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Abstract

Establishing a compartment fire’s area of origin when it has been burning at post-

flashover conditions is a difficult process. Burn patterns traditionally used by fire 

investigators following post-flashover fires can be erroneous.

This research has looked into the reliability of using the electrical wiring in a 

building to establish the origin of a fire. Sixty five fully furnished experimental 

compartment fires were used and the resultant artefacts analysed with various types 

of microscopy.  

Nine separate categories of localised metallic “arcing damage” were identified 

following the experiments. The surface elemental characteristics of the artefacts were 

analysed and an association was established between the electrical copper conductors 

and the materials used to fix the electrical wiring to a surface.  

This research has demonstrated the importance of a clear demarcation area between 

the localised metallic damage of the conductors and the undamaged area, to 

determine whether or not localised melting of electrical conductors is due to 

electrical arcing damage. 

Correlations were found within the data collected from the experiments that linked 

the time to arcing events, the approximate temperature at which these events 

occurred and the circuit protection device operation sequence. No other correlations 

were revealed.

The analysis of the three-dimensional data has indicated that there is a high 

probability of arcing damage to electrical conductors occurring close to a fire’s area 

of origin. The series of experimental fires with repeated scenarios has validated the 

reliability of the arc fault mapping methodology. 
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Glossary

Accelerant: A fuel or oxidiser used to initiate a fire or to increase 

the speed of development (often ignitable liquids are 

used).

Ampacity: The electric current (Amperes) that a conductor/cable 

can carry continuously in normal use without exceeding 

its temperature rating. 

Amps/Amperes: The unit of electrical current that is equivalent to a flow 

of one coulomb per second (or 6.24 x 10
18

 electrons per 

second), represented by the symbol (I) or (A). 

Apparatus: The machines, equipment and fittings in which 

conductors are used but not the conductors themselves. 

Arc/Arcing: A high temperature luminous electric discharge across a 

gap or through a medium such as charred insulation. 

Arcing through char: Arcing associated with a matrix of charred material 

(often charred conductor/cable insulation) that acts as a 

semi-conductive medium. 

Bead: A rounded globule of re-solidified metal on the surface 

of an electrical conductor that was caused by arcing. It 

is characterised by a sharp line/area of demarcation 

between the melted and un-melted conductor surfaces. 

Bonded: The connection of metallic items to ensure that a 

common electrical potential exists. 
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Busbar: Large lengths of copper or aluminum strips that conduct 

electricity within service risers, trunking, distribution 

boards, transformer sub-stations, or other electrical 

apparatus.

Cable: One or more conductors provided with insulation. 

Ceiling layer: A buoyant layer of hot gases and smoke produced by a 

fire in a compartment. 

Char: Carbonaceous material that has been burned and has a 

blackened appearance. 

Circuit: The path taken by electric current to supply electrical 

equipment or to allow leakage current to return. 

Circuit Breaker: A mechanical device designed to open or close a circuit 

under normal or abnormal conditions. 

Conductor: The conducting parts of a cable, busbar or functioning 

part of metalwork that carries electric current. 

Connector: A device used for connecting together flexible cords 

and cable. 

Consumer Unit: A combined distribution board and main switch 

controlling and protecting the electrical installation’s 

final circuits in a residential building. Such units may 

contain Residual Current Devices for protection against 

electric shock. 
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Current: A flow of electric charge, represented by the symbol (I) 

or (A). 

Design current: The current intended to be carried by a circuit in normal 

service.

Distribution board: A group of excess current protective devices in an 

enclosure, with the purpose of protecting final circuits. 

Earth fault loop

impedance: The total opposition to current flow, starting and ending 

at the point of fault. 

Earth leakage 

current: A current that flows to earth. 

Earthing conductor: A protective conductor that connects a main earthing 

terminal to an earth electrode or other means of 

earthing.

Earthing terminal: The main earth connection point at the intake position. 

Electrical Appliance: Any device that is designed to use electricity for a 

particular purpose, excluding a light fitting or 

independent motor. 

Electrical installation: A group of electrical apparatus and equipment to fulfil a 

specific purpose within building. 

Final circuit: A circuit connected directly to current using equipment 

through outlet points. 
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Fire: A rapid oxidation process that is a chemical reaction 

resulting in the evolution of light and heat in various 

intensities. 

Fire cause: The circumstances, conditions, or agencies that bring 

together a fuel, ignition source and oxidiser 

(air/oxygen) resulting in a fire. 

Fire investigation: The process of determining the origin, cause and 

development of a fire. 

Fire patterns: The visible physical effects that remain following a fire. 

Flashover: A transition phase in the development of a compartment 

fire in which surfaces exposed to thermal radiation 

reach ignition temperature more or less simultaneously 

and fire spreads rapidly throughout the 

compartment/space, resulting in full room involvement 

of the compartment / space.  

Frequency (Hz): The number of cycles per second of an AC cycle. In the 

UK frequency of AC current is 50Hz. 

Fuse: A device for opening a circuit by melting a wire-

element in a short circuit or overloading fault condition. 

Ground: The conductive mass of earth whose electrical potential 

is taken as zero. 

Heat: A form of energy characterised by vibration of 

molecules and capable of initiating and supporting 

chemical changes of state. 
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Heat flux: The measurement of the rate of heat transfer to a 

surface expressed in kilowatts/meter
2
 (kW/m

2
).

Impedance: The ratio of voltage and current in RMS terms for AC 

quantities. In general, impedance extends the concept of 

resistance to AC circuits. The symbol for impedance is 

“Z”.

Insulation: A suitable non-conducting material enclosing, 

surrounding and supporting a conductor. 

Isolation: The cutting off of a circuit or circuits from the source of 

electrical energy. An Isolator is a device used for this 

purpose.

Live: A conductor or object is said to be live when a potential 

difference exists between it and earth. 

MiniTab Minitab Inc. State College, PA. USA: version 15 of a 

statistical software package designed to run statistical 

tests including descriptive statistics, hypothesis tests, 

confidence intervals and normality tests. 

Ohm: The unit of electrical resistance between two points of a 

conductor represented by the symbol (R) or ( ).

Overcurrent:  A current exceeding the rated value for the circuit 

design. It may occur in a circuit that is electrically 

sound.
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Power: The electrical energy in a circuit, represented by the 

symbol (P). 

Protective conductor: A conductor used for some measure of protection 

against electric shock.

Potential difference: The voltage or electrical pressure between one point 

and another point of an electrical circuit. 

Rectifier: A device for converting alternating current (AC) into 

direct current (DC) by allowing the passage of current 

to flow in one direction. 

Residual Current

Device (RCD): A device intended to cause the opening of contacts 

when its trip mechanism attains a given value. 

Resistance heating: The localised heating effects at any point in a circuit 

where there is a high resistance fault. This effect often 

occurs at conductor connection points and switch 

contacts.

Ring final circuit: A final circuit arranged in the form of a ring and 

connected to a single point of the supply. 

Short Circuit: An abnormal connection of low resistance between 

normal circuit conductors where the resistance is 

normally much greater. This is a gross overcurrent 

situation.

Spark: A small incandescent particles created by some arcs. 
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SPSS SPSS Inc. Chicago, IL. US - version 17 of a statistical 

software package “Statistical Package for Social 

Sciences”. This software is designed to undertake 

statistical tests from data displayed in spreadsheets or 

tables.

Switch:  A mechanical device for making and breaking a circuit.

Switchgear:  Apparatus for controlling the distribution of electrical 

energy.

Transformer: A static device  in which electrical power is transferred 

from one winding (or windings) by means of 

electromagnetic induction, usually to achieve a change 

of voltage. 

Venting: The escape of smoke and heat through openings in a 

building.

Ventilation effects: The patterns of damage created by radiant heat in the 

areas that a fire is venting from a compartment. These 

ventilation effects can mask the patterns created during 

the origin and initial growth of a fire. 

Volt: The unit of electrical pressure (electromotive force), 

represented by the modern SI symbol “E” or often by 

the traditional symbol “V”. 

Watt: A unit of power equal to one joule per second. Or the 

rate of work represented by a current of one ampere 

under the potential of one volt, represented by the 

symbol (W). 



1

Chapter 1 - Introduction 

1.1 Electricity 

1.1.1 Electrical energy and electron flow 

Electricity is an energy source capable of producing heat, light and motion. It has 

been harnessed and controlled within the last 180 years. The source of electricity is 

the movement (or flow) of electrons that surround the nucleus of an atom. Electrons 

are easily released in some materials which are known as conductors. Metals such as 

copper and silver are examples of good conductors. Materials where the electrons are 

tightly bound to the atoms are known as insulators. Insulators can be either natural or 

synthetic materials, for example: glass, rubber, dry wood, PVC and other plastics. 

Electricity is generated by inducing electron flow (electrical current) in a 

conductor. This is achieved by a magnetic field moving next to a conductor thereby 

inducing electron flow in that adjacent conductor.

Electrical generators are constructed with either permanent magnets, or coils of 

wire that create a magnetic field. These resultant magnetic fields are moved by a 

mechanical force, such as a combustion engine, and the magnetic fields induce 

electron flow in the adjacent coils that are at the start of an electrical circuit.  

Current is the rate of flow of electrons (negatively charged particles) through a 

conductor. These electrons flow because there is a difference in potential between 

two places in an electric circuit. A potential difference (PD) is required to produce 

the electric current and is also described as electrical pressure or voltage (V). 

Resistance is the opposition that a conductor (or other device) has to the flow of 

electrons in an electrical circuit.  
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The three components of voltage (V), current (I) and resistance (R) are related by 

Ohm’s Law which states that “the ratio of potential difference between the ends of a 

conductor and the current flowing in the conductor is constant. This ratio is termed 

the resistance of the conductor”. For the law to be obeyed, the temperature of a 

conductor must not change. It can then be stated that “the current flowing in a circuit 

is directly proportional to the potential difference, and inversely proportional to the 

current” [1]. 

The voltage (V) drives an electric current (I), through a resistance (R). The three 

components of Ohms law are shown in the circuit diagram and are expressed in 

equation 1:

V = IR Equation 1

Where:

V is Volts 

I is Amps 

R is resistance 

Power is the rate of doing work in an electrical circuit. The unit of measurement is 

the Watt (P). One watt of power is generated in a circuit that has one Amp of current 

pushed by one Volt of pressure. 

Appliances with a resistive load (a heating element or light bulb for example) are 

rated in watts (100W lamp or a 3,000W water heater). Power can be expressed in 

equations 2 and 3: 
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P = VI Equation 2

or

P = I²R Equation 3

Where:

P is Power (Watts) 

The consumption of electricity is internationally measured by the amount of power 

which is used within a period of time. The electricity suppliers use the kW/hour as a 

unit of electrical energy for billing consumers. 

1.1.2 Alternating Current (AC) 

When a magnetic field moves in both directions past a conductor the flow of 

current in the conductor will change direction as often as the movement of the 

magnetic field changes direction. Several devices generating electricity operate on 

this principle, producing an oscillating form of current called alternating current 

(AC). In the UK, AC changes direction (reverses) 50 times a second (50 Hertz or 

cycles per second).

The most important practical characteristic of alternating current is that the voltage 

or the current may be efficiently increased or decreased using an electromagnetic 

device called a transformer. AC is predominantly used as the electrical supply in 

buildings.

1.1.3 Direct Current (DC)

Direct Current (DC) is the constant flow of electrons in one direction from a low 

potential to a high potential. Many electronic devices will only work with direct 

current. They are often battery powered or if plugged into an alternating current (AC) 
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source the AC supply needs to be rectified from alternating current into direct 

current. 

1.1.4 Transformers 

A transformer is a piece of electrical equipment that will only operate on AC. It 

takes in power at one voltage and delivers it at a higher or lower voltage. 

Transformers operate using electromagnetic induction. When an alternating current 

passes through a coil/winding of wire, the magnetic field about the coil expands, 

then collapses, then expands in a field of opposite polarity, and then collapses 

again. If another conductor (for example a second winding) is placed within this 

magnetic field, the changes of the magnetic field induce an alternating current in 

this second conductor. If the second conductor is a winding with a larger number of 

turns than the first, the voltage induced in the second coil will be larger than the 

voltage in the first, because the field is acting on a larger number of individual 

conductors. The reverse also occurs if the number of turns in the second coil is 

smaller. In this example the induced voltage (known as secondary voltage) will be 

smaller than the primary voltage.  

The economic transmission of electricity throughout the country via the “National 

Electricity Grid” is possible with the use of transformers. The electrical 

transmission efficiency is improved by increasing the voltage using a step-up 

transformer. This reduces the current flowing in the conductors, while keeping the 

power transmitted nearly equal to the power input. The voltage is reduced locally 

with transformers to the required value thus ensuring that reliable voltage values 

are consistently provided to consumers throughout the transmission network. 

1.1.5 Three-phase supplies

The electricity generator in a power station is constructed with three sets of 

windings. Each winding occupies one third of the generator’s circumference (120°) 

as detailed in figure 1. As the rotor is spun (e.g. by a turbine engine) it passes each 
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winding separately and induces current in the winding by magnetic induction. Each 

circuit is a separate phase that has current induced for one third of the time in a cycle. 

This is more commonly known as a three-phase supply.  

Figure 1 - Simplified circuit diagram of a 3-phase generator windings [2] 

The main reason for using three phases is that it removes the need for a neutral or 

return path due to the way the generator and transformer windings are configured. 

Three-phases also suit the generator design as it allows for the optimum spacing and 

sizes of conductors within the interior components of the generator. 

The electricity is transmitted through the distribution system (its voltage is stepped 

up and down) until it reaches the local sub-station transformer. Figure 2 is a circuit 

diagram that shows the three-phase distribution of electricity from the local sub-

station transformer to industrial buildings and the single-phase electrical 

distribution to residential buildings. 
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Figure 2 – Electrical distribution from a local sub-station transformer  

to consumers [2] 

1.2 Electrical wiring systems 

1.2.1 Introduction to wiring systems 

The designer of an electrical installation is expected to consider the environment and 

use of the installation. For example, in a factory it may be reasonable to fix surface 

mounted steel conduit to the walls, in a residential property surface mounted steel 

conduit would be both un-economical and visually unacceptable. 

Some common types of wiring systems in use in the UK are: 

PVC - insulated PVC - sheathed cables (known as “Twin and Earth” cable) 

PVC - insulated steel wire armoured PVC - sheathed cables (known as 

“Steel Wired Armour” or “SWA” cable) 

Mineral-insulated copper clad cables (known as MICCS or “Pyro”) 

Metal and plastic conduit systems 

Skirting or dado trunking systems with internal busbars (solid distribution 

conductors).
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1.3.2 Polyvinyl chloride – insulated, polyvinyl chloride – sheathed cables. 

The most widely used wiring system in use in the UK today is polyvinylchloride 

(PVC) insulated with PVC sheathed cable, known as “twin and earth” cables. Such 

cables are generally used in domestic and light commercial installations. PVC 

insulated and sheathed cable is often used in a 'flush' electrical installation where 

they are installed below the plaster finish of walls. Figure 3 details twin and earth 

cable with the protective sheath removed.

