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FIRE PROPERTIES OF ELECTRIC CABLES USED IN BUILDINGS 

Summary 

A significant number of cables of different materials and construction is 

used extensively in building objects increasing their fire load and, therefore, 

strongly influencing safety in the case of fire. Electric cables and electrical 

installations constructed from them, despite being important elements of fire 

safety, are not considered in the general analysis of the fire safety of buil-

dings and are usually not assessed as potential fire risks. One of the tasks 

in the field of counteracting fire hazards in buildings should be to reduce the 

risk of fires caused by short circuits in electrical installations. In the event of 

fire, the process of fire propagation involving electric cables should be con-

sidered, which, due to the way cables are installed in buildings, can transfer 

fire over long distances from the origin of the fire and across storeys through 

installation shafts. 

The scientific problem of the doctoral dissertation is to determine the im-

pact of significant constructional and material parameters of electric cables 

on their fire properties by establishing the qualitative, and possibly also quan-

titative, relationships between these parameters. 

The aim of the presented work was to investigate the effect of material and 

constructional parameters on the fire properties of electrical cables, such as 

heat release, smoke generation, range of flame spread and amount of toxic 

fire effluents under various ventilation conditions. To the best of the au-

thor’s knowledge, such systematic research has not been published so far. 

The presented study is original and fills the scientific gap regarding the con-

structional and material parameters of electric wires and cables, which in-

fluence their fire properties. 

In order to investigate the relationship between the constructional–mate-

rial parameters of cables and their fire properties, eighty-three cables 

(eighty-nine cable samples) were examined by means of a standard experi-

mental method. The selection of cable samples included the presence of one 

distinctive parameter. The conclusions drawn from the experiments were as 

follows: (1) construction, the number of conductors and the presence of ar-

mour or concentric metallic conductors improve fire properties by forming 

a barrier against flame penetration through the cable; (2) the use of copper 

conductors resulted in decreasing fire parameters compared to cables with 

aluminium conductors (maximum average heat release rate parameter al-
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most four times lower for copper cables); (3) construction materials based on 

plasticised poly(vinyl chloride) significantly reduce the fire properties of ca-

bles compared to halogen-free materials (maximum average heat release rate 

parameter more than 17 times higher for fully halogenated cables), which is 

due to the decomposition process of the material; (4) no clear relationship 

between the fire parameters and cable parameter χ was found. The χ para-

meter was developed to improve the monotonicity of the reaction to the fire 

test results obtained and has been used in the selection of cable samples for 

testing within the same cable family so far. 

As the investigation showed a significant impact of the number of metallic 

barriers (conductors) on flame penetration into the inner layers of electric 

cables and the volume of non-metallic materials on the fire properties of 

cables, a parameter related to the volume of effective non-combustible con-

tent Ω was proposed. The new Ω parameter depends on the non-metallic 

non-combustible components volume to non-metallic combustible compo-

nents volume ratio and the effective area of heat transfer within the cable. 

Increasing Spearman’s correlation factors (close to −1) were obtained for total 

heat release rate and total smoke generation parameters as a function of the 

Ω parameter rather than the χ parameter.  

In order to examine the amount of fire/combustion gases under ventila-

tion-controlled fires, a simple poly(vinyl chloride)-based copper electric wire 

widely used in buildings was studied by means of a Steady State Tube Fur-

nace. A reference pure polymer unplasticised poly(vinyl chloride) and addi-

tionally pure low-density polyethylene were also tested. Decreasing carbon 

dioxide yields at different ventilation conditions for the poly(vinyl chloride) 

based copper electric wire were obtained in comparison to three times higher 

yields for pure poly(vinyl chloride) and two times for low-density polyethy-

lene than those received for the tested wire at the same ventilation condi-

tions, which confirms the insignificant contribution of the hyperventilation 

effect to humans during a cable fire. To the contrary, four times higher val-

ues of toxic carbon monoxide yields were obtained for the tested wire rather 

than for the reference polymer and pure low-density polyethylene. The maxi-

mum value of carbon monoxide yield (0.57 g/g) was obtained in the case of 

5 l/min of primary airflow, which decreased with increasing ventilation. The 

measured yields of hydrocarbons were similar to the reference values except 

for the equivalence ratio  = 0.27. The corrosive and toxic hydrochloric acid 

occurring in fire effluents from the studied wire was independent of the ven-

tilation conditions tested. The reaction between copper and the hydrochloric 

acid compound, inorganic fillers, and hydrochloric acid decreased the hy-

drochloric acid content in fire effluents. 
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Analysis using Quintiere's theory showed that the cone calorimeter me-

thod can be used in numerical modelling of the cable burning process, and 

its use can significantly facilitate and reduce the number of cable fire tests, 

without adversely affecting the final results. 

Summarising, the analysis of the impact of cable construction is an im-

portant element from the point of view of the fire safety of buildings. In the 

course of the study, it was found that factors such as the shape, number 

and material used for conductor formulation, as well as the types of mate-

rials from which the non-metallic elements of the cables are made, and the 

presence of armour or concentric conductors significantly influence the fire 

properties of cables, such as heat release, smoke generation, range of fire 

spread and fire effluent toxicity, largely reducing the fire properties of cables. 

The experiments enabled the development of a new cable parameter Ω, 

which is a better predictive indicator of cable flammability than the standard 

and commonly used parameter χ. In addition, it was found that it is possible 

to replace large geometric scale fire tests with a simpler cone calorimeter 

method by applying Quintiere’s theory of electric cables. 
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FROM THE AUTHOR 

Fire safety is multidisciplinary in nature and combines scientific dis- 

ciplines such as physics, chemistry, mechanics as well as modelling and 

numerical simulation. The increasing use of electrically powered equip-

ment is driving the demand for sophisticated designs and materials used 

to construct the electrical cables that power these devices. Consequently, 

under fire conditions, cables contribute a significant fire load and are 

involved in the spread of fire throughout a building. This monograph is 

based on the author's doctoral dissertation [5], in English, considering 

the reviewers' comments and questions raised during the public defense. 

The issues addressed therein are primarily concerned with the proper 

selection of electrical cables in terms of their fire performance. A meticu-

lous analysis of the influence of design and material parameters on the 

behaviour of electrical cables under fire conditions was carried out on 

a large number of electrical cables commonly manufactured and used 

in Europe. A novel concept of an empirical parameter Ω, related to the 

effective volume of non-metallic elements, the volume of combustible 

non-metallic elements of cables and the effective heat transfer surface 

area, was also proposed. 

I would like to express my sincere gratitude to dr hab. inż. Jadwiga 

Fangrat, Professor at Building Research Institute, for valuable advice 

given during the preparation of the dissertation and for her kindness 

and understanding, as well as to the reviewers of the monography – Se-

nior Brigadier dr hab. Marzena Półka, Professor at the Main School of 

Fire Service, and dr. hab. Andrzej Plichta, Professor at the Warsaw Uni-

versity of Technology, for their insightful reviews, which undoubtedly 

contributed to raising the substantive quality of the monograph. I would 

also like to express my gratitude to the Management of the Building Re-

search Institute for their support in conducting the fire testing of electri-

cal cables, as well as to the team of the Building Research Institute Li-

brary for their assistance in completing the scientific literature. I would 

like to thank the management and my colleagues from the Fire Research 

Department for their kind support of my work and inspiring discussions. 

I also thank the team of the Scientific Publications Department of the 

Building Research Institute for their efforts put into the preparation of 

this monography. 

Katarzyna Kaczorek-Chrobak 

 



12 

 

 

  



13 

 

 

 

Terms and definitions 

Cable family – a specific range of products of the same general con-

struction, materials and voltage rating and varying only in conductor size 

and number of cores [1]. 

Cable sample – sample of a cable of a particular group exhibiting the 

studied cable parameters (author’s definition).  

Combustion – exothermic reaction of a substance with an oxidising 

agent, generally emitting fire effluent accompanied by flames and/or glo-

wing [2]. 

Communication cable – assembly of suitably insulated non-circular 

conductors or twisted pairs of insulated conductors fabricated to meet 

transmission, mechanical and environmental requirements, and suitable 

for allowing the conveyance of information between two points with the 

minimum of radiation [3]. 

Control cable – assembly comprising insulated conductors, together 

with any coverings and protective layers, used for the transmission of con-

trol, measuring and indication signals in electric installations [3]. 

Electric cables – all power, control and communication cables, in-

cluding optical fibre cables, which are intended for supplying electrical 

energy or signals [3]. 

Fire behaviour – change in or maintenance of the physical and/or 

chemical properties of an item and/or structure exposed to fire [2]. 

Fire performance – response of a material, product or assembly in 

a fire [2]. 

Fire property – material/product properties related to the processes 

taking place at high (fire) temperatures (author's definition). 

Flashover – transition to a state of total surface involvement in a fire 

of combustible materials within an enclosure [2]. 

Fractional Effective Dose (FED) – ratio of the exposure dose for an 

asphyxiant to that exposure dose of the asphyxiant expected to produce 

a specified effect on an exposed subject of average susceptibility [2]. 

Maximum heat release rate (peakHRR) – maximum thermal energy 

released per unit of time by an item during combustion under specified 

conditions, excluding contribution from the ignition source, from test 

start until test end (1200 s) as determined in EN 50399; mean value 

from 30 s [4]. 
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Maximum smoke production rate (peakSPR) – maximum value of 

smoke generated from specimen per unit of time over 1200 s of EN 50399 

test duration; mean value from 60 s [4]. 

Optical fibre cable – assembly comprising one or more optical fibres 

or fibre bundles inside a common covering designed to protect them 

against mechanical stresses and other environmental influences while 

retaining the transmission quality of the fibres [3]. 

Power cable – assembly comprising one or more insulated conduc-

tor(s), together with any covering and protective layers, used for the 

transmission or supply of electrical energy [3]. 

Reaction to fire – response of a test specimen exposed to fire under 

specified conditions during a fire test [2]. 

Test specimen – item subjected to assessment or measurement [2]. 

Total heat release (THR1200s) – integrated value of the heat release 

rate generated from the specimen, excluding contribution from the igni-

tion source, from test start until test end (1200 s) as determined in EN 

50399 [4]. 

Total smoke production (TSP1200s) – integrated value of smoke pro-

duction rate over 1200 s of EN 50399 test duration [4]. 

Vertical flame spread (FS) – damage length of the specimen, as mea-

sured in EN 50399 [4].  
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List of abbreviations and Greek characters 

Abbreviations 

a and b – slope and intercept of the interactive curve of CO and CO2 

respectively, which depict the rising toxicity of CO and CO2 

concentration increases [–] 

A – acidosis factor [–] 

Abs – absorbance [–] 

AEP – available energy parameter [MJ/m2] 

ATH – aluminium trihydrate  

ATR-FTIR – Attenuated Total Reflectance – Fourier Transform Infrared 

spectrometry  

c – heat capacity [kJ/(kg×K)] 

CHF – critical heat flux [kW/m2] 

[CO] – carbon monoxide concentration [%] 

[CO2] – carbon dioxide concentration [%] 

dcable – diameter of cable [mm] 

dmet – diameter of conductor [mm] 

EHC – effective heat of combustion [MJ/kg] 

EPDM – ethylene/propylene diene monomer  

EPU – polyurethane elastomer 

FEC – Fractional Effective Concentration [–] 

FED – Fractional Effective Dose [–] 

FS – range of flame spread [m] 

h – length of cable [m] 

[HC] – hydrocarbon (saturated, unsaturated and aromatic) con-

centration [%] 

[HCl] – hydrogen chloride concentration [%] 

HRP – heat release parameter [–] 

HRR – heat release rate [kW] 

IC50 – concentration of irritant gases [%] or [ppm] 

k – thermal conductivity [W/(m×K)] 

kρc – thermal inertia factor [kW2/(m4×K2×s)] 

LC50 – lethal concentration [%] or [ppm] 

LDPE – low-density polyethylene 
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LS0H  – Low Smoke Zero Halogen material 

m  – TGA specimen mass [mg] 

n  – number of conductors [–] 

[O2]  – oxygen concentration [%] 

PE  – polyethylene  

peakHRRav  – maximum average heat release rate [kW] 

peakHRRpua – maximum heat release rate per unit area [kW/m2] 

peakSPRav  – maximum average smoke production rate [m2/s] 

PVC  – poly(vinyl chloride) 

𝑞𝑒
"̇   – external incident heat flux at surface [kW/m2] 

rx,y  – Spearman’s correlation factor [–] 

RSR  – rate of smoke release [(m2/s)/m2] 

SPR  – smoke production rate [m2/s] 

TGA  – Thermogravimetric Analysis 

THR  – total heat release [MJ] 

T0  – ambient temperature [C] 

tig  – time to ignition [s] 

Tig  – ignition temperature (or temperature to ignition) [C] 

TRP  – thermal response parameter [(kW/m2)×s1/2]  

TSP  – total smoke production [m2]  

vav  – average speed of flame spread [m/s] 

VCO2 – multiplication factor for CO2 driven hyperventilation [–] 

Vcombust – non-metallic volume of cable per 1 m of ladder according 

to EN 50399 [l/m of cable] 

XLPE  – cross-linked polyethylene 

XLPO  – cross-linked polyolefin 

z  – surface ratio [–] 

ZnB  – zinc borate 

Greek characters 

Δm – absolute mass loss of TGA specimen [–] 

 – equivalence ratio [–] 

ρ  – density of material [kg/m3] 

χ  – cable parameter [–] 

ω  – non-metallic non-combustible components volume to non-

-metallic combustible components volume ratio [–] 

Ω  – volume of effective non-combustible content parameter 

[l/m of cable] 
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1. INTRODUCTION 

World statistics indicate that 37.3% of fires in 2017 occurred in resi-

dential buildings. In the same year, the highest number of fire deaths 

occurred in the following countries: Russia, Belarus, Latvia, Ukraine, 

Lithuania and Estonia, and this trend does not seem to be shifting. In 

Poland, 475 fire victims were registered in 2017 [6]. In 2019, about 

153,500 fires were recorded in Poland, including almost 38,000 in public 

and residential buildings, factories and warehouses (Fig. 1), where 507 

deaths occurred [7]. 

 

 
Fig. 1. Number of fires in Poland in 2019 in terms of type of object [7] 

 

Any fire that breaks out in a building is of an exceptional, destructive 

nature [8]. When the fire occurs, the following changes in the environ-

ment take place: 

– thermal conditions, 

– pressure, 

– chemical composition of air in the fire zone (hyperventilation and 

toxic products generation), 

– smoke obscuration [9]. 

public buildings; 
2330; 1%

residential 
buildings; 

31994; 21%

factories; 
2415; 2%

werehouses; 
1053; 1%

transport; 
9910; 6%

forests (national 
and private); 

8896; 6%

agriculture; 
38319; 25%

others; 
58603; 38%
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In accordance with the ‘Technical conditions to be met by buildings 

and their location’ [10], buildings are divided into appropriate fire re-

sistance classes. Those classes are ordered from the highest (A) to the 

lowest (E). The fire threat to people class (ZL) refers to residential, multi-

occupancy and public buildings. The choice of these classes depends on 

the size of the building, the number of floors and the number of people 

staying in the building at any one time. 

Construction products are evaluated for their fire safety. These in-

clude mainly properties related to the fire resistance of buildings and the 

reaction to fire of the building materials used in the buildings. 

The term “fire resistance” denotes the ‘ability of an element of building 

construction, component or structure to fulfil, for a stated period of time, 

the required stability, fire integrity and/or thermal insulation and/or 

other expected duty in a standard fire resistance test’, whereas the term 

“reaction to fire” refers to the ‘response of a material under specified test 

conditions contributing to a fire to which it is exposed’ [11]. 

Nowadays, fire protection is aimed at minimising the risk of a fire in 

order to protect life and property. The construction of high-rise buildings, 

skyscrapers and large space warehouses has led to new challenges in the 

field of fire safety, especially in the case of fire toxicity [12], whose indis-

pensable foundations are chemical processes generally included in fire 

chemistry.  

Some electrical products, such as insulated cables and installation 

pipes may, in practice, occupy large areas of building structures and 

their finishing materials, or may pass through firewalls. In such cases, 

electrical products exposed to an external fire should be assessed from 

the point of view of their contribution to the fire hazard, compared to the 

contribution of construction materials or of a structure without electrical 

installations.  

In general, each fire is a serious environmental issue, but cable fires 

create additional damage to the environment, as 90% of wires and cables 

contain halogen due to technological (e.g. simple construction) and fi-

nancial (low cost) purposes [13]. In the case of the fire behaviour of ca-

bles commonly used in buildings, a number of different cables divided 

into cable families have been examined [14, 15]. 

The risk of fire has to be considered for each electrical installation 

when designing the component circuit and device, and when selecting 

the material in order to reduce the probability of a fire, due to unpredict-

able or abnormal use, faulty operation, or damage. The main goal of fire 

protection is to prevent an ignition originating in the part supplied with 

electrical power, and when an ignition does occur, to restrict the fire 
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within the limits of the electrical equipment. In case the surfaces of elec-

trical products are exposed to external fire, it is necessary to ensure that 

they do not contribute to further fire spread more than the construction 

materials and structures in their vicinity.  

The fire hazard presented by electrical equipment depends on its 

properties, operational conditions and on the properties of its environ-

ment. This is why the fire hazard assessment procedure should specify 

the description of the product, and the conditions of its operation and its 

environment. These are all elements of the process of evaluation of con-

struction products in terms of fire safety according to the CEN proce-

dures based on [16] (Fig. 2).  

The first stage – fire scenario – is the most important, because it an-

swers the following question: what is the type of fire to be considered? 

The answer allows for the designing of a new experimental method or the 

use of an existing one to test the product or element.   

 

Fig. 2. Process of evaluation of construction products in terms of fire safety according 
to CEN procedures based on [16, 17] 

 

The second stage – criteria – defines the evaluation criteria (limits) of 

fire safety measures in order to compare the behaviour of different pro-

ducts under the defined conditions of the chosen fire scenario in stage (1). 

Then, the evaluation limits can be established in terms of: (a) Health and 

life safety, and (b) Loss of property. Indirect methods are also very useful 

at this stage.  

The third stage is the interpretation of the test results obtained du-

ring the experimental and indirect methods of analysis performed in stage 

(2), leading to the fourth stage (4), which is the evaluation through an 

assigned class (e.g. euro class). 

1. Fire scenario

2. Criteria

3. Interpretation

4. Evaluation
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In the cited doctoral dissertation [5] the properties of materials sub-

jected to high (fire) temperatures are referred to as “fire properties” which 

is often used in scientific articles and monographs [18, 19, 20, 21] by 

analogies to commonly used terms “mechanical properties”, “chemical 

properties”, “physical properties”. On the other hand, the term “fire per-

formance” is in use when addressing the cable fire behaviour in large- 

-scale standard experiments [2, 16, 17, 22, 23, 24, 25]. In this monogra-

phy the term “fire properties” is used in more general meaning then “fire 

performance”. This approach was based of the example of Hirschler, who 

stated [19] ‘The fire properties addressed include ignitability, ease of ex-

tinction (oxygen index), flame spread (small scale and intermediate scale), 

heat release, smoke obscuration, smoke toxicity, hydrogen chloride emis-

sion and decay, and performance in real-scale fires.’ 

In terms of fire chemistry, the basic fire scenarios are classified into 

various types: non-flaming/smouldering combustion, well-ventilated fla- 

ming fires and early/ventilation-controlled (vitiated) flaming fires (Tab. 1) 

[26, 27]. This evaluation is important in terms of the release of toxic 

combustion products from electric cables. 

Smouldering/non-flaming fires involve slow thermal decomposition 

without flames. The thermal decomposition process may be induced by 

heat supplied externally or it may be self-sustaining. Products are very 

rich in inorganic acids, carbon monoxide (CO) and organic compounds, 

which are usually highly irritating to the respiratory tract [28, 29]. 

Table 1. Evaluation of standard fire types [30] 

 

 

Heat  
[kW m-2] 

Max temp. 
[°C] 

Oxygen [%] Equi-
valence 

ratio  

 
2

CO

CO

V

V
 

Combustion 
Efficiency  

[%] fuel smoke in out 

Non-flaming 

1a. Self- 
-sustained 

smouldering 
n.a. 

