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A B S T R A C T    
 

 

The results obtained from cone calorimetry burning of 50 polymers at 35 kW m
-2

 that were supplied in the form of plates by 

the Resin Kit Company (Woonsocket, RI) are presented. For thermally thin polymer samples in the form of plates a special 

rectangular holder (of the surface 83 cm
2
) was used made from stainless steel (9.1x9.1x0.3) cm. The evaluation of cone   

calorimetry records for non-standard sample sizes was based on the oxygen consumption from which the heat release rate is 

subsequently derived by means of the surface of burned sample. Thermogravimetry (TG) measurements were performed 

using a Mettler Toledo TGA/SDTA 851e instrument in a nitrogen flow (30 ml min
-1

) using a heating rate of 5 °C min
-1

 in a 

temperature range from room temperature up to 550 °C. The results were complemented by the tendency of respective  

polymers to ignition and the relation of time to ignition with non-isothermal thermogravimetry runs in nitrogen has been 

searched for.  
 

Keywords: Burning of polymers • Cone calorimeter • Oxygen consumption • Non-isothermal thermogravimetry 

1. Introduction  
 

In the literature a lot of data on the combustion of vari-

ous polymers (industrially produced or newly synthesized) 

has been published in an attempt to show how the respec-

tive modification upgraded the flame performance of a 

given polymer. Cone calorimeter based on oxygen con-

sumption has been used in the most cases and flammability 

parameters have been assessed [1-8].  Heat release rate vs. 

time is usually the first graph that may be encountered in 

the most of such assessments. To obtain the reliable data 

the standard set up of instrument involving (10x10) cm at 

least 1 cm thick sample is needed. Recalculation of oxygen 

consumption to kW m
-2

 of heat release rate takes into ac-

count the empirical knowledge that 1 g of oxygen con-

sumed during burning leads to the release of 13.1 kJ of heat 

and calibration of the instrument taking into account the 

surface of the sample above which is the flame sitting.  

The present paper submits results obtained on cone calo-

rimetry burning of some polymers selected from the Resin 

Kit Company (Woonsocket, RI). The samples were sup-

plied in the form of plates 2 mm thick and as such they 

have nonstandard dimensions. The cuts from these plates 

having the surface 36 cm2 were used. The polymers were

 

characterized by specific gravity, tensile strength, Izod 

impact, Rockwell hardness, deflection temperature, mold 

shrinkage and weight/cubic inch, but did not provide infor-

mation about the presence or identity of additives. The resin 

kit polymers involve polystyrene and its copolymers, ABS 

copolymers, acrylics, polyamides, polyesters, cellulose 

derivatives,  polyolefins and their copolymers, flame re-

tarded samples and samples filled with inorganic additives, 

polysulphones, polycarbonates, polyphenylene sulfides, etc. 

(See the Table 1). 

The attention has been focused on the relation of the heat 

release rate data and rate of oxygen consumption in the 

non-standard cases [4] where the surface of measured sam-

ples has been changed due to the sample melting during 

combustion. The evaluation of cone calorimetry  records of 

heat release rate and  oxygen consumption vs. time during 

burning at the cone radianccy 35 kW m
-2

 were comple-

mented by  the tendency of respective polymers to ignition 

and its relation with non-isothermal thermogravimetry runs 

in nitrogen has been searched for. 
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Table 1 The Resin Kit polymers 

Sample 

No. TOC
a
 

Polymer  Sample 

No.  

Polymer  Sample 

No. 

Polymer  

1 

1.93 

Polystyrene 

(general purpose) 
18 

1.41 

Thermoplastic   

polyester (PETG) 
35 

2.05 

Synthetic elastomer (Styrene 

block copolymer) 

2 

2.06 

Polystyrene   (medium 

impact) 
19 

1.31 

Polyphenylene 

oxide (PPO) 
36 

1.90 

Polypropylene (glass filled) 

3 

2.02 

Polystyrene (High  

impact) 
20 

1.20 

Polycarbonate 37 

1.23 

Urethane elastomer,      

thermoplastic (TPU) 

4 

1.68 

Styrene Acrylonitrile 

(SAN) 
21 

1.04 

Polysulfone 38 

2.42 

Polypropylene (Flame    

retardant) 

5 

1.94 

Acrylonitrile-butadiene-

styrene (ABS)-

Transparent 

22 

2.08 

Polybutylene 39 

1.62 

Polyester elastomer 

6 

1.88 

Acrylonitrile-butadiene-

styrene (ABS)-medium 

impact 

23 

2.80 

Ionomer 40 

1.03 

Acrylonitrile butadiene 

styrene (ABS) flame     

retardant 

7 

1.96 

Acrylonitrile-butadiene-

styrene (ABS)-high 

impact 

24 

3.08 

Polyethylene (low 

density) 
41 

2.92 

Polyallomer 

8 

2.06 

Styrene butadiene block 

copolymer 
25 

3.04 

Polyethylene (High 

density) 
42 

2.15 

Styrene terpolymer 

9 

1.51 

Acrylic 26 

2.93 

Polypropylene         

(Copolymer) 
43 

3.03 

Polymethyl pentene 

10 

1.88 

Modified acrylic 27 

2.93 

Polypropylene 

(Homopolymer) 
44 

1.73 

Polypropylene (Talc       

reinforced) 

11 

1.45 

Cellulose acetate 28 

2.66 

Polypropylene 

(Baryum sulfate 

reinforced) 

45 

1.76 

Polypropylene (Calcium 

carbonate reinforced) 

12 

1.46 

Cellulose acetate    

butyrate 

29 

1.08 

Polyvinyl chloride 

(PVC flexible) 
46 

1.80 

Polypropylene (Mica      

reinforced) 

13 

1.46 

Cellulose acetate    

propionate 

30 

0.79 

Polyvinyl chloride 

(PVC rigid) 
47 

1.33 

Nylon 66 (33% of glass) 

14 

1.48 

Nylon (transparent) 31 

0.96 

Acetal  resin     

(homopolymer) 
48 

2.58 

Thermoplastic rubber (TPV) 

15 

2.05 

Nylon  type 66 32 

1.01 

Acetal  resin     

(copolymer) 
49 

3.00 

Polyethylene (medium   

density) 

16 

2.11 

Nylon type 6 33 

0.41 

Polyphenylene 

sulfide (PPS) 
50 

1.90 

Acrylonitrile butadiene 

styrene (ABS) nylon alloy 

17 

1.45 

Thermoplastic polyester 

(PBT) 
34 

2.77 

EVA copolymer   

a 
stands for TOC, total oxygen consumption/g of polymer sample 
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2. Material and methods 

 

The list of the polymers is given in the Table 1.  Poly-

mers that were graphically presented are in the red. In the 

Table 1 there is the total oxygen consumed related to 1 g of 

burned polymer. 

Dual cone calorimeter was the product of Fire testing 

technology, England.  For thermally thin polymer samples 

in the form of plates a special rectangular holder (of the 

surface 83 cm
2
) was used made from stainless steel 

(9.1x9.1x0.3) cm. The holder was placed into the sample 

holder supplied by cone calorimeter producer. The bottom 

of the holder was isolated from the main holder by 5 mm 

thick layer of kaowool.  The centre of the samples was 

situated 6 cm from the lowest part of the cone heater. 

The heat release rate was calibrated by burning methane. 

The reproducibility of burning experiments as it concerns 

the ignition time, heat release rate, mass loss and total 

smoke production under conditions of piloted ignition was 

good provided that the holders with sample were initially 

thermostated to the room temperature. 

The cone radiancy 35 kW m
-2

 which corresponds to a 

certain cone temperature (770 
o
C) was set according to the 

calibration diagram for a distance of the sample from the 

cone edge 6 cm.  

Thermogravimetry (TG)  measurements were performed 

using a Mettler Toledo TGA/SDTA 851e instrument in a 

nitrogen flow (30 ml min
-1

) using a heating rate of              

5 °C min
-1

 in a temperature range from room temperature 

up to 550 °C. Indium and aluminium were used for temper-

ature calibration. The amount of samples applied was 

around 3 mg. 

 

3. Results and discussion  
 

Fig.1 shows the oxygen consumption during burning of 

several polymers in cone calorimeter. These curves are 

original records from the instrument and the data such as 

heat release rate (HRR), total heat release (THR) are de-

rived from it via the surface of the burning polymer. The 

surface of the burning polymer is the parameter inserted by 

the cone calorimeter operator and therefore to obtain relia-

ble heat release rate data it must be kept constant during all 

experiment. This is also the reason why the calorimeter 

producer strictly requires using the standard sizes of sam-

ples (surface 100 cm
2
). The shape of heat release rate curve 

is formally identical with the rate of oxygen consumption 

(Fig. 2) and is related to it through the calibration constant. 

Some discrepancies may be however observed when corre-

lating e.g. the total heat release (THR) with total oxygen 

consumed (TOC) (Fig. 3). In the case of polymers as poly-

propylene (sample 27) that melts after ignition and spreads 

over the sample holder the declination from the straight line 

was observed. In the red color, there are depicted the sam-

ples that melted when the melt was evidently spread along 

the sample holder. Straight line corresponds to the samples 

which surface did not change during the burning. Recalcu-

lation from the slope gives the initial surface 28 cm
2
 that is 

80 % of the real surface of the samples that were initially 

put to the holder (36 cm
2
). The interesting fact seen from 

the Fig. 1 is the steady but slight increase of the amount of 

oxygen consumed after the flame extinction that may be 

ascribed to the subsequent oxidation of the carbon residue 

being formed from polymer degradation (Fig. 1). 

From this aspect, the amount of oxygen consumed relat-

ed to 1 g of polymer burned (Table 1) appears to be more 

reliable criterion of rating of flammability of polymers 

having non standard sizes. 

The release of volatiles during programmed heating for 

some samples from the Resin Kit may be exemplified in the 

Fig. 4. The selection of polymers shown was done so that 

we can easily come to the conclusion that the ignitability of 

the polymer is related to the facility of polymer decomposi-

tion. Time to ignition in a cone calorimeter moves from the 

very low value for plasticized PVC (23 s) to the thermally 

stable polymers such as polyphenylene sulphide, polysul-

fone and polycarbonate (100-300 s). Thermal stability of 

polymethyl methacrylate (PMMA), polystyrene, polypro-

pylene and polyethylene follow this tendency even more 

perfectly, namely (40, 65, 69 and 81) s, respectively. How-

ever, when plotting time to ignition from cone calorimeter 

vs. temperature of the maximum rate of volatiles release 

from thermogravimetry for all polymers from the Resin Kit 

examined we see that the correlation is rather poor and that 

the general relation, namely that the higher temperature of 

the volatiles release means the higher time to ignition is not 

valid unambiguously (Fig. 5). 

 
Figure 1 The cone calorimetry runs of oxygen consumption per 

gram of polymer sample during the burning of polymers        
(the cone radiancy 35 kW m

-2
) 
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Figure 2 The comparison of the lines of oxygen consumption 

rate and heat release rate for burning of the selected group of 
polymers from the Table 1 (weaker lines are related to the heat 

release rate; cone radiancy 35 kW m
-2

) 

 
Figure 3 The correlation between total heat released and total 
oxygen consumed for cone calorimeter measurements of resin 

kit polymers 

 
Figure 4 Example of TG records for polymers No. 29, 9, 1, 27, 24, 

20, 21 and 33 from the Resin Kit (the rate of sample heating       
5 

o
C min

-1
, nitrogen atmosphere, the numbers in brackets   

denote the time to ignition (s) in cone calorimeter at the cone 
radiancy 35 kW m

-2
) 

 
Figure 5 Correlation of the time to ignition from cone           

calorimeter with the temperature of the maximum rate of  
volatiles released from thermogravimetry 

 

4. Conclusion  
 

1. From the correlation between  total heat released and 

total oxygen consumed it follows that initial surface of 

burning sample inserted into the instrument by opera-

tor is the important parameter affecting the resulting 

heat release rate release. It was deduced that the sur-

face holding the flame is 80 %, approximately, of this 

initial value.  

2. In the case of samples with non-standard sizes, the to-

tal oxygen consumed or the rate of oxygen consump-

tion is more reliable parameter of flammability than 

the total heat released and heat release rate data. 

3. Time to ignition does not correlate well with thermal 

stability of polymers as determined by non-isothermal 

thermogravimetry.  From the Fig. 4 and 5, however, is 

seen that there may be found groups of polymers for 

which the idea of good correlation may be adopted.  
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A B S T R A C T    
 

 

The purpose of this work is to explore the variability in the soil thermal conductivity of burnt soil and assess the effects of 

the ashes on the heat transfer when they were incorporated into the soil matrix. A set of 42 soil samples from the Montgrí 

massif experimental plot between the surface and 5 cm depth was collected before and after the soil was burnt. A thermal 

characterization of the soil was carried out and for that, the dry out curves were constructed. These presented the           

relationship between water content and thermal conductivity for both types of soil samples, burnt and non-burnt soil. The 

results show that soil is more conductive to the heat pulse transfer before the soil was burnt (0.378 W m
-1

 C
-1

) than after the 

soil was exposed to the fire (0.337 W m
-1

 C
-1

). Therefore, within a range of moisture scenarios, the values of thermal            

conductivity decreased after soil was burnt. An experimental concern was based on observing the soil thermal behavior 

when ash collected after fire was incorporated into the burnt soil matrix. In this case, soil thermal and soil hydrodynamic 

behavior were different according to the type of ash. Soil mixed with white ash showed higher thermal conductivity than 

soil mixed with black ash. To sum up, the soil thermal conductivity decreased when soil was burnt. However, soil thermal 

conductivity was different differences depending on the type of ash incorporated into the matrix. White ash transferred the 

heat pulse better than black ash. 
 

Keywords: Ash · Forest fire · Thermal properties · Water content 

1. Introduction  
 

Forest fires are part of the Earth’s ecosystems and they 

determine the vegetation characteristics, the soil properties 

and the hydrological behavior. Fires are an important agent 

in Boreal, Temperate, Tropical and Mediterranean ecosys-

tems, where are especially recurrent during summertime [1-

2]. Ash is one of the several components affecting soil 

behaviour after forest fires [3], but little is known about the 

impact of ash on soil thermal properties. 

Fire has shaped global ecosystems for over 350 million 

years and has been a driving force for the evolution and 

spread of new plants and biomes [4]. The impact of fire on 

soils may vary between extremely beneficial or extremely 

harmful, able to cause irreversible degradation processes. 

Low-intensity and short-in-time fires do not cause signifi-

cant impacts in soils. In contrast, irreversible damages may 

occur after high-intensity fires, when heat penetrates deeply

 

into the soil and the heat pulse is maintained for a long time 

[5-6]. Some researchers have studied the variation in the 

chemical [7] and physical properties [8] soils after fire, 

although some aspects are not yet fully explained or have 

not been considered in the literature. Some of these are soil 

properties governing the heat flow transport inside the soil 

matrix, which are especially affected by three important 

physical and chemical variables: compaction, moisture 

content and mineralogy. 

Intensity of impacts may vary depending on the severity 

of soil heating during a wildfire. In some cases, burning 

induces the formation of a water-repellent surface or sub-

surface soil layer, the destruction of most of the organic 

material in the upper few centimeters of soil decrease ag-
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gregate stability [9-10], changes in soil pH and soil chemis-

try, differences in soil water content, increase bulk density 

and reduce soil porosity [11-12]. Hence, when biomass 

burns on or above soil surface, the heat pulse penetrates 

into the soil body causing damages to roots and changes to 

microbial populations [13-14].  

Prescribed burning is a useful tool to maintain the shrub-

lands, especially in Mediterranean area. When properly 

applied, prescribed fire largely consumes litter and soil 

organic matter and, depending upon the completeness of 

combustion [15], this can be a major mechanism for nitro-

gen loss [16-18]. After prescribed fire, some nutrients are 

concentrated in the ash [19]. Some authors have defined ash 

as the waste of residues resulting from burning [20-22]. 

However, this explanation is rather focused on industrial 

burnings. Other authors have defined ash as the particulate 

residue remaining or deposited on the ground that consists 

of mineral materials and charred organic components [3].  

Ash is composed of carbonates, silicates, apathite, ox-

ides, hydroxides, sulphates and chlorine [23], and may 

include elements which may show a certain degree of tox-

icity [24-25]. Also, the chemical and physical properties of 

ash were studied by Ulery et al. [26], Goforth et al. [27], 

Smith and Hudak [28] and Úbeda et al. [29] in order to 

improve the current methodology to estimate and evaluate 

ash properties using updated and new techniques [23, 29].  

Few research works have been conducted on the impact 

of ash on soil physical properties. Currently, it is known 

that an ash layer on the soil could increase the water reten-

tion on the soil surface, and therefore decrease runoff [30-

33]. Some authors have observed that fine ash particles can 

collapse soil pores [33] and seal the soil surface [34-35]. 

According to Bodí et al. [36] several types of ash may be 

generated for burning different vegetal species. After low-

severity combustion, ash produced is usually darker, more 

coarsely textured and less permeable than ash produced 

after severe combustion. Dark ash from low-severity burn-

ing may induce or enhance soil water repellency, so con-

tributing to increased runoff rates and sediment yields [3]. 

Changes in soil thermal conductivity () after burning 

are less obvious [13]. These changes are related with fire 

impacts on soil structure. Soil thermal conductivity is 

strongly determined by soil structure [37], and soil compo-

sition [38-39]. Usually, changes in aggregation occur in 

most soils after partial or complete combustion of soil or-

ganic matter.   

Consequently, the purpose of this research is to explore 

the variability of soil thermal conductivity in a fire-affected 

Mediterranean loam soil. In order to achieve this goal, the 

following objectives were considered: (i) to study the rela-

tionship between soil thermal conductivity and water con-

tent, (ii) to evaluate the influence of different amounts of 

ash on soil thermal conductivity, and (iii) to determine the 

impact of ash incorporated into the soil matrix on soil ther-

mal conductivity under different conditions of moisture 

content. 

 

2. Material and methods  
 

2.1. Study area 
 

The study area is located in the north-eastern corner of 

the Iberian Peninsula in the coastal mountains of Catalonia 

(Figure 1). Vegetation is typically Mediterranean, com-

posed by pine plantations (Pinus halepensis) with shrubland 

of kermes oak (Quercus coccifera), rockrose (Cistus albi-

dus), rosemary (Rosmarinus officinalis) and mastic (Pista-

cea lentiscus). At the time of the fire, the air temperature 

was 12.5 ºC with air relative moisture at about 60%. Two 

sets of 42 soil samples (0-5 cm depth) were collected before 

and just after the fire using a homogeneous grid (geograph-

ical coordinates 42º5’13’’N 3º10’33’’E). 

 
Figure 1 Location of the study site (the black point indicates the 

sampling area) 

 

2.2. Laboratory analysis 
 

The soil surface temperature was measured in every 

sampling spot with an infrared thermometer after burning. 

In order to characterize the soil, chemical and physical 

variables were analyzed. Particle-size distribution was de-

termined using the wet sieve method for the particles be-

tween 50 m and 2000 m, and a dispersion laser beam 

device (Malvern Mastersizer/E) for particles smaller than 

50 m. Bulk density and porosity were determined using 

undisturbed sample volumes (around 100 cm
3
 per collected 

sample) [40]. Calcium carbonate content was determined 

using a Bernard calcimeter [41]. Hygroscopic water content 

was determined by weight differences after drying the sam-

ples at 105 ºC for 24 hours. The pH and electrical conduc-

tivity were analyzed using an extract of distilled water (w:v, 

1:2.5 ratio), and measured with a pH-meter and conductivi-

ty meter [42]. The organic matter content was determined 

according to the sulfochromic oxidation and titration meth-

od [43].  
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In order to determine the variability of the soil thermal 

conductivity (), composed samples were prepared using 

the 42 samples of each scenario (i.e. before and after the 

area was burnt). In order to study the relationship between 

thermal conductivity and water content (), different dry-

out curves were calculated [44-45]. The dry-out curves 

were constructed by wetting up air dry samples with dis-

tilled water. Thus, 6 different moisture points on the dry-out 

curve were obtained. Soil and water were homogenized and 

packed into a soil column device up to reach the bulk densi-

ty determined in the laboratory bulk density test such as it is 

described above. Soil columns were covered and insulated 

in a thermal chamber until steady-state conditions were 

reached, i.e. constant weight and temperature. The water 

content was calculated by drying the sample in the oven 

and observing, after 24 hours, the loss of weight. The ther-

mal conductivity as a function of water content was meas-

ured with the methodology developed according to the 

analysis described by Rubio [46]. A SH-1 dual needle 

thermal sensor combined with KD2-Pro (Decagon Devices, 

Inc.) reader-logger allowed to obtain reliable and accurate 

soil thermal conductivity values.  

