temperature, optimise the speed of auger rotation, re-

duce emergency shutdown and extruder clogging, and 

prevent potential ignition of extrusion machine ele-

ments.  

Let us consider the possibility of using RDF (refuse 

derived fuel) or solid secondary fuel derived from 

MSW as an alternative to make agglomerate fuel ele-

ments. RDF includes such high-energy components as 

plastic, paper, cardboard, textile, rubber, leather, 

wood, etc. RDF calorific value is 20,000 Ñ 2,000 kJ/kg 

(Castaldi, [5]). RDF grains are approximately 20mm 

to 25mm. The content of hazardous components in 

fuel is strictly controlled and does not exceed the max-

imum permissible values. The calorific value of 1.7kg 

of RDF corresponds to that of 1 cubic metre of natural 

gas (Ware, [6]).  

RDF is a solid fuel produced by grinding and dehy-

drating MSW (Figure 2).

 

 

 

 

 

 

 

 

 

 
Figure 2 Separation of large (over 350mm) and small (smaller than 65mm) fractions at the screen

The following feed composition was selected to as-

sess if pellets can be made of RDF: 

- 14% of paper and cardboard; 

- 6% of fabric and polyester; 

- 18% of mixed packaging and polymers; 

- 2% of plastics; and 

- 60% of waster food and plants. 

An operating body of the auger machine is an auger 

rotated by the engine through a box coupling. (Epi-

fancev, [7]). When the auger is clogged, the pressure 

of a formed feed on formed stock increases and pellet 

compaction reaches its maximum (Chisty, [8]). 

The following actions are required before forming 

the RDF material: 

- analyse a biomass stress condition, 

- study the impact of the pressure gradient on pro-

cesses, and  

- determine the correlation between performance 

and auger machine design.  

The balance of forces impacting biomass cylinder 

elements with layer thickness  dr  moving at a speed of 

Űz settles in the channel of the expansion nozzle with 

a round cross-section (with a radius  R and length l) 

where the effects of any inlet or outlet effects can be 

ignored (Figure 3). However, the uniform movement 

of the feed is limited to the impact of relevant forces. 

This results from the incompressibility of liquids and 

is based on the assumption that the liquid flows along 

straight parallel trajectories at a permanent speed (Ko-

sov, [9]).
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Figure 3 Balance of forces impacting the RDF mass element in the matrix where dr is the thickness of a feed layer, P(z) is the pressure on the 

feed layer, and Űz is the shear stress of the feed element shift

When r = 0, all forces are equal to zero and the bal-

ance equation will be as follows: 

L

rp
r

2
)(

ÖD
=t

    (1)

 

Formula 1 is the direct consequence of the balance 

of forces. No assumptions were made regarding the 

consistent pattern in materials behaviour. It means that 

the linear dependence of the shearing stress in Formula 

1 does not depend on the nature of a material flow. 

Thus, the best equilibrium state of the elements inside 

the expansion nozzle for feed forming will be observed 

with an increase in the pressure on the feed p and in 

the channel radius r and with a reduction in the chan-

nel length L. 

2. Materials and study methods 

Particle distribution with a free release from the 

hole (simulation of the extruder without an auger) was 

simulated in YADE software (Nikulin, [10]). Spillage 

simulation was done with density conditions for layers 

in line with the RDF composition we used in the ex-

truder (Figure 4). There were particles with larger ad-

hesion at the walls (marked with an arrow in Figure 4) 

with less adhesive particles which were more prone to 

leave located in the centre.

 

  

 

 

 

 

 

 

 
Figure 4 Simulation of interactions in RDF feed in a rectangular matrix. Designations: 1 ï paper and cardboard; 2 ï  fabric and polyester 

mixture; 3 ï mixed packaging and polymers; 4 ï plastic; 

5 ï waste food and plants. 

The simulation process was continued in Para-View 

software where a cone-shaped matrix was used. In ac-

cordance with the power law (Ostwald de Waele equ-

ation), the volume flow equation can be written as fol-

lows: 

‎ ὑὯЎὴ     (2) 

Formulas (9) and (10) can be considered fundamental 

to describe the biomass flow in the expansion nozzle 

channels given the flow index n (Figure 5).
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ʘ                                                                                b 

Figure 5 Geometrical parameters of main matrix expansion nozzles: a is a cone channel; b is a channel with a round cross-section. 

 

In Figure 5 R0 is the radius of the expansion nozzle 

lead part, r 0is the radius of an expansion nozzle narro-

wing part, L is a channel length, z  is a biomass di-

rection, and V is a biomass speed vector. The matrix 

expansion nozzle hydraulic throughput capacity for a 

cone channel is expressed as follows: 
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For a cylinder channel: 

L

R
K

8

4p
=

                (4) 

where L/R>>1. 

 

These expressions take into account the assump-

tions regarding a laminar, isothermal, and stationary 

material flow (Bogatov, [11]). Therefore, a narrowing 

inlet part of the matrix expansion nozzle is responsible 

for material compaction. The soft entrance into the ex-

pansion nozzle fosters higher material compaction alt-

hough it is difficult to make (Kocserha [12]). 

Let us consider a change in the speed of particles 

passing through a form-making channel of the matrix 

with a cone narrowing section. Calculations were 

transferred from DEM YADE to the ROCKY DEM 

environment. This software is different by enabling 

the creation of complex non-spherical particles and the 

calculation of their destruction (Yanrong, [13]). 

3. Results and discussion 

Simulation results are shown in Figure 6.
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Position 3 

 
Position 4 

 
Position 5 

Figure 6 DEM simulation of particle movement in the expansion nozzle 

 



Fire Protection, Safety and Security 2017 

 

 

 

48 

 

The speed in position 1, at the initial stage of chan-

nel filling with feed, is 0.1m/s. The speed in position 2 

continues to increase the channel lengthwise to reach 

0.25m/s in the transition part. A speed increase in po-

sition 3 takes place in the transition section between 

the cone and cylinder parts (shown by an arrow) to 

reach 0.51m/s. The mean particle speed in the matrix 

channel in position 4 is 0.34m/s. Position 5 marks the 

end of the experiment (Figure 7).

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Speed values in positions 

The experiment confirmed the pressure differential 

theory (Figure 5) when a significant pressure differ-

ence may result from a non-uniform feed composition 

and therefore, entail friability. However, if the temper-

ature in this area of the heater is increased, a fragment 

will bake and move smoothly through the variation 

point. The internal fragment structure in this case will 

be uniform. The system of temperature control gauges 

is shown in Figure 8.

   

Figure 8 Temperature gauges inside the extruder 

 

ROCKY DEM software was used to simulate the 

machine body frame and particle movement inside the 

casing (Figure 9). Simulation results confirmed the 

need to adjust the auger heating temperature in given 

points as well as current gauge-assisted control. Uni-

form heating to 400Áʉ does not yield positive results. 

It will also facilitate timely control and prevention of 

granule destruction inside the extruder. 
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Figure 9 Results of extruder simulation in ROCKY DEM software 

4. Conclusions 

The experiments completed and computer models 

provided information on local heating sites in the ex-

truder and the need to control a heating temperature. 

Research results were used to upgrade ʄʅ-3 experi-

mental extruder by integrating controlled ceramic ele-

ments for mixture heating and heating temperature 

control gauges. These enhancements improved the 

quality of finished products (pellets). Figure 10 shows 

improved ʄʅ-3 extruder with relevant designations. 

  

 
Figure 10 Extruder with integrated thermal gauges 

1 ï control panel; 2 ï control cabinet; 3 ï auger drive electric motor; 4 ï coupling; 5 ï reduction gear; 6, 7 ï RDF dosing unit; 8 ï support 

assembly; 9 ï heaters; 10 ï thermal gauge; 11 ï forming matrix. 

 

The results of the research in this area will enable 

to create transparent extrusion system controls to au-

tomatically manage the formation process and pre-

vent early failures of equipment, its parts or mixture 

ignition. 
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Abstract 

The internal lining is in building mainly used for decorative purposes, but its properties can mean some protecting load-bearing 

wooden structures from the effects of fire. With flammable Suspended floors belong to the permanent fire load. The aim of this 

work is to determine the reaction to fire coating the interior walls based on a representative sampling, recommend species and 

siding with the best desired properties of the reaction to fire, to evaluate the efficiency of using flame retardants.   

Keywords: flame retardants, wood paneling, reaction to fire, scots pine; 

1. Introduction  

The design and manufacture of composite struc-

tural elements, each element must exhibit the same 

characteristics as the entire structure. Beam meets the 

requirements of fire resistance required for the speci-

fied time only if they do not damage the respective el-

ements and substrates. The interaction of the individ-

ual elements are fire resistance of the whole structure. 

To increase the fire resistance of load-bearing struc-

tural elements are used mainly tiles based on wood or 

drywall. The lining in particular wall and ceiling, as 

they are most exposed to a fire. Piece Lining is effec-

tive protection against fire. It is important to correct 

the connection plates and the assembly of the lining, 

and the parameters such as the thickness, the density 

and the type of material of which they are made, are 

also a significant effect of increasing the fire resistance 

of the lining.. 

2. Material  

Pine wood (Pinus sylvestris) 

Pine wood has a colour-differentiated core, which 

is reddish brown, with distinct rings of annual growth. 

Sapwood is yellowish to pale pink, wide 3-10 cm. The 

share of the core and the sap can vary. The core of 

freshly felled timber is initially light brown, on the air 

darkens to reddish brown tint. Between the annual 

ððð 
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rings is a clear line with a sharp transition between 

spring and summer timber within the annual ring. Pine 

wood is soft, light and flexible. The fissile worse than 

spruce wood but with a content of resin, which in-

creases the durability of the air and water [4]. 

Pine wood knot because of the greater number and 

higher resin content, is not as important as in the in-

dustrial processing of spruce wood. Nevertheless, its 

use found justification in the building, when making 

auxiliary, as well as the final construction and the pro-

duction of frame structures prefabricated wood build-

ings. Is widely used as a building and construction ma-

terial for outdoor construction, water works, in furni-

ture and joinery. In the original cylindrical shape of the 

pine wood they create and demanding design log 

buildings. Lower quality pine timber is used for pro-

duction of pallets and boxes. Lower quality raw pine 

wood is the starting material for the production of all 

kinds of chipboard panels. [1] 

Bulk density of pine depends directly proportional 

to wood humidity. Pine wood has a higher strength and 

density than spruce, but significantly lower flash point 

(see Table 1).
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Table 1 Physical properties and flammability parameters (PTCH) 

pine wood at 15% moisture 

Pine wood 

Flashpoint 250ÁC õ 260ÁC 

Temperature of ignition 390ÁC õ 405ÁC 

Combustion heat 18 õ 20 MJ.kg-1 

Weight speed of burning 0,56 m-2 

Compression pressure pa-

rallel to the fibre (MPa) 
60 

Compression strength pa-

rallel to the fibre MPa) 
100 

Volume 

weight of 

wood 

(kg/m3) 

Freshly 

harvested 
900 

Humi-

dity15 % 
520 

Humidity 0 

% 
490 

 

Finland Termowoodï ThermowoodÈ  

Termowood is definition for thermally modified 

wood. Thermal modification is the technological treat-

ment process for the wood structure due to elevated 

temperatures to increase its resistance to pests and wa-

ter. Thermal treatment is characterized by a high tem-

perature treatment in the range 180 Á C - 280 Á C, for 

several hours. When hydrothermal treatment applied 

to wood and water. At 110 Á C the wood becomes di-

mensionally stable and higher temperatures multiply 

the effect, especially for the formation of new ester 

linkages in the lignin-carbohydrate constituent of 

wood. Due to the elevated temperature of the partially 

degraded hemicellulose and lignin to produce a water, 

formic acid, mercaptobenzimidazole, and other sub-

stances. 

Thermal treatment of Thermowood is divided into 

three parts (Fig. 1): 

- Increasing the temperature and drying: The first 

phase, temperature in oven growth rapidly on the 

value 100 Á C, late it slowly rises to 130 Á C. In 

this phase, the wood is dried, its moisture content 

will drop to almost zero. 

- Heat treatment: In the second phase of the process 

the temperature is increased to 185 Á C - 215 Á C 

depending on the wood species. After the desired 

temperature was allowed to act on the timber 2-3 

hours. 

- Cooling and humidity control: In the third phase  

is reduces the temperature of the oven by using 

water spray and increases the moisture of wood 

into usable value of about 4% - 7% [5, 6]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Chart showing the production process ThermoWoodÈ 
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There exist two basic types of thermal treatment 

Thermowood, which have differing temperatures in 

the production and physical properties: 

- Thermo-S (S - Stability) - This type thermowood 

is stable against external influences mainly fo-

cused on resistance to rot. It is used for the pro-

duction of garden furniture, shutters, saunas and 

building components. 

- Thermo-d (D - Durability) - this type thermowood 

focuses on his "perseverance". It is also resistant 

to rot, and in particular humidity. It is used for the 

production of tiles, doors, floors [7]. 

Testing samples of pine wood are included into the 

category Thermo-D. This type of wood is more re-

sistant to rot and water as Thermo-S. Manufacture is 

carried out at higher temperatures, and the wood to the 

typical dark colour. This type thermowood used for 

walls, floors, doors and window constructions. 

Fire retardant ï Firestop special 

Flame retardant Firestop Special used during test-

ing, is retardants based on inorganic salts, particularly 

phosphorous and sulphurous for example: ammonium 

chloride, boric acid, alkali phosphates (i.e. water glass) 

and sodium borate. Usually it is used for the protection 

of wood building materials. The basic advantage of 

these flame is classified good solubility in water, 

which is related to the improved coating surface or 

within the structure of the selected material. Benefits 

include and multi-resistance, hence the resistance to 

insects. 

The disadvantage of these materials is retarding 

rapid loss of protective properties as it is soluble with 

water. At a time when the material is exposed to long-

term weather conditions worse losing water due to the 

required ratio needed retardant substances. When ap-

plied to the wood can affect the mechanical properties 

of metallic materials and in creating causing corrosion. 

In the method of applying paint, coatings, these short-

lived materials require more frequent maintenance. [8] 

3. Experiment 

On experiment we used two basic types of wood 

and in a variation of plain wood and thermowood. 

Used thermowood was the type of Thermo-D Ther-

moWoodÈ. The samples were cut to dimensions of 

about 250 x 96 x 14-20 mm. The difference in the 

thickness is due to the procedure in the production pro-

cess, wherein the different type of tile and the other 

dimension. Each sample was at a distance of 4 cm 

from the bottom edge by marking a line as lower bor-

der, where he started working flame. Since this line 

has been identified for each sample and the second line 

at 150 mm as the upper limit flame spread. During ex-

periment was use a simple device consisting of digital 

scales, calipers, brushes for the application of flame 

retardant and test a standard furnace with a small 

flame. The test furnace comprises a holder for the sam-

ple, the burner and the sliding bolt with stop for adjust-

ment of the distance of the source of ignition of the 

sample. In the burner was used propane. 

 

Fig. 2 Test furnace 

Procedure 

All samples were dried before coating to a desired 

moisture content and weighed. The samples labelled N 

was applied double coating Firestop flame retardant. 

The samples were then allowed to dry for two weeks 

at room temperature. All samples were re-weighed 

prior to testing. After mounting samples in the frame 

is fastened to the support frame and the sliding bolt the 

flame burning at a 45 Á angle to the flow of the sample 

so that it only touches the bottom edge of the marked 

line. We first tested specimen in order to determine the 
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appropriate distance from the sample after adjusting 

the flame to the test facility has been undertaken to 

test. [9] 

The flame was allowed to act for thirty seconds, 

then the pushed-return. The sample was observed even 

sixty seconds following withdrawal of the flame. Most 

of the samples after delaying prevent flame, or there 

were only smouldering, but for some samples, the 

flame spread entire surface. Gradually in this way they 

were tested all the samples. On completion of work left 

to cool samples and each sample were measured val-

ues of flame propagation according to the length of 

char the surface layer between the fill line and the mass 

loss of wood after thermal stress. 

4. Results and discussion 

Pine wood - results 

Non-retardant samples of pine forest has been cat-

egorized in terms of flame propagation in reaction to 

fire class E since the flame in most of the samples ex-

ceeded the limit of 150 mm (see Tab. 2). 

When retarded samples reduce flame spread versus 

non-retardant samples. The weight loss was also by 

use of retarder a decreasing tendency. Pine wood con-

tains more resin ducts and resin, which increases the 

flammability compared to spruce. Although he used 

flame positive effect, it is recommended to test a dif-

ferent type retarder with potentially improved proper-

ties. 
 

Tab. 2 The results of the experiment pine wood 

 
Sample 

Weight of sample be-

fore burning (g) 

Weight of sample 

after burning ( (g) 
Weight loss (g) 

Spread of 

flamme Fs (mm) 

N
o

n
 ï

re
ta

rd
a

n
t 

s
a

m
p
le

 

X1 163.83 162.86 0.97 150.00 

X2 159.52 159.17 0.35 92.00 

X3 164.14 163.85 0.29 82.00 

X4 157.63 156.23 1.40 150.00 

X5 163.67 162.44 1.23 150.00 

Average 161.76 160.91 0.85 124.80 

S
a

m
p
le

 w
it
h

 f
ir
e

 

re
ta

rd
a

n
t 

N1 180.65 180.62 0.03 95.00 

N2 158.78 158.71 0.07 95.00 

N3 185.43 185.36 0.07 110.00 

N4 188.18 188.00 0.18 150.00 

N5 168.22 168.16 0.06 95.00 

Average 176.25 176.17 0.08 109.00 

Thermowood pine wood ï results 

Comparing the pine thermowood and classical 

wood is seen as a significant difference in weight loss 

as well as in spreading the flame. 

When retarded samples reduce significantly the 

weight loss, but the flame spread was much greater 

(see Tab. 3).
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Tab. 3 The results of the experiment thermowood pine 

 
Sample 

Weight of sample be-

fore burning (g) 

Weight of sample 

after burning ( (g) 
Weight loss (g) 

Spread of flamme 

Fs (mm) 

N
e

o
n-

 r
e

ta
rd

a
n

t 

-a
m

p
le

 

X1 190.02 189.69 0.33 60 

X2 181.92 180.8 1.12 150 

X3 172.42 172.07 0.35 70 

X4 182.37 182.08 0.29 45 

X5 195.57 195.25 0.32 50 

Average 184.46 183.98 0.48 75 

S
a

m
p
le

 w
it
h

 f
ir
e

 

re
ta

rd
a

n
t 

N1 191.57 191.44 0.13 80 

N2 162.74 162.64 0.1 115 

N3 190.03 189.94 0.09 81 

N4 164.49 164.17 0.32 150 

N5 162.84 162.75 0.09 100 

Average 174.334 174.19 0.15 105.2 

5. Conclusions 

In evaluating the results of the experiments we 

found that the flame retardant Firestop Special de-

creased in all types of weight loos of the test samples 

after heat stress. However, in the case of the surface 

spread of flame retarded samples of all types, this 

measured value has increased. 

The production process thermowood is connected 

to the thermal stress of wood, wherein the heat-de-

graded hemicellulose and reduces the moisture content 

to 4% - 7%. Thermowood has increased resistance to 

rot, insects, and water. Since the retarder used is a wa-

ter-soluble assume that not bind to the molecular 

chains, but remained on the surface, and most of the 

evaporated. The second assumption is perhaps the re-

action retarder with certain components of wood, 

which has a regressive effect on the spread of flame, 

but the positive effect of reducing weight loss. The re-

sults show that the flame spread over the application 

surface of the retarder, and to a depth of less wood.. 
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Abstract 

Materials used in constructions must meet legal and technical requirements, with an emphasis on safety in case of a fire and its 

ability to dampen the noise. There are new materials that are made from recycled solid waste. Materials made from recycled 

automotive fabrics also include STEREDÈ board configurations, which testing from the fire and acoustics point of view focuses 

this paper. A non-standard heat radiation test was used for the evaluation. Weight loss and visual flame burning were detected. 

The measurement the sound absorption coefficient (Ŭ) was done according to STN EN ISO 19534-2 Part 2: Transfer-function 

method [1]. Inspite of high flammability of the textile waste, one of the boards from materials SENIZOL Ekosen, the board 

SENIZOL AT XX2 TL60 shows no evidence of burning when was exposed to radiant heat for 10 minutes at a distance 30 mm. 

This material has also the highest sound absorption coefficient.   

Keywords: recycled fabrics, partition walls, thermal degradation, mass loss, sound absorption coefficient;   

1. Introduction  

The waste materials (mainly from textiles) can be 

reintroduced into the economic cycle and their use 

would contribute on the improvement of the life cycle 

assessment. Recycling textile waste has an ecological 

as well as the economic benefits, making it more pop-

ular in the past decades (Jordeva [13]).Theoretically, 

97% of textile waste can be recycled and they can be 

used as a raw material for insulation materials for 

building industry. 

There are e.g. automotive fabrics, fabric waste gen-

erated in the automotive industry, which has some 

properties (resistance to fire and sound insulation) that 

distinguish it from ordinary fabrics waste. Nowadays, 

when the focus is on the thermal and acoustic insula-

tion buildings, these materials become interesting for 

building industry. 

The latest trends in construction industry show that 

the share of the construction of low-energy houses 

(wood buildings) is increasing on the market com-

pared with traditional materials (Karacabeyli [2]), e.g. 

ððð 
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solid wooden construction. Right in these types of con-

structions, there is a possibility to use recycled fabrics 

in the form of an insulating layer as a part of a dividing 

structure. The long-term goal is to create a dividing 

structure that includes a layer of recycled fabric mate-

rial, and it is suitable both from the fire and the acous-

tic aspects. 

2. Materi al and methods 

2.1. Material 

The tested product is a new material in the produc-

tion of STEREDÈ insulating and construction board 

(Krajn® [3]). The STEREDÈ thermal-insulating and 

acoustic material is generated by mechanical treatment 

of waste from fabric materials used in the automotive 

industry (Plesn²k [6]). This recycled material is char-

acterized by resistance to moisture, mold, mechanical 

resistance and hygienic safety (Krajn® [5]). 

Four samples with dimensions of 50 x 40 x 50 mm 

were used for the non-standard thermal test using a ra-

diant heat source. For the measurement of the sound 

mailto:tomasgergel@azet.sk
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absorption coefficient Ŭ, the four circular samples had 

the diameter of 100 mm and thickness of 50 mm. The 

distribution of the samples and their photographic doc-

umentation is shown in Figure 1. 

Figure 1 STEREDÈ samples 

2.2. Methods 

In testing, there was applied the radiant heat source 

method and the transfer-function method [1]. 

2.2.1. Method of radiant heat source  

The radiant heat source test was performed on an 

apparatus, the scheme of which is shown in Figure 2. 

The test sample was placed on a metal stand which dis-

tance from the thermal infra-red heater can be changed 

(by  the h test = 30 mm). The ceramic infrared heater 

with a power of 1000 W emits radiation with a wave-

length of 3 - 6 ɛm, the operating temperature is in the 

range of 300 - 750 Á C. The analytical scales Sartorius 

Basicplus type BDBC 200 were used to detect the 

weight loss. 

Figure 2 Testing apparatus to apply the method of radiant heat 

source 
1 ï infrared heater, 2 ï sample, 3 ï metal frame,  

4 ï stand, 5 ï scales protection, 6 ï analytical 

The specimens were exposed to ceramic infrared 

emitter for 10 minutes at a distance 30 mm. Before the 

test and subsequently every 10 s has been recorded the 

mass of each specimen. The relative mass loss in the 

monitored intervals was calculated according to the 

formula mentioned in the paper ñThe influence of 

heating on thermal degradation selected wood species: 

(Zachar [7]). 

At the same time, the occurrence of flame initiation 

of the sample was monitored as well as the flame re-

tardation time and extinction time. 

2.2.2. Method of transfer function 

The measurement the sound absorption coefficient 

(Ŭ) was done according to STN EN ISO 19534-2 Part 

2: Transfer-function method [1]. 

The measuring equipment consists of several parts: 

Bruel & Kjaer impedance tube Type 4206, the LAN 

module-XI Br¿el & KjÞr Type 3560-B-030 with two 

active inputs for microphones and FFT (Fast Fourier 

Transform) analysis, tone generator and personal com-

puter (PC) with Pulse software (Figure 3). 

Figure 3 Scheme of the measuring apparatus 

 

The measurement of the sound absorption coeffi-

cient was carried out in the frequency range                  

200 ï 2 000 Hz, which corresponds approximately to 

the range of frequencies of noise in construction sites. 

3. Results and discussion 

The relative weight loss of the tested materials is 

presented in Figure 4. This parameter allows us to test 

the material degradation in case of a fire. High weight 
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loss predicts extensive damage that may occur in a fire 

(Ozcan et al. [3]). From the experimental data, the av-

erage time of flame occurrence time (ti) and the aver-

age time of flame burning (tf) for each material at the 

logarithmic scale were calculated (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3 Relative weight loss of tested materials

 
From Figure 4, it is evident that the smallest weight 

loss was in case of Senizol AT XX2 TL 60 (average of 

1.4%). With radiant heat the material started to be 

smelt and produced melting within 40 s on average. By 

the end of the test, the white smoke was released from 

the material in a small amount, and the weight dampe-

ned slowly at regular intervals. Senizol AT XX4 TL 

10 and Pyrotek TL 10 materials showed the largest 

weight loss (~ 90%). Similarly, Or®musov§ and Hud§-

kov§ [9], using the conical calorimeter method, found 

that the weight loss of different fabric materials exce-

eds 95%.  

Regarding the flame burning, it can be concluded 

that the tested materials (except one) showed flame 

burning (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4 Ļas vzplanutia (ti) a doba plameŔov®ho horenia (tf) testovanĨch materi§lov 

 

The flameless burning was carried out on the Se-

nizol AT XX2 TL 60 sample (Figure 6), 

which explains why this sample reached the smallest 

weight loss.
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Figure 5 The relative weight loss of four samples of Senizol AT XX2 TL 60 

The sound absorption coefficient of commercial 

materials is specified in terms of a noise reduction co-

efficient (NRC). It is the average of four sound ab-

sorption coefficients of the particular surface at frequ-

encies of 250 Hz, 500 Hz, 1000 Hz, and 2000 Hz 

(ASTM C423 [4]). The noise reduction coefficients 

tested materials are given in Table 1.  

 

Table 1 Sound absorption coefficient Ŭ and noise reduction coefficient NRC 

 Material 
 ́

(kg/m3) 
ʰ  
(-) 

NRC 
(-) 

f 
 (Hz) 

 200 250 500 1000 2000  

1. Senziol AT XX2 TL 60 61.4 0.13 0.40 0.82 0.93 0.90 0.81 

2. Senizol AT XX4 TL 10 139.9 0.11 0.27 0.65 0.77 0.80 0.66 

3. Pyrotek TL 10 222.8 0.16 0.26 0.38 0.56 0.65 0.51 

4. Senizol AT 3 TL 15 223.9 0.14 0.24 0.37 0.52 0.57 0.47 

 
From Table 1, it can be seen that the highest value 

of NRC = 0.81 has Senziol AT XX2 TL 60. Tiuc et al. 

[12] investigated the sound absorption of polyurethane 

insulating materials with different shares of fabric re-

cyclate. The density of the investigated material (60 

PRF), which was composed of polyurethane (60%) 

and recycled fabric (40%), was almost equal (60 kgĿm-

3) to Senizol AT XX2 TL 60 sample. The noise 

reduction coefficient of tested material 60 PRF was 

NRC = 0.59. Thus, it can be said that the evaluated 

material has a high sound absorption, but only this is 

not enough.  

The material's sound absorbing properties are ex-

pressed by the sound absorption coefficient as a fun-

ction of the frequency. Therefore is important to know 

the ability of material to absorb sound of the different 

frequencies of the best sound absorbing material Sen-

ziol AT XX2 TL 60. The dependence of sound ab-

sorption coefficient on the frequency is presented in 

Figure 7. 
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Figure 6 Dependence of sound absorption coefficient on the frequency 

4. Conclusions 

There were tested the four configurations of 

STEREDÈ boards which were made from recycled 

automotive fabric. In the first phase of the research, 

the selected materials were tested from fire and 

acoustics aspect. The weight loss was the measured 

parameter. The results show that STEREDÈ Senizol 

AT XX2 TL 60 was of the smallest weight loss (1.4% 

on average), and the highest sound absorption coef-

ficient of noise reduction coefficient (0.81).  

The results of the measurements show that the 

most suitable material in the dividing structure could 

be Senizol AT XX2 TL 60 or similar material with 

an approximate density of 60 kg.m-3 and a similar 

composition. In the next stages of research, those ma-

terials will be tested separately, as part of a construc-

tion. 
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Close proximity and acceptable distances for selected high-

capacity oil storage tanks 

J§n Horv§th*

Technical University in Zvolen, Faculty of Wood Sciences and Technology, T. G. Masaryka 24, 960 55 Zvolen, Slovak Republic 

Abstract 

In the paper, there are set out the close proximities for selected high-capacity tanks according to STN 92 0201-4 

and specified acceptable distance which were determined according to the methodology used in the U.S. For these 

high-capacity tanks for storage of crude oil were calculated the following fire parameters: energy release rate in 

fire and the mean height of the flame in the fire. The calculated mean height of the flame values represented the 

input data to determine the close proximities according to STN 92 0201-4. An objective of research was to deter-

mine and compare the acceptable distances for persons and structures in accordance to the U.S. methodology ap-

plied.   
   