450 
to 

800 

25  
to 85 

20 
0  

to 20 
– 

0.1  
to 1 

50 to 90 

1b. 
Oxidative, 
external 
radiation 

– 
300 
to 

600 
– 20 20 < 1 – – 

1c. 
Anaerobic 
external 
radiation 

– 
100 
to 

500 
– 0 0 >> 1 – – 
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Heat  
[kW m-2] 

Max temp. 
[°C] 

Oxygen [%] Equi-
valence 

ratio  

 
2

CO

CO

V

V
 

Combustion 
Efficiency  

[%] fuel smoke in out 

Well-ventilated flaming 

2. Well- 
-ventilated 

flaming 

0  
to 60 

350 
to 

650 

50  
to 500 

~20 
0  

to 20 
< 1 < 0.05 > 95 

Under-ventilated flaming 

3a. Low 
ventilation 
room fire 

0  
to 30 

300 
to 

600 

50  
to 500 

15 to 
20 

5  
to 10 

> 1 
0.2  

to 0.4 
70 to 80 

3b. Post- 
-flashover 

50  
to 150 

350 
to 

650 
> 600 < 15 < 5 > 1 

0.1  
to 0.4 

70 to 90 

 

Well-ventilated flaming fires occur at the beginning of a fire, when 

there is plenty of air available. The equivalence ratio  (1) [31, 32], which 

is used for the characterisation of ventilation conditions in terms of fire, 

is relatively low (less than 1) [33]. Typically, for well-ventilated fires,  is 

less than 0.7 [31]. 

 
− −

=
− −

actual fuel to air ratio

stoichiometric fuel to air ratio
 (1) 

Under these conditions combustion is most efficient. The main pro-

ducts obtained during decomposition are carbon dioxide (CO2), water and 

heat. The yield of smoke and toxic products initially tends to be low [28]. 

When the air supply is restricted compared to the fuel available for 

combustion, ventilation-controlled flaming fires occur. They may consist 

of pre-flashover fires in enclosed spaces or large post-flashover fires, 

where all surfaces are ignited in high temperature (often 450 – 1200C) 

conflagrations in very large or ventilated spaces. Therefore, ventilation- 

-controlled fires tend to be the worst for toxicity, because they produce 

large amounts of effluent containing high yields of toxic products, for 

instance: CO, CO2, HCN, organic products, and a lot of smoke and inor-

ganic acid gases [28].  

The main cause of injury and death in fires is incapacitation resulting 

from exposure to fire effluents. In Poland, such a dataset is lacking. It 

has been mentioned, however, that statistically 60 – 80% of fire victims 

have been affected by fire effluents inhalation during a fire [34]. 
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2. ROLE AND FUNCTIONS OF ELECTRIC CABLES  

IN BUILDINGS 

The design, purpose and significant number of cables (amounting to 

a few hundred metres in a single room) installed as part of electrical in-

stallations in buildings, increases their fire load and may facilitate flame 

spread to other interior finishing elements, elevations etc. Their role in 

buildings is to supply electricity to the various devices inside and outside 

the facility. For aesthetic reasons, multiple electric cables connected to 

devices of various types and purposes are hidden flush-mounted in buil-

dings, below raised floors, over suspended ceilings or inside poly(vinyl 

chloride) (PVC) cable channels and on cable trays (Fig. 3). 

Fig. 3. Schemes of cabling routes in different scenarios 
a) residential building, b) corridor in the office building as part of escape route,  

c) road tunnel [35] 
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Based on the end-use application, cables can be divided into groups, 

as follows:  

1) power,  

2) communication, network, 

3) flexible device connections,  

4) control, 

5) optical fibre cables.  

The use of electric cables brought to the foreground the need to pro-

tect against electric shock, overload and short-circuit current, switching 

overvoltage, lightning and numerous heat effects [36], including fire.  

Cables can be relatively easily self-ignited internally for a variety of 

reasons, including: 

1) a short circuit in the installation due to the defective condition of 

fuses and other surge protectors and cable insulations, as well as the 

ageing of existing installations and their components, 

2) an external burning source,  

3) defective electric installation (Fig. 5), 

4) improper use of electrical equipment (Fig. 4), 

5) overheating of cable insulation over a longer distance due to the de-

terioration of cooling conditions, 

6) overloading of the electrical system due to the flow of currents 

greater than the current carrying capacity of the wires or the rated cur- 

rent of electrical appliances and devices [36, 37]. 

 

 
Fig.4. Improper installed current switchgear 
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Fig. 5. Examples of the effect of improper use of electrical equipment 

 

Building products like electrical cables and their installation ducts 

may cover an unexpectedly large surface inside buildings, often up to 

several hundreds of metres in a single room (Fig. 6) or thousands of me-

tres in a single residential building, substantially increasing its overall 

fire load. 
 

     
 

Fig. 6. Examples of cable routing in newly built and renovated residential buildings 
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There are different types of electrical installations inside a building, 

which can be divided by their application as follows: 

1) power supply installations, 

2) communication and information networks, 

3) intercom, antenna and alarm systems, 

4) lightning protection systems. 
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3. CURRENT STATE OF KNOWLEDGE ON FIRE  
BEHAVIOUR OF ELECTRIC CABLES 

3.1. Electrical installations and cables 

The first attempt at regulating electrical installations dates back to 

1907 [38], while more recent contributions on this subject are [39, 40, 

41, 42]. McClung and Hill [41] pointed out ‘a need to capture in one loca-

tion the wealth of electrical system design techniques that have been 

published in recent IEEE papers and in other industry sources’. One of 

the newest national standards in this field is the British BS 7671 [43] 

published in 2008. In 2011, electric cables were put on the list of con-

struction products in Europe [15].  

A highly valuable and comprehensive critical review of the research 

on one of the most important types of structural fires – electric fires di-

rectly caused by the flow of electric current or by static electricity – was 

published by Babrauskas [44] in 2012, who summarised the state of the 

literature as follows: ‘Despite the importance of electrical fires, there has 

not been any institution in the English-speaking world with a long-term 

commitment to research in this area’. Current research in the field is 

ongoing in China and Japan [45]. 

Worldwide, the situation has been much better, due to extensive re-

search in Japan. Most of this body of work, however, was only published 

in Japanese and, consequently, had been unavailable to most scientists 

and engineers in English-speaking countries. More recently, Barros and 

Diego [46] presented an extensive critical literature review of the main 

contributions in the principal aspects of power quality in ships, which 

has an application to buildings as well. They discussed voltage and fre-

quency fluctuations, voltage dips and swells, transients and voltage no- 

tching, fault detection and classification, harmonic distortion and voltage 

imbalance. Moreover, power quality instrumentation and power quality 

regulations for electrical installations in ships were also considered. 

Most of these findings are certainly applicable to buildings as well.  

The new fire research field has grown as a result of the increasing 

number of roof fires caused by photovoltaic installations [47, 48, 49, 50, 

51]. Internal fires and their impact on residential electrical installations 

were also studied [52, 53, 54]. Some research on electrical installations 
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under fire conditions was performed for the purpose of tunnel safety [55]. 

Very few examples of modelling electrical installations have been previo-

usly performed [56, 57]. The final two contributions focused on risk analy-

sis for the safety of nuclear plants. The fire behaviour of building products 

in the general context of fire safety was discussed by J. Fangrat in [58]. 

Some research on electrical installations under fire conditions was 

performed for the purpose of tunnel fire safety [55] yielding some general 

conclusions for building objects including buildings. In each existing tun-

nel, regardless of length, fire safety rules apply. Wires and cables placed 

in engineering constructions should be non-fire spreading. The tunnel 

should be made of non-combustible materials and have a fire resistance 

of not less than 240 minutes, while the interior design elements should 

be made of non-combustible materials. These requirements are not appli-

cable to buildings. Equipment and installations constituting safety equip-

ment should be made in a way that ensures their functioning in fire for 

the time necessary to carry out the evacuation. A tunnel with safety de-

vices necessary for evacuation, powered by electricity, should have an 

emergency power supply capable of ensuring the operation of these de-

vices until the users have left the tunnel [59]. 

In the case of underground tunnels, which are also building objects, 

the provisions regarding the fire properties of the materials used are in-

cluded in the Regulation of the Ministry of Infrastructure of 17 June 

2011 on the technical conditions to be met by underground construc-

tions and their location. The ordinance says that electrical and optical 

fibre cables and wires, together with their fastenings, used in the power 

supply and control systems of fire protection devices, should ensure the 

continuity of electricity supply or signal transmission for the time re-

quired to start and operate the fire protection and evacuation devices. 

Unfinished tunnels and stations, including ceiling linings and suspen-

ded ceilings, passenger platforms, floors and stairs, ventilation ducts 

and their linings, as well as silencers and filters used in them should be 

made of non-combustible materials, whereas cladding, transparent cove-

rings, staircases, partitions and screens, as well as other floor coverings 

and floors should be made from non-ignitable materials. At the same 

time, cables, wires and channels installed inside an underground should 

be at least “B-s3,d0” reaction to fire class, which only refers to wall and 

ceiling elements and not linear products such as cables [60]. The re-

quirements for cables in tunnels, however, are “a drop in the sea of 

needs” for the overall requirements for buildings. The provision regarding 

cables and wires used in buildings is still not precise and does not apply 

to the reaction to fire of electric cables, but only to the building, con-
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struction and finishing materials. Conversely, for cables used in con-

struction objects, there are still no appropriate regulations regarding the 

reaction to fire of cables. 

A number of experimental studies using various laboratory tests were 

performed and physical-based theories were proposed to describe the fire 

properties of electric wires and cables. The authors of the most recently 

published review on electric cables stated that: ‘the complex role of the 

conductor, specifically whether it is a heat source or heat sink, in the 

ignition, flame spread, burning, and extinction, has been emphasized 

throughout this review.’ They conclude that ‘a deeper understanding of 

fire phenomena in real wire and cable is still quite challenging, and attem-

pted inferences for real wire fires based on the qualitative or semi-empiri-

cal analysis of limited laboratory data are not yet convincing enough […] 

there is still a large gap between the fundamental research using labora-

tory wires and applied research using commercial wires’ [45]. 

3.2. Fire spread in buildings as a result of cable fires 

Flame spread is defined as the ‘progress of flame over a surface’ or as 

the ‘rate of travel of a flame front under given conditions of burning’ [29]. 

Flame spread is critically affected by combustible gases evolved at the 

surface or in the interior of the material, which escape at the surface. 

Flame spread can transmit fire to more flammable materials in the vici-

nity and lead to flashover as a consequence [29].  

Building products like electric wires and cables, and circuit electrical 

installations may cover a large surface inside buildings. It has been found 

that installations mounted on internal walls cause a significant decrease 

in fire properties, especially when made out of combustible substrate 

[61, 62, 63]. The large number of cables installed in buildings strongly 

increases their fire load and facilitates flame spread over a long distance 

(both horizontal and vertical) in the case of fire [45, 64, 65]. 

Electric wires have been tested separately or in cable trays. Real-scale 

horizontal oriented cable tests were conducted for investigating the ef-

fects of confined and ventilated conditions on cable tray fires and also 

their main consequences [66, 67]. Flame spread and fire growth have 

been shown to be predictable using a fire spread and growth (FSG) model 

developed at FMRC, alongside small-scale flammability measurements 

for PE/PVC cables [68]. Others have stated that ‘a simple and systematic 

way to rank the fire performance of insulated electrical cables [...] is par-

ticularly significant because of the complexity of the cables tested – the 
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cables have insulations of different compositions and interactions be-

tween the conductor and the insulation affect the fire performance’ [22]. 

A fire in a building can spread from one cable tray to additional trays 

mounted above and/or horizontally from that one tray. Because of the 

high significance of cable fires, several research projects have been car-

ried out, investigating the fire behaviour of cables ranging from small- 

-scale, e.g. the cone calorimeter, to large-scale tests, analysing complete 

cable tray constructions. The influence of geometrical parameters, like 

packing density and tray distance, on the burning behaviour and fire 

spread of cable tray installations are important issues in the case of ca-

ble fires and have been discussed and compared with numerical simula-

tion results [69]. 

Most cables already installed in buildings increase the fire load. Ther-

mal properties and fire propagation performance were studied for new 

and aged electrical wires using a flame spread apparatus. The difference 

in thermal properties between new and aged electrical wires shows that 

the chemical composition and structure of polymer insulation changes 

due to thermal degradation and metal catalysis. The thermal ageing of old 

cables coupled with metal catalysis can promote degradation and change 

the thermal or fire spread properties of polymer materials [70]. 

One important characteristic of vertical cable tray fires is the time-

varying upward spreading of the cable flame along the cable tray, which 

has been discussed for nuclear power plants. The experiments perfor-

med indicated that a room with a vertical cable tray fire could be divided 

into three zones with respect to thermal characteristics. The hazards from 

a vertically spreading fire in a compartment in nuclear power plants were 

also estimated [71]. 

The effects of flame spread in buildings have been discussed in chap-

ter 2 of this monography. 

3.3. Cable fire testing 

Electric cables are now extensively used for both residential and in-

dustrial applications. For over more than twenty years, multi-scale ap-

proaches have been developed to study the fire behaviour of such cables, 

which represents a serious challenge. Cables are complex objects because 

they consist of insulation and sheaths made of polymeric materials of 

various chemical structures, thicknesses and additives [72]. 

The main problem in regards to the study of the fire properties of all 

building products is how to simulate real-scale scenarios with an ade-

quate amount of data. The large number of cables, their construction 
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and extensive application in building objects strongly increase their fire 

load and ease flame spread over long distances (both horizontal and ver-

tical) in the case of fire. 

A number of geometric small- and large-scale tests for measuring 

heat, smoke and flame spread has been developed for better under-

standing the fire behaviour of electric cables. This has been widely inves-

tigated in horizontal conditions, i.e. the cone calorimeter method com-

pared with the large-scale cable test, which shows good reproducibility 

and repeatability in the case of cable testing (FIPEC project) [23]. In this 

thesis, cable families were separated in order to decrease the number of 

tests for fire classification according to the EN 13501-6 standard [16]. 

Within the same family, cables differed in terms of conductor but the 

chemical structure of insulations and sheaths were the same. The cables 

differed in cable parameter χ, which is discussed in more detail in chap-

ters 4 and 9. 

In other studies, on small-scale cone calorimeter tests, it was found 

that the complex internal structure of cables complicates the investiga-

tion of pyrolysis and the combustion behaviour of cable sheaths when 

using the popular cone calorimeter method and full-scale experiments 

[73, 74]. Cables presenting non-planar surfaces show significantly diffe-

rent heat flux levels during cone calorimeter tests [75]. It was also previo-

usly found that the time for ignition is only dependent on heat flux, while 

the sheath delays the occurrence of the main peak of heat release rate 

(peakHRR) corresponding to the decomposition of non-flame retarded 

cable insulations [76]. In many cases, however, cone calorimeter equip-

ment became a relevant method for estimating the full-scale fire beha-

viour of various products [77] such as cables.  

The cone calorimeter method was also used for indicating the rela-

tionship between burning length and smoke visibility in the fire com-

partment affected by cable fires [78]. The authors of this article assessed 

the influence of electric cables on visibility on the basis of the critical 

smoke volume coefficient (the sum of the smoke volume in the smoke 

layer and the amount of smoke removed from the fire compartment), 

depending on the extent of cable damage. With a critical smoke volume, 

visibility in a fire is reduced to a certain limit (most often 10 m). It was 

found that the advantages of the test method compliant with the ISO 

5660 specification (cone calorimeter) are independent on the dimensions 

and geometry of the area in which the reduction of visibility is assessed, 

as well as independent on the length and properties of the assessed elec-

tric cables and the optical properties (reflectance or brightness) of reflec-

tive signs indoors and simple practical application of the data thus ob-
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tained. It was found that in order to ensure the visibility of reflective 

signs at a distance of 10 m (during the first 10 minutes of the fire dura-

tion), it is necessary to remove at least 8 m3 of smoke per meter of cable 

length from the fire zone. In order to ensure the same visibility of retro-

reflective signs in the same period of time, at least 2.8 m3 of smoke per 

meter of cable should be evacuated from the fire compartment. After 30 

minutes, the differences between the test results for the power and sig-

nal cables are noticeable because the signal cable showed a much lower 

critical ratio of smoke volume to the length of the burning cable than the 

power cables. The time dependence of the critical ratio of smoke volume to 

the length of burning wires for all tested electric wires turned out to be 

non-linear (with a maximum increase in the period from approximately 

500 s to 1000 s). 

The previous investigations pointed out that cables present in non- 

-planar surfaces would experience significantly different heat flux levels 

during cone calorimeter tests [23]. It was found that the time to ignition 

is only dependent on heat flux, while the influence of the sheath concen-

trates on delaying the occurrence of the main peakHRR corresponding to 

the decomposition of non-flame retarded insulation [75]. It was also dis-

cussed that the temperature at flashing ignition points of cable materials 

is mostly affected by the polymer structure and exothermic reactions as 

an effect of the content of various additives and does not necessarily re-

flect the flame retardancy of the material [79]. 

Other investigations on cone calorimeter testing have pointed to the 

significant influence of heat flux, the composition and structure of the 

cable, as well as the fire properties of the cables and any changes in ca-

ble specimen layout [80]. In most cases, cone calorimeter equipment was 

the most relevant method for estimating the full-scale fire behaviour of 

various products [76, 77], including cables. 

3.4. Fire tests in microgravity 

Fire research in microgravity conditions is a scientific field dating back 

to the 1960s [81, 82]. Space expeditions have brought focus on how fire 

that would break out in a spacecraft or space station can spread and 

what is the threat it will pose. Due to the specific conditions of the re-

search, there were few centres dealing with this topic and very few publi-

cations addressing the issue. One is the National Aeronautics and Space 

Administration (NASA) in the United States of America. 

Earlier studies have been undertaken by researchers [83, 84] from 

NASA. The authors discussed low-gravity combustion, with implications 
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for fire safety. The conclusion from the studies was that in orbiting 

spacecraft, the detection and suppression of flames are strongly affected 

by the large reduction in buoyant flows under low gravity and that, in 

these conditions, combustion intensity is reduced. The authors also exa-

mined future requirements in fire safety, particularly the long-term 

needs of space stations for fire prevention, detection, extinguishment and 

atmospheric control. The goal of spacecraft fire safety investigations was 

the establishment of trade-offs that promote maximum safety without 

hampering human and scientific activities in space [83].  

Microgravity conditions are similar to those in outer space. The fire 

tests performed by NASA play a key role in space station and spacecraft 

fires. In 1998, NASA issued a technical report, NASA-STD-6001 [85] con-

taining the flammability, odour, off-gassing, and compatibility require-

ments and test procedures for materials in environments that support 

combustion. This document established the requirements for the evalua-

tion, testing and selection of materials that are intended for use in space 

vehicles, associated ground support equipment, and facilities used during 

assembly, test and flight operations [85]. 

The study of modern materials used in space vehicles and space sta-

tions and their fire behaviour are still a prominent research topic world-

wide. A series of flight experiments named SAFFIRE 1, 2 and 3 have been 

conducted in an Orbital Science Corporation Cygnus vehicle undocked 

from the International Space Station (ISS). Their aim was to show the 

risks in the design of spacecraft fire safety systems. These and subse-

quent SAFFIRE experiments addressed questions such as how much fire 

suppressant is required to extinguish a plausible spacecraft fire or how 

much sorbent material is required to clean up a habitable volume in a spe-

cified period of time following a fire [86]. Some of the conditions experien-

ced by microgravity flames show that fires behind walls or inside electro-

nic equipment involve flame spreads in narrow gaps [87]. 

An attempt was made as part of the SAFFIRE project to understand 

fully fire spread in spacecrafts by fire modelling and the comparison be-

tween normal gravity and microgravity fire experiments on thermally 

thin materials (fabric) [88, 89]. International teams collaborated with the 

NASA team in defining the experiment requirements and performing 

supporting analysis, experimentation, and technological development. It 

was shown that no single experiment can address the range of issues 

that need to be resolved in order to understand fully spacecraft fire risk 

and to ensure the safety of future flights. Flight experiments are valida-

tion experiments and require substantial support from experimental 
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campaigns involving ground testing, parabolic flights and space station 

experiments. 

The thermally thin materials were fire tested in order to investigate 

flammability and flame spread in microgravity conditions [90]. Flame 

spread tests were used to develop correlations for the effects of flow ve-

locity, oxygen concentration and pressure on flame spread rate. 

Research in space fire safety is being carried out not only in the Uni-

ted States but also in Japan. The Micro Gravity Laboratory of Japan 

(MGLAB) conducted some microgravity experiments to explain the igni-

tion phenomena of overloaded electric wires. In the experiments, the 

current supply duration was selected as the main test parameter in order 

to simulate the status of the circuit breaker shortly after overload occurs. 

Other important test parameters were the oxygen concentration and the 

supplied electric current amount. The results showed that the micro-

gravity conditions significantly increase ignition probability, including 

the occurrence of delayed ignition and extended ignition limits, with large 

electric currents compared with normal earth-based gravity [91]. 

The same research team investigated the flammability of polyethylene 

(PE) insulated wires [92]. The ignition limit was shown to be extended in 

microgravity conditions. It was found that the actual lowest limit by the 

ground-based microgravity facility is not straightforward and requires 

a database obtained over long-term experiments, as other investigations. 

There is still a gap, however, in the fire testing of cables and electric 

wires in microgravity conditions, although they are widely used in space 

stations and space vehicles. 

3.5. Numerical simulations of cable fires 

Various research methods are also being developed in order to elimi-

nate large-scale reaction to cable fire tests and simplify them [93, 94]. 