Common sizes of twin and earth cable and their rating in Amps are detailed in the 

current edition of Institute of Electrical Engineers (IEE) wiring regulations [4]. 

10 mm²  43A to 63A. 

6 mm²  32A to 46A. 

2.5 mm² 18.5A to 27A. 

1.5 mm² 14A to 19.5A. 

1.0 mm² 11A.  

The lowest current value of the cable ratings represents the cable being installed 

within building components. The highest value of the cable ratings is for cable 

clipped to surfaces in free air. The cables are buried in the wall with additional 

mechanical protection in the form of plastic or metal capping. The capping is 

installed to physically protect the cables from the plastering process and other 

construction work. Cables are also installed through holes in floors and roof voids. In 

shops and offices they are often installed above false ceilings. 

Figure 3 - Twin and earth cable with the PVC sheath removed [3] 
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Twin and earth cable can also be used for surface wiring where it is clipped directly 

to the surface of a wall, secured to a cable tray (metal sheet sections installed to run a 

loom of cables), or installed in plastic and metal trunking if additional mechanical 

protection is required. The PVC insulation used in twin and earth cable ages well and 

does not decompose under normal atmospheric conditions. Pure PVC resin has a 

tensile strength of 10 – 15 N/mm
2
. PVC wiring insulation has a very high insulation 

property at 2 x 10
11

Ohms/m at 20 degrees C [5]. The dielectric strength of PVC 

insulation used in this type of cable is 13.8 – 19.7 kV/mm [6]. 

There are disadvantages with the use of PVC as it has a maximum operating 

temperature dependant on its design of 70 - 90°C [5], this is the maximum 

temperature before it starts to soften. It degrades and loses its plasticisers at high 

temperatures or UV light.  

The literature suggests that there are some known inherent problems with PVC 

electrical wiring insulation. Babrauskas evaluated a number of research publications 

and reported that PVC wiring insulation is made up of 52-63% PVC resin, 25-29% 

plasticizers and approximately 16% CaCO3 filler [7]. The thermal degradation of 

PVC occurs in two stages. The first stage is dehydrochlorination where HCl 

molecules are released. Testing of pure PVC has shown that measurable amounts of 

HCl are released at temperatures as low as 100ºC [8]. The second stage is pyrolysis 

process that occurs at 350 - 500ºC with a cross-linked charred residue remaining [7]. 

PVC electrical wiring normally contains CaCO3 as a filler. Under dry conditions but 

at increased temperatures this filler can induce surface wetting that can lead to 

carbon tracking [7]. Tests on PVC plugs that used this filler by Ohtani [9] showed 

that if heated to 110-120ºC for 10 days and then cooled to room temperature the 

insulation resistance can drop considerably over a number of days. This drop in 

resistance value can eventually lead to current flow across the insulation resulting in 

ignition of the PVC insulation. It was found that this potential ignition process only 

occurred when CaCO3 was used as a filler in the PVC electrical insulation. 
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1.3.3 Steel-wire armoured cables 

Steel-wire armoured (SWA) cables as detailed in figure 4 are widely used in 

commercial and industrial buildings. They are also used in distribution circuits by 

electricity suppliers to buildings.

Figure 4 - Steel Wired Armour cable [3] 

The cable is made up of galvanised steel wire secured between PVC bedding and a 

tough PVC outer sheath. The PVC or Polyethylene (XPLE) insulated copper 

conductors are located within the PVC bedding. UK wiring regulations [4] allow the 

steel wire section of the cable to be used as the circuit protective (earthing) 

conductor. The cables are often clipped to a wall or ceiling, fixed to cable tray or run 

in a trench in the ground. The cable is terminated in a metal enclosure with a 

specially designed gland.

1.2.4 Electrical circuits in UK residential buildings 

Circuits are either ring-main for socket outlets, or radial circuits for lighting and 

individual electrical equipment or appliances.  

Most socket outlets are run on a ring main circuit using 2.5mm² PVC twin and earth 

cable. The ring circuit is started from a fuse or circuit breaker (rated at 30/32A) 

within the distribution board. The cable is routed to each socket outlet in a ‘daisy 

chain’ method. The cable then returns to the same fuse or circuit breaker forming the 

complete ring. This circuit has a high power capacity compared to other circuit 

designs. The number of sockets outlets allowed to be wired into in a ring circuit is 

unlimited, however but the maximum floor area for this type of circuit is restricted to 

a maximum of 100m² [4].  
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To protect extension cables or electrical appliances that are plugged into the ring 

circuit against overload and short circuit faults, a cartridge fuse is installed in the 

plug. The cartridge fuse size varies from 3A to 13A. The design of ring circuits to 

supply socket outlets originated from the Institution of Electrical Engineers (IEE) 

meetings from 1942 to 1944 where a lot of thought was put into the improving the 

circuit design and safety. It was established at the time that the change to ring circuits 

would save 25% of materials compared to pre-war circuit designs [10]. Figure 5 is a 

wiring diagram of a ring circuit showing the consumer unit and a connected electrical 

appliance. 

Figure 5 - Diagram of a ring circuit used to supply socket outlets. [2] 

Lighting circuits are designed and installed in a radial (single-ended) method. There 

must be at least one separate lighting circuit for each floor in a building. Each circuit 

should not exceed ten light fittings, each with a maximum rating of 100W. The 

circuit is wired generally with 1mm
2
 cable with a current carrying capacity of up to 

11 Amps [4] and is therefore protected using a 5A fuse or 6A circuit breaker. 

Other types of radial single-ended circuits are specified in the current wiring 

regulations [11] and include water heaters (15A or 16A), shower (30-45A) and 

cooker circuits (30-45A). 
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1.3 Protection of electrical circuits 

1.3.1 Introduction to circuit protection 

Electrical circuits are normally protected against faults that include a short circuit 

and an overload; they may also be protected against an earth leakage. 

A short circuit (sometimes referred to as a “short”) is a fault that allows electron flow 

along a different path than from the one intended. The current flow is often very high 

and determined by the maximum prospective short circuit current. The maximum 

prospective short circuit current is the maximum electrical current that can flow in an 

electrical circuit under short circuit fault conditions. This is determined by the supply 

system’s voltage and impedance (impedance, in general, extends the concept of DC 

resistance to AC circuits).

In residential single-phase electrical installations in the UK with a 100A supply, the 

maximum short circuit (fault) current may be up to 16kA (16,000A). In industrial 

buildings with a three-phase 200-630A supply the prospective short circuit fault 

current may be up to 25kA [12]. 

An overload is defined as a circuit carrying more current than its designed use. To 

protect circuits against an overload condition conductors need to be correctly sized 

for the current carrying capacity of the load and a weak link in the form of a 

protection device needs to be inserted into the circuit. 

1.3.2 Fuses 

A fuse has a main component in the form of a metal wire or strip that will melt when 

heated by a pre-determined electric current. It is designed to protect an electrical 

circuit using the heat effect of excessive current flow. This will open the circuit that 

it is protecting.

Older fuses were of the ‘re-wireable’ type and were constructed with a porcelain 

casing. When they were removed from the distribution board the fuse wire or strip 

was exposed and could be replaced. There are still many re-wireable fuses protecting 
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electrical circuits in the UK although it is unusual to find them in modern electrical 

installations.  

Cartridge fuses constructed with a ceramic body are very common in commercial or 

industrial electrical installations and are found in every UK 13 Amp plug, as shown 

in figure 6. Small cartridge fuses constructed with a glass body are also used to 

protect electronic circuits. There are many different types of design that include silica 

sand within the body to quench large arcs created during the rupturing of the fuse and 

a bead soldered onto the fuse wire (known as a Metcalf bead or “M-Bead”) that is 

designed to lower the melting temperature of the fuse wire [13]. An example of a 

cartridge fuse and holder is shown by figure 7. 

Figure 6 – 5 A cartridge fuse from a 

UK plug [14]
Figure 7 – 40 Amp cartridge fuse and holder  

designed for use in a distribution board [15] 

Industrial cartridge fuses have a high fault current breaking capacity and so the 

design prevents them from exploding when operating during short circuit faults of up 

to 25kA. They provide accurate over-current protection, they tend not to degenerate 

with age, and fuse carriers may be designed to only carry a specified fuse. The level 

of over-current is determined by the time-current characteristics of the protection 

device. Figure 8 is a graph produced by a fuse manufacturer to indicate the speed of 

fuse operation at different levels of current flowing through the fuse. 
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Figure 8 – Time current characteristics of 3 different ratings of BS88  

cartridge fuse [16]. 

Some types of fuses are able to carry one and a half of their designed rating for a 

long period of time. The safe current carrying capacity of a PVC insulated cable is 

often twice its specified rating. Contact with wall or roofing insulation will restrict 

the heat loss of the cable in overload conditions accelerating the damage to the cable 

[17, 18]. 

1.3.3 Circuit Breakers 

A circuit breaker is an electro-mechanical device that is designed to automatically 

protect electrical circuits from damage caused by overload or short circuit faults. A 

circuit breaker can be reset to resume normal operation once the fault is rectified. 

Circuit breakers are made in varying sizes, from small devices that protect individual 

circuits in residential buildings up to large switchgear designed to protect high 

voltage circuits that are a part of the National Grid. Miniature Circuit Breakers 

(MCBs) are sized to fit into conventional European distribution boards, other larger 
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circuit breakers are generally fitted into switchgear found in larger industrial 

installations. An example of the different types of miniature circuit breaker that are 

available is detailed in figure 9. Typical time/current curves for miniature circuit 

breakers are detailed in figure 10. 

Figure 9 – Some examples of European miniature circuit breakers [19]. 

Figure 10 – Time / current curves for miniature circuits breakers [20] 

Circuit breakers have many advantages over fuses. They are generally sealed 

tamperproof units, the ‘OFF’ indication is visible, they operate very rapidly in short 

circuit conditions (0.1 seconds for European designed breakers), and they are easy to 

reset after a fault [21].  
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1.4.4 Residual Current Devices 

Residual Current Devices are generally known as an RCD and have been used in the 

UK for the last 50 years. Following the implementation of the 17
th

 edition of the UK 

wiring regulations in July 2008 [4] it became mandatory to install an RCD to protect 

circuit(s) where cables are buried within 50mm of the finished surface of a room 

compartment. RCD’s are also required by the regulations to be installed in certain 

high-risk areas, for example, circuits supplying equipment outside the property.  

An RCD detects a leakage of electrical current to Earth, for example a person 

receiving an electric shock, or a fault within an installation or appliance, and thus 

allowing the current flow to go to Earth. The trip rating or size of an RCD is 

specified in milli-amps (stated on the casing) and this dictates its primary use. The 

most common size of RCD in the UK is 30mA. Figure 11 details a typical RCD 

designed to be installed in a distribution board. 

Figure 11 – Typical RCD found in residential and commercial

electrical installations [19]. 

The main component within an RCD is a core balance transformer. A core balance 

transformer is an iron ring that has several electrical windings wound around it. It 

acts in a similar way to a conventional transformer except that it does not increase or 

decrease the voltage but it does create magnetic fields both in normal operation and 

in fault conditions.

Figure 12 details the circuit diagram of an RCD and it illustrates how the live and 

neutral conductors pass through a core balance transformer from the electrical supply 
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to the load. The core-balance transformer has an additional search coil connected to a 

trip actuator.  

Figure 12 – Circuit diagram of an RCD [19] 

When the circuit is healthy and the main switch closed, current will create a magnetic 

flux in the live and neutral sides of the core-balance transformer. The magnetic flux 

is normally equal and opposite so that the core-balance transformer will be balanced. 

If there is a leakage to earth from either the live or neutral conductor to Earth, the 

imbalance creates a magnetic flux in the core-balance transformer windings and a 

voltage is induced in the search coil. If the voltage in the search coil is sufficient the 

trip actuator will operate.  

The RCD can be tested via a test button that simulates an earth fault by inserting a 

resistor in the circuit. The test circuit is designed to ensure the electro-mechanical 

operation of the RCD and not the time to operate or the accurate size of the trip 

current. It is not uncommon for an old RCD to fail to operate when tested with a 

dedicated meter [19]. 
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1.4 Electrical causes of fire

1.4.1 Introduction 

An electrical ignition source is defined as a fault, damage or malfunction of an 

electrical system that creates unwanted heat to ignite susceptible fuels [22]. It may 

also be as a result of tampering, experimentation or an incendiary device 

construction. An electrical cause of fire is not the mishandling or careless use of an 

electrical heat source such as a heater left next to combustible material or an oil pan 

left on an electric cooker. 

The Institution of Engineering and Technology (IET), previously called the Institute 

of Electrical Engineers (IEE) publishes the “Requirements for Electrical Installations 

BS/EN 7671 (17
th

 edition)” [23] which is the guidance for electrical installations in 

the UK. The document was first published in 1882 titled “Rules and Regulations for 

the Prevention of Fire Risks Arising from Electric Lighting” and illustrates that as far 

back as 1882 the problem of the risk of fire from electrical installations was 

recognised [24]. In the chapter “Objects and Effects” of the current wiring 

regulations [11] fire, as well as electric shock, burns and injury from mechanical 

movement of electrically operated equipment, are defined as the main risks that the 

regulations are designed to protect against.

Since 1882 the IEE (now IET) regulations have been expanded and developed to 

meet the changes and advancements in materials and technology. The early circuit 

protection was very crude compared to modern circuit protection devices (MCBs and 

RCDs). The early wiring and control equipment was also constructed with material 

that was easy to ignite. For example switches and sockets were constructed of timber 

and wiring was constructed with rubber and cloth insulation. Current wiring 

regulations state that wiring and equipment must be fire resistant [11]. All 

connections (recognised in the regulations as the weak points in an electrical circuit) 

must be contained within fire resistant enclosures, for example, thermosetting plastic 

junction boxes etc. and wiring is mainly constructed from PVC insulation that has a 

good inherent resistance to fire spread from small ignition sources. If electrical 
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installations in the UK are constructed in accordance with the regulations, the risk of 

the electrical installation being a cause of a fire is substantially reduced.

There is a large problem internationally with electricity being incorrectly attributed 

as the cause of fires [25-28]. The most recently published fire statistics from the 

Government Department of Local Communities for the UK were for the year 2005 

and this was published in March 2007 [29]. The data shows that there were a total of 

68,500 accidental fires in dwellings and other buildings in 2005. Of these, 16,900 

were listed as being of electrical origin, (5,500 fires originating within the electrical 

distribution system and 11,400 in other electrical appliances). This accounts for 

24.67% of the accidental fires in buildings. The data also covers the same categories 

for each year from 1995 and the percentage of electrical origin fires in UK buildings 

is similar for each year over the last decade. 