An experimental design with ashes was performed using 

soil column devices, as well. To carry out the ongoing re-

search, several volumes of two types of ashes (white and 

black) were used. White and black ash samples were col-

lected from some burnt patches into the experimental plot. 

The colour of ashes indicates differences in the temperature 

reached on the soil surface and also indicates differences in 

the physical and chemical composition of ashes [47-48]. 

Ash samples were mixed with burnt soil to get samples     

(10, 20, 30, 40, 50, 60, 70, 80 and 90) % ash/soil ratios in 

volume. Mixed samples were air-dried during until constant 

weight and soil thermal conductivity was determined. 
 

2.3. Statistical analysis  
 

To evaluate whether the dataset follows a normal distri-

bution, i.e. the parametric or non-parametric distribution of 

the dataset, a frequency histogram was constructed. The 

normal distribution of data was rejected by visual examina-

tion of histograms. So, non-parametric tests were used to 

study differences between mean values (Mann-Whitney U-

test) and possible correlations (Spearman’s rank correlation 

coefficient). The SPSS software pack was used for compu-

tations [49]. The Mann-Whitney U-test is a non-parametric 

statistical hypothesis test used when assessing whether their 

population mean ranks differ. In this work, the test was 

used as an alternative to the paired Student's t-test because 

the samples did not follow a normal distribution.  

To observe the statistical dependence between two 

groups of samples, burnt soil and non-burnt soil, the 

Spearman's rank correlation coefficient was calculated. The 

coefficient assesses how well the relationship between two 

variables can be described using a monotonic function. 

Spearman's coefficient is appropriate for both continuous 

and discrete variables with a significance level of P < 0.05. 

Also, we used the Wilcoxon Signed-Rank Test to asses if 

the thermal properties differences between black and white 

ashes were significant when these were incorporated at the 

sample soil sample. The Wilcoxon test is a non-parametric 

statistical hypothesis test used when assessing whether their 

population mean ranks differ. In this work, the test was 

used as an alternative to the paired Student's t-test because 

the samples did not follow a normal distribution. 

Eventually, we used two objective quantities to express 

the differences in terms of thermal conductivity between 

non-burnt soil and burnt soil, as well as to quantify the 

differences when 90 % of ash (black or white ash) was 

incorporated into non-burnt soil matrix, as the alternative 

way to investigate how much alter the soil thermal proper-

ties when the ash is incorporated in the soil. The mean error 

(ME) quantifies the systematic bias between burnt soil and 

non-burnt soil thermal conductivities. The root mean square 

error (RMSE) determines the deviation in the comparison 

from the measurement.  

   
 

 
∑  ii



   
    (1) 

 

     √ 

 
∑  ii



    
    (2) 

 

where θi and θi denote respectively measured non-burnt 

soil and determined burnt soil values of thermal conductivi-

ty at any specified water content . Then n is the number of 

samples or different measures for which the ME and RMSE 

were calculated.  

 

3. Results and discussion   
 

3.1. Characterization of soil physical and  

chemical properties 
 

According to the USDA textural classification [50], soil 

texture is loam. The values of chemical and physical prop-

erties before and after fire are as follows: sand particle size 

increased (from 39.3 % to 41.7 %) and the silt particle size 

decreased (from 35.1 % to 32.4 %). Mean bulk density was 

around 1.1 g cm
-3

, and mean total organic carbon content 

was about 11.2 % and 10.9 %. Mean electric conductivity 

increased, showing values from 126 s cm
-1

 before burnt up 

to 199 s cm
-1

 at 25 ºC after burnt. On the other hand, the 

values of the variables pH, mean calcium carbonate con-

http://en.wikipedia.org/wiki/Non-parametric_statistics
http://en.wikipedia.org/wiki/Statistical_hypothesis_testing
http://en.wikipedia.org/wiki/Student%27s_t-test
http://en.wikipedia.org/wiki/Monotonic
http://en.wikipedia.org/wiki/Continuous_variable
http://en.wikipedia.org/wiki/Discrete_variable
http://en.wikipedia.org/wiki/Non-parametric_statistics
http://en.wikipedia.org/wiki/Statistical_hypothesis_testing
http://en.wikipedia.org/wiki/Student%27s_t-test
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tent, and mean hygroscopic water content are similar for the 

samples between not burnt and burnt soil. 

 

3.2. Characterization of soil thermal             

conductivity measurements 
 

The Mann-Whitney U-test has shown a Z value about -

1.849, then solving for the Z value in the normal distribu-

tion table confirms that the soils differ around 6.5 % for 30 

degrees of freedom, for p  0.05. Therefore, the test is not 

allowed to accept the null hypothesis, hence the two soils 

(burnt and non-burnt) that presented slight differences be-

tween them, and on the whole of the dry-out curve. On the 

other hand, Spearman’s coefficient has shown an r of 0.98 

significant at a p  0.01. 

Table 1 shows differences between both soil thermal 

conductivities for a burnt and non-burnt soil. At any water 

content, thermal conductivity from burnt soil was lower 

than thermal conductivity from non-burnt soil, with differ-

ences between (0.03 and 0.06) W m
-1

 C
-1

.  

On the other hand, steady-state conditions are reached 

for water contents above 0.10 gH2O gsoil
-1

. The critical point 

in the burnt soil was stronger, presenting a critical reaction 

approximately at 0.08 gH2O gsoil
-1

; whereas, the non-burnt 

samples showed a critical point around 0.06 gH2O gsoil
-1

 

(Table 1). 

 

Table 1 Relationship between thermal conductivity and water 
content, for a loam soil before and after prescribed fire (WC = 
water content (gH2O gsoil

-1
); λ = thermal conductivity (W m

-1
 C

-1
) 

and Std = standard deviation) 

 Burnt Soil  Non-Burnt Soil 

 WC  Std  WC  Std 

Air dry 0.03 0.16 0.001  0.03 0.19 0.001 

Moisture-1 0.07 0.18 0.002  0.05 0.24 0.001 

Moisture-2 0.08 0.21 0.002  0.07 0.25 0.001 

Moisture-3 0.11 0.26 0.003  0.10 0.29 0.006 

Moisture-4 0.14 0.31 0.002  0.13 0.35 0.007 

Saturation 0.58 0.90 0.004  0.56 0.95 0.004 

 

Differences between both samples maybe due to organic 

matter content, as the thermal conductivity of organic mater 

is lower than that of the mineral matter [44-45] . 

Temperature monitoring indicated that, during the exper-

iment, mean temperature was around 21.5 ºC in non-burnt 

soil samples. In contrast, mean temperature of the burnt soil 

samples during the experiment was around 18.5 ºC. These 

differences may indicate certain variations in the thermal 

conductivity, especially when soil was close to saturation. 

Hence, Figure 2 shows divergences on soil thermal conduc-

tivity values for the whole dry-out curve. In non-saturated 

soils, high temperatures may cause water evaporation under 

certain conditions. This fact should be explained in terms of 

the temperature dependence of liquid flow in porous media, 

owing to the results from the temperature effects on water 

viscosity and volumetric moisture content, through the 

hydraulic conductivity gradient and consequently the heat 

transfer. On the other hand, in the saturated zone of the 

curve, viscosity effects are the only cause for the variations 

in thermal conductivity (and also liquid velocities) as influ-

enced by temperature [51]. Thus, in more humid regions of 

the curve, conductive heat transfer and liquid water 

transport usually are the primary modes of transport related 

to the transient mechanism of thermal energy and moisture 

flow. When the heat pulse is transferred in drier regions of 

the curve, conductive heat transfer and vapour water 

transport are the dominant processes of thermal energy 

transport [52]. 

 

3.3. Determination of the effect of ashes on soil 

thermal properties 
 

Eventually, a new experiment with ash was carried out. 

After the prescribed fire several quantities of ash were col-

lected, and used in percentage of weight to mix with non-

burnt soil matrix. The ashes were sampled from different 

patches from the burnt soil surface. Black ash was found 

where the temperature measured with the infrared ther-

mometer was around 150 ºC. If the temperature reaches 

more than 400 ºC combustion of organic carbon begins to 

produce white ash. In our plot, the temperature on the soil 

surface, measured just after prescribed fire with the same 

infrared thermometer reached the 600 ºC.  

The first step of this research work was to observe the 

relationship between bulk density and porosity using burnt 

soil and different types of ash (black and white ash). This 

relationship is shown in Figure 2, where the linear relation 

between both variables showed well-compacted soil sam-

ples. The porosity pattern decreased in proportion to the 

increase in the bulk density. In both cases, two well-defined 

groups of burnt soil samples were determined in terms of 

type of ash, which shown the Spearman’s coefficient r 0.97 

significant for p  0.01. 

The soil repacked with black ash had lower bulk density 

values than soil mixed with white ash, which had a lower 

porosity. Massman et al. [53] observed differences in the 

bulk density values of two soils (from 0 to 5 cm depth) after 

being burnt. This fact provides evidence of the incorpora-

tion of a certain quantity of ash into a few top centimeters 

of the soil surface [48], [54]. The incorporation of ash pro-

vides a lower bulk density in the upper soil layer [53]. 

White ash shows lower specific weight than black ash [29] 

and less particle size, as well. Nonetheless, some studies 
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about forest fire such as Certini [55] and Badía and Martí 

[56] document that the bulk density of soil increases signif-

icantly as a result of forest fire. This fact is because of the 

collapse of aggregates and clogging of voids by the ash and 

dispersed clay minerals, due the high presence of extracta-

ble sodium and potassium in ash solution that increase clay 

dispersion [57-59] cited in Pereira et al. [60]. As a conse-

quence, soil porosity and permeability decreases [55]. 

Figure 3a presents data on thermal conductivity for dif-

ferent percentages of black and white ash, which were 

mixed with burnt soil. The measurements in the test were 

always carried out using burnt dry soil samples. The soils 

mixed with white ash (dotted line) had a higher thermal 

conductivity than black ash (continuous line). These differ-

ences might be attributed to the large organic carbon con-

tent of black ash, which was not completely consumed 

during the prescribed fire [61]. Thus, soil organic matter 

contributed to decrease soil thermal conductivity. In terms 

of particle size, black ash is coarser than white ash [3] in-

creasing the porosity. Consequently, a higher void in the 

soil matrix will decrease the heat transfer. When organic 

matter content increases, soil shows a poorer soil heat pulse 

transfer [62]. On the other hand, higher bulk density of the 

white ash compared to black ash increased the target bulk 

density, and contributed to improve soil thermal conductivi-

ty, except in the measurement with 90 % by volume of ash 

(Figure 3a), where the soil thermal conductivity drastically 

decreased for both types of samples. Eventually, a Wilcox-

on signed rank test has shown a Z value about -2.386 with 

asympthotic significance value of 0.017 for p < 0.05. 

Therefore, the test rejects the null hypothesis; hence the two 

soils samples with several percentages of ash (black and 

white) have presented slight differences between them. 

The relationship between thermal conductivity as a func-

tion of water content is shown in Figure 3b. The test was 

performed using the soil samples with 90 % volume of ash, 

for both black and the white ash. Soil thermal conductivity, 

as a function of water content, was determined between 

water content at air-dry soil and the theoretical point at field 

capacity. For the new observation points, the quantity of 

water added to the soil samples was the same as for the dry 

out curves shown in Figure 2. Nevertheless the soil samples 

mixed with ash (Figure 3b) demonstrated substantially 

different water dynamics. Soil mixed with black ash in-

creased its water retention content close to saturation (from 

0.585 gH2O gsoil
-1

 to 0.745 gH2O gsoil
-1

), yet its thermal con-

ductivity value decreased (from 0.900 W m
-1 

C
-1

 to      

0.705 W m
-1 

C
-1

), if the values are compared against soil 

lambda values before to mix with ash. The soil mixed with 

white ash had a lower value of thermal conductivity    

(0.848 W m
-1 

C
-1

), meanwhile the water content at satura-

tion was slightly lower (0.445 gH2O gsoil
-1

). 

 

 
Figure 2 Relationship between soil bulk density (BD) and total soil porosity (effect for a burnt loam soil mixed with black ash and 

white ash) [44] 
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Figure 3 Effect of the ash on soil physical properties. A) Relationship between thermal conductivity () and volume of ash;                   

B) Relationship between thermal conductivity () and gravimetric water content (θ), being the soil matrix mixed with 90 % of white 
ash and 90% of black ash. [44] 

 

 
Figure 4 Mean error (ME, graph A) and root mean square error (RMSE, graph B) of the soil thermal conductivity curve                       

and the three conditions analyzed: burnt soil, burnt soil with 90 % black ash, and burnt soil with 90 % white ash 

 

Figure 3b shows clear differences between white and 

black ash when these were incorporated into the soil matrix. 

In this case, the Wilcoxon signed rank test has eventually 

shown a Z value about -2.524 with asymptotic significance 

value of 0.012 for p < 0.05. Therefore, the test either is 

allowed to accept the null hypothesis, hence the two soils 

samples presented significant differences as well. Over the 

entire two mean dry-out curves, differences were larger at 

values closer to saturation. An acceptable explanation could 

be as follows: (i) soil mixed with white ashes had a finer 

particle size distribution, which increased the water film 

around the particles because of the larger area. Moreover, 

the white ash increased the bulk density and as a result the 

air within the soil pores was reduced. Therefore, a rather 

high compaction of black ash involved a better heat flux 

transfer. It had high influence due to water film around the 

ash [63] because of the contact resistivity among particles 

that was reduced as well as the volume of air; (ii) the black 

ash particle size was larger than the white ash particle size. 

Also, the organic carbon content increased in the soil ma-
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trix. The combination of both features produced a low 

thermal conductivity value for the entire of the mean dry-

out curve for the soil mixed with black ash.  

 

3.4. Quantifying the differences between non-

burnt and burnt loam soil 
 

Figure 4 shows the ME and the RMSE for the three dif-

ferent conditions soil in terms of the variability of soil 

thermal conductivity, and for all soil moisture content sce-

narios. The mean ME for all conditions was between 0.032 

and 0.041 for burnt soil and soil mixed with white ash (Fig-

ure 4a), except for soil mixed with black ash (0.087). The 

maximum differences between conditions were at satura-

tion in burnt soil (about 0.048) and mixed with white ash 

(0.010), to a lesser extent, near 11 % of water content was 

in mixed black ash soil (0.066). 

All conditions analyzed showed similar patterns of mean 

RMSE across the six moisture content scenario points (Fig-

ure 4b), with values around 0.04 and 0.1 for burnt soil and 

soil mixed with white ash, respectively. For black ash soil 

mixed with black ash, the mean RMSE were slightly higher 

(Figure 4b).  

Both ME and RMSE decreased from saturation to the 

drier water content points over the entire dry-out curves 

(Figure 4b). Although all the soil conditions exhibited very 

similar behavior, the maximum thermal conductivity differ-

ences were always found when the soil was close to satura-

tion. These were due to differences in the type of ash and 

the hydrological behavior between fine and coarse particle 

size, i.e. black and white ash. 
 

4. Conclusion    
 

This study attempts to contribute information on soil 

thermal properties, especially when the soil has been affect-

ed by fire. Also, the study provides some insight into the 

effect of the ash post-fire on the soil thermal properties. To 

sum up the highlights of the study, we can conclude as 

follows; 

i) For the burnt soil studied, the thermal conductivity 

values were lower than the soil measures taken be-

fore prescribed fire.  

ii) Over the entire soil moisture scenarios, the soil ther-

mal behavior was linear especially when the water 

content was close to saturation.  

iii) The analysis of the ash mixed with the burnt soil in-

dicated that white ash, which is poorer in organic 

carbon content, provided a better heat flow transfer 

than soil mixed with black ash.  

iv) The finer particle size of the white ash increased the 

conductance of the heat flux into the soil.  

v) The improvements of the white ash to soil water re-

tention content, soil bulk density, and soil organic 

carbon content, never reached the original values of 

the soil thermal conductivity before the soil was 

burnt.  

vi) Higher thermal conductivity differences, in terms of 

ME and RMSE, were for the burnt loam soil with 

black ash incorporated into its matrix.  

 

In conclusion this work allowed observing how a loam 

soil is burnt, and therefore its thermal conductivity de-

creased, even if the water content governed the heat trans-

fer.  
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A B S T R A C T    
 

 

The timely and effective intervention of fire brigades to fight the forest fire depends not only on the time of fire sighting and 

announcing and the time of fire brigades attendance to the intervention place, but also on knowledge on the terrain,       

existence of forest roads to deploy the ground mobile fire-fighting equipment or even aerial fire-fighting equipment. To 

have the information on terrain, road network parameters is required to perform a field survey and to process the data of the 

field survey in the geographic information systems (GIS) environment, where they can be applied in area opening-up    

analysis. Here we present an approach to opening-up analysis processing in ArcGIS environment. It was performed for the 

territory of Maluzina Forest Management Unit to deploy the shuttle water relay fire-fighting equipment and for direct fire 

extinguishing using special forest fire-fighting equipment. The results showed that the territory is opened-up to 23.7 % 

(2,617.1 ha) for the shuttle water relay fire-fighting equipment and fire extinguishing purposes deploying the ground mobile 

fire-fighting equipment using only reinforced roads. When deploying the forest special fire-fighting equipment which uses 

also unpaved roads except the   reinforced ones, the opened-up area increased by the 39.3 % to 2,617.1 ha during the dry 

season and by 14.7 % (5,329.3 ha) during the wet one. Except the ground mobile fire-fighting equipment we also analysed 

the opening-up level of the territory in case of the “lake system” deployment for forest fire extinguishing. In that case, the 

index of territory opening-up increased to 85.3 % (8738.2 ha). 
 

Keywords: Fire-fighting equipment • Forest fire • GIS • Opening-up analysis 

1. Introduction 
 

In Forest fires belong among the most harmful factors in 

forestry, representing the highest risk for fulfilling the ob-

jectives of forest management planning.  

Effective forest fire prevention is a pre-requisite for good 

forest management in fire prone areas. To have sufficiently 

developed and quality road network that can be used for 

efficient fire-fighting is a sign of well-done fire prevention 

that can lead to reduction of fire vulnerability in that territo-

ry. 

In period 2000 – 2013, there occurred 5392 forest fires 

in Slovakia and the damage reached the value of 

23,879,900 EUR [1]. That is a reason to incorporate the 

effective fire protection system into a system of multi-

resource forest management. The most effective fire protec-

tion is effective prevention, however if a fire occurs is nec-

essary to start with its localization and suppression as soon 

as possible.  

The functional and efficient network of forest roads is a 

basic pre-requisite as for sustainable multi-resource forest 

management as well as for fire protection.  

In particular the planning of forest roads is commonly 

oriented to assigning the fundamental management activi-

ties in the forest and to reduce the costs and environmental 

impacts of timber logging. Nowadays, the analyses of forest 

opening-up are performed mainly as a part of timber log-

ging process optimization. For this purpose the computer 

aided or GIS approaches are used. These problems have 

concerned more authors for many years.  

The origins of problem addressing are associated with 

the effort of experts on devolution description processes, 

documentation of terrain features and mechanization used 

in to the computing environment. Technological tools - 

database systems, GIS and data structures have been used 

in different way and extent for this purpose. Recently, it 
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resulted in efforts to create specific resources to support the 

(spatial) decision making process. This trend requires not 

only manage those resources and tools as well, but also 

adopt new approaches to structuring the data or formal 

description of knowledge and decision rules.  

In general, from historical point of view, there can be 

recognized solutions realized for “model” (not specific, 

real) conditions, so conditions that are generally applicable 

for typical, selected of often occurring, representative con-

ditions. Those are based on deductive or so called theoreti-

cal models. The procedures are trying to establish a model 

of general application that is dependent on the observed 

actual conditions of any area. The models are characterized 

by simplification of actual conditions and are only applica-

ble for simplified assumptions such a flat terrain, regular 

shape of harvesting units area, linear course of cost func-

tion, two-sided timber skidding to road, resp. two-sided fire 

suppression from road in this case, etc. Systemization of 

those models, typically even without computer support of 

solution is introduced in work [2]. An example of the newer 

procedures using abstract models in computer environment 

are works [3-5]. 