There is currently a trend to develop computer simulations of cable fire 

behaviours by prediction using alternative reaction models, which are 

compared to experimental results [95]. There has also been an attempt 

to create a kinetics model by using thermal parameters estimated by the 

Thermogravimetric Analysis (TGA) and cone calorimeter data from PVC 

insulated and sheathed cables [96]. 

It was found that cables have a char-forming tendency when exposed 

to a heat source [72]. Therefore, the pyrolysis mechanism and the flam-

mability of cables have been investigated. The experimental data ob-

tained for two types of cable commonly used in French nuclear power 

plants were compared with the numerical simulation data based on the 
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description of cable mass loss, coupling an Arrhenius expression with 

a 1D thermal model of cable heating. The numerical results were then 

compared with experimental data. The spontaneous or piloted ignition 

investigations of these cables were also studied [72]. 

Currently, fire safety in tunnels, as building objects, plays an extreme-

ly important role, especially where a large amount of cables is installed. 

In order to obtain the optimised control modes for smoke propagation and 

better environmental conditions for inspection, maintenance and person-

nel evacuation, different modes of ventilation systems, fire-proof doors 

and sprinklers in case of fire must be combined. The Fire Dynamics 

Simulator (FDS) was adopted to investigate the effectiveness of these 

modes during fire in a tunnel. The results showed that the optimisation 

of smoke control modes in the utility tunnel depends significantly on the 

cooperation of the air supply system, air exhaust system, sprinkler system 

and the appropriate switch modes of fire-proof doors at different stages 

of fire development [97]. 

The same method (FDS) was used for the pyrolysis reaction simula-

tion. The flame-retardant cables were investigated using TGA to measure 

the reference temperature and rate required for fire spread simulation. 

A two-step pyrolysis reaction was observed regardless of the cable type, 

and each pyrolysis reaction could be attributed to a single or multiple 

component depending on the cable type and reaction order. The struc-

tures, compositions, and insulation performances of the cables differed 

considerably and the reference temperatures of the two-step pyrolysis 

reaction were similar regardless of cable type. The analysis indicated 

that the mean values of the reference temperature and rate are sufficient 

to simulate the pyrolysis reactions of flame-retardant cables. The con-

clusion from the research was that heat transfer and the pyrolysis rea-

ction path associated with the multi-layered cable structure may be more 

important for determining the ignition and fire spread characteristics, 

which are dependent on cable construction, composition and insulation 

performance [98]. 

The simulation of the multi-layered cable tray fire presents a chal-

lenge for fire models. By developing a more accurate fire source descrip-

tion, the FLASH-CAT model has been used. In this method, the HRR of 

each burning cable tray is taken for evaluation. The zone model was ap-

plied to predict the fire dynamics process. In order to validate the used 

method, four-layer cable tray fire experiments and replicated experi-

ments were carried out in a confined compartment. The data of mass 

loss rate of the cable tray, temperatures at the middle of the compart-

ment, vertical temperature profile and the total heat release rate were 
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recorded. The comparisons between simulations and experimental data 

showed that the predicted upper- and lower-layer temperatures agreed 

well with the experimental data [99]. The authors developed a more de-

tailed description of the fire source than the one used so far in numerical 

modelling. They used the so-called the semi-empirical model FLASH-CAT 

(Flame Spread over Horizontal Cable Tray). In this method, the HRR 

from each burning cable tray was used for evaluation. A zone model was 

used to predict the fire dynamics process. In order to validate the method 

used, fire experiments were carried out with four-layer cable trays. The 

experiments were repeated in a closed room. Data on the rate of cable 

tray weight loss, mid-time temperatures, vertical temperature profile, and 

total room HRR were recorded. Comparison of the simulation and experi-

mental data showed good agreement of the model with the experiment for 

upper- and lower-layer temperatures. As a result, the FLASH-CAT method 

was found to provide a reliable and fast prediction of the combustion of 

a multi-layer cable tray. A similar investigation was performed in another 

project for nuclear power plants, where a large amount of cables was 

installed [100]. 

The general applicability of flame spread, packing density and tray 

distance parameters as input data for the parametrisation of the source 

term of numerical simulations has also been shown elsewhere. The test 

results showed that burning behaviour and fire spread depend on the 

cable arrangement on the cable tray, in combination with other bounda-

ry conditions. By applying the results as input for a fire simulation, the 

mass loss rate was also a suitable tool [69]. 

The computational fluid dynamics (CFD)‐based modelling method for 

the prediction of cable tray fire development was also used. The five hori-

zontal trays of 49 power PVC cables were tested in order to evaluate the 

numerical simulation method. An 80kW propane burner was used for 

the fire experiments. The thermal properties and surface ignition tem-

perature of cables were estimated from cone calorimeter tests. The heat 

release profile obtained from the cone calorimeter tests, rather than the 

point peakHRR was reached, has been proposed for simulations [101]. 

Numerical simulations of the fire properties of cables were also car-

ried out for an L-type corridor under different fire source location height 

conditions. The temperature changing rule of the inflection point of the 

L-type corridor was discussed and the temperature prediction formula 

was established based on the height of the ignition source at different 

stages according to the fire situation. The study showed the obvious 

smoke accumulation effect in L-type cable corridors [102]. 
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There is no simple and short answer to the question regarding the is-

sue of numerical modelling of fire development and fire properties, be-

cause it is a very complex and multi-threaded issue in which numerous 

research teams specialize. Literature reports are not unequivocal and do 

not allow for far-reaching generalizations, let alone assess the quality of 

numerical modelling in this area. 

3.6. Fire effluent toxicity 

Smoke inhalation, as well as burn injuries and oxygen depletion, is 

a serious health threat to victims of house fires, explosions, and other di-

sasters involving fire and smoke [103]. Inhalable particles in fire effluents 

have acute toxic potency by transporting toxicants deep into the lungs. If 

the concentration of particles is high, their inhalation can lead to lung 

inflammation hours later, assuming that the person escapes the imme-

diate fire threat [104]. 

Fire deaths from toxic gas inhalation occur predominantly after fires 

have progressed beyond the stage of fire when the total surface of com-

bustible material is set on fire within an enclosure [2] (flashover). Fire 

victims are usually found in a room other that the one that is on fire (so-

-called room of origin), which clearly demonstrates how important fire 

effluent toxicity is from the point of view of fire safety [105]. 

Fire effluent toxicity is a function of four factors: the amount of mate-

rials burnt, the distribution of combustion products within the smoke, 

the individual toxic potencies of each combustion product found in the 

vapour phase and the duration of exposure [106].  

Fire effluent toxicity can be characterised according to the time period 

post-injury, as discussed in detail by Matthew et al. in [107].  

A significant number of studies has been conducted on fire effluent 

toxicity so far. Many focused on the development of test methods, as well 

as the qualitative assessment of fire gases present in fire effluents from 

pure polymers (low density polyethylene (LDPE), polystyrene, polyamides 

and PVC) under various fire conditions. The different behaviour of com-

bustion processes of PVC compared with other polymers related to the 

dehydrochlorination process and subsequent cross-linking was shown. 

Also, soot formation was studied for pure polymers in the form of pellets 

[19, 26, 27, 108, 109, 110, 123]. Yasuhara et al. [111] investigated the 

amount of polychlorinated dibenzo-p-dioxins and dibenzofurans under 

different fire conditions. They argued that chlorine-containing compounds 

in fire effluents are relatively low.  
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Smoke toxicity or the toxicity of smoke, combustion toxicity and fire 

toxicity are terms often used interchangeably (even within a single publi-

cation) in the current scientific literature on toxicity under fire condi-

tions, among others by Yates [112], Purser [113], Stec and Hull [114], 

Alarie [115], Beitel et. al. [116]. This nomenclature is also not harmo-

nised by international standards on terminology regarding fire safety, for 

instance [2, 11, 117].  

‘Smoke toxicity’ has been defined by Beitel et al. as ‘the propensity of 

smoke to produce adverse biochemical or physiological effects’ [116], 

whereas smoke refers to the visible parts of fire effluents, which consist 

of solid and/or liquid particles. The term ‘combustion toxicity’ used by 

Purser [113] refers only to the toxic effect of combustion processes, where 

flame occurs and fire effluents are evolved. The pyrolysis process has not 

been considered in this case.  

‘Fire toxicity’, as defined in standards [11, 117], has a broader mea-

ning as ‘the largest cause of death and injury in fires’ and covers all harm-

ful effects for fire victims as: 

1) convective and radiative heat-caused burns, 

2) irritation of respiratory tract, eyes and skin as an effect of acid gases 

and organic irritants present in fire effluents,  

3) asphyxiant effect caused by hyperventilation, inhalation of smoke 

and oxygen depletion, 

4) lethality as an effect of toxic gas (such as CO, hydrogen cyanide, 

benzene and other gaseous species produced in fires) inhalation [115]. 

Invisible parts, such as fire gases, cause the most harmful effects on 

living organisms, which are usually called ‘fire toxicity’ [2, 11, 114, 117]. 

The phrase ‘smoke toxicity’, which is often used by Yates [112], appears 

too narrow because it only refers to solid and liquid visible particles, while 

most hazardous fire gases are ignored. In conclusion, “fire effluent toxici-

ty” seems to be the most appropriate term to describe the toxic hazard of 

smoke and gaseous toxic species in the mixture/aerosol of fire effluents. 

Moreover, bearing in mind that fire was defined as ‘a process of com-

bustion characterised by emission of heat accompanied by flame and fire 

effluents’ [2, 117, 118], it is directly linked to the term “fire effluents toxi-

city”. Fire effluents generated during combustion or pyrolysis processes 

consist of a highly complex mixture of liquids and solid smoke particu-

lates and gaseous vapours [117, 119]. They also contain a large number 

of substances, which in many cases are toxic. The range and yields of 

toxic substances generated during combustion depend on the composi-

tion of the material (fuel) and the decomposition conditions [120].  
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The current laboratory method of testing toxicity under fire conditions 

[121] is based on highly controlled combustion in terms of volume, tem-

perature and pressure conditions unlike in real fires, where uncontrolled 

combustion has always been involved. 

In general, combustion and pyrolysis processes differ in the presence 

of a flame and a substance with an oxidising agent in the fire zone. The 

pyrolysis process is forced only by heat and is usually observed before 

flaming combustion [2, 11, 116]. The mechanisms of both processes are 

irreversible and depend mainly on the nature of the materials, which exo-

thermally react together and on the accompanying fire conditions [122].  

Finally, it is necessary to bear in mind that toxicity is expressed per 

volume unit. Contrary to a real fire situation, where the volume occupied 

by smoke, and the temperature and flow rate conditions change variably 

during fire development, with the flame spread rate depending on nu-

merous factors, for instance the location of architectural elements like 

building partitions and openings or other internal equipment obstacles 

and ventilation systems, in the laboratory method of testing toxicity the 

volume of the test vessel remains constant, while the temperature level 

and flow rate are under control. For this reason, this laboratory method is 

not a precise reflection, model or scenario of real fire conditions. There-

fore, laboratory test results on toxicity have very limited, if any, applica-

bility to a real fire situation. Comparative analysis of building products 

and materials, however, is possible. On this basis, for example, one can 

set them in order of increasing or decreasing toxicity values. This type of 

information is necessary, although numerical simulation and further 

theoretical analysis is very difficult or even impossible by means of these 

data. 

Summarising, the term “fire effluent toxicity” is the most precise in 

the author’s opinion and will, therefore, be used further in this study. 

Quantitative analysis of the toxic products from burning cables has 

been found to be challenging. It was shown in an earlier study by the 

author that even under well-ventilated conditions, when most materials 

indicate stable burning, cables did not burn continuously [123] for very 

high temperatures (approaching 900C). 

The decomposition mechanisms of pure PVC and PVC with additives 

during the pyrolysis process were studied by means of TGA-FTIR by Zhu 

et al [124] and McNeill et al. [125]. They proved the release of hydrogen 

chloride (HCl) and high amounts of hydrocarbons (HCs) in fire effluents. 

Almost all chlorine transforms into HCl, and only a little amount of other 

chlorine-contained species was detected. The authors [125] performed 

research with various instrumental techniques and conducted an exten-
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sive qualitative analysis of PVC pyrolysis products, dioctyl phthalate 

(DOP) plasticizer (bis(2-ethylhexyl)phthalate (DEHP)) and plasticized PVC 

with DOP. They found that during the combustion process, PVC produ-

ces HCl and a significant number of aromatic and alkylaromatic com-

pounds. The products of DOP pyrolysis were benzene, toluene, benzal-

dehyde, phthalic anhydride, iso-octenes, unsaturated ketones and alco-

hols. In the pyrolysis process of the PVC-DOP mixture, apart from the 

individual products of PVC and DOP pyrolysis, radical reaction products 

were formed. The quantitative analysis of PVC combustion products has 

not been performed. On the other hand, in [124], the authors estimated 

the amount of HCl released during the pyrolysis of PVC with an admix-

ture of CaCO3, CaO and Ca(OH)2 fillers. PVC pyrolysis with fillers was 

carried out with TG-FTIR. It has been shown that almost all chlorine is 

converted to HCl, and its efficiency varies depending on the filler used. 

The fillers used acted as agents limiting the release of HCl by binding 

chloride radicals. The HCl yield decreased with increasing Ca/Cl molar 

ratio. 

The pyrolysis and combustion properties of new and aged PVC shea-

thed cables were investigated by Wang et al. [126]. The following test 

methods have been used for investigation: TGA, Fourier Transforms In-

frared (FTIR), microscale combustion calorimetry (MCC) and cone calo-

rimeter. It was discovered that an aged sheath underwent incomplete 

and weakened pyrolysis and combustion processes. 

A recent study by Chong et al. [127] contains a detailed analysis of 

HCs, which was carried out on PVC pipes. Infrared spectroscopy and gas 

chromatography-mass spectrometry (GC-MS) analyses showed the pre-

sence of chlorinated components, including chlorine dioxide, methylene 

chloride, allyl chloride, vinyl chloride, ethyl chloride, 1-chlorobutane, 

tetrachloroethylene, chlorobenzene, HCl, benzene, 1,3-butadiene, methyl 

methacrylate, CO, acrolein, formaldehyde and many more long-chain 

HCs. In the first stage of PVC thermal decomposition at a temperature of 

210C – 245C, HCl was released. In the second step (245C – 300C), 

the process proceeded from a cross-linked portion of the polymer with 

hinderedness. Weight loss of 18.31% took place consecutively at tempera-

tures up to 450C, and the last phase of weight loss 19.25% was com-

pleted at a temperature of about 700C. The last two stages of weight 

loss are related to the degradation of long-chain HCs, the formation of 

siloxanes and CO2. The residue after TGA (up to 1000C) was examined 

by FTIR spectroscopy. A mixture of calcium carbonate and silicates was 

detected, which was used as a filler in the production of PVC pipes. The 

smoke generated from the combustion of the tested pipes consists of 



41 

volatile compounds, which are mainly alkenes, aromatic compounds and 

chlorine-containing compounds such as HCl, chlorine dioxide, 1-chloro-

butane, vinyl chloride, ethylene dichloride and chlorobenzene. The results 

were confirmed by gas chromatography – mass spectrometry (GC-MS) 

tests. 

Unplasticised PVC is a rigid polymer, which is susceptible to dipole 

interactions between chlorine atoms. In order to increase flexibility, it is 

necessary to weaken intermolecular interactions and increase the mobi-

lity of macromolecules (lowering the glass transition temperature), in-

stead of copolymerization with comonomers e.g. vinyl acetate, vinylidene 

chloride, acrylonitrile, introducing physical plasticisers (for instance, 

dioctyl phthalate, tricresyl phosphate) [128]. 

Previous investigations carried out by Hirschler [19] have pointed out 

that materials made of unplasticised (rigid) PVC (e.g. wall claddings) 

showed ‘much better fire properties’ than plasticised (flexible) PVC (e.g. 

electric cables), which is due to the addition of phthalates, for example, 

which ‘have even worse fire properties than PVC itself’. The described 

study was based on the investigation of PVC in several aspects, such as 

ignitability, ease of extinction (oxygen index), flame spread (small scale 

and intermediate scale), heat release, smoke obscuration, smoke toxicity, 

HCl emission and decay, and performance in real-scale fires. Using a com-

bination of plasticisers and fillers, such as antimony trioxide or alumi-

nium trihydrate (ATH), in the case of plasticised PVC, significantly im-

proved the fire properties of PVC used, for example, in cable production 

[19, 129]. Inorganic fillers, such as antimony trioxide, alumina trihydra- 

te, zinc hydroxystannate and zinc borate (ZnB) act as flame retardants of 

PVC. At present, however, a significant number of flame-retardant addi-

tives improves the fire properties, including those associated with the 

emission of smoke and toxic combustion products, of plastics based on 

plasticised (flexible) PVC [130, 131, 132]. 
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4. SCIENTIFIC PROBLEM 

The fire resistance of building classes (ZL) mentioned in chapter 1 are 

related to the fire reaction of construction products, interior finishing 

elements etc. Electric cables, used in large quantities in buildings, are 

also building products and have been included in the group of construc-

tion products in the CPR Regulation. They provide electricity and signal 

to various receivers, which is why they are clearly divided into types ac-

cording to their purpose (Fig. 7). 

 

Fig. 7. Types of typical cables according to end-use application in buildings 

 

Recently, photovoltaic cables (Fig. 7) for photovoltaic installations and 

hybrid cables are gaining in importance, combining several applications 

simultaneously (Fig. 8). 

Due to the significant risk of fire in a building with a significant num-

ber of cables routed in it, as a result of both a short circuit in the electri-

cal system and the progressive fire spread within the building, it is abso-

lutely necessary to provide the constructional and material parameters 

of the cables affecting the fire properties of buildings. A major concern is 

the selection of electric cables according to their fire properties. The scale 

of the impact of individual constructional–material parameters on the 

electric cables 
used in buildings

power

communication (copper)

control/signal

optical fibre

antenna/intercom

cables for flexible 
connections

photovoltaic 
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fire properties of a building is the main issue raised in this monography 

based on the doctoral dissertation [5]. 

 

 
Fig. 8. Hybrid cable 

 
Unlike most earlier studies published so far, the motivation for the 

present work was not to design another experimental method, but to 

investigate the effect of material and constructional parameters on the 

fire behaviour of electrical cables in a systematic way. To the best of the 

author’s knowledge, such systematic research has not been published so 

far. The present study is, thus, original, filling this research gap. 

Five major groups of constructional–material parameters concerning 

cables were chosen for the analysis (Fig. 9) [64].  

 

 
 

Fig. 9. Different constructional–material parameters of cables [64] 

 

The groups (Fig. 9) were developed during the investigation of the na-

ture of factors affecting the fire properties of electric cables, and the im-

pact of constructional–material parameters on the fire properties of cables 

(Fig. 10) was proved by performing a number of experiments. 
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Fig. 10. Fire properties of electric cables 

 

Under fire conditions and easy oxidation, a large amount of heat and 

smoke is produced. Electric cables may present different behaviour un-

der the same fire conditions. The main aim of the study was to identify 

relevant factors related to the construction and content of electrical ca-

bles, and provide a qualitative and quantitative assessment of their in-

fluence on the specific fire properties of these building products.  

The fire properties of each cable are accumulated in one standardised 

cable parameter  (2) [1, 138]  

 combust2
cable

n
V

d
 =  (2) 

where: 

 – cable parameter [–], 

n – number of conductors [–], 

Vcombust – non-metallic volume of combustible cable components, 

m3/1 m bunched cable according to EN 50399 [4], 

dcable – diameter of cable [m]. 

According to the above empirical equation (2), cable parameter χ is di- 

rectly proportional to the number of conductors (n) and non-metallic vo- 

lume of combustible cable components in 1 m of bunched cable (Vcombust), 

and inversely proportional to the square of the diameter of the cable 

cross-section (dcable
2).  
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A simple relationship between the value of cable parameter χ and the 

number of conductors (n) is met for cables with less than 19 conductors. 

For a greater number, however, it is conditioned by the growth of pa-

rameters associated with heat release rate (HRR), total heat release 

(THR), total smoke production (TSP) and smoke release rate (SPR), de-

spite the increasing content of the Vcombust. This means that only one 

construction characteristic is considered, while it was shown in the tests 

performed that this is not the only characteristic, which influences the 

fire properties of the product. In other words, empirical equation (2) de-

fined parameter χ and contains the Vcombust. In spite of that, parameter χ 

does not clearly identify the fire properties of the product, because the 

same value of χ may lead to different fire properties. Thus, on the basis 

of the research performed, the author found low accuracy in the descrip-

tion of the fire properties of cables by the cable parameter χ. On the ba-

sis of the in-depth analysis, another empirical formula that expresses 

this relationship with greater accuracy has been proposed. 

This thesis focused on the relationship between the construction of 

the cables and their fire properties, which, however, does not depend on 

a simple and obvious deterioration of fire properties as the amount of 

flammable materials in the construction increases. A parameter which 

includes both metallic barriers and the amount of the combustible non- 

-metallic contents of cables is essential for this study. 

