
 
Hydromechanics Faculty 

Hydraulic and environment protection department 

 
Thesis name: 

The determination and numerical simulation of 

the optical properties of smoke generated in 

fires 

 

 

 

 

Research report no. 2 

Experimental analysis of the influence of the 

construction materials properties on pyrolysis 

generated smoke 

 

 

 

 

 

Doctorate mentor 

Prof. dr. ing. Andrei-Mugur GEORGESCU 
 

 

 

Doctorate student 
Dan BURLACU 

burlacudan92@gmail.com 

mailto:burlacudan92@gmail.com


2 

 

 
 

 
 

 

Table of contents 
 

Cuprins ........................................................................................ Error! Bookmark not defined. 

Introducere ................................................................................. Error! Bookmark not defined. 

Fumul generat în urma arderii materialelor de construcții ... Error! Bookmark not defined. 

Clasificarea produselor de construcții pe baza emisiei de fum ........... Error! Bookmark not defined. 

Proprietăți ale materialelor de construcții care influențează emisia de fum...................................... 6 

Studii experimentale .................................................................. Error! Bookmark not defined. 

Testarea la scară naturală a fumului generat artificial ...................................................................... 8 

Metodologie .................................................................................................................................... 8 

Rezultate și discuție ....................................................................... Error! Bookmark not defined. 

Concluzii ....................................................................................................................................... 12 

Testarea la scară redusă a fumului generat artificial ......................... Error! Bookmark not defined. 

Metodologie .................................................................................................................................. 12 

Rezultate și discuție ...................................................................................................................... 15 

Concluzii ....................................................................................................................................... 19 

Testarea la scară redusă a fumului generat prin ardere .................................................................. 20 

Metodologie ................................................................................... Error! Bookmark not defined. 

Rezultate și discuție ...................................................................................................................... 22 

Concluzii ....................................................................................................................................... 26 

Concluzii ...................................................................................... Error! Bookmark not defined. 

Bibliografie .................................................................................. Error! Bookmark not defined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 

 

 

Introduction 

 
The legislative body in construction quality assurance oversees the design and 

maintenance during the life cycle of various building of the mandatory fundamental compliance 

domain of fire safety [1]. The scientific field that deals with the application of the scientific and 

engineering principles in order to reduces the loss of lives and damage to goods in the case of 

a fire is Fire Safety Engineering. This scientific field’s objectives can be reached through the 

quantification of the risks and dangers that are involved in a fire and by presenting an optimal 

solution for the application of preventive or protective measures [2]. 

The need to ensure the safety of the building occupants and first responders during a 

fire, as well as the need of some kind of predictability regarding the behavior of building 

materials, installations and building overall in case of a fire has led to the development of fire 

testing. The need for the utilization of equivalent building products in terms of fire safety, the 

materials and products used in constructions are subjected to standard testing in order to be 

separated into classes. The class that a product might be part of defines its behavior when 

subjected to fire, either individually, or as part of an ensemble, as it would normally be utilized. 

The European union is harmonizing the testing and classification of building materials, 

and for reasons pertaining to free trade, these are classified in the same way in all of the 

European countries. This has led to the introduction of the European Reaction to Fire 

Classification System (Euroclasses), which constitute an hierarchical system of building 

materials based on their performance when exposed to fire, evaluated by using unitary testing 

methods, legislated through testing standards [3].  

The standard testing methods often require different (sometimes great) quantities of 

building materials to be subjected to often destructive testing, repeating the test requiring 

another sample, and in order to provide the data necessary for the classification there are 

necessary at least three samples for any one product. In those fields where great quantities of 

materials are not available, such as in research, development and optimization, alternative 

methods of  

For evaluating the quantity of smoke emitted through the exposure of building materials 

to fire, the smoke of a single burning item is captured according to a standardized testing 

methodology and the attenuation of the intensity of a white or monochromatic beam of light 

that travels through the smoke is measured. The dimensions of the tested sample vary between 

100 and 150 centimeters for each side of the sample, leading to considerable amounts of 

building material that needs to be tested for an accurate result, that are often inaccessible in 

fields like research and development of new materials [4].  For this very reason, this paper 

proposes an experimental approach for the evaluation of the influence of different properties of 

usual building materials on the emission of flame or smolder generated smoke, through the use 

of a methodology for the comparison of the optical properties of smoke in different 

experimental scales. 
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Smoke generated through the burning of building materials. 
 

The classification of building materials based on their smoke emission 

The national legislation that adapts the specifications of the European legislation 

regarding the classification of building materials based on their performance when exposed to 

fire presents a list of performance criteria for the reaction to fire of building materials. Based 

on those performance criteria, the building materials are then classified in performance classes. 

There are seven reaction to fire classes for building materials, noted form A1 to F that 

present the degree in which the material contributes to the development and/or spread of the 

fire. the classification varies from incombustible products to materials that have a significant 

contribution to fire. The classes are accompanied by additional information regarding the smoke 

emission and droplet formation of the building materials that they represent. These 

characteristics are represented through the letter s for the smoke emission and d for droplets. 