The next, newer and more suitable group of more practi-

cal solutions is represented by solutions which are based on 

actual conditions in which the activity is carried out or 

intends to be carried out. Development of this approach is 

evident from the works of Sever and Knezevic [6]. Devel-

opment of hardware and software resources, improvement 

of database management systems (DBMS), the onset of 

commercial geographic information systems (GIS) and the 

introduction of digital terrain models (DTM), has a top 

preference for these methods. 

Hereinafter introduced distribution of methods and prac-

tices primarily reflects the development of software tools 

and the ability to structure and store data of the third or 

vertical dimension of space (the establishment of digital 

terrain models - DTM). At the beginning of development, 

there prevailed access through "file processing", which 

required building a custom user interface, data structures, 

data modeling and analytical modules. One of the first 

attempts to use a raster DTM as a source of information for 

analysis and planning have been described in the following 

works [7-10]. 

Comprehensive and effective approach to issues of forest 

roads locating, planning the deployment of various technol-

ogies and the development of strategic projects for the ex-

traction and transport of timber required building a "specif-

ic complex environment", which oversaw large percentage 

of program modules analyzing sub-problems. A typical 

approach presents a system PLANS - Preliminary Logging 

Analysis System [11], established to support the creation of 

strategic plans for timber logging; TERDAS - Terra-data 

base system [12-13] and PLANEX [14], integrating DTM 

in the process of planning the project of forest road net-

work. 

The application of GIS for forest road network planning 

purposes is the logical culmination of the previous devel-

opment. GIS as a technology enables efficient sourcing, 

storing, editing, analyzing, and displaying all forms of geo-

graphic information. Standard GIS modules, however, fail 

to address the specific problems associated with opening-up 

of forest and planning of timber logging process. On the 

other hand, environment and structure of GIS allows the 

integration of new modules developed in common pro-

gramming languages and used to solve specific problems. 

Quantity of authors points to the possibility of linking GIS 

with custom modules, e.g. [11, 15-20]. 

Development and improvement of their custom pro-

gramming languages within GIS (Arc Macro Language - 

AML), support for statistical and analytical methods of 

modeling and interactive visualization of the results leads to 

the formation of the present full spatial decision support 

system (SDSS) described in the works [21-23], or to the 

creation of expert systems [24-25]. Those systems find a 

solution of the problem within a certain set of arguments or 

the clusters of knowledge that have been formulated by 

experts for the specified area. 

If we take into account the models and techniques in 

terms of methods and decision-making procedures, the first 

large group of applications is addressed by methods of 

mathematical programming. This group of methods in-

cludes methods for linear programming and mixed integer 

programming, which were used in the works [26-27], non-

linear programming methods in [28] and dynamic pro-

gramming methods in [29]. These methods always lead to 

the optimal solution, but at the expense of time to process 

the outcome, respectively they consider only the small 

number of alternative solutions. 

The second group of models is addressed by combina-

tion of methods of mathematical programming and network 

programming. Timber logging model developed for the 

USDA Forest Service [30] is an example of combining of 

mixed linear programming method with network program-

ming. 

The third large group of models is based on a combina-

tion of network programming methods and a variety of 

heuristic rules. Heuristics used in these models divides [31] 

into two broad groups: 

a) Calculation (network) heuristics and  

b) Combinative heuristics, the use of which has branches 

in different directions: 

 Monte Carlo stochastic search techniques such as an-

nealing simulated, threshold acceptance, and the great 

deluge; 
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 Non-stochastic search techniques such as tabu search, 

and 

 Evolutionary algorithms including genetic algorithms. 

 

These approaches are used in the works [7, 9-10, 24, 32-

36] and using them can be optimized addressing the roads 

location issues. 

Systems based on cartographic modeling fully utilize 

GIS, GNSS (Global Navigation Satellite Systems, previous 

GPS) and remote sensing technology. The role of carto-

graphic modeling techniques is primarily analysis and syn-

thesis of spatially linked information, and not just creating 

maps. In [37] are described two basic approaches to the 

modeling: the descriptive modeling, which was at the be-

ginning, and which tried to show the geographic shape of 

"what exists" or "what could be" in space. On the other 

hand, prescriptive modeling shows the geographic shape of 

"what should be" in space. Cartographic modeling tech-

niques used to express the problem, derive the results and 

evaluate the results achieved by cartographic allocation can 

be divided to the following techniques [37]: 

 Atomistic allocation (expressed in relation to individ-

ual parts or "atom" of geographic area); 

 Holistic allocation (always expressed in relation to 

"total, groups” of geographic area). 

 

Any of above mentioned approach is also appropriate to 

be used for fire suppression activities planning and area 

opening-up analysis to identify the localities where the 

ground mobile fire-fighting equipment can be used and 

where aerial attacks must be applied. 

In steep mountainous terrain, where it is required to use 

the ground mobile fire-fighting equipment, the operational 

capabilities of this equipment (mainly its working range) as 

well as the access to the fire place, represent the limiting 

factors [38]. 

In Slovakia, there are commonly used several types of 

ground mobile fire-fighting equipment: pumping fire-

fighting equipment CAS on TATRA 148 and TATRA 815 

chassis and Iveco Trakker, forest specials UNIMOG on 

Renault and Mercedes chassis and PV3S ARS [39-40]. 

The pumping fire-fighting equipment is suitable to be 

used for the fire extinguishing from public roads 1st and 

2nd class of quality and from reinforced forest roads (in 

Slovakia 1L, 2L class forest roads in accordance to STN 73 

6108). The UNIMOG and PV3S ARS, due to its technical 

parameters are suitable to be used for the fire extinguishing 

from hauling or skidding roads (unpaved roads with the 

longitudinal slope up to 10-12 %), too.   

In the paper we introduce an approach to the assessment 

of opening up of Maluzina Forest Management Unit for the 

purposes of forest fire suppression with the deployment of 

ground mobile fire-fighting equipment: pumping appliance 

CAS 32 on Tatra 148 and Tatra 815 chassis, Iveco Trakker 

and forest specials UNIMOG on Mercedes and Renault 

chassis and Praga V3S ARS. The choice of fire-fighting 

equipment was oriented to the available fire-fighting 

equipment that can be deployed in this territory. This ap-

proach was first applied for the area of Hrabusice forest 

management unit, and published in [41]. Here we present 

the methodology rebuilt to be used in ArcGIS environment. 

We enriched the analysis with the assessment of opening-

up level of the territory, deploying the “lake system” to be 

used as a way of fire-fighting (fire tactics).  

 

2. Material and methods 
 

2.1. Experimental area 
 

The experimental area is represented by the area belong-

ing under the management of the Maluzina Forest Man-

agement Unit (acronym LS Maluzina).  

The territory is mountainous and of rugged nature. It is 

located between altitudes of 667 – 1,727 m above sea level. 

Forests cover the area of 93%. The total area of the forests 

in the LS Maluzina is 10,241.33 ha. In the tree species 

composition of forests dominates mainly spruce, beech and 

less abundantly is represented fir, larch, pine, dwarf pine, 

maple and rowan. 

 

2.2. Ground mobile fire-fighting equipment 

used 
 

The opening-up analysis was performed as for shuttle 

water relay fire-fighting equipment (pumping appliance 

CAS 30 Tatra 148 and CAS 32 Tatra 815, CAS 30 Iveco 

Trakker) as for forest special fire-fighting equipment 

(UNIMOG on Mercedes and Renault chassis and Praga 

V3S ARS), and was completed with analysis related to the 

deployment of “lake system” of water transport to extin-

guish the forest fire in mountainous conditions, which is 

composed of hose piping, interconnected with “lakes” 

(buckets with flowing pump).  

 

2.3. Methodology of road network survey 
 

The road network survey in the territory of Maluzina 

Forest Management Unit was performed during August – 

September 2013. As the background for the field survey the 

aerial photos of the territory and the data of the vector layer 

of road sections and forest and field roads taken from the 

Central Spatial Database of the Slovak Republic were used.  

 



 

J. Kapusniak et al.                                                                   Results of forest opening-up analysis 

40 
 

During the field survey, there were recorded the data on 

forest roads parameters (width of the road, road elevation, 

etc.), their surface and condition. 

 

2.4. Methodology of road network survey 
 

The analysis of forest opening up was performed in 

ArcGIS environment using the functions of context opera-

tors, map algebra and distance analyses. Owing to the vari-

ability of conditions by water relay and the direction of 

extinguishing (up or down slope), there were taken into the 

consideration the both directions of fire extinguishing in 

calculation. Based on calculated maximum range values of 

the delivery fire hose piping was calculated the roads spac-

ing using the formula published in [42]. The calculated 

maximum range of delivery fire hose piping determines 

also the zone where ground mobile fire-fighting equipment 

can be applied for fire extinguishing. 

As the input layers to the opening-up analysis there were 

used digital terrain model with the spatial resolution of     

10 m, vector layer of forest unit borders and vector layer of 

road network representing the actual situation in spatial 

distribution of forest roads in the experimental area, ob-

tained by road network mapping during the field survey.  

The analysis of forest opening-up and extraction result-

ing values for individual forest stands is also shown in the 

development diagram (Fig. 1). 

The first step was the data pre-processing. The digital 

terrain model was used as a source for the slope raster de-

riving – ArcToolbox/Spatial Analyst 

Tools/Reclass/Reclassify. It was calculated in percentage. 

For the purposes of next analysis it was consecutively con-

verted to the radians, using ArcToolbox/Spatial Analyst 

Tools/Map Algebra/Raster Calculator, because slope calcu-

lated in degrees or percentage is linear with a constant 

change in steepness. It is necessary to create a new raster, 

where first the slope is converted from degree units to radi-

an units (slope * π / 180) and then the sine is calculated, on 

a cell-by-cell basis: 

 

Sin ("Slope raster" * π / 180) (1) 

 

The values range from -1 to 1, which we should expect 

as values of sine. 

Also the vector representation of forest roads, distributed 

in the experimental area, was converted to the raster repre-

sentation (module Reclassify) – binary raster (1- roads suit-

able to be used by the ground mobile fire-fighting equip-

ment, 0 - the other roads).  

The next step was to calculate the raster of sloping dis-

tances using map algebra tools (ArcToolbox/Spatial Analyst 

Tools/Map Algebra/Raster Calculator). The input raster for 

this calculation was the raster of slope converted to the 

radians. 

The calculation was performed based on the formula:  

 

d_slope=10 ⁄ cos⍺ (2) 

 

where:   

d_slope is sloping distance (m), 

10 is resolution of the raster cell (m), 

Α is angle which contain the hypotenuse with an adjacent 

legs (or raster of slope in GIS) (°). 

 

The output raster was used as a friction surface raster for 

the calculation of cost distances, using distance operators – 

ArcToolbox/Spatial Analyst Tools/Distance/Cost Distance. 

In the calculation it had been considered 2 types of anal-

yses. First was performed for the pumping appliance CAS 

32 on chassis of Tatra 148 and Tatra 815 and Iveco 

Trakker, which use to be deployed to ensure the shuttle 

water delay and use the reinforced forest roads for move-

ment, and the second for the forest special fire-fighting 

equipment (UNIMOG and Praga V3S ARS) which uses 

also skidding roads (unpaved roads) except the reinforced 

ones. 

The next step was to calculate the horizontal lengths of 

the fire hose piping and road spacing. Providing that the 

road spacing is considered as the cost distance of its ortho-

graphic projections into the horizontal level, it was neces-

sary to recalculate the appropriate diagonal lengths of the 

fire hose line onto horizontal ones according to the follow-

ing equation. For that purpose the Map algebra tools (mod-

ule Raster Calculator) were applied.  

 

d_horiz=d_cost * cos (arctg (s / 100)) (3) 

 

where: 

d_horiz is horizontal distance (m), 

d_cost is cost distance raster (m), 

s is slope (°).   

 

The output raster was consecutively reduced (applying 

module Reclassify) to the zone of extinguishing using the 

ground mobile fire-fighting equipment – the area opened up 

for ground fire extinguishing. The maximum range of ex-

tinguishing zone was determined to 160 m due to the max-

imum length of delivery fire hose piping. The maximum 

range of extinguishing zone determined as the “lake sys-

tem” range was specified to 320 m, based on the previous 

experience with fire extinguishing in this territory. 

Next, there were extracted the fire hose piping range 

values (sloping length of fire hose piping) to the particular 
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forest units, using module Zonal Statistics as Table which 

belongs to the zonal functions of Spatial Analyst Tools. 

At the end the area opening-up index (%) was calculated 

as a ratio between accessible area ha / non accessible area 

extent (ha) to the whole experimental area. 

 

 
Figure 1 Development diagram of the forest opening up analysis in ArcGIS environment 

 

3. Results and discussion 
 

3.1. Results of road network survey 
 

For the purposes of the road network field survey, there 

were used the aerial photos of the territory and vector layers 

of road sections and forest and field roads. The field survey 

was performed only on the forest road network belonging 

under the management of the LS Maluzina.  

In Fig. 2 we introduce the view of the road in the territo-

ry, classified by the road type (state road, forest road). 

In Fig. 3 we introduce the view of the road network in 

the territory, classified by the surface type (type of material 

which is made from). 

Fig. 4 introduces the view of the road network in the ter-

ritory in view of the particular road sections passability or 

impassability.  

The total length of roads within the territory is  

210,593.5 m. Of those, 29,555.5 m of state roads (14 %), 

101,191.5 m of reinforced (paved) forest roads (49 %) and 

79,846.5 m of unpaved forest roads (37 %). 

In terms of paved roads, in the territory, there are 

40,027.9 m of forest roads of 1L category (40 %),   
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40,981.1 m of forest roads of 2L category (40.5 %),  

7,218.2 m of forest roads of 3L category (6.5%) and 

12,964.3 m of unpaved non-forest roads (13 %). 

The unpaved roads are formed by forest slope and skid-

ding roads and earth roads that can be used to fight forest 

fires with forest special fire-fighting equipment. In the 

territory, there are totally 70,464.7 m of slope and skidding 

roads (88 %) and 9,381.8 m of earth roads (12 %). 

Forest roads of 1L category are hauling roads that are re-

inforced (paved) and thus allow year-round operation of 

vehicles. The minimum lane width is 3 m and free width of 

road crest is at least of 4 m. The maximum longitudinal 

gradient of vertical alignment of the road is 10 %, in the 

mountainous areas in some sections up to 12 % [43]. 

Forest roads of category 2L are reinforced hauling roads 

which due to their technical equipment allow at least sea-

sonal operation of vehicles. Like the roads of category 1L, 

they have the minimum width of the lane of 3 m and free 

width of road crest is at least of 4 m. The maximum longi-

tudinal gradient of road vertical alignment depends on the 

terrain morphology, bedrock type, road surface capacity 

and type of hardening the surface, but the value does not 

exceed 12 % [43]. 

 

 
Figure 2 Road network in the territory classified by the road type 

 
Figure 3 Road network in the territory classified by the road surface type 
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Figure 4 Road network in the territory classified by its passability and impassability 

 

In terms of the surface of the road network (Fig. 3), 

which exists in the territory, there are 46,951.1 km of roads 

that surface is made from asphalt, from concrete is made 

9.8 km of roads. 83,786.1 km of roads have surface that is 

made from gravel or rubble. Earth surface have       

79,846.5 km of roads. 

In terms of passability (Fig. 4), in the territory, there is 

passable 203,434.6 km of roads and barely passable are 

7,158.9 km of roads. 

Forest roads of category 3L are the skidding roads pass-

able for tractors, special equipment, such as forest special 

UNIMOG, and only passable under favourable (dry) condi-

tions. The minimum free width of the road is 4 m. A limit-

ing factor of their use is a longitudinal gradient and soil 

capacity [43]. 

Slope roads and earth roads are unpaved, temporarily 

passable roads. The overall width of the road is at least of 

1.5 m. They are passable only under favourable conditions 

[43].  

 

3.2. Results of territory opening-up analysis to 

deploy the ground mobile fire-fighting    

equipment 
 

The results of territory opening-up analysis for the de-

ployment of ground mobile fire-fighting equipment are 

shown in Fig. 5, 6 and 7.  

In consideration of possibilities of the deployment of 

ground mobile fire-fighting equipment needed for extin-

guishing the forest fire from the reinforced (paved) roads, 

as well as to ensure shuttle water relay, we have taken into 

account as terrain parameters, condition and parameters of 

the road network, as well as the basic parameters of fire-

fighting equipment. In the analysis we considered the fol-

lowing fire-fighting equipment: pumping appliance CAS 30 

Tatra 148, CAS 32 Tatra 815 and CAS 30 Iveco Trakker. 

Results of the analysis showed (Fig. 5) that the territory 

is in terms of the possibility of forest fire extinguishing 

using the aforementioned types of fire-fighting equipment, 

that allows them to deploy to fight the forest fire only on 

the reinforced state roads of all classes and forest roads of 

category 1L and 2L, as well as to ensure the shuttle water 

relay, is opened-up only to 23.7 % (2,617.1 ha). 

In terms of deployment of forest special fire-fighting 

equipment and identification of area that can be extin-

guished using this type of fire-fighting equipment (UNI-

MOG forest specials on Mercedes Benz or Renault chassis, 

Praga V3S ARS), we considered the two analyses. The first 

analysis had focused on the conditions, when the surface of 

unpaved forest roads is dry (or frozen) and therefore passa-

ble. The second analysis was carried out for wet, muddy 

ground of unpaved forest roads. 

The results of the first analysis, where the surface of the 

road network is dry, in particular of the earth roads, are 

presented in Fig. 6. 

In this case, there can be used all road types existing in 

the territory for fire extinguishing. The opening-up index 

reached the value of 63 % (6,554.0 ha). 

In Figure 7 are presented, in graphical form, the results 

of territory opening-up analysis for the deployment of 

ground mobile fire-fighting equipment to extinguish the 

forest fires - forest special fire-fighting equipment in condi-
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tions of saturated, muddy ground of earth roads. These 

roads are impassable also for forest special vehicles in these 

conditions, what is confirmed by the fact that the opening-

up index of the territory decreased from the previous 63 % 

in variant  with dry ground of earth roads to 48.3 %  

(5,329.3 ha). 

Results of opening-up analysis dealing with deployment 

of “lake system” of  fire extinguishing (Fig. 8) showed that 

the area is opened-up to 85.3 % (8,738.2 ha), when we 

consider the optimum variant, in which all roads are in-

volved in the analysis. If only the reinforced roads are taken 

into consideration than the territory opening-up index de-

creases to 40.8 % (4,181.7 %). 

 

 
Figure 5 Results of opening-up analysis to deploy the ground mobile fire-fighting equipment to ensure the shuttle water relay during 

fire extinguishing  

 

Figure 6 Results of opening-up analysis to deploy the ground mobile fire-fighting equipment – forest special fire-fighting equipment 
during dry season 
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Figure 7 Results of opening-up analysis to deploy the ground mobile fire-fighting equipment – forest special fire-fighting equipment 

during wet season 

 
Figure 8 Results of opening-up analysis after deploying the “lake system” of fire extinguishing in the territory 

4. Conclusion 
 

The paper presents very current and interesting topic of 

territory opening-up analysis to deploy the ground mobile 

fire-fighting equipment to fight the forest fires. Except the 

introduction of a GIS based approach to analysis, it presents 

a review of works dealing with the issue of forest road 

planning, forest opening-up. In the world there is not 

enough literature sources dealing with the issue of opening-

up of forest to deploy the fire-fighting equipment. But there 

are many sources dealing with planning of forest road net-

work, timber logging technologies optimization from for-

estry point of view. According to the analogy of those is-

sues – the vehicles and other equipment have often the 

same parameters, is possible to rationalize the opening-up 

process focusing the fire-fighting equipment based on the 

existing results of forestry research. Here we introduced an

 

approach to opening-up analysis that was previously pub-

lished by Majlingova [41]. That approach we have rebuilt 

from Idrisi to ArcGIS software environment and applied on 

LS Maluzina territory. 

The results of the analysis showed that the area is 

opened-up only to 23.7 % if we take into consideration only 

the reinforced roads to deploy the ground mobile fire-

fighting equipment to fight the forest fires. If we consider 

the entire road network in the territory and dry season the 

territory opening-up index increases by 39 % to 63 %. In 

reverse, taking into consideration the wet season the open-

ing-up index decreases to 48.3 %. The best results were 

achieved when we involved the “lake system” of forest fire 
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extinguishing into the analysis. In case of involvement of 

the entire territory road network we reached the opening-up 

index of 85.3 %.  