A number of studies has been conducted so far on the influence of 

PVC on the fire properties of materials, i.e. [13, 22, 23, 24, 68]. Cables 

which vary in more than one constructional parameter, however, were 

used in these investigations rendering their results not comparable with 

those presented here.  

Thus, the scientific problem as considered in the cited doctoral disser-

tation [5] is to determine the impact of the relevant constructional and 

material parameters of cables on their fire properties by establishing 

qualitative and, where possible, quantitative relationships between these 

factors. Thus, the purpose of this research is to identify relevant factors 

related to the construction of electrical cables used in buildings, and 

a qualitative and quantitative assessment of their influence on the chosen 

fire properties, such as heat and smoke release, range of flame spread 

(FS) and toxic effluents under fire conditions, and the impact of electric 

cables on the fire safety of buildings.  

Several experimental methods, and complementary theoretical analy-

sis based on Quintiere’s theory, were applied to address this scientific 

problem [133, 134, 135, 136]. To the best of knowledge of the author of 

the monography, this analysis of Quintiere’s theory has not been carried 

out for electrical cables used in buildings so far.  
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5. CONSTRUCTIONAL AND MATERIAL PARAMETERS  
OF STUDIED CABLES 

PVC is the most popular material for cables below 1 kV voltage rating. 

The use of modern materials, however, such as those of low-smoke zero-

-halogen cables (LS0H) formulation tend to be popular worldwide and 

need to be investigated in the case of the fire behaviour of electric cables.  

Electric cables are usually built of metallic (copper or aluminium) con-

ductors and, optionally, concentric conductors (copper or aluminium), 

steel armour or screens [137]. Cable insulations, outer sheaths and, op-

tionally, bedding or various separators and tapes are built of combus-

tible synthetic materials [64, 138, 139, 140]. The volume of tapes is less 

than 1% of all non-metallic elements of the cables and those elements do 

not significantly influence their fire properties. The materials used for 

cable sheaths and insulations must, first of all, meet functional proper-

ties, i.e. electric shock (insulation) and mechanical properties. 

The most important elements of cable construction are metallic con-

ductors (conductors) built of copper or aluminium wires. Conductors are 

distinguished by different cross-sections depending on their end-use 

application and electrical properties [141].   

Depending on the type, the conductors can be divided into the follo-

wing classes:  

a) class 1: single-wire round conductors (Fig. 11 a), 

b) class 1: single-wire sector-shaped conductors (Fig. 11 b), 

c) class 2: multi-wire round conductors (Fig. 11 c), 

d) class 2: multi-wire sector-shaped conductors (Fig. 11 d), 

e) classes 5 and 6: flexible conductors (Fig. 11 e). 

 
a) b) c) d) e) 

     

Fig. 11. General views of types of conductors (conductors) in typical power cables 
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The outer sheath, bedding (inner covering), insulations and central fil-

lers (optionally) are built of non-metallic (synthetic) materials in the ex-

trusion processes of thermoplastics and thermosetting materials moulded 

via a cross-linking process. The most important advantage of thermoset-

ting materials is their resistance to high temperatures and deformations 

[142]. 

More than 90% of electric cables are produced from halogenated ma-

terials, such as PVC, chloroprene (CP), chlorinated polyethylene (CM), 

chlorosulphonic polyethylene (CSM), polytetrafluoroethylene (PTFE), a co-

polymer of tetrafluoroethylene/heksa-fluoroprophylene copolymer (FEP), 

tetrafluorethylene copolymer and perfluorinated vinyl ether (PFA), with 

an addition of various fillers, stabilisers etc. The entire cables or sepa-

rate construction elements can be formulated with a halogen-based ma-

terial. During the combustion process of the halogenated materials, 

dense smoke, HCl or hydrogen fluoride (HF), and organic species con-

taining chlorine or fluorine atoms in their structure are produced. The 

acidity of fumes can damage electronic devices and cause irritation and 

damages in the respiratory tract of humans [123, 143].  

The halogenated materials are slowly displaced by LS0H cable insula-

tion and sheathing materials. Such type of materials used for cable for-

mulation are, for instance, ethylene-vinyl acetate copolymer (EVA), low-

density polyethylene (LDPE), linear low-density polyethylene (LLDPE), 

high-density polyethylene (HDPE), polypropylene (PP), non-vulcanised ru-

bber (EPDM), silane cross-linked polyethylene (XLPE), polyurethane ela-

stomers (EPU) and polyamides [29]. The addition of inorganic fillers, such 

as silica, modified montmorillonite, modified bentonite clay, ATH, borates 

(e.g. ZnB) and melamine triazine, improves the fire properties of materials 

used for non-halogenated cable formulations [144, 145, 146, 147]. 

The EVA copolymer with the addition of ATH and ZnB has been re-

cently used as a LS0H material for cable formulations showing good 

flame-retardant properties. ZnB has a synergistic effect with aluminium 

hydroxide and is often used in combination with other flame retardants. 

ZnB behaves like aluminium hydroxide by the endothermic release of 

water, but its main flame-retardant effect results from the formation of 

a glassy layer on the material surface [123, 148]. Significantly reduced fire 

parameters (mostly smoke) were also obtained for cables insulated with 

silane XLPE [149]. 

ATH is the most widely used inorganic flame retardant because of its 

easy incorporation into plastics. The fire retardancy mechanism is initia-

ted once heated. It is well known that ATH decomposes and releases 

water (3), which tends to exclude air and dilute flammable gases. This 
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endothermic reaction results in a stable, at high temperatures, intumes-

cent Al2O3 layer formulation [147, 148, 150, 151, 152]. 

 2Al(OH)3 → Al2O3 + 3H2O (3) 

The EVA copolymer has an important role in intumescence structure 

formation. Even better results were obtained with the addition to EVA of 

an intumescent system, which is a combination of melamine phosphate 

and phosphate-phosphonate substituted trimethylamine [153]. 

Existing old cables for electrical installations in buildings may be 

coated with compounds that form an intumescent layer at high tempera-

tures to improve their fire properties. An example of such an application 

may be the composition of ammonium polyphosphate with other compo-

nents, such as titanium dioxide, melamine, pentaerythritol, ATH etc. 

[154, 155] or phosphates, amides, various polyols, propanediono complex 

of molybdenum and vinyl acetate/vinyl versatate copolymers [156]. Am-

monium polyphosphate with a high ammonia content helps to create a fo-

amed char, which protects a surface from flame, heat and oxygen access 

to the combustion zone. Polyol, as an activator, is also needed [147]. 

Typical representative cables were chosen for the investigation of the 

impact of constructional–material parameters on the fire properties of ele-

ctric cables used in buildings. They represent the possible range of cables 

produced and typically used in Europe (Tab. 2).  

The representative cables with specific parameters selected for in-

vestigation differ in: 

1) construction materials of conductors, 

2) conductor cross-sections, 

3) number of conductors, 

4) non-metallic materials of cables, 

5) armour and concentric conductors’ occurrence. 

The test results for eighty-three commercial power and communication 

(copper or aluminium) cables have been presented to show the strong 

relationship between the constructional–material parameters and fire pro-

perties of cables expressed as  parameter (Tab. 2). Five cable samples 

(positions Nos. 23/60, 28/80, 29/74, 31/78, 48/89 in Tab. 2) had the 

characteristics of two constructional–material parameters; therefore, they 

were presented twice, and one cable sample (positions Nos. 36/65/84) 

three times. Cable samples in individual groups (I – V) were sorted ac-

cording to the increasing values of cable parameter . 

For the number of conductor parameters and, hence, the new concept 

of cable parameter investigation, six cables with a low number of con-

ductors were used as power cables only, and cables of more than seven 

conductors were control cables. 
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Those cables were constructed with the same materials. Six fire-

resistant power and control non-halogenated cables of various construc-

tions (Tab. 2), with the same type of conductor, sheath and insulation 

were studied experimentally. A schematic view of the three-conductor 

cable is shown in Figs 12 and 13. 

 

 
Fig. 12. Schematic of three-conductor cable sample 

 

These cables were chosen as typical examples of electric cables used 

in buildings for a series of tests performed by means of three experi-

mental methods described in chapter 6.  

 
33 36 42 44 45 48 

      
 

Fig. 13. View of cross-section of cables 

 

Each tested cable was constructed of copper, solid, round conductors 

(class 1) and primary mica tape conductor insulations. The main insula-

tion was formed of cross-linked polyolefin (XPLO) compounds, the bed-

ding (except in the case of the single conductor cable) was made of 

flame-retardant XLPE, and the outer sheath was based on ethylene/ 

/vinyl/acetate (EVA) copolymer filled with ATH and ZnB as a flame re-

tardant. 

For the investigation of fire effluent toxicity properties, a single PVC- 

-insulated non-sheathed copper wire (external diameter of approximately 

3.0 mm, diameter of conductor 1.36 mm, and weight of cable 21 kg/km) 

was tested. 

outer sheath 
bedding 

insulation 

mica tape 

conductor  
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6. EXPERIMENTAL METHODS 

6.1. Large-scale cable experiments 

The test method described in the EN 50399 standard (Fig. 14) was 

chosen for the full-scale experiments because the cables are tested in 

their real-life configurations (cable trays) as a whole product, such as the 

ones installed in buildings. 

 

 
Fig. 14. External view of EN 50399 standard test chamber at the accredited  

ITB Fire Testing Laboratory in Pionki, Poland 
 

The EN 50399 test method was developed during the FIPEC project 

[23] and it is based on the test method described in the IEC 60332-3 

specification, supplemented with the oxygen consumption calorimetry 

method for determining heat and smoke release rates [23,157]. Cable 

specimens of a size about 3.6 +/−0.1 m (height) × 300 mm (width) were 

ignited from the front side by the burner; initially, most heat was emitted 

from the front side of a specimen [158]. CO2 concentration was measured 

using non-dispersive infrared (NDIR) spectrometers, and oxygen deple-

tion by a paramagnetic analyser. This allows to obtain accurate HRR 
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results for materials of unknown composition, i.e. as the amount of heat 

release per unit mass of O2 consumed or per unit mass of CO2 produced, 

which is relatively constant for a large number of materials [159]. 

The NDIR analytical method is based on the same particle characteri-

stics (vibrations) as the FTIR described further in section 4.2.2. CO2 de-

tection is a fire gas diffusing through a metal frit, which is part of the 

sensor. Polychromatic light from incandescent bulbs passes through the 

gas sample and is absorbed in proportion to the amount of CO2 present. 

The reflection of light off the internal walls increases the path length, thus 

increasing sensitivity. The filter in front of the detector allows a band of 

wavelength centre at 4.26 µm, corresponding to CO2 [160].  

A single test of each cable was performed according to EN 50399, but 

during each experiment the specimen consisted of several pieces of cable 

(the exact number depended on cable diameter, as the specimen width 

was constant and not exceeding 300 mm). In conclusion, several pieces 

of each cable were studied during a single experiment. 

Cable specimens were tested inside the chamber, in their end-use ap-

plication as cable trays mounted on a 4 m long ladder – Figs 15 a) and b). 

The nominal HRR level of 20.5 kW, airflow rate through the chamber of 

(8000 ±800) l/min and a white light detector were used in the burner [4]. 

 
a) 

 

 

 

 

b) 

 

 
 

Fig. 15. Cable sample No. 44 installed on the test ladder 
a) before the test, b) after the test at the accredited ITB Fire Testing Laboratory  

in Pionki, Poland 
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6.2. Small-scale cable experiments 

6.2.1. Introduction 

Similarities in the main construction parts of cables, e.g. outer sheaths, 

beddings and conductor insulations, were assessed by TGA in a nitrogen 

atmosphere supplemented with FTIR spectrometry. A small specimen of 

each polymeric material was required for both analytical tests.  

6.2.2. Thermo-Gravimetric analysis (TGA) 

Thermogravimetry is a thermal analysis technique, which allows to in-

vestigate the change in weight for a material as a function of time or tem-

perature. TGA is mainly used for understanding certain thermal events, 

such as absorption, adsorption, desorption, vaporisation, sublimation, 

decomposition, oxidation and reduction by weight change profile analysis, 

which is recorded when the specimen is subjected to a heating or cooling 

environment in a controlled manner. In addition, TGA can be utilised for 

the kinetics of the reaction evaluation and the determination of volatile or 

gaseous products lost during such chemical reactions for samples as 

nanomaterials, polymers, polymer nanocomposites, paints, coatings and 

non-metallic elements of cables [161, 162].  

The TGA apparatus consisted of an electronic microbalance, specimen 

holder (crucible), furnace, thermocouple, temperature programmer and 

recorder. The microbalance was calibrated once per testing period using 

100 μg and 1000 μg. The thermocouple was calibrated on reference me-

tals, such as nickel (Ni) and its alloys, with known Curie temperatures, 

above which the material loses its ferroelectric and piezoelectric beha-

viour. The Curie point for one of the reference metals (Ni) was equal to 

356.99C+/−0.44C.  

For the TGA (Fig. 16) analysis, the weight of the load material did not 

exceed 90 mg. A chemically and thermally neutral alumina and plati-

num pan was used for transportation of the specimen into a furnace, 

and a 50C/min heating rate up to 1,000C was applied for the decom-

position processes. The high heating rate was chosen to reflect the heating 

rate observed in fire conditions [163]. 
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Fig. 16. General view of the TGA analyser at the accredited ITB Fire Testing  

Laboratory in Pionki, Poland 

6.2.3. FTIR spectrometry for solids and gas analysis 

The FTIR spectroscopy was chosen as an accurate analytical tech-

nique for the identification of substances, and the detection and quanti-

fication of fire gases. Most molecules absorb infrared radiation, causing 

changes in their internal vibration (bend, stretch or twist). The amount 

of infrared light absorbed is proportional to the concentration of the ab-

sorbing species. The energy is converted to kinetic energy, causing the 

molecules to speed up and, thus, heat the gas. A popular infrared light 

source is an incandescent household bulb. Each molecule absorbs infra-

red light at wavelengths representative of the types of bonds present.  

The FTIR spectrometer produces a beam of infrared irradiation, which 

is emitted from a glowing black-body source and passes through into an 

interferometer, where spectral encoding takes place. The recombination 

of beams with different path lengths in the interferometer creates con-

structive and destructive interference called an interferogram. Then, the 

tested specimen absorbs specific frequencies of energy, which are 

uniquely characteristic of the sample from the interferogram. The detec-

tor measures the special interferogram signal in energy as a function of 

time for all frequencies simultaneously. In the meantime, a beam is su-

perimposed to provide a reference (background) for the instrument opera-

tion. Finally, the desirable spectrum is obtained after the interferogram 

automatically subtracts the spectrum of the background from the sample 

spectrum using Fourier transformation computer software [164]. 
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In short, the infrared spectrum obtained from the FTIR spectrometer 

is placed in the mid-infrared region of 2.5 – 15 μm between 4000 and 

666 cm-1. Transition energies corresponding to changes in vibrational 

energy state for many functional groups are located in the region (4000 – 

– 400 cm-1) and, hence, the appearance of an absorption band in this 

region can be used to determine whether specific functional groups exist 

within the molecule [164]. For instance, CO2 has a strong absorbance at 

4.26 μm (wave length 2350 cm-1), and C-H bonds absorb in the range of 

3.3 – 3.5 μm (wave length 2800 – 3000 cm-1), depending on the struc-

ture of the rest of the molecule [123, 160]. 

The Attenuated Total Reflectance (ATR) method for FTIR spectrometry 

analysis (Fig. 17) was used for a qualitative analysis of outer sheaths, 

beddings and the insulation of electric cables. This method is characte-

rised by high speed of measurement and the small amount of material 

necessary for testing [165]. 

 

 

Fig. 17. Photo of the FTIR spectrometer at the accredited ITB Fire Testing  
Laboratory in Pionki, Poland 

 

In the ATR-FTIR method, an internal reflection element (crystal) with 

a high refractive index is used which directs the beam to the sample. 

Then, an evanescent wave is created, which passes through the speci-

men. The angle of the incident IR beam should exceed the critical angle 

to achieve total internal reflection; otherwise, the resulting spectrum will 

be a combination of ATR and external refraction [166].  
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Cable sheaths, beddings and insulations were tested on a diamond 

crystal and 16 scans per specimen were applied. The top layer of each 

tested material was scrapped and washed in acetone prior to the analy-

sis to avoid interference caused by grease and other dirt particles on the 

specimen surfaces.  

The toxic components from fire gases are difficult to determine be-

cause reactions are often temperature dependent and the environment is 

hot. Also, a lot of soot is produced during the combustion processes. 

Due to the different properties of the gas components, a different time- 

-consuming procedure for each species was used. FTIR spectrometers, as 

a continuous monitoring technique, overcome many of the problems in 

smoke gas analyses. FTIR offers an opportunity to set up a calibration 

and prediction method for each gas showing a characteristic spectral 

band in the infrared region of the spectrum [165]. 

The use of FTIR allows the analysis of the following combustion gases: 

CO, CO2, COCl2 (phosgene), COF2, HBr, HCl, HCN, HF, NO, NO2, SO2, 

CH4 (methane), C2H2 (acetylene), C2H4 (ethylene), C2H6 (ethane), H2O etc. 

The spectra for these gases are displayed to scale in Fig. 18 [165, 167]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 18. FTIR spectra for 16 combustion gases [167] 

 

The sampling system is heated to approximately 170°C to prevent ab-

sorption losses of water-soluble gases on moist surfaces. The system 
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contains a calibration gas generation system for chemicals that are liquid 

at room temperature, and allows for the addition of water to dry calibra-

tion gas standards, for method validation [167]. A schematic diagram for 

an optimised FTIR apparatus sampling system is shown in Fig. 19. 
 

 

 

 

 

 

heated part of the sampling system: temperature 170°C 

system to wrap water 

 
Fig. 19. Diagram of optimised sampling system [167] 

 

6.2.4. Cone calorimeter apparatus 

The cone calorimeter method [168] – Figs 20 a) and b) was used for 

relatively low cable specimen testing under different heat fluxes.  

 
a)  b)  

 
Fig. 20. Cone calorimeter 

a) external view of test apparatus, b) cable specimen during the test  
at the ITB Fire Testing Laboratory in Pionki, Poland 

 

The cone calorimeter method is a small-scale laboratory method that 

considers the measurement of the HRR during the burning process of 

minimum flow rate 3.5 l/min 

filter 1 transfer line filter 2 pump flow meter 

SSTF 
FTIR  

gas cell 
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materials. Determining the HRR using this method consists in measu-

ring the loss of oxygen as a fuel in the combustion process [169].  

Specimens of a size of 0.1 m × 0.1 m (Fig. 21) were placed in a spe-

cially adapted holder on a calibrated and tared balance. 

 

a) 

 

b) 

 
 

Fig. 21. Cable specimen for cone calorimeter testing 
a) specimen before the test, b) specimen after the test 

 

For the PVC cable specimens, a steel grid (Fig. 22) was used to avoid 

weight error after swelling the specimen. 

 

 
Fig. 22. PVC cable specimen secured by steel grid 
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6.2.5. Steady-State Tube Furnace (Purser Furnace) for fire effluent 

toxicity tests 

Fire effluent toxicity must be determined as a function of the material 

and the fire conditions, particularly temperature and oxygen availability 

in the fire zone. The acceptable agreement with large-scale test data over 

the range of fire conditions points to the Steady-State Tube Furnace, 

which allows for the relationship between  and the toxic product yields 

[170]. In order to examine the dependence of the amount of combustion 

gases obtained during ventilation-controlled conditions, the Steady-State 

Tube (Purser) furnace developed by Purser et al. [171] was used (Fig. 23) 

[121]. 

 

 
Fig. 23. Steady-State tube (Purser) furnace at the ITB Fire Laboratory in Pionki, Poland 

 

During the experiment, the amount of primary air (fuel) can be chan-

ged to receive different fire ventilation conditions, from low-ventilated 

room fires to well-ventilated flaming.  

The specimens were placed in a quartz boat and moved mechanically 

into the furnace (Fig. 23). The feed rate (mass load rate) of the specimen 

should be about 1 g/min, calculated according to the appropriate mass 

load rate and speed of movement mechanism. For cables, which were 

tested as a whole, it is almost impossible to reach the standard feed rate.  

During the thermal decomposition of the material, fire effluent gases 

were produced and moved into the mixing/measurement chamber. They 

then passed through the non-dispersive infrared (NDIR) sensors (CO2), 

paramagnetic analyser (O2) and FTIR spectrometer equipped with a gas 

CO2, CO, HCI (FTIR spectometer), 
O2 (paramagnetic analyser) 

specimen movement 
mechanism 

quartz boat, 
specimen 

main furnace 
650C 

secondary oxidising furnace, 
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primary air inlet 
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fire effluents duct 
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cell for the analysis of CO2, CO and HCl. Parts of the fire effluents were 

passed through the secondary furnace in order to determine the amount 

of light HCs after the complete oxidation to CO2. 