The smoke emission can be weak, represented by the s1 notation, medium, s2 or significant, s3, 

the final notation being in the form of B, s1, d0, B representing materials that do not 

significantly contribute to the fire’s development, s1 meaning that the material has a weak 

smoke emission and d0 that it does not produce flaming droplets [5]. 

Among the most utilized tests for the classification of building materials in their 

respective fire reaction classes is the Single Burning Item test, with approximately 80% of the 

European building materials being tested with this method as a mandatory requirement for 

selling [6]. The smoke emission of a certain building material is deduced using the criteria from 

table I [7s]. 

 

Table I. Clasificarea emisiei de fum 

No. Smoke emission class 
Smoke emission related parameters in SBI testing 

SMOGRA TSP600s 

1. s1 < 30 m2/s2 <50 m2 

2. s2 > 30 m2/s2        ;    <180 m2/s2 >50 m2      ;    < 200 m2 

3. s3 - - 

 

 SMOGRA stands for the speed with which the smoke emission grows in intensity 

(SMOke Growth Rate), is measured in m2/s2 and calculated according to equation 1. 

 

𝑆𝑀𝑂𝐺𝑅𝐴 = 104 ∙ max (
𝑆𝑃𝑅𝑎𝑣  (𝑡)

𝑡
) 

 

The variables in the equation are the time t measured in seconds from the start of the 

testing, and SPRav is the average smoke emission speed (Smoke Production Rate) measured for 

60 seconds, in m2/s. 

TSP600s is the Total Smoke Production measured in the first 600 seconds of the testing, 

in m2, according to equation 2. 

 

𝑇𝑆𝑃600𝑠 =  ∑ 𝑆𝑃𝑅(𝑡) ∙ ∆𝑡

600 𝑠

0 𝑠

 

 

SPR(t) is the smoke emission speed in time and Δt is the data acquisition interval by the 

measuring device, in seconds [8].  This smoke emission speed is calculated by using the 

smoke’s light extinction coefficient and the volumetric smoke flux during the testing. 

(1) 

(2) 
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The smoke’s light extinction coefficient is defined by the standard that presents the 

vocabulary used in fire safety engineering as the natural logarithm of the ratio of incident light 

intensity to transmitted light intensity, per unit light path length[9]. 

The equation used to determine the smoke emission speed is presented in equation (3), 

the one used for the smoke’s light extinction coefficient in equation (4), and the one for the 

volumetric flux of the hot gases produced during the testing, in equation (5). 

 

𝑆𝑃𝑅 = 𝑘 ∙  𝑉𝑇𝑠
̇  

 

 The variables in this eqution are k, the smoke’s light extinction coefficient, measured in 

m-1 by evaluating the degree in which the intensity of a light beam that permeates the smoke 

layer is attenuated, and 𝑉𝑇𝑠
̇  is the volumetric flux of the gases that are produced by burning of 

the analyzed sample, at the temperature recorded in their evacuation path. 

 

𝑘 =  
1

𝐿
∙ ln (

𝐼0

𝐼
) 

 

 The light extinction coefficient depends on the ratio between the initial light intensity 

of a light beam, and the one that the same beam has after going through the smoke layer for a 

certain distance L. In the case of the SBI standard testing, the distance traveled by the light 

beam is the same as the diameter of the smoke evacuation path. 

 

𝑉𝑇𝑠
̇ =  

𝑉298
̇  ∙  𝑇𝑠

298
 

 

The volumetric flow of the hot gases generated by the burning of the sample is 

calculated taking into consideration the temperature recorded on the exhaust path in Kelvin 

degrees (Ts) and the flow recorded at normal temperature (298 K =  24,85℃). Other factors that 

are taken into consideration for this calculation are the gases’ pressure and density, the 

atmospheric pressure and Ambiental temperature [10]. The SBI testing stand is schematically 

represented in figure 1. 

 

Fig 1. SBI testing stand 

 

(3) 

(4) 

(5) 
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Building materials properties that influence smoke emission 

In order to analyze the ways in which certain building materials properties influence 

their smoke emission, the concepts, vocabulary and characteristic measurements for the smoke 

resulted in case of a fire need to be presented.  For the purpose of this paper, the terms, 

phenomena and measurements used are defined according to the Fire safety Vocabulary [9] as 

follows: 

 

 Light extinction coefficient natural logarithm of the ratio of incident light intensity to 

transmitted light intensity, per unit light path length 

 Opacity of smoke – ratio of incident light intensity to transmitted light intensity through 

smoke (3.347), under specified conditions. It is reciprocal of transmittance and has no 

measurement unit. 

 Extinction area of the smoke – product of the volume occupied by smoke and the 

extinction coefficient of the smoke. It is a measure of the amount of smoke, its 

measurement unit is typically m-1 and it represents a quantity thought which data from 

different experimental scales can be correlated [11]. 