Experience of the author within the London Fire Brigade suggest that the fire officers 

in attendance at a fire scene rapidly determine that a fire is of electrical origin if there 

are any electrical appliances present in the fire damaged compartment. This initial 

suggested electrical cause for the fire is frequently found to be incorrect. This data is 

used to compile the national fire statistics. Several scientists and engineers in the 

literature have addressed this problem. Butler and Orr analysed the 1987 UK fire 

statistics and published a paper in 1993 which concluded that electrical heat sources 

such as cookers were being categorised as electrical causes of fire incorrectly. Of the 

38,077 electrical origin fires reported in 1987 some 18,591 were cooking related fires 

where the cooker was in fact  the heat source that ignited food [27].

Twibell reported that approximately 25% of all accidental fires over a 5 year period 

determined by the Fire Service were recorded as ‘electrical’ in origin [20]. He 

undertook a survey of fatal fire examinations conducted by the Forensic Science 

Service laboratory in Huntington, Cambridgeshire over a 5 year period from 1990 to 

1994. Electrical cause of fire accounted for only 6% of the fires examined by the 

laboratory scientists [28]. This is a significant contrast from the national fire 

statistics.
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Beland [26, 30-34] and Ettling [35-37] in North America have also come to similar 

findings. The main point they make is that fire officers in the UK and US complete 

reports that include the cause of the fire. In the UK it is listed on the Fire Damage 

Report – FDR1 [38] as the ‘supposed cause of fire’. There is an ongoing problem 

with a lack of fire investigation training for these Fire Service officers completing the 

FDR1 forms unless they are assigned the role as a fire investigator either full or part-

time [39].  

In the US the national fire statistics affected the National Electrical Code [40]. In 

2002 the code was amended to make it mandatory to install Arc Fault Circuit 

Interrupters (AFCI’s) [41] to circuits supplying socket outlets in bedrooms. This was 

because the fire statistics revealed that the main cause of fires in bedrooms in the US 

were faults in the electrical wiring. AFCI’s are not available in the UK and enquiries 

made with the IEE [42] suggest that there are no plans for them to be introduced in 

the UK in the near future.  

1.4.2 Scene examination – initial considerations 

Investigators that suspect an electrical origin fire must establish that the building’s 

electrical installation was energised at the time of the fire. There must be evidence of 

a potential electrical fault that is capable of igniting the initial fuel package. The 

remains of wiring, and if applicable, the electrical appliance(s) capable of generating 

sufficient heat need to be located at the fire’s area of origin.

An electrical expert may be used to undertake a detailed electrical examination of the 

wiring and equipment at the fire scene. It should not be carried out in isolation and a 

full fire scene examination and excavation also needs to be undertaken, as the 

electrical examination results need to be considered in context with all of the other 

fire scene data to ensure that the electrical evidence is not misinterpreted.  
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1.4.3 Categories of electrical causes of fire 

In general an electrical fault is the unintended flow of electrical current within an 

electrical circuit or to Earth thus completing the electrical path through another route. 

The recognised electrical faults that have the potential to be an ignition source are: 

A short circuit. 

A current overload. 

A voltage overload. 

Resistance heating. 

An arc (including in-line arcing). 

Carbon tracking. 

1.4.4 A short circuit

When a short circuit occurs in the wiring of a domestic or commercial electrical 

installation it is generally a highly energetic event. It occurs when a live conductor 

comes into contact with the neutral conductor or either an earthed conductor or an 

earthed conductive component. In the case of a three-phase installation, a short 

circuit will also occur if two of the phase (live) conductors contact each other.  

When a short circuit occurs in a correctly designed electrical installation there will be 

an immediate rise of electrical current to a high value. This will result in a rapid rise 

in temperature if the fault is not de-energised very quickly.  Circumstances that limit 

the amount of electrical current that will flow in the circuit in a short circuit 

condition are the size of the supply transformer (sub-station), the impedance of the 

circuit from the point of the fault back to that supply transformer, and the resistance 

at the point of the short circuit. In the case of a short circuit between a live conductor 

and either an earthing conductor or an earthed conductive component this is known 

as the “earth fault loop impedance”. The variables that limit the time a short circuit 

has the capacity to generate heat are the rating and type of circuit protective devices 

that have been used in the circuit. The time-current characteristics of the protective 

device influence the time it takes for the protective device to detect a short circuit 

and to operate (breaking the flow of current).
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A common misconception is that the size/rating (i.e. Amperage) of the protective 

device will limit the amount of current that will flow in a short circuit condition. If a 

fault occurs in a circuit the maximum current capable of flowing in that circuit is 

only limited by the resistance of the wiring from the electricity supplier sub-station 

transformer to the fault. This high fault current will flow throughout the entire circuit 

until a circuit protection device detects the fault and operates, opening the circuit. 

Figure 13 details the circuit diagram of a sub-station supply transformer to a final 

circuit in a property.

Figure 13 – A circuit detailing the electricity supplier’s (sub-station) transformer to a 

point in a final circuit with a short circuit fault. 

The supply transformer’s output capacity is 2,500A. The calculation illustrated in 

equation 4 below assumes a negligible resistance at the point of the fault (where live 

and neutral conductors are in contact with each other). The total resistance in the 

circuit from the fault to the transformer secondary winding is 0.85  and the voltage 

is 240V. 



22

I = V 

     R

Equation 4

I = 240 

     0.85 

I = 282.35 Amps 

This fault current of 282A will therefore flow in the wiring until the circuit breaker 

operates and de-energises the circuit. The fault current is just over 10 times the 

maximum rating for the final circuit cable which is a maximum of 27A for 2.5mm
2

twin and earth PVC insulated cable at 60 degrees C [11]. If the fault is not cleared 

quickly, there will be a very rapid increase in temperature in the cable. A correctly 

operating circuit breaker would be expected to operate within 0.1 seconds although 

the fault current is very high, the length of time that it flows in the circuit is very 

short, therefore the heating effect in the cable will be minimal.  

In a correctly designed circuit, with a low earth fault loop impedance a short circuit 

should result in the rapid operation of the protective device.  If the protective device 

is a fuse the element wire within the fuse will melt within approximately 0.2 – 0.4 of 

a second. The fuse wire element will generally vaporise and turn into small globules 

of metal within the fuse. Visual examination of a re-wireable fuse is generally 

sufficient to observe the globules. If a cartridge fuse is subjected to an x-ray 

examination following the fire, the presence of the globules on the x-ray image will 

indicate a fuse which has operated as a result of a short circuit fault. Twibell [13] 

undertook a series of tests creating faults in circuits protected by cartridge fuses 

followed by x-ray analysis. He published the reliability of this physical evidence in 

fuses that is created by short circuit faults. Figure 14 is an example of fuse x-rays 

with overloading and short circuit faults affecting the fuses. 
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Figure 14 – overload and short circuit evidence revealed with x-ray images [13]. 

Short circuits are generally caused by a breakdown of electrical insulation (UV light, 

chemical action), mechanical damage (tools, rodents, abrasion), or thermal effects 

(contact with hot surfaces etc.). 

The most common cause of post-fire short circuit damage that the fire investigator is 

likely to observe is the damage of the wiring insulation due to flame impingement on 

the cable allowing the energised conductors to touch each other. It is important for 

the fire investigator to understand this as evidence of a short circuit post-fire is not 

evidence that a short circuit was the cause of the fire. 

1.4.5 An overload of current

An overload of current occurs when excessive current is flowing in a circuit for a 

given conductor size. The resistance of the conductor generates excessive heat in this 

condition. Fuses and circuit breakers are circuit protection devices that are designed 

to react and operate when a circuit suffers from an overcurrent fault.   

An overload of current is often caused by connecting too many appliances or pieces 

of equipment to a circuit.  Unless there is substantial structural collapse of a building 

it is generally possible to establish what was connected to a circuit at the time of a 

fire. By calculating the current ratings of the appliances it is possible to determine the 
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total current flowing in the circuit. For example, houses converted into a large 

number of bed-sits may experience overloaded circuits where the electrical 

installation is not upgraded. Following a number of circuit protection device 

operations, the by-passing of the protection device with a section of conductor, nail 

etc. may result in the chronic overloading of a circuit.

Physical evidence of an overloaded circuit will be the internal heating effects of the 

conductor damaging the insulation material. Cooke and Ide [43] documented a 

“sleeving” of the insulation where the internal heating of the conductor shrinks the 

plastic insulation away from it creating a loose fit. Ettling [35] in 1980 reported that 

during his experiments of overloading cables he observed that the PVC insulation 

softens and sags away from the conductors, but in contrast PVC insulation that is 

heated up from the outside due to a fire will char and burn and will often stay in 

contact with the conductors. Ettling appeared to be observing similar sleeving effects 

during his research abeit described it in a different way.

Experiments and demonstrations of gross overloading of conductors undertaken by 

the author on a number of occasions have frequently shown the sagging away and 

softening of the PVC insulation [44]. If the overloading of the cable is continued then 

it begins to char, blister and produce volatile gaseous products where it is in contact 

or close to the overloaded conductors as shown in figure 15. The physical evidence 

described will affect the entire circuit from the point of the fault to the distribution 

board. The identification of the circuit and a careful examination following the route 

of the cable from the area of the fire back to the distribution board, should reveal the 

consistent overloading damage to the cable in areas that have not been affected by 

the fire (for example, within floors, walls, separate compartments, and service 

cupboards). Figures 15 and 16 are photographs of overloading damage to conductors 

created during demonstrations. 
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Figure 15 – Current overloaded 

PVC insulated cable [45]. 

Figure 16 – Overloaded drum of cable with 

two heaters connected to the circuit [45]. 

Coiled cable can also accelerate the overloading effect. If an extension cable is left 

rolled on to a drum used to transport it, the build-up of heat from current that would 

normally be within the capacity of the cable (if unwound from the drum) can 

overload the cable and damage it to the point of ignition of the insulation. Figure 16 

is a demonstration of this effect with a drum of rubber insulated cable supplying a 

load of two electric heaters.

1.4.6   A voltage overload

A voltage overload is an excessive voltage that is applied to a circuit. This has the 

potential to damage electrical equipment and appliances connected to the affected 

circuits and to increase temperature of the conductors. A natural and extreme form of 

voltage overload is lightning where there may be thousands of volts affecting circuits 

in the path of the lightning strike. 

Another cause of a voltage overload is a “lost neutral”, also known as a “floating 

neutral”, in a three-phase system electrical installation. In the UK the voltage in a 

three-phase system between the phases is 400 or 415 Volts. The voltage between a 
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single phase and either neutral or earth is 230 volts. Due to the configuration of the 

sub-station supply transformers, if the neutral is disconnected at either the intake of a 

three-phase distribution board or at the sub-station transformer, the voltage will rise 

on one phase and drop on the other two phases. The effect of this is an increase from 

the normal 230 volts up to 400 volts on one phase. This additional voltage can 

seriously affect electrical components such as capacitors and cause them to ignite.  

Other electrical items such as transformer windings can overheat as a result of the 

increased voltage. Conventional circuit protection devices such as fuses and circuit 

breakers are not able to detect voltage overload faults as they only react to excessive 

current flowing in the circuit that they are protecting.

1.4.7 Resistance heating

The weak link in any electrical circuit is the connections of the conductors and 

associated equipment in the circuit. Electrical installation design dictates that the 

minimum resistance within a circuit is achieved to make it as efficient and reliable as 

possible [21]. A circuit may expect to contain connections between lengths of cable 

and connections with equipment such as switches, sockets, appliances, etc.  A good 

connection or joint is essential to ensure reliability and to minimise the potential for a 

localised build up of heat at the connection. Figure 17 details the resistance heating at 

a nylon plastic terminal connector in progress. 

Figure 17 – Resistance heating of a terminal connection [45]. 
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Connections can be affected by movement or vibration, worn push connections, 

insecure connections and corrosion (or oxidation) between the components of the 

connection. Figures 18 details localised overheating on a printed circuit board and 

figure 19 details a poor solder connection on a circuit board.

Figure 18 – Example of a dry solder joint 

with localised overheating to the printed 

circuit board [46]. 

Figure 19 – The solder is dull in 

colour indicating a dry brittle solder 

connection [47]. 

In the case of soldered connections dry joints can occur if the original soldering 

operation was not completed correctly. This can occur if the connection is moved 

while the solder was still a liquid or if the connection was cooled to quickly. Other 

causes of dry joints are insufficient solder being applied to the connection or a lack 

of resin flux due to prolonged heating at the connection using the soldering iron. 

Localised heat can build up in the areas of poor connection and these are termed 

“resistance heating” or “glowing connections” [48-51]. This has been researched in 

the US by Meese [49, 52] who reported on a substantial amount of experimental 

research work between 1975 and 1977 relating to the problems of electrical 

connections in residential wiring systems. A recent research and development report 

published by the Norwegian Fire Research Laboratory details the problem that exists 

in Norway where resistance heating was noted as a main electrical cause of fire [53]. 

The report suggests that some 70 residential fires annually are due to resistance 

heating faults within electrical socket outlets [54]. This corroborates the author’s 

experience of undertaking electrical examinations at fire scenes and diagnosing faults 
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in electrical installations. In general it is the enclosure of the connection and the fuel 

package of combustible material which dictates whether or not resistance heating at a 

connection will lead to a fire. 

1.4.8 An arc (including in-line arcing)

The definition of arcing is the electron flow across a gap and was discovered by Sir 

Humphrey Davy [55] in 1812 when he connected 2,000 liquid cells together at the 

Royal Institution. During experimental work when he pulled apart two electrodes 

with carbon tips which were connected to the cells a sustained arc was created. 

Arcing and the arcing phenomena are described in more detail in section 1.5. 

Below 375V [56, 57], the arc created by shorting electrical wires together lasts only 

8 ms (0.008 second) and generates a limited amount of heat energy, therefore making 

it a poor ignition source for most combustible materials [31, 58]. Arcs created in the 

230 volt electrical system found in residences and commercial buildings are also 

poor sources of ignition [44]. Figure 20 shows an arc being created by the short 

circuit between live and neutral conductors at 240 volts. 

Figure 20 – The author demonstrating an arc [59]. 

With respect to an electrical fault, arcs often result from a short circuit. This may 

occur as the conductors approach each other before the short takes place (although 

below 350V AC, an arc will not jump an air gap greater than 0.5 x 10
-4

 mm in 



29

normal air [57]), or as the conductors move apart immediately after the short circuit 

event. The 50 Hz AC cycle means that after a maximum of 0.04 second the applied 

voltage passes through zero at which point the arc is quenched. 

Evidence of arcing is often visible at a fire scene without magnification, though in 

some cases magnification is required. This evidence is in the form of localised 

melting of the conductors. This often results in various metallic melting patterns that 

may include one or more of the following: the welding of the conductors together, 

beading, notching or severing of the conductors. There may also be a spatter of 

molten or even vaporised metal immediately around the area of the arcing; this may 

affect adjacent conductors or the surfaces of other items close by [30, 36, 60, 61]. 