Concentrations of HCs were calculated as a difference between the CO2 

obtained from the secondary furnace and the CO2 (as a product of com-

plete oxidation) and CO concentrations directly from the mixing chamber. 

The secondary CO2 and O2 concentrations were measured using NDIR 

sensors. The path length during the FTIR measurements was set at 4 m. 

Regions with the following wavelengths were selected for analysis: 

754.99 – 743.06 cm-1 (CO2), 2005.00 – 2025.00 cm-1 (CO) and 2699.19 – 

– 2705.46 cm-1 (HCl). The yields of combustion gases were calculated 

according to the ISO 19700 [121] specification. 
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7. FIRE PROPERTIES OF STUDIED CABLES 

The fire behaviour of various products is characterised by a number 

of standard parameters, such as peakHRR, THR, FS, peakSPR, TSP, 

flaming droplets and particles, and toxic product yields as measured in 

standardised conditions. Determining the HRR using the calorimetric 

method involves the measuring of the loss of oxygen as a fuel in the 

combustion process. The mass flow and oxygen concentration in the 

extraction system allows to estimate continuously the amount of heat 

released [172].   

The following parameters and observations have been registered du-

ring each large-scale cable experiment: 

– heat production: HRR, THR, 

– smoke emission: SPR, TSP, 

– presence of burning droplets, 

– range of flame spread FS. 

THR1200s (MJ) is the total heat release from the specimen in the first 

1200 s of exposure to the main (primary) burner flames, and TSP1200s (m2) 

is the total smoke production from the specimen in the first 1200 s of 

exposure to the main (primary) burner flames. 

In order to evaluate electric cables, which are installed on walls, cei-

lings or floorings in terms of fire, the criteria [17] are suitable to express 

the fire behaviour of cables as building products.  

When non-metallic (combustible) materials undergo thermal decom-

position, toxic products are generated. The most commonly occurring of 

these are CO [173, 174], CO2, various saturated and unsaturated HCs, 

HCl (for PVC-insulated or sheathed cables) and oxygen depletion. CO2 

and oxygen depletion cause hyperventilation, HCl and HCs are irritating 

for the lungs, and CO is highly toxic when in high concentrations. The 

amount of these species varies with changes in ventilation conditions 

during the combustion process. The ventilation conditions are characte-

rised by the equivalence ratio  (1), which is based on the oxygen require- 

ment for the “stoichiometric” combustion to CO2 and water [31]. 

It is well known that insulated wires and cables are widely used in 

residential buildings, typically flush-mounted, but also as flexible con-

nections for electrical equipment to the mains. These cables may be easily 

ignited by a short circuit in the installation or burnt from other burning 
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items. Flame spread along the cable causes the release of fire effluents, 

mostly in toxic fire cases. Atmospheric oxygen is needed to sustain the 

flame, but, even under pyrolysis, toxic fumes are produced. This phe-

nomenon has prompted the need to investigate fire effluent toxicity at 

the most typical ventilation scenarios. 

From a legal and ethical point of view, fire effluent toxicity cannot be 

assessed directly by exposing humans or animals to fire effluents. It is 

measured indirectly using various laboratory methods. The parameters 

which describe fire effluent toxicity are: concentration, yield, toxicity in-

dex, lethal concentration (LC50) (Tab. 3), concentration of irritant gases 

(IC50), Fractional Effective Concentration (FEC) and Fractional Effective 

Dose (FED).  

Table 3. LC50 values for narcotic gases, oxygen depletion and irritants, including 

most important organic irritants [123]  

Type of toxicant Fire effluent gas LC50 values (ISO 13344) Unit 

Narcotics 

O2 5.4 % 

CO2 – – 

CO 5700 ppm 

HCN 165 ppm 

Irritants 

HF 2900 ppm 

HCl 3800 ppm 

HBr 3800 ppm 

NOx 170 ppm 

SO2 1400 ppm 

Formaldehyde 750 ppm 

Acrolein 150 ppm 

 

The yield of fire gases and the FED factor tend to be the most adequate 

to predict the toxic potency of fire effluents from different types of mate-

rials. Yields are expressed as a mass of chemical compound determined 

from the fire effluent in grams to the total mass loss of the sample in grams. 

The FED factor is defined as the ratio of the exposure dose for an as-

phyxiant toxicant to that exposure dose of the asphyxiant expected to 

produce a specified effect on an exposed subject of average susceptibi-

lity. It may refer to any effect, including incapacitation, lethality or even 

other endpoints. If equal to one, it indicates that the sum of concentration 
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of individual species will be lethal to 50% of the population over a 30 min 

exposure [26, 123, 175]. 

Eighty-three cables (eighty-nine cables samples) of various designs 

and materials were analysed to explain the relationship between the 

constructional–material parameters and fire properties of typical cables 

used in buildings. All cables have been tested by means of large-scale 

cable test methods, as described in chapter 5.1.  

The cables were divided into five groups as shown on Fig. 9 on the 

basis of their constructional and material parameters, which were deve-

loped during the investigation of the nature of factors affecting the fire 

properties of electric cables listed on Fig. 10. The following number of 

cable samples were examined: 

I. The material of conductor (copper or aluminium) – 14 cable sam-

ples. 

II. The shape of the conductors’ cross-section (round or sector-shape) 

– 14 cable samples. 

III. Number of conductors belonging to eight different cable families 

varying in general construction and materials – 23 cable samples. 

IV. The non-metallic elements (outer sheaths and/or insulations) – 22 

cable samples (including five PVC-based cables, seven flame-retardant 

PVC cables (PVC-FR), and twelve LS0H cables of mostly unknown com-

position). 

V. The presence of concentric barrier – 16 cable samples (galvanised 

steel wires or copper concentric conductors (tape and wires) or alumi-

nium wires; in two cases, copper foil was additionally used under the 

outer sheath and, in one case, fireproof swelling tape). 

Thirteen out of eighty-three cables were constructed from flame-retar-

dant PVC (cable samples Nos. 17 – 20, 23, 27, 52, 54, 57, 58, 60 – 62), 

and eleven of the chosen cable samples were constructed with a single 

conductor of different size (cross-sectional area) – cable samples Nos. 1, 

2, 30, 32, 33, 35, 38, 52 – 55.  

The summary chart (Fig. 24) shows that there is no clear relationship 

between the fire parameters and cable parameter χ. Relatively low values 

of fire parameters were obtained for cables with values of cable parame-

ter χ below 26.41, which is in good agreement with the results obtained 

for other sets of cables within large-scale projects, such as FIPEC [25, 

176, 198] and CEMAC [199]. The exception was the single conductor 

non-halogenated cable sample No. 33), which did not have bedding in-

cluded in its construction, and resulted in higher fire parameters than 

those received for multi-conductor cables of the same construction and 

materials (χ = 15.8).  



 7
2
 

a
) 

 
b

) 
 

c
)  

d
) 
 

 
F

ig
. 
2

4
. 
S

u
m

m
a

ry
 o

f 
e
x
p
e
ri

m
e
n

ta
l 
m

e
a
s
u

re
m

e
n

ts
 a

s
 a

 f
u

n
c
ti
o
n

 o
f 

c
a
b
le

 p
a
ra

m
e
te

r 
χ 

a
) 
p
e
a

k
H

R
R

a
v
, 
b
) 
T

H
R

1
2
0
0
s
, 

c
) 
p
e
a
k
S

P
R

a
v
, 
d

) 
T

S
P

1
2
0
0
s
 

01234567

0
5
0

1
0

0
1
5

0
2
0

0
2
5

0
3
0

0


[-

]

0

5
0

1
0

0

1
5

0

2
0

0

2
5

0

0
5
0

1
0

0
1
5

0
2
0

0
2
5

0
3
0

0


[-

]

0

1
0

0

2
0

0

3
0

0

4
0

0

5
0

0

6
0

0

7
0

0

8
0

0

9
0

0

1
0

0
0

0
5
0

1
0

0
1
5

0
2
0

0
2
5

0
3
0

0


[-

]

TSP1200s [m
2
] 

peakSPRav [m
2
] 

THR1200s [m
2
] 

peakHRRav [m
2
] 

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

0
5
0

1
0

0
1
5

0
2
0

0
2
5

0
3
0

0


[-

]



73 

The maximum values of peakHRRav, THR1200s, peakSPRav and TSP1200s 

were obtained for cable samples No. 69 and 70, but the highest level of 

each parameter (peakHRRav = 229 kW, THR1200s = 67 MJ, TSP1200s = 155 m2 

and peakSPRav = 0.48 m2/s) was obtained for cable sample No. 69 con-

sisting of PVC-based outer sheath and insulations and non-vulcanised 

EPDM as a bedding (Tab. 2), even if the highest value of cable parameter 

χ (equal to 40.6) was calculated for unarmoured non-halogenated cable 

No. 71 (Tab. 2). Lower values of fire parameters were obtained for non- 

-halogenated cables with various construction parameters rather than for 

halogenated cables. A discussion of this behaviour is provided below in 

section 8.1.4. 

The number of tests performed showed that the highest heat release 

(peakHRRav, THR1200s) – Figs 25 a) and b) and smoke generation parame-

ters (peakSPRav and TSP1200s) – Figs 26 a) and b) were obtained for non- 

-flame retardant PVC-based cables. Those cables were burned complete-

ly, as evidenced by the FS = 3.5 m (Fig. 27). 

It can be seen that for flame-retardant PVC cables (FR-PVC-based ca-

bles from parameter groups II and IV) heat parameters decreased to 

peakHRRav values more than 50 kW, and THR1200s more than 20 MJ. The 

decreased values of heat release parameters were obtained for flame-retar-

dant PVC-based cables, which consist of four and five conductors (para-

meter group IV), and were even ten times lower than for single-conductor 

cables of the same construction materials and cross-sections of the con-

ductors. 

In Fig. 25a), in group II there are two diverging points related to the 

peakHRRav and THR1200s parameters for single-conductor cables, whose 

cross-sectional area of round conductors is 1.5 mm2, i.e. relatively small. 

This phenomenon can be explained by the relatively large cable parame-

ter calculated for the entire cable sample with a small outer diameter 

and lack of a barrier in the form of armour and bedding, which also 

caused high flame spread (FS = 3.5 m) along each cable (Fig. 27). The 

use of halogen-free materials in the above-mentioned cables, however, 

has resulted in very low values of smoke release parameters – Figs 26 a) 

and b). 

The highest values of TSP1200s and peakSPRav parameters were obtai-

ned for cables consisting of non-flame retardant PVC outer sheath and in-

sulation, with peakSPRav equal to 5.93 m2/s and TSP1200s equal to 920 m2. 

This phenomenon is caused by the dehydrochlorination reaction and 

thus, initiated chain scission followed by cyclisation reactions within the 

polyene chain, which consequently increases the concentration of volatile 

unsaturated and aromatic HCs. Their presence causes increased smoke 
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density and, as a consequence, poor visibility in a fire. The mechanism 

of this process is discussed in chapter 8.1.4. 

 

 
Fig. 25. Heat release results for 89 cable samples 

a) peakHRRav, b) THR1200s 
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Fig. 26. Smoke generation results for 89 cable samples 

a) peakSPRav, b) TSP1200s 
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The addition of a flame retardant to plasticised PVC caused six times 

lower values of the parameters related to the smoke release rate, and 

more than two times lower in the case of total smoke production than for 

non-flame retardant PVC.  

The smoke generation results obtained for LS0H cables are low in 

each case, which is due to the occurrence of about 30–40% of inorganic 

fillers, which act as flame-retardants and smoke suppressants. 

A significant fire parameter in the case of cable fires is the FS over the 

entire building. The FS results (Fig. 27) show an ambiguous tendency. In 

most cases, the cables that have been damaged along their entire length 

are cables made of non-metallic materials based on PVC and single-con-

ductor cables, which is demonstrated in chapters 8.1.3 and 8.1.4. 

 

 
Fig. 27. Smoke generation results for 89 studied cable samples 
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sequence, the flame reached the internal parts of the cable, i.e. thin in-

sulation. Continuous burning of the cables also caused a slight increase 

in other parameters related to heat release for these cables (Fig. 25). 

The results confirmed that the use of PVC as sheaths and insulation, 

as well as lack of bedding in the construction, caused significant increase 

in the length of damage over the cables, which as a consequence increa-

sed the FS. 

The test performed on a large number of cables showed that the pa-

rameters related to the type of material used for conductor formulation 

are less important in the case of the fire properties of electric cables, 

while the most significant constructional–material parameter from the 

point of view of the fire safety of buildings is the parameter related to the 

type of insulation and sheathing material used. Also, the use of single- 

-conductor cables with small diameters has a negative effect on the fire 

properties of cables, which is associated with lack of metallic barriers in 

the cable, and lack of armours and bedding in the cable construction. 
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8. ANALYSIS OF THE RELATIONSHIP BETWEEN  
CONSTRUCTIONAL–MATERIAL PARAMETERS  

AND THE FIRE PROPERTIES OF ELECTRIC CABLES 

8.1. Tests results and discussion for a large number  
of cables of various construction 

8.1.1. Introduction 

Single tests according to the EN 50399 standard were performed for 

each cable sample, and the following heat and smoke release parameters 

were measured for the tested cables: peakHRRav, THR1200s, TSP1200s, 

peakSPRav and FS. These are presented in separate chapters in order to 

select the constructional–material parameters of the cables. The test 

results (Tab. 4) have been analysed for five aspects according to Fig. 9.  

8.1.2. Summary results for analysis 

The analysis of the influence of construction and material parameters 

was carried out on selected cable samples. Cable samples were selected 

by considering only one parameter by which these cables differ. Some 

cables in groups differed slightly in the cross-section of non-combustible 

conductors, which does not affect the analysis performed because the 

slight differences in cross-sectional area of conductors do not significantly 

influence the combustion process. 

Table 4. Summary results for tested cable samples according to constructional– 

–material parameters 

Group 
No. 

Cable 
sample No. 

peakHRRav 
[kW] 

THR1200s 
[MJ] 

peakSPRav 
[m2/s] 

TSP1200s 
[m2] 

FS [m] 

I 

1 19 7 0.05 12 0.34 

2 8 4 0.02 10 0.45 

3 6 4 0.01 8 0.43 

4 19 8 0.02 11 0.8 

5 2 1 0.03 12 0.4 

6 2 1 0.01 5 0.2 
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Group 
No. 

Cable 
sample No. 

peakHRRav 
[kW] 

THR1200s 
[MJ] 

peakSPRav 
[m2/s] 

TSP1200s 
[m2] 

FS [m] 

I 

7 26 11 0.06 12 1.04 

8 7 3 0.06 22 0.34 

9 7 5 0.01 3 0.42 

10 7 5 0.01 7 0.57 

11 26 12 0.04 9 1.25 

12 37 17 0.06 10 1.18 

13 5 3 0.02 10 0.45 

14 3 2 0.01 2 0.38 

II 

15 30 9 0.04 10 0.95 

16 4 2 0.01 4 0.68 

17 54 25 0.84 406 1.84 

18 31 14 0.37 265 1.6 

19 73 24 0.91 462 2.1 

20 59 22 0.5 323 1.95 

21 8 5 0.03 10 0.52 

22 4 2 0.02 12 0.46 

23 72 25 0.96 389 1.92 

24 46 12 0.09 27 1.6 

25 3 2 0.01 4 0.2 

26 11 8 0.04 22 1.08 

27 71 38 0.71 427 2.5 

28 63 26 0.11 32 1.94 

 29 11 8 0.02 14 0.63 

 30 41 25 0.07 45 2.23 

 31 27 20 0.04 11 1.32 

III 32 24 14 0.07 39 1.47 

 33 137 44 0.13 53 3.3 

 34 8 3 0.02 11 0.54 

 35 7 2 0.01 6 0.53 
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Group 
No. 

Cable 
sample No. 

peakHRRav 
[kW] 

THR1200s 
[MJ] 

peakSPRav 
[m2/s] 

TSP1200s 
[m2] 

FS [m] 

III 

36 21 13 0.05 32 1.12 

37 17 6 0.03 8 1.22 

38 138 44 0.06 24 3.5 

39 12 6 0.04 13 0.82 

40 17 12 0.06 40 1.3 

41 14 5 0.02 11 1.13 

42 22 15 0.04 25 1.18 

43 17 14 0.01 3 0.46 

44 7 5 0.03 14 0.64 

45 11 6 0.03 10 0.92 

46 21 10 0.03 19 1.11 

47 14 8 0.02 7 0.79 

48 17 13 0.05 30 0.95 

49 13 10 0.07 37 0.63 

50 72 20 0.1 19 1.58 

51 14 11 0.01 6 0.29 

 52 63 32 0.82 383 3.5 

 53 63 24 0.09 26 1.2 

 54 85 42 1.13 559 3.5 

 55 188 66 0.29 98 3.35 

 56 9 7 0.03 12 0.5 

 57 8 6 0.33 149 0.75 

IV 58 8 6 0.3 157 0.79 

 59 9 7 0.03 15 0.72 

 60 72 25 0.96 389 1.92 

 61 39 14 0.52 275 1.95 

 62 9 7 0.3 142 0.92 

 63 10 8 0.03 16 0.77 

 64 164 24 5.83 920 3.5 
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Group 
No. 

Cable 
sample No. 

peakHRRav 
[kW] 

THR1200s 
[MJ] 

peakSPRav 
[m2/s] 

TSP1200s 
[m2] 

FS [m] 

 65 21 13 0.05 32 1.12 

 66 158 23 5.93 876 3.5 

 67 73 22 0.12 38 3.5 

 68 56 21 0.18 101 3.5 

IV 69 229 67 0.48 155 3.5 

 70 219 74 0.36 142 3.5 

 71 13 3 0.05 14 0.89 

 72 44 21 0.04 13 3.5 

 73 188 23 2.98 464 3.5 

V 

74 11 8 0.02 14 0.63 

75 8 6 0.01 6 0.71 

76 5 2 0.01 4 0.28 

77 12 5 0.02 7 0.66 

78 27 20 0.04 11 1.32 

79 23 10 0.02 8 1.07 

80 63 26 0.11 32 1.94 

81 10 7 0.03 14 0.53 

82 16 9 0.03 14 0.73 

83 16 11 0.01 6 0.77 

84 21 13 0.05 32 1.12 

85 42 28 0.02 16 1.86 

86 62 39 0.04 19 2.35 

87 81 34 0.07 22 3.5 

88 12 9 0.02 13 1.38 

89 17 13 0.05 30 0.95 

 

8.1.3. Material used for conductor construction 

Cable samples Nos. 1–14 (Tab. 2) were non-halogenated cables and 

differ only in the material used for the conductor construction.  
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The occurrence of aluminium conductors causes an increasing ten-

dency in the case of peakHRRav and THR1200s (Fig. 28). In the case of 

cable samples Nos. 1, 4, 5, 7, 9, 12 and 13 with aluminium conductors, 

higher values of heat parameters were obtained than for corresponding 

cables with copper conductors (Nos. 2, 3, 6, 8, 10, 11 and 14 in Fig. 28), 

up to four times higher in the case of peakHRRav for cable sample No. 7 

in relation to peakHRRav for cable sample No. 8 and three times higher 

for cable sample No. 4 in correspondence with cable sample No. 3.   

 

 
Fig. 28. Heat release results for cables with different conductor construction 

 

The obtained heat release parameters and the FS (Tab. 4) of cables 

consisting of aluminium conductors was higher than for corresponding 

cable samples built with copper conductors. 
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insulation because the Vcombust and the chemical nature of the materials 

used are similar in each case. 

 

 
Fig. 29. Smoke production results for cables with different conductor construction 
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8.1.4. Conductor cross-section shape 

Cable samples in group II (Tab. 2) were designed for the same low 

voltage rating (0.6/1 kV). Cable samples Nos. 16 and 25, 24 and 21, and 

15 and 22 have the same number of conductors and cross-sectional area 

(Tab. 2), whereas cable samples Nos. 19 and 17, 27 and 23, 20 and 18, 

and 26 and 28 differ in the cross-sectional area of conductors between 

each other. Cable samples Nos. 19 and 17, and 20 and 18 have the same 

construction materials and similar cable parameter χ but differ in the 

cross-sectional area of the conductors. This contributed to the fact that 

only cable samples Nos. 15, 16, 17, 18, 19, 20, 21, 22, 24 and 25 were 

selected for in-depth analysis of the influence of conductor cross-section 

shape on the fire properties of cables. 

The non-dependency of the fire properties of cables on sector-shaped 

and round cross-section shaped conductors has been demonstrated in 

the case of cable samples Nos. 16 and 25 (Figs 30 and 32), which are 

similar in construction except for the cross-section shape of the conduc-

tor. The test results for those two cables were similar and relatively low. 

 

 
Fig. 30. Heat release results for cables with conductors of different shape 
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Fig. 31. Smoke production results for cables with conductors of different shape 
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meration of metallic conductors within the cable cross-section, which are 

also shown as smaller cable diameters, whereas the χ parameters are si- 

milar (Tab. 2). 