 Smoke transmittance – ratio of transmitted light intensity through smoke to incident 

light intensity, under specified conditions. It is reciprocal of smoke opacity and is 

usually represented by percentages. In practice, it is a measure of the smoke obscuration 

capability, which determines a loss of visibility. 

 Smoke optical density - measure of the attenuation of a light beam passing through 

smoke expressed as the logarithm to the base 10 of the opacity of smoke 

 

The way that smoke is produced though burning of different materials is generally 

studied from two viewpoints, the chemical one, which analyses the transformation of the 

combustible material though the burning reaction to soot particles, and a physical one, that 

analyses the behavior of those soot particles that are displaced by the convection currents. This 

is why the factors that influence the characteristics of the fire’s smoke and hot gasses can be 

grouped as per table |II, adapted from reference [12]. 

 

Table II. Factors that influence the characteristics of fire’s smoke and hot gasses 

No.  Physical factors Chemical factors 

1.  Exposed surface area Fuel type 

2.  Sample weight, thickness and density Fireproofing 

3.  Sample orientation Stratification 

4.  Testing chamber volume Functional groups 

5.  Heat flux  

6.  Oxygen availability 

7.  Ventilation 

8.  Ambient temperature 

9.  Charring 

10.  Coalescence1, depositing 

11.  Diffusion, dispersion 

 

 

 

                                                 
1 the joining or merging of elements to form one mass or whole. 
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The experimental determination of some of the building materials’ properties that 

influence their smoke emission will be presented in this paper. 

Regarding the surface area of the material that is exposed to the heat source that 

determines the burning process, one study suggests a linear growth of the smoke optical density 

in conjunction with a greater exposed surface area. For samples with different thicknesses, the 

same reference mentions the fact that the optical density of the smoke generated by the sample 

is directly proportional with the sample’s thickness, up to a certain critical thickness, over which 

the optical density of the smoke does not further increase with the increase in sample thickness 

[13]. 

 One of the standard tests for the determination of the smoke’s optical density uses 

samples that are positioned vertically when subjected to fire. This position increases the speed 

of the burning process through facilitating flame growth, but is not preferred to be used in the 

case of plastic materials that may produce flaming droplets when burning. The optimal sample 

position for the testing of the emission of smoke has been determined to be the horizontal one, 

with the sample’s exposed face facing up. 

 For the small-scale experiments, the volume of the testing chamber used for the smoke 

emission test is of great importance. Experimental data [14] have shown that for fibrous wood 

boards and oriented strand boards (OSB) that are smoldering (with a low flame or no flame), 

the small scale measurements for the smoke emission is similar to that determined through full 

scale experiments. The same thing applies for flame burning polystyrene, although the same 

smoke optical density values have been obtained in a longer time since ignition than in the 

small-scale setup, for the full-scale experiment, but the value sets are found in agreement. 

 The nature of the heat source also affects the smoke emission of the tested material. For 

obtaining smoke generated by smoldering materials trough pyrolysis, radiant heat sources 

(25kW/m2) that are not powerful enough to ignite a flame, but induce a smoldering state and 

trigger smoke emission are used. In the case of flame generated smoke emission, the standard 

testing employs the use of a pilot flame of propane to light up the material and the heat flux that 

is necessary to maintain the burning process is provided in part by the sample itself [13]. 

The classification of building materials takes into account the smoke emission speed of 

the analyzed material and the total generated smoke quantity. The effects that smoke has in fires  

depend not only on the quantity of smoke that has been generated [15], but also on its toxicity, 

[16], irritability [17]  and its capability of visibility reduction [18]. 

This paper analyzed the impact that different building materials properties have on the 

capability of the smoke that they produce to lower the visibility in the experimental enclosure. 

The motivation behind this research effort is given by the fact that in the case of fires, the loss 

of visibility caused by the smoke leads to the impossibility or a delay of the evacuation and 

numerous human casualties. Internationally, the visibility during fires is used as an criterion for 

the calculation of the theoretical evacuation speed of people in case of fires [19].  
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Experimental research 

 
For the purpose of determining the influence of building materials’ properties on their 

smoke emission, small scale testing was used to vary different material properties and evaluate 

their impact on smoke emission. These variations were analyzed from the point of view of the 

influence that they have on the measured values of the intensity of a light beam that crossed the 

smoke layer produced by the smoldering samples. 

To ensure the validation of the results, the applicability of the measurement method of 

the visibility loss in a smoke-filled compartment thought the analysis of the loss of intensity of 

a beam of monochromatic light beam was first demonstrated. This has been possible through a 

full-scale experiment with artificially generated smoke, for a better control of the experimental 

conditions. 