Figures 21 – 23 are microscopic images (x6.4 – x50 magnification), that are 

examples of arcing damage to electrical conductors at fire scenes. 

Figure 21 – Conductors 

welded together at 20x 

magnification. 

Figure 22 – Bead and 

notch on a conductor at 

20x magnification 

Figure 23 – A severed 

conductor at 20x 

magnification. 

Arcing can occur in a circuit “in-line”. This means that the arcing fault is occurring 

in series in a circuit, for example, where a conductor is broken and the current flow is 

starting and stopping at the break in the circuit due to mechanical movement or 

vibration. When in-line arcing occurs, the current flow in the circuit is slightly 

reduced and so the conventional over current circuit protection device will not 

operate [25].
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1.4.9   Carbon Tracking 

It is possible for arcing to occur across a carbonised conductive path and this is 

termed “carbon tracking” or “arcing through char”. Two methods exist for the 

creation of a carbonised path: a high voltage or the effects of contaminated moisture 

[25]. Contaminated moisture is a particular problem with cables using polymeric 

insulation and PVC insulation [62-64]. In 1978 Noto and Kawamura [63] described 

the tracking and ignition phenomena of PVC insulated cables used in the wiring of 

buildings. Figure 24 shows carbon tracking in its early development, the timber 

substrate ignited and a cross-section of the damaged timber substrate. 

Figure 24 – demonstration of arcing through char [65]. 

Evidence of carbon tracking at a scene is very difficult to identify unless the fire is 

suppressed shortly after its ignition. The reason for this is that evidence of the 

carbonised pathway becomes destroyed during the early stages of the fire’s 

development. 

1.4.10    Examination of the electrical system in detail

The systematic and thorough examination of the electrical installation [66] is needed 

to either confirm or eliminate an electrical cause of fire. 

It is good practice to work from the electrical intake in the building towards the area 

of the fire when carrying out an electrical examination. NFPA 921 [67] gives some 

guidelines that are useful to the investigator relating to this examination.  

It is essential before commencing an electrical examination that the electrical supply 

has been de-energised. It is recommended that electrical test equipment is used to 

ensure that the supply is isolated [68].
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The examination needs to cover the type and operation of circuit protection devices 

and the distribution board(s). It also needs to cover the thorough documentation of 

the electrical circuits in the building establishing the wiring’s routes, connection 

points, and the equipment or appliances that they are supplying. All points and types 

of electrical faults need to be identified and documented. Fire investigators often 

ignore the electrical examination of a fire scene especially if the cause of the fire is 

considered to be deliberate [69]. Frequently the defence of a person accused of arson 

will cite the potential of an electrical cause of fire [70]. The electrical system is 

potentially able to provide useful data that can be used to confirm or refute a fire’s 

area of origin and it is the validation of this potential that this research work is aimed 

at.

1.5 Arcing phenomena and the history of arcing 

1.5.1 The history of arcing

Sir Humphrey Davy undertook a substantial amount of early research into electricity. 

A lot of this scientific research was termed “chemical philosophy” in the early 19th 

century and an example of this early work associated with static electricity was 

detailed in the publication the Elements of Chemical Philosophy [55] in the section 

titled “Of electrical attraction and repulsion, and their relations to chemical changes” 

where he wrote: 

“1. If a piece of dry silk be briskly rubbed against a warm plate of polished flint 

glass, it will be found to have acquired the property of adhering to it, which it will 

retain for several seconds…. “ 

Davy is acknowledged as the person to discover arcing. A large amount of his 

research was published in 1840 in a series of volumes [71]. A description of his 

discovery of arcing in 1812 explains how 2,000 wet chemical cells were connected 

together to provide enough power for sustained arcing between two electrodes to 
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occur. Figure 25 is a reproduction of a diagram of some of the equipment used in this 

experiment in 1812. 

Figure 25 – A reproduced diagram of one of Davy’s wet chemical cells “A porcelain 

trough with plates of zinc and copper that are removable to form cells” [72]. 

Davy describes the experiments as follows: 

 “The most powerful combination that exists in which number of alternatives is 

combined with extent of surface, is that constructed by the subscription of a few 

zealous culminators and patrons of science, in the laboratory of the Royal 

Institution. It consists of two hundred instruments, connected together in regular 

order, each compound of a few double plates arranged in cells of porcelain, and 

containing in each plate 32 square inches, so that the whole number of double plates 

is 2,000 and the whole surface is 128,000 square inches.

This battery when the cells were filled with 60 parts of water with one part of Nitric 

acid and one part of Sulphuric acid, afforded a series of brilliant and impressive 

effects. When pieces of charcoal about an inch long and one-sixth of an inch in 

diameter, were brought near each other (within the 13
th

 or 14
th

 part of an inch), a 

bright spark was produced, and more than half the volume of the charcoal became 

ignited to the whiteness and by withdrawing the points from each other a constant 

discharge took place through the heated air, in a space equal to at least four inches, 
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producing a most brilliant ascending arch of light, broad, and conical in form in the 

middle”.

Davy discovered that a piece of carbon at the end of the electrode enhanced the effect 

and duration of the arc. Figure 26 is a reproduction of the diagram of this experiment 

in Davy’s work. The “arch of light” was later renamed by Davy as an electric arc. 

Much research work was undertaken by many 19
th

 century scientists and engineers to 

enhance this arcing effect in order to use it as a reliable light source.

Figure 26 – A reproduced diagram of the “arch of light” observed

by Davy when the cells were connected [73]. 

Hertha Ayrton [74-77] undertook a considerable body of research on arcing at the 

end of the 19
th

 Century and she devised a way of encapsulating the electrodes of an 

arc lamp in an inert gas to prevent the “hissing” sound of the arcing. The elimination 

of the sound also increased the reliability of the arc lamp and considerably increased 

the lamp life. Ayrton presented a paper on her research minimising the problem of 

the hissing of the arc lamp to the Institution of Electrical Engineers in 1899 [77]. In 

their publication, (Electrical Review), the paper was described as “of very great 

interest and novelty, and marks a decided step toward the solution of a long-standing 

difficult and important problem”. 
1

1 Three months later in a historic move she was elected as the first female member of the Institution. It 

was almost 30 years before another woman became a member of the Institution and Ayrton’s election 

was a significant recognition of her contribution to the field. 

Arch of light                           Carbon 



34

All of Ayrton’s work on arcing was published in 1902 [74] and became the standard 

reference work on the subject. Ayrton was referenced by Windred [57] in 1940 in his 

book on ‘Electrical Contacts’ and its description of the reduction of damage to 

switchgear as a result of arcing. 

Maier, Hepworth and Zeilder [78-80] continued the work into the construction of arc 

lamps with additional developments and design recommendations for the 

manufacturers of these lamps which revolutionised the artificial illumination of 

commercial and domestic properties as well as streets towards the end of the 19
th

century. In the 20
th

 century research has continued with the improvement of 

electrical lighting and low energy fluorescent, sodium (SON), high pressure mercury 

(HQL) and Metal Halide (HQI) discharge lamps that are all associated with the arc 

have undergone significant developments in the last 30 years [21].

It is interesting to note that the latest generation of lighting is now moving away from 

the electric arc with the introduction and rapidly developing use of Light Emitting 

Diodes (LEDs) technology for lighting in buildings. LED lamps have the advantage 

of a very high lumen (light output) per watt and also run with a negligible 

temperature loss. 

1.5.2 Arcing phenomena

Arcing is a type of continuous electric discharge (electron flow) between two 

electrodes in a gas at low pressure or in open air, emitting intense light and heat. The 

discharge is carried largely by electrons travelling from the negative to the positive 

electrode, but also in part by positive ions travelling in the opposite direction. The 

impact of the ions produces great heat in the electrodes and in an arc in air at normal 

pressure, the arc centre reaches a temperature of around 10,000K (9726° C) [81]. The 

temperature of the electrodes is limited by the boiling temperature of the electrode 

material, for copper this is 2562° C [82, 83]. 

The conductivity or dielectric strength of air is 1.4kV/mm [84] however the electrical 

breakdown across an air gap can occur at lower values if the air is ionised by either a 
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previous arc or by flames [25]. Arcing events in electrical distribution equipment can 

escalate rapidly following the initial arc fault and cause the total destruction of 

electrical distribution switchgear and services. The modelling and prevention of these 

arcing events have been researched by various engineers [85-89]. Gammon and 

Mathews [86, 87, 90] have published a number of papers describing the development 

mathematical models to predict the arc currents that were first described in 1960 by 

Kaufman and Page [91]. The purpose of modelling arc faults that may occur in 

electrical distribution equipment is to improve the detection and isolation of the 

circuit involved to reduce or even to prevent permanent damage to the wiring and 

equipment.  

1.6 Arc characteristics and metallurgy 

1.6.1 Introduction to copper metal

Copper metal is frequently used as an electrical conductor as it has a higher inherent 

conductivity of electricity and heat than any other material, with the exception of 

silver [92]. Alexander and Street [93] describe how the pure copper metal is very 

ductile and can be rolled into strips that are under 0.25mm thick or drawn into wires 

that are less than 0.02mm in diameter. It can be pressed or spun into various shapes 

without cracking. It is possible to alloy copper with other metals but this generally 

affects its electrical conductivity. For example the addition of 10% aluminium 

doubles the copper’s physical strength but reduces the electrical conductivity to 

approximately one sixth [93]. 

A continuous casting and rolling process currently produces virtually all copper rod 

that is used to make electrical wiring [93]. This process enables a segregation of 

impurities, reduction of copper oxide particles on the surface, and the elimination of 

welded connections that connected sections of copper metal (essential for production 

prior to the 1960’s). 

Oxygen is added to copper in the production process to scavenge for dissolved 

hydrogen and sulphur. If the oxygen content is kept under control, microscopic 

bubbles form that offset the normal shrinkage of 4% in volume during the liquid to 
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solid transformation. The pores are then generally eliminated during the hot rolling 

process.

In a paper for the Copper Development Association, Pops [94] described the 

electrical nature of copper used in the electrical industry. He explains that it exhibits 

high conductivity as its conducting electrons show relatively little resistance to 

movement under an electric field. Copper’s outermost electrons have an atomic 

spacing (mean free path) of 100 between collisions. The electrical resistivity is 

inversely related to this mean free path and thus is very low. The spacing between 

copper atoms is about 2.3 x 10
-10

 m (0.23 nm) [95]. 

1.6.2 The effects of arcing damage to the copper metal 

Copper wire is a polycrystalline structure [60] (many crystals bonded together). The 

crystals are known as grains and they are elongated in shape by the manufacturing 

process of drawing the wire. If a structure contains only the elongated copper grains 

this is an indication that it is a high purity copper.

Levinson [60] described how the grain structure in copper changes when copper wire 

melts. The original elongated structure is replaced by a dendritic (tree-like) structure.  

He explaind that the presence of copper oxide in the spaces between the copper 

dendrites indicates that oxygen was absorbed by the molten copper. A small amount 

of porosity in the copper may also be present. Levinson’s paper indicates that in the 

location of an electrical arcing event affecting the copper wire grain structure, copper 

oxide should be present in the area of localised melting found during the arcing 

event.

Levinson [60] and Gray [96] both report a porosity effect of “hollows” or “swiss 

cheese” effect on the surface of localised copper wire melting due to arcing 

occurrences. Levinson suggested that this effect would be found if the wire was 

melted by the fire, the resistance effect of a gross over-current or by arcing. He 

explains this porosity as a result of partial entrapment of gas pockets liberated from 

the copper wire. Gray also observed this effect on some of his test samples that 



37

consisted of 5A rated two-conductor flexible copper cable when examined with a 

Scanning Electron Microscope (SEM). 

Typical melting effects from conductors that have arcing damage are shown in 

figures 27 to 36. These magnified photographs taken through a microscope are of 

conductor damage from the practical experiments of this research project. 

Figure 27 – Two conductors welded 

together.

Figure 28 – Severed conductor with a 

bead on one end and a notch at the other 

conductor end. 

Figure 29 – Arcing between two 

conductors. One severed with beading at 

each end. The other conductor is 

notched.

Figure 30 – All three conductors of this 

cable are affected. The arcing has 

occurred at a fixing screw. All are 

notched with beading on the notch 

edges.
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Figure 31 – A severed conductor with a 

“bull-nose” bead. The demarcation 

between melted and unmelted conductor 

is visible. 

Figure 32 – A bead within a notch on the 

conductor. The demarcation between 

melted and unmelted conductor metal is 

visible.

Figure 33 – Gross beading affecting all 

three conductors of this cable. The 

conductors are also welded together. 

Figure 34 – A raised bead on a 

conductor that is visible at the fire scene 

without magnification. 

Figure 35 – Arcing through char 

affecting two conductors over a length 

of 14mm. The scale in the image is in 

mm.

Figure 36 – A close-up of a section of 

figure 35 showing the arcing through 

carbonised cable insulation in more 

detail.
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1.7 How arcing can assist the fire scene investigator 

1.7.1 Introduction to the methodology of arc mapping

The arcing damage to electrical conductors that is often found at a post-fire scene 

where the electrical installation was energised during the early development of the 

fire can be useful to the investigation as it can provide reliable data to establish a 

fire’s area of origin [97]. This data can be vital when the fire in a compartment(s) has 

reached flashover conditions whereby the conventional burn patterns that fire 

investigators often rely on have been overwritten by the flashover and ventilation 

effect patterns. 

The melting temperature of pure copper is 1084º C [98] and commercially available 

electrical conductors are generally 99.999% copper [92]. Compartment fire 

temperatures vary depending upon the fuel packages and the ventilation that are 

available in the fire. Tests have shown that these compartment fire temperatures do 

not often exceed 900º C at ceiling level [99-102].

As the fires in the compartment interact with the energised cables, the fire burns 

through the cable and electron flow occurs between the conductors due to either the 

conductors coming into contact with each other, or through the carbonised plastic 

cable insulation that has become conductive due to the effects of the heat. When 

electron flow is established between the energised conductors an arcing event often 

takes place. The localised melting of copper conductors during an arcing event 

survives the fire and may be observed by an investigator who undertakes a careful 

examination of the electrical installation during the fire investigation process. 

The majority of arcing damage observed at a fire scene is as a result of the fire rather 

than the cause of the fire. The arcing damage to electrical conductors can provide 

important information about the location of the origin and the sequence of the fire's 

spread. A comparison of the position of the metallic damage to conductors with the 

layout of the electrical system can help to establish the area where the fire first 

attacked the energised electrical installation. This is achieved by locating the points 
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of arcing damage on a cable that is furthest away from the source of the electricity 

(distribution board); this indicates the point of the first attack by fire on that circuit. 

Multiple cables can be used to locate the area of origin of a fire in a compartment by 

detailing the arcing locations on the cables on to a diagram of the electrical system in 

that compartment. This was first used by Svare in the late 1970’s [103], and the 

methodology was first published by Deplace and Vos in 1983 [97].  