8.1.5. Number of conductors in cable construction 

A not so clear relationship between fire properties and the Vcombust 

made out of the same materials was observed (Figs 32 – 35). Therefore, 

in order to study the relationship between the number of conductors in 

cable construction and the fire properties of cables, two sets of cable 

families were selected from group III (Tab. 2).  

The first set included cable samples Nos. 38, 40, 47 and 50, which 

consist of round copper conductors, non-halogenated insulations and 

outer sheaths. Cable samples Nos. 40, 47 and 50 consisted of non-haloge-

nated beddings, which was not the case in the single conductor cable 

sample No. 38. In-depth analysis was performed on cable samples Nos. 33, 

36, 42, 44, 45 and 48. All characteristics of the cable samples are given in 

section 5 (Tab. 2). 

 

 
Fig. 32. peakHRRav and THR1200s for tested cables vs their Vcombust  

for cable samples No. 38, 40, 47 and 50 

 

Among large-scale tested samples, the highest heat release parame-

ters (peakHRRav equal to 138 kW and THR1200s equal to 44 MJ) were ob-

tained for the single conductor cable No. 38 – Fig. 32. This cable burned 
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release (peakHRRav equal to 14 kW and THR1200s equal to 8 MJ) were 

determined for cable sample No. 47, which consisted of 19 conductors. 

A not so clear tendency, however, was observed in the case of smoke 

generation during tests – Fig. 33.  

The lowest value of the peakSPRav and TSP1200s parameters were ob-

tained for a cable with 19 conductors (cable sample No. 47). This will be 

discussed in more detail on the basis of tests for six cable samples with 

better-known composition. 

 

 
Fig. 33. peakSPRav and TSP1200s for tested cables vs their Vcombust  

for cable samples No. 38, 40, 47 and 50 

 

Cable samples Nos. 33, 36, 42, 44, 45 and 48 were taken for further 

analysis. The highest values of peakHRRav = 137.4 kW and peakSPRav = 

= 0.13 m2/s were obtained for the single conductor cable sample No. 33. 

The results for this cable were not presented in on the Figs 34 and 35 

because they differed significantly from the others, and the intention of 

the author was to show the tendency in the obtained results. According 

to combustion theory and the definition of Vcombust (non-metallic content), 

the measured value of HRR should increase with the value of Vcombust. 

The experimental results (Figs 34 and 35), however, present different 

behaviour. The minimum peakHRRav and THR1200s values were found for 

the 19-conductor cable sample No. 44 (equal to 7 kW) and the peakHRRav 

and THR1200s values increased with Vcombust for cables having more than 

19 conductors. 
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Fig. 34. peakHRRav and THR1200s for tested cables vs their Vcombust  

for cable samples Nos. 36, 42, 44, 45 and 48 

 

 

 
Fig. 35. TSP1200s and peakSPRav for tested cables vs their Vcombust  

for cable samples Nos. 36, 42, 44, 45 and 48 

 

A similar dependency was found in the case of the effective heat of 

combustion (EHC) and FS, and the average speed of flame spread (vav) 

for cables with different number of conductors (Tab. 5). 
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Table 5. Fire parameters for tested cables vs their Vcombust 

Cable 
sample 

No. 

No. of 
conductors 

Vcombust 

[l/m of 
cable] 

THR 
[MJ] 

TSP 
[m2] 

FS 
[m] 

Δm* 
[-] 

EHC 
[MJ] 

vav 

[m/min] 

1 2 3 4 5 6 7 8 9 

33 1 0.032 44 53 3.3 0.39 113.7 0.17 

36 3 0.126 13 32 1.12 0.45 29.7 0.06 

42 14 0.315 15 25 1.18 0.49 30.7 0.06 

44 19 0.393 5 18 0.79 0.50 10.5 0.04 

45 24 0.492 6 10 0.92 0.53 12.0 0.05 

48 30 0.562 13 30 0.95 0.45 29.0 0.05 

* Absolute mass loss determined using TGA analysis. 

 

The relationship between peakHRRav and peakSPRav for the tested 

(low-smoke zero-halogen) cables varies according to the number of cop-

per conductors and the Vcombust of cables. The THR1200s as a function of 

Vcombust for the same cables (Fig. 34, Tab. 5) is similar in both cases.  

The lowest values of total smoke production TSP1200s and maximum 

average smoke production rate peakSPRav (Fig. 35) were received for 19- 

and 24-conductor cable samples Nos. 44 and 45. PeakSPRav values, how-

ever, are relatively low in the case of each tested cable, which contains 

more than one conductor. 

The vav has been calculated as a FS obtained during 20 min of test dura-

tion since the burner was applied. The highest vav (equal to 0.17 m/min) 

was obtained for a single conductor cable, which does not consist of bed- 

ding (inner covering). This has an effect on cable fire properties, as the 

tight packaging inside the cable does not allow flame penetration into its 

inner layers. 

The TGA and ATR-FTIR analysis indicate that there were no significant 

differences among the chemical formulations between outer sheaths and 

beddings for cables subjected to testing in both small and large geome-

trical scale. Small differences in insulation composition were found. This 

could be explained by the inhomogeneous distribution of inorganic fillers 

or the different content of fillers within the polymer fraction. The large 

amount of incombustible fillers used in the cable samples (mainly ATH) 

strongly influences their fire properties, reducing their flammability. 

The thermal decomposition of the combustible elements of cable 

samples Nos. 33, 36, 42, 44, 45 and 48 is shown as oxidative mass loss-

es together with increasing temperature – Figs 36 a) and b) and 37. 
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a) 

 

b) 

 
 

Fig. 36. TGA curves of cable materials a) outer sheaths, b) beddings 

 

The profiles of TGA curves for the outer sheaths and beddings of the 

tested cables – Figs 36 a) and b) are similar in each case. The vertical 

lines show two characteristic onset temperatures indicating the extrapo-

lated temperatures of the beginning of the processes, where the prelimi-

nary and subsequent steps of thermal decomposition of the material 

0

10

20

30

40

50

60

70

80

90

100

200 400 600 800 1000

m
[m

g
]

T [˚C]

cable sample No 33 cable sample No 36 cable sample No 42

cable sample No 44 cable sample No 45 cable sample No 48

333°C
493°C°
C

0

10

20

30

40

50

60

70

200 400 600 800 1000

m
[m

g
]

T [˚C]

cable sample No 36 cable sample No 42 cable sample No 44

cable sample No 45 cable sample No 48

335°C 758°C496°C



 

92 

took place. They represent similar trends of decomposition temperatures 

for each sheathing material. The mass loss of those compounds oscilla-

ted between 56% for 24-conductor cable (cable sample No. 45) and 60% 

for single conductor cable (cable sample No. 33). About 40% of sheaths 

have incombustible inorganic fillers. This observation showed that there 

is no significant difference in chemical composition between the outer 

sheaths of cables. In the case of beddings (Fig. 36b), three characteristic 

temperatures of decomposition reactions were observed: about 335C 

(+/−0.66C), 496C (+/−0.66C) and 758C (+/−0.66C), which are shown 

as vertical trend lines. The mass loss of bedding compounds of the tested 

cables was similar in each case (about 44 – 48%). 

The largest differences between mass losses in the TGA analysis of in-

sulations were observed between 1-, 3- and 30-conductor cables (cable 

samples Nos. 33, 36 and 48; about 60%) and 14-, 19-conductor cables 

(cable samples No. 42 and 44; about 47%) – Fig. 37. 

 

 
Fig. 37. TGA curves of conductor insulations of tested cables 

 

The lowest mass loss, equal to 40%, was observed for 24-conductor 
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starts, however, are similar in each case, and are as follows: 352C 

(+/−0.66C), 499C (+/−0.66C) and 731C (+/−0.66C). 

The characteristic temperatures of the decomposition (onset tempera-

tures) of materials used for the formulation of outer sheaths, beddings 

and conductor insulations became similar for each tested cable.  

The ATR-FTIR spectra for each tested construction material of cables 

(“fingerprint” method) were used for material similarity confirmation 

(Figs 38, 39 and 40). Characteristic absorbance (Abs) peaks appeared at 

specific wave numbers characterising the single chemical bonds in the 

materials used for cable formulation. 

A very good correlation between each outer sheath spectrum was 

demonstrated (Fig. 38). The wave numbers and absorbance peaks were 

similar. The correlation factor for outer sheaths (more than 0.91) pointed 

to the similarity of materials used for sheath formulation. 

 

 
Fig. 38. FTIR spectra of outer sheaths of tested cables 

 

The wave numbers of characteristic peaks from bedding samples (Fig. 

39) are similar for each tested cable. The intensity (absorbance) of peaks, 

however, points to differences in the amount of chemical species content 

within the polymer fraction. 
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Fig. 39. FTIR spectra of beddings of tested cables 

 

Similar distribution of peaks and changes in the intensity of charac-

teristic peaks on the spectra have been observed in the case of cable in-

sulations (Fig. 40). This observation can also be explained by differences 

in the amount of chemical species in both bedding and conductor insu-

lation materials. 

 

 
Fig. 40. FTIR spectra of conductor insulations of tested cables 
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These comparisons simply show the similarity of materials used for 

cable formulation. The differences between decomposition temperatures 

and mass losses at TGA analysis and the changes in intensity (absor-

bance) of FTIR peaks show a difference in inorganic fillers (even up to 60% 

for cable samples No. 33, 36 and 48 cable insulations). The large amount 

of incombustible fillers (mainly ATH) also influences the fire properties of 

cables, reducing their flammability. 

It could, therefore, be argued that, to some extent, the construction of 

cables, especially the number of conductors, as well as the amount of 

incombustible fillers influence the final fire behaviour of cables because 

they form a barrier against the external flames penetrating the cable 

before ignition. 

Summarising, for single conductor cables, which consist only of an 

outer sheath and conductor insulation, the highest values of heat, smoke 

parameters and parameters related to FS in cables were obtained, whe-

reas the lowest values of peakHRRav, and THR1200s, EHC and FS were 

determined for cables with 19 conductors (cable sample No. 44). Similar 

results were observed for TSP1200s. This phenomenon can be explained 

by the compact structure caused by the close packaging of copper con-

ductors (conductors) in the case of multi-conductor cables, which crea-

tes a barrier against flame penetration inside the closed agglomeration of 

metallic wires. This hinders the access of oxygen to the combustion zone 

and the emission of volatile combustion products. The presence of the 

filling compound (bedding) results in much lower values of the parameters 

characterising the combustion process (peakHRRav, THR1200s, peakSPRav 

and TSP1200s) than for single conductor cables, where the flame penetrates 

the sample cross-section without additional barriers. 

Similar trend was observed for cables with more than 19 conductors 

(cable sample No. 44), where the heat release parameters increased to-

gether with the Vcombust of the cables. This phenomenon is additionally 

accelerated by the intumescent structure formulation from ATH fillers, 

which in the case of fire are shown as residue in the TGA analysis of each 

cable construction material. The obvious conclusion is that more ATH fil-

lers in non-metallic combustible materials lead to better fire properties. 

The role of the ZnB filler as a flame retardant must also be underlined. 

8.1.6. Materials used for non-metallic element formulation 

Copper and aluminium pairs of cables identical in construction, with 

the exception of the material used for the outer sheath, bedding and insu-

lation (Tab. 2), have been used as samples in this study. Cable samples 

Nos. 65, 69, 70 and 71 differed only in the material used for insulation; 



 

96 

the rest of the construction materials were the same. Cable samples Nos. 

63, 65, 71 and 72 were non-halogenated cables, whereas the correspon- 

ding cable samples Nos. 62, 70, 69 and 73 consisted of one or two halo- 

genated non-metallic elements based on a PVC compound. The outer 

sheath of cable sample No. 62, however, included flame-retardants/smoke 

suppressants in its formulation. Cable sample No. 65 was used as a fire- 

-resistant cable with additional incombustible mica tape placed over the 

copper conductors.  

The maximum values of peakHRRav and THR1200s were obtained for 

cable samples Nos. 69, 70 and 73 (Fig. 41), whereas for cable samples 

Nos. 71, 65 and 72 the results were relatively low. 

 

 
Fig. 41. Heat release results for cables of different non-metallic construction materials 

 

The highest level for each parameter was obtained for cable sample 

No. 70 (peakHRRav = 229 kW, THR1200s = 67 MJ, TSP1200s = 155 m2 and 

peakSPRav = 0.48 m2/s) consisting only of PVC-based non-flame retarded 

outer sheath and insulations, and non-vulcanised EPDM as bedding. 

These cables burned completely, which is shown as FS = 3.5 m (Tab. 4). 

Only conductors, inorganic fillers and char were left behind on the test 

ladder. Cable sample No. 62 consisted of flame retardants, which reduce 

the heat release parameters, consequently causing noticeable differences 

in heat results in comparison with non-halogenated cable sample No. 63. 
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Fig. 42. Smoke release results for cables of different non-metallic construction materials 

 

Increasing TSP1200s and peakSPRav values obtained (Fig. 42) for cable 

samples Nos. 69, 70 and 73 can be explained as follows: in PVC-contai-

ning cables, a large amount of volatile saturated, unsaturated and aro-

matic HCs, as well as char, was formed during combustion processes – 

mostly through cyclisation and chain scission radical reactions (Fig. 43) 

[182, 183].  

Fig. 43. Thermal decomposition of PVC [109] 
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The HRR is proportional to oxygen consumption during the combus-

tion process for most combustible materials and is assessed indirectly by 

using the concentrations of products of complete combustion [184]. Thus, 

the high concentrations of CO2, CO and HCs generated during the com-

bustion process, preceded by oxidising reactions of PVC materials, may 

be the result of the typical radicals’ reaction for PVC-containing cables 

[185]. This results in high values of heat and smoke parameters obtained 

for halogenated cables. 

The heat and smoke parameters of cable samples Nos. 69, 70 and 73 

were much higher than for cable samples of similar construction (Nos. 71, 

65 and 72). Low values of fire parameters were obtained, among others, 

for cable sample No. 65 (peakHRRav = 21 kW, THR1200s = 13 MJ, 

TSP1200s = 32 m2 and peakSPRav = 0.05 m2/s), for which the stable in-

tumescent structure is formed from ATH/ZnB fillers (4) reducing flam-

mability within the cable’s outer sheath during a self-sustained combus-

tion process. The ancillary flame-retardant effect of ZnB and ATH con-

sists of an endothermic releasing of water during the thermal decompo-

sition process and the formation of a glassy layer on the material’s sur-

face [138, 148]. Water as a product of chemical reaction (3) eliminates 

air from the combustion zone and dilutes the flammable gases.  

PVC-containing cables produce a large amount of smoke, including 

toxic products such as CO2, CO, various HC and HCl, especially under 

ventilation-controlled fires.  

In the presence of PVC materials in cable formulation, it is necessary 

to show the impact of fire effluent toxicity. In order to examine the de-

pendence of the amount of combustion gases on ventilation-controlled 

conditions, an H07V-U PVC-based copper electric wire (Fig. 44) was cho-

sen for experiments because of the simplicity of its construction.  

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 44. H07V-U PVC-insulated electric wire 
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It is also widely used in electrical installations in buildings through-

out Europe. There was, however, lack of information on the content of 

plasticiser and fire retardants present in the cable. It is known that PVC 

is filled with calcium carbonate and ATH, which may influence the fire 

properties of the tested wire.  

PVC-based copper electric wires (external diameter of approximately 

3.0 mm, diameter of conductor 1.36 mm, and weight of cable 21 kg/km) 

were investigated at a temperature of 650C and in set airflows equal to 

2, 5, 10 and 15 l/min. The total airflow, which is a sum of primary and 

secondary airflows, did not exceed 50 l/min. The length of cable speci-

mens were 600 mm. Details of the tests are summarised in Tab. 6. Ac-

cording to the literature data [113], the temperature of 650C is the high-

est empirically estimated at which a fire occurs under well-ventilated 

conditions. The methods of testing cables on a semi-real scale and testing 

in a cone calorimeter are well-ventilated tests (with continuous air flow, 

i.e. free access of fresh oxidant to the combustion zone), which was a di-

rect factor determining the selection of combustion conditions for electri-

cal cable samples in well-ventilated conditions. 

Table 6. Test conditions and specimens’ description 

Specimen No. Specimen description  [-] 
Primary airflow 

[l/min] 

1 PVC wire 0.82 2 

2 PVC wire 0.42 5 

3 PVC wire 0.37 10 

4 PVC wire 0.27 15 

5 Pure PVC polymer 0.04 10 

6 Pure LDPE polymer 0.10 10 

 

The yields of combustion gases were calculated according to the ISO 

19700 [109] specification. Due to the construction of cables and wires, 

complete combustion is not possible because of the metallic (copper in 

the current study) conductor and the large amount of inorganic fillers, 

which are incombustible. The yield of each fire gas may be presented as 

a function of the mass of the entire cable or of the mass loss of a non- 

-metallic fraction. The results were presented as a function of mass loss 

of a non-metallic fraction. 

For the PVC wire only, the loss of mass of the polymer (PVC) fraction 

was included in the yield calculations. The ventilation conditions were 
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indicated by equivalence ratios , calculated using the oxygen concentra-

tion inside the tube furnace in each test according to equation (4) [31] 

(Figs 45, 46, 47 and 49) 

 2(tube) 2(mixingchamber)

totalairflow 20.95 secondaryairflow
O O

primaryairflow totalairflow

 
= − 

 
(4) 

where the total airflow = 50 l/min in the test equipment. 

The equivalence ratio  for cable was determined adequately for com-

mercial products and other materials of unknown composition, assuming 

that the required stoichiometric amount of air is known. The amount of 

oxygen (oxidant) in the gas phase was estimated with the use of a para- 

magnetic analyser, which allowed the determination of the O2 concentra- 

tion left after complete oxidation of combustion products in the secondary 

vertical furnace (full combustion at 900C). 

As a reference for the results of the experiments, pure unplasticised 

PVC and the simplest reference polymer – LDPE – were tested at 10 

l/min airflow through the tube (Figs 45, 46, 47). LDPE was chosen as an 

example of polymer, which does not contain chlorine in the polymer 

chain. A thorough discussion of the results is difficult because producers 

do not provide details about the components of PVC polymeric materials 

used for cable formulation. 

 

 
Fig. 45. CO2 yield (mass loss basis) for H07V-U cable, pure PVC and pure LDPE  

polymers at different ventilation conditions 
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CO2 yields for the H07V-U PVC-based electric copper wire was tested 

at set primary airflows, and pure unplasticised PVC and pure LDPE at 

10 l/min of primary airflow (Fig. 45). For the tested wire, lower values of 

CO2 yield at different ventilation conditions were obtained, whereas for 

both pure polymers the yields were higher at well-ventilated conditions: 

three times higher in the case of pure LDPE and two times higher for 

pure PVC. It was previously shown [26, 114, 123, 186] that pure unplas-

ticised PVC burns with a low HRR, because the halogen atoms in the 

structure release HCl (almost 60%w), which then inhibits the conversion 

of CO to CO2. This process is more complex in the case of plasticised 

PVC filled with various fillers, especially flame-retardants. 

For a  of 0.82, lower CO yield (0.32 g/g) – Fig. 46 was observed than 

expected. This was due to the experimental conditions, where the set 

primary airflow at 2 l/min is relatively low. This forced the set secondary 

airflow (48 l/min) to transfer back into the tube to the combustion zone 

and resulted in more effective oxidation. 

 

 
Fig. 46. CO yield (mass loss basis) for H07V-U cable, pure PVC and pure LDPE  

polymers at different ventilation conditions 

 

The reference value for the pure PVC polymer was equal to 0.11 g/g of 

CO, which was approximately four times higher than the corresponding 

values of the PVC-based copper electric wire (0.42 g/g) tested at the same 

ventilated conditions (10 l/min). 
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The dependence of HC (product of incomplete combustion) yields was 

a function of increasing ventilation conditions and equivalence ratio   

(Fig. 47).  

 

 
Fig. 47. HC yields (mass loss basis) for H07V-U cable, pure PVC and pure LDPE  

polymers at different ventilation conditions 

 

There was no clear tendency observed. In essence, the measured 
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tained HC yield was equal to 0.45 g/g. It was previously discussed [187] 

that PVC yields a consistently high level of products of incomplete com-

bustion arising both from flame inhibition by HCl and oxygen depletion, 

even at well-ventilated fire conditions. 

During the combustion process, most cables self-extinguished and then 

reignited. As a consequence, the non-flaming period may result in high 

concentrations of products of incomplete combustion, such as CO and 

various HCs. This is shown as fluctuations on the graph in Fig. 48. 