The applicability of the same methodology was further demonstrated in the case of small 

scale testing, for a scale of 1:10 of the testing enclosure using artificially generated smoke, and 

then this methodology of determining the visibility loss in a compartment for artificially 

generated smoke was used in the case of building materials exposed to the influence of fire, at 

a small scale. 

Because the standard testing stand is not accessible for experimenting, this research has 

evaluated the influence of different building materials properties on smoke emission by 

comparison for some relevant properties, and not by providing standardized stand-alone values, 

as the standard testing produces. 

 

Artificially generated smoke full scale testing 

 One of the most frequent measured optical property of smoke is its light extinction 

coefficient [20], which can be determined through analyzing the loss of intensity of a light beam 

that travels a certain distance in a smoke filled enclosure. This analysis can provide data 

regarding the smoke’s opacity and its transmittance, two reciprocal quantities that represent the 

smoke’s obscuration or visibility reduction capacity in the space that it occupies. The principle 

of measuring light intensity reduction when of a beam passing through the smoke layer is the 

one used in the standard testing for smoke emission of building materials, an important property 

in fire safety engineering. 

 

Methodology 

 A testing enclosure having the length of 20 meters, the width of 4.5 meters and height 

of 3 meters has been limited to a length of 13 meters by using a plastic sheet that keeps the 

artificially generated smoke in the testing space and does not generate overpressure. A smoke 

machine has been utilized in this testing compartment in a repeated, timed fashion to ensure a 

certain smoke quantity has been produced in the compartment, corresponding to a certain 

amount of smoke fluid. According to the manufacturer’s specifications, the smoke machine is 

capable to produce in a continuous 128 m3/min of smoke, by using 72 ml/min smoke fluid. In 

order to ensure atmospheric stability for the measurements, a 60 second pause was taken 

between consecutive uses of the smoke machine.  

 The monochromatic ray was generated with a laser pointer of 1mW power and 635 nm 

wavelength. The distances between the light source and the places where the light intensity was 

measured were set with the help of a laser telemeter installed near the light source. The 

described features of the experimental stand are presented in figure 2 before and during the 

experiment. Photos and videos of the relevant details have been taken as the experiment 

progressed. 
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      a)             b) 

Fig 2. Experimental devices 

A high contrast image has been attached to a stand to provide a visual aid in subjectively 

evaluating the loss of visibility during the experiment through the capturing of digital images. 

For the measurement of the intensity of the monochromatic beam of light the Testo 480 

luxmeter has been used, having a measuring domain between 0 and 100.000 Lux that has been 

attached to a target set at 5, 7.5 and 10 meters from the light source. The experiment has been 

repeated for each of those distances, the luxmeter and high contrast target being presented in 

figure 3 before and during the experiment.  

 

 
    a)                                                       b) 

Fig 3. Luxmeter and target 

The experiment has been done in normal lighting and dark room conditions, for each of 

the three distances of the target from the light source, and the instantaneous values of the light 
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intensity have been recorded after the pause period between the repeated uses of the smoke 

machine. The measured values of the light intensity have also been continuously logged during 

the experiment, for an accurate history. The instant values recorded during the natural and dark 

room conditions experiments are reproduced in table III. 

 

Table III. Experimental measurements in natural and dark room lighting conditions.  

 

 

 

 

 

 

 

 

 

 

Results and discussion 

 The measurements obtained during this experiment show that this method of assessing 

the variation of light intensity is adequate for evaluating the impact that artificially generated 

smoke has on visibility levels in a testing compartment. The light intensity values measured for 

the 5, 7.5 and 10 meters distances during the natural lighting condition experiment are presented 

in figure 4. 

 

Fig 4. Light intensity full scale experiment 

The visibility in the smoke-filled compartment has been calculated based on the 

measured light intensity, and its evolution for the natural lighting condition experiment is 

presented in figure 5.  
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Fig 5. Full scale experiment visibility 

The sudden drops in the values represent the time of smoke machine activation, after 

which a gradual atmosphere settling can be seen up to the point where the instantaneous 

measurements were carried out. 

One of the most important parameters used to correlate data sets between different 

experimental scales is the smoke extinction area. This has been calculated for the full-scale 

experiment based on the measured values of light intensity and the results are presented in 

figure 6. 

 

Fig 6. Full scale smoke extinction area 

For each of the smoke machine’s activation, the smoke fluid quantity that was used was 

calculated, the optical smoke extinction coefficient and an average smoke extinction area was 
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calculated for each of the measurement distances and lighting conditions of the experiment. The 

results are presented in table IV. 