A more detailed description of the scene examination process was described by 

Rothchild in 1986 [104]. Svare detailed the use of this methodology whilst 

presenting at a conference in China in 1988 [105], in course handouts for the Federal 

Bureau of Alcohol Tobacco and Firearms in 1998 [61], and in the UK for the first 

time in 1999 [106]. Compartment fire tests undertaken in the US using UK wiring by 

the author and Svare in 1999 [107, 108] showed that this methodology could be 

applied successfully to UK wiring and circuit protection devices. More recently 

others have published this methodology [100, 109-112] and some additional 

compartment fire tests have been undertaken in the US using fixed electrical wiring, 

extension cables, and appliance cables [100, 101]. 

1.7.2 Arc mapping as part of a scene examination

The majority of fire scenes generally encountered are those in which arc mapping 

can be applied. They will often include domestic properties, retail units, industrial 

buildings, and factories. The fixed electrical installations, extension flexible cables, 

and electrical appliance flexible cables should all be examined closely where they 

have interacted with the fire. Each circuit needs to be identified and traced from the 

electrical distribution board(s) housing the circuit protection devices for each of the 

circuits involved in the fire. A diagram of the electrical circuits should be overlaid on 

to the plan of the compartment(s) involved in the building. 

A careful and methodical examination of the conductors will often identify arcing 

damage where the fire first attacked the wiring insulation. Disposable gloves over 

hands are normally what are required to feel the beads, notches, welded points etc. 

that suggests evidence of an arcing event. Care needs to be taken not to misidentify 
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other conductor damage in the form of alloying (eutectic melting), thermal damage, 

or mechanical damage that may appear to be electrical arcing damage [102, 108]. 

Churchward’s [113] description of the conductor examination is a detailed and 

accurate explanation of the care that is needed to achieve this type of electrical 

examination at a fire scene.  

1.8 Arcing - the cause or a consequence of a fire

A considerable amount of research work has been published explaining various 

analytical techniques that have been applied to conductor exhibits recovered from 

fire scenes [118 – 125]. The purpose of this was to determine whether the arcing 

damage was the cause of the fire or a consequence of the fire externally attacking the 

electrical wiring during the fire’s development and spread. The general rationale for 

this research is in the importance that a successful analytical technique would have 

on some fire investigation cases. For example, millions of UK pounds and US dollars 

in fire loss claims against liable insurance companies, manufacturers, or contractors 

could be recovered if it can be proved that arcing damage found during a scene 

examination was the cause of a fire. 

Two comprehensive reviews have been undertaken to date examining the literature 

relating to the application and development of analytical techniques to determine if 

arcing damage found on electrical conductors during fire scene examinations is the 

cause or the consequence of the fire. In 1993 Jonson [114] from Sweden reviewed 

the published material for the previous 15 years that detailed the methods used to 

examine fire damaged electrical conductors. These methods included optical 

microscopy, Raman spectroscopy, scanning electron microscopy, energy dispersive 

X-ray analysis, and Auger electron spectroscopy.

In 2003 Babrauskas [82] [115] published a very comprehensive review of the 

literature published to date on ‘cause’ or ‘consequence’ arcing beads by physical or 

chemical testing. He reviewed all of the published research work that had been 
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carried out by scientists and engineers in the US, UK, India, and Japan to reliably 

categorise arcing beads found at fire scenes. Babrauskas also correlated the six 

different methods that the researchers had established as reliable indicators: 

“1. ‘Cause’ beads have square or rectangular pock marks, while ‘victim’ 

beads lack these structures. 

2. Victim’ beads show small surface-deposited particles, while ‘cause’ 

beads do not have these. 

3. ‘Cause’ beads have small voids, while ‘victim’ beads have large ones; 

4. The number of voids or their total cross-sectional area is different in 

‘cause’ beads than in ‘victim’ beads. 

5. ‘Cause’ beads have a small dendrite-arm spacing, while ‘victim’ beads 

have a large spacing. 

6. Based on examining long segments of wire and not just beads, if long 

segments are uniformly re-crystallized, the wire suffered gross electrical 

overheating; this does not directly establish cause/victim status, but may 

be of help in assessing the sequence of events that transpired.” 

The abilities and usefulness of Raman spectroscopy and Auger electron spectroscopy 

for this analysis  was questioned by Babrauskas [82]. The use of Raman 

spectroscopy to analyse the crystal structure the carbon residue of PVC insulation 

was published by Lee et al in 2002 [116]. The “cause” beads contain both graphitized 

carbon and amorphous carbon while the “consequence” beads (due to fire attack) 

only contain amorphous carbon. Babrauskas [115] thought that it was not clear how 

the carbon migrates into the copper metal as the reported work stated that the 

temperatures are only 110-250 C when the PVC insulation is being charred. In 

addition, there was a low probability (27-60%) of successfully identifying a cause 

bead with this method. The conclusion of Babrauskas’ review was that he thought 

that it was unlikely that any of the six methods that he reviewed could be developed 

in the future to become robust and reliable for this purpose [82]. 
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The Auger electron spectroscopy analytical method is used to detect the oxygen 

content on the conductor surface. This methodology suggests that if the oxygen level 

is high the arc was created pre-fire, whereas if the oxygen level was low, the arc was 

created during the fire when the fire is consuming oxygen during the combustion 

chemical reaction. The Auger electron spectroscopy analytical method to establish 

the content of oxygen of the surface of a conductor was patented in the US in 1980 

[117] and published by Anderson [118]. This analytical method was seen as a 

significant breakthrough as an analytical method to determine if an arc bead was the 

cause of a fire or the consequence of a fire. Anderson used this method for a number 

of significant fire cases and gave evidence in court relating to his analysis of arc 

beads using Auger electron spectroscopy.

The use of Auger electron spectroscopy was brought into doubt by Howitt [119] as 

he was unable to reproduce it with his own exhibits of known origin. In 2004 Beland 

[120] published a blind test that was undertaken in association with Anderson where 

Beland created arcing damage to conductors in his laboratory that were either a cause 

or generated as a result of a fire. The resultant conductor exhibits were sent via a 

third party to be encoded prior to analysis. Anderson used auger electron 

spectroscopic analysis that he had been using for case work to establish whether the 

damage was a cause or victim. The results indicated a 40% success rate for correct 

interpretation of the samples. The results of Beland’s blind test appear to 

substantially undermine the reliability of this analytical method. 

In 2005 Beland [121] described the problems of investigators who claimed that their 

field experience, relating to the electrical causes and consequences of fires, should 

not be challenged even if their theories contradict physical evidence. He evaluated 

the different types of conductor damage characteristics and concluded that generally 

the damage to electrical conductors, devices, and installations that are often 

recovered from fire scenes are the normal consequential effects of external attack by 

fire. He also concluded that there is not a way currently to determine whether that 

type of evidence is the cause or consequence of a fire with a reasonable degree of 

scientific certainty. 
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1.9  Summary of literature review 

The literature review undertaken in this chapter covers a number of separate subjects 

relating to the electrical causes of fires, arcing phenomena, the history of arcing, the 

arcing effects of copper and its metallurgy, and whether arc mapping can assist a fire 

investigator.  

The discovery of arcing goes back to the infancy of electrical engineering. The 

published literature explains a lot of the physical characteristics of arcing following 

the research by scientists and engineers in laboratories. Beland [26, 30-34, 120-134] 

has published a significant number of papers on electrical causes of fire and the 

problems with fire investigators readily blaming electrical installations and 

equipment as the cause of fires, due the incidence of arcing damage often being 

easily observed during fire scene examinations. Babrauskas [25, 82, 115, 135] has 

undertaken very detailed reviews of published work on electrical causes of fire and 

arcing damage to conductors and concluded that there is a very limited amount of 

previous research work relating to electrical causes of fire (outside of Japan). This 

would seem to be surprising considering the amount of fires with their inevitable 

financial losses that are determined as electrical in origin. 

A considerable amount of research has been undertaken in the last 30 years on 

establishing whether physical or chemical analysis of arcing damage to electrical 

conductors can be used to establish whether the evidence subjected to analysis is the 

cause or the consequence of a fire. Independent testing of known arcing damage to 

conductors has established that there is not currently a scientifically reliable method 

to answer this question and it appears that a reliable analytical method for 

determining the cause or consequence is not predicted in the near future. 

This literature review has also established that there has not been any published work 

for a protracted series of practical tests involving the installation of electrical wiring 

into fully furnished compartment fires prior to the experiments undertaken for this 

research during 2004 to 2006.
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1.10  Aims and objectives of the work 

No work has been previously undertaken involving controlled tests which repeat the 

arcing process that occurs on cables within fully furnished compartment fires or to 

investigate the metallic damage to conductors from arcing that has occurred in real 

fire conditions. 

Data from the analysis of electrical conductors with arcing damage can reliably 

indicate a fire’s area of origin within a compartment fire. Previous work has focused 

on either the physical appearance of arcing damaged exhibits, their location, or their 

cause. Not all of these aspects have been previously combined together and this work 

addresses this issue. 

The aims and objectives of this research are: 

1. Aim: To explore the potential and reliability of the “arc mapping” 

methodology for estimating the origin of compartment fires. 

Objective: To undertake a series of full-scale experimental compartment 

fires and evaluate the three-dimensional locations of the fire’s origin 

compared to the arcing locations.

2. Aim: To compare pre-fire arcing patterns to the arcing patterns resultant 

from fully developed compartment fires. 

Objective: To prepare pre-fire arcing exhibits and physically compare the 

metallic patterns of the pre-fire exhibits with the arcing exhibits recovered 

from the full-scale tests. 

3. Aim: To identify a series of arcing damage patterns from the experimental 

exhibits.

Objective: Review all of the experimental fire exhibits, fully document 

and categorise them on the basis of their physical and microscopic properties. 
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4. Aim: Establish whether any surface elemental characteristics within the 

experimental exhibits that would indicate the mechanism by which they were 

produced.

Objective: Undertake a series of SEM analysis techniques on a random 

number of arcing exhibits to produce elemental maps to identify the presence 

of copper, aluminium, zinc, iron, carbon and oxygen. 

5. Aim: Examine the potential of an alternate examination technique that 

would address the short comings of optical microscopy (depth of field) and 

SEM analysis (complexity and cost). 

Objective: Use a confocal laser scanning microscope on a selected 

number of exhibits already examined with an SEM. 

6. Aim: Establish whether any correlations exist between any of the variables 

that might affect the reliability of arc mapping. 

Objective: Use a statistical software package to undertake a series of 

correlation tests. 

1.11  Summary of the thesis 

This thesis describes practical experiments carried out between 2004 and 2006 and 

analytical examinations of the generated exhibits from these experiments undertaken 

from 2006 to 2009. The evaluation of the experiment data has validated the 

reliability of arc mapping. 

The experimental set up for the compartment fire tests is described and presented in 

chapter 2. Initial tests were used to refine the experimental site conditions and 

considerable upgrading of the electrical supply system was required to generate the 

appropriate arc faulting conditions required. The chapter details the means by which 

the data was recorded for the 39 full scale tests used in the study.  Repeat scenarios 

and layouts were used for these tests.  15 tests were carried out in mobile homes and 

24 tests were carried out in concrete block buildings.   A summary of the data 
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produced for one test is presented.  Similar data for all 39 tests are presented in 

volume two. 

The physical examination of the conductors is described in chapter 3.  In total 141 

exhibits were recovered.  This chapter describes the initial clean up and low power 

microscopy carried out on the exhibits.  The arcs were grouped into 9 categories 

according to their morphology.  Statistical analysis of the arcing categories based on 

factors such as approximate ceiling temperature of the compartment at the time of 

arcing, time since ignition of the arcing, room configuration and room construction 

were carried out using SPSS software version 17 (SPSS Inc. Chicago, IL. USA). No 

correlations were found which confirmed the random nature of the arcing category 

observed.

Chapter 4 describes in depth the further microscopy work carried out on the 

recovered exhibits.  Both scanning electron microscopy (SEM) and confocal laser 

scanning microscopy were carried out and comparisons made.  SEM analysis also 

facilitated elemental mapping of the arc surface.  The value of using a scanning 

electron microscope and Confocal laser scanning microscope when evaluating 

localised melting to conductors to establish whether the evidence is electrical activity 

or other thermal damage was established. 

Chapter 5 describes the investigation of the application of arc fault mapping to the 

experimental tests.  A simple mathematical model is presented to indicate the 

presence of arcing on cables as a function of their distance form the known point of 

origin of the fire.  Three blind tests were used to validate the model.   

Conclusions and further work are presented and suggested in chapter 6. 



48

Chapter 2 – Experimental methodology for the 

practical burn tests.

2.1. Summary 

This chapter provides details of the electrical circuit arrangements used in all of the 

field tests. Examples of photographs taken during the tests, the specification of the 

equipment and materials used to construct the experiments, the electrical and 

temperature data that was collected during these tests, and the problems encountered 

along with their solutions are presented. A total of 39 full-scale experiments are 

detailed in table 1. The number of times the full-scale experimental scenarios were 

repeated ranged from 3 to 4 for scenario E and F respectively, to eight repeats for 

scenarios A to D.  The compartments were arranged and furnished in approximately 

the same configuration within each scenario and the point and means of ignition was 

the same within each scenario.  Repeating the tests within the different scenarios 

allowed the investigation of arcing within and between room configurations to be 

investigated as part of the study.

Table 1 – Scenario type and dates for the 39 experiments 
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The red line indicates the date after which all experiments were completed within 

concrete block buildings dry-lined with plasterboard. 
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2.2 Description of the experiment site 

The live burn tests used in this research were made available by Gardiner Associates 

Limited, a fire investigation training provider.  The training site was located within 

the Ministry of Defense Police and Guarding Agency Headquarters and Training 

Centre at Wethersfield, Essex, UK. The fire ground area was made up of twelve 

compartments and an overview of the testing ground is presented in figures 46 and 

47.  Four compartments were located in mobile homes that were reinforced and dry 

lined with plasterboard. The other eight compartments were arranged in two terraced 

units constructed with concrete blocks with internal walls finished with plasterboard. 

During the fire investigation practical training courses six compartments were used. 

The test compartments were fully refurbished and furnished into six different scene 

scenarios for each training burn. Each scene scenario was arranged in the same 

configuration for each training course to ensure consistency. Each of the fire scenes 

are repeated up to seven times annually. For this research, electrical circuits were 

installed into a number of these scenes on a repetitive basis prior to ignition. This 

facilitated the reproducibility of test conditions across a number of different physical 

layouts for the scene scenarios used. Figure 37 details a plan of the Wethersfield site 

and figure 38 is a view of the generator and buildings. 
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Figure 37 – Overview of the Wethersfield site [136]. 

Figure 38 – View taken from the south-west end of the Wethersfield site.
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2.3 Developing the circuit design and electrical installation 

2.3.1 The three-phase generator 

The generator available at the experimental site was manufactured by Stamford AC 

Generators (Newage International Ltd.). PO Box 17, Barnack Road, Stamford, 

Lincolnshire. PE9 2NB, UK. Figures 39-40 show the generator installed on site and 

table 2 gives the general specifications of the generator. 