The results of opening-up analysis can be used as the de-

cision support for planning new sections of road network in 

any territory, for planning the purchase of new fire-fighting 

equipment suitable to the natural conditions of territory 

where it should be located and used.  

 

References 
 

[1] Fire Research Institute of the Ministry of Interior of 

the Slovak Republic. Statistical Yearbook 2013. Bratislava: 

Fire Research Institute of the Ministry of Interior of the 

Slovak Republic; 2013. 68 p. 

[2] Roško P. Theoretical principles of timber skidding 

and opening-up of forests in mountainous terrain.        

Bratislava: Veda Publishing House; 1984. 285 p. 

[3] Peters PA. Spacing of roads and landings to minimize 

timber harvest cost. Journal of Forest Science 

1978;24(2):209-217. 

[4] Thompson ID. Habitat needs of furbearers in relation 

to logging in boreal Ontario. Forestry Chronicle 

1988;64:251-261. 

[5] Imatomi Y, Jinkawa M. Study on tractor skidding 

road spacing and density from ergonomic and economic 

points of view. Corvallis: Oregon State University; 1994.  

74 p. 

[6] Sever S, Knezevic I. Computer-aided determination of 

optimal forest road density in mountainous areas. 

Feldafing: IUFRO; 1992. 25 p. 

[7] Sakai T. Studies on planning method of a forest road 

in mountainous region, using a simulation model. Bulletin 

of the Kyoto University Forests. 1981;53:162-171. 

[8] Sakai T, Suzuki Y. A circular road-network planning 

by traffic benefit. Journal of the Japanese Forestry Society 

1993;104:853-854. 

[9] Kobayashi H. Planning system for road route locations 

in mountainous forests. Journal of the Japanese Forestry 

Society 1984;66(8):313-319. 

[10] Minamikata Y. Effective forest road planning for 

forest operations and the environment. Fredericton:      

IUFRO; 1984. 224 p. 

[11] McGaughey RJ. An Overview of PLANS: Preliminary 

Logging Analysis System. Feldafing: IUFRO; 1992. 111 p. 

[12] Shiba, M. Optimization of road layout in opening of 

forest. Feldafing: IUFRO; 1992. 175 p. 

[13] Shiba M. Imagery data processing system using aerial 

photography for sensitive site investigations in the route 

selection process. Journal of Forest Engineering 

1996;7(3):53-65. 

[14] Epstein R, Weitraub A, Sapunatr P, Sessions J,     

Sessions JB. Planex – software for operational planning. In:  

Sessions J, editor. International Seminar on Forest       

Operation under Montainous Conditions; 1994 July 24-27; 

Harbin, China. Eugene: Oregon State University; 1994.     

p. 52-57 

[15] Becker G, Jaeger D. Integrated design, planning and 

evaluation of forest roads and logging activities using GIS-

based interactive CAD-systems. Thessaloniki: Aristotele 

University; 1991. 246 p. 

[16] Tucek J, Pacola E. Algorithms for skidding distance 

modelling on a raster digital terrain model. Journal of  

Forest Engineering 1999;10(1):67-79. 

[17] Kusan V. Remote sensing and GIS in Croatian     

forestry. In: Saramaki, editor. Research Notes 48 from  

IUFRO XX World Congress. Joensuu: University of 

Joensuu; 1995. p. 67-79.  

[18] Nieuwenhuis MA. A forest road network location 

procedure as an integral part of a map-based information 

system. In: Corcoran TJ, Reams GA, editors. IUFRO XVII 

World Congress. Ljubljana: University of Ljubljana; 1986. 

p. 111-122. 

[19] Musa AKA, Mohamed AN. Alignment and location 

forest road network by best-path modeling method. Kuala 

Lumpur: Malaysian Center for Remote Sensing; 2002. 128 

p. 

[20] Tomonori M. Planning a Forest Road in Considera-

tion for Minimizing Impacts on Streams. In: International 

Seminar on New Roles of Plantation Forestry Requiring 

Appropriate Trending and Harvesting Operations; 1999 

Sep. 29 – Oct. 5, Tokyo, Japan. Tokyo: University of   

Tokyo; 1999. p. 294-300. 

[21] Heinimann HR. Umweltverträglichkeit forstlicher 

Erschliessungen. Konzept für die Abwicklung, die Analyse 

und die Bewertung. Schweizerische Zeitschrift für        

Forstwesen 1994;145(2):139-157. 

[22] Tuček J, Suchomel J, Pacola E. Possibilities for SDSS 

using in Forestry: Focus on Forest Roads and Technologies 

Planning. In: International Seminar on New Roles of    

Plantation Forestry Requiring Appropriate Trending and 

Harvesting Operations; 2002 Sep. 29 – Oct. 5, Tokyo, 

Japan. Tokyo: University of Tokyo; 2002. p. 113-128. 

[23] Yoshioka T. Cost, energy and carbon dioxide (CO2) 

balance of logging residues as alternative energy sources: 

System analysis based on the method of a life cycle      

inventory (LCI) analysis. Journal of Forest Research 

2002;7(3):157-163. 

[24] Yoshimura T. Development of an expert system   

planning a forest road based on the risk assessment. Kyoto: 

Kyoto University; 1997. p. 82. 

[25] Bhattachara SC, Salam PA, Pham HL, Ravindranath 

NH. Sustainable biomass production for energy in selected 



 

European Journal of Environmental and Safety Sciences                                     2014 Vol. 2, Issue 2 

47 
 

Asian countries. Biomass and Bioenergy 2003,25(5):471-

482. 

[26] Koger JK, Webster DB. Logging Optimization     

Selection Technique. New Orleans: USDA Forest Service; 

1984. 65 p. 

[27] Nelson J, Brodie JD. Comparison of a random search 

algorithm and mixed integer programming for solving  

area-based forest plans. Canadian Journal of Forest     

Research 1990;20:934-942.   

[28] Guangda L, Murphy G. Steep Terrain Forest Harvest 

Operations in Asia. Toronto: IUFRO; 1990, p. 211. 

[29] Sakai H. Planning of long-term forest-road networks 

based on rational logging and transportation systems.   

Bulletin of the Tokyo University Forests 1987;76:1-85. 

[30] Sullivan S, Sandford L, Ponce J. Using geometric 

distance fits for 3D object modeling and recognition. IEEE 

Transactions on Pattern Analysis and Machine Intelligence 

1994;16(12):1183-1196. 

[31] Sessions J, Chung W, Heinimann HR. New algorithms 

for solving large transportation planning problems. In: 

Arzberger U, Grimoldi M, editors. Workshop on New 

Trends in Wood Harvesting with Cable Systems for      

Sustainable Forest Management in the Mountains; 2001 

June 18-24, Ossiach, Austria. Ossiach: IUFRO; 2001.        

p. 1-5. 

[32] Liu K, Sessions J. Preliminary planning of road sys-

tems using digital terrain models. Journal of Forest      

Engineering 1993;4:27-32.  

[33] Dahlin B, Sallnas O. Designing a forest road network 

using the simulated annealing algorithm. In: Computer 

supported planning of roads and harvesting workshop. 

Feldafing: IUFRO; 1992. p. 36-41. 

[34] Tan J. Planning a forest road network by a spatial data 

handling-network routing system. Acta Forestalia Fennica 

1992;227:1-85. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[35] Chung W, Sessions J. Designing a forest road network 

using heuristic optimization techniques. In: 24
th

 Meeting of 

the Council on Forest Engineering; 2001 July 15-19, 

Snowshoe, USA. Snowshoe: IUFRO; 2001. p. 35-49.    

[36] Sakurai T, Rayamajhi S, Pokharel RK, Otsuka K. 

Efficiency of Timber Production in Community and Private 

Forestry in Nepal. Environment and Development         

Economics 2004;9(4):539-561. 

[37] Tomlin CD. Geographic Information Systems and 

Cartographic Modelling. New Jersey: Prentice Hall; 1990. 

249 p. 

[38] Chromek I. Utilization of aerial technique in forest 

fire. Zvolen: Technical University in Zvolen; 2006. 112 p. 

[39] Lanďák, M., Kapusniak, J. Transport of extinguishing 

media to the forest fires in relation to the ground transport 

means. Zilina: Technical University of Zilina; 2010. 178 p. 

[40] Lanďák M, Monoši M, Kapusniak J. Transport of 

extinguishing agents to extensive forest fires. Ostrava: VSB 

TU Ostrava; 2011. 133 p. 

[41] Majlingova A. Opening-up of forests for fire         

extinguishing purposes. Croatian journal of forest    engi-

neering 2012;33(1):159-168. 

[42] Bӧhmer M, Dvorščák P. Evaluation and optimization 

of fire control forest accessing for classic fire-fighting  

attack. In: Marková I, Mračková E, editors.  Fire             

Engineering. 2
nd

 International Scientific Conference on 

Fire Engineering; 2006 October 3-5; Lučenec, Slovakia. 

Zvolen: Technical University in Zvolen; 2006, p. 35-44. 

[43] Slovak Office of Standards, Metrology and Testing. 

STN 73 6108:2000. Forest Road Network. Bratislava:  

Slovak Office of Standards, Metrology and Testing; 2000. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

European Journal of Environmental and Safety Sciences 2014 2(2): 48-52  
ISSN 1339-472X European Science and Research Institute (Original Research Paper) 

Manuel Serban (corresponding author) 
Police Academy “A.I. Cuza”, Fire Officers Faculty, Bucharest, Romania 
e-mail: manuel.serban@gmail.com 
 

 

 

Computational simulation of road tunnel fire protection by sprinklers 
 

Manuel Serbana · Silviu Codescub · Ionel-Alin Mocioia 
 

aPolice Academy “A.I. Cuza”, Fire Officers Faculty, Bucharest, Romania 
bPolitehnica University of Bucharest, Romania 
 

 

A B S T R A C T    
 

 

This paper proposes a new method of protection of certain areas of the road tunnels, with sprinklers using water as an    

extinguishing agent. The simulation uses, as input, an architecture as close to that of a real road tunnel as well as            

information gathered from the literature. The results of the simulation can be implemented as proposal on the protection of 

users, as a viable alternative when other classes firefighting or spread flames blocking methods can’t be used at full scale. 

The paper focuses on presenting the results of studying the effect of protection and water curtain that can be realized by the 

sprinkler network water droplets and on the information resulting from the simulation. 
 

Keywords: Road tunnel fire • Sprinklers network • Fire simulation • Water droplets 

1. Introduction  
 

Road tunnels are special parts of road traffic infrastruc-

ture when it comes to fire safety. These special construc-

tions need to be protected in case of fire. In a road tunnel 

the main concern is the protection of its users. This is why 

sprinkler water droplets will be used both to directly extin-

guish the fire and to create a safer evacuation path. Nowa-

days, in the world, constructions such as road tunnels are 

designed, built and used considering the fire safety engi-

neering principles, standards and concepts.  

In the specific literature are presented a lot of situations 

where water or water mist fire sprinklers are used to protect 

spaces similar to road tunnels, underground tunnels or other 

confined closed spaces [1-3].  

Sprinkler is an active fire protection device discharging 

water in order to extinguish the fire. In road tunnels elec-

tricity is used to power up the auxiliary systems (lighting, 

video surveillance, traffic control) fact that would disagree 

with the use of the water sprinklers, taking into account that 

the water is conducting well the electricity. Anyway, ac-

cording to the national regulations, in a fire or another 

emergency situation, the electricity should be automatically 

disconnected and the auxiliary systems above mentioned 

should have protection against water infiltration [4]. 

As stated above, the main concern of fire safety is evac-

uation of people. In order to protect people in case of evac-

uation, one need is to protect them from smoke and hot and 

toxic gases on the evacuation paths. 

 

In order to avoid a fire occurring or to limit its negative 

consequences, measures including jet fan mounting and 

active firefighting technical equipment are priority to be 

taken and followed, in 500 m or long road tunnels, accord-

ing to specific law.  

Taking into account these considerations, the tunnel ven-

tilation may take use of the following measures [5]: fast and 

safe users evacuation, concentration of different fire efflu-

ents as close to the tunnel exhaust as possible, proper use of 

the extinguishing agents, even if it is water, foam or other 

substance used in this purpose, maintaining a proper vehicle 

speed and traffic flow in each tunnel section and compli-

ance of minimum safety distances between vehicles, venti-

lation system and active firefighting measures [6]. 

In the present paper, authors use fire simulations as a 

tool to study the effectiveness of such a protection method. 

More protection devices will be used in a virtual fire simu-

lation of a fire in a road tunnel (random consider), to pro-

tect the evacuation path (both tunnel exists, in this case) 

from smoke and hot toxic gases, by forming a water drop-

lets barrier. 

However, as air currents are quite powerful in such open 

areas, data are collected from the literature of a real road 

tunnel fire scenario that served as a model and are imple-

mented into the simulation. Basically, the interactions be-

tween smoke and water droplets in the protection curtain, 

formed by sprinklers, will be studied. 
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Based on the above mentioned findings, this article aims 

to analyze some of the circumstances conditions and active 

measures which can be applied due to a fire taking place in 

a road tunnel, using Pyrosim (a software program based on 

FDS platform) in order to simulate a real fire event and 

estimate its probabilistic evolution in predetermined condi-

tions, with appropriate protection measures. 

 

2. FDS, fire simulation software 
 

FDS (Fire Dynamics Simulator) a software developed by 

NIST (The National Institute of Standards and Technology 

– U.S.A.), is a computer program of fluid dynamic simula-

tion, particularly of the heat flow released during a fire; it 

uses the high definition computer language “Fortran 90” 

and solves the governing equations of fire dynamics. 

“Smokeview” program, written in “C/OpenGL” is the pair 

program that produces images and animation of the results. 

Mathematical model adopted by the software is adapted 

to the fire development in which the fluid dynamics, the 

heat transfer and combustion occur. FDS computes the 

temperature, density, pressure, velocity and chemical com-

position within each numerical grid cell at each discrete 

time step. In addition, FDS computes on the solid surfaces 

the temperature, heat flux, mass loss rate and various other 

quantities [5-7].  

Typical output quantities for the gas phase include: gas 

temperature, gas velocity, gas species concentration (water 

vapours, CO2, CO, N2), smoke flying particles  and visibil-

ity estimation, space pressure, heat release rate per volume 

unit, mixture fraction (or air/fuel ratio), gas density, water 

droplet mass per unit volume contained in the atmospheric 

moisture, the walls and sprayed particles. 

For successfully using the computer modeling, is enough 

to understand the basic laws of mass, momentum and ener-

gy conservation for Newtonian fluids as they are presented 

below:  

 Conservation of mass: 

 

bm
t





u


 (1) 

 

where: ρ is the density (kg m
-
³); t is the time (s); u is the 

velocity (m s
-1

) and mb
´´
 is the net heat flux from thermal 

conduction and radiation (W m
-2

). 

 Conservation of momentum (Newton’s second law): 
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where p is the pressure (Pa); g is the gravity vector accelera-

tion (m s
-2

); fb 
is the external force in (N m

-3
) and τij is stress 

tensor  in (N m
-2

). 

 Conservation of energy (first law of thermodynamics): 
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where h is the enthalpy (J kg
-1

); q
´´´

 is the heat release rate 

per unit volume (W m
-3

); qb
´´
 is the energy transferred to the 

evaporating droplets (W m
-3

); q
´´
 is the heat flux vector in 

(W m
-2

) and ε  is the dissipation rate (W m
-3

). 

The accuracy of this modeling confirmed a high preci-

sion of computer modeling and was admitted for its useful-

ness and its applicability. 

 

3. Input data and results 
 

The geometry of the virtual space is similar to a real road 

tunnel in Romania, as example. The geometrical data of the 

road tunnel are presented in the table 1 and different views 

of the layout in FDS/ Pyrosim are shown in the Fig. 1 and 

2. 

There were also inserted devices as follow: gas detector, 

5 heat detectors, 1 thermocouple and 2 sprinklers with a 

flow rate of 1 liter minute
-1

 and a droplet mean diameter of 

100 μm. All the devices were inserted at approximately 

equal distances from the burning zone [8].  

Fire scenario: it is considered that the fire occurs at one 

stationary car caught inside the tunnel, at the half of the 

tunnel length (100 m from each exists) due to an electrical 

fault at its engine. The car is about 4 m long, 1.5 m high 

and 1.5 m width, being made of steel, with its predefined 

physicochemical properties chosen from the program val-

ues. There are 30 similar cars in the tunnel, with 1.5 m 

between them. 

The fire burner used in the simulation has a heat release 

rate of 1.500 kW m
-2

, with a plane area of 0.72 m
2 

[9-10]. 

The amount of generated smoke is automatically calculated 

by the program and the user has also the possibility to view 

it as smoke dissipation along the upper half of the road 

tunnel, as shown in the Fig. 2. 

The smoke dissipation shown in the Fig. 2 reveals that 

the smoke spread at more than 50 m each side of the burn-

ing car, going down to 2.5 m height, which become danger-

ous for the tunnel users, after 50 seconds from the simula-

tion beginning. 

According to the simulation data, the temperature fields 

develops the gradient on the vertical up to 370 
0
C at around 

4.5 m height [11]. Also on the ceiling of the tunnel, highest 

than 5.5 m, the temperature reaches 300 
0
C, for an approx-

imately length of 30 cm, around the fire core. 
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The sprinklers are placed at the ceiling level of the tunnel, 

measuring 7 m between them, on the Ox axis. The diameter 

of the spreading water droplets area is 4.5 m around the 

burning zone. According to this, the sprinklers start work-

ing after 4.6 seconds, when the trigger temperature of 65 
0
C 

is reached. After 50 seconds of simulation, the fire is com-

pletely extinguished, at which point the smoke fill almost 

entirely the upper half of the road tunnel.  

 

Table 1 Input data in Pyrosim for road tunnel fire and the protection of the tunnel users 

Category Parameters Value 

Computational 

domain 

Simulation volume  Road tunnel, designed in the program, by taking       

geometrical data from a random  real road tunnel 

 Dimension of the 

volume containing 

subway station  

(200 x 9 x 6) m (in order on 0x, 0y and 0z axis)  

Numerical 

data 

Cells per mesh, 

uniform division 

(240 x 60 x 48) cells 

Dimension of one 

cell 

(0.5 x 0.5 x 0.5) m 

The total number of 

cells 

98.688 

Boundary conditions 

for the simulation 

volume 

The boundary of the domain was considered closed, 

except for the limit maximum x0y, which was considered 

open. The whole structure of the road tunnel was      

considered of concrete 

Other data 

 

The fire burner Imported from the FDS library, HRR (heat release rate) 

of 1.500 kW m
-2

, square shape fire source, dimensions 

(0.9 x 0.8) m 

Environment values 20 °C, relative humidity 40 %, atmospheric pressure 

101.325 kPa, ground level at 1.500 m about sea level  

Simulation time 200 seconds 

Sprinklers Imported from FDS, flow 1 l min
-1

, k factor = 1,       

droplet median diameter 100 μm 

Fan - wind current 

generator 

Both tunnel exists, measuring (9 x 6) m 

 

 

 
Figure 1 General architecture of the road tunnel, with cars and protection devices, imported in FDS 
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Figure 2 Visible smoke, filling the upper half of the tunnel after almost 50 seconds of simulation 

 

 
Figure 3 Smoke and water visible as particles 

 

As it can be seen in the Fig. 3, the water droplets gener-

ated by the sprinklers network successfully dissipate the 

smoke around them, thus maintaining better visibility and 

decreasing the chance of backfiring, by decreasing the O2 

level and giving a lower temperature around them. 

As it can be seen in the Fig. 4, the highest temperature 

reached around the sprinklers network is, in the first         

10 seconds of simulation, about 83 °C, this decreasing to 

almost 65 
0
C during the fire action and also decreasing to 

almost 20 
0
C by the end of the simulation. 

Sprinklers used in fire simulation are placed as seen in 

the Fig. 2, in order to produce a protection water curtain. 

The curtain is intended to protect people and evacuation 

route, from smoke but also from heat. Throughout the 

space, mainly on evacuation routes are placed virtual tem-

perature thermocouples and smoke detectors, virtual devic-

es that give information concerning the simulated values of 

temperature or smoke density in a specific point, as a func-

tion of time. 