 

Table IV. Average values for the smoke extinction coefficient and smoke extinction area 

Lichid de 
fum utilizat 

(ml) 

Cameră întunecată Iluminat natural 

Coeficient de 

stingere mediu 

(m-1) 

Arie de stingere 

medie (m2) 

Coeficient de 

stingere mediu 

(m-1) 

Arie de stingere 

medie (m2) 

0 0.00 0.00 0.00 0.00 

6 0.02 0.25 0.03 0.30 

11 0.05 0.96 0.05 1.04 

22 0.08 3.31 0.09 3.65 

32 0.15 8.41 0.11 6.20 

43 0.17 13.26 0.12 8.93 

54 0.21 19.87 0.14 13.07 

65 0.25 28.48 0.16 18.09 

  

As can be seen from these values, the impact that a certain smoke quantity has on the 

measurement of the smoke extinction coefficient is lower in the case of a better lighting of the 

testing chamber, the same effect being manifested in the case of visibility, for the same amount 

of smoke 

 

Conclusions 

 Through this full scale experiment, date regarding artificial smoke optical properties 

have been gathered and its influence on the visibility levels in the compartment in which it is 

introduced was evaluated. The smoke extinction area is a key factor that was determined 

through this experiment and that can be used to correlate data obtained by small scale testing.  

 

Small scale testing of artificially generated smoke 

 Small scale testing of artificially generated smoke has the purpose of demonstrating the 

applicability of the optical properties measurement methodology for a different scale than the 

natural one, and to identify to what degree the obtained data can be correlated with those in the 

natural scale testing, and if these correlations can be utilized in the case of flame generated 

smoke. 

 

Methodology 

 For the small scale experiments an acrylic model has been used in order to replicate the 

1:10 and 1:20 scale dimensions of the testing enclosure. For the 1:10 scale experiment, the 

length of the model has been 100 centimeters, its width 45 centimeters, and its height 30 

centimeters. The light intensity measuring device has been set at 50, 75 and 100 centimeters 

from the light source. For the 1:20 scale experiment, the light intensity measuring distances 

have been 25, 47.5 and 50 centimeters form the light sourced. For the greatest measuring 

distances in both of the cases, the measuring device was set outside the model. The lower side 

of the model was open in order to facilitate smoke injection and to avoid overpressure. 

For the 1:20 experiment, the length of the model has been limited to 12.5 centimeters 

and the other two dimensions were used as is, the width of 45 centimeters and height of 30 

centimeters, in order to have a total volume 20 times smaller than that of the full scale testing 

compartment. Figure 7 presents the experimental setup for the 1:10 scale and figure 8 the 

experimental setup for the 1:20 scale. 
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Fig 7. 1:10 experimental setup 

 

Fig 8. 1:20 experimental setup 

The smoke fluid necessary to produce the smoke was the same in all of the experiments, 

it was glycerol-based and in produced dense and persistent smoke. The smoke fluid was dosed 

by using a syringe to inject the amount of smoke fluid in each of the small scale experiments 

representing a fraction of the amount used in the full scale experiment. The normal temperature 

that the smoke machine produces in order to vaporize the smoke fluid in 180℃, and in order to 

ensure this temperature for a lower scale vaporization, an electronic thermometer with a 

measuring domain between -50 and +300℃ has been utilized. 

The way the smoke machine works is it vaporizes the smoke fluid by heating it to about 

180℃. This is why for the small scale tests, a dosed amount of smoke fluid was introduced on 

a copper tube with an interior diameter of two millimeters, that was heated with an electrical 
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resistance to produce smoke. Temperature measurement during the experiments is presented in 

figure 9. 

 

 

Fig 9. Temperature measurements 

 The amount of smoke fluid that was used for the small scale experiments was 10 times, 

and 20 times, respectively, lower than that used in the full scale experiments, and its dosage 

was obtained through the use of a graded syringe. The presentation of the quantities of smoke 

fluid used in the full and small scale experiments, for each of the injection sessions is presented 

in table V. 

Table V. Amount of smoke fluid used  

No. Smoke fluid amount (ml) 

Full scale testing 1:10 

scale 

1:20 

scale 

1.  6 0.6 0.3 

2.  11 1.1 0.55 

3.  22 2.2 1.1 

4.  32 3.2 1.6 

5.  43 4.3 2.15 

6.  54 5.4 2.7 

7.  65 6.5 3.25 

 

 In the case of the two small scale experiments, the time between consecutive uses of the 

smoke generating device has been of about 120 seconds, in order for the atmosphere to settle, 

whereas that time in the case of the full scale experiment has been 120 seconds. Because of the 

differences between the two temporal scales, for the correlation of the measured values for the 

various experimental scales used, the amount of smoke fluid used during the experiments was 

used as a plotting scale. 

 The monochromatic light beam that passed through the smoke layer has been generated 

with the help of a 1mW power laser and a 635nm ±5% wavelength. The light intensity values 

were measured with a UNI-T, model UT383 BT lux meter with a measuring domain between 

0 and 9,999 Lux, 1 Lux sensitivity and ±4% precision. The measured values were logged at an 

two second interval.  

The experiments have been run in dark room conditions, and the instruments that were 

utilized for the small scale experiments are presented in figure 10. 
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Fig 10. Small scale experiments tools 

The values of the light intensity that were measured in the small scale experiments are 

presented in table VI for each of the smoke injection sessions. 