Figure 39 – The 60 kVA three-phase generator on site. 
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Figure 41 – The electrical output of the 

generator is displayed with voltage, current 

and frequency meters that are built into the 

control panel. 

Figure 40 – The generator controls.  

Table 2 – Specification of the generator

Manufactured: 05/95 Stator winding: 311 

Serial number: CO55882/02 Stator configuration: Star 

Type: UG.1224F1 Enclosure: IP22 

AVR: SX460 Insulation class: H 

Power factor: 0.8 BS 5000 

Volts: 415 NEMA MG1-22 

Rating: Cont. (continuous) IEC 34-1 

Excitation volts: 40,  Amps 2.00 Ambient Temp: 40 degrees C 

KVA: 60 Hertz: 50 

RPM: 1500 Phase: 3 

Amps: 83.5  

The following electrical measurements were taken at the generator:  

Phase (live) to neutral voltage = 238V.

Phase to phase voltage = 411V.

The measurements were made with the following electrical loading on each of the 

generator’s phases; red phase = 25A, yellow phase = 45-50A and blue phase = 25A. 

2.3.2 Circuit design

The electrical circuit installation chosen for each test consisted of one power ring 

circuit, one power radial circuit, and two radial lighting circuits.  This configuration 

of circuits was chosen as it best represented the types and variety of circuits 
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commonly found in domestic premises in the UK.  Each circuit was installed in each 

test compartment. Figure 42 shows the circuit layout in a typical compartment. 

Circuit 1 is ring configuration designed for socket outlets that used 2.5mm
2

conductors. Circuit 2 is a radial power circuit designed for one or two socket outlets 

that also used 2.5mm
2
 conductors. Circuit 3 and 4 are radial circuits designed for 

lighting that used smaller sized 1mm
2
 conductors. 

Figure 42 – The typical routes of the electrical circuits installed within the 

compartments fires used in the research. 

The cables used in the compartments were two different sizes dependant upon the 

circuit type. Circuit number 1 (a ring main circuit) was wired from the portable 
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consumer unit located outside the compartment with 2.5mm
2
 PVC insulated and 

PVC sheathed cable. The cable was certified by the British Approvals Service for 

Cables (BASEC) with a certificate number of 078/01 that was detailed on the cable 

drums. The cable had a maximum operating temperature of 60 degrees C and was 

constructed to comply with British Standard 6004 [137] and this standard number 

was stamped into the plastic cable sheath at intervals. 

Circuit number 2 was wired in a radial (single ended) configuration from the portable 

consumer unit. The cable was also the same 2.5mm
2
 PVC insulated and PVC 

sheathed cable used in circuit 1 and the specification has already been detailed. 

Circuit number 3 and 4 were wired in a radial configuration to replicate lighting 

circuits. The cable was 1.0mm
2
 PVC insulated and PVC sheathed cable. The cable 

was certified by the British Approvals Service for Cables (BASEC) with a certificate 

number of 078/01 that was detailed on the cable drums. The cable had a maximum 

operating temperature of 60 degrees C and was constructed to comply with British 

Standard 6004 [137], this information was stamped into the plastic cable sheath at 

intervals. 

2.3.3 Cable installation  

A number of initial experiments (23 in total) were undertaken in order to optimise 

both the cable installation and the electrical supply to the compartments.  

For the optimisation experiments, the cables were fixed to the walls and ceiling of 

the compartment using 75mm long, number 8 size, zinc plated steel “pozi-drive” 

self-tapping screws (part number T3738353, manufactured by Thornsman).  PVC 

plastic cable-ties were used to secure the cable to the screws. However, during the 

burn tests it was noticed that the cables tended to prematurely drop from the ceiling 

in the early stages of the fire. This appeared to be occurring because the PVC plastic 

cable ties were melting during the fire when the ceiling temperatures exceeded their 

melting temperature. To overcome this problem extra screws were used to construct 



55

a “cross” shape to hold the cables in place for the experimental tests. Figures 43 and 

44 detail the cable supporting methods. 

Figure 43 – Cables fixed with screws and 

cable ties above and to the side of the 

compartment’s entrance doorway. 

Figure 44 – The method of crossing 

two screws into an ‘X’ shape to 

support the cables during the fire 

and its suppression by fire crews. 

The cable fixing method for the last 4 experiment fires used small blocks of timber 

100mm by 25mm in size with 16mm diameter holes for the cables to pass through 

and 4mm diameter holes to allow the pozi-drive screws to fix the timber blocks to the 

ceiling. The purpose of these timber blocks was to determine if there was a 

difference with the physical evidence found on the cables after the fire when there 

were no steel screws used to fix the cables. Figure 45 shows the timber block cable 

supporting method. 
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Figure 45 –Timber blocks simulating floor joists used to support the cables. 

2.3.4 Low fault current issues 

Circuit breakers were used to protect the wiring during the fault conditions that 

would occur as the fire attacked the insulation of the cables.  The circuit breakers 

protecting the wiring in the optimisation experiments (23 in total) operated as 

predicted during the fire. This indicated that electrical faults had occurred on the 

installed cables due to fire attacking the cable insulation. However, when all of the 

wiring was examined post-fire, no localised melting damage consistent with arcing 

was observed on any of the conductors. 

During the optimisation experiments the electrical power was supplied to the test 

compartments using a three-phase generator available at the fire testing ground site.  

An evaluation of the electrical data collected from the initial tests suggested that the 

fault current, when the cables failed, was too low to produce localised thermal 

damage to the solid conductors used in the experiments. An examination of flexible 

cables and extension cables used within the compartments as part of the training 
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scene scenarios indicated that they were experiencing localised melting and arcing to 

the fine copper strands of these cables. It was determined that a lower fault current 

was creating this arcing damage to the flexible cables and therefore the fault current 

from the one phase of the generator supplying the research wiring was insufficient to 

replicate a residential electrical supply. The reason behind the low fault current 

appeared to be the generator’s exciter coils magnetic field collapsing in a fault 

condition thus limiting the output of the generator [138].  

Different variations to the electrical installation supplied by the three-phase generator 

were tried unsuccessfully to rectify this problem. These included: upgrading the 

conductor size of the cable linking the generator to the portable consumer unit 

attached to each compartment, loading the generator on each of its phases with 

cooking appliances, and loading the final circuits just before they enter the 

compartments with portable heating appliances. 

The final solution to resolve the low fault current problem was to use transformers to 

increase the voltage at the generator’s output utilising two or three of the available 

phases and then to reduce the voltage where it was required to minimize the losses of 

distributing the electrical current across the site. The transformer option was the most 

favourable as it would also produce an electrical buffer between the electrical faults 

and the generator. In addition, calculations showed that if the transformers could be 

sized sufficiently it would be possible to obtain a constant output of 200 - 300A at 

250V thereby maximising the total potential of the generator. 

2.3.5 Transformer design 

The initial design was for two transformers to be used. The first would be located 

next to the generator with the primary winding connected to two of the three 

available phases. The secondary winding of the transformer would output 1000V.  A 

second transformer would reduce the voltage from 1000V to 250V. Both 

transformers would be rated at 70kVA (or 70,000W) to ensure that there was no 
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restriction of the fault current through the transformers between the supply generator 

and the loads. Figure 46 details the two transformer design. 

Figure 46 –Initial experimental design using two transformers with  

1000V between them. 

There were going to be some considerable practical problems moving the smaller 

step-down transformer from scene to scene as it weighed some 250kgs. In addition, 

there were concerns about the possible electrical safety risks and it was determined 

that stepping the voltage up to 1000V would add little advantage in reducing 

electrical losses from the generator to the fire compartments.  

The final agreed design was to use a 75kVA three-phase to single-phase transformer 

located in the centre of the site and connected via a 95mm² armoured cable to the 
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60kVA three-phase generator. This design would enable a continuous output of 300 

Amps at 250 Volts. Figure 47 details the final design of electrical distribution from 

the generator to the compartments using one three-phase to single-phase transformer. 

Diagram 47 – Revised transformer design. 

The transformer was located in the middle of the site to limit the length of the 

connecting cable that linked the transformer to the portable distribution boards 

connected to each fire compartment. The transformer was delivered bolted to a 

timber pallet. A forklift was used to raise the transformer from the pallet and to 

install the supplied wheels that were bolted to the base framework. The 100 metre 

length of 95mm
2
 four-core armoured cable was rolled off the 2 meter diameter drum 

that it was supplied on and connected to the generator and the transformer. Figure 48 
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shows the transformer in position at the site with the 95mm
2
 armoured cable 

connected.

Figure 48– The 75kVA transformer installed on-site. 

The transformer was manufactured by Carroll and Meynell Limited, Guisley Way, 

Durham Lane, Industrial Park, Eaglescliffe, Stockton-On-Tees, TS16 0RF.  The 

connection at the generator and the transformer were made with glands designed for 

that particular cable size. These glands ensured the safe and secure fixing of the cable 

to the equipment casings. The conductor connections were made using special eye-

bolts that were crimped onto the conductors using a hydraulic crimping machine with 

dyes specific for that conductor size. Particular care was made to ensure that all of 

the terminated conductors were of the correct length and that they were also routed to 

ensure that any vibration created by the generator end of the circuit would not cause 

mechanical damage to the conductor insulation. Figures 49 and 50 show the interior 

of the transformer enclosure and the connection unit on the side of the transformer 

used for the input armoured cable.  
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Figure 49 – The interior of the 

transformer. 

Figure 50 – The alternate tapping 

connections in the cable intake enclosure 

to enable adjustment of the secondary 

winding voltage of +/- 5% of the design. 

Testing on completion of the installation revealed a high insulation resistance test of 

999 Mega Ohms. The voltage was measured at the generator end of the circuit once 

it was energised and readings of 409V to 411V phase to phase were obtained. Similar 

readings were obtained at the transformer input connection (with no transformer 

load). The earth loop impedance readings at the input terminals of the transformer 

were 0.23 Ohms. The insulation resistance test and the earth fault loop impedance 

test results were all well within the minimum requirements specified by the UK 

Institution of Electrical Engineers Requirements for Electrical Installations BS/EN 

7671 [139]. 

Two connecting cables were constructed using 25mm
2
 double PVC insulated single 

conductors and a 16mm
2
 protective earth bonding single conductor. One cable was 

12 metres in length and the second cable was 20 metres in length. These cables were 

wired to BS/EN 4343, 240V rated, waterproof plugs and sockets. These cables linked 

the output of the step-down transformer to the input of the portable distribution board 

located outside each compartment for the experiments. For testing purposes a short 

circuit fault was created on some final circuit conductors that were connected to the 
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portable distribution board that was in-turn plugged into to the secondary output of 

the step-down transformer. The resultant localised melting conductor damage was 

comparable to the damage observed at a conventional electrical installation.

2.3.6 Circuit protection 

A six-way portable consumer unit enclosure manufactured by Hager was used to 

house the 4 circuit breakers that were required to provide overcurrent and short 

circuit protection to the circuits in the compartment fires used in the experiments. 

The enclosure was manufactured with fire retardant thermoplastic to a water ingress 

protection standard of IP55. A two-pole main switch was used within the enclosure 

rated at 100A and manufactured to the specification detailed in British/European 

Standard 60947-3 [140]. The purpose of the main two-pole switch was to replicate 

the conventional switching arrangements found in a domestic or light-commercial 

consumer unit and to allow the quick and safe isolation of the circuits in the 

experiments in the event of a problem. Figure 51 shows the portable consumer unit 

connected to the wiring for one of the experiments and table 3 details the protection 

devices used in the experimental set up. 

Figure 51 – The portable distribution board constructed to IP 55 ingress protection. 
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Table 3 - detailing the circuit protection devices used in the experiments 

Circuit

number

Overcurrent

rating

Type Maximum 

fault current 

device can 

clear.

Voltage BS/EN 

number

Circuit 1 32A C 10,000A 230/400V 60898 

Circuit 2 20A C 10,000A 230/400V 60898 

Circuit 3 6A C 10,000A 230/400V 60898 

Circuit 4 6A C 10,000A 230/400V 60898 

2.4 Data collection 

2.4.1 Introduction 

Data was collected from each test as follows: 

Photograph and video images were recorded for each compartment fire. 

The sequence and time of each circuit breaker’s operation was documented. 

Data loggers were used to record the voltage, current and temperature within 

the compartments during the tests. 

Time/temperature data was collected for each compartment fire. 

2.4.2 Circuit breaker operation 

Each electrical circuit was numbered in a consistent manner for every test. The 

circuit breakers were also numbered and it was ensured that the correct circuit was 

connected to the correctly numbered circuit breaker in each case. 

The data was collected with the assistance of the time keeper during the fires. The 

time keeper called out the time at 1 minute intervals throughout the fire development. 

This was to record the time in minutes from the ignition of the fire on to the sound 

track of the video used to record each test. The circuit operation time coincided with 

the observed flame impingement on the area of the circuits in the fire’s early 

development.  In the initial experiments the circuit breaker sequence established 
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which circuit faulted during the fire’s development as the fire degraded and burnt 

through the cable’s PVC plastic insulation. 

2.4.3 Temperature data from the compartment fires 

Thermocouples were placed at three levels within each fire compartment. The 

thermocouples are the solid stainless steel sheathed rod ‘Type K’ specification, with 

a diameter of 2mm and a rod length of 600mm, capable of reading temperatures 

between -60º to +1370ºC. The thermocouple rods were installed from the outside 

through holes in a side wall at floor, ceiling and midway between the floor and 

ceiling. The exact location on the wall varied depending upon the configuration of 

the furniture in the compartment and in order to expose the end tips of the 

thermocouples to the hot gases in the compartment.  

The solid rod thermocouples were connected via thermocouple interconnecting 

cables to an 8 channel data logger model number TC-08, with an input of ±70mV 

(Pico Technology Limited). The data logger was connected to a laptop computer via 

a RS232 specification serial cable using the manufacturer’s “PicoLog” data

acquisition software. Figure 52 shows the type of data logger used to acquire the 

thermocouple data 

Figure 52 – The Pico Technology TC-08 temperature data logger [141]. 

The acquired temperature data was imported into an Excel spreadsheet as raw 

comma-separated data. The spreadsheet was used to define the data labels and to 
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produce graphs displaying the temperatures at time intervals in seconds throughout 

the fire’s development from ignition to suppression. It was possible by visually 

analyzing the time temperature graph to determine when the compartment reached 

flashover conditions which, for these experiments, was taken as the point when the 

mid-position and floor temperatures sharply increase to reach the ceiling 

temperature.  

Figure 53 is an example of the time temperature graphs produced for each 

experiment.  The sharp decline in all three temperatures at 240 seconds indicates the 

time that the fire crew were committed to suppress the fire.  

Figure 53 – Example of a time temperature graph from experiment 36 [142]. 