Keywords: mean flame height, close proximity, high-capacity storage tank; 

1. Introduction  

In the case of oil fires in large-capacity tanks radi-

ant heat is generated, which, by its intensity, affects 

the surrounding area, where there are mostly other 

tanks, piping, structures and infrastructure. In the 

world, several variants of large capacity oil storage 

tanks are currently in operation. The storage volume 

of large-capacity tanks in Slovakia and abroad is now 

five to ten times higher compared to the tanks built 

several decades ago. The diameters and height of the 

tanks are also several times larger compared to past 

tanks. At the pumping station PS 4 in Tupa (Fig. 1), 

they are also built in places of original tanks, the stor-

age volume of which was 10 000 m3 and 20 000 m3, 

which caused a rapid increase of the fire load in rela-

tion to the built-up area. 

The aim of the paper is to determine and compare 

the distance of selected large-capacity tanks according 

to STN 92 0201-4 and to determine acceptable dis-

tances for people and constructions according to the 

methodology used in the U.S.A. 
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Figure 1 Crude oil pump station in Tupa 

2. Problem 

The fire hazard area of the double-shell tank with 

non-flammable envelope is not determined. The dou-

ble-shell tank shall not be located in a fire-hazardous 

area of another building (Decree 96/2004). 

The fire hazard arises mainly at the pumping sta-

tions, where there are several storage tanks next to 

each other. The storage tanks themselves are located 

mailto:xhorvath@is.tuzvo.sk
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at distances close to their diameter, but in some cases 

even shorter. In crude oil fires in large capacity tanks, 

a heat flux density of 105 W.m-2 is generated. The de-

crease in the density of the heat flux with the increas-

ing distance is gradual and the values, that can be con-

sidered safe, are in hundreds of meters away from the 

fire site. In the case of crude oil fires, the thermal effect 

on the environment is constantly changing. This 

change is influenced by the course of the fire, climatic 

conditions and the action of human intervention (Ba-

log, Kvarļ§k, 1999). 

The tank construction has a major impact on the de-

velopment of fire in the tanks and partly on the spread 

of fire. The walls of the metal vertical tank are de-

formed within 8-10 minutes in the case of insufficient 

cooling. They are more quickly subjected to defor-

mation of the wall in the direction of the wind 

(OlġanskĨ, 1976). 

In case of major fire and explosion in operations or 

oil stations, other tanks and adjacent objects may be 

affected by fire, and the fire will continue to spread. 

This situation is called the "domino" effect. An exam-

ple is a fire in Cechovice in 1971, (Balog, Kvarļ§k, 

1999). 

3. Methodology 

Calculation of fire parameters, determination of 

separation distances according to STN 9202 01-4 and 

determination of safe distances for persons and con-

structions are progressively carried out on selected 

three sizes of large capacity tanks. Two smaller tanks 

of 30,000 and 70,000 m3 are currently in operation in 

Slovakia and larger with 125,000 m3 in the Czech Re-

public 

 

Crude oil ï selected properties  

 

Crude oil as a mixture has no constant properties. 

Its properties depend primarily on the place of storage, 

the way it is stored, the ambient temperature and the 

water content. 

Selected properties of Russian oil transported and 

stored in Slovakia: 

Hazard class: I 

Temperature class: T3 

 Explosive group: II A 

Concentration limits of explosivity: lower 0.8 % obj.; 

upper 8 % obj.                  

Flash point temperature: < ï 5.0 ÁC 

Ignition temperature: 230 ÁC (Ñ 2.5 ÁC) 

Calorific value: 40 - 48MJ.kg-1   (KBĐ, 2004). 

 
Crude oil properties in fire (Karlsson, Quintiere, 

1999): 

mòÐ ï area rate of burning (0.02833 kg.m-2.s-1) 

k.ɓ ï product of the radiation flow from the flame to the 

surface of the flammable liquid (2.8 m-1) 

ɢ ï crude oil burning efficiency (70 %, i.e. 0.7) 

ȹHc ï total combustion heat of crude oil (42.5 MJ.kg-1 = 

42 500 kJ.kg-1)                                                                                       

 

Large-capacity storage tanks 

 

The double-shell tank is a tank with two separate 

shells with clearance between them, the outer shell of 

the tank shall be made of non-combustible materials 

(Decree 96/2004). 

Selected containers are very similar in design, the 

difference is mainly in their substantially different di-

mensions. 

Storage tank with a volume of 30,000 m3 

The large-capacity tank (Figure 2) is a full metal 

welded cylindrical tank. It is standing, above ground 

and has a floating roof that floats on the level of stored 

liquid. 

  

D ï tank diameter (42.8 m) 

Dh ï diameter of emergency tank (53.6 m) 

Af  ï  horizontal burning area of storage tank (1 439 m2)  

Af h ï horizontal burning area of the emergency tank (2 256 

m2) 
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Figure 2 Profile of a tank with capacity of 30 000 m3 

Storage tank with capacity of 70 000 m3 

The substantial difference of the tank with a storage 

capacity of 70,000 m3 (Figure 3) compared with the 

tank of 30,000 m3 is in the average of storage and 

emergency tanks. 

D ï tank diameter (66 m) 

Dh ï diameter of emergency tank (80 m) 

Af  ï horizontal burning area of storage tank (3 421 m2)   

Af h ï horizontal burning area of the emergency tank (5 027 

m2) 

 

 
Figure 3 Storage tank with capacity of 70 000 m3 

Storage tank with capacity of 125 000 m3  

Steel storage tanks with a steel protective emer-

gency tank and a double-float roof at the central oil 

storage facility in Nelahozeves (Figure 4) are the larg-

est of their kind in the world. 

D ï tank diameter (84.47 m) 

Dh ï diameter of emergency tank (90.47 m) 

Af  ï horizontal burning area of storage tank (5 604 m2)   

Af h ï horizontal burning area of the emergency tank (6 428 

m2)   

 

Figure 4 Large-capacity storage tanks ï Mero, ĻR 

(www.ekonomika.idnes.cz) 

 

Fire scenarios 

 
For double-shell storage tanks where there is a 

space between the emergency and storage tanks to cap-

ture the total storage quantity of crude oil, it is neces-

sary to take into account several possible fire scenar-

ios. When the storage tank is damaged, the most com-

plex scenario is that the total sum of the intra-shell area 

and the storage tank area is affected by the fire. For 

simplicity, a horizontal surface with the diameter of an 

emergency tank is calculated, which is actually the 

sum of the storage tank area and the intra-shell area. 

Fire scenarios which are theoretically possible: 

1. Fire in the space between the tank roof and the shell 

of the tank - scenario S1. 

2. Emergency tank and space between the roof and 

tank shell - scenario S2. 

3. Storage tank fire - all-surface (when immersing the 

floating roof roof) - scenario S3. 

4. Current tank and emergency tank fire (immersed 

floating roof of the storage tank and damaged storage 

tank shell) - scenario S4. 

5. Fire in an emergency tank (intra-shell fire) - scena-

rio S5. 

The most complex scenarios are S3 and S4, so we 

will count on the selected scenarios in the calculations. 

 

Speed of energy release during fire 

 

It is the heat released per unit of time (kJ.s-1), it 

changes with time, 

¶ In the case of natural tanks, the speed becomes 

constant, 

¶ Depending on the diameter of the tank D, 

http://www.ekonomika.idnes.cz/
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¶ With a diameter above 0.2 m, the flat rate of 

rainfall increases with the diameter to a certain 

value, then it is constant m "Ð, 

¶ Depending on the constant k.ɓ - the product of 

the radiation flux characterizing the fuel, which 

is tabulated for both liquids and thermoplastics. 

When fuel in a large tank is burning, we assume that 

the fire will be driven by fuel, as the air access to the 

combustion zone should not be limited. 

The rate of energy release in case of fire is calcu-

lated from the relation (1) (Karlsson, Quintiere, 1999): 

C
Dk

f HemAQ DÖÖ-ÖÖ= ÖÖ-
¤

¶ cb )1("

 
                    

Af        ï   horizontal burning area (m2)                                   

 m"Ð  ï   area rate of burning (kg.m-2.s-1)                                  

k.ɓ    ï    product of the radiation flow from 

the flame to the surface of the flammable 

liquid 

D      ï    tank diameter  (m)                                                     

ɢ       ï    burning efficiency (%)          

ȹHc    ï   total heat of combustion (kJ.kg-1) 
The values of the rate of fire release are needed to 

calculate the mean flame height at fire. 

 

Average flame height at fire 

 

The mean flame height at fire is averaging the 

height of the flashing flame at the time of burning. 

For real fires, fuel geometry (vertical or horizontal 

fuel distribution), walls, ceiling, or holes must be taken 

into account. 

The mean flame height is calculated from the rela-

tionship (2) (Karlsson, Quintiere, 1999): 

DQL f Ö-Ö=
¶

02.1235.0 5

2

          
(m)                

(2) 

                                                                                       
Separation distance according to STN 

 

A fire-hazardous area is created around a burning 

fire section or a building where more than 18.5 kW.m-

2 of the heat flux due to a heat flux density is threat-

ened, the risk of fire transmission by heat radiation or 

falling firing structures on another building (Kucbel, 

1993). 

The intensity of heat flux in a fire-hazardous area 

of a fire section decreases with a distance from a fire-

exposed area. At a certain distance - at a separation 

distance ï comes to a reduction of radiation to ᾽ 18.5 

kW.m-2, which is no longer dangerous for burnable 

wood-based materials (Osvald, 2005). 

Separation distance is determined according to 

STN 92 0201-4. To determine the separation distance, 

it is necessary to know the parameters of the storage 

tanks and the flame height at fire. From the rate of en-

ergy release at fire (thermal energy) it is possible to 

calculate the mean flame height. 

The distance from the open stores of flammable liq-

uids is determined as a whole depending on its ground 

plan, landfill height and heat flux density according to 

Table 4 of STN 92 0201-4. 

The distance from open stores can also be deter-

mined by a more precise calculation based on the re-

duction in the intensity of heat radiation in the burning 

space to 18.5 kW.m-2, the size or the geometric shape 

of the open store and the assumed flame height. 

When determining the separation distance, the fol-

lowing are considered: 

a) the length of the fire section l the considered side 

of the open store, 

b) at the height of the fire section hu, the average 

height of the stored fuel increased by an estimated 

flame height of at least 6 m for the high intensity 

of the fire, 

c) the proportion of open areas. 

 

Determination of distance from open tech-

nological equipment 

 
The distance from open technological facilities, ex-

cept the pipelines and transport bridges, in which there 

are permanently occurring flammable substances, is 

determined for each fire section, depending on the di-

mensions of the ground planes, which can cause the 

decomposition of the substances processed or stored in 

these devices, the calculated height of temperature 

field and heat flux density. 

The separation distance is determined by: 

a) the length l in meters - the side of the surface on 

which the degradation may occur or 0.75 of the 

diameter of the circle described around the area 

(kJ.s-1)     

(1)
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on which spillage or spillage of flammable sub-

stances may occur, 

b) the height hu in meters, the equivalent height of 

the combustible substance increased by the as-

sumed flame height, but not less than 6 m for the 

high intensity of the radiation, 

c) the share of open areas (STN 92 0201-4, 2000). 

As regards the storage tanks with an emergency 

tank, it is necessary to count the oil spill into the emer-

gency tank (scenario S4). From the equation (3) for 

calculating the cylinder volume is the derived equation 

(4). 

 

hh vrV ÖÖ= 2p           (m3)               (3) 

                

rh  ï  emergency tank diameter (m) 

vh  ï  maximum oil level height in emergency tank 

(m) 

The derived equation (4) is necessary for calcula-

tion of oil level height in emergency tank for scenario 

S4. 

           
2

h

h
r

V
v

Ö
=
p

             

 (m)             (4) 

 

Acceptable distance in the U.S.A. 

 

The Housing and Urban Development Department 

of the U.S.A. has set the boundary levels of the radia-

tion flow for fire and radiation flow value of 31.5 

kW.m-2 for buildings and value of 1.4 kW.m-2 for per-

sons. As a result, an acceptable distance was estab-

lished in the United States based on the analysis. 

The aim of the analysis was to develop a methodol-

ogy for estimating the heat flow from large fires, 

whether fires of flammable liquids or gases. Fire dy-

namics is more predictable for flammable liquids than 

for flammable gases, making it even easier to deter-

mine the size of the heat radiation. 

A graphical representation for determining the ac-

ceptable distance (Figure 5) allows you to subtract the 

values directly without calculation. The values in the 

graph are calculated for a circular form of fire. 

In Figure5 the horizontal axis shows the diameter 

of the fire, the acceptable axis is the acceptable dis-

tance for persons and constructions. 

In the case of crude oil, area rate of burning of 0.045 

kg.m-2.s-1 and a heat of combustion of 42,600 kJ.kg-1 

is taken into consideration. 

 
Figure 5 Graf for determination of acceptable distance at fire of 

flammable liquids (McGrattan et al., 2000) 

From the graph in Fig. 5, it is possible to read the 

acceptable distance values for persons and construc-

tions according to the diameter of the fire (in the case 

of flammable liquids the storage tank diameter is taken 

into account as the entire area of the flammable liquid 

which is affected by the fire) and the amount of energy 

released per unit area - according to the type of flam-

mable liquid. In the case of a crude oil fire, the rate of 

energy release is 1,900 kW.m-2 and the nearest value 

in the graph is 2,000 kW.m-2 (McGrattan et al., 2000). 

4. Results and discussion  

Calculated selected fire parameters (heat release 

rate and mean flame height) of the selected fire scenar-

ios of the described large capacity tanks are given in 

Table 1. 

From the comparison of the values of the rate of 

energy release in case of fire, the direct proportion of 

increase in the rate of energy release in case of a fire 

with increasing area of fire. 
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When comparing the mean flame height for fire be-

tween tanks and scenarios, the differences are only in 

the order of a few centimeters to tens of decimetres. 

The largest difference (1.55 m) is between scenarios 

on the tank with a volume of 30 000 m3, the smallest 

difference (8 cm) can be seen between tank scenarios 

with a volume of 125 000 m3. 

 

Table 1   Calculated parameters in selected scenarios 

Tank 30 000 m3 70 000 m3 125 000 m3 

Calculated capacity 29 062 m3 72 803 m3 124 968 m3 

Scenario S3 S4 S3 S4 S3 S4 

Diameter (m) 42.8 53.6 66 80 84.47 90.47 

Area (m2) 1 439 2 256 3 421 5 027 5 604 6 428 

QĘ  (MW)  1 213 1 901 2 883 4 237 4 723 5 418 

L f  (m) 20.10 21.65 22.84 23.57 23.68 23.76 

 

Determination of separation distance for storage 

tanks according to STN 

 

When determining the separation distance, we 

will take the mean flame height at fire as a starting 

point. By adding the mean flame height and oil level 

in the tank, we get the required height hu. 

In table 2 are the recorded the separation distances 

determined according to STN 92 0201-4 for  

 

 

selected three dimensions of large capacity tanks. 

Separation distances are determined by two options 

for the most complex variant of the fire, the S4 sce-

nario. 

Explanation of the values entered in the table:                         

¶ in the bottom two rows of the table are the val-

ues determined from STN 92 0201-4 from tab. 

3 and 4, by interpolation between adjacent val-

ues, 

¶ since in tables STN 92 0201-4 the hu values are 

approximately half of the values introduced in 

tab. 2, the distance reading separation distance 

is underestimated, 

¶ the highest value of the length of the fire section 

in tab. 3 in STN 92 0201-4 is "45 m and more" 

with the separation distance shown in the table, 

i.e. 50.3 m. The assigned separation distances 

(marked with*) are undervalued for large capac-

ity tanks of 70,000 and 125,000 m3. 

 

Table 2 Parameters and separation distances determined in ac-

cordance to STN 92 0201-4 

Storage tank (m3) 30 000 

30 000 
70 000 

70 000 

125 

000 

125 

000 

Calculated capacity 

(m3) 

29 062 

29 062 

72 803 

72 803 

124 

968 

124 

968 

Emergency tank dia-

meter Dh (m) 

53.60 

53,60 

80.00                                                90.47 

90,47 
Length 

lu = 0,75.Dh  (m) 

40.20 

40,20 

60.00 

60,00 

67.85 

67,85 Max. height of oil in 

emergency tank   vh  

(m) 

12.90 

12,90 

14.50 

14,50 

19.44 

19,44 Medium flame height 

in fire Lf  (m) 

21.65 

21,65 

23.57 

23,57 

 

23.76 

23,76 
Height 

hu=vh+L f   (m) 

34.55 

34,55 

38.07 

38,07 

43.20 

43,20 Share of open areas 

(%) 

100 

100 

100 

100 

100 

100 Separation distance 

from the fire section  

tab.3 (m) 

47.7 

47,7 

50.3 * 

50,3 * 

50.3 

*  

 

50,3 

*  

Separation distance 

for the open storage 

areas tab.4 (m) 

38.9 

38,9 

45.8 

45,8 

48.0   

48,0  

Determination of acceptable distances for per-

sons and constructions in the U.S.A. 

 

Acceptable distances for buildings and persons 

listed in tab. 3 represent subtracted values from the 

graph in figure 5. The nearest readily visible values 

to the averages of the selected large-capacity tanks 

and the related distances for persons and structures 

have been subtracted. 

 

 

 

 

 

 

 

 

 



Fire Protection, Safety and Security 2017 

 

 

 

69 

Table 3 Derived acceptable distances for persons and construc-

tions in U.S.A. 

Fire diameter 

(m) 

Acceptable 

distance for 

structures (m) 

Acceptable 

distance for 

persons (m) 42 10 100 

50 11 115 ï 120 

60 12 120 ï 125 

70 12.5 125 ï 130 

80 13 130 ï 140 

90 13.5 140 ï 150 

. 

5. Conclusion 

The separation distances according were specified 

in accordance to STN 92 0201-4 applying two meth-

ods. From table 3 were derived and interpolated val-

ues between the closest values of the calculated dis-

tance from the fire section, and for these two larger 

tanks these distances were underestimated. We can 

consider them underestimated because the highest 

value of length lu (0.75 times the diameter of the 

emergency tank) is in STN 92 0201-4 in tab. 3 to de-

termine the distance of 45 m or more. From tab. 4 of 

the standard, there were also derived the separation 

distances for open stores, where they were compared 

with the separation distances according to tab. 3 (de-

rived and interpolated between adjacent values recal-

culated) distances shorter by several meters. Given 

our height hu values (the sum of the maximum oil 

level in the tank and the calculated mean flame height 

at fire) in tab. 2, we can consider all the specified dis-

tances, under both possibilities of STN 92 0201-4, to 

be underestimated. In the above-mentioned STN in 

tab. 3 is the highest value Ÿ hu = 18 m and higher, 

in tab. 4 Ÿ hu = 15 m and more.    

According to the Decree 96/2004 Coll., Section 

27, paragraph 2: "The distance between the two over-

ground tanks with floating roof must not be less than 

0.6 times the diameter of the larger tank." It is unclear 

whether in the case of double-shell tanks this is 0.6 

times the average of the storage or emergency tank. 

According to Decree 96/2004, a fire hazardous 

area of a double-shell tank with a non-combustible 

shell is not specified, but the double-shell tank must 

not be located in a fire-hazardous area of another 

building. Each overhead large-capacity tank must 

have reinforced foundations, even recessed concrete 

piles deep in the ground. According to the Building 

Act no. 50/1976 is building a fixed connection to the 

ground. In addition, the Building Law defines con-

struction in the sense that it is a building construction 

built by construction works of construction products 

that is firmly connected to the ground or whose in-

stallation requires the modification of the substrate. 

The construction of large-capacity tanks requires 

these elements. Therefore a fire-hazardous area 

should be designated for each of them. 
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Abstract 

In our paper we analysed the load bearing capacity of bonded anchors placed in thermally-damaged reinforced concrete. Our 

primary goal was to facilitate the reinforcing techniquesof reinforced concrete structural elements damaged in fire events. For 

the tests, 8 mm diameter threaded rods installed with epoxy adhesive were used, with an embedment depth of 50 mm. Three 

levels of thermal loading (200, 300, 400 ᴈ) were applied to the concrete specimens , with respect to the embedment depth. The 

compressive strength of the concrete specimens used in the tests was fc = 44.79 N/mm2.   

Keywords: fire, concrete, bonded anchors, residual behaviour;  

1. Introduction  

In case of thermally-damaged buildings, it is typical 

that fastening elements should be installed in rein-

forced concrete structures damaged by the fire. This 

can include the replacement of the existing fasteners 

that have been damaged in the fire or the installation 

of a new fastener with combined function that helps 

the additional structural elements work together with 

the existing thermally-damaged reinforced concrete 

structural elements (e.g., column jacketing, strength-

ening of the tension boom, and reinforcement of the 

slab with sprayed concrete). There are very few exper-

iments dealing with the determination of the load-

bearing capacity of fasteners placed in thermally-dam-

aged reinforced concrete [1, 2, 3], therefore it an actual 

and practically important field of research. 

1.1. The toolbar and its menus 

The mechanical properties of concrete are changed 

by the effects of fire. Related research has been going 

on since the 1940s [4] and it is still actual. Previous 

studies have found that changes in the mechanical 

ððð 
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properties of concrete are caused by a variety of chem-

ical and physical changes that occur at different tem-

peratures [5]. The extent of such changes is higly af-

fected by the composition of the concrete. Changes in 

the material structure depend on the following factors 

[6]: 

- the type of the cement, 

- the type of the aggregate, 

- the water-cement factor, 

- the aggregate-cement factor, 

- moisture content, 

- way of thermal loading. 

 

The change in volume of the various components 

of concrete varies as a function of temperature. The 

cement stone and the aggregate react to temperature 

increase in a completely different way to temperature 

increase [7]. Consequently, the primary reason for the 

change in the strength of the change in the strength of 

concrete is the termination of the connection between 

the aggregate and the cement stone. This effect is am-

plified by the dehydration of calcium dioxide and 

ettringite deposited on the surface of the aggregate par-

ticles [8]. During thermal loading, as the temperature 

increases, the compressive strength of concrete is re-

duced together with the load capacity. Figure 1 clearly 
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shows that the diagrams of concrete strength and de-

formation are getting flattened with increasing tem-

perature. This means that lower strength values are 

linked to a larger deformation. 

Figure 1 Stress-strain relationship for concrete with quartz gravel 

aggregate as a function of temperature [9] 

Experience from and experiments of fire damages 

have shown that the delamination of the concrete sur-

face (spalling) is typical for reinforced concrete struc-

tures at high temperatures. The reason for this phe-

nomenon is the formation of the so-called moisture 

barrier in the concrete. Water present in the concrete 

turns into water vapor at high temperature and it is re-

leased in part to the external atmosphere through the 

pores; however, it starts to flow partly towards the in-

terior of the concrete. Water vapor flowing inward 

reaches the colder parts where it precipitates to form 

water again, creating a moisture barrier.  In the sur-

roundings of the moisture barrier, the pore pressure of 

the concrete increases, which leads to the spalling of 

the concrete [10]. 

 

1.2. Fastening systems  

Several post-installed anchors are available with 

different way of load-transfer. The commercially 

available fastenings can transfer the load to the host 

material via the following mechanisms: mechanical 

interlock, friction or bond (Figure 2). Furthermore, the 

most recent techniques use combined bond and fric-

tion (e.g. bonded expansion anchors). In case of ex-

pansion anchors, the load is transferred by friction. 

Generally, an expansion sleeve is expanded by an ex-

act displacement or torque applied on the anchor head 

during the installation process. Chemical fastenings 

are anchored by bond. Bonded anchors can be divided 

into two subgroups: capsule or injection systems. The 

bond material can be either organic, inorganic or a 

mixture of them. In this case the loads are transferred 

from the steel (normally a threaded rod, rebar) into the 

bonding material and are anchored by bond between 

the bonding material and the sides of the drilled holes 

[11, 12, 13]. 

 

 

 

 

 

 

 

 

 

Figure 2 Load transfer mechanisms [12]

 

Load bearing of fastenings can be determined by 

taking the minimum of ultimate loads corresponding  

to different failure modes. 

In case of tensioned anchors steel failure, concrete 

cone failure, pull-out failure and splitting can occur 

(Figure 3).
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Behavior of loadbearing capacity of undercut anchors 

in thermally-damaged concrete 

There have been only few researches on the behav-

iour of anchors installed in thermally-damaged con-

crete [1, 2, 3]. In all cases only undercut anchors were 

examined and only concrete strength and embedment 

depth were altered. 

Figure 4 shows the load bearing capacity of under-

cut anchors in case of different concrete strength and 

embedment depth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Behavior of loadbearing capacity of undercut anchors as a function of temperature [2] 

 

It is visible in Figure 4 that load bearing capacity 

decreases as temperature increases.  

This decrease is rapid below 200ÁC and then it be-

comes less intense.  

2. Experimental part 

In our experiments, we analyzed the load bearing 

capacity of anchors placed in thermally damaged rein-

forced concrete as a function of thermal load. In the 

tests carried out earlier [1, 2, 3], undercut fasteners 

were used. These studies did not address the behavior 

of other types of fasteners, and that is why we used 

Figure 3 Failure modes [13]

 

 



Fire Protection, Safety and Security 2017 

 

 

 

73 

bonded anchors in our investigations to test the load 

bearing capacity of the bonded connection and its 

damage. 

During the experiment, the specimens prepared 

were exposed to fire load on one side until they 

reached the desired temperature, then they were al-

lowed to cool down at laboratory temperature (20 Á C).  

The day after the fire load, typically after 24 hours, 

when the specimen had been cooled down, the fastener 

was inserted in the thermally damaged specimen. In 

order to allow the cross-linking of the adhesive, load-

ing of the fasteners took place after a further 24 hours. 

2.1. Tested anchors 

One type of bonded anchor systems (epoxy resin) 

was tested. Bonded anchors were installed according 

to the MPII (Manufacturer`s Printed Installation In-

structions). The embedment depth was hef=50 mm 

(~6d, where ñdò is the diameter of the anchor), and the 

diameter of the threaded rods was 8 mm, the strength 

class of threaded rods was 10.9.  

2.2. Concrete mixture 

The mixtures were made by Portland cement (CEM 

I 42.5 N). The aggregates were natural quartz sand and 

quartz gravel and a superplasticiser of BASF Glenium 

C323 Mix was also used. The specimens were held un-

der water for 7 days and then kept at laboratory tem-

perature (20 Á C) for additional 21 days.  

Compressive strength properties were tested on ad-

ditional 3 cubes of 150x150x150 mm. Uniaxial com-

pressive strength tests were carried out on concrete cu-

bes 28 days after casting. The results were evaluated 

in accordance with EN 12390 -3:2009 [15] for con-

crete. The mean value of the mixture was         fc = 

44.79 N/mm2. 

The dimensions of concrete specimens for pull-out 

tests were 300x300x150 mm.  

2.3. Thermal loading 

In laboratory tests, the concrete specimens were ex-

posed to thermal load on one side. An electric furnace 

was used for this thermal load, with a heat-up curve 

shown on Figure 5. Based on the measurement data, 

the curve of the furnace is different from the standard 

fire curve according to ISO 834-1 [16], so the experi-

ment cannot be called a standard test. However, the 

heating curve of the furnace remained unchanged even 

after several checks, so it was well suited for the com-

parison of the specimens with varying degrees of ther-

mal load, as well as for the preparation of a possible 

future standard test. 

Thermal loading of the specimens was carried out 

in three different thermal steps measured at the embed-

ment depth: 200, 300, 400 Á C (Figure 5). Temperature 

was measured in the embedment depth by a thermo-

couple, which had been placed from the ñcoldò side of 

the specimen through an inspection hole (ß 6mm). Fig-

ure 5 shows that the specimen is gradually warmed, 

with a significantly slower tendency than the furnace. 

After reaching 100 ᴈ the temperature increases for a 

short time, then water in the concrete vaporizes and 

starts flowing out from the concrete. The temperature 

does not rise because the heat energy is entirely de-

voted to the change of state of the water. The arrange-

ment for the thermal loading test is shown in Figure 6. 
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Figure 5 Temperature build-up 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6 Arrangement of heating for the specimen

 
We observed no spalling of the concrete on any of 

the specimens during the test. This may be due to fact 

that water vapour generated in the concrete was not 

accumulated in the specimen due to the dimension of 

the specimen and the arrangement of the test, thus no 

moisture barrier was created. The steam was able to 

flow out freely though the test hole made for tempera-

ture measurement and the sides of the specimen. 

Therefore, the results of the test can be used only in 

cases where spalling does not occur in the reinforced 

concrete structure during the fire. 
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2.4. Pull-out test 

Our unconfined test setup is shown in Figure 7. The 

loading device was a displacement controlled test ap-

paratus, which allowed the recording of residual 

stresses after the failure. This setup enabled the for-

mation of all possible failure modes, the results were 

not affected by the geometry of the investigated sam-

ples (thickness of the test member, critical edge, plac-

ing). The measurement setup was capable to measure, 

record and show the applied load and related displace-

ment of the anchor in real-time. The perpendicular pin-

joints ensured the centrality of the acting force. The 

displacement was measured by two electronic trans-

ducers. Three additional independent displacement 

transducers were used to record the deformation of the 

surface. The load was measured by a calibrated load 

cell. The tests were carried out in accordance with the 

instructions given in ETAG 001 Annex A. The support 

distance was greater than 4 hef [17]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7 Arrangement of pull-out test

3. Test results 

During the experiment, anchors have failed in all 

cases with concrete cone failure. These failures illus-

trate that an adhesive bond can be created between the 

adhesive and the thermally-damagedconcrete with ad-

equate strength that caused concrete cone failure. Dur-

ing the tests, no specimen showed either a clear pull-

out failure or the combination of concrete cone failure 

and pull-out failure. On the surface of the concrete 

cones, aggregate particles close to the thermally 

loaded surface had a reddish discoloration, and the ra-

tio of discoloured particles increased with increasing 

temperature. This discoloration can be explained by 

the chemical processes that occure in the quartz gravel. 