 

 

 

 
Figure 4 Temperature reaches at the sprinklers level 
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4. Conclusion 
 

Authors used fire simulations in order to come up with 

conclusions concerning the effectiveness of water sprinkler 

curtain protection against fires, in road tunnel fire simula-

tions. The total fire time is about 45 seconds after it was 

extinguished by the sprinklers. This range of values allows 

checking the air circulation in the studied tunnel aiming to 

avoid the disagreeable values for traffic and life protection 

in road tunnels construction. Also, it has been shown that 

the smoke spread very fast at long distances, which may 

affect the users before they can be evacuated.  

Although, there were used only 2 sprinklers placed at a 

relatively small distance between them and it can be re-

vealed that the water droplets generated by the sprinklers 

network successfully dissipate the smoke around them, thus 

maintaining better visibility and decreasing the chance of 

backfiring, by decreasing the O2 level and lowering temper-

ature around them. Most important, the water droplets are 

successfully extinguishing the fire. All information above 

mentioned combined together prove that, at a real scale, 

with a more complex sprinkler network placed on the en-

tirely tunnel length, the extinguishing action save users, by 

maintaining a lower temperature and a better visibility. 

The article reveal the importance of using sprinklers, 

without the effects of a fire event occurring in a road tunnel 

would be more severe for users, material and environment. 
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A B S T R A C T    
 

 

The present study was performed for the period of one year from June 2012 to May 2013 in order to understand the physico-

chemical properties of water samples collected along the Mahim Creek of Mumbai. The annual average Total Dissolved 

Solid (TDS) content of the Creek water was found to be 14614 ppm which was very much above the limit of 2100 ppm set 

by the Central Pollution Control Board (CPCB) for inland surface water. The annual average conductivity was found to be 

24023 µS cm
-1

 which was very much above the conductivity limit for inland surface water of 1000 µS cm
-1

 set by CPCB for 

propagation of fisheries. The annual average hardness level of the creek water was recorded as 1696 ppm, based on the 

recorded value the creek water can be considered as very hard water. The hardness of creek water was supported from the 

high annual average concentration levels of calcium (545 ppm) and magnesium (209 ppm) in the creek water. The average 

annual alkalinity level was recorded as 334.7 ppm, which according to the UN Department of Technical Cooperation for 

Development can be considered as medium to strongly alkaline. The annual average chloride concentration level was found 

to be 4770 ppm which was above the US Environment Protection Agency (US EPA) standards of 250 ppm set for chloride 

in surface water. The overall annual average concentration of sulphate was found to be 605.5 ppm, which was very much 

above the limit of 400 ppm set by CPCB for inland surface water. It is feared that such high amount of sulphates may lead 

to pollution problems resulting in the formation of hydrogen sulfide gas. The average concentration level of reactive silica 

as SiO2 in the creek water was recorded as 495.3 ppm. Based on the previous study it is feared that such high level of Si at a 

pH greater than 5 may affect significantly in removal of the As (III) and also reduce the adsorption capacity of ferric     

hydroxide for As (V) and As (III) at a pH of approximately 6.8. From the results it appears that as India moves towards 

stricter regulation of industrial effluents to control water pollution, greater efforts are required to control the discharge of 

pollutants into the aquatic ecosystems. 
 

Keywords: Physico-chemical properties • Creek water • TOC • Conductivity • Mahim Creek • Bandra ki Khadi Mumbai 

1. Introduction 
 

In India due to rapid industrialization, urbanization and 

development of slum areas with improper environmental 

planning have resulted in heavy discharge of domestic 

sewage and industrial effluents into the water bodies. Most 

of the industries in India are situated along the river banks 

for easy availability of water and also disposal of the 

wastes. It is found that one-third of the total water pollution 

in India comes in the form of industrial effluent discharge, 

solid wastes and other hazardous wastes [1-16]. Out of this, 

a large portion can be traced to the processing of industrial 

chemicals and to the food products industry. The surface 

water is the main source of industries for waste disposal. 

Untreated or allegedly treated effluents have increase the

 

level of surface water pollution up to 20 times the safe level 

in 22 critically polluted areas of the country. It is found that 

almost all rivers are polluted in most of the stretches by 

some industry or the other. The industrial wastes often 

contain a wide range of contaminants such as petroleum 

hydrocarbons, chlorinated hydrocarbons and heavy metals, 

various acids, alkalis, dyes and other chemicals which 

greatly change the pH of water. The waste also includes 

detergents that create a mass of white foam in the river 

waters. All these chemicals are quite harmful or even fatal-

ly toxic to fish and other aquatic populations [17-21]. These 



 

P. U. Singare et al.                                               Water pollution along the Mahim Creek of Mumbai 

54 
 

wastes also include various toxic chemicals, acids, alkalis, 

dyes, detergents, pesticides and agrochemicals which great-

ly affect the physico-chemical properties of water bodies. 

Therefore, a better understanding of physico-chemical 

properties like pH, conductivity, alkalinity, salinity, hard-

ness, Chemical Oxygen Demand (C.O.D) etc. in the water 

bodies seem to be particularly important issues of present 

day research on pollution assessments [22-32]. According 

to one study it was estimated that Mumbai city of India 

itself discharges around 2200 MLD of waste to the coastal 

waters [33]. 

In view of present day by day increasing pollution level 

along most of the creeks and rivers in Mumbai, in the pre-

sent study attempt was made to conduct the systematic 

study of physico-chemical properties of water samples 

collected along the Mahim creek of Mumbai. It is expected 

that the results of our study will help greatly in understand-

ing the water pollution status along the Mahim creek which 

receives heavy pollution load from the adjoining Mithi 

River and from the surrounding slum areas discharging 

domestic effluents.  

  

2. Material and methods 
 

2.1. Study area 
 

The Mahim Creek (locally known as Bandra ki Khadi) is 

a creek in Mumbai, India. The famous Mithi River which is 

one of the most polluted river of Mumbai [34-39] drains 

into the creek which further drains into the Mahim Bay. It 

is the only Creek which balances the water level of Mumbai 

during heavy rainfall and during Mumbai monsoon time. 

The creek is the biggest sink for most of the waste generat-

ed by residential complexes and small scale industries. The 

waters of the creek are foul smelling due to the dumping of 

untreated industrial effluents further upstream. The creek is 

swamped by mangroves and has a mini-ecosystem within it. 

It is a less known fact that the Mahim bay area, where 

Mahim creek meets Arabian Sea, is a nominated bird sanc-

tuary called “Salim Ali Bird Sanctuary” where migratory 

birds come for nesting. The Creek is located along western 

Arabian cost of India from 19
o
2’52.84’’ north and from 

72
o
50’17.56’’ east. The depth of the creek is 4.6 m. The 

area experiences tropical savanna climate. It receives heavy 

south west monsoon rainfall, measuring 2166 mm on an 

average every year. The temperature ranges from 16 
o
C to 

39 
o
C with marginal changes between summer and winter 

months. The relative humidity ranges between 54.5 to    

85.5 % [40]. 

 

 

 

2.2. Requirements 
 

All the glassware, casserole and other pipettes were first 

cleaned with tape water thoroughly and finally with de-

ionised distilled water. The pipettes and standard flasks 

were rinsed with solution before final use. The chemicals 

and reagent were used for analysis were of analytical rea-

gent (A.R.) grade. The procedure for calculating the differ-

ent parameters were conducted in the laboratory. 

 

2.3. Sampling 
 

The study on pollution status along the Mahim creek of 

Mumbai was performed for the period of one year from 

June 2012 to May 2013. The grab samples were collected in 

polythene bottles of 2.5 l along different locations of the 

creek. The bottles were thoroughly cleaned with hydrochlo-

ric acid, washed with distilled water to render free of acid, 

rinsed with the water sample to be collected and then filled 

with the sample leaving only a small air gap at the top. The 

sample bottles were stoppard and sealed with paraffin wax. 

The grab samples thus collected were mixed to give gross 

sample.  Such samples were drawn and analysed monthly 

for the entire year. The samples were analyzed for their 

physico-chemical parameters so as to get the seasonal var-

iation in pollution level along the Mahim Creek.  

 

2.4. Quality control 
 

The glassware used were soaked in appropriate dilute ac-

ids overnight and washed with teepol and rinsed with de-

ionised water before use. All instruments used were cali-

brated before use. Tools and work surfaces were carefully 

cleaned for each sample to avoid cross contamination. Trip-

licate samples were analysed to check precision of the ana-

lytical method and instrument. 

 

2.5. Physico-chemical parameters studied 
 

The water samples collected were analyzed for pH, elec-

trical conductivity, Total Dissolved Solid (TDS), alkalinity, 

hardness, chloride, calcium, magnesium, sulphates and 

reactive silica. The techniques and methods followed for 

analysis and interpretation were according to the standard 

procedures [41-45].  

 

3. Results and discussion 
 

The experimental data on physico-chemical properties of 

the water samples collected along the Mahim Creek of 

Mumbai is presented in Table 1. The annual average values 

of various physico-chemical properties of the water samples 

are graphically represented in Fig. 1 and 2. 
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The pH value of creek water was minimum of 7.10 in the 

month of October to maximum of 7.80 in the month of 

December with an annual average value of 7.46. The TDS 

content of water was low of 496 ppm in the month of Sep-

tember to 32300 ppm in the month of May. The annual 

average TDS content of the Creek water was found to be 

14614 ppm which was very much above the limit of     

2100 ppm set by CPCB for inland surface water [46]. On 

the basis of TDS values, waters can be classified as, desira-

ble for drinking (up to 500 mg l
-1

), permissible for drinking 

(up to 1,000 mg l
-1

), useful for irrigation (up to 2,000 mg l
-1

), 

not useful for drinking and irrigation (above 3,000 mg l
-1

) 

[47]. Therefore the creek water can be considered unfit for 

drinking and irrigation purpose. The electrical conductivity 

of creek water was in the range of 760 to 51300 µS cm
-1

. 

The annual average conductivity was found to be        

24023 µS cm
-1

 which was very much above the conductivi-

ty limit for inland surface water of 1000 µS cm
-1

 set by 

CPCB for propagation of fisheries [46]. The total hardness 

of the creek water was minimum of 145 ppm in the month 

of September and maximum of 7530 ppm in the month of 

March, having annual average hardness level of 1696 ppm. 

Kannan [48] has classified water on the basis of hardness 

values in the following manner: 0–60 mg l
-1

, soft,            

61–120 mg l
-1

, moderately hard, 121–160 mg l
-1

, hard and 

greater than as 180 mg l
-1

 very hard. Using these criteria, 

the creek water can be considered as very hard. The overall 

total hardness values were very much above the limit of 

300 mg l
-1

 set by ISI [49]. The observed higher values of 

hardness indicate the presence of basic salts – sodium and 

potassium in addition to those of calcium and magnesium 

[50]. This was supported from the high annual average 

concentration levels of calcium (545 ppm) and magnesium 

(209 ppm) in the creek water. The total alkalinity content 

was found to vary in the range of 153.5 ppm to 653.6 ppm 

with the average annual alkalinity level of 334.7 ppm.  

According to the UN Department of Technical Cooperation 

for Development [51], water having alkalinity up to          

50 mg l
-1

 is considered to be weak alkaline, up to 100 mg l
-1

 

is considered to be medium alkaline, while if the alkalinity 

is above 200 mg l
-1

 it is considered as strongly alkaline. 

Hence based on results of the present investigation, the 

creek water was found to be medium to strongly alkaline. 

Chloride occurs in all natural waters in widely varying 

concentrations. The criteria set for excessive chloride in 

potable water are based primarily on palatability and its 

potentially high corrosiveness. Plants do not thrive as well 

on chlorinated as on unchlorinated water; wild animals 

develop atherosclerosis by consumption of chlorinated 

water [52]. From the results of present investigation it was 

observed that chloride content was minimum (126.5 ppm) 

during the month of June and maximum (22305.8 ppm) in 

the month of March. The annual average chloride concen-

tration level was found to be 4770 ppm which was above 

the US EPA standards of 250 ppm set for chloride in sur-

face water [53]. Sulphates can interfere with the disinfec-

tion efficiency by scavenging residual chlorine in the distri-

bution system [54]. Sulphate reducing bacteria produce 

hydrogen sulfide and lower the aesthetic quality of the 

water by imparting an unpleasant taste and odour and in-

creases corrosion of metal and concrete pipes [55]. Sul-

phates can affect industrial water supplies due to formation 

of hard scales in boilers and heat exchangers. High amount 

of sulphates in wastewater may lead to problems due to the 

formation of hydrogen sulfide gas [56]. In the present in-

vestigation, the concentration of sulphate was in the range 

of 12.8 to 2916.7 ppm. The overall annual average concen-

tration of sulphate was found to be 605.5 ppm, which was 

very much above the limit of 400 ppm set by CPCB for 

inland surface water [46]. The concentration level of reac-

tive silica as SiO2 in the creek water was found to vary in 

the range of 9.0 to 1412.2 ppm, with an average concentra-

tion of 495.3 ppm. Based on the previous study [57] it was 

observed that the As (III) removal was decreased signifi-

cantly at a pH greater than 5 when Si concentration was 

higher than 1 ppm. The study also revealed that at a pH of 

approximately 6.8 and in the presence of 10 ppm Si, the 

adsorption capacity of ferric hydroxide for As (V) and As 

(III) was reduced considerably.  

 
Figure 1 Annual average pH, total alkalinity, magnesium,     

calcium, sulphate and reactive silica content in Mahim Creek 
water 

 

Figure 2 Annual average total dissolved solids (TDS), electrical       
conductivity, hardness and chloride content in Mahim Creek 

water 
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Table 1  Physico-chemical properties of water samples collected along the Mahim Creek 

Physico-
chemical 
Properties 

pH  
 

Electrical  
Conductivity 
(µS. cm-1) 

TDS* 
 (ppm) 

Alkalinity  
 (ppm) 

Hardness 
 (ppm) 

Chlorides 
 (ppm) 

Ca2+ 
 (ppm) 

Mg2+ 
 (ppm) 

SO4
2-  

 (ppm) 

Reactive 
Silica  
as SiO2 
(ppm) 

Months 
 & 
Year 
 

          June  
2012 7.20 21500 15700 320.5 198 126.5 29.5 5 12.8 9.0 

July  
2012 7.60 11600 6350 207.6 185 149.9 31.3 11 63.5 12.5 

August 
 2012 7.70 3520 1050 198.3 160 128.9 38.9 19 52.8 19.8 

September 
2012 7.30 760 496 153.5 145 138.6 40.1 11 53.8 15.5 

October  
2012 7.10 3500 790 165.8 235 356.7 53.9 212 238.5 145.9 

November  
2012 7.40 7900 1850 173.1 339 983.4 601.3 315 316.9 437.9 

December  
2012 7.80 15000 9750 205.6 1215 2356.7 951.3 635 750.3 982.7 

January  
2013 7.30 32000 17560 430.2 3490 6362.8 1312.5 512 1215.9 1125.9 

February 
 2013 7.40 45400 29510 537.5 6435 18802.7 1803.6 487 2916.7 1412.2 

March  
2013 7.50 46300 28510 653.6 7530 22305.8 1503.5 215 1211.3 1110.3 

April  
2013 7.60 49500 31500 555.3 250 5352.1 125.9 75 354.8 651.4 

May   
2013 7.60 51300 32300 415.5 168 175.5 48.5 13 78.5 19.9 

*
 Total dissolved solids 

 

4. Conclusion 
 

With the rapid industrialization in the country, environ-

ment pollution by industrial waste has increased tremen-

dously. The discharge of waste water from industries such 

as oil and surfactants industries, tanneries, pulp and paper, 

textile, petroleum, chemical industries etc. pollute water 

bodies. Nature has an amazing ability to cope up with small 

amount of waste water and pollution, but it would be haz-

ardous or harmful if billions of gallons of waste water pro-

duced everyday are not treated before releasing them back 

to the environment. The quantities and characteristics of 

discharged effluent vary from industry to industry depend-

ing on the water consumption and average daily product. 

Characterization of raw effluent from oil and surfactants 

industries revealed a wide variation in the effluent quality 

and quantity over time, characteristic of the different pro-

cessing stages employed in product manufacturing. Thus, 

physico-chemical treatment of these effluents is required to 

bring them into the biodegradable zone and ensure local 

sewer standards are meeting. 
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A B S T R A C T    
 

 

This study was conducted to evaluate the growth and phytoremediation potential of Pigeon pea (Cajanus cajan) and      

Hyacinth bean (Lablab purpureus) in spent engine oil (SEO) contaminated soil. The study involved a field experiment  

conducted in a botanical garden under irrigation. The two plant species were grown on (0.0, 2.5, 5.0 and 10.0) % (v/v) spent 

engine oil contaminated soil. Percentage emergence of C. cajan was between (14.81 and 29.63) %, while that of                  

L. purpureus was between (14.84 and 44.44) %. The plants were able to grow on all the contaminated soil except for Lablab 

purpureus at 10.0 % SEO contamination. Longest shoots of both plants were observed in 2.5 % SEO contaminated soil after 

3 months. Similar observations were made for other parameters except in the leaf length (LL) of Lablab purpureus where 

plant grown on (2.5 and 5.0) % had longer LL than the control plants (p ≤ 0.05). Microbial analyses revealed higher counts 

of oil utilizing bacteria in rhizosphere (36.0 ± 6.7×108 cfu g-1) than non rhizosphere (14.0 ± 5.3×107 cfu g-1) soil and in   

uncontaminated (29.0 ± 5.5×108 cfu g-1) than contaminated (14.0 ± 5.3×107 cfu g-1) soil. Rhizosphere effect (RE) values 

were positive (≥ 1) in all treatments with the exception of Lablab purpureus, which recorded RE value of 0.6 (negative RE) 

for total fungal counts. The plants therefore, have potentials for phytoremediation and could be important tools in          

reclaiming soil with low levels of SEO contamination. 
 

Keywords: Legumes • Phytoremediation • Spent engine oil • Rhizosphere • Contamination 

1. Introduction 
 

In Soil, for a long time, has been a reservoir of various 

environmental and industrial wastes. With emergence of 

petroleum industry, soil contamination due to petroleum 

and its derived products has been a problem. However, the 

global emphasis on soil health and sustainable food security 

is persuading scientists to consider rehabilitation of degrad-

ed lands, especially where oil contamination limits the use 

of such soils [1]. Bioremediation is identified as the most 

promising means of soil reclamation and attempts to inte-

grate plant and microbial activities in the process are fasci-

nating. Plants especially legumes and grasses have been 

identified to play important role in remediating oil polluted 

soil in both laboratory and field scales [2-3]. Nigeria being 

an oil-producing country and experiencing contamination 

due to oil exploration and indiscriminate disposal of spent 

engine oil, is in dare need of effective and environment 

friendly remediation measures. Therefore, research in phy-

toremediation is being intensified [1, 4]. 

Various plants have been identified for their potential to 

facilitate the phytoremediation of sites contaminated with 

petroleum hydrocarbons and the majority of studies singled 

out grasses and legumes for higher potentialities [5]. Leg-

umes are known to have an advantage over non-leguminous 

plants in phytoremediation because of their ability to fix 

nitrogen and thus, do not have to compete with microorgan-

isms and other plants for limited supplies of available soil 

nitrogen at oil-contaminated sites [6]. 

Cajanus cajan L. (Pigeon pea, also known as Red gram, 

Congo pea, Gungo pea, No Eye pea) and Lablab purpureus 

L. (lablab bean, dolichos or hyacinth bean) are important 

leguminous plants and they occur in many parts of the 

world [7-8]. Both of the plants are members of the family 

Fabaceae and their cultivation as green manure has been 
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reported [9-10]. Pigeon pea is found useful in many areas as 

growth enhancer, alley crop, and protein and trace nutrient 

supplement, control of weeds and nematodes as well as 

medication [11]. Similarly, hyacinth bean is being used in 

addition to increasing soil fertility, as food supplement for 

live stocks (forage) and humans (pulse) [8]. Common desir-

able characteristics of these plants are ability to fix nitrogen 

(a major limiting factor for effective degradation of pollu-

tants) and drought tolerance [10, 12]. 

The present study was designed to assess the growth and 

phytoremediation abilities of the plants to low SEO con-

tamination levels through effective growth and enhance-

ment of microbial populations. This is with a view to har-

nessing its nitrogen fixing ability and drought tolerance for 

reclaiming SEO damaged soils in semi-arid regions. 