A significant increase in HC yield at 15 l/min primary airflow could 

also be a consequence of aromatic HCs emission obtained by cross- 

-linking, and the intramolecular decomposition of polyene segments re-

sulting from dehydrochlorination [188]. Even at  < 1, various light HCs 

produced during the decomposition of PVC are observed, which may be 

due to a larger proportion of smaller volatile species than large ones re-

maining as soot. 
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Fig. 48. CO and HC concentration changes during the steady state combustion test  

of H07V-U wire at 15 l/min primary airflow 

 

The difference between HCl yields from PVC-based copper wire and 

pure unplasticised PVC is significant. The HCl yields (Fig. 49) in fire efflu-

ents obtained from the PVC-based copper wire were similar in all ventila-

tion conditions and, as expected, show about 1.5 times lower values (about 

0.3 g/g in each case) than pure PVC polymer (yield equal to 0.45 g/g).  

 

 
Fig. 49. HCl yield (mass loss basis) for H07V-U cable and pure PVC polymer  

at different ventilation conditions 
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Plasticised PVC, used as cable insulation material, is often filled with 

calcium carbonate (chalk) and a flame retardant, such as antimony tri-

oxide (Sb2O3) or aluminium trioxide (Al2O3). This may yield only one 

third of the HCl, but high levels of CO (Fig. 46) [26]. 

Antimony trioxide reacts with HCl released from burning PVC to form 

antimony oxychloride, which then decomposes to form antimony trichlo- 

ride (SbCl3). The aluminium trioxide flame-retardant mechanism is based 

on the release of water, which cools the combustion zone and dilutes ac-

tive species. An intumescent structure is also formed [189]. 

The high values of CO2, CO and HC yields may be the result of the 

typical radicals’ reaction for PVC. HCl production is dependent on tem-

perature and occurs during the stripping reaction (Fig. 43). 

Two equations have been developed for the estimation of the FED 

from the chemical composition of the environment in the physical fire 

model. Each begins with the precept that the fractional lethal doses of 

most gases have an additive effect [26, 175].  

The first is the N-Gas Model developed by NIST. The FED for the N-Gas 

model (equation 5) assumes that only the effect of the main toxicant CO 

is enhanced by the increase in respiration rate caused by high CO2 con-

centrations (expressed as a step function with one value of m and b for 

CO2 concentrations below 5% and another for those above 5%) [190, 

191, 192]. 

 

2

2

2 50,O 50,HCN 50,HCl 50,HBr

21 [O ][CO] [HCN] [HCl] [HBr]
FED ...

[CO ] 21 LC LC LC LC

m

b

−
= + + + + +

− −
 (5) 

where: 

a and b – respectively the slope and intercept of the interactive curve 

of CO and CO2 which depicts the increasing toxicity of CO 

and CO2 concentration increases [–], 

[O2] – concentration of O2 [%V], 

[HCN] – concentration of HCN [ppm], 

[HCl] – concentration of HCl [ppm], 

[HBr] – concentration of HBr [ppm], 

[CO2] – concentration of CO2 [%V], 

[CO] – concentration of CO [ppm], 

LC50,O2 – LC50 of O2 [%V], 

LC50,HCN – LC50 of HCN [ppm], 

LC50,HCl – LC50 of HCl [ppm], 

LC50,HBr – LC50 of HBr [ppm]. 
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The values of a and b depend on the concentration of CO2. If [CO2] ≤  

≤ 5%, a = –18 and b = 122000, and if [CO2] > 5%, a = 23 and b = –38600. 

In the Purser model (equation 6), the CO2 concentrations are consi-
dered as a multiplication factor related to hyperventilation. The increasing 
effect of all toxic and irritant species was shown, which varies continu-
ously over the range of CO2 concentrations. 

 
2

2

2
CO

50,CO 50,HCN 50,HCl 50,HBr 50,O

21 [O ][CO] [HCN] [HCl] [HBr]
FED= ...

LC LC LC LC 21 LC
V A

  −
+ + + + + + 

  − 

 (6) 

where:  

[O2]  –  concentration of O2 [%V], 

[HCN]  –  concentration of HCN [ppm], 

[HCl]  –  concentration of HCl [ppm], 

[HBr]  –  concentration of HBr [ppm], 

[CO]  –  concentration of CO [ppm],  

LC50,O2  –  LC50 of O2 [%V], 

LC50,CO  –  LC50 of CO [ppm], 

LC50,HCN  –  LC50 of HCN [ppm], 

LC50,HCl  –  LC50 of HCl [ppm], 

LC50,HBr  –  LC50 of HBr [ppm], 

2

2
CO

exp(0.14[CO ]) 1
1

2
V

−
= +  

A – acidosis factor, where A = 0.05 [CO2]. 

FED data (presented in Figs 50 and 51) show the importance of fire 

gases such as CO, HCs and HCl from a toxicological point of view. It is 

shown that hypoxia, which is due to oxygen depletion in the fire zone, is 

almost negligible and not relevant for fire effluent toxicity from PVC ca- 

bles. 

The difference between the contribution of FED in the Purser Model 

and N-Gas Model is due to multiplication by hyperventilation and acido-

sis factors, although the trend has been maintained in both cases. The 

highest FED contributions have been obtained for 10 l/min airflow, where 

the highest FED of CO was achieved. Both FEDCO and FEDHCl depend on 

the lethal concentration LC50, which is high for both gases (Tab. 3). The 

summarised FEDs increase up to 10 l/min of set airflow and then slightly 

decrease to 1.40 (N-Gas Model) and 1.49 (Purser Model).  

HCI formation is the critical stage of the PVC decomposition phase 

[183] (Fig. 43) and is due, among others, to the oxidation and decompo-

sition processes. Therefore, the amount of available oxygen is crucial in 

this process and depends on ventilation efficiency. Even an exiguous 

(multiplication factor for CO2 driven 
hyperventilation), 
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amount of highly reactive radicals can cause propagation of the oxidation 

process in the gas phase. Low hypoxia is also the result of this process. 

 

 
Fig. 50. N-Gas Model FED contribution for H07V-U wire at different fire conditions 

 

 

 
Fig. 51. Purser Model FED contribution for H07V-U wire at different fire conditions 
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The relatively weak bond of chlorine atoms to carbon atoms within 

the PVC chain causes the early generation of HCl leading to the gasifica-

tion of an equivalent mass of carbon [104]. The weakest bond in PVC is 

C-Cl, at the tertiary carbon atom, and it is from this bond that the degra-

dation begins. These types of bonds are formed at the stage of synthesis 

as a result of uncontrolled kinetic transfer to the polymer chain, resulted 

in branching. 

Since HCl can be released before significant carbon from the material 

is combusted, the mass yield of HCl can exceed the stoichiometric value 

early in the material’s decomposition. Far better results have been found 

for PVC insulation rather than for pure unplasticised PVC, because insu-

lation material contains a high fraction of calcium carbonate filler (chalk), 

as previously mentioned by Gann et al. [193]. 

Consequently, when the number of these highly reactive radicals con-

stantly increases, ignition and flaming combustion occur. This process 

can be described by reactions (7) and (8). 

 H· + O2 → OH· + O· (7) 

 ·O· + H2 → OH· + H· (8) 

In the reactions given above and below (7) – (13), each dot “·” represents 

an unpaired electron. 

For example [109, 110, 114], in the presence of halogen-containing 

compounds, the above radical chain mechanism in the gas phase is chan-

ged due to the creation of chlorine radicals and HCl – equations (9) – (13). 

The high energy OH· and H· radicals formed by chain branching is re-

moved by halogen-containing compounds (RCl) – polymers.  

 RCl → R· + Cl· (9) 

 Cl· + RH → R· + HCl (10) 

 HCl + H· → H2 + Cl· (11) 

The removal of H· is key to eliminate the main chain branching step. 

 HCl + OH· → H2O + Cl· (12) 

The removal of OH· blocks the main heat release step of HC combus-

tion, namely the conversion of CO to CO2, through replacement with less 

reactive halogen radicals in the gas phase [194]. The H· and OH· radicals 

are essential for many flame reactions and are involved in the main heat 

release in reaction 13 

 CO + OH· → CO2 + H· (13) 
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Loss of H· and OH· reduces the CO2 / CO ratio. The high energy H· 

and OH· radicals are removed through a reaction with HCl and replaced 

with low energy Cl· radicals. The actual flame-retardant effect is thus 

produced by HCl. Chlorine consumption is regenerated through reaction 

with HCs (10). As a consequence, higher HCl yields are obtained for pure 

PVC polymers than for plasticised PVC-insulated copper wire.  

In the case of PVC cables, the HCl yield depends only on mass loss 

and mass charge of the polymeric fraction of cables. Changes in HCl 

yields from PVC insulation depend only on the nature of the polymer 

and its fillers, which are not evenly distributed in the polymer fraction 

and may act as flame retardants.  

HCl is well known as a strongly corrosive compound. The occurrence 

of copper wire decreases the amount of HCl due to a reaction between 

copper and HCl and between HCl and inorganic fillers. This phenome-

non was previously investigated by Grimes et al. [195]. Thermogravime-

try, ion chromatography and gas chromatography tests were used for the 

investigation. It was found that ‘the presence of Cu, CuO and CuCl2 re-

tards the thermal degradation of PVC in air and in nitrogen and decre-

ases the percentages of volatile products produced at both stages of the 

decomposition. These effects are greatest for PVC-CuO. The presence of 

copper, CuO or CuCl2 in PVC has a major effect on the nature of the 

gaseous emissions of the thermal decomposition in air and in nitrogen. 

The concentrations of total chlorine, aliphatic hydrocarbons, aromatic 

hydrocarbons, chlorinated hydrocarbons and soot particulates are all 

affected relative to an equivalent amount of PVC’. 

The equivalence ratios for tests at 2 l/min of airflow slightly exceeded 

the 0.7 value, which directly indicated that well-ventilated flaming condi-

tions (1b) – Tab. 1 were obtained close to the borderline in the well- 

-ventilated and small under-ventilated range. Due to low oxygen concen-

tration as an oxidiser, the decrease of CO2 (equal to 1.09 g/g) was ob-

served in CO and HC yields; however, it gave much worse results in 

terms of fire toxicity, which were much higher than for pure PVC and 

LDPE polymers under the same ventilation and temperature conditions. 

It was also shown that CO yields for the PVC-containing cable decrease 

together with decreasing , which was expected due to oxygen concen-

tration accelerating the thermal decomposition reaction of PVC in the 

combustion zone. 

During the combustion process, most cable samples self-extinguished 

and then reignited. As a consequence, the non-flaming period may result 

in increasing concentration of products of incomplete combustion, such 

as CO and various light HCs. Such behaviour, however, corresponds 
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well to a real fire situation, particularly to the early stages of fire deve-

lopment.  

A significant increase in HC yield could be a consequence of aromatic 

HC emission obtained by a Diels-Alder reaction type cross-linking, and 

intramolecular decomposition of the polyene segments, resulting from 

dehydrochlorination. PVC undergoes many thermal decomposition reac-

tions at high temperatures followed by Diels-Alder cyclization reactions. 

These reactions are catalysed by transition metals, in this case copper, 

and their kinetics is temperature dependent, not oxidant. They occur in 

each test under different ventilation conditions, with the increased venti-

lation simultaneously reducing the temperature of the reaction zone. In 

the air atmosphere in the combustion zone, aromatic compounds formed 

in the Diels-Alder reaction oxidize at a rate directly proportional to the 

amount of available oxidant, i.e. oxygen from the air. Due to the com-

bustion chemistry, the greater the flow, the greater the availability of the 

oxidant, but on the other hand, the cooling process of the combustion 

zone increases with increased flow, up to and including the flame blow-

ing out. Thus, two antagonistic phenomena occur simultaneously. Com-

bustion is an exothermic process and it is generally accepted that the 

rate of reactions accompanying combustion increases exponentially with 

increasing temperature according to the Arrhenius equation. Unfortuna-

tely, the high rate of reaction and the rapid increase in temperature in the 

combustion zone make it difficult to fully recognize the processes taking 

place there. 

8.1.7. Concentric barrier 

Cables in group V (Tab. 2) differ in one feature only, i.e. the presence 

(or not) of steel armour or concentric copper conductor. The fire proper-

ties of these cables were compared in pairs (cable sample 74 and 75, 77 

and 78, 80 and 81, 83 and 84, 85 and 87 and 88 and 89). Pairs of cables 

Nos. 80, 81, and 87, 85 differ slightly in the type of non-metallic materials 

used for outer sheaths, beddings and insulations, but have the same 

construction, i.e. number of copper conductors, cross-sectional area and 

shape. 

For cables which consist of galvanised steel and armour or copper 

concentric conductors (wires and tape) placed between the outer sheath 

and bedding (cable samples Nos. 74, 77, 81, 83, 85, and 88) – Tab. 2, 

much lower heat parameters, such as peakHRRav and THR1200s (Fig. 52), 

were observed than for similar cables without any armour (cable sam-

ples Nos. 75, 78, 80, 84, 87 and 89). In general, the measured values are 

relatively low except for cable samples No. 80, 85 and 87. High values of 
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smoke release parameters (Fig. 53) for cable samples Nos. 80, 84, 87 

and 89 were obtained, with even six times higher values for cable sample 

No. 83 than 84. This is mainly due to the nature of the material used for 

outer sheath formulation and the absence of a barrier against flame 

penetration in the form of metallic armour. 

Fig. 52. Heat release results for cables with or without armour  
and concentric conductor 

Fig. 53. Smoke production results for cables with or without armour  
and concentric conductor 
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Metallic armour forms a natural barrier against fast flame penetration 

inside the cable, protecting it from FS towards its inner bedding and con-

ductor insulation. This phenomenon causes decreasing heat and smoke 

parameters for the cables, as well as a decreasing FS parameter, which 

seems to be associated with HRR (Tab. 4). 

The EN 50399 test conditions [4] force the flaming (real-scale) propaga-

tion processes and the production of more CO2 as a product of complete 

combustion, which results in the higher heat release properties of the 

cable in the case of cable sample No. 78. This phenomenon may be addi-

tionally forced by the flame-retardant process during the thermal treat-

ment of EVA filled with ATH and ZnB compounds. Additional water is 

formed during the flame-retardant process, which causes self-ignition. 

The highest amount of smoke characterised by the TSP1200s parameter 

(equal to 32 m2 for cable sample No. 84) results from the length of dama-

ges within a test specimen expressed by the flame spread parameter and 

equal to 1.12 m. For cable sample No. 78, FS of 1.32 m (Tab. 4) had a si- 

milar tendency as cable sample No. 84. The damage covered pieces of 

cables over their diameter and the flame penetrated inner construction 

elements of the cables, which then self-extinguished. The area of burned 

polymeric material decreased the amount of fire effluents as products of 

complete and incomplete combustion. 

Assuming that the metallic armour forms a natural barrier against 

flame penetration inside the cable, it protects it from internal flame pro-

pagation towards its inner bedding and conductor insulation. This phe-

nomenon causes decreasing heat and smoke parameters for the cables.  

Cables with and without armour have also been tested within the 

FIPEC [23] and CEMAC project [199] and their influence on fire proper-

ties was presented by Grayson et al. [196]. It is not possible, however, to 

compare these results with the current investigation, because other con-

structional–material parameters of the cables were investigated in the 

previous study. This caused that a direct comparison is not possible. 

8.2. Statistical analysis 

8.2.1. Large-scale fire tests, cone calorimeter method and fire 

toxicity tests 

The obtained test results are never perfectly accurate, which dictates 

the calculation of uncertainties. In practice, the sources of systematic and 

random errors, which can affect measurements are numerous. The deter-

mination of uncertainty in large-scale fire tests, i.e. large-scale cable tests, 
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cone calorimeter and fire toxicity tests, considers the uncertainty caused 

both by measurement and by the selection of test specimens.  

The calculation of the uncertainty of each specimen has been deter-

mined using the procedure given in the CEN/TR 16988 technical report. 

Uncertainty is inversely proportional to accuracy, which consists of true-

ness and precision. Precision is measurable as the standard deviation, 

while trueness is expressed numerically by the systematic error or bias 

[197]. The Type B method of uncertainty calculation was used. It involves 

the determination of sensitivity coefficient-based uncertainty analysis by 

an exact differential method of calculation.  

The length of damage on the test samples was measured using cali- 

brated measuring tape. The uncertainty of measurements is equal to 

1.209 mm.  

The repeatability and reproducibility of the EN 50399 test method are 

shown to be sufficient for the cable test example (Tab. 7). 

Table 7. Repeatability and reproducibility of the EN 50399 test method 

Fire parameters 
results 

peakHRRav  
[kW] 

THR1200s  
[MJ] 

TSP1200s  
[m2] 

peakSPRav  
[m2/s] 

S
p
e
c
im

e
n

 

N
o
. 

1 355 125 204 1.06 

2 322 117 228 1.04 

3 327 117 203 0.91 

Coefficient of 
variation [%] 

4.3 3.0 6.6 5.5 

 

Each specimen according to EN 50399 consists of a number of cable 

pieces mounted on the test ladder. Three specimens from the same 

eight-conductor non-halogenated cable (but other than those taken for 

the main study) were tested to show the repeatability and reproducibility 

of the test method. Whole cables were burned and all results are rela-

tively high. A comparison of the results shows good reproducibility of 

each heat release and smoke production parameter (Tab. 7). Similar re-

sults were reported by the authors of the FIPEC [198] and CEMAC pro-

jects [199].  

The coefficient of variation has been calculated as the ratio of the 

standard deviation to the mean value of results. It is relatively low for 

each fire parameter of the three specimens (Tab. 7). The results of the 

coefficient of variation are much lower than 20%, which is within the 

uncertainty of the test method. The uncertainties of test results are cal-

culated for each tested specimen. 
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A single toxicity experiment of specimens in various ventilation condi-

tions has been performed based on the excellent intra-laboratory repeat-

ability and inter-laboratory reproducibility of the ISO 19700 test method 

by Purser et al. [200], which has been shown previously. Three specimens 

of four different pure polymers, such as rigid PVC, LDPE, polymethyl-

methacrylate (PMMA) and polyamide 6.6 (PA6.6) were tested in well- 

-ventilated conditions at a furnace temperature of 650C and  < 0.75 

(fire stage 2), and in under-ventilated post-flashover conditions at a fur-

nace temperature of 825C at a previously calculated ventilation condi-

tion based on  set to +2/−0.2 (fire stage 3b) conditions according to ISO 

19706 (Tab. 1) by three independent laboratories. It was found that 

within laboratory repeatability was less than 10% for most cases (overall 

average 7.8%), whilst between laboratory reproducibility was somewhat 

high (overall average equal to 15.8%) [200]. On the basis of these results, 

one specimen was tested under each ventilation condition in the course 

of the experiments, which is in accordance with the previously published 

work of other authors [26, 27]. 

The results of interlaboratory comparative tests of 16 samples of va-

rious building materials on cone calorimeter, carried out in 4 laboratories 

[201], indicate good repeatability and reproducibility of measurements of 

fire properties using the cone calorimeter method. There was a small per-

centage of outliers (14%) and stragglers (13%). Selected material samples 

ensured evenly distributed results of the measured fire properties. The 

exception is the ignition time, for which most of the results had very low 

values with the applied exposure to a large flux of thermal radiation (75 

kW/m2). Therefore, the results of the linear regression of ignition time 

may not reflect the actual precision of the test method in this case. 

V. Babrauskas and I. Wetterlund [202] presented a comparison of the 

results of interlaboratory tests between 7 laboratories on 5 different ma-

terials used in the furniture industry (upholstered furniture). The tests 

were carried out at the intensity of the heat radiation flux of 35 kW/m2. 

The obtained test results indicated that the laboratories were able to per-

form the tests in a repeatable (r index) and reproducible (R index) man-

ner. The calculated values of r and R were satisfactory and had a value 

comparable to that obtained during the previous comparative tests (Round 

Robin) using the cone calorimeter method on samples of building mate-

rials and plastics. 

8.2.2. Small-scale test methods 

The extended uncertainty of specimen mass measurements on the 

TGA instrument is related to the accuracy of the devices (microscale) 

used, and has been estimated with the coverage factor k equal to 2.0, 
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which provides a confidence level of 95%. The calculated extended un-

certainty of weight is equal to 0.022 mg.  

The uncertainty of temperature measurements with the TGA method is 

related to the accuracy of the thermocouple, which was calibrated using 

Ni and ALUMINA® alloy wires. The temperature uncertainty for each test 

has been calculated with an extension factor k equal to 2.0, which pro-

vides a confidence level of 95%, and is equal to 0.66C. The k factor de-

fines the number of standard deviations used when calculating a confi-

dence level. 

In the ATR-FTIR spectroscopy method, the qualitative “fingerprint” 

spectra are to be treated as test results. Due to the nature of the test, 

there is no possibility, at the current level of knowledge, to estimate un-

certainty in the test results presented.  
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9. DISCUSSION ON THE CURRENT  
CABLE PARAMETER χ 

As described earlier, in terms of their constructional–material parame-

ters, such as:  

1) conductor shape, 

2) type of materials used for their formulation, 

3) voltage rate, 

4) concentric barrier occurrence 

cables are grouped into so-called “cable families” [1], because cables have 

more complex fire behaviour than other building products. It is, however, 

not certain whether the worst fire parameter results for the chosen cables 

are due to a constructional parameter, such as cable diameter (dcable) or 

the number of conductors (n) [196].  