In case of thermally loaded specimens, the cracks that 

form the concrete cone ran only in the cement stone, 

while aggregate particles remained intact. The aggre-

gate particles could be easily removed from their posi-

tions as a consequence of damage of the adhesion be-

tween cement stone and aggregate. 

Figure 8 shows the tensile resistance of the anchors, 

while Figure 9 shows the relative residual resistance 

values as a function of temperature. 
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Figure 8 Relationship between the tensile resistance and the temperature in the embedment depth 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9 Relationship between the residual resistance and the temperature in the embedment depth 

 

We used the tensile resistance of anchors bonded 

by epoxy resin as a standard. Tensile reist drops to 

49% compared to fasteners that have not been exposed 

to fire if temperature reaches an average of 200 ᴈ-in 

the embedment depth. It drops to 33% when tempera-

ture reaches 300 ᴈ in the embedment depth, and to 

32% when temperature reaches an average of 400 ᴈ 

in the embedment depth. 

 

Using the test results represented in Figures 4.a and 

4.b, our own results corresponding to bonded anchors 

are compared to the resistance values of undercut an-

chors. Figure 10 shows the resistance of different an-

chors as a function of the temperature load at the em-

bedment depth. 
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Figure 10 Resistance of undercut anchors and bonded anchors as a function of temperature measured at the embedment depth

 

Figure 10 shows that in case of undercut anchors 

there is no significant difference between the behav-

iour of the anchors with h=45 mm and with h=60 mm 

embedment depth. In case of the bonded anchors ap-

plied in our tests the decrease of the residual re-

sistance is less intense and at higher temperatures 

(300, 400 ÁC) the bonded anchors have higher resid-

ual resistance than the undercut anchors. The reason 

for this behaviour is the different way of load trans-

mission: undercut anchors works by mechanical in-

terlock that is concentrated at the embedment depth. 

On the other hand in case of bonded anchors the bond 

transfers the load along the whole length of the 

drilled hole and this more evenly distributed load 

transfer is advantageous concerning the thermally-

damaged concrete layers.  

4. Conclusions 

In our work we analysed the load bearing capacity 

of anchors installed in thermally-damaged reinforced 

concrete. Our primary goal was to aid the reinforce-

ment techniques of reinforced concrete structural 

members damaged in fire events. 

 

One concrete mixture was used to prepare the 

specimens. During mixing, the 28-day compressive 

strength of concrete was measured on 150x150x150 

mm cubes. The average compressive strength of the 

concrete was fc = 44.79 N/mm2. 

 

In all pull-out tests, concrete cone failure was ob-

served. Among the failures, no specimen showed ei-

ther a pull-out failure or the combination of concrete 

cone failure and pull-out failure. This means that the 

adhesive can create a sufficient bond  even in ther-

mally damaged concrete. 

The load bearing capacity of anchors created with 

epoxy adhesive decreased with increasing tempera-

ture during thermal loading. When plotting the ten-

sile resistance as a function of temperature, we ob-

served that: 

- if temperature reaches 200 ᴈ in the embedment 

depth, then tensile resistance drops to 49% of the 

original resistance, 

- if temperature reaches 300 ᴈ in the embedment 

depth, then tensile resistance drops to 33 % of 

the original resistance, 

- if temperature reaches 400 ᴈ in the embedment 

depth, then tensile resistance drops to  
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- 32 % of the original resistance. 

At higher temperatures (300, 400 ÁC) relative re-

sidual resistance of bonded anchors is higher than 

that of undercut anchors. The reason for this is the 

more distributed way of load transfer in case of 

bonded anchors than the concentrated mechanical in-

terlock of undercut anchors at the embedment depth. 

The more evenly distributed loads are advantageous 

concerning the behaviour if thermally-damaged con-

crete layers. 
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Impact of fire protection on the design of energy-efficient          

and eco-friendly building envelopes in timber structures 
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Abstract 

Analysis of construction systems of timber structures according to their use in dependence of the fire height. Legislative limi-

tations. Optimization of tested building envelopes in terms of the energy consumption and environmental impact on the timber 

buildings in the context of fire protection requirements. Fire protection of tested structures and their optimization in terms of 

fire resistance using calculations according to Eurocode. 

  
Keywords: construction systems of timber structures, fire protection, legislative limitations, energy efficiency, environmental burden, fire 

protection of tested structures;

1. Introduction  

The team of the Department of Building Construc-

tion and Urban Planning (KPSU) at the Research Cen-

tre of the University of Ģilina work on the partial re-

search into building envelopes and their use for low-

energy timber buildings. 

The building envelopes are primarily optimized in 

terms of the moisture diffusion within the structure 

and the heat loss reduction using vapour barriers and 

thermal insulations. Experimental load-bearing struc-

ture is a timber framework having five fields of the 

same width. The paper focuses on the evaluation of 

thermal insulations in timber buildings with different 

construction system in terms of the currently valid leg-

islation and the fire protection requirements. 

2. Analysis of the load-bearing systems in timber 

buildings  

The use of wood in building constructions is wide - 

from supporting systems including partition walls and 

ceilings to the final furnishing. Timber buildings are 

the buildings with the wood-based supporting system 

and may be divided into log buildings, half-timbered 

buildings, timber-framed buildings (Balloon-Frame, 

ððð 
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Platform-Frame), skeletal structures, and panel struc-

tures. Usability of the tested compositions is in the last 

three above-mentioned systems. 

Nowadays, the timber framework structures are the 

most used ones in constructing low-storey houses. The 

timber framework may be interrupted at the ceiling, or 

continuous along its entire height. If the wall load-

bearing framework is interrupted in the ceiling, i.e. the 

wall of the next floor is fastened directly on the ceiling 

structure - it is a platform-frame structure. In the bal-

loon-frame structure, the pillars go continuously along 

its entire height. Pre-engineered timber buildings are 

similar to this system.  

Timber skeleton frame structures are the counter-

part of the buildings made of solid timber and frame-

work. The buildings of solid timber and framework 

have the linear load-bearing construction and the load 

from the roof and ceiling is transferred by supporting 

peripheral and internal walls. The load from ceilings 

and roofs in skeletal systems is transferred by pillars. 

These buildings have a more variable layout. The tim-

ber load-bearing members are typically made of glued 

laminated wood with the steel joint elements embed-

ded. The building envelope, anchored to them, is gen-

erally designed as a lightweight sandwich self-sup-

porting panel structure, e.g. the timber framework with 

thermal insulation. It may be placed in front of the 

load-bearing system, or embedded in the pillars - the 

ideal solution in terms of thermal protection. As for 
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fire protection, the building envelope is generally de-

signed as a fire-compact structure with the required 

fire resistance EI, or EW for wood-based ones. 

Panel buildings with timber framework are the 

most commonly used for the construction of wooden 

buildings. Being pre-engineered, they are quick to as-

semble. They are produced as small-sized panels, 1.2 

- 1.8 mm wide, or as big-sized ones, 12 -16 m long. 

The framework is made of spruce or fir and is covered 

with large wood-based or plasterboard materials. 

2.1. The toolbar and its menus 

All of the above wood-based construction systems 

are in terms of fire safety classified as combustible 

structural units. The fire height of the buildings with 

the timber supporting system according to legislation 

valid in Slovakia is limited to maximal 9 m, excepting 

the buildings intended for housing and accommoda-

tion (typically four-storeyed). This goes provided that 

the fire load calculated in the most critical fire section 

of such buildings is up to 60 kg/m2. If the fire load is 

higher than 60 kg/m2, the maximal allowable fire 

height is 4 m (see Fig. 1b). The requirement for maxi-

mal fire resistance of the load-bearing members is REI 

90. According to the currently valid standards, resi-

dential buildings and houses may contain wood-based 

load-bearing systems up to the second floor (see Fig. 

1a). At the present time, the modification of STN 

920201-2 is being approved; it will allow using wood-

based construction systems for upper floors. The fire 

resistance requirement for the first level of fire safety 

is REI 30. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                     1a                                             1b                                               1c 

 
Fig. 1 Height-zoning of buildings where the wood-based load-bearing systems are allowed to use: 
a/ maximal height of wood-based buildings intended for housing and accommodation, b/ maximal  

           height of wood-based buildings with pv up to 60 kg/m2 without the functional use of accommodation,  

           c/ buildings of non-combustible supporting skeletal structure with timber sandwich peripheral walls

Considering the above limitations, the non-com-

bustible construction system, e.g. the concrete skele-

ton, is combined with the envelope made of timber 

sandwich panels. The use of this system is limited by 

the requirement for non-combustible fire sections to be 

situated between the fire areas in both vertical and hor-

izontal direction. 

This system is allowed to be used in buildings with the 

fire height of 12 m where the fire sections are not re-

quired (see Fig. 1c). It does not go for the residential 

buildings where the fire sections are always required. 
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3. Requirements and design solutions for the 

envelopes of timber buildings in terms of  energy      

performance 

3.1. Legislative requirements 

Current legislative conditions to optimize the en-

ergy performance of buildings are set in STN 735040-

2: 2012 Z1 - 2016 so that the building would be sup-

posed to meet the global indicator required - primary 

energy consumption in kWh/(m2.a) in the energy per-

formance class A1. The limit values are defined de-

pending on the buildingËs category - its main func-

tional use. As of 2020, all the buildings designed, in-

cluding those for housing (family houses and apart-

ment buildings), will have to meet the national require-

ments for energy consumption in the category of 

nearly-zero-energy buildings within the limit of the 

global indicator - primary energy consumption in 

kWh/(m2.a) in the energy performance class A0 [2]. 

The energy performance of a building is a function of 

the parameters of a model describing thermo-technical 

properties of structures and effectiveness of technical 

systems at its intended operating under the specific cli-

matic conditions, including the urban impact. In terms 

of the heat loss reduction, the current standard require-

ment for heat transfer through the building envelope is 

0.22 W/m2K. 

3.2. Construction solutions of wood-based envelopes 

in terms of thermal protection  

Nowadays, the construction of wood-based build-

ings often uses the load-bearing systems of timber 

framework. The framework in low-storey buildings 

serves as a buildingËs supporting system and at the 

same time as a load-bearing structure for the envelope. 

The load-bearing structure for the envelope consists of 

vertical wooden pillars with an air gap filled with ther-

mal insulation. Its exterior side may be covered with 

vapour permeable formwork of thermal insulation 

(Fig. 2), or it may be covered with OSB boards, sub-

sequently thermo- insulated and finished with a thin-

layer plaster. Its interior side may be covered with 

OSB boards having vapour barrier with a grid and a 

pre-wall of plasterboard fastened to it. Technical wir-

ing may be situated in the air gap between the pre-wall 

and plasterboard. The plasterboard thickness is de-

signed according to the fire resistance requirements for 

the supporting wall and the envelope itself. The pre-

wall also makes the acoustic insulation better. 

3.3. Optimal thermal insulation for the sandwich 

envelopes of timber buildings in terms of energy       

intensity and fire protection requirements   

Choosing the thermal insulation for sandwich tim-

ber structures is conditioned by its thermo-insulating 

efficiency, combustibility class, durability, and recy-

clability. The building envelope and timber load-bear-

ing framework must be designed so that the water con-

densation would not occur on joints of timber ele-

ments. As for hygienic demands, the layers of thermal 

insulation and its physical parameters must be de-

signed to keep the minimal surface temperature of the 

interior wall above the critical surface temperature for 

mould growing, depending on the boundary environ-

mental conditions and the type of heating. The type 

and thickness of thermal insulation is essential for the 

fire resistance of a timber panel. Its melting tempera-

ture should be above 1000 Á C and a minimal mass 

weight should be above 30 kg/ m3. Thermal insulations 

m based on mineral-wool or glass-fibre meet these 

physical parameters.
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Table 1 Optimization of a timber panel - thermal insulation in terms of heat loss for structures built by 2020     considering the fire protection 

and environmental requirements. 

 
 

Thermo-insulating material 

 

 

ɚ 

W/mK 

 

      ɟ 

[kg/m3] 

 

Combustibility 

class 

Melting 

temperature 

ÁC 

Hr. TI 

[m] 

Uv Ò0,22 

W/(m2.K) 

æ fire re-

sistance min.   

mË 

kg/m2 

æOI3KON. 

Gypsum plaster board, at plant 0.22 750 A1  0.015  

 

 

 

 

 

 

 

cca 0.17 

28,5 28,5 5,95 

Isover Woodsil  

+ vapour barrier  

in the grid of an installation pre-wall 

 

0.038 

 

37 

 

A1 

 

>1000 

 

0.06 

17 2.22 3,73 

Oriented strand board at plant 0.130 650 E  0.015 13,4 9,75 7,5 

Variant 1 Isover Woodsil  

Variant 2 fibreboard soft, at plant 

Variant 3 blown cellulos 

0.038 

0.400 

37 

55 

 

A1 

E 

E 

 

>1000 

<1000 

<1000 

 

0.12 25 

8 

0 

 

4.44 

3,3 

7,46 

5,12 

19,6 

Fibreboard soft, at plant 0.043 55 E <1000 0.06 - 2.20  

Thin-layer plaster with reinforcement 

fabric 0.75 1600 A1  0.001 

- 1,80 5,3 

Sawn timber, softwood, raw, kiln dried, 

u=10% 0,018 300 E   

- - 7,56 3,0 

ɚ - heat conductivity coefficient ï calculation values, ɟ - mass weight, mË- basis weight, æ - fire resistance gain 

Note: In the lightweight sandwich structures - timber panels, the currently convenient thickness of thermal insulation based on mineral wool, 

fibreboards, blown cellulose, or sheep wool is about 220 mm, depending on the mass weight and heat conductivity coefficient. As of 2020, the 

requirement for the thickness of thermal insulation of building envelopes in the passive houses will be a quarter higher. 

 

 

 

 

 

 

 

 

Fig. 2 Composition of timber panel optimized in terms of higher fire resistance
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4. Fire resistance of the timber sandwich panels 

The required time of fire resistance and the crite-

ria for limit states of timber load-bearing elements of 

external walls are directly related to the static load. 

In case of frameworks, the timber vertical elements 

are part of the supporting walls and are linked up by 

the horizontal ceiling or roof supporting elements. 

These structures, including all those of bracing and 

anchor elements, must meet the REI criterion. 

The composite supporting elements of the fire-

separating structures, as well as all the elements re-

lated to the supporting ones in terms of load, are re-

quired to meet the criteria for the fire resistance time. 

The interaction of all the elements provides the fire 

resistance of the whole structure. In case of timber 

supporting elements, the value of fire resistance can 

be determined by calculation methods depending on 

the static load using STN EN 1995-1-1 (Eurocode 5). 

The fire resistance of timber or wood-based load-

bearing and construction elements depends on the 

burning and charring speed. 

Methods to calculate fire resistance of structures 

in terms of Eurocodes employ the analytical ap-

proach to design buildings considering the fire effect. 

It takes into account the function of a structural sys-

tem at higher temperatures in terms of static load of 

fire separating structures as well as increases in ther-

mal protection by active or passive elements of fire 

protection systems. When designing or assessing 

load-bearing fire barrier according to EN 1991-1-2, 

the appropriate model of fire situation is chosen. Sub-

sequently, the corresponding fire scenario is deter-

mined. According to standard temperatures in the af-

fected fire zone, it is calculated temperature course in 

load-bearing structural elements which are stressed 

both statically and thermally. The resulting static 

load of a structure in a critical fire situation is calcu-

lated and the cross-section is evaluated - whether it 

meets supposed thermal stress in the required time. 

The mechanical behaviour of  statically stressed 

structures during fire depends on thermal load de-

fined by fire risk, thermal effects on material proper-

ties - flammability, indirect mechanical load (release 

or fall of facing etc.), and direct effects of static load. 

Thermal analysis is carried out according to STN EN 

1991-1-1-2 [11]. Static analysis is made according to 

STN EN 1991-1-1-2 and other STN, depending on 

the material type. 

In accordance with the procedure, specified in 

STN EN 1991-1-1-2, the model fire situation was de-

termined on the basis of an estimation or calculation 

of fire risk. The model (normative) fire in a fire sector 

(FS) is determined for the model fire situation. It is 

always considered only for one FS in given time; in 

this case the entire object is one fire sector. When as-

sessed fire resistance of a structure, calculations con-

sidered the model (normative) fire with nominal fire 

curves.  

The charring depth and the subsequent static 

weakening of the cross-section must consider all the 

surface elements directly exposed to fire. Surface 

charring need not consider the surface of the timber 

load-bearing elements protected during the calcu-

lated fire load by other elements. Likewise, it need 

not be considered at the elements protected by the 

fire facing provided that: tpr Ó tfi,req; where tpr is the 

time to break the protective plate or other protective 

material and tfi,req  is the time required for fire protec-

tion at standard fire load.  

The timber load-bearing elements of frameworks 

have typically double-sided covering with boards 

and the air gap is filled with a thermal insulator. The 

OSB or other wood-based boards are used for cover-

ing. Since their surface is burning more slowly than 

that of solid timber, they increase the fire resistance 

of the load-bearing elements. 

Most board materials that are construction ele-

ments of the supporting system of the envelope may 

be also used as an additional fire protection of timber 

load-bearing members. They also serve as reinforc-

ing wall elements and a foundation for the final fin-

ishing. If they are considered as a protective fire fac-

ing, the time when the breakage occurs must be de-

termined. In such cases, the time to break is the time 

within the temperature on the non-radiated side of the 

fire barrier will increase by more than 180 K in com-

bustible materials and by more than 500K in non-

combustible materials. These time limits are being 

determined by tests. 
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4.1. Fire resistance of the tested timber sandwich 

envelopes 

The testing of envelope compositions considers 

covering using OSB boards on the interior side and 

fibreboards with a thin-layer plaster on the exterior 

side.  

Before completing the structure, the plasterboard 

pre-wall with an installation gap will be fastened on 

a wooden grid on the interior side. After wiring, the 

gap will be filled with mineral wool. This adjustment 

will also serve as a passive fire protection of the tim-

ber elements in the load-bearing system. 

The time to break a fire protection by these struc-

tures up to the surface of timber supporting elements 

will be the sum of the partial values of the time when 

the fire damage occur. 

The time to break the timber and wood-based fire-

protecting boards may be determined using the tests 

according to the relation. 

 

tpr = tp/ɓ0 ï tr  [min]  [5]                     (1)    

 
ɓ0 - charring speed  
tp  -  thickness of the facing  

tr = 4 mm; it is the reserve to prevent boards from falling down or 

to prevent fire from spreading into cavities (e.g. installation gaps) 

 

The multi-layer fire facing must always be an-

chored to the protected supporting element.  

The time to break OSB boards in the composition 

tested (see Fig. 2) is 15/0.86 = 17.44 - 4 = 13.4 min. 

The time to break the non-flammable facing and 

boards is the time when the temperature of the sur-

face that is not exposed to fire rises by more than 

500K. 

For F-type plasterboards, 15 mm thick, with in-

creased cohesion of the core at the high temperature, 

it can be determined according to the relation: 

 

 tpr=1,9. ɝ . tp   [5]                         (2) 

 

The time to break F-type plasterboards is             1.9 

Ŀ 1.15 = 28.5 min 

The time to break non-flammable insulation ma-

terials, more than 20 mm thick with mass density 

above 30 kg/m3 that remain compact to 1000 Á C, can 

be calculated according to the relation: 

 

tpr = 0,07(tins -20) . ãɟins   [5]                    (3) 

                                          

tins  - thickness of the insulation material in mm 
ɟins - mass weight of the insulation material in kg/m3 

 

In this case, mineral wool with a specific weight 

of 37 kg/m3 is used in both the pre-wall cavity.   

      

     Supporting fire barrier wall - option 1a 

 

tpr = 0,07 (60 -20) . ã37 = 17 min [6]          (4) 

 

The resultant value of Ɇtprj for verified composi-

tion is 55 minutes. The condition corresponds to the 

fire resistance of a filling wall REI 30. 

 

     Curtain framework - option 1b 

 

tpr = 0,07 (180 -20) . ã37 = 68 min  [6]          (5) 

 

The resultant value of Ɇtprj for verified 

composition is 109 minutes. The condition 

corresponds to the fire resistance of a filling wall EI 

60. 

The resultant value of Ɇtprj for verified 

composition is 109 minutes. The condition 

corresponds to the fire resistance of a filling wall REI 

30. 

If the air gap in the framework is filled with a 

combustible thermal insulation with the melting 

temperature of 1000 ÁC - option 1b, 2, 3. tpr = 0.07 

(60 -20). ã37 = 17 min. The solution corresponds to 

the fire resistance of a supporting wall REI 30. 

Criterion I.  - verification of the temperature rise 

on the side that is not exposed to fire, up to 140K: 

Ɇtprj Ó tfi,req + 5  = 109 > 60 +15...EI 60... option 1b, 

2,3.                                                                           

(6)        

Ɇtprj Ó tfi,req + 5  =   55 > 30 +15...REI 30... option 

1a. 

                                                                               (7) 

Criterion II. - verification of the maximal 

temperature rise in any spot is limited up to 180oC, 

the condition is met if the inequation is true: 

Ɇtprj Ó tfi,req + 5  = 80.8 > 60 +5éEI... option 1b, 

2,3. 

                                                                        (8) 

Ɇtprj Ó tfi,req + 5  = 45.5 > 30 +5éREI... option 1a.  

(9) 
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5. Optimal choice of thermal insulation for a 

building envelope in terms of the environmental 

burden  

The next important aspect is the impact of the pro-

duction and disposal of thermo-insulating materials 

on the environment and the possibility of their recy-

cling. It is determined by the embodied energy con-

sumption and emissions produced throughout their 

life cycle. The aspect of embodied energy consump-

tion is monitored - the energy consumed throughout 

the life cycle of a product given in MJ/m2 PEI and 

the amount of emissions produced in the production, 

use, and disposal of a product:CO2,akv - GWP (global 

warming potential),  SO2,akv  - AP (acidification po-

tential), PO4,akv - EP (eutrophication potential), R-

11akv - ODP (ozone depletion potential), C2H4 - 

POCP (ground-level ozone formation potential). 

     Generally accepted equivalent for the assess-

ment of the impact of construction materials on the 

environment is the environmental index of a structure 

known as OI3KON. It refers to 1 m2 of a structure and 

considers third weights of eco-indexes drawn on 1 m2 

of a structure.  Table 1 gives the data for all the vari-

ants considered. Option 1 is an optimal solution in 

terms of both fire safety and the environmental bur-

den. The concrete composition ñ1ò has OI3KON = 33. 

6. Conclusions 

The increasing thickness of a thermal insulation, 

in terms of energy performance optimization, causes 

increasing fire resistance of the building envelopes 

where the non-combustible thermal insulation with 

the melting temperature of 1000 ÁC is used. Low-sto-

rey panel buildings, as well as kit homes with frame-

work systems, are provided with the adequate fire-

resistant load-bearing members of a building enve-

lope when choosing interior thermal insulation opti-

mally. In timber skeleton frame structures, where the 

timber load-bearing members are not fire-protected, 

it is possible to achieve the fire resistance by over-

dimensioning the cross-section of load-bearing glued 

timber elements according to EC:5 methodology. 

The conditions valid for the envelope in the panel 

buildings are similar to those valid for wood-based 

filli ng masonry. 
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Electrophysical method of improving the fire-extinguishing and 

heat-shielding characteristics of water-based materials 
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Saint-Petersburg University of State Fire Service of EMERCOM of Russia, Russia 

Abstract 

There are a data of changes of water molecular structure due to electro-physical effects as a results the research of distilled water 

using Raman spectroscopy and laser spectrofotometry: the offset of the valence bands of O-H vibrations in the direction of large 

values was detected, indicating a decrease in the average strength of the hydrogen bonds; the decrease of water cluster sizes as 

a result of an effect of an alternating frequency-modulated potential (VFMP) was shown. A decrease of water density and 

dynamic viscosity and an increase of surface tension under the influence were detected during the researching of physical 

properties of distilled water. An increase of heating time of water and modified hydrogels and a decrease of the fire class "A" 

extinguish period were detected during the researching of the thermophysical and fire properties of tap water and hydrogel, 

modified by electrophysical effects. 

  

Keywords: electrophysical impact, variable frequency modulated capacity, water, hydrogels, extinguishing and heat-shielding properties;

1. Introduction  

Water is a universal extinguishing substance. Its 

physical-chemical characteristics such as thermal 

stability, large heat of vaporization, the high value of 

specific heat capacity and a low viscosity, non-tox-

icity for living organisms and accessibility, make it 

indispensable in fire extinguishing, human lives and 

property saving. However, modern fire extinguishing 

tactics put forward new requirements for fire-extin-

guishing substances (FES). There are  the need to re-

duce consumption FES to increase the efficiency of 

fire extinguishing settings and reduce damage in case 

of fire, reducing the time of fighting fires and reduc-

ing the impact of dangerous fire factors (DFF) on es-

cape routes, including high temperatures. 

The use of water in combination with other sub-

stances, including surface-active, fire-extinguishing 

powders, etc. allows the increase the efficiency of 

fire suppression, however, there is a need to use spe-

cialized fire-technical equipment, the increase of 

CTE cost, and there is a risk of negative impact of 

substances on the human body and the environment. 

ððð 
* Farid Abdulaliev. Corresponding author; e-mail: hasfarid@inbox.ru. 

There are technologies of reagentless change of wa-

ter, water liquids and suspensions features, allowing 

to change their physical-chemical and operational 

characteristics. 

There are the results of a research of properties of 

modified hydrogels and water used for fire protection 

and protection against high temperatures. 

2. Statement of research problem  

In the main,the water characteristics determined 

by its structure`. The structure of liquid water has 

been studied well. In accordance with the Pople 

model, each water molecule has 4 H-bonds with 

other molecules, that allows to build three-dimen-

sional net of binding, unlike other molecules that 

even can be make only linear or closed chain H-

bonds [1] using strong H-bonds.  

Some molecules are bound between 1 to 3 H-

bonds in liquid water, but a part has a crystalline 

structure with 4 H-bonds. H-bonds that hold together 

the clusters, which are weak enough (about 10% of 

the strength of the average ionic or covalent bonds), 

mailto:hasfarid@inbox.ru
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seeing which constructed clusters are in constant 

transformation (connection and decay) with a period 

of about 10-8 ʩ. The presence of  hydronium ions in 

water (water molecules with an extra hydrogen 

atom), that create an ionized molecular clusters in 

connection with oxygen atoms of the water mole-

cules, allows the water  to keep a liquid state under 

normal conditions and determine its ability to self-

organizing dynamic system under different physical 

effects [2]. 

The size and shape of water molecule change 

upon excitation rotational, vibrational and electronic 

degrees of freedom . Raman spectrum of water ab-

sorption represented by different bands in the inter-

val from 60 cm-1  to 3756 cm-1, with the most pro-

nounced band near 3440 cm-1, caused by changes in 

the bond lengths of O-H in water molecule [3]. 

As a rule, there are conditions for the occurrence 

of electric fields by effect magnetic field in the water 

systems: conductive water system moves in electric 

fields, or magnetic fields change in time. In addition, 

water systems test combined electromagnetic action, 

and the electric and magnetic components in the pro-

cess have leading role depending on conditions. At 

electromagnetic impact on water systems change 

their properties correspond to heterogeneous systems 

and phase transitions, whereby insignificant energy 

parameters exposure can lead to changes, many times 

increasing effect [4].  

In particular, we could [5] observe a significant 

increase of intensity and shift of some peaks in Ra-

man spectra under an effect of magnetic field with 

induction of 600 ï 4000 Gs on distilled water at 25 

ÁC in the range 20 ï 1900 cm-1 and 2000 ï 9000 cm-

1. In [6] the calculation of the radial distribution func-

tion of the molecules it is concluded that a structure 

of water under the effect of magnetic field is more 

stable and the ability of water molecules to create hy-

drogen bonds is increased by apposition of a mag-

netic field. In addition, it was observed a decrease of 

the coefficient of self-diffusion of water molecules. 

Some physical water characteristics change in 

conditions of electrophysical effects. The increase of 

pH values and conductivity of the water after expo-

sure [7] detected in research of pH changes and con-

ductivity of distilled water under effect of constant 

magnetic field with induction 1.5 T. 

 Thus, when determining the optimal parameters 

of electrophysical influence, there is a possibility of 

changes in the physico-chemical properties of the 

water in terms of electrical effects, which in turn, 

modifies the operating characteristics of water and 

water-based FES, for fire protection and protection 

of the DFF. 

3. Research materials 

As materials for the experiments, we used distilled 

and tap water, and hydrogels based on Recoletos 

acrylic polymer (RAP) mark "Carbopol ETD-2020". 

As electrophysical method of exposure was used 

the method of structure control in the substance at the 

interface of phases with an alternating frequency-

modulated potential (VFMP). The method consists 

of effecting VFMP that characterized by nonlinear 

electric distorted signal with two intervals of hetero-

geneity with an operating frequency of 50 to 160 Hz 

and capacity from 56 to 220 V. Structuring and or-

dering of water molecules are during effect at the wa-

ter and water liquids, results are changes of physical-

chemical characteristics, including some thermody-

namic [8]. 