 

2. Material and methods 
 

2.1. Study area 
 

The experiments were carried out at the Botanical Gar-

den of Usmanu Danfodiyo University between November, 

2012 and January, 2013. The University is located in Soko-

to, the capital of Sokoto State (between longitudes 4º 8'E 

and 6º54'E and latitudes 12ºN and 13º 58'N.), north western 

Nigeria (Sokoto State, 2000). The seeds of C. cajan and L. 

purpureus were obtained from National Animal Production 

and Research Institute (NAPRI), Ahmadu Bello University, 

Zaria, Nigeria while the spent engine oil (SEO) used in this 

study was obtained from a filling station (Total Plc.), along 

Bello Way, Sokoto, Nigeria. 

 

2.2. Experiment description 
 

The experimental site was cleared of all grasses and un-

wanted materials prior to treatment. The soil was ploughed 

to an approximate depth of 10 cm and plots of (20 × 20) cm 

were made. Four plots were made for each of the two 

plants. 

  Aliquot (100 ml) of SEO was spread on 400 cm2 soil to 

obtain 2.5% (v/v) concentration. The soil was properly 

agitated and thoroughly mixed to ensure uniform soil con-

tamination. Similar procedure was employed to prepare (5 

and 10) % (v/v) contamination for which (200 and 400) ml 

were added respectively. The concentration used in this 

experiment acknowledged previous investigations that 

reported contamination beyond 3 % concentration has been 

increasingly deleterious to soil biota and crop growth [13]. 

Out of the four plots constructed for each of the plants, 

three were contaminated (contaminated rhizosphere plots) 

to yield (2.5, 5.0 and 10.0) % v/v respectively. The remain-

ing plot was left uncontaminated to serve as control (uncon-

taminated rhizosphere plot) for each of the plants. A set of 

two more plots were constructed (comprising of each one 

contaminated and one uncontaminated) in order to obtain 

non rhizosphere plots (negative controls). The plots were 

allowed to remain undisturbed for one week. After the one 

week period, seeds of C. cajan and L. purpureus were 

planted accordingly as described by [14].  

 

2.3. Planting of seeds 
 

The viability of the seeds was tested by floatation meth-

od [3], whereas the dormancy was broken by softening or 

weakening the seed coat (scarification) using warm water 

overnight [15], due to the fact that both seeds were dormant 

due to coat [16]. The seeds were then surface sterilized with 

10% hydrogen peroxide solution before planting. 

The seeds of both plants were sown to a depth of (2.5 to 

5) cm, a depth recommended for Lablab purpureus [17]. 

For better establishment of the plants, three seeds were 

planted in a hole. Each plot was harboring three holes repli-

cated three times. After sowing, the soil was irrigated every 

day and emergence was observed subsequently. 

Parameters such as days of emergence, percentage emer-

gence, shoot length, leaf length and numbers of leaves were 

determined at the interval of one month for three months. 

Percent (%) germination was calculated using this formula. 

Number of seedlings that sprouted over/Number of seeds 

planted multiplied by 100. Days to germination were calcu-

lated by counting from the day of sowing to the day of 

unequivocal emergence of ridicules. Length of shoots and 

leaves were determined using meter rule. 

 

2.4. Enumeration of microorganisms 
 

Microbial population of the soil samples were enumerat-

ed by making tenfold dilution of the samples collected from 

rhizosphere of the plants. Using a dropper pipette, 0.025 ml 

of each dilution was inoculated on Nutrient agar (for bacte-

ria), Sabuoraud Dextrose agar (for fungi) and oil agar [18] 

(containing 0.1 % v/v SEO) (oil utilizing bacteria and fun-

gi). The plates were incubated at 30 0C for 24h, 5days, and 

48h to 5 days respectively. The number of viable bacteria, 

fungi and hydrocarbon utilizing organisms in the samples 

were estimated from the number of colonies formed. The 

result was determined from the number of counts and dilu-

tion used and expressed as colony forming units per gram 

of soil (cfu g-1) [19]. 

Data generated form the experiments were subjected to 

analysis of variance (ANOVA) with the aid of GraPhpad 

InStat 3a statistical package. Significant treatment means 

were separated using Duncan’s multiple range tests. 
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3. Results 
 

The results of the emergence of plants after germination 

indicated that the emergence started four and six days after 

sowing for C. cajan and L. purpureus respectively. The 

number of plants that emerged was considerably low when 

compared with the number of seeds planted (Table 1). The 

percentage emergence ranged between (14.81 and 29.63) % 

for C. cajan (Table 1) and between (14.81 and 44.44) % for 

L. purpureus (Table 1). Statistical analysis indicated no 

significant difference (p ≤ 0.05) between the two plants in 

terms of emergence. There was no significant statistical 

difference (p ≤ 0.05) in plants’ percentage emergence with 

regards to SEO concentration in C. cajan. For the L. pur-

pureus however, there was significant difference between 

the control and other treatments at 95 % level of signifi-

cance. 

The growth parameters of the plants were also moni-

tored. Shoot length, leaf length, number of leaves and num-

ber of flowers were determined and presented in Tables 2 

and 3. Longest and shortest shoots leaves were both ob-

served in (2.5 and 10) % respectively in both of the plants 

after the three month experiment. The growth was generally 

less pronounced in 10 % plots especially in the case of L. 

purpureus were very poor growth and eventual stagnancy 

was observed. Statistical analyses showed that there is vari-

ation between the various treatments at 95 % level of sig-

nificance (Table 2 and 3). 

Tables 4 and 5 showed the average microbial counts of 

the rhizosphere and non rhizosphere soils for C. cajan and 

L. purpureus respectively. The rhizosphere soil generally 

showed high bacterial counts, ranging from (3.4109 to 

6.8×109) cfu g-1 (aerobic heterotrophic bacteria), (4.0×109 

to 7.0×109) cfu g-1 (oil utilizing bacteria), (5.0×104 to 

2.4×105) cfu g-1 (fungi) and (1.0×104 to 6.0×104) cfu g-1 

(Oil utilizing fungi) for C. cajan. On the other hand, the 

counts of microorganisms associated with the rhizosphere 

of L. purpureus ranged from (5.8×109 to 1.4×1010) cfu g-1 

(aerobic heterotrophic bacteria), (1.4×109 to 9.6×109) cfu g-1 

(oil utilizing bacteria), (0.0×104 to 1.0×105) cfu g-1 (fungi) 

and (0.0×104 to 8.0×104) cfu g-1 (oil utilizing fungi). The 

rhizosphere effect values were much more pronounced in 

uncontaminated rhizosphere of C. cajan than the contami-

nated rhizosphere in all of the four microbial groups. This 

was in contrast to L. purpureus rhizosphere where consid-

erable variations occurred.  

 

Table 1 Emergence of C. cajan and L. purpureus in SEO contaminated soil 

SEO  

concentration 

(%) 

Cajuns cajan  Lablab purpureus 

 

No. of seeds 

Mean Standard error % Emergence  

 

 

No. of seeds 

Mean  Standard error % Emergence 

planted Emerged     Planted Emerged    

0 27 8 2.6 0.02 29.6  27 4 0.4 0.2 14.8 

2.5 27 4 1.3 0.03 14.8  27 12 1.3 0.20 44.4 

5 27 6 2.0 0.29 22.2  27 9 1.0 0.2 33.3 

10 27 4 1.3 0.18 14.8  27 8 0.9 0.3 26.6 

 

Table 2 Growth parameters of C. cajan 

* Values with the same superscript in a column are statistically significant 

 

 

 

 

Treatment SEO 

(%) 

Monthly means ± standard error* 

Shoot length (cm)  No. of leaves  Leaf length 

(cm) 

 No. of   

flowers 1st 2nd 3rd  1st 2nd 3rd   

Control (0) 22.5 ±1.4 41.7 ±1.7a 110.0 ± 0.0  35.7±4.7a 107.0 14.1a 180.0 ±6.9ab  6.8 ± 0.7  20.3 ±3.3 

2.5 24.2 ±3.6 76.7 ±4.4a 139.2 ±8.5a  62.0 ±3.0b 84.7 ±6.4 169.0 ± 9.5c  8.5 ±0.6  19.3 ±2.0 

5.0 22.5 ±2.5 74.2 ±7.4a 124.2 ± 6.0  56.0 ±3.5a 72.7 ±5.3 135.0 ±3.5ac  8.0 ±0.2  23.3 ± 2.4 

10.0  18.3 ±0.8 57.5 ±7.6 105.8 ±7.9a  37.0 ±7.8b 68.3 ±1.2 a 106.0 ±5.3bc  7.9 ±0.4  12.3 ±1.8 
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Table 3 Growth parameters of L. purpureus 

 

 

Treatment SEO (%) 

Monthly means ± standard error 

Shoot length (cm)  No. of leaves  Leaf length 

(cm) 

 No. of flowers 

1st 2nd 3rd  1st 2nd 3rd   

Control (0) 24.4 ±2.0a 57.2 ±3.8a 76.7 ±8.2a  26.0 

±6.1 

70.0 ± 5.6 172.0±17a  8.9 ±0.4a  19.0 ± 4.6a 

2.5 21.6 ±1.4b 56.4 ± 4.0b 181.7±29.2ab  28.0 

±3.6 

109.0±15a 129.0±19b  10.2±0.7b  16.0 ± 4.0b 

5.0 21.1 ±1.3c 54.6 ± 5.2c 136.7 ±34.7c  24.0 

±5.2 

85.7±12.6b 138.0±6.2c  10.2±0.6c  16.0 ± 3.1c 

10.0 6.4 ±0.4abc 12.5±0.0abc 12.5 ±0.0bc  11.0±1.0 33.0±0.0ab 0.0 ±0.0abc  5.7±0.1abc  0.0 ±0.0abc 

* Values with the same superscript in a column are statistically significant 

 

 Table 4 Microbial counts of rhizosphere and non rhizosphere soil of C. cajan 

CFU: Colony Forming Unit, RE: Rhizosphere Effect, CR: Contaminated Rhizosphere; CN: Contaminated Non              

rhizosphere; CU: Uncontaminated Rhizosphere; UN: Uncontaminated Non rhizosphere; AHB: Aerobic Heterotrophic Bac-

teria; THF: Total Heterotrophic Fungi, OUB: Oil Utilizing Bacteria; OUF: Oil Utilizing Fungi; a: Expressed as ×104 cfu g-1. 

 
Table 5 Microbial counts of rhizosphere and non rhizosphere soil of L. purpureus 

 

Microbial group 

Counts (×108cfu g-1) RE value 

LR/CN 

Counts (×108cfu g-1) RE value 

LU/CN LR CN LU UN 

THB 108.0  47.3  2.3 65.3  16.9  3.9 

OUB 73.0  14.0  5.2 20.0  9.1  2.2 

THFa 6.0  10.0  0.6 7.3  2.0  3.7 

OUFa 5.3  1.7  3.1 1.6  1.3  1.2 

CFU: Colony Forming Unit, RE: Rhizosphere Effect, CR: Contaminated Rhizosphere; CN: Contaminated Non rhizosphe-

re; CU: Uncontaminated Rhizosphere; UN: Uncontaminated Non rhizosphere; AHB: Aerobic Heterotrophic Bacteria; 

THF: Total Heterotrophic Fungi, OUB: Oil Utilizing Bacteria; OUF: Oil Utilizing Fungi; a: Expressed as ×10
4 

cfu g
-1

. 

 

4. Discussion 
 

Results shows that (Table 1), the emergence of the two 

plants was generally poor and despite the fact that no varia-

tions existed in terms of days of emergence of germinated 

seeds between control and treated soils, there were decreas-

es in the percentage emergence of C. cajan between the 

control (29.63 %) and contaminated soils (22.2 to 14.8) %. 

This agreed with previous findings as similar researches 

have reported decrease in emergence of plants in hydrocar-

bon contaminated soils [20]. Anoliefo and Vwioko [21] 

noted poor germination of Capsicum annum and Lycopersi-

con esculentum in soil when treated with 4 and 5% of spent 

engine oil. Agbogidi [22] reported significant decrease in 

germination of six Vigna unguiculata cultivars due to expo-

sure to SEO.  

Statistical analyses for plant growth parameters revealed 

different level of variability between the treatments and the 

control. Significant difference (p < 0.05) was observed in 

shoot length of C. cajan in the second month of the experi-

ment even though no such variation was observed in the 

first month. Longer shoots were observed in the soil 

amended with 2.5 % and 5% of SEO (Table 2). This indi-

cated a kind of stimulatory effect that warranted plant 

 

Microbial group 

Counts (×108 cfu g-1) RE value 

  CR/CN 

Counts (×108 cfu g-1) RE value 

CU/CN CR CN CU UN 

AHB 56.6  4.73  12 51.7  16.9  3.1 

OUB 36.0  1.4  26 29.0  9.1  3.2 

THFa 12.0  1.0  12 12.0  2.0  6.0 

OUFa 5.0  1.7  2.9 5.0  1.3 3.8 
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growth at these contamination levels. More effect was no-

ticed in the third month where the longest shoots were rec-

orded at 2.5 % contamination. This might be as a result of 

ability of the plant to tolerate the contaminant to the level it 

was exposed to. This agreed with the findings of Radwan et 

al. [23] who reported that some plants in Kuwait (such as 

Senecio glaucus) grew well in areas considered to be weak-

ly to moderately contaminated (i.e., < 10 % by weight of 

oil). Frick et al. [24] also reported that barley was more 

sensitive than field pea to hydrocarbon content as indicated 

by reduced root growth with increasing hydrocarbon con-

centration (i.e., 0.5 %, 2.5 % or 5.5 % w/w); a trend that 

was not observed with the field pea. The investigators also 

opined that forage yield, plant height and maturity of plants 

in the contaminated soil improved in the later stages of the 

study – when contaminant concentrations may have been 

reduced. This strongly supports our findings as the plant 

used in this study was a pea plant. 

Conversely, the differences observed in terms of shoot 

length in L. purpureus were more pronounced in plant 

grown in 10 % SEO (Table 3). The plants were shorter than 

in all other treatments. Stunted growth was observed since 

the early stage of the experiment and the plants later died. 

The same pattern of variation was observed in the remain-

ing parameters evaluated. The inability of the plant to grow 

at such concentration of the pollutant may be as a result of 

toxic effect beyond which the plant could tolerate. This is in 

accordance with the findings of Rogers et al. [25] that 

growth of white clover, tilesy sage, Bering hair grass, and 

alpine bluegrass was enhanced by exposure to a low con-

centration (1000 mg kg-1) of a mixture of organic chemicals 

and was severely limited by exposure to higher concentra-

tions of the same mixture. 

The number of leaves on the plants varied with increas-

ing hydrocarbon contamination (Tables 2 and 3). Lower 

number of leaves was generally observed in higher concen-

tration of (5 and 10) %. No significant difference (P ≤ 0.05) 

was observed in the number of leaves in plants grown in  

2.5 % oil contamination and control soil. Similarly, leaf 

length and number of flowers slightly differed although 

without statistical significance (P ≤ 0.05). No yellowing or 

chlorosis of leaves was observed during the experiment 

except for L. purpureus at 10 % SEO concentration. This 

might enable us suggest that plants could carry out phy-

toremediation by other means like rhizodegradation but not 

phytovolatilization as was observed by Stephene and Ijah 

[4] in a similar study using Glycine max and Sida acuta. 

The one observed (L. purpureus at 10 % SEO concentra-

tion), however, may be as a result of toxicity due to higher 

concentration of spent engine oil. However, statistical anal-

ysis showed no significant difference (P ≤ 0.05) between C. 

cajan and L. purpureus in terms of shoot length, number of 

leaves, leaf length and number of flowers after three 

months except for L. purpureus at 10 % SEO.  

Higher microbial counts were generally observed in rhi-

zosphere soil of both contaminated and uncontaminated 

soils (Tables 4 and 5). This is clearly shown by the positive 

rhizosphere effects (≥ 1) observed in the soils. For example, 

microbial counts of C. cajan rhizosphere were about 1.2 to 

6 times greater than the non rhizosphere soil. Similarly, the 

microbial counts were much more pronounced in uncon-

taminated than contaminated sites (Table 4). This contra-

dicts the findings of Narino et al. [26] who reported posi-

tive rhizosphere effects of maize and oat on microorgan-

isms of contaminated soil in comparison with uncontami-

nated planted soil. Similar pattern was also observed in the 

rhizosphere of L. purpureus especially for fungi counts and 

oil utilizers. The rhizosphere effects of total and oil utiliz-

ing fungi in the contaminated sites were 6.0 and 3.8 respec-

tively (Table 5). These values are higher than those ob-

tained in the contaminated non rhizosphere soil. This may 

be due to the inability of some of the fungi species to with-

stand the toxicity of the hydrocarbon contaminants and as a 

result, they were eliminated from the environment. It was 

also observed that in most cases, the total counts of hetero-

trophic bacteria and fungi were higher than the oil utilizers. 

The work of Ikhajiagbe and Anoliefo [27] supports findings 

of the present study. 

 

5. Conclusion 
 

Conclusively, results this study showed that the legumi-

nous plants involved could perform effectively in spent 

engine oil contaminated soil especially below 10 % con-

tamination level. The ability of the plants to grow up to 

flowering stage was a clear indication that both could be 

cultivated in farm lands damaged by low levels of hydro-

carbons. Enhancement of microbial population by the 

plants was an important attribute that could encourage their 

use in large scale phytoremediation processes. Hence C. 

cajan and L. purpureus have good potentials for phytore-

mediation of spent engine oil impacted soil. 
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A B S T R A C T    
 

 

The synergistic approach of plants and rhizobacteria in crude oil contaminated soil in three different locations were carried 

out. The presence of heterotrophic bacteria and hydrocarbon-utilizing bacteria isolated from the polluted and pristine     

rhizosphere and non-rhizosphere soils of the plants were compared. The polluted rhizosphere of total culturable             

heterotrophic bacterial count gave a range of (0.98×10
6
 to 1.37×10

6
) cfu g

-1
. The pristine rhizosphere count ranged from 

(4.11×10
5
 cfu g

-1
 to 7.55×10

5
) cfu g

-1
. The polluted non-rhizosphere gave ranged from (2.39×10

5
 to 3.28×10

5
) cfu g

-1
. The 

pristine non-rhizosphere had a range of (2.90×10
5
 to 3.97×10

5
) cfu g

-1
. The polluted rhizosphere counts for hydrocarbon-

utilizing bacteria ranged from (1.60×10
5
 to 6.91×10

5
) cfu g

-1
. The pristine rhizosphere gave a range of (1.85×10

5
 to        

3.38×10
5
) cfu g

-1
. In the polluted non-rhizosphere, the range was from (1.02×10

5
 to 1.42×10

5
) cfu g

-1
. A range of (6.05×10

4 

to 9.75×10
4
) cfu g

-1
 was obtained from the pristine non-rhizosphere. There was no significant difference (P > 0.05) between 

the rhizosphere and non-rhizosphere of total heterotrophic and hydrocarbon-utilizing bacterial counts in both polluted and 

pristine soils. All the plants exhibited positive rhizosphere effects on the rhizobacteria. Hydrocarbon-utilizers were        

identified as Acinetobacter, Arthrobacter, Alcaligenes, Bacillus, Corynebacterium, Flavobacterium, Micrococcus, Serratia 

and Pseudomonas spp. All the isolates grew on petroleum hydrocarbon at different growth rates. Based on these results, the 

organisms isolated can serve as seeds for bioaugmentation during remediation of crude oil polluted soil environment. The 

plants may be employed in rhizoremediation of oil polluted soil. 
 

Keywords: Plants • Synergistic approach • Crude oil • Phytoremediation • Soil • Rhizoremediation 

1. Introduction 
 

The usage of petroleum hydrocarbon products has in-

creased soil contamination. This is one of the major envi-

ronmental problems in Nigeria and globally. Research ef-

forts have been devoted to develop new, low-cost, low-

technology, eco-friendly treatments capable of reducing and 

even eliminating pollution in the atmosphere, the hydro-

sphere and soil environments [1]. To investigate the coun-

termeasure to remediate soils contaminated with oils, bio-

remediation provide such an effective and efficient strategy 

to speed up the clean-up processes. 

Bioremediation of contaminated soil is low cost, causes 

less interference with the soil structure and has a higher 

public acceptance than other approaches including soil 

thermal desorption and soil leaching treatment [2]. 