The time temperature graphs for each compartment fire experiment have been 

presented in volume 2. 
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2.4.4 Voltage and Current data collection 

Two electrical data loggers were used during the practical experiments. These were a 

RMS Clamp-on Ammeter, model number CL600 and a RMS Voltage module, model 

number L260. Both data loggers are manufactured by Chauvin Arnoux Incorporated 

and distributed in the US by AMEC Instruments. The units were sourced in the US 

and shipped to the UK as the L260 logger was not available to purchase in the UK. 

The CL600 clamp-on ammeter as shown in figure 63 has an appearance similar to a 

conventional clamp-on current reading meter, with the exception of a read-out 

display showing the amperage. The meter is clamped around either the live or the 

neutral conductor in the circuit where the electrical current is measured. For each of 

the experiment fires the logger was clamped around the live conductor at the point it 

enters the portable consumer unit. This ensured that the current flow was recorded 

for all of the four circuits in each experiment. It was therefore usually possible to 

acquire the fault current peak from the time of a fault until the circuit breaker 

detected the fault and operated to clear the fault. This time period was approximately 

0.1 seconds.

The data was transferred via an RS232 serial cable to the Simple Logger software 

version 6.11 supplied with the data loggers. The dedicated data logger software 

produced graphs to insert into other software applications. The data was also capable 

of being imported into spreadsheet software for manipulation if required. The CL600 

logger records the electrical current data at one second intervals with a range of 0 to 

600A.

A limitation of this equipment was that it recorded at a sample rate on 1 second 

unless it detected an event. A review of the clamp meter data collected during the 

experiments suggests that it not record the peak fault current. The graphs in 

experiments 1 to 5 detail a fall in current at the point of the arcing events. These 

experiments had loads connected to the circuits and so the graphs detail the drop in 

current as the circuit breakers operate. The remaining experiments did not have loads 

connected to the circuits. Figure 54 details the clamp-on ammeter data logger. 
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Figure 54 – AMEC CL600 Clamp-on ammeter data logger [143].

The L260 voltage logger as indicated in figure 55 had a capability to measure 

voltages in the range of 0 to 600V RMS with a resolution of 4V when recording at its 

maximum capacity. The unit is a grey box 73 x 59 x 41mm in size and weighs 140g. 

It has two 4mm recessed individual sockets for the connection of specific live and 

neutral leads to the circuit. The logger recorded the voltage across the live and 

neutral conductors. The connection leads were directly wired into the portable 

consumer unit across the live and neutral terminals of the main switch. This method 

of connecting the L260 data logger was found to be a reliable method of connecting 

it to all of the circuits at once during the experiment burns days. 

Figure 55 – AMEX L260 AC voltage data logger module [144]. 
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The data was transferred from the unit’s internal memory to a computer via “Simple 

Logger” software version 6.11 [145] provided by the manufacturer. Graphs were 

produced directly by the software and it was possible to annotate the graphs and 

modify the time limits of the data to produce additional graphs enabling a close-up 

view of a particular event. Figure 56 shows the voltage and current data loggers in 

use during an experiment. 

Figure 56 – The voltage and current loggers connected to the research circuits. 

2.5 Recovery of exhibits 

2.5.1 Description of the method 

All of the wiring was initially examined in-situ within each experimental 

compartment. Each circuit was examined individually starting with circuit one and 

finishing with circuit four. Gloved fingers were carefully run over the conductors to 

feel for any localised melting damage to the copper conductors in the form of molten 

copper beads, notches, conductors welded together, and localised areas of roughness 

to the conductors surface. Figure 57 shows the examination of the conductors 

following an experiment. 
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Figure 57 – Examination of the copper conductors post-compartment fire [146]. 

During this examination process when localised metallic damage was located, 

coloured cable-ties were fixed to the conductors either side of the damage. This 

procedure enabled the effective identification of the conductor damage whilst it was 

being documented. Figure 58 illustrates cable ties being used to identify arcing 

damage prior to packaging. The damaged conductor areas were indicated on the 

diagram drawn for each compartment fire. The distances of the arcing damage to 

other physical features of the compartment were measured and documented (for 

example the distance from the arcing to the nearest wall).  
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Figure 58 – Cable-ties used to identify arcing damage. 

2.5.2 Packaging and numbering protocol 

Once all of the documentation of arcing damage in relation to the circuits and the 

compartment was completed, the conductors were cut either side of the cable-ties 

with a standard side-cutter hand tool. The exhibit was immediately packaged into re-

sealable polythene bags. Figure 58 shows a packaged exhibit from an experiment. 

Figure 59 – A clear re-sealable polythene bag containing an exhibit. 



71

Each compartment scenario name, date of the fire, and circuit number was marked on 

the bag with a permanent marker. The scenario names were later adjusted to letters 

(A-F). The exhibits from each compartment were put together into a larger clear 

polythene plastic bag to keep them together during their transportation. The exhibits 

were later numbered during the optical microscope examination process. 

2.6 Example of an experiment 

The large number of photographic images that were collected during the 39 

experiments and the subsequent exhibit analysis has necessitated a separate volume 

to be produced for this thesis (Volume 2). This second volume describes all of the 39 

experiments in detail, describing the experiment and displaying pre-fire, post-fire 

images from the experiment and images taken during the exhibit analysis.

Experiment 33 has been selected to include in volume 1 of this thesis as an example 

of the data collected for each test carried out.    
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Chapter 3 – Physical examination and categorisation 

of the electrical arcs derived from the practical fire 

experiments

3.1 Introduction 

The exhibits recovered from the practical fire experiments were analysed in several 

stages.  Cable ties were fixed to the conductors and the exhibit number was written 

on the cable tie to reduce the risk of mis-identification of the exhibits in the future. 

Initially all of the exhibits were cleaned with a nylon brush and then examined with a 

low power optical microscope, documented with notes and photography. This 

examination allowed the arcing damage to be categorised based upon its 

morphology. Further analysis was undertaken on a reduced sample set of the exhibits 

within each category. This additional analysis was undertaken using a Scanning 

Electron Microscope (SEM), an additional SEM with wavelength dispersive 

spectroscopy (WDS) to generate element maps and a confocal laser scanning 

microscope.  The results of these analyses are presented and discussed in chapter 4. 

A three-dimensional analysis comparing the arcing locations to the fire’s point of 

origin was also undertaken and this work is detailed in chapter 5. 

3.1.1 Exhibit documentation 

All of the localised metallic (arcing) damage to the conductor exhibits recovered 

from the experiments were examined and documented with a Nikon trinocular 

microscope model SMZ-10. A digital camera (Nikon Coolpix D995) was also 

attached to the microscope using a dedicated microscope coupler.  

The camera settings were adjusted to enable the best possible image to be recorded. 

A total of 1763 images using the microscope were recorded. The images were 

recorded at the highest resolution possible for this model of camera (2048 by 1536 
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pixels at 300dpi dots per inch). One of the main problems encountered when using 

the digital camera attachment was a limited depth of field. The depth and height 

areas of the localised melting to the surface of the copper conductors was often quite 

pronounced and it was often not possible to get the entire area of interest into focus. 

Other microscopy techniques detailed in chapter 4 resolved these issues. Figure 90 is 

an image of the Nikon optical microscope used. 

Figure 90 – Nikon microscope in use to document the exhibits. 

A halogen desk lamp was found to be a very effective light source to illuminate the 

images while being examined with the microscope. In some cases where PVC 

insulation material remained fused to the conductors the light was reflected by the 

PVC causing the images to be overexposed when photographed.  However this did 

not affect the categorisation of the arc damage.  

3.1.2 Record keeping 

During the examination process, each exhibit was carefully cleaned with a nylon 

brush to ensure that as much of the remaining burnt PVC plastic debris was removed 

to enable the copper metal conductor to be observed clearly. Care was taken to 

ensure that no damage occurred to the exhibit as a result of the cleaning process.  
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Each exhibit was given a unique reference number. The type of damage was 

documented for each conductor along with any unusual features and if appropriate, a 

recommendation for further analysis. The digital image file numbers created by the 

digital camera were also recorded for each exhibit. A fine tip pen was used to add the 

exhibit number to the microscope sample base to assist with the identification of the 

exhibits from the electronic images. 

3.2 Categorisation of the arcing damage to the conductors 

3.2.1 Methodology of the categorisation

A total of 141 exhibits were recovered from the experimental fires and it was not 

possible to analyse all of them using an SEM due to the availability of the equipment 

and funding constraints for the equipment time.  It was therefore necessary to select a 

sub sample of the exhibits upon which to undertake the SEM analysis. In order to 

undertake this it was decided to categorise the types of localised metallic (arcing) 

damage.  

All of the microscope images were reviewed at the end of the optical microscope 

examination process and a category was assigned to each exhibit. Several exhibits 

had localised melting patterns that fell into two separate categories. The dominant 

features were used to assign the main category for each exhibit and where 

appropriate a sub-category was also assigned. In total 9 categories of arcing were 

identified. The number of exhibits that fell within each of the individual categories 

varied and is presented in table 5. Categories A and G occurred least with each 

containing a total of 9 exhibits. The categories with the largest numbers of exhibits 

were B (38 exhibits) and D (45 exhibits).

A number of pre-fire arcs were also generated by connecting the live and neutral 

conductors of an energised system together.  These samples were analysed as control 

pre-fire acing exemplars. 
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Table 5 - exhibit categories 

Assigned

category

Description Exhibit identification numbers Total  

A Arcing through 

charred plastic 

insulation “arcing 

through char” 

001, 002, 007, 013, 043, 055, 088, 

140, 142 

9

B Severed ends 003, 005, 011, 015, 024, 027, 029, 

030, 031, 035, 043, 044, 049, 050, 

061, 62a, 064, 065, 067, 067a, 

076, 077, 082, 085, 089, 090, 091, 

093, 096, 097, 104, 105, 106, 123, 

130, 132, 134, 139a

38

C Bead and notch 008, 020, 033, 037, 039, 056, 057, 

066, 070, 071, 084, 094, 109 

13

D Bead within 

notch(s) 

004, 018, 019, 021, 036, 038, 041, 

042, 046, 048, 051, 054, 060, 062, 

068, 078, 079, 082, 083, 086, 087, 

092, 098, 100, 101, 102, 104, 105, 

112, 115, 119, 121, 122, 123, 127, 

128, 129, 131, 133, 136, 137, 138, 

143, 144, 145 

45

E Two notches 009, 023, 025, 026, 032, 034, 040, 

045, 058, 066, 072, 073, 081, 107, 

110, 114, 125 

17

F One notch 006, 010, 022, 028, 035, 049, 052, 

057a, 063, 064, 074, 095, 099, 

103, 113, 120, 126 

17

G Bead(s) at 

conductor end 

003, 012, 016, 024, 030, 061, 096, 

111, 124 

9

H Conductors welded 

together

054, 058a, 069, 075, 090, 117, 

118, 134, 135, 141 

10

I Bead on conductor 

surface.

053, 059, 077, 080, 081, 083, 099, 

117, 120a, 139, 143 

11

Pre-fire Arcing created 

using the same 

equipment and 

conductors as used 

in the experiments 

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 

13, 14, 15, 16, 17 

17

Five exhibit numbers (014, 017, 047, 108 and 116) had been allocated to exhibits 

where no localised melting damage was observed using the subsequent microscopic 

examination. It appeared that PVC debris attached to the conductors gave the 

appearance of localised melting during the scene examination following the 

experiments.  
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A subset of samples from each arcing category was chosen at random for subsequent 

SEM and Confocal Laser microscopy examination.  The samples chosen were 

representative of each arcing category.  

3.2.2 Explanation of each category and their variations

There were up to 5 individual conductor sections per exhibit, however, the majority 

of exhibits consisted of 1 or 2 conductors. All but one of the categorised localised 

metallic (arcing) damage were very similar to diagrams previously published and 

documented in fire investigation course handouts [61],  photographs and diagrams 

published in NFPA 921 Guide to Fire and Explosion Investigation 2008 edition [68]. 

The microscopic images detailed in figures 91 to 100 are examples of each category. 

Energised electrical conductors affected by a fire often create chaotic arcing damage 

due to the rapid localised melting and cooling of the copper metal at the site of the 

arcing. Variations of metallic damage to the conductors within each category have 

been observed in this series of experiments. A comparison of figures 95 and 96 

illustrate the variation in notch size and shape. The molten copper bead on a 

conductor surface indicated in figure 99 is significantly smaller that bead on the 

surface shown in figure 100. 
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Figure 91 – Category A: Arcing through charred plastic PVC insulation (exhibit 

055). The metallic damage is very shallow and there are numerous small beads and 

notches over a wide lateral area of the conductor surface.  

Figure 92 – Category B: Severed conductor ends (exhibit 067). The conductors were 

severed during the arcing event. Localised damage observed at each end often had a 

clear demarcation line between the localised metallic damage and un-damaged 

conductor.
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Figure 93 - Category C: Bead and notch conductor damage (exhibit 066). A large 

notch and a smaller bead were found on the same conductor. Often the bead was 

located at the edge of the notch. The metallic damage is very localised with clear 

demarcation between damaged and undamaged conductor. 

Figure 94 – Category D: Bead within notch (exhibit 068). A large bead was located 

within the notch on the conductor. The metallic damage is localised with a clear 

demarcation area at the edge of the notch and the undamaged conductor.
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Figure 95 – Category E: Two notches (exhibit 009). A notch was found on each 

adjacent conductor of this exhibit that have faulted together. There was a clear 

demarcation area between the damaged and undamaged conductor with the metallic 

damage very localised. 

Figure 96 – Category F: One notch (exhibit 063). The damage on this exhibit was in 

the form of a large notch affecting only one conductor in the cable. This suggests that 

electron flow was established through another route (possibly via a fixing screw and 

an adjacent circuit).
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Figure 97 – Category G: Bead(s) at the conductor end (exhibit 012). This example 

was a bead at the end of a severed conductor with a clear demarcation area between 

the localised metallic damage and the undamaged conductor. 

Figure 98 – Category H: Two conductors welded together (exhibit 054). In this 

example the conductors have welded themselves together during the arcing event in 

the short period of time that the copper metal was molten. The damage was localised 

and copper splatter from the arcing event was often observed adjacent to the weld. 
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Figure 99 – Category I: Bead on conductor surface (exhibit 143). This example was 

the smallest surface bead observed in the series of experiments. The example of this 

category detailed in figure 109 is a bead that was substantially larger. 

Figure 100 – A second example of Category I (exhibit 125) bead on conductor 

surface.
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3.2.3 General observations

The metallic damage to the conductors in the form of localised melting (arcing) in 

the experiments was very varied. Four different methods of electrical conduction 

between the conductors appeared to be possible:

1. The softening of the PVC insulation allowing the energised conductors to 

touch each other.  

2. The carbonised PVC insulation matrix allowing current flow between 

energised and non-energised conductors followed by the bare copper conductors to 

touch each other.  

3. The heat conducting through the metal fixing screws softening the PVC 

insulation and enabling the conductors to come into contact with the metal fixing 

screw to enable faulting.