4. Research of the structure and characteristics 

of distilled water in conditions of electrophysical 

effect  

Research of the structure of distilled water in con-

ditions of effect VFMP (220 V, 50 Hz) during 60 

min. was made using Raman spectroscopy with a la-

ser wavelength of 532 nm. The research showed a 

persistent increase in the intensity spectrum, the ob-

served frequency shift of the band O ï H in the range 

of 3100 é 3600 cm-1 to 30 é 50 cm-1 (Fig. 1). Shift 

the frequency of oscillation of the valence bands of 

O-H in the direction of its large value indicates a de-

crease in the average strength of hydrogen bonds [9].
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Figure 1 Raman spectrum of distilled water in the range of 2900 é 3700 cm-1 in conditions of electro-physical effects (a) and control 

sample (b) 

 

In the research of cluster structures of distilled 

water using the method of laser spectrofotometry 

based on the determination of the spectral character-

istics of quasi-elastic scattered light is a helium-neon 

laser with a wavelength of 632 nm and a power out-

put of 2.5 mW when passing through the liquid with 

a particle size of 1 ... 2000 nm [10]. The result is that 

the data confirm the decrease in the size of water 

clusters in the conditions of electro-physical effect 

(Fig. 2). 

 

 
a) 
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b) 

Figure 2 Dynamic light scattering distilled water clusters in terms of electro-physical effects (a) and control sample (b) 

 

5. Research of the physical characteristics of 

water in conditions of effect VFMP 

The research of changes in the physical charac-

teristics of distilled water, depending on time of elec-

trophysical effects, was made by measuring density, 

dynamic viscosity and surface tension of the liquid in 

conditions of electrophysical effects in the interval 

from 10 to 60 min, when the air temperature is 20-25 

ÁC, atmospheric pressure and humidity no more than 

80 %. Density measurement of water was made by 

pycnometer method using glass pycnometer Gay-

Lussac [11]. The research showed that in conditions 

of the electrical effects it strong decrease in the den-

sity of distilled water during the first 20 min of effect. 

Significant changes to the density of water was not 

observed anymore (Fig. 3).

 

 

   
 

Figure 3 Change in the density of distilled water in terms of electro-physical effects for 60 min 

 

Measurement of dynamic viscosity of water was 

carried out using a viscometer VPI-2m "Labtex" 

[12]. It is shown that the effect VFMP the dynamic 

viscosity of water decreased by 2 %, and the greatest 

change in values recorded during the first 30 min 

(Fig. 4).
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Figure 4 Change of dynamic viscosity of distilled water in terms of electro-physical conditions for 60 min. 

 

Change the value of the surface tension of water 

under electro-physical effects was made using the 

method of droplet detachment [13]. The water was 

treated VFMP before measurements. As a result, the 

surface tension increased by 40% during the ob-

served time (Fig. 5). 
 

 
 

Figure 5 Change in the surface of distilled water in terms of electro-physical effects for 60 min. 

 

6. Research of heat protective and fire-

extinguishing water and water-gel formulations 

in conditions of electro-physical effects 

To research the mechanism of heating and boiling 

of water-gel compositions (WGC) and determine the 

dependence of thermal conductivity on the method of 

modification of WGC and the concentration of RAP 

was used a laboratory installation for the study of sur-

face and bulk boiling of liquids. The system includes 

a fluid container with a volume of 0.2 l, electric 

heater fixed power of 100 W, thermocouples, two-

channel temperature data logger, exhaust blower for 

removal liquid vapor. The volume of the gel in the 

container was 100 ml. Changes in liquid temperature 

inside the tank at the thermocouple located at a dis-

tance of 50 mm from the bottom of the tank were rec-

orded during the research. 

The results show the increasing time of heating of 

water and hydrogel in conditions of electrical effects. 

Also of note is the fact that the hydrogel with the 

mass concentration of RAP 0.25 masses. %  modified 

in conditions of the electrophysical effect did nt 

heated to a temperature above 85 ÁC, that allows to 

use it as an effective means of thermal protection in 

case of fire.
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Figure 6 Time to reach and the maximum temperature of tap water and hydrogels at a concentration of RAP from 0.1 to 0.25 mass % in 

conditions of exposure VFMP 

 

Evaluation of extinguishing characteristics of 

water and hydrogel in conditions of effect VFMP  

was made in accordance with [15]. As combustible 

material used bars of softwoods section (40Ñ1) mm 

humidity 10 to 20 %. According to test results we can 

conclude about a significant reduction in the time of 

the extinguishing of the model seat fires of class "A" 

water modified 50% modified hydrogels by 12 ï 15 

% (Fig. 7) [16, 17]. 

 

 
Figure 7 Extinguishing time of the fire class "A" model seat and hydrogels in conditions of effect VFMPFire resistance of the timber 

sandwich panels 
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7. Conclusions 

1. When exposed VFMP there is a change in the 

water molecular structure, thereby change its physi-

cal characteristics, such as density, dynamic viscos-

ity, surface tension. It allows for a short time (10-20 

min.) to change the operational characteristics of 

FES on the basis of water. 

2. Modified hydrogels under the effec VFMP 

have great insulating characteristics in comparison 

with control samples, that allow to use more efficient 

for protection from heat effects of fire. 

3. The total change in thermo-physical and opera-

tional characteristics of FES leads to the reduction of 

extinguishing time of the fire class "A" model seat 

[15]. 

4. The use of electrophysical method does not re-

quire a significant upgrade of fire equipment and 

considerable energy costs, that makes it promising 

for use on most types of fires. 
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Abstract 

The article addresses the key items of Russian, U.S., Australian, and European regulations that govern the dust explosion proof-

ness system at coal mines. It contains the review of parameters of main aerotechnogenic processes in mine workings related to 

a dusting factor. The article reviews the impact of the following dust parameters on dust explosion proofness in a coal mine. 

They include dust concentration, lower explosive limit, volatile yield, ash content, rock moisture content, coal wettability, and 

distribution of dust particles in a dust cloud. Dust particles sized up to 831Õm (1,000Õm) at blast wave speeds of 335 tp 435m/s 

or higher are demonstrated to be capable of being suspended and involved in explosions. An important indicator governed by 

applicable Safety Rules During Coal (Shale) Enrichment and Pelletising is a rock dusting standard which means the lowest non-

combustible content when coal dust mixed with inert one does not explode. The article lists key measures aimed at mitigating 

a dust explosion probability at a mine. Mine working rock dusting is proposed as the most efficient technology to reduce dust 

release and promote dust explosion proofness. Rock dusting involves adding inert dust to make a mine working explosion-safe. 

The article presents methods to determine such additives in Russian and U.S. mines. Rock dusting standards were calculated 

for the coal mines in the Kuznetsk Basin. Results were compared with the relevant indicators for U.S. and Australian mines. 

The shale dust with a weight of 2.41kg/m was established to entail inert dust distribution in a 80ï150Õm layer when distributed 

across a line metre of the mine workings (covered area of 15 to 20m2), however there are almost no technologies to implement 

this. Rock dusting frequency is based on a dust deposition intensity review. 

Keywords: dust, dust generation, dust explosions, rock dusting, explosive limit, coal, mine, dust explosion proofnes;  

1. Introduction  

One of the key issues during bituminous coal pro-

duction is dust release which not only adversely im-

pacts mine workers' health by affecting their respira-

tory system but often causes explosions (Qingqing [1, 

2]). 

Russian regulations and technical references re-

lated to coal dust explosion issues consider particles 

sized up to 1,000Õm. The U.S. Safety Regulations 

classify all particles that pass through screen # 20 

(831Õm) as dust deposits, and Russian, U.S., and Aus-

tralian codes classify particles that can pass through 

screen # 200 (74Õm) as floating dust (Mineral Re-

sources [3-5], Coal Mine Safety Rules [6]). Particles 

sized up to 831Õm (1,000Õm) at blast wave speeds of 

ððð 
* Assoc. prof. Andrei Nikulin. Corresponding author. e-mail: nikulin.nmru@gmail.com. 

335-435m/s or higher can become suspended and be 

involved in explosions (Lindenau [7]).  

These parameters demonstrate that it is essential to 

take into account other properties of host rock, a 

dust/gas cloud, and mine working geometry to select 

an efficient technology that would ensure dust explo-

sion proofness in a coal mine (Yinlin [8]). 

2. Materials and Study Methods 

2.1. Coal Dust Properties that Determine Its 

Explosive Potential 

The studies of dust explosibility involve the identi-

fication of dust lower explosive limit (LEL,„ ), which 

is the maximum permissible quantity of deposited dust 

mailto:nikulin.nmru@gmail.com
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per unit of the mine working volume when an explo-

sion cannot spread across the dusty area. The lower 

explosive limit is expressed in g/m3 (Coal Mine Safety 

Rules [6]). 

Since the difference between LEL and floating dust 

concentrations (ὅ) in the air with most process oper-

ations is 103 or 104 times, it is not feasible to compare 

„  (g/m3) and ὅ (mg/m3). The mine working hazard 

level related to its explosion potential is therefore iden-

tified by comparing „  with dust deposition ὖ 

(g/m3*day) in the reviewed period (day). This deter-

mines dedusting, dust consolidation, and rock dusting 

time. 

LEL depends on dust properties, such as: volatile 

yield, ash content, moisture content, and wettability, 

as well as the distribution of dust particles in released 

coal dust. An important indicator governed by appli-

cable Safety Rules During Coal (Shale) Enrichment 

and Pelletizing (State Mining and Technical Inspec-

tion, Russia) (N, %) is a rock dusting standard which 

means the lowest non-combustible content when coal 

dust mixed with inert one does not explode. 

It should be noted that European standards differ 

(Lebecki [9], EN 13205 [10], EN 481 [11], ISO 7708 

[12]) from the Russian safety rules. Coal dust explo-

sibility in the EU is determined by the following pa-

rameters: 

- lower explosive limit of a dust cloud; 

- minimum fire point of a dust layer; 

- minimum fire point of a dust cloud; 

- minimum ignition energy of a dust cloud; 

- maximum explosion pressure; and 

- maximum explosion pressure rise rate.  

Pyrolysis intensity is characterised by a volatile 

yield (ὠ ). Dust explosion hazards are related to 

coal layers with a volatile yield of ὠ ρυϷ. With 

ὠ  increase, dust explosibility increases. 

Ash (ὃ ) as a non-combustible coal component 

reduces a dust explosion potential. Heat resulting from 

an explosion is partially consumed to heat the ash con-

tent. This factor along with the capability of non-com-

bustible aerosols to reduce an explosive particle con-

centration and promote reaction chain breaking under 

the "wall principle" at the pyrolysis stage (Neceplyaev 

[13]) substantiates inert dust use to prevent and con-

tain coal dust explosions. 

A coal moisture content reduces the explosibility 

degree (Xiaochun [14]). Coal moisture content and 

wettability also remote adhesion meaning dust particle 

sticking to different surfaces and self-adhesion which 

means particles sticking together. Researchers from 

Makeevsky Research Institute (Makeevka, Ukraine) 

established that a 12% or higher increase in the mois-

ture content of coal dust deposits prevents dust suspen-

sion and involvement in explosions. 

Dust distribution impacts dust explosibility as fol-

lows: finer dust means easier conversion of deposits 

into an explosive suspension. Researchers from 

Makeevsky Research Institute and Central Mining In-

stitute (Katowice, Poland) found out a significant in-

crease in explosive properties of fractions sized up to 

15Õm as compared to fractions sized up to 75Õm 

(Krzystolik [15]. 

2.2. Method Used to Assess Dust Explosion 

Protection Parameters at Coal Mines 

In accordance with the Coal Mine Safety Rules ap-

plicable in Russia, dust explosion protection of coal 

mines includes the following activities: 

- identification of explosive properties of coal dust; 

- identification of dust deposition intensity in mine 

workings; 

- selection and performance of explosion protection 

measures to reduce dust formation and deposition; 

- prevention and containment of explosions; and 

- dust explosion prooofness control in mine 

workings.  

     The Coal Mine Safety Rules applicable in Russia 

stipulate a lower explosive limit ( los , g/m3), dust 

deposition intensity ( tP ) in mine workings 

(g/m3*day), and rock dusting (N, %). The rock dusting 

standard is determined by the formula below: 

                   
D

DA
N

daf

+
-

=
100

)100(

   ,             (1) 
where D is added inert dust required based on peri-

odical lab tests or the graphic chart (Dust Control and 

Dust Explosion Protection Guidelines for Coal and 

Shale Mines [16]). 

International standards may be taken for compari-

son (Mineral Resources [3-5]). The U.S. Safety Regu-

lations (30 CFR 75.403, Maintenance of incombus-

tible content of rock dust) and similar Australian 

standards stipulate that the incombustible content in 
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dust samples must be at least 65% in fresh air and at 

least 80% in return air (including moisture and process 

ash). Every 0.1% of methane content in the mine air 

increase the rock dusting standard by 1% in fresh air 

and by 0.4% in return air. Given the permissible ʉʅ4 

concentrations in the mine air, the U.S. standard value 

range for rock dusting is: 

- N = 60% to 70% in fresh air in mines; 

- N = 80% in fresh air in non-gas mines; and  

- N = 80% to 84% in fresh air in gas mines. 

The U.S. Regulations may be presented mathemat-

ically as follows: 

WAND daf--= ,               (2) 
where D is added inert dust to ensure explosion 

safety in the mine working, %;  

N is a rock dusting standard determined according 

to (1). 

D parameter for Russian mines is determined in the 

graphic chart which can be replaced by such linear 

equations as: 

                                 
dafkAND -= max ,          (3) 

     where 
maxN  is the maximum rock dusting standard 

corresponding to 0=dafA ; 
dafA   is the actual ash content between 0% and 38%; 

k is the linear approximation factor (kº0,30). 

 
maxN  value in current standards (Mine Coal Safety 

Rules [6], Mine Coal Safety Rules [17]) is 71 to 90. In 

Russian coal-mining companies producing high-oc-

tane coal grades with a volatile yield of ²
dafV  37% 

(at least 50% of the total produced coal), D parameter 

is 90ï0.3
dafA . The general equation (3) for other coal 

grades remains unchanged. Therefore, complete 

dependency of the rock dusting standard from ash con-

tent can be presented as follows (4): 

3.  Results and Discussion 

3.1. Review of the Estimated Rock Dusting Standards 

for Kuzbass Mines 

Calculations for Kuzbass mines show that the rock 

dusting standard with an error rate of less than 1% is a 

permanent value (Table 1) and the ash content used in 

(2) or (4) ὃ has a low impact on N. 

Inert dust consumption for rock dusting per 1m of 

a mine working (ή , kg/m) is determined by the for-

mula below: 

                                         ,              (5) 

 

 

where N is the rock dusting standard, %; „   is 

dust LEL, g/m3; S is the area of the mine working 

cross-section in the clear, m2. 

 
  

2

maxmax )(03,0)7,001,0( dafdaf AANNN +--=

N
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q
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-

=
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Table 1 Inert dust consumption for rock dusting of 1m of a mine working in Russia 

Consumption 

Standards  

as per Safety Rules of the Rus-

sian Federation 

Mine 
dafA , 

% 

dafV , 

% 

LEL      

( los ), 

g/m3 

Added 

inert 

dust (D), 

% 

Rock 

dusting 

standard 

(N), % 

Inert 

dust 

consu

mption      

( shq ), 

kg/m 

Kirova 23.0 >37 23 82.6 86.6 1.95 

Komsomolets 14.4 >37 23 85.4 87.5 1.93 

Krasnoyar-

skaya 

23.0 >37 28 82.6 86.6 2.30 

7th November 20.1 >37 25 83.6 86.9 2.65 

Posylaevskaya 12.0 >37 29 86.2 87.8 2.54 

Taldinskaya-

Zapadnaya 1 

11.0 >37 22 86.5 88.0 2.92 

Taldinskaya-

Zapadnaya 2 

11.2 >37 24 86.4 87.9 3.15 

Kotinskaya 12.0 >37 20 86.2 87.8 3.03 

No. 7 13.5 >37 25 85.7 87.6 2.77 

Average value     87.3 2.41 

 
     Table 2 presents similar standards for design dust 

explosion protection parameters 

pursuant to the Australian and U.S. regulations. 

 

Table 2 Inert dust consumption for rock dusting of 1m of a mine working in Australia and the United States 
Averaged standards for the United States and Australia 

Development  

mine workings 
Working area 

Inert dust 

consumption         

( shq ) per daily 

advance, kg/m 

Conventional 

rock dusting 

standard (N), 

% 

Inert dust consum-

ption (
shq ) per 50m 

of the air roadway, 

kg/m 

Conventional 

rock dusting 

standard (N), 

% 

20.00 >80 25.71 >80 

20.00 >80 10.29 >80 

20.00 >80 13.14 >80 

20.00 >80 20.00 >80 

20.00 >80 10.29 >80 

40.00 >80 14.29 >80 

40.00 >80 28.57 >80 

40.00 >80 16.00 >80 

26.67  16.57  
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The shale dust with a weight of 2.41kg/m will entail 

inert dust distribution in a 80ï150 Õm layer when dis-

tributed over a line metre of the mine workings (cov-

ered area of 15 to 20m2), however there are almost no 

technologies to implement this. 

Significantly higher inert dust consumption per 

mine working line metre ή  results in higher emer-

gency tolerance of mines and the recommended values 

are ή  calculated as follows: 

- first, calculations based on applicable regulations; 

- then, determination of increased ή  values based 

on international practices; and 

- lastly, selection of ή , the largest of the said val-

ues as a final result. 

Increased (recommended) standards taking into ac-

count international practices: 

- ή  = 20kg/m for the development mine working 

section developed during the shift with a cross-section 

of up to 16m2; 

- ή  = 40kg/m for the development mine working 

section developed during the shift with a cross-section 

between 16 and 25m2; 

- ή  = 20kg/m for the air roadway section 50m 

long from the face end or shq
 may be calculated based 

on the consumption of 100kg of inert dust per every 

1,000 tons of coal produced; and 

- ή  in 50-metre sections of conveyor mine work-

ings (adjoining the coal handling sites) increases twice 

or thrice above applicable standards. 

Inert dust consumption in mines is shown in the 

Figure.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1 inert dust consumption (tpd) in mines with a capacity of 2 to 3 million tons per year 

 

Studies of Rock Dusting Frequency 

 

     Rock dusting frequency is based on dust deposition 

intensity. It is recommended to determine ʈt 

(g/m3*day) based on the difference between dust 

concentration in two cross-sections of a mine working: 

ʉ1 and ʉ2 (provisionally, 10m and 50m from the dust 

formation source) according to (6). A sample calcula-

tion of inert dust consumption in the development he-

ading (based on current and recommended increased 

standards). ή  values for SUEK-Kuzbass mines are 

between 2.16 and 3.19kg/m. Therefore, increased 

standards (20 to 40kg/m) are taken based on the cross-

sections of mine workings. The recommended (incre-

ased) daily consumption of inert dust in the develop-

ment heading (kg) will be: 

                            LqQ shsh=                                 (6) 
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where L is a daily advance in the development he-

ading, m. 

     The relevant calculation for the Kuzbass mines is 

shown in Table 3. 

 
Table 3 Recommended daily consumption of inert dust in the Kuzbass mine development heading 

Mine shq , kg 

as per SR 

shq , 

kg/m 

Advance, m shQ  Rock dus-

ting  

time  

(daily), 

min 

per day per year per day per year 

Kirova 1.98 20 55 17,774 1.1 355.480 5 

Komsomolets 1.93 20 16 7,790 0.32 155.800 22 

Krasnoyarskaya 2.30 20 20 8,712 0.4 174.240 9 

7th November 2.65 20 14 6334 0.28 126.680 6 

Posylaevskaya 2.15 20 10 4,787 0.2 95.740 14 

Taldinskaya-Za-

padnaya 1 
2.92 40 30 10,181 1.2 407.240 30 

Taldinskaya-Za-

padnaya 2 
3.15 40 26 5,645 1.04 225.800 30 

Kotinskaya 3.03 40 26 11,331 1.04 453.240 5 

No. 7 2.77 40 31 5,266 1.24 210.640 27 

Sample calculation of inert dust consumption (kg) 

in an air roadway, where ɸ is daily production, t. 

ɸqQ shsh=                            (7) 

The results of the relevant calculations for the Kuzbass 

mines are shown in Table 4. 

q
xSt

CC
Pt

D

-
= 21                                 (8) 

where xD  is the distance between measuring 

points, m; S is the average area of the mine working 

cross-section, m2; t is a measuring period, day; q is an 

air volume passing through the mine working during 

measurement, m3. 

With a physically correct approach, the calculations 

according to formula (6) are unacceptable in many 

cases due to a high error rate for ʉ1 and ʉ2 (Pozdnya-

kov [18, 19]). 

A more acceptable option to be used in practice is 

the determination of ʈt, measurement of the weight of 

the dust depositing on the base. The total area of the 

bases (2 to 4 units) (Sbase) is 0.1% to 0.01% of the dust 

deposition area in the mine working. Dust deposition 

intensity (g/m3*day) seen on the bases during meas-

urements applies to the part of the mine working 30 to 

50m long as is shown in Table 4.
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Table 4 Recommended daily consumption of inert dust in the Kuzbass mine development heading (estimated based on a production volume) 

Mine 
shq , 

kg as 

per SR 

shq , ton 

per 1,000 

tps 

Production, ton 

Recommended 

inert dust consum-

ption, ton 

Rock 

dusting  

time  

(daily), 

min per day per year per day 
per 

year 

Kirova 1.98 0.0001 12,475 4,500,000 1.248 450 5 

Komsomolets 1.93 0.0001 6,693 1,800,000 0.669 180 25 

Krasnoyarskaya 2.30 0.0001 7,550 2,300,000 0.755 230 17 

7th November 2.65 0.0001 12,894 3,500,000 1.289 350 28 

Posylaevskaya 2.15 0.0001 2,460 1,800,000 0.246 180 17 

Taldinskaya-

Zapadnaya 1 2.92 0.0001 8,152 2,500,000 0.815 250 25 

Taldinskaya-

Zapadnaya 2 
3.15 

0.0001 
11,554 2,500,000 1.155 250 27 

Kotinskaya 3.03 0.0001 19,530 5,000,000 1.953 500 8 

No. 7 2.77 0.0001 10,400 2,800,000 1.040 280 23 

 

tSS

bM
P

ʧʦʜʣ

t 34,4=
                      (9) 

     where b is the width of the mine working 

across soil, m; M is a dust weight on bases, g. 
The calculations by formulas (8) or (9) are accepted 

for a 50-metre air roadway section adjoining the 

longwall. A 3.5-fold smaller value is taken for calcu-

lations for the next 150m (Fes'kov [20,21]). 

The dust deposition intensity (ʈt) is used to deter-

mine ʊW, frequency of whitewashing, rock dusting, 

washing, and other operations aimed at securing dust 

explosion proofness. Globally, rock dusting with ʊW 

(day) calculated by the formula below is widely used: 

t

loCH

ʇ
P

K
T

s
4=                            (10) 

     where 
4CHK  is the factor that takes into account a 

methane content in the mine working for stipulated 

concentrations of 0.5%; 0.75%, and 1.0%, which 

equals 0.75; 0.60, and 0.50, respectively. 

The formula above (9) does not include a protective 

action coefficient of 1 for rock dusting. 

Earlier provided correlations stipulate an annual in-

ert dust demand for each mine working: 

                                             

                  
ʇ

shsh
T

LqQ
365

10 3-=                   (11)       

     where L is a mine working length, m. 

4. Conclusions 

The full annual demand for inert dust at a mine is 

determined by adding up the quantity of dust required 

to process all mine workings subject to rock dusting 

and to load all stone-dust barriers in place subject to 

replacement frequency. 

All of the above methods disregard the continuous 

relocation of a dusting source (cutting loader in the 

longwall or a development working) against immobile 

bases. This relocation of dust sources (6 to 20m/min 

for cutting loaders) results in changes in the size-con-

sist of dust depositing on the immobile bases.  

Determination of reliable dust deposition functions 

along the mine working is a challenging process. It re-

quires planning of a representative sampling process. 

Current dust explosion proofness standards and cal-

culation methods at mines need to be improved. It is 

recommended to apply increased rock dusting stand-

ards at Russian mines to guarantee dust explosion 

proofness performance. 



Fire Protection, Safety and Security 2017 

 

 

100 

References 

[1] Qingqing, H. 2016. Recent trends in rock dust modifications 

for improved dispersion and coal dust explosion mitigation // 

R. Honaker / Journal of Loss Prevention in the Process 

Industries, Volume 41, 2016, Pages 121ï128. 

[2] Qingqing, H. 2016. Optimized reagent dosage effect on rock 

dust to enhance rock dust dispersion and explosion mitigation 

in underground coal mines // R. Honaker / Powder 

Technology, Volume 301, 2016, Pages 1193ï1200. 

[3] Title 30 ï Mineral Resources. Vol. 1, parts 1ï199. 

Washington: U.S. Government Printing Office, 2009. 767 p. 

[4] Title 30 ï Mineral Resources. Vol. 2, parts 600-699. 

Washington: U.S. Government Printing Office, 2009. 750 p. 

[5] Title 30 ï Mineral Resources. Vol. 3, parts 700 to end. 

Washington: U.S. Government Printing Office, 2009. 750 p. 

[6] Order No. 440 dated 19 November 2013 on Approval of the 

Coal Mine Safety Rules Federal Industrial Safety Rules and 

Regulations / Federal Service for Ecological, Technological, 

and Nuclear Supervision [electronic resource], accessed at: 

http://docs.cntd.ru/document/499060050 (accessed on 18 

February 2017). 

[7] Lindenau, N. I. 1977. Origin, Prevention, and Suppression of 

Spontaneous Fires in Coal Mines // Maevskaya V. M., Krylov 

V. F., M.: Nedra, 1977. 387 p. 

[8] Yinlin, J. 2016. A comparative study of dust control practices 

in Chinese and Australian longwall coal mines // Ting R., 

Peter W., Zhijun W., Zhaoyang M., Zhimin W. / International 

Journal of Mining Science and Technology, Volume 26, Issue 

2, 2016, Pp. 199ï208. 

[9] Lebecki, K. 2004. Gas in mines. Katowice: The Main 

Institution Gornictwa, 2004. 399 p. 

[10] European Standard EN 13205. Workplace Environment: 

Assessment of the Productivity of Air-Borne Particle 

Concentration Meters. German version. 

[11] European Standard EN 481: 1991. Determination of 

Conventions on a Fraction Part for Suspended Solids 

Measurement in the Workplace. German version. 

[12] International Standard ISO 7708: 1995. Air Quality. 

Determination of Fractions by Particle Size for Hygiene-

Related Fractions. 

[13] Netseplyaev, M. I., Lyubimova, A. I.,  Petrukhin P. M. 1992. 

Fighting Coal Dust Explosions in Mines. M.: Nedra, 1992. 

298 p. 

[14] Xiaochun, Z. 2012. Modeling the effect of humidity on the 

threshold friction velocity of coal particles / Weiping Ch., 

Chun M, Shuifen Zh.Atmospheric Environment, Volume 56, 

Pp. 154ï160, 2012. 

[15] Krzystolik P., Lebecki K. 1985. Further Development of the 

Analizes For Gruck Conttol of Solid Incombustible Content. 

Proceedings of the International Conference of Safety in 

Mines Research Institutes. Sydney, 1985. P. 427ï432. 

[16] Dust Control and Dust Explosion Protection Guidelines for 

Coal and Shale Mines / Ministry of the Coal Industry of the 

USSR [electronic resource], accessed at: 

http://docs.cntd.ru/document/1200093004 (accessed on 18 

February 2017). 

[17] Order No. 440 dated 19 November 2013 on Approval of the 

Coal Mine Safety Rules Federal Industrial Safety Rules and 

Regulations / Federal Service for Ecological, Technological, 

and Nuclear Supervision [electronic resource], accessed at: 

http://docs.cntd.ru/document/499060050 (accessed on 18 

February 2017). 

[18] Pozdnyakov, G. A. 2007. Dust Explosion Proofness Methods 

and Controls at Coal Mines // E. L. Zakutsky / Aerology: 

collection of research material for the Miner's Week 

Symposiumï 2007. Separate issue of the Mining Information 

Analysis. M.: Mine Book World, 2007. # ʆɺ12. P. 58ï70. 

[19] Pozdnyakov, G. A. 2008. Reliability of Control Over Dust 

Sedimentation Intensity in Mine Workings // E. L. Zakutsky / 

Aerology: collection of research material for the Miner's 

Week Symposiumï 2008. Separate issue of the Mining 

Information Analysis. M.: Mine Book World, 2008. # ʆɺ5. P. 

137ï141. 

[20] Feskov, M. I. 1999. Dust Monitoring Improvement // 

Environment: Humans and Sustainability, collection of 

academic papers Alchevsk: DGMI, 1999. Issue 2. V. 1: p. 

196ï202. 

[21] Feskov, M. I. 1999. Improvement of Dust Explosion 

Proofness Control in Coal Mines // V. N. Okalelov / Materials 

of the Life Safety in the 21st Century International 

Conference. Alushta, 1999. p. 51ï54. 

 

http://www.sciencedirect.com/science/article/pii/S1352231012003457
http://docs.cntd.ru/document/1200093004


Fire Protection, Safety and Security 2017 

 

 

101 

Prediction of wood and wood products behaviour under real fire 
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Abstract 

Presented paper deals with the description of methods used in prediction of time to flashover and reaction to fire class of wood 

and wood products. Described methods have been applied to prediction of time to flashover and reaction to fire class of selected 

wood. All described methods predicted the time to flashover and reaction to fire class from data measured by the cone calorim-

eter according to testing procedure in accordance with ISO 5660-1:2015 at heat flux of 50 kW m-2. Majority of described 

methods calculate the time to flashover also from the density of the sample in addition to data measured by the cone calorimeter. 