Remediation of soils containing organic pollutants can

 

be enhanced by plants by various processes [3]. In-situ 

phytoremediation strategy exploits natural or genetically 

engineered plant species to accumulate toxic substances 

(heavy metals, radioactive compounds, organic pollutants) 

directly from the soil [4]. Partial or complete degradation of 

organic substances have been demonstrated in some cases 

[5]. The use of plants to extract, sequester or detoxify pollu-

tants is therefore known as phytoremediation [6]. Plants 

frequently do not possess complete metabolic degradation 

pathway for pollutants, and even more toxic by-products 

may be produced.  

Most plants have symbiotic relationships with soil mi-

croorganisms. For example, root nodule bacteria that have 



 

K. M. Ukaegbu-Obi et al.                                    The synergistic approach of plants and rhizobacteria 

66 
 

symbiotic relationships with legumes are involved in Nitro-

gen fixation. The area around plant roots, known as the 

rhizosphere contains higher populations, greater diversities 

and activities of microorganisms than soil with no plants 

[7]. 

This synergistic approach of using plants and their rhi-

zobacteria in remediation of oil polluted soil is known as 

rhizoremediation [8]. Application of the synergistic action 

of plants and their rhizobacteria in crude oil contaminated 

soil remediation have been demonstrated as an appropriate 

and more practical alternative to clean-up of petroleum 

hydrocarbon in the contaminated environments. 

A plant can be considered to be a solar-driven biological 

pump and treatment system, attracting water with its root 

system, accumulating water-soluble pollutant in the rhizo-

sphere and concluding with the degradation or translocation 

of pollutants [9]. In some cases, rhizosphere microbes are 

even the main contributors to the degradation process. 

Plants release exudates into the soil ecosystem that increas-

es the microbial activity and aid the degradation of xenobi-

obiotic substances. The soluble root exudates include en-

zymes, amino acids, sugars and low molecular weight car-

bohydrates [10]. 

The objective of this study therefore was to isolate rhizo-

sphere-inhabiting indigenous oil-degrading bacteria in 

plants growing in crude oil-polluted areas. 

 

2. Material and methods 
 

2.1. Study area 
 

Polluted rhizosphere and non-rhizosphere soil samples 

were collected from the three different crude oil polluted 

sites in Imo and Rivers States, Nigeria. These sites could be 

described as recovering ecosystems with few plants grow-

ing at these locations. Unpolluted rhizosphere and non-

rhizosphere soil samples were collected from the same 

areas where there has been no known crude oil pollution 

which served as the control. 

 

2.2. Collection of soil samples 
 

Plants of the same species were collected from the crude 

oil polluted and unpolluted sites in separately in marked 

sterile plastic bags. The plants were pulled out slowly to 

avoid breaking their roots. Non-rhizosphere (bulk) soil 

samples of crude oil polluted and unpolluted sites were 

collected at a distance of thirty centimeters (30 cm) from 

the plants’ roots as described by Ukaegbu-Obi and Mba-

kwem-Aniebo [11] in marked sterile plastic bags and trans-

ported in an ice chest to the laboratory for analyses. The 

plants were taken to a Plant taxonomist for identification.   

2.3. Bacterial counts and isolation 
 

The total culturable heterotrophic bacterial (TCHB) 

count was determined using the spread plate method on 

nutrient agar (Oxoid) according to Chikere et al. [12]. Soil 

suspensions were prepared by 10 fold serial dilutions with 1 

g of soil and then 10-3 to 10-6 dilutions were spread on the 

plates in duplicates. The colony forming units of hetero-

trophs were counted after incubation at 28 °C for 18 h. 

Hydrocarbon utilizing bacteria (HUB) were enumerated as 

adopted from Hamamura et al. [13] using mineral salts 

medium with crude oil supplied by the vapour phase trans-

fer. Isolated colonies were further purified by subculturing 

and identified using biochemical tests and microscopy. 

 

2.4. Identification of bacterial isolates 
 

The bacterial isolates were examined for colonial mor-

phology, cell micro-morphology and biochemical charac-

teristics. Tests employed included: Gram staining, Motility 

test, Catalase test, Citrate Utilization test, Indole test, Hy-

drogen Sulphide Production test, Methyl Red-Voges Pros-

kauer test, Oxidase test, Sugar Fermentation test. Confirma-

tory identities of the bacteria were made using the Bergey’s 

Manual of Determinative Bacteriology [14].  

 

2.5. Screen test for hydrocarbon-utilization by 

bacterial isolates 
 

The bacterial isolates were tested for their ability to uti-

lize crude oil using the turbidity method as described by 

Ukaegbu-Obi and Mbakwem-Aniebo [11]. The bacterial 

isolates were cultured in nutrient broth and incubated at 28 

+ 2 
0
C for 24 hours. Aliquot (0.1 ml) of the young culture in 

nutrient broth grown was inoculated into each test tube 

containing 9.9 ml of sterile mineral salt broth and 0.1 ml of 

crude oil. A control test tube containing 9.9 ml of sterile 

mineral salt broth plus 0.1 ml of crude oil remained uninoc-

ulated.  The tubes were incubated at room temperature for  

7 days. The growth of the inocula was determined by visual 

observation of the mineral salt broth turbidity, as compared 

with the uninoculated control tube. 

 

2.6. Statistical analysis 
 

The statistical tools – One-way Analysis of Variance 

(ANOVA) was used to analyze the data obtained from the 

plants while Independent Student’s t-test was used to ana-

lyze the polluted and unpolluted soil sample of each plant. 
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3. Results and discussion 
 

Plant-assisted bioremediation (rhizoremediation) stands 

out as a potential tool to inactivate or completely remove 

xenobiotics from the polluted environment. Therefore, it is 

of key importance to find an adequate combination of plant 

species and microorganisms that together enhance the 

clean-up process.  

Field trials have shown that remediation of petroleum 

contaminated sites can be enhanced by cultivation of plants. 

To date, a great variety of grasses, legumes and fast grow-

ing trees with high transpiration rates such as poplars, alder 

or willow have been applied for phytoremediation. These 

plants provide large surface area for root soil contact due to 

their expansive root system. Roots also provide ideal at-

tachment sites for microbes and food supply/exudates con-

sisting of amino acid, organic acids, sugars, enzymes and 

complex carbohydrate [15]. 

The results of the enumeration of the total culturable 

heterotrophic bacterial counts of the polluted and pristine 

rhizosphere and bulk soil are shown in Fig. 1-6. The total 

culturable heterotrophic bacteria counts for polluted rhizo-

sphere ranged from (0.98×10
6
 to 1.37×10

6
) cfu g

-1
; the 

pristine rhizosphere (control), ranged from (4.20×10
5
 to  

7.55×10
5
) cfu g

-1
; the polluted non-rhizosphere, ranged 

from (2.56×10
5
 to 3.12×10

5
) cfu g

-1
 while the pristine non-

rhizosphere, ranged from (3.10×10
5
 to 4.12×10

5
) cfu g

-1
. 

The polluted rhizosphere counts for hydrocarbon-

utilizing bacteria ranged from (1.60×10
5
 to 6.91×10

5
) cfu g

-1
. 

The pristine rhizosphere gave a range of (1.85×10
5
 to 

3.38×10
5
) cfu g

-1
. In the polluted non-rhizosphere, the range 

was from (1.02×10
5
 to 1.42×10

5
) cfu g

-1
. A range of 

(6.05×10
4
 to 9.75×10

4
) cfu g

-1
 was obtained for pristine 

non-rhizosphere. 

The bacterial counts of polluted and pristine rhizosphere 

and non- rhizosphere of different locations are shown in 

Fig. 1-6. It was observed that the total heterotrophic bacte-

rial counts were higher in the polluted rhizosphere than in 

the polluted non-rhizosphere of all the plants. This was the 

same for hydrocarbon-utilizing bacteria; the counts were 

also higher in the polluted rhizosphere than the polluted 

non-rhizosphere. Lynch [16] stated that on a per gram basis, 

rhizosphere soil has 10–100 times more microbes than 

unvegetated soil. This expresses the rhizosphere effect of 

the plants on the bacteria. 

The low counts of heterotrophic bacteria (Fig. 1, 3 and 5) 

recorded in this study for most crude oil-contaminated soils 

compared to that of pristine soils agreed with the previous 

reports by Umanu et al. [17] and Ukaegbu-Obi and Mba-

kwem-Aniebo, [11] which could be attributed to the toxic 

effect of petroleum-pollution. Microbial community struc-

ture has been recommended as a biological indicator of 

heavy metal stress. 

Unlike the result of total culturable heterotrophic count, 

in the non-rhizosphere soil, the mean counts of the hydro-

carbon-utilizing bacteria were higher in the contaminated 

non-rhizosphere soil for all the plants (Fig. 2, 4 and 6). This 

finding was also reported by Leahy and Colwell [18] and 

Ukaegbu-Obi and Mbakwem-Aniebo [11] who observed 

that hydrocarbon-utilizing bacteria and fungi were readily 

isolated from soil and also that the application of oil or oily 

waste to soil resulted in increased numbers of hydrocarbon-

utilizing bacteria and fungi. This phenomenon of selective 

enrichment causes the numbers of microorganisms that can 

utilize the compound of interest to increase within the 

community [18]. The addition of crude oil results in an 

immediate change in bacterial community structure, in-

creasing abundance of hydrocarbon– degrading microor-

ganisms and a rapid rate of oil degradation, which suggests 

the presence of a pre-adapted oil-degrading microbial 

community and sufficient supply of nutrients [13].  

The rhizosphere (both polluted and pristine) had higher 

frequencies of occurrence of bacterial isolates than the non-

rhizosphere. This result may indicate the fact that vegeta-

tion influences some specific degradative groups of bacteria 

already present in the polluted sites than the total microbial 

diversity. Juhason et al. [19] reported that in their field 

experiment phytoremediation increased the number of phe-

nol-degrading bacteria in semi-coke (processed oil shale 

solid wastes) as well as metabolic diversity of microbial 

community. Exudates derived from plants can help to stim-

ulate the survival and action of bacteria, which subsequent-

ly results in more efficient degradation of pollutants [8]. 

The bacterial isolates obtained from different rhizo-

sphere and non-rhizosphere of polluted and pristine soils in 

this study were identified to be of the following genera: 

Acinetobacter, Alcaligenes, Arthrobacter, Bacillus, 

Corynebacterium, Flavobacterium, Micrococcus and Pseu-

domonas and Serratia. This agrees with the findings of [15] 

who reported that a broad phylogenetic range of bacteria 

including species/strains of Achromobacter, Acidovorax, 

Alcaligenes, Arthrobacter, Bacillus, Corynebacterium, 

Flavobacterium, Micrococcus, Mycobacterium, Norcadia, 

Pseudomonas, Rhodococcus, Sphinogomonas and Xan-

thomonas have been identified in the breakdown of hydro-

carbons.  

The bacterial isolates utilized crude oil at different rates 

with Pseudomonas sp. having the highest growth rate fol-

lowed by Bacillus sp., Acinetobacter sp., Alcaligenes sp., 

Micrococcus sp., and Corynebacterium sp., that had moder-

ate growth rate and Arthrobacter sp., Flavobacterium sp., 

Micrococcus sp., Serratia sp. having scanty growth rates 

(Table 1). Some isolates may withstand toxic components 
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of the oil and thrive, others may be inhibited. Other investi-

gators [20] have made similar observations. The result also 

showed that some bacteria isolated from uncontaminated 

sites had the potential to utilize crude oil but these poten-

tials were not as high as their counterparts isolated from 

contaminated sites. 

 

 
Figure 1 Total heterotrophic bacterial counts (TCHC) of polluted 
and pristine rhizosphere and non-rhizosphere soils at location 1   

 

 
Figure 2 Hydrocarbon utilizing bacterial (HUB) counts of      

polluted and pristine rhizosphere and non-rhizosphere soils at 
location 1   

 
Figure 3 Total heterotrophic bacterial counts (TCHC) of polluted 
and pristine rhizosphere and non-rhizosphere soils at location 2   

 

 
Figure 4 Hydrocarbon utilizing bacterial (HUB) counts of      

polluted and pristine rhizosphere and non-rhizosphere soils at 
location 2   

 
Figure 5 Total heterotrophic bacterial counts (TCHC) of polluted 
and pristine rhizosphere and non-rhizosphere soils at location 3   

 

 
Figure 6 Hydrocarbon utilizing bacterial (HUB) counts of      

polluted and pristine rhizosphere and non-rhizosphere soils at 
location 3   
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Table 1 Screen test for the utilization of petroleum hydrocarbon by the bacterial isolates 

Isolate code Growth in               Bacterial isolate 

crude oil      

medium           

PRO 1A ++ Arthrobacter sp. 

PSO 2B ++ Corynebacterium sp. 

PSO 3A ++ Alcaligenes sp. 

PRO 5A ++ Acinetobacter sp. 

NSO 1B ++ Pseudomonas sp. 

NSO 2A + Flavobacterium sp. 

NRO 3A + Arthrobacter sp. 

NRO 3A + Serratia sp. 

NRO 4B ++ Pseudomonas sp. 

NRO 5B + Corynebacterium sp. 

PRU 1A ++ Flavobacterium sp. 

PSU 2B ++ Micrococcus sp. 

PRU 3A ++ Alcaligenes sp. 

PSU 3A ++ Bacillus sp. 

PRU 3B +++ Pseudomonas sp. 

PRU 1B + Arthrobacter sp. 

NSU  4B    + Arthrobacter sp. 

NRU 5B ++ Acinetobacter sp. 

PSA 1A  ++ Bacillus sp. 

PRA 4B ++ Bacillus sp. 

PRA 5A +++ Pseudomonas sp. 

NSA 3A + Acinetobacter sp. 

NRA 2B + Micrococcus sp. 

Note: +++ denote highest growth rate, ++ denote moderate growth rate and + denote scanty  

growth rate. 

 

4. Conclusion 
 

The use of plants for rehabilitation of crude oil contami-

nated environments is an emerging area of interest because 

it provides an ecologically sound and safe method for resto-

ration and remediation. A clever solution is to combine the 

advantages of microbe-plant symbiosis within the plant 

rhizosphere into an effective cleanup technology as this 

may be a promising strategy to remediate more contaminat-

ed sites. 
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A B S T R A C T    
 

 

This study deals with examine and assess the noise emitted by the vehicles, depending on the type of road surface and   

driving speed. Studies have shown that the noise reduction can be achieved by the reduction of the speed of movement of 

vehicles. The changes to the noise level emitted by passenger car, a commercial vehicle and a truck were also measured. 

The results give an answer to the question of whether the type of road surface has a significant impact on the noise level of a 

moving car or it is rather caused by other factors related to the movement of the car at a certain speed. Noise measurements 

were carried out using a controlled pass-by method (CPB). The results of measurement show significant influence of the 

type of road surface and driving speed on the noise level. 
 

Keywords: Survey • Noise • Motor vehicles • Road surface • Work and life safety 

1. Introduction  
 

Traffic noise is today one of the most common hazards 

of life and work of humans. It is a social problem for many 

people and their environment. It is a source of discomfort 

and stress at work [1], after work and during leisure time. 

Exposure to traffic noise in cities is so common that it is 

difficult to find a place and time in which we would be 

outside the emissions of that type of noise.  

In the vast majority of vehicles, we can distinguish the 

following sources of noise: engine, powertrain, tires coop-

erating with the road surface, the aerodynamic phenomena 

while driving, the flow of liquids and gases in systems and 

installations of the vehicle, vibration of other components 

of the vehicle [2-4]. It is estimated that the most intense 

source of noise and vibration is not a motor but the coop-

eration of the wheels with the road surface and the airflow 

around the vehicle. There are many sources of noise in 

vehicles and their elimination is quite effective in the de-

sign phase of the vehicle. Unfortunately, neither the vehicle 

manufacturer nor its user has the influence on the type and 

quality of the road surface. 

With the increase in traffic volume there is a problem 

with noise emission while cars ride on old road surfaces of 

stone paving. These types of surfaces, often in a very good 

condition can be found in both urban and rural areas. These 

are usually historic sections of the road surface that, due to

 

its historical value are not exchanged for less noisy ones. 

The aim of this study is to evaluate the noise emitted by 

motor vehicles, depending on the type of road surface and 

driving speed. The results give an answer if the type of road 

surface has a significant impact on the volume of a moving 

car or rather it is caused by other factors that are directly 

related to the movement of the car at a given speed. 

One way to eliminate traffic noise is to reduce the speed 

of traffic. This method is mainly used in urban areas, where 

other methods of reducing the noise propagation are not 

feasible. 

Two questions were the aims of the study. The question 

of what effects of noise reduction will be achieved by re-

ducing the speed of movement of vehicles and by how 

much will the noise level change if it is emitted by the pas-

senger car, van and truck depending on the type of road 

surface. 

 

2. Material and methods 

 

To evaluate the noise conditions, the application has 

three methods of measurement. The first is the CPX method 

(called Close Proximity Method), also known as the method 
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of attachment that takes into account only the noise of roll-

ing tires [5]. Other sound sources of moving vehicle are 

ignored in this method. All other noise sources are taken 

into account in SPB method (called Statistical Pass-By 

Method), in Poland called statistical method of travel or the 

method of road traffic [6]. Both methods are standardized 

and widely used around the world. The third is a method of 

the controlled passage CPB (called Controlled Pass-By 

method) [7]. 

The studies used the CPB method, which is called con-

trolled pass-by passage in Poland. It measures the level of 

sound coming from the tested vehicle that is travelling, 

fitted with tires of known characteristics. The noise meas-

urement is carried out using a microphone placed on the 

side of the road at a distance of 7.5 m from the middle of 

the traffic lane where vehicles are driving. The microphone 

is mounted on a stand at a height of 1.2 m in relation to a 

level road surface.  

Measurements were performed on selected sections of 

roads with surfaces: 

1. asphalt: bitumen – (Fig. 1); 

2. concrete – (Fig. 2); 

3. paving stones – (Fig. 3). 

For the study, the road sections were selected in such a 

way that there were no other objects in their environment, 

which could cause an additional source of noise or screen 

causing the reflection of the acoustic wave. Weather condi-

tions: air temperature 9 – 10˚C, no wind, no rain, and dry 

road surface. The air humidity was not measured. In the 

first part of the examination procedure there was used a car: 

OPEL Vectra Combi. The study was conducted at two 

different speeds: 50 and 80 km h
-1

 on each of the surfaces: 

 travel at a constant speed (50 km h
-1

 - riding on 4
th

 

gear, RPM 1600 r min
-1

; 80 km h
-1

 – riding in 5
th

 gear, 

RPM 2000 r min
-1

); 

 drive at neutral gear the vehicle was speeded up earli-

er to provide the required speed on the measurement 

section). On the measurement section the car was 

moving at neutral gear with the uniformly retarded 

motion. It was set by repeated attempts that the speed 

of the vehicle could be required at the measuring 

point, when at the beginning of the measuring section 

it moves at 50 km h
-1

 (at 53 km h
-1

 exactly), while for 

the 80 km h
-1

 (84 km h
-1

 exactly). 

 

 

  
Figure 1 Asphalt - bitumen road 

  
Figure 2 The road of the concrete slabs on the terrain of the old airport 
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Figure 3 The road of paving stones 

 

Research on the influence driving speed on noise emis-

sion was carried out using three types of vehicles: the car 

OPEL Vectra Combi – a factory vehicle without any modi-

fication; van – type ‘BUS’ by RENAULT MASTER brand 

– a factory vehicle without any modification; heavy goods 

vehicle by SCANIA brand without trailers - vehicle factory 

without any modifications. All vehicles selected for the 

study were fitted with tyres fitted at the factory and in a 

good condition. The diagram of a research is shown in 

Figure 4. Portable sound and vibration analyzer SVAN 912 

was used for noise measurements. During the measure-

ments there was made the registration of the time charts of 

noise with A correction and step buffer 0.125 s. This fea-

ture allowed the graphical representation of changes in the 

level of noise while zooming in and out of the vehicle from 

the point of measurement.  At the same time it was meas-

ured the frequency analysis of noise in one-third octave 

frequency bands with a linear correction. 

 
Figure 4 The outline of research 

 

 

3. Results and discussion  
 

Analysing changes at the level of noise emitted by the 

vehicle during the passing of the measuring point, there was 

used the recording of the time course of individual research 

events. The results of analyzes are shown in Fig. 5 to 8. 

The waveforms recorded during the measurement illus-

trate the variations in noise level at the measuring point. For 

further analysis there was taken into account the maximum 

noise level that occurred at the time when the vehicle was 

passing the measuring point. 

The overall level of noise emitted by the vehicle on the 

tested road surfaces are shown in Table 1. 