 

Table VI. Small scale experimental measurements  

  

Results and discussion 

The measured values for the light intensity during the 1:10 scale experiment for the 50, 

75 and 100 centimeters are presented in figure 11, and those measured in the 1:20 scale for the 

25, 37.5 and 50 centimeters are presented in figure 12. 

 

1:10 scale 1:20 scale 

Smoke 

fluid 

(ml) 

Light intensity (Lux) Smoke 

fluid 

(ml) 

Light intensity (Lux) 

50 cm 
75 

cm 

100 

cm 

25 

cm 
37.5 cm 

50 

cm 

0 3585 2261 2054 0 2922 2796 2618 

0.5 2909 1771 1575 0.25 2110 1872 1793 

1.5 1747 1437 1024 0.75 1687 1112 1145 

2.5 1339 1106 650 1.25 1413 1065 681 

3.5 1163 911 674 1.75 1399 1108 510 

4.5 1107 621 321 2.25 1504 1095 445 

5.5 1088 601 652 2.75 1005 1074 503 

6.5 1116 570 237 3.25 1161 881 417 
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Fig 11. 1:10 scale light intensity 

 

Fig 12. 1:20 scale light intensity 

The variations of the visibility levels in the case of the 1:10 scale is presented in figure 

13 and for the 1:20 scale in figure 14. 
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Fig 13. 1:10 scale visibility 

 

 

Fig 14. 1:20 scale visibility 

The smoke extinction area that was determined in the small scale experiments, for the 

1:10 scale the values are presented in figure 15 and for the 1:20 scale in figure 16. 
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Fig 15. 1:10 scale extinction area  

 

Fig 16. 1:20 scale extinction area 

For each activation of the smoke generating device, the average smoke extinction 

coefficient (k) and smoke extinction area (A) were calculated, and the values for the three 

measurement distances were averaged. These values are presented in table VII. 
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Table VII. Average values for the smoke extinction coefficient and extinction area 

Smoke fluid 
(ml) 

1:10 scale Smoke fluid 
(ml) 

1:20 scale 

Average k 

(m-1) 

Average A 

(m2) 

Average k 

(m-1) 

Average A 

(m2) 

0.00 0.00 0.00 0 0.00 0.00 

0.50 0.34 0.30 0.25 0.52 0.23 

1.50 0.91 2.42 0.75 1.05 1.40 

2.50 1.36 6.01 1.25 1.36 3.01 

3.50 1.53 9.45 1.75 1.45 4.48 

4.50 1.98 15.74 2.25 1.45 5.78 

5.50 1.77 17.20 2.75 1.69 8.21 

6.50 2.11 24.28 3.25 1.74 10.01 

 

 The values from the above table imply that as the testing enclosure was smaller, the 

impact that a proportional amount of smoke has on visibility reduction is also lower. 

 

Conclusions 

 The small scale experiments attest the fact that through the use of the smoke extinction 

area, the experimentally measured values for the natural, 1:10 and 1:20 scales can be correlated. 

Thus, through the use of small scale testing, conclusions about full scale smoke behavior can 

be drawn. Because smoke generation at different scales was obtained through different 

processes, different resting periods between subsequent uses of the smoke generating device 

were needed in the small scale experiments in order to ensure the measurement accuracy. That 

meant longer time scales for the small scale experiments compared to the full scale experiment 

and a necessity to use the smoke fluid quantity as a plotting reference. Figure 17 presents the 

evolution of the smoke extinction area for the three experimental scales compared on the same 

chart. 

 

Fig 17. Comparative smoke extinction area 
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In order to facilitate comparison, charts for the three intermediate distances of each of 

the experimental scales are presented. It can be seen from the chart that for the 1:20 scale, the 

values for the smoke extinction area calculated on the basis of light intensity attenuation closely 

resemble those obtained in the full scale experiment. For each of the scales and each of the 

distances, the differences between the full scale and other scales values were calculated. the 

maximum differences, the average differences and their percentages form the maximum values 

are presented in table VIII.  

 

Table VIII. Smoke extinction area differences for small scale testing 

Scale Distance 
Maximum 

value 

Average difference Maximum difference 

Value % of max Value % of max 

1:10 

50 cm  28.71 2.73 9,53% 12.64 44.04% 

75 cm  24.03 2.43 10.13% 11.91 49.58% 

100 cm  25.53 4.16 16.32% 13.97 54.73% 

1:20 

25 cm 28.71 2.86 9.98% 16.93 58.98% 

37.5 cm 17.71 1.05 5.93% 5.38 30.39% 

50 cm 21.60 3.30 15.32% 9.81 45.43% 

 

 This data implies that for the intermediate distance in the case of each of the three scales, 

the most adequate for comparison is the 1:20 scale that has presented the greatest similarity to 

those determined in the full scale experiment. The average difference from the values in the full 

scale experiment is about 12% for the 1:10 scale experiment and about 10.5% for the 1:20 scale. 