Samples of White Birch wood (Betula verrucosa Ehrh.) with dimensions of 100x100x20 mm were investigated. The samples 

were dried at temperature of 103 Ñ 2 ÁC to water content of 0 wt% prior to testing on the cone calorimeter. The density of 

investigated samples (at water content of 0 wt%) was 558.4 Ñ 12.2 kg m-3. The calculated time to flashover of investigated birch 

wood lied in interval from 120 s to 600 s in most cases of used methods. The predicted reaction to fire class of investigated 

birch wood was C. 

Keywords: Cone calorimeter, fire investigation, fire risk, flashover category, flashover prediction, reaction to fire prediction, time to 

flashover, White Birch wood;  

1. Intr oduction 

The behavior of materials under fire conditions is 

reflected by the fire characteristics. According to the 

phase of the fire, in which is the behavior of the ma-

terial assessed, are the fire characteristics divided 

into flammability characteristics describing the initi-

ation of fire, fire development, fully developed fire 

and the whole course of fire. 

The tendency of the material to ignition is ex-

pressed by flash ignition temperature, spontaneous 

ignition temperature and critical heat flux. Character-

istics describing the development of fire are divided 

to flame spread rate and time to flashover. Rate of 

flame spread is characterized by the development 

(spread) of local fire, while the time to flashover ex-

presses the tendency of the material to develop from 

a local to fully developed fire. Fully developed fire is 

ððð 
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mainly characterized by heat release. Among charac-

teristics important for the entire duration of the fire 

are primarily heat release rate, total heat release and 

toxicity and the optical density of the combustion 

products. Fire resistance is important feature for 

building constructions with support or fire barrier 

function. The fire resistance is usually designed for 

fully developed fire conditions, but some materials 

(e.g. steel) are susceptible to destruction not only at 

maximum temperatures of fire (achieved at the stage 

of a fully developed fire), but also at rapid cooling. 

Therefore, the fire resistance is the fire characteristic, 

which reflects the behavior of the material (struc-

tures) throughout the whole fire development phase.  

Most of the mentioned fire characteristics are 

known for most of the tree species today. The least 

exanimated and clarified fire characteristic of wood 

and wood products is time to flashover. According to 

Osvald et al. [1] the only test method evaluating the 

tendency of the material or product to promote fire in 
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flashover phase is test according to ISO 9705 [2]. 

Test according to cited technical standards is costly 

and time-consuming. Therefore, several methods of 

time to flashover prediction from data obtained both 

financially and less time-consuming test method on 

cone calorimeter according to ISO 5660-1 [3] have 

been developed. 

Among the above mentioned, most widely used 

and by professional community most widely ac-

cepted methods include methods by Ostman and 

Tsantaridis [4], Kokkala et al. [5], Hansen and Hovde 

[6] and Xu et al. [7]. Time to flashover of construc-

tion products can also be estimated from the reaction 

to fire class and data in Annex A to EN 13501 + A1 

[8]. 

The aim of presented paper is to describe the 

methods used to predict the time to flashover and re-

action to fire class and subsequent prediction of time 

to flashover and reaction to fire class of White Birch 

wood (Betula verrucosa Ehrh.). 

2. Theory and calculation 

The simplest method to predict the time to flasho-

ver is the method by Ostman and Tsantaridis [4]. 

This method calculates time to flashover using equa-

tion (1). The method according to Ostman and 

Tsantaridis [4] was developed for wood and wood 

products. 

   (1) 

 

     Where: tFO: time to flashover (s); ti: time to ignition (s); 

ɟ: sample density (kg.m-3),; THR300: total heat released 

in time interval from ti to 300 s after ti (MJ)  

The method of Kokkala et al. [5] is the most abun-

dant and most widely accepted in the scientific com-

munity. Before calculating the flashover category by 

this method, it is necessary to calculate the ignition 

index using equation (2) and the heat release rate in-

dex using equation (3). Flashover category is then 

calculated by inequalities (4-7). The material or 

product during test in accordance with ISO 9705 [2] 

reaches the stage of flashover in 120 s (if inequality 

4 is true), between 120 to 600 s (if inequality 5 is 

true), between 600 to 1200 s (if inequality 6 is true) 

or does not reach the flashover at all (if inequality 7 

is true). The time of ignition based on the visual ob-

servation is not used as ignition time ti in equations 

(2 and 3), but instead the time at which the heat re-

lease rate reaches value of 50 kW.m-2 is used. 

 

      (2) 

 

     Where: IIG: ignition index (min-1); ti: time to ignition 

(min)  

 

  (3) 

 

     where: IQ: heat release rate index (-); HRR(t): heat re-

lease rate in time t (kW.m-2); t: time (s); m: empiric con-

stant (two values are considered during calculation 0.34 

and 0.93) (-) 

IG0.93)Q(mIG0.34)Q(m I>II>I Ö-ØÖ- == 16524755406800          (4) 

IG0.93)Q(mIG0.34)Q(m 16524755406800> IIII Ö-¢ØÖ- ==
   (5) 

IG0.93)Q(mIG0.34)Q(m 1651650>5406800 IIII Ö-ØÖ-¢ ==
 (6) 

IG0.93)Q(mIG0.34)Q(m 16516505406800 IIII Ö-¢ØÖ-¢ ==
 (7) 

 

Another method of prediction of flashover cate-

gory was described in scientific paper by Hansen and 

Hovde [6]. The cited method is based on the fact that 

the flashover category is determined particularly by 

the density of material, total heat released during the 

first 300 s of the test and by maximum value of the 

ratio of heat release rate to time when the respective 

value of the heat release rate was measured in the 

process of classification of materials and products. 

The material or product is classified into four flasho-

ver categories according this cited paper based on the 

equations (8-11), wherein the material is classified 

into category which equation has maximum value. 
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(11)

  
     Where: FFO1, FFO2, FFO3, FFO4: flashover category, FFO1: 

(flashover phase does not occur during the whole test), 

FFO2: (time to flashover is between 600 - 1200 s), FFO3: 

(time to flashover is between 120 - 600 s), FFO4: (flashover 

does not occur until 120 s from the beginning of the test); 

peak(HRR)/tpeak: maximum value of the ratio of the heat 

release rate to time when the respective value of the heat 

release rate was measured (kW m-2.s-1)   

The latest, highly sophisticated method of calcu-

lating flashover category was described in scientific 

paper by Xu et al. [7]. Cited collective of authors, by 

comparing the Pearson, Spearman and Kendall cor-

relation coefficient for HRR-CO, HRR-CO2 and CO-

CO2, for a variety of materials, loaded by heat flux of 

25, 35 and 50 kW.m-2 during the tests on cone calo-

rimeter proved, that Pearson correlation coefficient 

for HRR-CO (for material irradiated by heat flux of 

50 kW.m-2) may be used for classification of materi-

als in to four flashover categories: 

- FO1: <Pearson correlation coefficient for     

HRR-CO 0 to 0.3), 

- FO2: <Pearson correlation coefficient for    

HRR-CO 0.3 to 0.5), 

- FO3: <Pearson correlation coefficient for     

HRR-CO 0.5 to 0.7), 

- FO4: <Pearson correlation coefficient for    

HRR-CO 0.7 to 1>. 

In addition to the described methods, the flasho-

ver category of wood and wood products can be pre-

dicted on the bases of reaction to fire class and from 

the data in the annex of EN 13501-1 + A1 [8]. This 

cited technical standard show, that products in reac-

tion to fire class E reach flashover in 120 s, in reac-

tion to fire class D reach flashover in between 120-

600 s, products with reaction to fire class C reach 

flashover in between 600-1200 s and products in re-

action to fire class B, probably tested in accordance 

with ISO 9705 [2] will not achieve flashover. Prod-

ucts in reaction to fire class A1 and A2 will not 

achieve the flashover phase. 

Reaction to fire class of wood and wood products 

can be, according to Hansen and Kristoffersen [9] 

predicted from test results on a cone calorimeter 

(samples loaded by heat flux of 50 kW.m-2) based on 

the equations (12 to 14). The product is classified to 

reaction to fire class, which equation (12-14) has a 

maximum value. The method according to Hansen 

and Kristoffersen [9] was developed specifically for 

wood and wood products. 

 

177.86ML04.210.0THR503.0B -Ö+Ö+Ö-= rF        (12)  

596.66ML767.1071.0THR313.0C -Ö+Ö+Ö-= rF     (13) 

250.105ML268.2098.0THR648.0D -Ö+Ö+Ö-= rF    (14) 

 

     Where: FB, FC, FD: reaction to fire class (FB: reaction 

to fire class; B, FC: reaction to fire class C, FD: reaction 

to fire class D) (-); ML: total sample mass loss (%). 

3. Material and method 

Samples of White Birch wood (Betula verrucosa 

Ehrh.) with dimensions of 100x100x20mm were ex-

amined. Surface of samples was scraped. The sam-

ples were dried prior to testing to the water content 

of 0 wt%, at a temperature of 103 Ñ 2 Á C. Before 

testing, the samples (after drying) were conditioned 

in a desiccator at 20 Ñ 1 Á C, for 24 hours. The density 

of the samples (at a water content of 0 wt%) was 

558.4 Ñ 12.2 kg.m-3. Orientation of the samples dur-

ing the test was horizontal. 

The samples were examined by cone calorimeter. 

Cone calorimeter and the test procedure were in ac-

cordance with the requirements of ISO 5660-1 [3]. 

During the test, the samples were loaded by heat flux 

of 50 kW.m-2. 

Time to flashover was predicted from data ob-

tained by tests on cone calorimeter according to 

methods of Ostman and Tsantaridis [4] Kokkala et al. 

[5], Hansen and Hovde [6] and Xu et al. [7]. Reaction 

to fire class was predicted by the method according 

to Hansen and Kristoffersen [9]. Time to flashover 

was predicted from reaction to fire class based on 

data in annex A to EN 13501 + A1 [8]. 

4. Results and discussion 

Values needed to calculate the time to flashover 

according to method of Ostman and Tsantaridis [4] 

and Kokkala et al. [5], together with the resulting val-

ues of time to flashover are listed in Tables 1 and 2. 
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Table 1 Time to flashover of White Birch wood according to 

Ostman and Tsantaridis [4] and input values for the calculation 

 

ti ɟ THR300 Time to flashover 

(s) (kg m-3) (MJ m-2) (s) 

23 558.4 42.77 630 
 

Table 2 Time to flashover of White Birch wood according to 

Kokkala et al. [5] and input values for the calculation 

 

I IG IQ(m=0.34) IQ(m=0.93) Time to flashover 

(min-1) (-) (-) (s) 

2.61 24269 1628 120 to 600 

 
Input values for time to flashover calculation (ex-

cept for input values listed in Table 1), together with 

final value of time to flashover determined by the 

method according to Hansen and Hovde [6] are listed 

in Table 3. 

 
Table 3 Time to flashover of White Birch wood according to 

Hansen and Hovde [6] and input values for the calculation 

 

peak(HRR)/tpeak Time to flashover 

(kW m-2 s-1) (s) 

7.4 120 to 600 

 
The absolute value of the Pearson correlation co-

efficient of HRR-CO of birch wood was 0.602. Ac-

cording to Xu et al. [7] materials and products with a 

Pearson correlation coefficient in the range from 0.5 

to 0.7 have time to flashover in the range of 120-600 

s. 

Mass loss of birch wood for the entire duration of 

the test on a cone calorimeter was 89.46%. From 

these figures, together with data on density and total 

heat released (Tab. 1) was according the equations 

(12-14) the reaction to fire class determined to C. Ac-

cording to annex A to EN 13501 + A1 [8], construc-

tion products with reaction to fire class C have time 

to flashover in the range of 600-1200 s. 

The method of the Kokkala et al. [5] is considered 

to be the most reliable and is most widely accepted 

by the scientific community. The same values for 

birch wood, as according to the Kokkala et al. [5] 

method were obtained by the method of Hansen and 

Hovde [6] and by Xu et al. [7]. The method of Xu et 

al. [7] was developed from data obtained for syn-

thetic polymers and its reliability for predicting time 

to flashover of natural polymers has not yet been con-

firmed  

The method according to Ostman and Tsantaridis 

[4] was developed specifically for wood and wood 

products. Therefore, the results obtained by this 

method can be the considered as the most reliable. 

The same results as the results obtained by the 

method according to Ostman and Tsantaridis [4] 

were obtained from the prediction of time to flasho-

ver based on the reaction to fire class. 

The time to flashover and reaction to fire class sig-

nificantly depend on the specific characteristics of 

wood, primarily on density, surface treatment, mois-

ture content and protection by flame-retardant. Influ-

ence of fire retardants on the fire performance of 

wood and wood products is described in detail in the 

scientific work of Osvaldov§ and Osvald [10]. Flam-

mability characteristics of wood and wood products 

also significantly depend on the form of wood (com-

pact or dust). This issue is described in detail in the 

scientific work Kadlic et al. [11]. For this reason, the 

values may not be generalized to birch wood with a 

significantly different density, thickness, surface fin-

ish or birch wood that was physically (e.g. thermal) 

or chemically (e.g. flame retardants) treated, but the 

described methods may be used to predict the time it 

flashover and reaction to fire class of practically all 

wood and wood products. 

5. Conclusions 

The aim of the present paper was to describe the 

methods used to predict the time to flashover and re-

action to fire class of wood and wood products and 

their subsequent application to predict the time the 

flashover and reaction to fire class of birch wood. 

The obtained data also indicate that the method 

according to Kokkala et al. [5], Hansen and Hovde 

[6] and Xu et al. [7] show the same values for time to 

flashover (120-600 s). Different values for time to 

flashover were calculated by the method according to 

Ostman and Tsantaridis [4] (630 s) and from the re-

action to fire class, which was predicted by the 
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method according to Hansen and Kristoffersen [9] 

(600-1200 s). Examined birch wood was categorized 

to reaction to fire class C. 
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Abstract 

The numerical modeling results of a localized fire are presented in this paper. Such a fire may develop in a fire compartment 

having large area and relatively low height. It was assumed, that neither smoke vents nor any other measures to facilitate the 

smoke extraction were installed in the considered fire zone. Under such circumstances the efficient ventilation is rather impos-

sible, especially in the areas distant from the permanently open doors and windows. This limits the availability of oxygen, 

affecting the fire intensity. The modeling was performed using the FDS computer program. The development of potential fire 

with three different fire origin locations was considered. The considered locations differed in the distance to the existing venti-

lation openings and to the external walls de-limiting the fire compartment. The obtained results, and especially the distributions 

of maximum temperature in the smoke plume specified in the selected cross sections of the analysed zone were compared with 

the temperature distributions estimated based on the analytical models recommended in the professional literature. The com-

parison is complemented by the thermal maps illustrating the specifics of the forecast fire development in the boundary zone 

near the walls. 

Keywords: localized fire, fire modelling, ventilation conditions, oxygen availability, fire suppression, exhaust gas temperature; 

1. Introduction  

When the fire resistance of building objectôs bear-

ing structure is estimated in the engineering practice, 

it is usually assumed, that the model of a fully devel-

oped fire with the uniform exhaust gas temperature in 

the whole volume of the fire compartment is authori-

tative. This is true only in the case of relatively small 

zones, limited in size, in which the potential fire de-

velopment would be driven by the potential fuel sup-

ply and not by the effective ventilation. Fire compart-

ments of this type usually have sufficient number of 

relatively large window and door openings to ensure 

the unlimited availability of fire sustaining oxygen in 

even the farthest areas of the compartment. In such 

zones fires develop without constraints, until burnout 

of all available flammable materials. However, in the 

contemporary building practice one may have to deal 

with structures having fire compartments of com-

pletely different character. These are large area fire 

ððð 
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compartments, relatively low and poorly ventilated. 

The fire initiated in such compartments would not 

reach the flashover point, and with high probability 

would remain at the stage of localized fire, with lim-

ited intensity and affected zone. The salesroom of a 

typical mall may be considered an example of such 

compartment. The observation indicates, that usually 

the hall of this type is devoid of windows, and access 

is possible only through the limited number of gates 

and small size doors. Of course, the fire compartments 

of this type should be equipped with smoke vents, 

sprinkler installations, smoke curtains and many addi-

tional active fire protection systems as provided by 

law. Unfortunately, the provisions of law are not al-

ways fully enforced, especially in the case of old build-

ings, only provisionally adapted to the current usage. 

The expert evaluating the fire resistance of the bearing 

structure located in the fire compartment of this type 

is thus authorized to assume that the localized fire sce-

nario, with limited heat output and fire affected zone 

file:///C:/Users/Admin/AppData/Roaming/Microsoft/Word/mmaslak@pk.edu.pl
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would be authoritative in the analysis. The considera-

tion of highly improbable under such circumstances 

fully developed fire would result in the recommenda-

tion of relatively expensive fire protection resources, 

not justified from the point of view of safety guaran-

teed to the users. In the contemporary professional lit-

erature one may find many, more or less complex, for-

mal models describing the development, intensity and 

reach of localized fires. Here we intend to turn the 

reader̀s attention to the fact, that these models do not 

take into account the potential fire development limit-

ing factor, when the availability of fire sustaining ox-

ygen is limited by the distance and size of window and 

door openings. Such models also do not take into ac-

count the precise location of the fire origin, i.e. 

whether it is located more or less in the centre of the 

fire compartment or in the boundary zone adjacent to 

the wall. The consideration of such characteristic 

cases, undoubtedly important from the practical point 

of view, constitutes the objective of this paper. 

2. Description of the analysed model 

A large area shopping hall depicted in Fig. 1 and 2 

constitutes the fire zone considered in this paper. The 

hall is characterized by the following parameters: hor-

izontal dimensions of 135.00m x 60.00m and a con-

stant height of 6.50m. In order to simplify the model, 

it is assumed that the smoke vents are not installed. 

However, existing constantly open entrance gates: one 

large having the dimensions of 10.00m x 4.50m, and 

three smaller having the dimensions of 2.50m x 2.50m 

each are included in the analysis. The locations of 

these gates are indicated in the Fig. 1 and 2. The 

sheathing of the hall is modelled as made of the typical 

sandwich panels having the thickness of 15 cm with 

mineral wool filling. The properties of the insulating 

material, dependent on the external temperature, are 

assumed according to Wang et al. [1]. The bearing 

structure of the hall is made of carbon steel, for which 

the relationships between the material temperature and 

the specific heat and heat conductivity are assumed ac-

cording to the recommendations of the code EN 1993-

1-2 [2]. It is also assumed that before the initiation of 

the fire the temperature within the hall was constant 

and equal to 20ÁC. At first three alternative locations 

of fire source, denoted by symbols F1, F2 and F3 in 

the Fig. 1, respectively, are considered. These sources 

differ in the location with respect to the hall centre, and 

thus the distance between the flame axis and the exter-

nal walls in both the longitudinal and the transverse 

directions relative to the main symmetry axis of the 

hall. For each of these three locations, according to the 

recommendations contained in Fan Shen- Gang et al. 

[3], it was assumed that the maximum rate of heat re-

lease is equal to Qmax = 25MW. This in turn, after 

assuming the heat release rate at the level of RHRf  = 

500 kW/m2  [2] led to the computational fire area equal 

to:  

(1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Horizontal dimensions of the hall considered here including the analyzed locations of fire source denoted by symbols F1, F2 and 

F3 
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Let us note, that this assumption is more restrictive 

with respect to the recommendations of the code EN 

1991-1-2 [4], according to which the value of RHRf  = 

500 kW/m2  is recommended for the public services 

buildings, such as libraries, cinemas and theaters, 

while a halved value of RHRf  = 250 kW/m2 is recom-

mended for use in the case of shopping malls. This 

halved value would result at the same heat release in 

the area Afire = 100 m2. The Fire Dynamics Simulator 

(FDS) code (McGrattan et al. [5]) is used to analyse 

the fire development in each of the locations listed 

above. In each case the circle circumscribing the fire 

source, and having the area of Afire = 50 m2 is replaced 

by a square of the same area. The chemical composi-

tion of the burning material is modelled in a simplified 

manner, with the values of functions describing the 

generation of carbon monoxide and soot equal to: 

CO_YIELD=0.063 and SOOT_YIELD=0.163, re-

spectively. The fire growth phase is described by the 

so called t-square function [4], identifying the relation-

ship between the energy dissipated during the fire   and 

duration of that fire. Thus the following formula is ap-

plied for the energy dissipated: 

    

 (2) 

  

 

The time []s pt  denotes the end of fire growth 

phase, while the parameter []s at  denotes the time cor-

responding to the energy dissipation at the 1 MW 

level. It follows directly from the Eq. (2) above, that 

after the limit time  pt has passed, the heat dissipation 

rate does not increase any more. The assumed 

Qmax = 25MW and RHRf  = 500 kW/m2  accompanied 

by the limit time value []s 150=at  associated with the 

heat release per square meter [4] unequivocally deter-

mine the value of min5.12s750 ==pt . The consid-

ered hall, as analyzed by FDS, is schematically de-

picted in the Fig. 2.

 

 

 

 

 

 

 

 

 
Figure 2 Model of the considered hall as applied in the FDS code 

 
Virtual temperature sensors were located in the hall 

for each of the considered fire source locations. Appli-

cation of these sensors allow for the creation of ther-

mal maps along the longitudinal direction parallel to 

the main axis of symmetry of the hall, as well as along 

the transverse direction perpendicular to this axis. The 

sensor distribution line axes in each case intersect at 

the location of the fire source. 

3. Distributions of fire plume temperature values 

in the transverse cross sections of the analysed 

hall 

The distributions of fire plume temperature values 

along the selected cross sections of the hall analysed 

in this example after one hour of fire exposure, and ar-

rived at after detailed analysis, are shown in the Fig. 3. 

Let us note, that the location of these cross sections is 

coincident in the case of scenarios F1 and F2, while 

the cross section corresponding to the fire scenario F3 

is offset by the distance of 32.50 m towards the depth 
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of the hall with respect to the preceding ones. Assum-

ing the origin of the coordinate system at the bottom 

left hand corner of the hall floor depicted in the Fig. 1, 

and treating the longitudinal coordinate of the consid-

ered cross section as the indicator, these cross section 

will be denoted in the following considerations as:.  

   

Comparison of the figures presented above leads to 

the conclusion that the maximum values of fire plume 

temperature determined directly above the fire source 

in the case of locations F1 and F2 are very similar, 

while the temperature obtained for the fire source lo-

cation F3 is significantly lower.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Distributions of the fire plume temperature values obtained for various locations of the fire source in 

the cross sections of the considered hall after one hour of fire exposure

The source of this difference will be explained later 

in detail. The differences in the shape of fire plume 

thermal distribution are clearly visible in the Fig. 3 as 

well. These differences are mainly due to the fact, that 

in the case denoted as F2 the fire centreline coincides 

with the hall centre (coordinate of this axis is equal to 

30.00 m), while for the locations F1 and F3 these axes 

are offset with respect to the longitudinal axis of the 

hall by 15.00 m in the direction towards the external 

wall (fire axis coordinates are equal to 15.00 m in both 

cases). As a result of this offset, the temperature values 

reached near the external wall for the location F2 are 

substantially lower than in the case of the two remai-

ning scenarios. This is quite obvious, as a result of a 

larger distance between the wall and fire source. Let 

us note as well the lack of symmetry in the thermal 

distributions with respect to the fire centrelines. The 

extreme values of fire plume temperature values are 

clearly offset with respect to these lines, towards the 

external wall. This offset is induced by the lack of 

symmetry in the distribution of external gates, forming 

the vertical ventilation openings.  

4. Distributions of fire plume temperature values 

in the longitudinal cross sections of the analysed 

hall 

 The analogous distributions of fire plume temperature 

values obtained after one hour of fire exposure along 

the selected longitudinal cross sections of the hall, pa-

rallel to the main axis of the building, are depicted in 

Fig. 4. This time, the longitudinal cross section corres-

ponding to the fire location F2 and coincident with the 

main axis of symmetry of the whole structure, and 

mutually identical cross sections corresponding to the 

locations F1 and F3, offset with respect to the prece-

ding one by a distance of 15.00 m towards the external 

wall of the hall, stand out. Treating the coordinate in 

the global coordinate system as the indicator of the 

cross sections selected above, the denotations of: 

( ) 67.502^F( ) 67.501̂F ( ) 35.003^F
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( ) 15.001IIF , ( ) 30.002IIF and ( ) 15.003IIF , will be 

assigned to these cross sections in further delibera-

tions, respectively. 

 

. 

 

 

 

 

 

 

 

 

 

 

 
Figure 4 Distributions of fire plume temperature values obtained for various locations of fire source in the longitudinal cross sections of 

the hall after one hour of fire exposure.

 

Significantly lower temperature of the fire plume 

for the fire source location F3 with respect to the re-

maining two locations is clearly visible here. This is 

similar to the phenomenon observed previously for the 

fire plume thermal distributions in the transversal di-

rection. The influence of the distance to the external 

wall is visible as well, resulting in the significantly 

higher fire plume temperature for the fire source lo-

cated at F3 close to this wall . The fire plume thermal 

distributions lack symmetry with respect to the corre-

sponding fire centrelines as well, though this lack of 

symmetry is substantially less pronounced than in the 

case of transversal cross sections. In general it is cle-

arly visible only in the case of the fire source location 

F1. In this case the maximum value of fire plume tem-

perature is offset with respect to the fire centreline to-

wards the inside of the building. 

5. Specifics of fire development with the fire 

source location at the external wall of the hall 

While showing the differences in development of 

fire for the fire source located far away from the exter-

nal wall (in our analysis this corresponds to the fire 

location F2) and the one, for which the fire source was 

located close to this wall (if transversal cross sections 

of the hall are considered, both F1 and F2 fire source 

locations conform to this) one has to analyse the ther-

mal plots developed for each of the compared fires. In 

the Fig. 5 the plot of this type obtained after one hour 

of simulated fire exposure for the fire source located 

at F2 is shown in the middle. Of course this plot cor-

responds to the cross section ( ) 67.502^F .
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Figure 5 Thermal plans obtained after one hour of fire exposure in the considered cross sections of the hall: on the top ï for the fire source 

located at F1, in the middle ï for the fire source located at F2, on the bottom ï for the fire source located at F3. The contour line in black cor-

responds to the fire plume temperature equal to 200̄ C 

 

The black contour line denotes here the fire plume 

temperature of approximately 200

tour line the fire plume temperature is higher, and be-

low lower than this boundary value. In the following 

deliberations, by convention, this contour line will be 

treated as the line separating the zone occupied by hot 

gases developing directly below the ceiling of the hall 

and the zone of air unaffected by the fire near the floor. 

One may easily observe, that the zone occupied by the 

hot gases is relatively thin, and more importantly, dis-

tributed quite evenly along the whole width of the hall. 

A comparison of this plot with a plot prepared for the 

fire location at F1 and related to the cross section  

shows an important difference. This second plot is 

shown in the Fig. 5 on the top. If the fire source is lo-

cated at F1, the fire plume is clearly unsymmetrical 

with respect to the fire centreline. The plume is obvi-

ously thicker at the boundary area next to the wall, and 

quite thin on the  

other side of the fire centreline, where obstructions to 

the hot gas redistribution are absent. This distribution 

of temperature in fire plume undoubtedly results in the 

quicker filling by the hot gases of the whole available 

hall volume in the boundary area and at the same time 

slower heating of the remaining part of the building. 

However, in this analysis we did not observe any pro-

nounced difference in the maximum temperature of 

fire plume at the fire centreline, if the fire source loca-

tions F1 and F2 are considered. Let us note as well, 

that on both plots the fire is deflected towards the in-

side of the hall. This confirms the earlier observations 

of the fire plume temperature spatial distributions 

lacking the symmetry with respect to the fire centre-

lines.  

6. An issue of fire damping for fire located at F3 

Let us compare the plots described above with a 

plot specified for the fire origin located at F3, and the 

cross section  corresponding to this location. This plot 

is depicted in the Fig. 5 on the bottom. Here the zone 

of hot fire plume directly below the ceiling at the right 

hand side of the fire centreline is hardly visible, and 

the height and temperature of the flame are substan-

tially lower than in the other scenarios. The fire initi-

ated in this location is damped by the limited availa-

bility of oxygen sustaining the combustion. In order to 

prove this the temporal evolution of maximum fire 

plume temperature at the fire centreline, measured 

5.00 m above the floor, is depicted in the Fig. 6 for all 

three considered fire scenarios. The temporal evolu-

tion of these changes for the location F3 differs signif-

icantly from the evolutions specific to fires originating 

at F1 and F2. During the first phase of the fire the tem-

perature values determined for each considered fire 
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origin increase in a similar manner and reach compa-

rable values. After reaching the peak value, for each 

considered scenario the fire plume temperature de-

creases. This is a direct result of restricted gas ex-

change with the surrounding area. The intensity of fire 

damping for the location F3 is substantially higher 

than for the remaining two fire locations. In a notable 

difference, the fire in this location develops in a kind 

of oscillatory manner, passing through subsequent 

damping and revival phases. 

Let us note that the location F3 is selected deep in 

the inside of the hall, close to the corner and far away 

from the gates, functioning as the ventilation openings. 