The fire properties of each cable are expressed as the so-called cable 

parameter χ (2) [1, 138]. The cable parameter has been invented to pre-

dict the monotonical trend of fire parameters obtained during the EN 

50399 standard test of cables within the same cable family [1]. 

According to equation (2), cable parameter χ is directly proportional to 

the number of conductors (n) and the non-metallic volume of combus-

tible cable components in 1 m of bunched cable (Vcombust). It is inversely 

proportional to the square of the diameter of the cable (dcable
2). 

The cable parameter has been shown to be more complex than dcable 

and Vcombust in the case of selecting cable samples for testing within the 

identified cable family [196]. 

Although cable fire performance can be qualitatively well described by 

constructional parameters, such as number of conductors (n), outer dia-

meter (dcable) and non-metallic volume per metre of ladder according to 

EN 50399 (Vcombust), their dependence on fire parameters has been shown 

to be non-monotonic.  

The author’s investigation has shown a simple relationship between 

the value of cable parameter χ and the number of conductors (n) for ca-

bles with a number of conductors less than 19. For non-halogenated 

cables with a greater number of conductors, increasing values of peak 

HRRav, THR1200s, TSP1200s and peakSPRav were observed, despite the in-

creasing content of the Vcombust. This means that not only one construction 

characteristic may be considered when investigating the fire properties of 



116 

cables. Despite the directly proportional relationship of parameter χ to the 

Vcombust, the same value of χ may lead to different fire properties of cables.  

Spearman’s correlation between two variables THR1200s and the χ pa-

rameter (Fig. 54a), and TSP1200s and the χ parameter (Fig. 55a) for cable 

samples Nos. 33, 36, 42, 44, 45 and 48 (Tab. 2) and the correlation be-

tween cable samples, except cable sample No. 33 (Figs 54b and 55b), 

have been shown. THR1200s and TSP1200s parameters have been obtained 

during the test described in EN 50399 and directly depend on the com-

bustible constructional elements of the cables (Fig. 9). 

a) 

b) 

Fig. 54. Correlation between THR1200s and  
a) 1-, 3-, 14-, 19-, 24- and 30-conductor cables, b) 3-, 14-, 19-, 24-

and 30-conductor cables 
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a) 

 

 

 

  

b)   

 
Fig. 55. Correlation between TSP1200s and  

a) 1-, 3-, 14-, 19-, 24- and 30-conductor cables, b) 3-, 14-, 19-, 24-  
and 30-conductor cables 

 

Poor correlation results as a function of cable parameter χ (rTHR1200s,χ = 
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10. AUTHOR’S CONCEPT  

OF NEW CABLE PARAMETER 

In section 8.1.3, the influence of conductors in the form of metallic 

barriers against flame penetration inside the cable was discussed, as 

well as the number of inorganics incorporated in the non-metallic ele-

ments of cables, such as outer sheath, bedding and insulations. 

The Conservation of Energy Law [204] can be interpreted in relation to 

combustion, which is the rapid oxidation reaction of a substance called 

fuel, combined with the release of energy in the form of heat and work. 

Geometrically, the piece of cable can be considered as a round or ellipti-

cal cylinder. During combustion processes, the total energy (heat) re-

leased is equal to the difference between heat consumed by the cable 

and heat released in the combustion zone (Fig. 56). THR is a function of 

effective combustion surface areas [119]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 56. Idealised schematic of heat transfer within the combustion  

surface area of cables 

Qconsumed Qreleased 

surface area of the extend side of all cable conductors 

 

Qtotal 

total surface area of  
the extend side of cable 

 

Qtotal = Qconsumed – Qreleased 
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Combustion processes are irreversible and quite complex. They can be 

classified as physical processes among systems where chemical reactions 

occur. THR depends on the outer active surface area of the cable and the 

inner active surface area of metallic conductors within the total volume of 

the cable. 

The proposed parameter, which would describe the fire properties of 

electric cables more precisely, is a volume of effective non-combustible 

content Ω, which combines all the necessary constructional and material 

parameters of cables responsible for their fire properties. Ω can be calcu- 

lated according to equation (14) 

 combust1

1

V

z




 
=  

+ 
 (14) 

where: 

Ω – volume of effective non-combustible content, l/m of cable, 

z – surface ratio [–], 

Vcombust – non-metallic volume of combustible cable components, l/m 

bunched cable according to EN 50399 [4], 

 – non-metallic non-combustible components volume to non-

-metallic combustible components volume ratio [–]. 

The surface ratio (z) is related to the heat transfer between the active 

outer surface of the cable and the surface of metallic conductors inside 

the cable. Round cables and round conductors are circle-based cylinders 

with known diameters. It can be defined as the ratio of the surface area 

of the extended side of all cable conductors and the total surface area of 

the extended side of the cable (15) 

 


=
 cable

metd hn
z

d h
 (15) 

where: 

dmet – diameter of conductor [m], 

n – number of conductors [–], 

dcable – diameter of cable [m], 

h – unit length of cable [m]. 

The non-metallic non-combustible components volume to non-metallic 

combustible components volume ratio (ω) can be obtained from the TGA 

of each separate cable component (outer sheaths, beddings and insula-

tions) as a sum of the ratios of mass of residue to mass loss of each com-

ponent. The air atmosphere in the TGA was chosen because under the 
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conditions of a real fire, at the initial stages of its development, there is 

good ventilation and unlimited availability of the oxidant from the air, 

therefore the TGA analysis in the air atmosphere is a more accurate ap-

proximation of the actual processes taking place in the fire. The calcula-

tions of each component of equation (14) for six cables are given in Tab. 8. 

The properties of cables are given in Tab. 2 and the absolute mass loss 

(Δm), which represents the total mass of non-metallic combustible com- 

ponents of cables, is given in Tab. 8 (chapter 7.2.3). 

Table 8. Calculation of Ω parameter 

Cable 
sample 

No. 

n  

[−] 

dmet 
[m×10-3] 

dcable 
[m×10-3] 

Vcombust 

[l/m 
cable] 

  

[−] 

 

 [−] 

Z 

[−] 

Ω   

[l/m 
cable] 

33 1 1.38 6.7 0.032 15.8 1.54 0.206 0.061 

36 3 1.38 13.6 0.126 26.4 1.24 0.304 0.185 

42 14 1.38 22.4 0.315 62.5 1.03 0.863 0.180 

44 19 1.38 24.7 0.387 83.3 1.02 1.062 0.181 

45 24 1.38 27 0.492 84.9 0.89 1.227 0.213 

48 30 1.38 30.5 0.562 108.7 1.23 1.357 0.186 

 

As mentioned above, the THR1200s and TSP1200s parameters are strongly 

dependent on combustible material content. Spearman’s correlations for 

both fire parameters as a function of the Ω parameter show a similar 

tendency to those obtained for the χ parameter, and increase together 

with the number of cables for testing (Figs 57 and 58). 

The values of linear correlation coefficient r for THR1200s and TSP1200s 

observed are close to −1 (rTHR1200s,Ω = −0.97 and rTSP1200s,Ω = −0.88) – Figs 

57a) and 58a), which demonstrates that there is a (negative) linear rela-

tionship between them and the volume of effective non-combustible con-

tent Ω, namely the number of cables, metallic flame barriers (conductor 

barriers) and combustible non-metallic components of cables. The high 

correlation factors, much higher than for cable parameter χ (Tab. 9) show 

that smoke production and heat release depend significantly on mass 

loss of the cable sample, in terms of combustible non-metallic content, 

which is in line with our explanation of physical phenomena. 
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Fig. 57. Correlation between THR1200s and Ω 
a) 1-, 3-, 14-, 19-, 24- and 30-conductor cables, b) 3-, 14-, 19-, 24-

and 30-conductor cables 
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Table 9. Comparison of r values for cable parameters χ and Ω 

 
peakHRRav 

[kW] 
THR1200s 

[MJ] 
TSP1200s 

[m2] 
peakSPRav 

[m2/s] 
FS 
[m] 

rx, -0.98 -0.97 -0.88 -0.97 -0.97 

rx, -0.69 -0.70 -0.69 -0.68 -0.71 

 

It is shown (Tab. 9) that the lowest value of the Ω parameter was ob-

tained for cables without any bedding in the construction, consisting of 

one copper conductor, thus a low amount of combustible non-metallic 

content. In the case of multi-conductor cables, the lowest value of the Ω 

parameter has been determined for the three-conductor cable, as ex-

pected. The highest value of the Ω parameter for cables which consist of 

24 conductors rather than 30 conductors, however, highlighted the 

strong relationship of the combustible non-metallic volume of cables, 

which is much stronger than the number of cable conductors. 

Similar calculations are proposed for the Ω parameter for non-circular 

cables, which are treated as cylindroids. The difference between non- 

-circular and round cables is due to their cross-section and only factor z 

needs to be derived from a formula. The rest of the components of equa-

tion (14) remain unchanged. Factor z depends on the active surface (area 

of the side) that undergoes thermal impact and needs to be calculated 

using equation (16) 

 


=
cable

metd hn
z

S
 (16) 

where: 

dmet – diameter of conductor [m], 

n – number of conductors [–], 

h – unit length of cable [m], 

Scable – area of the side of cable [m2]. 

The area of the side of the cable should be calculated using approxi-

mate equation (17): 

 ( )=  + −cable 1.5( )S h a b ab  (17) 

where: 

h – unit length of cable [m], 

a – major axis [m], 

b – minor axis [m]. 
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Conversely, conductors in cables with sector-shaped conductors should 

be treated as prisms with the base of an isosceles triangle, whereas the 

cable is always circular. This takes place in the case of 3-, 4- and 5-con-

ductor cables (classes 1 and 2), differing depending on the number of 

conductors in the cable: 

1) 3-conductor cable: internal angle in isosceles triangle equal to 120,  

2) 4-conductor cable: internal angle in isosceles triangle equal to 90, 

3) 5-conductor cable: internal angle in isosceles triangle equal to 72 

An example cross-section of a cable with sector wires is shown in Fig. 11b. 

On this basis, the proposed surface ratio z should be determined as 

the ratio of the surface areas of the side of the respective prisms, and 

calculated using equation (18)  

 =
 cable

metP n
z

d h
 (18) 

where:  

n – number of conductors [–], 

dcable – diameter of cable [m], 

h – unit length of cable [m], 

Pmet – area of the side of conductor [m]. 

The area of the side of the single conductor might be determined as-

suming that the base of the prism is an isosceles triangle (equation 19) 

 (2 )metP a b h= +  (19) 

where: 

h – unit length of cable [m], 

a, b – sides of the triangles [m]. 

The proposed new cable parameter Ω is a more precise reflection of the 

fire performance of electric cables than the existing cable parameter χ. 

The new parameter may apply to every construction of electric cables. 
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11. APPLICATION OF QUINTIERE’S THEORY 

Beginning in the 1970s, a number of independent research centres 

dealt independently with issues related to the ignitability of materials 

from external fire sources, burning rates and the influence of external 

radiation on the susceptibility to combustion [205, 206, 207, 208, 209]. 

Professor James Quintiere from the University of Maryland, USA has 

formulated a specific theory related to these issues. 

The thermodynamic properties of liquid materials, such as EHC, heat 

of gasification and burning rate per unit area, are measurable and physi-

cally true, which is not the case for solid materials, especially charring 

materials or those including non-combustible fillers, which do not melt 

[133] (forming a liquid phase) and evaporate. 

Quintiere’s theory derived from the observation that ‘many materials 

will not burn in air without the addition of radiant heat flux’ [133] and is 

based on splitting solid materials into two groups: thermally thin and 

thermally thick [210]. Thermally thin objects have no spatial, internal 

temperature gradient. Their thickness (d ) is less than the thermal pene-

tration depth. The simple theory of thermally thin ignition applies to ma-

terials of thickness (d ) insulated on one side, or a material of thickness 

(2d ) heated symmetrically. Examples of thermally thin solids are a single 

sheet of paper, fabrics and plastic films [134]. 

Thermally thick solids, where the ignition of a solid might be approxi-

mated by a semi-infinite medium, are much more complicated. Backface 

boundary conditions might be negligible in that case. The theory suggests 

that the time of ignition is always directly proportional to incident radiant 

heat flux (20) [134]. The thermally thick material always has a tempera-

ture distribution that is not influenced by the backface effect [133] 

 
 −
 =
 
 

2

0

•4

ig
ig

e

T T
t k c

q
 (20) 

where: 

tig  –  time to ignition [s], 

k  –  thermal conductivity [W/(m×K)], 

ρ  –  density of the material [kg/m3], 

c  –  heat capacity [kJ/(kg×K)], 
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kρc  –  thermal inertia factor [kW2/(m4×K2×s)], 

Tig  –  ignition temperature (or temperature to ignition) [C], 

T0 –  ambient temperature [C], 

𝑞𝑒
"̇   –  external incident heat flux at the surface [kW/m2]. 

Electric cables can be considered as composite materials, whose pro- 

perties vary during the fire test. The fire properties of cables depend on 

the order of components, which are burned. This type of materials of 

unknown composition, however, pose difficulties for the determination of 

thermal inertia factor kρc, which characterises the thermal properties of 

materials responsible for ignitability and flame spread. 

The theory of the electric cable can be experimentally proven by 

graphical analysis. For this purpose, a couple of tests were carried out 

using the cone calorimeter method (described in section 5.2.3) [168] with 

horizontally configured specimens of a size of 100 mm × 100 mm. Each 

specimen (Fig. 59a) consisted of eight pieces of PVC non-circular power 

cable with dimensions of 3.8 × 8.5 mm (small axis × major axis) were 

tightly packed in the required stainless-steel holder frame, with a ceramic 

wool fibre blanket of low density (65 kg/m3) as backing material, accor-

ding to the standard. 100 mm lengths of cables were arranged tangen-

tially to each other in the sample holder, with the major axis in the di-

rection of the cone, so the sample thickness was 3.8 mm. 

The surface of the cable specimens was covered by a steel grid in order 

to minimise swelling of the cable (supporting the expanded surface of 

PVC). The ends of the cable pieces were protected by aluminium foil to 

avoid additional inflammation. 

In order to predict the results of the large geometrical scale fire tests, 

the following parameters have been highlighted:  

– heat release parameter (HRP), defined as the heat of combustion to 

the heat of gasification ratio, is determined as a slope of peakHRR as 

a function of radiant heat flux,  

– thermal response parameter (TRP) – equation (21), which is directly 

proportional to time to ignition, may be assessed by setting the inverse 

slope of (1/tig)-1/2 

 ( )
 

= − 
 

0TRP
4

igk c T T  (21) 

– critical heat flux (CHF) is the minimum heat flux needed to ignition, 

and is proportional to ignition temperature (Tig), 

– available energy parameter (AEP), defined as the total energy (heat) 

released during burning per area, is set by the calculation of the integral 

of HRR per area [211]. 
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a) 

 

b) 

 

c)  d)  

 
Fig. 59. PVC-insulated and sheathed non-circular cable placed in holder 

a) before the test, b) after the test, c) test after ignition, d) about 600 s of test duration 

 

The original set of four parameters given above has been shown as 

sufficient for describing all aspects of a material’s contribution to fire 

growth and therefore hazard in a given fire scenarios [136]. 

During the test of the PVC non-circular power cable, the various pa-

rameters related to heat release, time to ignition and smoke production 

were obtained (Figs 60, 61 and 62) [212]. The linear relationship between 

the maximum of HRR per unit area (peakHRRpua) and external radiant 

heat flux (Fig. 60) was shown to be as expected. peakHRRpua increases 

together with the set cone radiation. An HRP parameter has been obtai-

ned as a slope of the trend line and is equal to 3.8. 

In the case of external heat flux equal to 10 kW/m2, the test specimen 

was not ignited during 1800 s of test duration. The fire effluents observed 

and the mass loss of 8% of the total mass of the specimen indicated the 

presence of pyrolysis. The linear relationship between time inverse (1/tig)-1/2 

and radiant heat flux for the PVC non-circular power cable is shown in 

Fig. 61. 
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Fig. 60. peakHRRpua as a function of radiant heat flux for PVC non-circular  

power cable 

 

 

 
Fig. 61. Relationship between time inverse and radiant heat flux for PVC non-circular 

power cable 
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The results (Figs 60 and 61) are very similar to those available in the 

literature for homogeneous solid materials, such as various wood sam-

ples and plastic foams [133, 134, 209, 211] and also for electric cables 

[213]. This illustrates that Quintiere’s theory applies to the fire modelling 

of electric cables, provided that the values of coefficients characteristic of 

the solid materials involved are known.  

Smoke release was also taken under consideration. The rate of smoke 

release (RSR) parameters during the test varies significantly on the ex-

ternal set heat flux (Fig. 62). The highest peak of smoke release has been 

obtained for 50 kW/m2 radiation and the lowest for 10 kW/m2, where no 

ignition occurs and smoke release increases together with increasing 

heat flux. The time period of smoke release also depends on radiant heat 

flux and finished with the flameout of the test specimens. 

 

 
Fig. 62. Smoke release rate as a function time for PVC non-circular power cable  

tested in cone calorimeter 

 

The application of Quintiere’s theory to material fire tests can signifi-

cantly reduce the number of tests. It should be highlighted that this ap-

proach would allow the results to be expressed in terms of a limited num-

ber of parameters, which are, however, impossible to calculate without 

determining the basic characteristic parameters related to cable flam-

mability, i.e. thermal conductivity, overall density and heat capacity. It 
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would not be possible to determine the appropriate fire modelling para-

meters for composite solid materials, where the values of HRP, TRP, CHF, 

AEP and kc factor are not known. 
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12. CONCLUSIONS 

Certain constructional–material parameters of cables increase the me-

chanical and electrical properties of cables used in buildings but at the 

same time contribute to the deterioration of their fire properties.  

Flame spread, heat release and smoke generation parameters are sig-

nificant factors increasing the fire properties of electric cables and, thus, 

the fire properties of entire buildings. 

In the course of the study, it was found that: 

1. Factors, such as the shape, number and material used for the 

formulation of conductors (peakHRRav parameter was three to four 

times lower for copper than for aluminium cables), and the types 

of materials from which the non-metallic elements of the cables 

are made, as well as the presence of armour or concentric conduc-

tors decrease the fire parameters of cables, such as heat release, 

smoke production, fire spread and fire effluent toxicity. 

2. The construction of the cable strongly influences its fire beha-

viour due to the creation of a barrier against flame penetration and 

the emission of combustion effluents: inside the closed agglomera-

tion of non-combustible metallic conductors and through the in-

tumescent structures formed from inorganic fillers and fire re-

tardants in the outer sheath material during the self-sustained 

combustion process following the ignition of cables. The hetero-

geneous distribution of non-combustible inorganic fillers or the 

different content of fillers and flame retardants within the polymer 

fraction cause irregular fire behaviour in cables. The presence of 

bedding in multi-conductor cable constructions results in the de-

creasing values of combustion parameters (peakHRRav, THR1200s, 

peakSPRav and TSP1200s), e.g. increases the fire properties of cables 

(peakHRRav
 parameter six to seven times lower for multi-conductor 

than for single-conductor cables). 

3. The performed experiments enabled the development of a new 

concept of Ω parameter, which is a more precise predictive indica-

tor of cable flammability than the standardised cable parameter χ, 

which inadequately describes the fire properties of electric cables. 

The construction of electric cables, especially the amount of non- 



 

134 

-metallic combustible materials and conductor metal barriers, 

prompted the development of a new parameter, which includes 

both considered characteristics. The proposed author’s concept of 

Ω parameter depends on the volume of effective non-combustible 

content, and is presented in litres of non-combustible non-metallic 

components per meter of cable, as  parameter. It prompted the 

development of a new concept of Ω parameter, which includes both 

considered characteristics, thus the scientific problem was solved. 

4. It was confirmed that there is good agreement between the cone 

calorimeter test data expressed by means of Quintiere’s theory 

and the results of real-scale cable fire experiments. 

5. LS0H cables generate less heat, smoke and toxic gases than ma-

terials based on plasticised PVC. Therefore, they are more suita-

ble for end-use application in terms of the fire behaviour of entire 

buildings, as opposed to PVC cables (peakHRRav parameter more 

than 17 times higher for fully halogenated cables), which is a very 

important finding for the fire properties of buildings.  

Further studies are necessary in order to obtain more data allowing 

better understanding and explanations of the significant influence of 

electrical installations on flame spread inside a building. PVC cable 

channels and installation pipes are usually made of combustible poly-

meric materials and their behaviour during a cable fire needs to be exa-

mined. They constitute significant risks to the fire safety of buildings 

through increasing the ability of fire spread through walls, ceilings and 

floorings. Simplifying the fire test protocol of cables should be considered 

further, as an application potential suggested by this study. Finally, this 

thesis has shown that real-scale fire tests can be replaced by small-scale 

cone calorimeter applications of Quintiere’s theory, which significantly 

simplifies the analysis of the fire behaviour of cables. 
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