The artificial smoke experiments prove that the smoke extinction area is an adequate parameter 

for the correlation of different experimental scales data. 

Small scale testing of smoke generated through burning 

  During this testing phase, different construction materials have been exposed to fire in 

order to analyze the influence of their properties on smoke emission. In this regard, the smolder 

generated smoke’s optical density (D) was determined for different building materials, by 

measuring the reduction in intensity of an incident light beam (I0) that travels through the smoke 

layer, and comes out of it having a lower intensity (I). The smoke has been generated through 

exposing different building materials to a certain heat flux, and the formula used for the 

determination of the smoke’s optical density is presented in equation 6, adapted form references  

[21] and [22].  

𝐷 = log (
𝐼0

𝐼
) 

 

Methodology 

The smoke emitted by the tested samples was enclosed in a testing compartment having 

the 12,5 x 30 x 45 cm dimensions. In order to avoid the ignition of the samples, a thin layer of 

aluminum was positioned above an alcohol burner, as can be seen from figure 18. The alcohol 

that was used had a concentration of 70% and the distance between the light source and the lux 

meter was of 50 centimeters. The monochromatic light beam that crossed the smoke layer was 

generated with a laser of 1 mW power and 635nm ±5% wavelength. The light intensity values 

were measured with a UNI-T, model UT383 BT lux meter, having a measurement domain 

between 0 and 9,999 Lux, a 1 Lux sensibility and ±4% precision, at an interval of two seconds. 

(6) 
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For the measurement of the sample’s weight, a scale with the precision of 0.01 grams was used 

and a maximum capacity of 200 grams. Figure 19 present the weighing of the sample before 

the experiment, and figure 20 after the experiment was carried out.  

 

Fig 18. Alcohol burner 

 

Fig 19. Particle board sample weighing before testing 

 

Fig 20. Particle board sample weighing after the testing 

Usual testing materials have been tested, such as expanded polystyrene (EPS), extruded 

polystyrene(XPS), wood, particle board, polypropylene (PP), polyvinyl chloride (PVC) and 

plasterboard (PB) and the way in which their properties such as density or exposed area have 

influenced their smoke emission. As the samples have been exposed to the heat flux, the smoke 
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produced by them has determined a loss in light intensity, that was recorded by the lux meter. 

When the light intensity started to rise during the experiment, the samples have been removed 

from the influence of the heat flux. Table IX presents the building materials used for the 

samples, their dimensions, the weight of the samples, their exposed surface area and the time 

they were exposed to the heat flux. 

 

Table IX. Sample building materials 

No. Material 

Dimensions 

(cm) 

L x l x h 

Mass 

(g) 

Exposed surface 

area (cm2) 

Exposure 

time (s) 

1. Expanded polystyrene 

(EPS) 
5 x 5 x 5 1.75 25 220 

2. 
Extruded polystyrene 

(XPS) 

5 x 5 x 5 3.5 25 240 

10 x 5 x 2,5 3.5 50 150 

3. Wood 

4 x 4 x 4 16.6 16 750 

4 x 4 x 4 

Flame 

exposure 

16.6 16 180 

4. Particle board 
5 x 5 x 1.2 19.7 25 300 

5 x 1.2 x 5 18.8 11 480 

5. Polypropylene (PP) 
PVC pipe  

D 32 mm 
4.14 - 470 

6. Plasterboard 5 x 5 x 1.2 3.20 25 430 

7.  
Polyvinyl chloride 

wallpaper (PVC) 

12 x 5 

2 sheets 
2.94 60 170 

5.5 x 5.5 

4 sheets 
2.94 30.25 190 

 

Results and discussion 

In order to present the influence of sample density on smoke emission, samples with the 

same dimension of extruded and expanded polystyrene were compared. The expanded 

polystyrene is characterized by a 28 kg/m3 density and the extruded one of a 35 kg/m3 one. 

According to the manufacturer’s specifications, the extruded polystyrene is a class C fire 

reaction product, which means it is a combustible product that contributes to the fire’s 

development, within certain limits. Also, its labeling of s3, d0 show that this building material 

has a high smoke emission, but does not produce flaming droplets when it is exposed to fire. 

From the obtained data, it is apparent that for a lower material density, the smoke is produced 

for a small amount of time, after which the smoke emission stops in a relatively abrupt fashion. 

In the case of the extruded polystyrene, having a greater density, the smoke emission is carried 

on a longer amount of time, leading to smaller smoke quantities accumulated, but a more 

sustained emission. Figure 21 presents the comparative chart for the smoke’s optical density 

for the two building materials.    
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Fig 21. Different densities smoke emission 

The wood sample that was exposed to smoldering did not produce significant amounts 

of smoke, but when it was directly exposed to the flame, the wood sample has directly 

contributed to the burning process and after the removal of the pilot flame, the burn did not 

consume the interior of the sample, but has instead deteriorated the outside of it before being 

self-extinguished. The smoke emission in the case of direct flame exposure was greater than 

that of the smoldering burn. The smoke’s optical density in the case of wood is presented in 

figure 22. 