Near vicinity of the external walls on three sides and a 

relatively low height of the hall constrain the air circu-

lation substantially. Thus the fire developing in such 

location will undoubtedly be a so called fire controlled 

by the ventilation. Interestingly, after one hour of fire 

exposure, the temperature of fire plume reached simi-

lar values in all the considered fire scenarios. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6 Temporal evolution of fire plume temperature during the fire, measured at fire centreline for various locations of fire source (F1, F2 

and F3, respectively) 

7. Comparison of the results with the results 

obtained by application of the classical analytical 

models 

The results of the numerical simulations presented 

above are related below to the results obtained under the 

same initial assumptions by the analytical models avail-

able in the literature. The following analytical models 

were selected by the authors for the purpose of this com-

parison: 

 

Model A1 ï presented in Fan Shen-Gang et al. [2]  - the 

relationships allowing for the determination of the 

flame height []m fL and flame temperature ()[ ]C z o
mT  

at the height of z [m] above the floor are as follows: 

DQL f 02.1235.0
4.0

max -=  (3) 

3/5
0

3/2
max )(5.119)( -++= zzQTzT am         (4) 

     where  is the fire diameter,  - ambient 

temperature at the fire initiation, while denotes 

location of the virtual fire centreline, such that: 

                        (5) 

     In this model the temperature of fire plume 

( )[ ]C , orzTg  at the height of []m z  above the floor level 

and at the horizontal distance of []m r  from the fire so-

urce is determined according to the formula (6): 

3/5
0

3/2 )86.0(),(15.119),( -++= zHQrzfTrzT cag  (6) 

[]m D [ ]C  o
aT

[]m 0z

4.0
max0 25,0 Qz =
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     The variable []m H  denotes the height of analysed 

fire compartment, while [ ]kW cQ  - the convectional 

part of the heat release rate, assumed as equal to 

max80 Q.Qc=  in simplification. 

 

Model A2 ï presented in Fan Shen-Gang et al. [2] as 

well ï constitutes a development of the model A1. It is 

supplemented by correction coefficients sg , tg and ag  

which are to cover the influence of fire zone area 

[ ]2m totA  and the duration of fire []s t , such as: 

)/1.0exp(1 3.05.02.0 HAQ totcs -+=g                (8) 

)1.0exp(2.0)exp(8.01 ttt mmg ----=          (9) 

)/0012.0exp(1 tota AHt--=g               (10) 

     The factor m is a parameter depending on fire inten-

sity and fire compartment area. When the parameters 

indicated above are introduced into the formulas (4) and 

(5) respectively, the final form of these formulas ap-

plied to determine the temperature of fire plume in the 

area adjacent to the ceiling is as follows: 
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Model B ï presented in detail in Zhang Guo-Wei et al. 

[6] ï is the so called Alpert model (Alpert [7]), where 

the flame height is determined according to the formula: 

4.0
max083.002,1 QDL f +-=  (13) 

     and the distribution of temperature [ ]C  o
jetT  in the 

fire plume zone adjacent to the ceiling is determined ac-

cording to the following: 
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     The same denotations as in the model A1 hold here. 

 

Model C ï presented in Li Guo-Qiang et al. [8] ï the 

temperature of the combustion gases ( )[ ]C  ,, otzxT , de-

termined at the spatial location having the horizontal 

coordinate of x  and vertical coordinate of z , and de-

termined after the time t  of fire exposure, is calculated 

according to the following formula:  

])1()[2.08.01(),,(

5.0

1.0 mbb hh

Dx

tt
ma eeeTTtrxT

-
-

-- -+--+=  (15) 

     where the value [ ]C  o
mT  is a tabulated value of tem-

perature at the fire centreline, and coefficients b, h 

and m are empirically determined.  

 

Model D ï presented in Yu Zhi-Chao et al. [9] ï is a 

development of the well-known model describing the 

so called BFD fire (Barnett [10]). The distribution of 

fire plume temperature values ()[ ]C  otTg  determined 

after the fire exposure time t  is prescribed here by the 

following formulae: 
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     where the time []s dt  corresponds to the initial cool-

ing phase of the fire associated with the burn out of 80% 

of the potential fuel gathered in the analysed fire com-

partment, and the parameters 1w  and 2w  are shape co-

efficients. The maximum value of the temperature gT  

is determined by the following formula: 
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     while the temperature jetT  directly below the cei-

ling is determined as: 

zmgjet kTT max=                      (18) 

     where zmk  is the so called localization coefficient, 

determined according to: 

Dx
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     and the factor h is an empirically calibrated para-

meter. 

 
     Model E ï described in the code EN 1991-1-2 [4] 

and further developed in Heskestad et al. [11] and 

Zhang Chao et al. [12] ï is an extension of the classical 

code approach, where flame height in a localised fire is 

determined according to the formula: 

4.0
max0148.002.1 QDL f +-=    (20) 

     and the temperature ()zTm  computed along the 

flame centreline, and depending on the height z  above 

the fire source according to the formula: 

)900 ;)(25.020min()( 3/5
0

3/2 --+= zzQzT cm    (21) 

     where: 

4.0
max0 00524.002.1 QDz +-=  (22) 

     This specification, applied in the scenarios, where 

the flame does not reach the ceiling is complemented in 

[13] by a formula proposed in [12] to determine the tem-

perature [ ]C  o
jetT  of fire jet in the zone located directly 

below the ceiling. This formula is expressed as: 
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     where the symbol []m b  denotes the radius of hot 

fire jet measured at the ceiling level. 

The distribution of temperature in fire jet after one 

hour of fire exposure has been determined according to 

each of the analytical models listed above, subject to the 

assumptions enumerated in the first part of this paper. 

For the purpose of comparison, all these results have 

been plotted on the Fig. 7. As in the analytical models 

of the type considered here the location of external 

walls with respect to the fire source is not taken into 

account, the obtained results may be compared with re-

sults of numerical simulations performed by the 

authors, regardless of the case (i.e. for all three scena-

rios considered). One has to note as well, that the tem-

perature distributions in the fire jet, in all the analytical 

models considered here, are axially symmetrical with 

respect to the fire source. Because of that only one half 

of the respective thermal plots is presented in the Fig. 7, 

as this sufficiently describes the considered phenome-

non.   
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Figure 7 Comparison of temperature distributions in fire jet specified for the hall cross sections considered in this paper, according to the 

analytical models presented above 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8 Comparison of fire jet temperature distribution in the transversal cross section of the considered hall obtained using numerical 

modelling for fire source location at F2 with corresponding distributions obtained for analytical models denoted in the text as A2 and B 

 

     Commenting the results presented in the Fig. 7, one 

should stress the substantial differences in fire jet tem-

perature values. The maximum values of this tempera-

ture determined at the fire centreline for each of the an-

alytical models considered differ, and this difference in 

extreme cases reaches up to 215̄ C. In general, the dis-

tributions obtained may be grouped in two categories. 

Those for which the forecast fire jet temperature is rel-

atively high not only in the direct vicinity of fire source, 

but also at the distance constitute one category. Based 

on the results presented in the Fig. 7, one may assign 

fires modeled using approaches A2, C and D to this cat-

egory. Application of the models B and E leads to the 

opposite conclusion, and thus these models may be as-

signed to the second category. There the high tempera-

ture of fire jet is reached only in the vicinity of fire cen-

treline. In those models the temperature rapidly de-

creases with growing distance to the fire source. Model 

A1 seems to be the intermediate one in this classifica-

tion. During the numerical simulation conducted by the 

authors, for fire source locations F1 and F2, the extreme 

values of temperature in fire jet exceeded 645C̄. Let us 
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note, that only the model B forecast the higher temper-

ature of fire jet. However, due to the forecast spatial dis-

tribution of temperature, the numerical results are better 

approximated when the analytical model A2 is applied. 

Respective results are depicted in the Fig. 8. According 

to our opinion, a more general ascertainment is instruc-

tive. It has been found out, that analytical models rec-

ommended in professional literature in many cases un-

derestimate the fire jet temperature, which may be 

reached, and thus may lead to overly optimistic assess-

ment of fire growth rate for a given hall geometry and 

potential fire risk. 

8. Conclusions 

In the analysis performed above the Authors tried to 

prove, that the mode and development speed of a local-

ised fire initiated in the large area shopping mall to a 

large extent depends on the fire source location. Change 

of this location substantially affects the circulation con-

ditions of fire jet. The differences in development speed 

are aggravated, if the fire source is located in a hardly 

accessible area, far away from the ventilation openings, 

and thus the considered fire is increasingly controlled 

by the ventilation conditions. These conclusions pertain 

not only to commercial buildings, but also to fire zones 

having large horizontal dimensions, relatively low and 

badly ventilated. They are valid in every location, 

where probability of fire initiation and growth to the 

stage of fully developed fire is insignificant, and thus 

the localised fire is authoritative to estimate the real 

safety level of buildings and people inside those build-

ings. These conclusions seem quite obvious at the first 

sight, however, according to the Authorsô opinion, as-

sure the potential reader that the analytical fire models 

existing and recommended for application in the profes-

sional literature should be refined. So far, the existing 

models, in spite of increasing complexity, do not reflect 

sufficiently the real conditions determining the devel-

opment of fire, and thus do not describe the fire devel-

opment process precisely enough. Many factors are still 

neglected in the analytical models, for instance the con-

trol of fire by availability of adequate ventilation or fuel 

is completely absent. The localised fires forecast ana-

lytically still exhibit radial symmetry, modelled locally, 

without taking into consideration the real boundary con-

ditions. Thus the shape of such fires is not influenced 

by the geometrical constraints imposed by the surround-

ings. 
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Abstract 

The demand to use wood and wood-based products for applications in both residential and non-residential building 

construction has been increasing over recent years. However, due to the inherent flammability of such products, 

they often contribute to unwanted fires, resulting in numerous injuries and fatalities 

Treatment of wood with flame retardants is one of the strategies to increase fire protection. The aim of flame 

retardants is to prevent or delay the ignition and to diminish the effects of combustion. 
The aim of this paper was to determine the resistance to flame action of wood coated with protective material 
alkaline silicates (water glasses).    

Keywords: wood, combustion of wood, fire retardants, sodium silicate, water glass; 

1. Introduction  

Wood is a renewable, sustainable and easily work-

able material that has been used in the building indus-

try for thousands of years. Its use remains widespread, 

ranging from structural frames to floors, paneling, 

doors, interior and exterior woodwork, and furniture. 

However, its disadvantage is the fact that it is flamma-

ble. The combustibility of timber is one of the main 

reasons that many building regulations strictly limit 

the use of timber as a building material. As fire safety 

is an important criterion for the choice of building ma-

terials, the main precondition for an increased use of 

timber as a building material is adequate fire safety. 

The use of wood is, therefore, limited by various 

safety requirements and regulations pertaining to its 

flammability and spread of fire characteristics. 

Within EU member states, fire safety is an essential 

requirement in the event of fire, specified in the Con-

struction Products Directive (Directive 89/106/EEC 

[1]). 

ððð 
* Prof. Vesica Milanko, PhD. Corresponding author, e-mail: milanko@vtsns.ru. 

Fire safety in case of construction products is de-

fined by their reaction to fire and fire resistance. Con-

struction products are divided into groups (classes) de-

pending on how they affect ignition, flame spreading 

and smoke development. Test methods for the classi-

fication of these products are also defined.  

A new classification system for the reaction to fire 

properties of building construction products has re-

cently been introduced in the EU (Commission Deci-

sion February 2000). It is often called the Euroclass 

system and it consists of two sub systems, one for con-

struction products excluding floorings, i.e. mainly wall 

and ceiling surface linings, see Table 1, and another 

similar system for floorings. Both sub systems have 

classes A to F of which classes A1 and A2 are non 

combustible products [2, 3]. 

Wood properties such as density, thickness, joints 

and types of end use including different substrates 

have been studied thoroughly and are included in the 

classification. Most wood products fall in classes D-

s2, d0 or Dfl-s1 (for floorings). If wood is treated with 

fire retardants, it can be placed in class B. 

mailto:milanko@vtsns.ru
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Fire retardants for wood usually act in the early (in-

itial) stage of the fire, when they can postpone its oc-

currence or even stop its spreading. 

2. Wood burning 

Cellulose, hemicellulose and lignin are the three 

polymeric materials that constitute the wood cells. 

Cellulose is a polymer with alternating repeat units of 

glucose. Cellulose derived from wood pulp has an av-

erage of 3,000 repeat units. The large number of hy-

droxyl groups on the sugar molecule, which leaves the 

polymer as water molecules during decomposition, re-

sult in char formation. In the wood structure, cellulose 

forms the cell walls, and provides the tensile strength 

of the wood matrix. Hemicelluloses grow around the 

cellulose fibres and are a group of non-structural, low 

molecular weight, mostly heterogeneous polysaccha-

rides. Lignin is an aromatic polymer, which allows 

trees to grow upright by imparting rigidity to the 

wood: it cements the cells together, thus accounting 

for the compressive and shear strengths of wood [4]. 

When wood is progressively heated at raised tem-

peratures, changes begin to occur in its structure, ac-

celerated by further increase in temperature. The three 

polymeric components in the wood begin to thermally 

decompose to a mixture of volatile gases, tar (levoglu-

cosan) and carbonaceous char. The decomposition is 

often regarded as the superposition of the individual 

constituentôs decomposition mechanisms: hemicellu-

lose decomposes first 180-350ÁC, followed by cellu-

lose 275-350ÁC, and lignin 250-500ÁC [5, 6]. 

Cross-linking reactions dehydrate cellulose and the 

re-polymerized levoglucosan begins to yield aromatic 

structures, becoming graphitic carbon structures at 

around 500ÁC. This decomposition process is called 

pyrolysis. Wood pyrolysis has been the subject of ex-

tensive research over the last years. Such studies have 

shown that whilst the charred surface of wood can 

have temperatures of 800ÁC, the main pyrolysis of 

wood begins at temperatures above 225ÁC and ends 

below 500ÁC [4].. 

When an appropriate volatile fuel-air concentration 

is reached, oxidation of the pyrolysis gases leads to 

flaming combustion. In contrast, oxidation of the re-

maining char produces glowing or smouldering com-

bustion [7, 8].

 
Table 1 Overview of the European reaction to fire classes for building products excluding floorings (¥stman, Mikkola [2]) 

Eu-

roclass 

Smoke 

class 

Burning droplets 

class 

Requirements according to 

Non comb       SBI      Small 

flame 

FIGRA  

W/s 

Typical products 

A1 - - x - - - Stone, concrete 

A2 s1, s2 or 
s3 

d0, d1 or d2 x x - Ò120 Gypsum boards (thin paper), mineral wool 

B s1, s2 or 

s3 

d0, d1 or d2 - x x Ò120 Gypsum boards (thick paper), fire retardant 

wood 

C s1, s2 or 

s3 

d0, d1 or d2 - x x Ò250 Coverings on gypsum boards 

D s1, s2 or 
s3 

d0, d1 or d2 - x x Ò750 Wood, wood-based panels 

E - - or d2 - - x - Some synthetic polymers 

F - - - - - - No performance determined 

SBI = Single Burning Item test (EN 13823), main test for the reaction to fire classes for building products; 

FIGRA = FIre Growth RAte, main parameter for the main fire class according to the SBI test 
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3. Fire retardants 

Treatment of wood with flame retardants is one of 

the strategies to increase fire protection with the aim 

to prevent or delay the ignition and to diminish the ef-

fects of combustion. Improvement of the behaviour of 

wood exposed to fire can extend the use of timber 

products in the building sector. The most usual way to 

improve the fire performance of wood is by treating it 

with fire retardants that can be applied to wood com-

posite products during manufacture, pressure impreg-

nated into solid wood or wood products or added as a 

paint or surface coating. Fire retardants cannot make 

wood non combustible, they are formulated to control 

ignition, flame spread on the wood surface and to re-

duce the amount of heat released from wood. 

According to the main theories, the role of fire re-

tardants consists in reducing the flow of heat to pre-

vent from further combustion, quenching the flame, or 

modifying the thermal degradation process. In wood 

fire retardancy, the use of fire retardants increases the 

following mechanisms [9]: 

- Create a liquid or glassy layer, forming a barrier 

or insulation that prevents the exchange of air 

and flammable products at the combustion 

zone; 

- Form coatings, glazes or foams insulating the 

surface and restraining the pyrolysis by redu-

cing/preventing access of air; 

- Increase the thermal conductivity allowing heat 

to be dissipated faster than it is supplied by the 

ignition source; 

- Create endothermic chemical and physical 

changes that absorb heat at a level that prevents 

ignition conditions; and 

- Form non-flammable gases which dilute the 

flammable gases and form less flammable 

gaseous mixtures, reducing the combustible 

matter. 

Horrocks and Price (2001 [9]) based on the experi-

ence of many years of studies and the results of the 

most recent research demonstrate that an ideal fire re-

tardant should have the following properties: 

- High fire protection effectiveness (an amount 

not exceeding 10% of total weight of protected 

material); 

- Chemical stability at normal service conditions; 

- No effect on mechanical strength and a esthetics 

of protected materials; No emission of toxic and 

corrosive substances during their use; 

- No increase of emission of toxic products of 

thermal decomposition and combustion; 

- Easy application; 

- Insecticidal and fungicidal effectiveness; 

- Resistance to water and UV degradation; and 

- Relatively low price. 

Today, many impregnation compositions for tim-

ber have been developed, with different sets and pro-

portions of low-molecular inorganic substances and 

derivatives of organic compounds demonstrating fire-

retardant properties. The fire-retardant impregnation 

compositions used include of inorganic substances 

various derivatives of phosphorous and phosphoric ac-

ids, boric acid, ammonium and sodium tetraborates, 

ammonium salts of sulfuric and hydrochloric acids, 

chlorides of alkaline-earth metals and polyvalent tran-

sition metals, sodium and potassium carbonates. Many 

of the indicated substances have a polyfunctional ef-

fect on the chemical constituents of timber. For exam-

ple, they have the properties of catalysts for etherifica-

tion of both hydroxyl-containing macromolecules of 

timber components by phosphorus acids and of agents 

of cellulose dehydration. In this way, they promote di-

rectional change of timber thermal decomposition re-

actions toward reduction of flammable volatiles 

through increased yield of char residue. Ammonia and 

hydrogen chloride generated in thermal decomposition 

of the employed salts may function as inert flame dil-

uents and inhibitors of radical oxidation reactions in 

the gas phase. As the temperature rises, the product of 

thermal decomposition of phosphorous and phos-

phoric acids derivatives ï orthophosphoric acid ï turns 

into pyro-, tri-, and polymetaphosphoric acids, which 

have low volatility. Upon melting they may form a 

glassy protective layer on the charred surface. It works 

as a physical barrier against oxygen diffusion into the 

carbonized product. An important feature of phospho-

rus compounds is their unique ability to suppress 

smoldering combustion reactions in timber. Boric acid 

and other boron compounds have a similar effect. The 

above mentioned substances making up part of im-

pregnation compositions are hygroscopic and soluble 

in water. That is why in an atmospheric environment 

with moisture above 70 % or in direct contact with wa-
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ter, the fire protection efficiency of timber impregna-

tions may be totally or partially lost. To prevent this, it 

is recommended to apply additional water-resistant 

covering varnishes and paints or use fire-protected 

timber materials only inside the buildings. Another 

way to enhance moisture resistance of fire-protected 

timber is introduction of organic and organoelemental 

substances with low viscosity and water-repellent 

properties into impregnation compositions. A combi-

nation of organic binders and liquid glass is also used 

for intumescent fire-retardant coatings. These same 

derivatives of various acids serve as effective intumes-

cent agents for coatings by emitting a lot of incombus-

tible gases (NH3, CO2, HCl, H2O). These intumescent 

agents belong to typical gas developing agents, which 

generate incombustible vapors and gases as a result of 

chemical decomposition reactions when the sub-

stances are heated. Physical agents that generate intu-

mescent fire-retardant coatings include vermiculites 

and thermally expandable graphites [10].  

Nowadays, there is a growing concern about the en-

vironmental and toxicological impact of building ma-

terials. The addition of performance chemicals, such 

as halogenated fire retardants, can be expected to have 

environmental effects. There is a current contentious 

toxicity problem with boron and as such, a need for 

wood products to move away from boron based fire 

retardants is recognized. 

The choice of fire retardant chemicals is most im-

portant for the environmental profile of the final wood 

product. Environmental risks are also associated with 

degradation products during normal product use and 

during fire conditions [11]. 

In order to apply a protective surface coating to 

wood, it is typically painted, sprayed or dipped into a 

solution of fire retardant. Superficial treatments, such 

as paints, are often thought to be attractive for the ease 

with which they can be applied, and for the compara-

tively small amount of material required for fire pro-

tection. However, the associated re-application re-

quirements and surface damage possibilities are con-

siderable problems for the end-user [6]. 

3.1. Liquid sodium silicate ï water glass 

Sodium silicate is the common name for a com-

pound sodium metasilicate, Na2SiO3, also known as 

water glass or liquid glass. 

Water glass is a compound containing sodium ox-

ide (Na2O) and silica (silicon dioxide, SiO2). The 

higher the ratio of SiO2 to Na2O and the higher the 

concentration of both ingredients, the more viscous is 

the solution. Viscosity is a product of the formation of 

silicate polymers, the silicon (Si) and oxygen (O) at-

oms being linked by covalent bonds into large nega-

tively charged chain or ring structures that incorporate 

the positively charged sodium ions as well as water 

molecules [12]. 

The use of sodium silicate as a timber treatment for 

pressure-treated wood actually began sometime in the 

19th century. Since 1998 scientists have researched 

methods for rendering sodium silicate insoluble once 

the lumber has been treated with it. With or without 

the additional process, treating wood with sodium sil-

icate preserves wood from insects and possesses some 

flame-retardant properties. 

Liquid sodium silicate (water glass), applied to the 

surface of various products, can impart fire retardant 

properties. In the presence of fire, the sodium silicate 

forms foam-like crystals that help to provide an insu-

lating barrier between the product and the flame, and 

thus slows down the spread of fire. Wood and other 

products become less flammable when treated with so-

dium silicate. The foam-like product appears to be 

more than a mere change in form of the sodium sili-

cate. It is believed that the foam-like material is the 

product of a chemical reaction, and also imparts fire 

retardant properties to the material treated with sodium 

substrate. 

Wood products treated with sodium silicate can be 

used simultaneously to impart flame resistant proper-

ties to wood and to cause the wood to become termite 

resistant, providing an environmentally friendly 

method for long term termite control. 

As a result of the application of heat, the sodium 

silicate undergoes dehydration (loss of water) and a 

process of polymerization that forms increasingly 

larger moieties of (SiO4)n ī1 while still maintaining an 

overall charge of ī1 that forms an association with the 

free sodium. As the material polymerizes the resultant 

material increases in size to the point that it is no 

longer able to dissolve in water, thus becoming insol-

uble [13]. 

 

https://www.merriam-webster.com/dictionary/compound
https://www.britannica.com/science/sodium-oxide
https://www.britannica.com/science/sodium-oxide
https://www.britannica.com/science/silica
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4. Experimental Part 

4.1. Experimental Methods 

In order to test the flammability of materials the fir-

ing tube method is used [14, 15]. It is a rapid method 

for determining the flammability of the group of solid 

materials. 

The firing tube (Fig 1), is a vertically disposed 

metal tube (diameter 50 mm, height 165 mm), fixed to 

the tripod and provided with a holder for the sample. 

To monitor the behaviour of the material in the exam-

ination there is a mirror placed. The ignition source is 

the propane-butane gas, temperature 950Ñ10ÁC. The 

tested sample is placed in the cylinder so that the lower 

end is 5 mm beneath the lower edge of the cylinder. 

The gas burner is ignited and the flame height is ad-

justed to 55 mm. Then, the burner is fed under the sam-

ple so that the flame acts in the middle of the lower 

end of the sample. At the same time the stopwatch is 

started. After 2 minutes, the ignition source is extin-

guished. After cooling the sample to the room temper-

ature, it is re-weighed and the weight loss as a percent-

age of the original sample weight is marked.  

If after removing the external source of ignition the 

material supports independent flaming or glowing 

combustion that is evaluated for smoke emission, and 

thus there is a weight loss of more than 20%, then the 

tested material is in the combustible group. 

The selected wood samples for the experimental 

testing belong to the kinds of wood used as construc-

tion materials and for furniture elements, and they are 

as follows: 

ï White Ash (Fraxinus excelsior) ï it is hardwood 

used in industry for the manufacture of massive slabs, 

veneers, furniture elements, for the preparation of gar-

den furniture, musical instruments, ships, as well as for 

fuel. Wood is thermally treated at 100ÁC for three 

weeks. 

ï Firs (Abies) ï wood used as a construction mate-

rial for internal installation, making pillars, furniture, 

musical instruments, in the cellulose and paper indus-

try, in the industry of fiber in the manufacture of 

wooden packaging, etc. 

ï Beech (Fagus) ï primarily used in construction, 

in the manufacture of furniture, veneer parquet, ply-

wood and fiber boards, for the cellulose and as fire-

wood. 

ï Walnut (Juglans) ï important for its attractive 

timber, which is hard and dense, used to manufacture 

the cut and peeled veneer, then in the manufacture of 

furniture and for interior cladding of buildings, for the 

manufacture of fiber boards and parquet flooring. 

ï Medium-density fibreboard (MDF) is an engi-

neered wood product made by breaking down hard-

wood or softwood residuals into wood fibres, combin-

ing it with wax and a resin binder, and forming panels 

by applying high temperature and pressure. It is made 

up of separated fibres, but can be used as a building 

material. 

The samples are dimensioned according to the test 

method to 35 ³ 150 mm, thickness not more than 10 

mm.  

Wood and wood products are treated with the 36% 

concentration of liquide sodium silicate ï water glass, 

purchased in retail. 

To determine the fire resistance of the used coating 

agent in the experimental conditions, serial tests are 

carried out: 

I series ï control series with untreated samples; 

II series ï samples coated with two layers of water 

glass;  

III series ï samples coated with three layers of water 

glass;  

IV series ï coated samples treated in water; 

V series ï coated samples heat-treated, kept in the kiln 

for x hours in the temperature of x ÁC. 

 

  
  

Fig 1 Firing tube   Fig 2 Untreated sample 

 
 



Fir e Protection, Safety and Security 2017 

 

 

122 

4.2. Results and Discussion 

 
I series ï control series with untreated samples 

The wood is weighed before (m1) and after testing 

(m2). The loss of mass is calculated from the follo-

wing equation: 

100
)(

%
1

21 Ö
-

=
m

mm  

The results of the experiment are given in Table 2.  

When flame is first applied to the sample, the fire 

propagates quickly and starts to spread up the sides of 

the sample. The fire soon quickens, and begins to 

spread to other parts of the sample. 

The flames on the wood rise, and begin to consume 

the whole sample. The flames extend above the sam-

ple, and the sample begins to lose shape quickly. The 

flames continue to burn the sample even when the gas 

burner is turned off. 

The samples are completely charred and some are 

completely disintegrated. The values entered in Table 

2 are mean values of three repeated tests. All wood 

samples lose more than 20% by weight; they burn 

down completely and belong to the combustible 

group. 

 

II series ï samples coated with two layers of water 

glass 

The tested wood samples have been measured be-

fore and after coating to determine thus the mass of the 

applied water glass coating (0.99 to 1.59 g). 

It is noted that sodium silicate residues form bub-

bles providing a physical barrier against the flame and 

reducing access to flammable materials by oxygen; 

hence, as heating continues, the sample becomes in-

candescent. It has been shown that in the samples with 

the sodium silicate, the wood remains unchanged by 

flame. Similar observations on the behavior of cellulo-

sic materials treated with water glass are presented in 

the works of Slimak [13], and Kalbskopf [16]. 

The loss of mass is from 4.49 to 14.33%, which is 

significantly less than 20%. All tested samples are 

classified as non-flammable. The test results and ob-

servations are given in Table 3. 

 

III series ï samples coated with three layers of water 

glass 

The mass of the coating applied to the wood sam-

ples is in the range of 1.57 to 2.31g. This amount of 

protection has not permitted to come to the fire of the 

samples. The loss in mass of 3.71-7.41% shows that a 

high degree of resistance to the action of the flame is 

achieved; hence, all the test samples are classified in 

the group of non-flammable. 

The experimental results obtained during the tes-

ting are listed in Table 4. 

 

IV series ï coated samples treated in water 

Water glass is soluble. 

To confirm the fact that sodium silicate is soluble 

in water, the wood samples have been previously 

coated with the solution, liquid sodium silicate, im-

mersed in the water for 24 hours, dried at room tempe-

rature and then examined in the experimental condi-

tions. 

The results are given in Table 5. Based on the obta-

ined results, it is evident that the protective coating has 

lost its role, and the samples burn similarly to those 

without any protection, the loss of mass is from 43.43 

to 87.88%. 

In the investigation conducted by Slimak [13], it 

was found that there was evidence of leaching of 

sodium silicate from the wood, with approximately 50 

% of the sodium silicate removed after one year of ex-

posure to the weather conditions. 

5. Experimental Part 

5.1. Experimental Methods 

In order to test the flammability of materials the fir-

ing tube method is used [14, 15]. It is a rapid method 

for determining the flammability of the group of solid 

materials. 

The firing tube (Fig 1), is a vertically disposed 

metal tube (diameter 50 mm, height 165 mm), fixed to 

the tripod and provided with a holder for the sample. 

To monitor the behaviour of the material in the exam-

ination there is a mirror placed. The ignition source is 

the propane-butane gas, temperature 950Ñ10ÁC. The 

tested sample is placed in the cylinder so that the lower 

end is 5 mm beneath the lower edge of the cylinder. 

The gas burner is ignited and the flame height is ad-
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justed to 55 mm. Then, the burner is fed under the sam-

ple so that the flame acts in the middle of the lower 

end of the sample. At the same time the stopwatch is 

started. After 2 minutes, the ignition source is extin-

guished. After cooling the sample to the room temper-

ature, it is re-weighed and the weight loss as a percent-

age of the original sample weight is marked.  