Noise emitted by the passenger vehicle during the pas-

sage was of a low frequency. Changes in the level of noise 

occurred in the entire frequency band and in particular in 

the range from 100 Hz to 1600 Hz. 

The emission of noise when driving on roads with pav-

ing stone is by far the biggest and reaches an average of   

82 dB (A) at a speed of 50 km h
-1

 and 90 dB (A) at a speed 

of 80 km h
-1

 When driving on an asphalt surface it was 

recorded the lowest level of noise – 75 dB (A) at a speed of 

50 km h
-1

 and 82 dB (A) at a speed of 80 km h
-1

. 

Changing speeds (from 50 km h
-1

 to 80 km h
-1

) causes an 

increase in the noise level at the measuring point. When 

driving on an asphalt surface it increases by about 7 dB, 

while on the surface of the paving stones by about 9 dB. No 

significant difference was observed in the emission of noise 

when driving in 4
th

 gear and neutral gear. Changing the 

engine speed does not have a significant impact on the level 

of noise. 

In the next stage it was measured the influence of speeds 

of cars, vans and trucks on the noise level. The study was 

performed on the asphalt surface. The obtained measure-

ment results are presented on Fig. 9 – 11. 
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Figure 5 Noise emitted by passenger vehicle at 50 km h

-1
 – riding on 4

th
 gear 

 
Figure 6 Noise emitted by passenger vehicle at 50 km h

-1
 – riding on neutral gear 
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Figure 7 Noise emitted by passenger vehicle at 80 km h

-1
 – riding on 5

th
 gear 

 
Figure 8 Noise emitted by passenger vehicle at 80 km h

-1
 – riding on neutral gear 

 

Table 1 Noise emitted by the passenger vehicle under investigated conditions 

  Noise level Lmax (dB(A)) 

Type of the surface 50 km h
-1

 80 km h
-1

 

  Gear Neutral gear Gear Neutral gear 

Asphalt 75.3 74.3 82.5 81.4 

Concrete 75.4 74.9 81.6 82.7 

Paving stone 81.8 82.6 90.2 91.0 
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Figure 9 Comparison of noise emitted by passenger vehicle at 3 different speeds (asphalt surface) 

 
Figure 10 Comparison of noise emitted by the vehicle van at 3 different speeds (asphalt surface) 

 
Figure 11 Comparison of noise emitted by heavy goods vehicle at 3 different speeds (asphalt surface) 



 

European Journal of Environmental and Safety Sciences                                     2014 Vol. 2, Issue 2 

77 
 

 
Figure 12 The maximum noise level at 3 speeds, by type of vehicle 

 

The overall level of noise emitted by the tested types of 

vehicles while driving at different speeds is shown in Fig. 

12. 

Noise emissions when driving a car increases strongly 

with increasing speed. At a speed of 40 km h
-1

 is about     

72 dB (A), while at 80 km h
-1

 almost 82 dB (A). The noise 

tests of road vehicles using the method of CPB indicate that 

limiting the speed of the passenger vehicle from 80 km h
-1

 

to 40 km h
-1

 can reduce noise emissions by approximately    

10 dB.  

Definitely less impact of speed on noise reduction was 

observed for the type of delivery vehicles and trucks. A 

speed limit of vehicles in the same speed range reduces the 

noise level by about 5 dB, while for the truck by about     

0.6 dB. 

 

4. Conclusion  
 

The problem of noise emission by moving vehicles on 

public roads with different types of surfaces in the literature 

was undertaken on several occasions. It is obvious that the 

noise levels of vehicles depend largely on the size and con-

struction of vehicles (cars, trucks, special), traffic volume, 

speed of vehicle, type and characteristics of the road sur-

face with which tires of different types and manufacturers 

cooperate [8-10]. 

An important result of the study is data that allow pre-

dicting changes in the level of noise emission by motor 

vehicles in the case of e.g. changing the surface of the pav-

ing stone to asphalt - bitumen surface. The applied research 

method and the results obtained allow assessing whether a 

change to a quieter road surface will bring the expected 

results of noise reduction, or whether restrictions should be 

imposed at the same time speed. 

Reducing the speed can always reduce the level of noise 

emitted by road vehicles. An alternative method is to 

change the road surface. Such a treatment will increase the 

speed of movement of vehicles in areas with high traffic 

without increasing noise. 

The results also allow to determine for what type of ve-

hicles, the introduction of speed limits will bring the best 

results, while maintaining the required bandwidth for a 

specific (for appointed research) road surface. 
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A B S T R A C T    
 

 

This paper deals with the topic of fire spread from the first item ignited onto items that are in its proximity. This potential is 

very important from the fire-growth point of view, since statistically only a certain proportion of fires spread beyond the 

first item ignited in compartment fire scenarios. A number of parameters that affect the potential of fire spread, such as fire 

load density, room geometry and fuel, size of compartment and ignition source are investigated. The fire load density and 

fuel geometry are selected such that they represent real-world occupancy examples. To evaluate the above parameters   

computer modelling is used, namely BRISK from BRANZ. Each of the variables is assigned interval boundaries and     

statistical distribution and a number of iterations are run, each varying one of the parameters randomly within the prescribed 

boundaries. The results are then analysed and probabilities of fire spread are derived for the specified configurations. The 

main outcomes of this work are the probabilities of fire spread beyond the first item ignited and to the entire compartment. 
 

Keywords: Probabilistic • Deterministic fire model • BRISK • Fire spread • Fire load density 

1. Introduction  

 
The potential for fire spread from the first item ignited is 

of critical importance in the overall fire growth. Naturally, 

not all fires spread from the first item ignited and grow to 

the fully developed stage. However, the greater the proba-

bility of fire being transferred from one fuel item to anoth-

er, the greater the probability of sustained fire growth and 

potentially flashover, due to increasing amount of heat 

being released in the compartment. 

Despite being such an important parameter, fire spread 

potential is rather difficult to quantify due to an extremely 

high level of variability, even in two similarly sized spaces 

of the identical type of use, e.g. offices or shops. A com-

mon way of quantifying the potential for fire spread from 

the first item ignited is the determination of its probability, 

i.e. in what number of cases of all ignitions does the fire 

spread onto a second fuel item, which is a probabilistic 

approach. 

If the particular room and fuel configuration is known, it 

is possible to determine the potential by employing the 

principles of fire dynamics. By specifying, or calculating, 

the heat output of the first item ignited it is possible to de-

termine the heat flux to which the surrounding items are 

exposed. Should its intensity exceed critical levels, the item

 

exposed to such a heat flux would ignite as a result of its 

temperature rising above the ignition temperature. 

 

2. Approaches to establishing potential 

for fire spread 
 

As described above, the potential of fire spread can be 

expressed in two ways – probabilistically as a probability of 

fire spreading from the first item ignited and deterministi-

cally as a value of critical heat flux. The following sections 

discuss these approaches. 

 

2.1. Probabilistic approach 
 

If the number of all fires that started in a monitored 

group of buildings during a given period is known, it is 

possible to establish what proportion of grew beyond the 

item of fire origin. If the conditions are not expected to 

change significantly in the future, the probability of a fire 

spread from the first item ignited can be mathematically 

expressed as: 
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f,2nd

tf,

s
n

n
p   (1) 

 

where: ps is probability of fire spread beyond first item 

ignited (-); nf,t is total number of fires recorded in selected 

group of buildings and given period of time (-) and nf,2nd is 

number of fires in selected group of buildings and given 

period of time that spread beyond the first item ignited (-). 

 

Literature offers limited experimentally derived data on 

the probabilities of interest, and when it does there is a high 

level of variability. For example a general approach de-

scribed by Mowrer [1] suggests that only 10 % of the fires 

will spread beyond the first item ignited without further 

specification of the building use type. On the other hand, 

Hasofer [2] states percentages of 36 % and 41 % for apart-

ment and commercial buildings, respectively. PD 7974-7 

[3] states a percentage of 51 % which spread from the first 

item ignited, in this case, however, the value is specific for 

the textile industry. As stated previously, if occupancies are 

sufficiently similar, the above percentages may be translat-

ed into probabilities for future fire spread prediction.  

 

2.2. Deterministic approach 
 

In cases when the compartment(s) of interest are well 

described and fire scenarios formulated, it is possible utilize 

direct deterministic fire calculations or modelling. Three 

mechanisms of fire spread may be considered in general 

[4]: piloted ignition, direct flame impingement, and sponta-

neous ignition under sufficient heat flux. Each of the mech-

anisms has a specific set of principles and conditions gov-

erning them and their description is beyond the scope of 

this paper.  

Three variables are of primary interest when using a di-

rect mathematical description of fire spread: 

1. Intensity of fire source (geometry may be disregarded 

if point source radiation model is employed). 

2. Material properties of other fuel items, particularly 

their thermal inertia (kρc) [4]. 

3. Distance between fire source and other fuel items. 

 

3. Proposed approach description 

 

The basic logic of the proposed approach is to combine 

the deterministic and probabilistic approaches and derive 

the theoretical probability of fire spreading beyond the first 

item ignited.  

At first, a set of specifications, or boundary conditions, 

describing the target building or space use, need to be spec-

ified. The purpose of this paper is to introduce the new 

approach so the set of condition is reduced to the necessary 

minimum. 

Each building or space has a characteristic value of fire 

load. It represents the mass of wood, the total heat of com-

bustion of which equals to the total heat of combustion of 

all real fuels usually found in the given type of occupancy. 

Fire load may be seen as the limiting amount of combusti-

bles present in the particular space. 

Further input required is the typical, or representative, 

set of fuel items. For example, in the office type of occu-

pancy desks, filing cabinets, cupboards, computers and 

chairs are usually present. It is usually possible to simplify 

these items to rectangular object of characteristic height, 

width and depth, thereby creating a set of heat-flux-

receiving surfaces. Furthermore their weight is often known 

or possible to estimate with sufficient precision. The quanti-

ties of the individual fuel items may be mathematically 

determined as: 

iii khmQ .. c,  (2) 

 

where: Q is total fire load (MJ); mi is mass of i-th fuel item 

(kg); hc,i is heat of combustion of i-th fuel item (MJ kg-1) 

and ki is heat of combustion equivalence ratio (real fuel to 

reference wood) (-). 

 

Design standards and guides typically use fire load den-

sity instead of total fire load. Fire load density is calculated 

as: 

SQQ /  (3) 

 

where: Q´´ is fire load density (MJ m-2) and S is floor area 

on which fire load is distributed (m-2). 

 

The next step is the specification of the first item ignited. 

It is worth noting that the property of interest is the poten-

tial, or probability, of fire spreading beyond the first item 

ignited. This means it is not of interest to simulate or pre-

dict the ignition of the first item itself. For most cases it 

should be sufficient to assume a fixed heat output surface, 

e.g. a wastebasket may be represented as a rectangular 

shape of 0.3 m side elevated 0.5 m above floor level with a 

heat output of 50 kW.  

As the final step the compartment geometry is specified. 

Fire spread is for this phenomenon limited to fuel items 

located in the close proximity of the item ignited first. Also, 

for the spread of fire beyond the first item the initial stages 

of fire growth are relevant, i.e. no significant thermal feed-

back from the hot layer and/or bounding construction is 

expected. Therefore, the compartment in question may be 

specified in a relatively simple way since the only ceiling 
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height and proximity to the walls have a more pronounced 

effect early in a fire [5]. 

The above paragraphs describe the deterministic part of 

the model. As mentioned previously, no two buildings or 

even rooms are exactly the same. Therefore, a degree of 

randomness must be introduced in order to be able to derive 

a value of probability of fire spread beyond the first item 

ignited.  

What clearly plays the most important role is the distri-

bution of the individual items of fire load within the com-

partment of interest; particularly the distance between the 

source – first item ignited – and targets – other fuel items. 

Hence, the functional (architectural) configuration of target 

fuel items within the compartment is not of significant 

importance and may be disregarded. For relevant results, 

each of the evaluated compartment configurations should 

be arranged uniquely, yet adhere to the specific fuel load 

limits. One way of addressing this requirement is to “shuf-

fle” the fuel items each run.  

Finally, each of the randomized fuel configurations is 

calculated and monitored for critical heat flux levels or 

direct flame impingement on the target fuel items. Should 

one of these two mechanisms of fire spread be of sufficient 

intensity and duration, fire spread to the target fuel item 

occurs.  

 

4. Demonstration of proposed approach 

 

To illustrate this approach a series of computer simula-

tions were carried out. 

 

4.1. Computer model – B-RISK 
 

B-RISK is a fire simulation model and software program 

comprising a fire risk simulator for generating probability 

distributions for relevant model outputs, given that statisti-

cal distribution to key input parameters are assigned. Cen-

tral to B-RISK is an underlying deterministic fire zone 

model previously developed and known as BRANZFIRE. 

The B-RISK model may be used for both single determinis-

tic runs as well as for multiple iterations of a scenario for 

the purpose of sensitivity analysis or for producing proba-

bilistic descriptors of fire risk under defined conditions [6]. 

 

4.2. Case model description 
 

The occupancy types used in the demonstration were of-

fice, shop and library, with their respective fuel load densi-

ties of 670MJ m-2, 1100MJ m-2, 2550MJ m-2, all taken from 

[7]. There was no particular reason for selecting the above 

occupancies; they represent increasing values with a suffi-

cient level of difference. 

Target fuel items were designed and assigned to the in-

dividual occupancy types as per Table 1. Their exact num-

ber is random in each run, observing the fuel load and item 

count limits. All of the target fuel items were of cellulosic 

type. 

The fire source, i.e. item first ignited is a rectangular ob-

ject with dimensions of (0.3x0.3x0.4) m with the heat out-

put levels of 25, 50, 75 and 100 kW. The total combustible 

mass was 5 kg for each level of heat output. The fire source 

was therefore able to release heat at the prescribed level 

during the entire duration of each simulation which was set 

to 600 seconds.  

The ignition criterion for heat-flux driven fire spread is 

based on the critical heat flux of 9.5 kW and the duration of 

exposure at or above this threshold. If the exposure is suffi-

ciently long the target fuel item will ignite. Further details 

on the ignition mechanism may be found in [6]. The igni-

tion of cellulosic fuels exposed to radiant heat flux is dis-

cussed in depth in [8-9]. 

The simulated compartment was represented by a single, 

undivided, rectangular 5 m by 10 m room with a clear 

height of 3 m.  

To generate the individual random configuration a built-

in feature of the B-RISK simulation software was used. A 

snapshot of the set-up window is shown in Fig. 1. As stated 

previously, each compartment configuration is original with 

varying distances to target fuel items.  250 simulations was 

run for each type of occupancy and heat output level of the 

first item ignited, yielding a total of 3000 runs. 

 

Table 1 Specification of target fuel items 

Fuel item Dimensions 

HxWxD (m) 

Combustible 

mass (kg) 

Max number of items allowed 

Office Shop Library 

Chair 1.5x5.0x0.5 10 5 3 3 

Desk 1.0x2.0x1.0 30 5 1 1 

Cupboard 2.0x1.0x0.6 70 5 5 5 

Goods shelf 2.0x2.0x0.5 100 0 10 0 

Book shelf 2.0x2.0x0.5 200 0 0 10 
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Figure 1 B-RISK random room configuration generator 

 

4.3. Simulation results  
 

After running all the cases, probabilities of fire spreading 

beyond the first item ignited were derived using Eq (1). The 

basic set of ignited fires was 250 and represented nf,t and 

the proportion of fires in which the configuration allowed

 

for fire spread to one or more target fuel items represented 

nf,2nd. The mechanism of fire spread – piloted ignition, 

flame impingement, autoignition – was not distinguished. 

The resulting values of probabilities are listed in Table 2. 
 

Table 2 Probabilities of fire spread beyond first item ignited 

Source intensity 

(kW) 

Probability of fire spread beyond first item ignited ps (-) 

Office 

Q´´ = 670 MJ m-2 

Shop 

Q´´ = 1100 MJ m-2 

Library 

Q´´ = 2550 MJ m-2 

25 0.208 0.192 0.168 

50 0.381 0.396 0.232 

75 0.560 0.528 0.396 

100 0.648 0.660 0.500 

Average of above 0.449 0.444 0.324 
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5. Discussion 

 

Despite the simplifications assumed, the obtained aver-

age probability values appear to reasonably match those 

found in literature [2-3] which were based on actual statisti-

cal data. It should be noted that the average values are 

based on an equal occurrence of each source heat output 

level. 

As expected the probability of fire spread beyond the 

first item ignited increases with increasing source heat 

output level. Greater levels of heat flux are achieved there-

fore reaching further away from the fire source item and 

causing exposure of target fuel items in a greater area.  

What may appear somewhat illogical at first is the nega-

tive correlation of fuel load to the probability of fire spread. 

This must be, however, seen in relation to the properties of 

the fuel items forming the overall fuel load which relate to 

the occupancy type. Despite having the highest fuel load 

density, the library occupancy yielded the lowest probabili-

ties of fire spread beyond the first item ignited.  

The main target fuel item in the library – the book shelf 

– has the lowest weight to surface area ratio; only 0.06 m2 

of surface area per kg of combustible mass. Another set of 

simulations was run, reducing the dimensions of the book-

shelf from (2x2x0.5) m to (2x1x0.5) m as well as the com-

bustible mass from 200 kg to 50 kg. The weight to surface 

area ratio for this target fuel item increased to 0.14 m2 of 

surface area per kg of combustible mass.  In addition, the 

maximum allowed number of the bookshelf target fuel 

items was increased to meet the fuel load density criterion. 

These adjustments led to an increase in probability of fire 

spreading from 0.232 to 0.468 for the 50 kW source; the 

value represents the highest probability at this level of 

source heat output. 

 

6. Conclusion  
 

The aim of the paper was to investigate the utilization of 

a combination of deterministic and probabilistic fire model-

ling for the purpose of determining the potential of fire 

spread beyond the first item ignited. The B-RISK computer 

model was used for this purpose as the computation tool. 

The results indicate that three variables are key to the po-

tential for fire spread beyond the first item ignited: heat 

output of first item ignited (source), weight-to-surface-area 

ratio of target fuel items and the fuel load density. The 

latter two variables are closely dependent and the weight-

to-surface-area ratio appears to have a greater impact than 

fire load density; the sensitivity study of this dependency 

was only limited, however. 

 

The results of this study offer an initial insight at the de-

terministic-probabilistic fire modelling approach. Since the 

probability of fire spread beyond the first item ignited has a 

great importance it could offer a viable alternative to deriv-

ing it from fire statistics where data may often be difficult 

to source or unavailable at the level of detail required.   

 

Acknowledgements  

 

This work was supported by the Slovak Research and 

Development Agency under the contract No. APVV-0727-

12. 

 

References 
 

[1] Mowrer FW, Brannigan V, Pruser DA. A probabilistic 

approach to tenability criteria. In: Johnson P, editor. 

Performance-based codes and fire safety design methods. 

4th International Conference on Performance-based codes 

and fire safety design methods; 2002 March 20-22; 

Melbourne, Australia. Lancaster: DEStech Publications; 

2002. p. 174-178. 

[2] Hasofer AM, Beck VR, Bennetts ID. Risk analysis in 

building fire safety engineering. London: Butterworth-

Heinemann; 2007. 208 p. 

[3] British Standards Institutions. PD 7974-7:2003. 

Probabilistic risk assessment. London: BSI; 2003. 

[4] Drysdale D. An introduction to fire dynamics.  

Chichester: Wiley; 1999. 574 p.  

[5] Karlsson B, Quintiere J. Enclosure fire dynamics. 

Boca Raton: CRC Press; 2002. 336 p. 

[6] Wade C. B-RISK user guide and technical manual. 

Judgeford: NZ Branz; 2002. 118 p. 

[7] Cote AE. Fire protection handbook. 20th ed. Quincy: 

National Fire Protection Association; 2008. 3680 p. 

[8] Martinka J, Chrebet T, Kral J, Balog K. An 

examination of the behaviour of thermally treated spruce 

wood under fire conditions. In: Wood Res 2013;61(1):243-

253. 

[9] Xu Q, Majlingova A, Zachar M, Jin C, Jiang Y. 

Correlation analysis of cone calorimetry test data 

assessment of the procedure. J Therm Anal Calorim 

2012;110(1):65-70. 

 

 


	1_rychly
	2_rubio
	3_kapusniak
	4_serban
	5_singare
	6_a_ismail
	7_ukaegbu
	8_rybakowski
	9_a_mozer