 

Fig 22. Wood smoke emission 
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The way that the flame burned only the sides of the sample withouth burning its interior 

can be seen in figure 23. 

 

Fig 23. Flaming wood 

In order to show the way that exposed surface areas influences smoke emission, same 

size samples of particle board were used. These were exposed to the same heat flux on different 

surface areas and it has been observed that a greater exposed surface area produced a 

significantly higher and faster smoke emission.  The comparative chart for this case is presented 

in figure 24.  

 

Fig 24. Surface area smoke emission 
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The different way in which the exposure has affected the two samples can be seen in 

figure 25. 

 

Fig 25. Particle board after experiment 

Another type of sample that was used to demonstrate the influence of the exposed 

surface area on smoke emission was the PVC wallpaper. Two samples of identical dimensions 

were tested, one being folded in two and the other in four sheets. This testing demonstrates the 

influence of the number of folds of the material and the exposed surface area. It has been 

observed that for a greater exposed surface area and a lower number of sheets, the smoke 

emission is greater. The comparative char of the results obtained in this testing phase is 

presented in figure 26.  

 

Fig 26. Exposed surface area smoke emission 
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lighted with a flame and its contribution to a fire is extremely limited, it has a low smoke 

emission and it does not produce flaming droplets. 

The polypropylene sample was used to obtain a profile for the optical smoke density, 

this material being used for the plumbing and electrical installations. After being exposed to the 

heat flux, the sample has melted and lost about 0.43 grams of its initial weight. As the sample 

did not burn with a flame, it can be assumed that the weight loss is due to the smoke production.  

The profile for the optical density of smoke for the polypropylene sample is presented in figure 

27.  

 

Fig 27. Polypropylene optical smoke density profile 

 

Conclusions 

 Small scale testing of building materials has led to observations on the influence of their 

properties on smoke emission. It has been observed that the area of the surface exposed to the 

heat flux is directly influencing the smoke emission, this being true of the wood and for the 

plastic materials. The density of the sample material has influenced in an inversely proportional 

way the smoke emission, an intuitive phenomenon, seeing that at least in the case of the 

expanded polystyrene, the lower density is associated with a greater amount of air in its 

structure, that helps the burning process through a greater surface area in the structure of the 

sample that can be affected by convention and radiation phenomena. 

 It has been observed that flame generated smoke is produced in greater quantities than 

smolder generated one, in greater amounts if the flame is unstable, it cannot penetrate into the 

sample’s mass and it is self-extinguishing. 

 For the usual building materials that were analyzed, the characteristic optical density 

profile for their smoke was obtained, for their exposure to a certain heat flux and smolder 

burning. These values can be correlated with those found in scientific literature and can be used 

in numerical simulations in order to approximate the probable behavior of these materials in 

similar conditions, but at full scale. 
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Conclusions 

 
 This paper has presented an experimental approach for the evaluation of the smoke 

emission of building materials, in the context of a continuous and accentuated technological 

evolution, for the purpose of contributing to the development of small scale testing 

methodology. Standard testing for existent or developing building materials needs great 

amounts of materials, that are not available in the research and development phase, or are rather 

costly. This is why small scale testing of building materials in order to evaluate their behavior 

when exposed to fire is necessary in order to evaluate the opportunity of industrial level 

production of innovative materials.  

 The evaluation of building material’s smoke emission has been approached in this paper 

through the use of full scale experimental testing of artificially generated smoke, the 1:10 and 

1:20 scale reduction of this experiment, and the small scale testing of the influence that building 

material properties gave on smoke emission. 

 Through the use of artificially generated smoke and the determination of its smoke 

extinction area, it could be demonstrated that that a relatively precise (5-10%) determination of 

the optical properties of smoke was possible at a small scale. Through the small scale testing of 

the smoke generated through the burning of building materials, correlations regarding the 

influence of building materials properties on the emitted smoke could be discovered. 

 The determination of the artificially generated smoke optical properties in full and small 

scale experiments, and the comparative determination of the quantities of smoke produced by 

the burning of building materials has been carried out through the use of a proprietary 

methodology, inspired by the standard testing procedures of the smoke emission of building 

products, in order for them to be classified in standard fire reaction classes. 

 The dissemination of the results presented in this paper has been carried out through the 

publishing of a Web of Science indexed article [23], an international databases indexed article 

[24], and a soon to be published article presented at a Web of Science indexed conference.. 

 Regarding future research, the reproduction through numerical simulation of the values 

of the optical properties of smoke generated through the burning of building materials at small 

scales is of interest, as is the use of numerical simulation programs to approximate the full scale 

behavior of the smoke produced by the small scale burning of building materials, in order to 

evaluate the influence it has on compartment fire characteristics.  
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