If after removing the external source of ignition the 

material supports independent flaming or glowing 

combustion that is evaluated for smoke emission, and 

thus there is a weight loss of more than 20%, then the 

tested material is in the combustible group. 

The selected wood samples for the experimental 

testing belong to the kinds of wood used as construc-

tion materials and for furniture elements, and they are 

as follows: 

ï White Ash (Fraxinus excelsior) ï it is hardwood 

used in industry for the manufacture of massive slabs, 

veneers, furniture elements, for the preparation of gar-

den furniture, musical instruments, ships, as well as for 

fuel. Wood is thermally treated at 100ÁC for three 

weeks. 

ï Firs (Abies) ï wood used as a construction mate-

rial for internal installation, making pillars, furniture, 

musical instruments, in the cellulose and paper indus-

try, in the industry of fiber in the manufacture of 

wooden packaging, etc. 

ï Beech (Fagus) ï primarily used in construction, 

in the manufacture of furniture, veneer parquet, ply-

wood and fiber boards, for the cellulose and as fire-

wood. 

ï Walnut (Juglans) ï important for its attractive 

timber, which is hard and dense, used to manufacture 

the cut and peeled veneer, then in the manufacture of 

furniture and for interior cladding of buildings, for the 

manufacture of fiber boards and parquet flooring. 

ï Medium-density fibreboard (MDF) is an engi-

neered wood product made by breaking down hard-

wood or softwood residuals into wood fibres, combin-

ing it with wax and a resin binder, and forming panels 

by applying high temperature and pressure. It is made 

up of separated fibres, but can be used as a building 

material. 

The samples are dimensioned according to the test 

method to 35 ³ 150 mm, thickness not more than 10 

mm.  

Wood and wood products are treated with the 36% 

concentration of liquide sodium silicate ï water glass, 

purchased in retail. 

To determine the fire resistance of the used coating 

agent in the experimental conditions, serial tests are 

carried out: 

I series ï control series with untreated samples; 

II series ï samples coated with two layers of water 

glass;  

III series ï samples coated with three layers of water 

glass;  

IV series ï coated samples treated in water; 

V series ï coated samples heat-treated, kept in the kiln 

for x hours in the temperature of x ÁC. 

 

  
  

Fig 1 Firing tube   Fig 2 Untreated sample 

 

5.2. Results and Discussion 

 
I series ï control series with untreated samples 

The wood is weighed before (m1) and after testing 

(m2). The loss of mass is calculated from the following 

equation: 
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The results of the experiment are given in Table 2.  

When flame is first applied to the sample, the fire 

propagates quickly and starts to spread up the sides of 

the sample. The fire soon quickens, and begins to 

spread to other parts of the sample. 

The flames on the wood rise, and begin to consume 

the whole sample. The flames extend above the sam-

ple, and the sample begins to lose shape quickly. The 
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flames continue to burn the sample even when the gas 

burner is turned off. 

The samples are completely charred and some are 

completely disintegrated. The values entered in Table 

2 are mean values of three repeated tests. All wood 

samples lose more than 20% by weight; they burn 

down completely and belong to the combustible 

group. 

 

II series ï samples coated with two layers of water 

glass 

The tested wood samples have been measured be-

fore and after coating to determine thus the mass of the 

applied water glass coating (0.99 to 1.59 g). 

It is noted that sodium silicate residues form bub-

bles providing a physical barrier against the flame and 

reducing access to flammable materials by oxygen; 

hence, as heating continues, the sample becomes in-

candescent. It has been shown that in the samples with 

the sodium silicate, the wood remains unchanged by 

flame. Similar observations on the behavior of cellulo-

sic materials treated with water glass are presented in 

the works of Slimak [13], and Kalbskopf [16]. 

The loss of mass is from 4.49 to 14.33%, which is 

significantly less than 20%. All tested samples are 

classified as non-flammable. The test results and ob-

servations are given in Table 3. 

 

III series ï samples coated with three layers of water 

glass 

The mass of the coating applied to the wood sam-

ples is in the range of 1.57 to 2.31g. This amount of 

protection has not permitted to come to the fire of the 

samples. The loss in mass of 3.71-7.41% shows that a 

high degree of resistance to the action of the flame is 

achieved; hence, all the test samples are classified in 

the group of non-flammable. 

The experimental results obtained during the tes-

ting are listed in Table 4. 

 

IV series ï coated samples treated in water 

Water glass is soluble. 

To confirm the fact that sodium silicate is soluble 

in water, the wood samples have been previously coa-

ted with the solution, liquid sodium silicate, immersed 

in the water for 24 hours, dried at room temperature 

and then examined in the experimental conditions. 

The results are given in Table 5. Based on the obta-

ined results, it is evident that the protective coating has 

lost its role, and the samples burn similarly to those 

without any protection, the loss of mass is from 43.43 

to 87.88%. 

In the investigation conducted by Slimak [13], it 

was found that there was evidence of leaching of 

sodium silicate from the wood, with approximately 50 

% of the sodium silicate removed after one year of ex-

posure to the weather conditions. 

Table 2 Results for the control series with untreated samples 

Untreated samples 

Mass of coating (g) Mass loss 

Observations 

Before com-

bustion 

After combus-

tion 
(g) (%) 

WHITE ASH 28.863 3.881 24.98 86.55 

Ignition occurs in 20-30 s, burns intensively with the occur-

rence of black smoke, extinguishes by itself after 3:15-5:54 

min. Parts fall off during combustion. 

FIR 15.318 3.028 12.29 80.33 

The sample ignites between 15-28 s, burns with red and 

orange flames with black smoke, extinguishes after 2:41ï

3:04 min. Parts fall off during combustion. 

BEECH 27.982 3.547 24.43 87.31 
The sample ignites after 40-55 s, burns bright with red and 

orange flames with black smoke, extinguishes after 3:40-

3:44 min. 

WALNUT 25.578 4.09 21.48 84.01 
The sample ignites after 30-34 s, burns with red and orange 

flames with black smoke, extinguishes after 3:35ï3:49 min. 

MEDIUM-DEN-

SITY FIBREBO-

ARD (MDF) 

29.038 7.065- 21.97 75.66 

The sample ignites after 22-33 s, burns with yellow flame 

(height 35 cm), with black smoke, extinguishes after 4:20ï

4:30 min. The sample completely burned. 
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     Fig 3 Charred remnant                   Fig 4 The swollen layer of water glass     Fig 5 Samples with fire resistant coating  
                                                                                                after examination 

Table 3 Results for samples coated with two layers of water glass 

Water glass coating in 

two layers 

Mass of coa-

ting (g) 

Mass loss 
Observations 

(g) (%) 

WHITE ASH 0.99 11.89 14.33 

On the site of operation of the burner, the sample is glo-

wing, with a lot of smoke, but after removing the burner the 

sample extinguishes. 

FIR 1.21 2,01 12,81 
The sample ignites after 100-115 s, but extinguishes after 
2:25 ï 3:00 min, the occurrence of white smoke. 

BEECH 1.18 2.42 8.64 

The sample ignites within the first minute, and extinguis-

hes after 2:00-2:50 min, the occurrence of thick white 

smoke. 

WALNUT 1.32 1.22 4.56 

On the site of operation of the burner the occurrence of 

flame that soon extinguishes, the occurrence of white 

smoke. 

MEDIUM-DENSITY 

FIBREBOARD (MDF) 
1.59 1.40 4.49 

On the site of operation of the burner the occurrence of 
small flame that quickly extinguishes, the occurrence of 

white smoke. 

Table 4 Results for samples coated with three layers of water glass 

Water glass coating in 

three layers 

Mass of coa-

ting (g) 

Mass loss 
Observations 

(g) (%) 

WHITE ASH 1.57 4.85 6.39 No ignition occurs, the appearance of white smoke.  

FIR 2.31 1.37 7.14 
On the site of operation of the burner the glowing sample 
does not burn with flame, the occurrence of white smoke. 

BEECH 2.22 1.13 3.71 
The sample does not ignite, the occurrence of thick white 

smoke. 

WALNUT 1.96 1.06 3.85 
On the site of operation of the burner the glowing part 

does not burn with flame, the occurrence of white smoke. 

MEDIUM-DENSITY 
FIBREBOARD (MDF) 

2.31 1.33 4.24 
The sample does not ignite, the occurrence of thick white 
smoke after removing the burner.  
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V series ï heat-treated coated samples 

The tested wood samples are coated with sodium 

silicate and kept in the kiln for 24 hours in the temper-

ature of 150 ÁC. Physical changes are observed on the 

surface of samples, which is no longer shiny or 

smooth. 

The samples are then exposed to the flame action 

and the obtained results are shown in Table 6. It is ev-

ident that there is no ignition of the samples other than 

the appearance of the glowing at the point of the flame, 

but it stops shortly after the flame removal. The loss of 

mass is within the range of 2.52% to 11.89%. Conse-

quently, the samples are classified as non-flammable. 

Thus, the protective coating has not lost its role due to 

exposure to elevated temperatures. Similar observa-

tions and results were obtained in our previous exper-

iments [17].

Table 5 Results for coated samples treated in water 

Samples with water-
glass ï dipped in the 

water 

Mass of coa-

ting (g) 

Mass loss 
Observations 

(g) (%) 

WHITE ASH 0.31 24.59 86.07 
The sample ignites after 26-46 s, and extinguishes after 
2:50-3:29 min. 

FIR 0.24 12.02 78.64 
The sample ignites after 27-30 s, and extinguishes after 
2:20-2:48 min. 

BEECH 0.68 23.76 88.78 
The sample ignites after 50-70 s, and extinguishes after 
3:14-3:28 min, parts fall off during combustion. 

WALNUT 0.53 20.16 82.33 
The sample ignites after 25-36 s, and extinguishes after 

2:57-3:28 min. 

MEDIUM-DENSITY 

FIBREBOARD (MDF) 
0.14 12.17 43.43 

The sample ignites after 35-45 s, and extinguishes after 

3:31-3:40 min. 

 
Table 6 Results for heat-treated coated samples 

Samples with water 

glass, heat-treated 

Mass of coa-

ting (g) 

Mass loss 
Observations 

(g) (%) 

WHITE ASH 0.31 3.53 11.89 
The sample ignites within the first minute, and extinguishes 

after 3:50, the occurrence of white smoke. 

FIR 1.34 0.86 4.92 
No ignition occurs, the appearance of white smoke after re-

moving the burner. 

BEECH 0.76 0.97 3.42 
No ignition occurs, the appearance of white smoke after re-

moving the burner. 

WALNUT 0.43 4.79 6.65 
On the site of operation of the burner the sample burns, 
but extinguishes after removing the burner, the occurrence 

of white smoke. 

MEDIUM-DENSITY 
FIBREBOARD (MDF) 

0.52 7.48 2.52 

On the site of operation of the burner the sample burns, 

but extinguishes after removing the burner, the occurrence 
of white smoke. 
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6. Conclusions 

Liquid sodium silicate (water glass), applied to 

the surface of various products, can impart fire re-

tardant properties. In the presence of fire, the sodium 

silicate will form foam-like crystals that help to pro-

vide an insulating barrier between the product and 

the flame, and will thus slow down the spread of fire. 

Even though the wood will burn in areas in direct 

contact with hot flame, the flames will not spread. 

This will help to keep small fires from spreading into 

large ones. 

Increasing the fire resistance time of wooden con-

structions is one of the most common applications of 

intumescent coatings. The advantage of this protec-

tion method is that the structure of wood remains vis-

ible which is often desirable for architectural reasons. 

Intumescent coatings in fire resistance applications 

have also some drawbacks, for example their sensi-

tivity to humidity. The subsequent/repeted treatment 

may increase its resistance and allow it to be used, 

not only for the protection of interior surfaces, but 

also for external purposes. 

It can be concluded that water glass is an effective 

fire retardant when applied as a coating, then it could 

be an important finding since it is virtually non-toxic, 

safe to use, relatively cheap, readily available and 

can be easily used by the homeowner.   
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wood 
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Abstract 

The paper deals with the issue of the protection of wood. It brings the results of experimental works focusing the 

assessment of the chemical substance with fireproof function application effect on the thermal resistance of spruce 

wood. The experiments results show the change in effect of the protective substance at varying concentration and 

method of application (coating, retting), and thus also the different values of observed variables (weight loss, time 

of ignition) of tested spruce samples. 

Keywords: wood, coating, retting, flame retardant, weight loss, ignition time; 

  

 

1. Introduction  

Wood is one of the oldest building materials and is 

still an important element in the construction industry. 

The main reason for its wide application is its advan-

tageous design, thermal insulation and soundproofing 

properties, long life, but also ecology, because wood 

is one of the few building materials that have the abil-

ity to regenerate naturally. 

The current trends in the use of wood in construc-

tion industry include prefabricated family houses, 

lightweight roof structures, mixed constructions made 

of wood, steel and concrete structures, easy machina-

bility and woodworking, which opens wide options in 

selection of construction systems (wall, skeletal or 

mixed) [1]. 

The great disadvantage that significantly affects the 

use of wood in the building is its flammability. Wood 

is a natural material, the core of which the wood cells 

are, consisting of organic polymers (cellulose, hemi-

cellulose, lignin). These play a major role in the deg-

radation processes that wood is subjected to at higher 

temperatures. By acting on the activating energy 

(flame, spark, etc.), the polymer breaks down and 

ððð 
* Iveta Mitterov§, PhD.Corresponding author; e-mail: iveta.mitterova@tuzvo.sk. 

flammable gases are formed. At high enough temper-

ature they react with oxygen in various thermo-oxida-

tion reactions of exothermic nature, releasing consid-

erable amount of energy needed for further heating and 

pyrolysis of wood [2]. Due to this feature according to 

the current PBS regulations, it wooden constructions 

up to two above-ground floors, respectively. After ful-

filling specified conditions, it is possible to build them 

up to a fire height of 9 m [3]. 

For this reason, there is an attempt to eliminate this 

negative property, which can now be implemented 

with a number of fire-fighting measures (depending on 

the area of use) during the construction and installation 

of individual wood elements. 

One way is also the chemical treatment of wood, by 

the preparations containing flame retardants. Although 

those substances also have their limitations, e.g. their 

effect is lost at high heat flows (at later stages of the 

combustion process), in spite of this they have an im-

portant place in the fire protection area. Their signifi-

cance is in the fact that, by their application, they effect 

as a support for formation of a char layer, prevent the 

burning into the depth of the material, or as the addi-

tives, they  bind the free radicals, and thereby break 

the chain reaction mechanism [4]. 

In the following part of the contribution we are also 

addressing the above mentioned method of protection 

of wood - chemical protection and we present concrete 
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results of experiments which investigate the effect of 

the selected protective agent on the fire resistance of 

spruce wood. 

2. Experiment 

2.1. Material 

The experiment was carried out on samples of 

spruce wood (with density of about 0.467 g.cm-3), as 

the representative of the most frequently used wood 

species in building constructions. The samples with 

humidity of 10% did not have any anatomical short-

comings, and were sized to 50 x 40 x 10 mm. The pro-

tective agent - Bochemit Antiflash - was then applied 

in two ways - by coating and soaking. On the coating 

application, the substance was applied in three layers 

in 24-hour time span. The soaking was carried out with 

complete immersion of the samples for 24 hours. The 

quantities and concentrations used are shown in Table 

1. Five representative samples were prepared for one 

test set.

 

Table 1The quantities, concentrations, and methods of application of Bochemit Antiflash 

Application  Concentration 
Dilution  

(Bochemit + water) 
Layer 

Coating 3x 
50 % 1:1 250 g.m-2 

100 % - 300 g.m-2 

Soaking 24 h 
50 % 1:1 - 

100 % - - 

Bochemit Antiflash - water-borne agent designed 

to reduce reaction of wood, wood-based materials, 

wooden building structures and elements built in the 

interiors of buildings to fire. The substances contained 

in the Bochemite Antiflash agent are decomposed on 

non-flammable gaseous substances, which take oxy-

gen needed for the oxidation of wood. They also sup-

port the rate of formation of a char layer, which has a 

significant thermal insulation effect and prevents fur-

ther heating. The active substance of the Bochemite 

Antiflash agent is boric acid. In accordance with EN 

13 501-1 [5], after the treatment with 50% dilution of 

Bochemit Antiflash agent, the wood material meets 

the requirements of the Fire Reaction Category C, 

when applied the 100% dilution of the agent, it meets 

the requirements of Fire Rating Class B. The agent is 

also suitable for the protection of wood against wood-

destroying fungi and insects [6] 

.

Figure 1 Bochemit Antiflash ï an agent with fungicide-insecticidal 

and anti-fire function [6] 

2.2. Testing method 

A non-standard test method (Figure 2) was used, 

which consists in investigating the weight loss of the 

test material over time. During a set time of 600 sec-

onds, the test bodies are subjected to loading of a 1000 

Watt thermal infrared heater (see Tab. 2) at a distance 

of 30 mm from the surface of the heater. At regular 10-

second intervals, weight loss is recorded and any igni-

tion is observed. 
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Figure 2 Scheme of a test method for testing the weight loss with detail of a ceramic radiant body 

1 ï infrared heater, 2 ï supporting metal frame, 3 - protective frame, 4 - electronic scales, 
5 - test specimen, 6 - metal stand 

 
Table 2 Parametre charakterizuj¼ce ģiariļe typu F.T.E.   

Power [W] 250 500 750 1 000 

Average surface temperature [ÁC] 418 560 670 750 

Minimum wavelength  [microns] 4.9 4.0 3.5 3.0 

Surface loading [W/cm2] 1.7 3.4 5.1 6.8 

 

The experimental evaluation criterion was the rel-

ative weight loss according to the given relationship 

[7] and the ignition time. 

()
() ()
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()%   100 * 
0

0
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tt
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mm
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-
=                     (1) 

       
Where:  

md - Relative weight loss in time ()t [%] 

( )0tm - original sample weight [g]  

()tm - sample weight in time ()t [g] 

 

3. Results 

The results of the evaluated criteria (weight loss, 

ignition time) were processed in tables and charts for 

better clarity. Through them we are able to compare 

thermal resistance of retardant unprotected and pro-

tected samples of spruce wood as well as assess the 

effect of protective agent Bochemit Antiflash by 

changing its concentration and the method of its appli-

cation.

 
Table 3 Comparison of weight loss and the time of ignition of spruce samples as a function of varying the concentration and method of appli-

cation of protective agent Bochemit Antiflash 

Evaluation criteria  Agent concentration 
 Application method 

Coating Soaking 

Weight loss (%) 

No application 92.48 - - 

100 % concentration  26.74 52.57 

50 % concentration  77.36 58.93 

Ignition time (s) 

No application 151 - - 

100 % concentration  no ignition 131 

50 % concentration  126 121 
Note: In the Table, there are introduced the average values obtained from five tests 
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Figure 3 Final weight loss values of unprotected and retarded spruce samples 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

The results of our experiments (Table 3 and Fig-

ures 3 and 4) aimed at evaluating the effect of 

Bochemit Antiflash agent on the thermal resistance 

of spruce wood confirmed the retardation effect of 

this agent, which was reflected in lower values of 

weight loss of treated samples compared with un-

treated. The results also indicate that the effect of the 

agent depends on the concentration in which it is 

used and then on the manner of its application. 

The results show that Bochemit Antiflash agent 

achieves a better effect in a non-diluted form, at 

100% concentration. In accordance to application 

manner (coating, soaking) on the effect of the agent, 

the results show that: 

Å At the 100% concentration, the application by 

coating was more advantageous (as compared to 

soaking, the sample was not ignited using this treat-

ment and the weight loss was about 26% less than the 

soaked samples); 

Å At the 50% concentration, the more appropriate 

application was by soaking (although the ignition 

time is comparable, but the weight loss of the soaked 

samples is about 18% lower than that of the covered 

samples). 
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Figure 4 Time of ignition of unprotected and retarded spruce samples 
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This difference is explained by the fact that if the 

agent is used in undiluted form and is applied in three 

layers, it creates a stronger protective layer on the 

surface of the samples than the soaking, which, when 

the heat is applied, is charring and prevents the heat 

to penetrate the material. 

If the agent is diluted with water, on the other 

hand, better results are achieved with soaked sam-

ples. It is due to the fact that water and total immer-

sion of the samples into the agent contributed to bet-

ter saturation of the protective agent into the structure 

of the material, which was eventually reflected in a 

lower weight loss compared to the coated samples.  

4. Conclusion 

Despite all the positive aspects of wood, the flam-

mability is a property that significantly affects its use 

in construction. However, experts in this field agree 

that, when applying suitable fire preventive 

measures, this material may also be a fire safe. At 

present, wood protection is given considerable atten-

tion where a significant role has protection using the 

chemical agents. The results of our experiments also 

show the usefulness of the use of those protective 

agents, and also indicate that, in addition to the chem-

ical composition, their protective function also de-

pends on the concentration and the manner in which 

they are applied to the wood material. In the case of 

the tested Bochemit Antiflash agent, the results point 

to the fact that if the substance is used at 100% con-

centration, it is more convenient to apply the coating. 

If it is used in a 50% concentration, it is preferable to 

apply it by soaking. 
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Abstract 

One of the negative effects from an environmental point of view is leak of crude oil and petroleum hydrocarbon products, caused 

whether negligent action or various accidents. As a precautionary measure or intervention, different types of sorption materials 

are used. In this paper, sorption substances in the bulk phase were investigated, because of their quantitative use. The samples 

were chosen due to their general appearance of the Fire and Rescue Corps and in the private sector (3mon, Absodan plus, 

Cansorb, Chezacarb, expanded perlite, PeWaS Sorb, sorptive brash Reo and Spilkleen Plus). Sorbents were tested for sorptive 

capacity, hydrophobicity, spatial and weight demands. Selected sorbent samples were tested for different used operating fluids, 

such as motor oils, gear oils and hydraulic ones. Sorptive capacity was measured by a standard test method for determination 

of sorption properties of adsorbents in the short-term standpoint. The measurement determined the best average sorptive capac-

ity of the sorbent sorptive Reo brash with a value of 16.85 g/g of adsorbent treated with a hydrophobic treatment. The PeWaS 

Sorb sorbent was determined as the most compact sorbent having sorptive capacity 1003.35 liters/m3 volume. From the last 

comparison in term of the most effective sorbent, the sorbent Reo brash with a volume of 18.72 l/kg was determined.          

Keywords: sorbent, hydrocarbon lubricants, sorptive capacity; 

1. Introduction  

Environmental pollution belongs among the most 

watched events in the present. One of the most serious 

types of flora and fauna pollution, include pollution by 

petroleum hydrocarbon products. A leak of dangerous 

substance in a road accident even in small quantities 

can result under certain circumstances in serious dam-

age to the particular components of the environment: 

water, soil and air (Coneva 2010). Petroleum is pro-

cessed and transformed into a variety of products us-

ing various methods and technologies. Among the 

most famous products processed from crude oil, be-

longs wide range of oils, lubricants and fuels such as 

diesel, petrol, motor and gear oils. In practice, we can 

be challenged by spills of petroleum hydrocarbon 

products in common operations as well as in negligent 

acting, different disasters and traffic accidents. In the 

case of traffic accidents associated with leakage of 

ððð 
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hazardous substances, it is also an ecological interven-

tion dealt by members of the Fire and Rescue Corps 

(FRC). An important task of intervening firefighters is 

an environmental protection (Coneva 2011). As means 

of removal and insulation of these pollutions caused 

by petroleum products, sorption agents are used. In 

case of general leaks in various operation technolo-

gies, loose as well as textile sorbents are used. They 

are widely used only for the prevention of leakage 

from technological equipment. Leaks out of technolo-

gies are considered as a different accidents as well as 

negligent acting. The paper deals with sorptive agents 

that are used for disposal of such accidents. The bene-

fit of the paper consists on knowledge concerning 

sorptive substances currently used and on information 

relating the newest sorptive substances on the Slovak 

market.  

     Authors in various publications deal with sorptive 

materials and their properties, e.g. (Markova 2006), 

(Zachar 2009), (Coneva 2013) and others. 
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Sorptive substances and their use is characterized 

in many articles and publications. General review of 

the available sorptive materials, however, is missing 

and the reason is that new types of sorptive materials 

suitable for the disposal of hydrocarbon products are 

placed and promoted on the market. there is a great 

amount of sorptive substances; the paper concerns se-

lected sorbents, which are currently used in the FRC 

or are approved for use. Legal acts relating to the ac-

tivities and the use of sorbents in the FRC are: the Act 

of the National Council of the Slovak Republic No. 

314/2001 Coll. on fire protection, as amended, the Act 

of the National Council of the Slovak Republic No. 

315/2001 Coll. on the Fire and Rescue Corps as 

amended, the Act No. 129/2002 Coll. on Integrated 

Rescue System, Tactical and Methodological Methods 

for carrying out interventions issued by the Presidium 

of Fire and Rescue Corps, guidelines of the President 

of the FRC, and standard test method for determina-

tion sorptive properties of adsorbents (ASTM F 726, 

2006). The data were drawn from research papers, 

placement sheets of sorption materials, various publi-

cations and open access sources. 

Sorbents are substances prevailingly in a solid state, 

which by their chemical and physical composition sep-

arated gaseous or liquid substances. A characteristic 

feature of sorptive material is the ability to absorb a 

certain amount of fluid in relation to its own weight 

(Ankowski, 2011). Sorbents are most often found in 

loose form or as a textile fabric. The most important 

characteristic of sorbents is their structural composi-

tion. Sorption substances are formed by different 

channels, capillaries and pores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Sorption in pores and capillaries (Internet, 2016)

Due to structural composition, sorbents have a large 

surface area. The capacity of the sorbent depends on 

the amount of surface area to which oil may adhere, as 

well as on the type of surface (Fingas, 2010). The size 

of the sorbent, so-called specific surface area is ex-

pressed in area units (m2) per mass unit (g, kg). Good 

adsorbent has a surface area of about 1,000,000 m2.kg-

1. (Zachar, 2010). Due to these properties, sorbents 
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have ability to chemically and physically bind sub-

stances of organic or inorganic origin on their surface 

and also in mentioned pores, capillaries and channels. 

The principle of sorption materials can be described 

as follows: multiple processes run during adsorption. 

In particular, a soaking of another substance on the 

surface and into pores which are located directly in the 

grains or granules of sorbent; and the soaking between 

several granules. In the case of single molecule layer 

adsorbing, only a small amount of liquid can be cap-

tured on a solid particle surface. The amount of liquid 

can be heightened by increasing the surface of the 

solid particles. 

In the case of bulk sorbent, the adsorbed material is 

also captured among beads or granules. Due to capil-

lary forces, soaking into the pores of the grain occurs. 

This process smoothly continues the capillary conden-

sation, that actually is a phenomenon between adsorp-

tion and absorption properties. The basic difference is 

that the capillary condensation fills the deep pores 

from the narrowest profile; it means that they often 

filled backwards (Markova 2016).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Adsorption mechanism (Internet, 2016)

 

The sorption agents are classified according to var-

ious aspects. The essential classification of sorbents 

used in practice for removing various kinds of spills or 

environmental accidents, is based on common preva-

lent characteristics, as follows: natural sorbents, syn-

thetic ones, loose, textile, oil, chemicals and mainte-

nance ones. 

Among the natural sorptive agents belong: saw-

dust, peat, sand, powdered sulphur, coal dust and 

other.) Typically, they have low absorption capacity 

and are suitable only for slight interventions (Markova 

2012). Availability of natural sorbents can also be 

found on intervention site. However, they have low 

sorptive capacity for pollution caused by oil-based 

substances. The subsequent ecological disposal is too 

demanding; thus, the use of natural sorbents aban-

doned and synthetically prepared and manufactured 

sorptive agents are preferred. Natural sorbents can be 

treated by so called hydrophobization, which increases 

absorption of the non-polar liquids (Orinļ§k 2012); 

such as oil, petroleum products and others. 

Among the first synthetic sorbents, we can include 

ash and coconut powder that was not intended for 

sorption purposes (Markova, 2003). Absorption of oil-

based or water-based liquids was only the side effect 

due to their structure containing pores. These by-prod-

ucts of the production processes begun to be  
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treated on high sorption materials. Later, rock-based 

substances (perlite, clay, and limestone), cellulose and 

plastic (polypropylene, polymers) started to be pro-

duced. They are purposefully produced and treated for 

removing oil products and chemical pollutions. Like 

natural sorbents, they are chemically modified, for ex-

ample by the hydrophobization. This modification 

makes the sorbents hydrophobic and oleophilic sub-

stances. Their use can be found in the private sector as 

well as in terms of the FRC. 

Loose sorbents are solid state substances. There are 

substances made from natural or synthetic materials. 

Loose form of sorbents varies; they are either in the 

form of fine powder or granules. Granules, grains or 

other shapes have a size from 0.1 mm up to 5 mm, de-

pending on the manufacturer (Zachar 2009). The 

structure is porous, having a variety of cracks and 

pores. They have a large surface area and adsorb large 

amounts of liquid even being in small quantities. They 

are used to remove pollution on large and rough sur-

faces. They can be treated by hydrophobization. Their 

disadvantage is dustiness and limited use in high 

winds. 

Textile sorptive agents are most often made of pol-

ypropylene and polyethylene with the admixture of 

various additives. They are produced in the form of fi-

bres, nonwoven textiles, fibre structures and other tex-

tile modifications. The use of textile sorbents is similar 

to the loose ones. One of the biggest advantages of tex-

tile sorbents is a possibility of reuse. The fabric is 

wrung out and can be used again until the adsorption 

capacity of the textile material is exhausted. Another 

advantage is the possibility to use them in bad weather 

due to the compact splice of fibres and dust-free char-

acteristic. 

Oil sorbents are treated for sorption petroleum-

based materials. They have special treatment by the 

hydrophobization. Hydrophobization alters the prop-

erties of the sorbent and then it acts oleophilic and hy-

drophobic, i.e. it absorbs oil products and repels water. 

The oil sorptive agents are used for collecting the oil 

products on the water surface and in the environment 

where water-soluble liquids and water are present.  

Chemical sorbents are chemically resistant sub-

stances applicable to all kinds and types of liquids, in-

cluding aggressive ones, such as chemicals. They are 

not suitable for use on the water surface. Textile chem-

ical sorbents are most often made of polypropylene 

microfibers having a hydrophilic finish for better ab-

sorption of fluids such as acids, alkali and alcohol-

based fluids. They are available in different colours to 

distinguish the type of absorbed material. Their use 

may be in chemical plants, for transportation of chem-

icals and handling chemicals. In firefighting practice, 

they are a part of emergency kits, designed for inter-

ference with the occurrence of hazardous substance 

(chemical). 

Maintenance sorbents are universal sorbents. These 

sorbents are not as effective as sorbents designed for 

specific oil (Fingal 2010). Use of maintenance 

sorbents is wherever leakage of petroleum products 

occurs as well as escape of various coolants and less 

aggressive liquids. They are unsuitable for collecting 

spillage on water surface. They are used mainly as a 

precaution means against escape in diverse work ac-

tivities. 

Leaks or accidents where hazardous materials are 

present, are characterized by a diversity of terrain and 

weather. Just due to this fact, selecting a suitable 

sorbent is important. The use of a certain sorbent type 

depends on the physical form of the sorbent, condi-

tions of its use, its quality, the circumstances and the 

size of the leaked substance (Doerffer 2013). 

The aim of this paper is to compare the sorptive ca-

pacity, hydrophobicity, spatial and mass performance 

of selected loose sorbents, which are often used in in-

tervention activities of the FRC as well as sorbents 

used in the private sector. 

2. Materials and methods 

For determination of the sorptive capacity, sorbents 

have been repeatedly exposed to various hydrocarbon 

lubricants. Choice of hydrocarbon lubricants was due 

to their frequent occurrence at traffic accidents of pas-

senger motor vehicles, which are most often present in 

road collisions. Choice of sorbents was influenced by 

information concerning the quantitative use of 

sorbents in the private sector as well as in terms of the 

FRC. 

Sorptive substances chosen for testing were: 

3mon ï 3mon sorbent is a hydrophobic Calcium Hy-

droxide with other natural compounds on the plant ba-

sis. Very fine grains - 5 microns. 
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Absodan plus ï Products Absodan plus are based on 

material named MOLER by thermal processing (igni-

tion). Particle size is 1.5 ï 3 mm. 

Cansorb ï It is loose natural organic material of brown 

colour having origin in Canada. Particle size is 0.5 ï 

15 mm. 

Chezacarb ï Highly conductive soot Chezacarb is pro-

duced as a product of gasification of heavy oil resi-

dues. Particle size is 0,5 ï 2.5 mm. 

Expanded perlite ï Expanded amorphous alumina sil-

icate of volcanic origin in a grainy form. Particle size 

is 0.5 ï 2.5 mm. 

PeWaS Sorb ï It is formed by polymeric solid particles 

having size 0.5 ï 4.5 mm. 

Sorptive brash Reo ï Hydrophobic sorptive brash is 

produced from healthy friendly non-toxic polypropyl-

ene  in the form of crushed microfibers. Particle size is 

0.5 ï 15 mm.  

Spilkleen plus ï Oil sorbent Spilkleen plus is a by-

product of paper processing industry with multiple 

sorptive ability when compared with common gran-

ules. Particle size is 0.5 ï 10 mm. 

Selected sorbents: 3mon, Absodan plus Cansorb, 

Chezacarb, expanded perlite, PeWaS Sorb, sorptive 

brash, and Reo Spilkleen plus, respectively, were sub-

jected to the influence of hydrocarbon lubricants.  

The first test took place with engine oil 10W 40 that 

is generally used for combustion engines (petrol) or 

ignition (diesel) engines. Provided oil was from vehi-

cle having run 15,453 kilometres.  

The second lubricant sample was hydraulic oil 

MOL Hydro HV 46 commonly used for hydraulic 

drives and systems.  

The penultimate sample was gear oil PP 80 from a 

motor vehicle Skoda Felicia; this oil had not been 

changed during operation 193 583 km.  

Last hydrocarbon lubricant provided for the test, 

were mixed in a ratio of 2 : 4.5. This ratio is common 

for passenger cars. Passenger vehicles were selected 

because of their frequency is highest in normal traffic 

and they are vehicles that cause or are involved in an 

accident the most often. Two mixture parts represent 

two litres of gear oil, and 4.5 parts represent content of 

the oil filling for combustion engines, i.e. 4.5 litres. 

The sorptive capacity was determined by a standard 

test method for determination of sorptive properties of 

adsorbents (ASTM F 726 2006). The mass and spatial 

demandingness was measured by small-sized proce-

dure with the laboratory scales and graduated cylinder. 

The sorption capacity of individual sorbents in loose 

form is referred in the table and graphical comparison 

hereinafter below. 

The mentioned test method covers the laboratory 

tests describing properties of adsorbents at the removal 

of petroleum substances and other floating water-im-

miscible liquids, which do not form emulsions, from 

the water surface. According to the method, adsor-

bents Type II (loose) were tested. All test specimens 

were conditioned at 23 Ñ 4 ÜC and at relative humidity 

70 Ñ 20 % for at least 24 hours prior the testing in a 

completely exposed state without overlapping samples 

in order to obtain equilibrium with the laboratory en-

vironment (ASTM F 726 2006). The test method de-

scribes the short-term test of adsorption of petroleum 

products, according to which the samples were tested 

in a laboratory at the Technical University in Zvolen. 

Used adsorbents as well as oils were ecologically dis-

posed. 

 

Calculation of adsorbed substance mass in the ad-

sorbent ï a1 [g] according to the equation (1): 

a1 = a2 ï a3 ï a4                              (1) 

Where: 

a1 - mass of adsorbed petroleum substance [g] 

a2 - mass of wet basket, bowl and wet adsorbent [g] 

a3 - mass of wet basket with bowl [g] 

a4 - mass of dry adsorbent [g] 

 

Calculation of mass adsorption of the petroleum 

product per mass of adsorbent ï a5 [g/g] according to 

the equation (2): 

a5= a1 / a4                                  (2) 

Where 

a5 - mass adsorption of the petroleum product per mass of 

adsorbent [g/g] 

a1 - mass of adsorbed petroleum substance [g] 

a4 - mass of dry adsorbent [g]. 

3. Results and discussion 

Sorptive substances were exposed to various hydro-

carbon lubricants. 
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Fig. 3 Sorbent 3mon in a loose form       Fig. 4 Sorbent 3mon after use 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3 Cansorb in a loose form                           Fig. 4 Cansorb after use 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 Chezacarb in a loose form             Fig. 10 Chezacarb after use 
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Fig. 5 Ex perlit in a loose form                 Fig. 6 Ex perlit after use 

 

 

 

 

 

 

 

 

 

 

Fig. 13 PeWaS sorb in a loose form               Fig. 14 PeWaS sorb after use 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7 Sorptive brash Reo in a loose form    Fig. 8 Sorptive brash Reo after use 

 

 

 

 

 

 

 

 

 

 
Fig. 9 Spilkleen + in a loose form                  Fig. 10 Spilkleen + after use
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Each sample was conditioned and weighed on the 

weight of 5.00 g. According to ASTM F 726 - 2006 

three measurements with each sample sorbent were 

carried out (ASTM F 726 2006). Obtained values were 

re-calculated using the formula for calculating the 

mass of the substance adsorbed on the adsorbent  

 

 

and an average mass of adsorbed petroleum product on 

the adsorbent was calculated. Using the ratio of the 

mass of adsorbed petroleum substances and the mass 

of the dry adsorbent, the mass adsorption of the petro-

leum product per mass of adsorbent was calculated.

Table 1 Mass capacity of adsorbents for different oil types 

Sorptive sub-

stance name 
3mon 

Ab-

sodan 

plus 

Can-

sorb 

Cheza-

carb 

Ex per-

lit  

PeWaS 

Sorb 

Sorptive 

brash Reo 

Spilkleen 

plus 

Mass a4 [g] 5 5 5 5 5 5 5 5 

Mass a5 engine 

oil [g/g] 
0.46 1.13 5.67 10.86 3.33 4.37 14.98 1.44 

Mass a5 hydrau-

lic oil [g/g] 
1.29 1.89 6.05 10.84 3.12 4.34 17.62 1.88 

Mass a5 

 gear oil [g/g] 
0.84 1.02 6.07 10.53 2.44 4.7 17.33 1.3 

Mass a5  

engine and gear 

oil mixture [g/g] 

0.49 1.26 5.93 11.53 3.24 4.97 17.47 2.1 

Hydrophobicity YES NO YES YES NO YES YES NO 

 
a4 ï mass of dry adsorbent [g] 

a5 - mass adsorption of the petroleum product per mass of adsorbent [g/g]

 

The mentioned table shows the diversity of sorption 

agents and their mass adsorption in terms of used en-

gine oil, hydraulic oil, gear oil, and engine and gear oil 

mixture with the ratio of 2 : 4.5 for the average values 

of measurements. The table contains also information 

concerning the hydrophobic treatment and the dry 

weight of the samples. 

The first measurement shows the difference of ad-

sorption among diverse sorptive materials for the case 

of used motor oil. The best sorbent is the sorptive 

brash Reo with the mass capacity 14.98 grams of the 

substance adsorbed per 1 g of adsorbent. The second 

measurement relating to the use of  

 

hydraulic oil showed that the sorptive brash Reo has 

the best mass capacity 17.62 g of the substance ad-

sorbed per 1 g of adsorbent. Based on the third com-

paring measurement with gear oil again the best adsor-

bent is the sorptive brash Reo with the mass capacity 

17.33 grams of the substance adsorbed per 1 g of ad-

sorbent. The last measurement shows the difference of 

adsorption in case of engine and gear oil mixture with 

the ratio of 2 : 4.5. Similarly, as in the first three meas-

urements, the sorptive brash Reo reaches best mass ca-

pacity 17.47 g of the substance adsorbed per 1 g of ad-

sorbent. 
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Fig. 11 Average value of the mass capacity in terms of used oils [g/g] 

From the Figure 11 follows, that the sorptive brash 

Reo with the average mass adsorption 16.85 [g/g] is 

the most effective adsorbent. Sorptive brash Reo is 

treated with a hydrophobic finish and is suitable as an 

intervention agent at leakage of hydrocarbon lubri-

cants in a humid environment or on water surfaces di-

rectly. During the measurements according to test 

method, it was found that the measured data do not 

correspond to the values stated by the manufacturers. 

The reasons of these variations are different conditions 

for testing, hydrocarbon lubricants diversity and heter-

ogeneity of tests. The test of short-term adsorption of 

petroleum products leads to data concerning the max-

imum possible sorptive capacity and idealizes expo-

sure time of sorbent influencing the hydrocarbon lub-

ricant and sorptive ability not affected by the presence 

of water.



Fire Protection, Safety and Security 2017 

 

 

142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 Volume of the adsorbed substance per volume unit of adsorbent

Figure 12 shows a comparison of selected sorptive 

agents and their sorptive capacity per volume unit of 

the adsorbed substance. As regards firefighting prac-

tice, we meet many kinds of firefighting equipment de-

signed for different situations and different interven-

tions. Fire-fighting engines contain a lot of material 

equipment and tools. For this fact, almost every vehi-

cle is often overloaded by equipment. These facts de-

scribe the need of sorbents with the highest sorptive 

capacity in terms to the spatial requirements. PeWaS 

Sorb was determined as the most compact sorbent. Its 

sorption capacity is 1,003.35 litres of absorbed petro-

leum substances per 1 m3 of sorbent volume. Even a 

small amount of PeWaS Sorb is able to absorb large 

spills of leaked petroleum substances. 
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The last graphical Figure 13 compares the mass 

load of dry sorptive materials. As mentioned, the FRC 

vehicles are many times overloaded by technical 

equipment for an intervention activity. The mass of 

sorbents and their effectiveness may also play a role in 

choosing the appropriate sorptive means to eliminate 

the leakage of hydrocarbon pollution. The Figure 

shows that the sorptive brash Reo is in terms of its 

mass the most effective one reached the value 18.72 

litres of adsorbed material per 1 kg of dry adsorbent. 

4. Conclusions 

The leaked hydrocarbon materials have a large ad-

verse environmental impact. Sorbents play a role in the 

disposal of the petroleum spills. The paper compares 

the sorptive capacity, hydrophobicity, spatial and mass 

demandingness according to the test method and our 

own comparison. The results of the measurements 

show the appropriateness of their use in the FRC inter-

ventions. Based on defined goals, it was found that 

each analyzed sorbent has different parameters and 

therefore different possibilities of its utilization. 

By comparing the properties of selected sorbents, it 

was found that the best sorptive properties reached  

 

 

 

 

 

 

sorptive brash Reo. This sorbent is treated by a hydro-

phobic finishing that improves its properties and the 

possibility of using the water surfaces. It is also the 

least onerous in terms of its mass relative to the 

amount of oil that it can capture by its own mass. 

Spatial demandingness in fire trucks, which was 

taken into account, revealed different results for se-

lected sorbents. The least spatial-consuming sorbent is 

PeWaS Sorb. When choosing sorptive substances, not 

only basic features are important. Sorbents can also be 

chosen according other aspects such as flame re-

sistance, dustiness, particle size, environmental friend-

liness, ability to extinguish etc. Sorptive substances 

have different applications and therefore it is im-

portant to deal with research of new types thereof that 

will meet a number of criteria, namely not the least 

queue the environmental impact and degradability. 
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Abstract 

The goal of the paper is determination of selected fire-technical characteristics of food dusts. Selected samples are processed in 

the food processing industry and in the agriculture in mills which are dusty technologies and there exists a real risk of fires and 

explosions. We put samples of dust particles of the smooth wheat flour and cornstarch to the sieve analysis, thermal analysis by 

determination of TG (thermogravimetry) and DSC (Differential Scanning Calorimetry) and next measurement was determina-

tion of minimum ignition temperature of swirled and settled dusts. Experiments have confirmed that both samples of food dusts 

are similarly flammable and explosive because of their fire-technical and safety characteristics, so it is necessary to observe fire 

prevention and provide protection against explosion to the technology. 

Keywords: food dusts, cornstarch, wheat flour, sieve analysis, thermogravimetric analysis. settled dust, swirled dust;  

1. Introduction  

Fires and explosions of dusts are common risks that 

occur when handling combustible dusts in industry. 

Such risks include handling through processing, 

transport and storage of flammable substances, where 

exists mining and storage of coal, processing of agri-

cultural products, organic dusts and production of 

metal powders [1]. For organic combustible dusts 

which are in operations of plants or in other facilities 

in the presence of aerodynamic swirling, such dust 

may be easily dispersed into the air and it becomes a 

function of variables - the density of dust particles, 

their diameter, shapes and their cohesive properties in 

mutual relations to each other and adhesive properties 

with regard to supporting surface. External factors 

such as the structure and the intensity of aerodynamic 

swirling, such as places of deposition of the dust layer 

(roofs, walls, lighting fittings, floors, shelves, etc.), ge-

ometry of surfaces and other operational parameters 

also affect the spreading of dust. The problem is sepa-

rately contained in the system in which the dust is dis-

ððð 
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persed by design, for example, the grinder or pneu-

matic conveying lines, where the probability of 

spreading dust is expected [1]. 

Therefore it is important to know hazardous prop-

erties of combustible dusts in order to handle them 

safely and prevent possible fires or explosions. The 

most reliable way how to obtain information regarding 

the fire and dust explosion is to analyse the sample and 

describe the test results in the form of parameters 

known as "safety characteristics" [2].  

Safety features are not physical constants, but sci-

entists agreed on certain values; they are linked to spe-

cific test methods which should be practical enabling 

simple conversion of test results into practice. The 

scope of tests has to be determined in close coopera-

tion between the test laboratory and users who are 

working on resolving this problem [3]. Parameters 

characterizing fire and explosion are used to assess-

ment of probability of explosion and designing of pre-

ventive and protective measures against explosion 

which are set in laboratories or by large-size tests [1]. 

Selected safety measures depend on it to prevent fires 

and explosions or at least to limit consequences of ex-

plosions [2]. 
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Dust explosions in industry may arise from many 

ignition sources, including static sparks, friction and 

from flaming or smouldering materials. Dust may ex-

plode if following factors are met: dust has to be flam-

mable, it has to be capable to uplift, it has to be capable 

to spread the flame, the dust concentration has to be 

within the range of explosiveness, an ignition source 

has to be present and the atmosphere has to contain 

enough of oxygen to support and sustain combustion. 

[3] 

It is possible to describe the danger of settled and 

swirled industrial dust from the point of view of flam-

mability and explosiveness by following parameters: 

the minimum ignition temperature of settled dust and 

swirled dust, the relative speed of flame spreading on 

the layer of settled dust, the lower limit of explosive-

ness, the minimum initiatory energy ignition of 

swirled dust, the maximum explosive parameters [4]. 

The reaction burning rate of settled dust is affected 

by: dimensions of dust particles, amount of oxygen ab-

sorbed on the dust surface, the dust temperature, the 

shape and area where the dust is located, the dust mois-

ture and the dust composition [5].  

Each fire of combustible dust can easily go into ex-

plosion and vice versa. The half of swirled dust may 

burn in optimal case, in case of dust explosion, the rest 

of not reacted dust may burn further. When large 

amount of oxygen was spent during explosion, the fire 

need not to follow after explosion [6]. 

Industrial explosions of dust usually occur in the 

sequence - the primary explosion in pre-spread out the 

dust cloud, followed by one or more secondary explo-

sions. Continual repetition of this process results in a 

considerable overpressure causing larger damages of 

buildings and facilities [1]. 

Silos serve as containers for storage of bulk materi-

als or dust in wood processing industry and in agricul-

ture. Volumes of silos range from several cubic meters 

of supplying silos up to several thousand cubic meters 

for storage of grain or sugar.  

There exist silos having cylindrical shape or silos 

having rectangular cross-section. Preconditions of fire 

and explosion are permanently present in silos where 

combustible and bulk materials are stored. The sensi-

tivity to combustion of material depends on its chemi-

cal structure and physical properties such as particle 

size, porosity and moisture content [5]. 

It is necessary to determine and define physical and 

chemical properties of materials relating to bulk mate-

rials because they were a cause of large amount of 

fires. 

It is necessary to consider five different factors in 

analysing of risk: 

- the danger having relation to the bulk material and 

to its handling, 

- the danger having relation to technology device, 

- risks having relation to the regime of operation 

and maintenance, 

- the speed of spreading the fire, 

- expected losses in case of fire or explosion [9]. 

Assessment of such factors leads to the concept for 

prevention and protection against fires and explosion. 

Technical and organisational measures are possible. 

2. Methodology and material 

We selected methods for determination by sieve 

analysis, thermic analysis and measurement of mini-

mum ignition temperature of samples in settled and 

swirled dusts for determination of selected fire-tech-

nical and safety features of wheat smooth flour and 

cornstarch. 

2.1. Material 

Organic dusts from the food industry, smooth 

wheat flour and fine cornstarch were selected as test 

samples of dusts.  

Wheat 

Chemical content of the wheat grain is various. It 

contains starch, proteins, fats, sugars, cellulose, ash, 

phospholipids, vitamins, ferments and other sub-

stances. [10].  

About 70-75% of proteins of the wheat grain are 

localised in the endosperm. There is the layer of aleu-

rone cells between the endosperm and cover layers 

representing about 6 - 7 % of the weight of grain. 

There is a high content of proteins, lipids and vitamins 

creating the protein complex in cells of aleurone layer. 

About 14 ï 15 % of the weight of grain represent cover 

layers. They contain the most mineral substances, vit-

amins, especially B - vitamins and fibre from entire 

grain [11].  
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The spectrum of content of mineral substances is in 

relation of app. 1.4 - 3 %. It is possible to identify on 

average 450 mg of phosphorus, 380 mg of potassium, 

160 mg of sulphur, 140 mg of magnesium, 60 mg of 

calcium, 30 mg of sodium, 5 mg of iron, 4.5 mg of 

manganese, 3 mg of zinc, 2.5 mg of boron, 0.7 mg of 

copper and per 100 g of dry matter and in small 

amounts others [12]..

 
Table 1 The chemical composition of wheat in % [13] 

 
 Ash matter Fat Proteins Starch Fiber Pentosans 

Whole grain of wheat 1.92 2.2 14.1 66.2 2.5 7.,9 

 

The composition of combustible dust of the 

smooth wheat flour which is crushed from in-

ner part of the grain containing identical com-

ponents obtained by grinding from the wheat 

grain belongs to the most important factors.  

 

 
Table 2 Fire technical characteristics of selected food and their dust [14] 

 
Type of food Begin development of 

after-damp (ÁC) 

Flashpoint (ÁC) Fire point (ÁC) Igniti on point (ÁC) 

Flour 140 -145 170 - 180 230 - 240 265 - 270 

Starch    470 - 640 

Wheat dust   380 205 

Corn dust    850 

Corn 

The corn is the most important raw material for in-

dustrial production of the starch. The starch is created 

by grinding from grains from dry corn. The sweetcorn 

is the most cultivated species, the corn is consumed 

fresh, canned or frozen. It is characterized by its grain 

containing a high percentage of sugar in the stage of 

lactic ripeness, when it is suitable for processing in 

kitchen. It is dried to the moisture of 15 % for produc-

tion of the starch. 

Composition of the starch 

The cornstarch is a polymer of glucose 

(C6H10O5)2, located as a reserve substance. The cel-

lulose is another type of polymer of glucose. The 

starch in comparison to cellulose is made up of alpha-

glucosidic bonds which form helical molecules. The 

cellulose is made up of beta-glucosidic bonds, which 

create long, straight molecules having the fibre struc-

ture. The starch in the plant occurs in the grainy form 

having the diameter of 1-140 Õm. 

The cornstarch mostly consists from 25 % of amo-

lyse and 75 % forms amylopectin. The two compo-

nents are made up of long rows of molecules of glu-

cose and it also contains lipids, proteins and water. The 

high content of amylopectin is associated with higher 

viscosity and stability against temperature and pH. 

The starch of amylo-corn does not gelanitise in usual 

way and it is used in the textile industry, in production 

of adhesives and also in the food industry.  

2.2. Methodology of the experiment 

Sieve Analysis of Dust Samples 

The sieve analysis is the method of finding out the 

size of particles of solid substances. This method be-

longs to the so-called. fractionation or separation tech-

niques of analysis of  particles size. The sieve analysis 

is based on using of a set of sieves having known size 

of apertures which is set in direction of gravity 

transport of analysed substance into the block with 

gradually lowering the size of apertures. Certain part 

of the original sample containing particles within the 

limits determined by size of apertures of the upper and 

lower sieves remains on the each sieve after comple-

tion of fractionation. The rest on the sieve is weighted 
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and the result is assessed as the weight of fractions 

with defined interval of the size of particles. The result 

of sieve analyses in the form of mass content of partic-

ular fractions as well as gain of real sample with de-

fined size of particles belong to the greatest advantages 

of this method. It was necessary to make a sieve anal-

ysis of samples before measurement of minimum igni-

tion temperature of dusts in settled and swirled states. 

The sieve analysis was performed on the device 

marked as RETSCH AS 200 lasting 10 minutes. The 

duration of the sieve analysis was selected upon the 

size of particles of dust sample.  

The amounts of samples of the smooth flour and the 

cornstarch were measured before performing the sieve 

analysis which were placed on the sieve having the 

largest size of apertures (500 Õm). The weight of each 

fraction was measured on analytical scales (KERN 

PLT 450-3M) after performing the sieve analysis; it 

provided us an information about the size and percent-

age representation of particles which were present in 

examined samples.  

 

Thermic Analysis of Dust Samples 

The thermogravimetry, differential thermic analy-

sis, differential scanning calorimetry, thermic dilatom-

etry and enthalpiometry belong to the most important 

methods of thermic analysis. 

Samples of the dust of the wheat flour and the corn-

starch were analysed by thermogravimetry (TG) and 

differential scanning calorimetry (DSC). 

The thermogravimetry (TG) is the method of ther-

mic analysis which studies the course of thermolysis 

and combustion of polymers. It follows also changes 

of the weight of heated sample. The thermogravime-

try, according to method of the heating the sample, 

may be either isothermic (suitable to monitoring of 

self-heating and self-ignition processes) or dynamic, 

in which, the temperature varies according to predeter-

mined programme [15].  

The method of thermic analysis, differential scan-

ning calorimetry is often used at present, also referred 

to as enthalpy thermic analysis (DSC - Differential 

Scanning Calorimetry). It is process, through which 

the difference between the heat flow (energy) supplied 

into the test sample and the reference sample is meas-

ured as a function of temperature and / or time, while 

the test and the reference samples are exposed to se-

lected temperature programme.  

The DSC uses an additional source which balances 

the temperature difference between uniformly heated 

sample and compared substance. The energy con-

sumed to this balancing is measured directly beside it. 

The advantage is particularly simple, direct determina-

tion of specific reactional heats [15]. 

Thermogravimetry - thermal decomposition of dust 

samples of the flour and the starch will run in three 

stages at constant heating rate of 10 ÁC.min-1. 

 

Determination of minimum ignition tempera-

ture of dusts in settled and swirled states 

The minimum ignition temperature in the settled 

state tumin and ignition temperature in the swirled state 

trmin are obtained upon the Slovak Technical Standard 

STN EN 50281-2-1. Electrical devices for use in 

premises with presence of flammable dust Part 2-1: 

Test methods. Methods to determination of minimum 

ignition temperatures of dust [16]. 

Samples of dusts were stabilized and treated 

equally. The height of settled dusts was 5 mm. The 

principle of determination was applying the dust sam-

ple on hot surface of the metal plate on which was 

placed thermocouple measuring the temperature of the 

hot surface. Another thermocouple was placed 1 mm 

below the surface of the dust sample; the thermocou-

ple was reading its fluctuating temperatures. Whether 

it was ignition (heating or smouldering) was con-

cluded on visual appearance of the sample.  

It is stated in above mentioned standard, that ther-

mocouple reading the temperature of the surface of the 

settled dust sample have to pass through entire diame-

ter of testing ring where the dust sample is placed. Be-

cause of absence of such thermocouple, the measure-

ment was performed with the thermocouple having its 

end placed in the middle of the ring. But measured val-

ues are relevant and comparable with measurements in 

which the thermocouple is passing through entire di-

ameter of test ring would be used.  

Determination of ignition temperature of dusts in 

swirled state trmin rests in creating combinations of 

charge of the sample, furnace temperature and cham-

ber pressure containing technical air which swirls the 

sample. Determination of minimum ignition tempera-

ture of swirled dust influences the weight of charge of 

the dust sample, temperature of the hot surface of fur-

nace and pressure of technical air swirling the dust 

sample and transferring it into furnace.  
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We used charges having the weight 0.1; 0.3 and 0.5 

g and the pressure of technical air of 10, 20 and 50 kPa 

in determining the minimum temperature of ignition 

of swirled smooth flour and cornstarch. After positive 

response, (i.e. an ignition happened), we reduced the 

temperature of the furnance to such a value at which 

an ignition of any combination did not come on. 

3. Results 

3.1. Results of the sieve analysis 

We obtained results shown in the Tab. 3 by the 

sieve analysis of samples of solid particles of the 

smooth wheat flour and the cornstarch. Particles hav-

ing the size of 90 Õm have the largest representation in 

the sample of the cornstarch. Particles having the size 

of 71 Õm have the largest representation in the sample 

of the smooth flour. An important finding is that the 

value of the overflow through all screens to the bottom 

in the case of the cornstarch was 1.463 g; this value is 

much higher in comparison to the smooth flour, be-

cause the value of the overflow of the smooth flour is 

0.032 g. We can conclude from shown measured val-

ues of percentage representation of solid particles of 

samples according to size of sieves that solid particles 

of smooth wheat flour have finer fractions than corn-

starch.

 
Table 3 Measured values of flour and corn starch by sieve analysis 

 

Mesh size (Õm) 
Corn starch Flour  

Weight  (g) Percentage 

presence  (%) 

Weight  (g) Percentage 

presence  (%) 500 0.208 0.73 0.202 0.70 

250 3.394 11.94 1.243 4.32 

200 2.895 10.19 1.513 5.26 

150 3.387 11.92 1.518 5.28 

90 9.771 34.38 9.172 31.88 

71 5.313 18.69 11.569 40.21 

56 1.598 5.62 3.376 11.73 

45 0.393 1.38 0.148 0.51 

Bottom sieves 1.463 5.15 0.032 0.11 
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Figure 1 Comparison of the presence of particles in flour and starch samples 

 

The percentage of representation of the size of sam-

ples of smooth flour and corn starch by sieve analysis 

is shown at the Figure 1. 

3.2. Thermic analysis of dust samples 

We found out by experiments of samples by ther-

mogravimetric analysis that the shape of the curve  

 

that represents the dependence of the change of the 

weight on increasing temperature is similar in both of 

samples of dust particles. The course of thermic de-

composition of the smooth wheat flour is shown at the 

Figure 2 and the corn starch is at the Figure 3.
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Figure 2 TG analysis of wheat 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 TG analysis of corn starch 

 

Figure 1 TG analysis of corn starch 

 


















































































































































































































































































































































































