4. The pyrolysis of the PVC insulation causing a reduction in its insulation 

properties allowing current flow until it becomes a carbonised semi-conducting 

material. 

The different categories of arcing damage revealed by microscopic examination 

illustrated the variety of arcs previously presented in the literature apart from 

category A. Exhibits with arcing damage that were located away from any cable 

fixings suggesting that either the conductors had come together as a result of the 

PVC insulation softening in the early stages of the experimental fires and the 

conductors coming into contact, or the carbonised PVC insulation detaching from the 

cable allowing the conductors to come into contact, or electron flow between the 

conductors through the carbonised PVC matrix had occurred. 

A number of localised melting events occurred at the position of fixing screws that 

were used to support the wiring and to fix it to the compartment internal lining 

surface. The screws were fixed at 300 to 400mm spaces along the length of the 

circuit. The heat of the fire conducted through the steel screws and this appeared to 

melt the PVC plastic insulation more rapidly in the location of the screws. This 

appears to have allowed the exposed copper conductors to electrically fault allowing 

electron flow between them at the point of the fixing screw. This often resulted in the 
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copper conductors becoming welded to each other, welded to the screw, or severed at 

the point of the fixing screw. A high number of the element analysis undertaken 

revealed iron and zinc residues in the arcing damage suggesting that the cable fixing 

screws were playing a significant role by interacting with the conductors. Full 

contact arcing between the conductors either directly or via the cable fixing screws 

appeared to increase the probability of welding or severing of the conductors. 

The fault current recorded during the experiments was very varied and ranged from 

0.5 to 67 Amps. On occasions the recorded fault current was below the rating of the 

circuit breaker protecting a circuit. Assuming that the fault current recorded by the 

clamp ammeter data logger is fully representative of the total current flow per event 

(P= VI) proportional to the conductors contact area that was often approximately 

1mm
2
. For example, a fault current of 10 Amps at 240 volts with produce 2,400 

Watts of energy at the arcing area.  This large amount of energy through a small area 

would expect very high temperatures capable of melting the artefacts. A limitation of 

the clamp ammeter data logger was that it recorded at 1 second intervals unless it 

detected activity. Considering the short duration of the arcing events it is likely that 

the fault currents in the circuits during the arcing events were considerably higher 

than recorded with the data logger.  

3.3 The visible differences of ‘short circuit’ and ‘arcing through 

char’ (category A) localised melting

3.3.1 Introduction

In the early stages of the experimental work, patterns of localised melting (Category 

A) were located on several circuits that did not conform to the arcing damage 

patterns documented in the literature [31, 32, 36, 60, 68, 82, 96, 100, 102, 109, 120, 

122, 124]. These different patterns of localised melting were compared to other 

collected exhibits and it was discovered that localised melting appeared to be 

examples of “arcing through char”. This effect appears to occur when there has been 

electron flow through the carbonised PVC insulation during the fire’s development. 

This type of arcing event is repeated due to a limited fault current, resulting from the 
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resistance properties of the charred PVC cable sheath and conductor insulation. This 

electrical resistance effect delays the operation of the circuit breaker leading to 

metallic patterns on the surface of the conductor over a much larger lateral surface 

area than normal.  

An extensive literature review revealed that this arcing pattern had not been 

illustrated or documented in any of the texts reviewed [13, 20, 30-32, 35-37, 49, 56, 

60, 61, 68, 96, 101, 102, 104, 106, 109, 112, 121, 122, 125, 130, 135, 148-152].  As 

such this category of arc will be discussed in detail in this section and compared with 

more common arcing damage observed in the practical tests and discussed in the 

relevant literature.

3.3.2 Observed physical differences 

The category A “arcing through char” localised metallic (arcing) damage was very 

shallow below the surface of the conductor. It also had a wide lateral area of damage 

along the length of the conductor. In some cases the measured damage extended over 

a width of 14mm although the conductor diameter was 1mm. Figure 101 illustrates 

this type of shallow surface damage to the conductor. The physical appearance 

consists of multiple indentations and small beads on the conductor surface. 

Figure 101 – An optical microscope image of arcing through char conductor damage 

(exhibit 088). 
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Figure 102 – An optical microscope image detailing the ‘short circuit’ fault at a 

fixing screw location (exhibit 081 – arcing category E). 

The comparison of figures 101 and 102 details the significant difference between the 

lateral conductor surface areas and the size of the beading observed within the two 

categories. It was observed that the surface depth of the conductor damage of the 

category A exhibits was considerably less than the majority of the other exhibits 

recovered from the experiments. 

Experiments 36 to 39 were wired with ceiling fixings that consisted of separate 

timber blocks rather than fixed directly with fixing screws. In these cases two 25mm 

diameter holes were drilled through each timber block to support the cables. The 

timber blocks were fixed to the ceilings with appropriate screws and the cable was 

pulled through the blocks, in a similar method to installing cables in timber floor 

joists. A total of 13 exhibits were recovered from these four experiment scenes. 

Three of the exhibits displayed similar localised metallic damage to the example 

presented in figure 101. Since the cables had not been fixed to the ceiling with 

screws, the potential influence of electrical conduction through the metallic screws 

can be discounted as the cause of this type of damage.  This corroborates the 

previous hypothesis that the wide and shallow lateral localised melting damage 

observed occurs as a result of arcing through the carbonised PVC cable insulation 

whilst being attacked by fire.  
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The PVC plastic changes its electrical properties when it changes its physical state to 

carbon in a fire. It becomes a semi-conductor with an increased electrical resistance. 

This increased electrical resistance limits the current flow between the energised 

conductors. This effect appears to have delayed the operation of the circuit breaker 

protecting the circuits. Electrical arcing occurred when a sufficient fault current 

flowed in the circuit, or the conductors physically touched each other as the charred 

PVC insulation matrix deteriorated in the fire. 

3.4 The features of arcing and gross melting damage to 

conductors

The gross melting effects experienced by copper conductors that are exposed to 

temperatures exceeding the melting temperature of copper (1083º C [98]) is detailed 

by Ettling [35]. He described the flow and distortion of the metal experiencing these 

high temperatures that are not frequently encountered in compartment fires where the 

ceiling temperature does not generally exceed 900ºC [100, 153]. Figure 103 details 

gross melting damage to copper conductors that was detailed by Ettling. DeHaan also 

presents similar images to describe gross melting damage to conductors [154]. Figure 

104 also details gross melting to a conductor that features strands fused together over 

a large area and large beads with smooth flowing patterns at the bead edge. 

Figure 103 – Gross melting damage to electrical conductors caused by exposure to 

high overall temperatures [35] 
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Figure 104 – Gross melting to electrical conductors caused by exposure to high 

overall temperatures [155] 

Electrical arcing damage is formed following a discharge carried largely by electrons 

travelling from the negative to the positive electrode, but also in part by positive ions 

travelling in the opposite direction. The impact of the ions produces significant 

localised heat in the electrodes and in an arc in air at normal pressure, the arc centre 

reaches a temperature of around 10,000K (9726° C) [81]. The temperature of the 

electrodes is limited by the boiling temperature of the electrode material, for copper 

this is 2562° C [82, 83]. The temperatures are sufficiently high for the plasma gas to 

be electrically conductive away from the luminous region [156]. 

The very high localised heating effect generates a clear demarcation area between the 

localised melting and the undamaged conductor surface. Figure 105 details the 

demarcation areas on the two conductors of exhibit 112. A separate indicator that is 

observable with an optical microscope is the localised melting of the arcing damage 

interrupting the striation marks that are created when the conductor was originally 

manufactured. 
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Figure 105 – microscope image of exhibit 112 that details the demarcation area 

between the highly localised arcing damage and the undamaged conductor 

3.5 Statistical analysis of the experimental data 

3.5.1 Introduction to the data analysis 

Potential correlations between the variables within the experimental tests carried out 

were explored using the software SPSS (Statistical Package for Social Sciences 

version 17.0 - SPSS Inc. Chicago, IL. USA).  The statistical exploration of the data 

was carried out to investigate whether the type of scenario had any correlation with 

the category of arcing damage observed and what, if any, correlations existed 

between the arcing category and the other measured variables (temperature, current, 

distance from the point(s) of origin, time since ignition and circuit fault sequence).

The data collected during the experiments was initially entered into a spreadsheet 

software package (Microsoft Excel 2003). The exhibit number and arcing category 

data were also added to the spreadsheet following the exhibit categorisation process. 

A summary of all of the data recorded for each exhibit is presented in table 6. In 



100

addition to the data presented in this table 13 of the 39 experiments were accelerated 

with an ignitable liquid (experiments number: 2, 5, 12, 14, 18-21, 25, 28, 32, 36). A 

visual evaluation of the data suggested that the majority of arcing occurred between 

200 and 600 C.
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The maximum normal operating temperature of PVC/PVC cable insulation is 

specified in BS/EN6004:2000 as 70 C [157]. BS/EN6004:2000 also specifies that 

the cable must be able to withstand temperatures of up to 160 C for 5 seconds 

without deteriorating [157]. The auto-ignition temperature of PVC cable is varied in 

the literature and detailed as between 263 and 454 C [7].  

The data displayed in Table 6 confirms that the PVC/PVC insulation did not 

electrically breakdown until it was above the operating temperature. The arcing 

damage occurred within the auto-ignition temperature range. This suggests that the 

arcing events generally occurred in the temperature range between the PVC plastic 

thermally deteriorating (with the transition into carbon char) and its auto-ignition 

temperature.  

The distance to the fire’s area of origin represented by the distance probability was 

calculated for the exhibits recovered from the scenes with single areas of origin only 

or scenes with multiple areas of origin but where the fire development was 

dominated by one area within the scene.  This is further discussed in chapter 5.  

3.5.2 Testing for correlation between the variables within the practical  

experimental tests

The strength of the relationship between two variables (if one exists) can be 

measured in various ways using statistical tests. The calculation of a correlation 

coefficient is used to reflect the degree to which selected variables are related. There 

are a number of statistical tests available to determine the correlation coefficient of a 

set of data. 

The Pearson correlation coefficient is a measure of the strength and direction of the 

linear relationship between two variables, describing the direction and degree to 

which one variable is linearly related to another. Pearson’s correlation is most 

usually used on data that is normally distributed [158]. 
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Spearman’s rho is a non-parametric measure of the correlation relationship between 

variables, without making any assumptions about the frequency distribution of the 

variables.

Kendall tau is also a non-parametric correlation coefficient. The Kendall tau 

correlation coefficient is considered to be equivalent to the Spearman correlation 

coefficient but requires the data to be symmetrical.  

The data set generated contains data that is both categorical, (i.e. the classification of 

the arcs) and numerical.  Since there are different numbers of exhibits within each 

arcing category and tests scenario the data can be considered unsymmetrical and as 

such Spearman’s rho is the most appropriate non-parametric test to use to interrogate 

the data for correlations between the variables. 

The experimental data was imported from the spreadsheet software into the statistical 

analysis package SPSS version 17.0 (SPSS Inc. Chicago, IL. USA). The following 

variables were examination for correlations using Spearman’s rho correlation:  

Scenario type 

Circuit number. 

Circuit Breaker (MCB) sequence number. 

Temperatures of the arcing events. 

Fault current during the arcing events. 

Arcing category (coded into a numerical). 

The distance from the fire’s area of origin*. 

The time from ignition for each of the arcing events. 

* The distance from the fire’s area of origin was calculated using an algorithm 

discussed in chapter 5 

The full data matrix of all samples was initially analysed using SPSS. Table 8 details 

the results of the correlation tests. These suggest that there was a significant 

correlation (0.583) between the “temperature of the arcing events” and the “circuit 
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breaker operation sequence”. The literature describes that correlations above 0.6 

demonstrate a strong correlation [159] and as such the relationship between these 

two variables was investigated further. The data revealed a general trend in the 

circuit breaker operation sequence with the circuit breakers generally operating on 

circuits 1, 2, 3 and 4 in that order as the ceiling temperature of the compartment 

increased. This is illustrated in figure 106. 

Figure 106 – Linear scatter plot chart detailing the trend between the 

temperature at the time of the arcing event and circuit breaker sequence. 

The uniformity of the ceiling temperatures throughout the experimental fire 

compartments was questioned once the correlation of the temperature and the circuit 

breaker operation was discovered. The fire compartment had one temperature 

sensing thermocouple installed in the centre of the room for each of the experimental 

fires. The concern was that if the fire started at one end of the room and the 

thermocouple was located two metres away there may be a significant lag in 

detecting the temperature at the arcing event site.  

The European Network of Forensic Science Institutes (ENSFI) conducted six 

experimental fires in 2001 at the Building Research Establishment site at Cardington, 



111

Bedfordshire, UK [160, 161]. The compartments were uniform in size with a similar 

length and height to the compartments used in this research. However, the 

compartment width was one metre less that the Wethersfield compartments. The 

ENSFI tests were furnished with a similar fuel load throughout the tests. Two 

thermocouple trees were used in each compartment. One thermocouple tree was 

located adjacent to the fire’s area of origin and designated the “hot tree”. The second 

thermocouple tree was located at the opposite end of the compartment and was 

designated the “cold tree”.  

An evaluation of the temperature data in the ENSFI tests established that in some 

cases there was a slight lag in the time between the thermocouple trees in the 

compartment as the fire developed during the experiments. However, this was not 

consistent across all of the tests and was more evident in the fires accelerated with 

ignitable liquid. The temperature data is presented in table 6. 

DeHaan conducted two separate series of fire tests in San Jose, California (1996) and 

Moses Lake, Washington (1998) with a total of 10 compartment fires [162]. 

Thermocouples were installed at ceiling and floor height on either side of each 

compartment and the temperatures documented for each fire throughout the series of 

tests. A short time lag was observed between the ceiling thermocouples as each fire 

developed.

The evaluation of the ENSFI and DeHaan data indicates that there is an established 

time lag equivalent temperatures at ceiling level 2 to 3 metres apart in the order of 

15-20 seconds and there is a temperature difference of less than 100 º C between the 

two sites. 
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Table 7 – Temperature data from the ENSFI fire tests [160] 

 Time from 

ignition

(mins) 

Hot

thermocouple 

tree

Cold

thermocouple 

tree
3.5 150 75 

4 350 200 

Test 1 

Deliberate ignition using petrol 

ignitable liquid applied to sofa 

and carpet.

Distance between thermocouple 

trees – approximately 2 metres. 

4.5 850 520 

4 220 190 

4.25 450 420 

Test 2 

Deliberate ignition using petrol 

ignitable liquid applied to the 

sofa and carpet. 

Distance between thermocouple 

trees – approximately 2 metres. 

4.5 750 875 

2 50 75 

2.5 130 160 

3 150 175 

3.5 175 300 

Test 3 

Accidental cause - a waste paper 

bin as the initial fuel package. 

Distance between thermocouple 

trees – approximately 1.8 metres. 4 550 770 

10 50 50 

11 50 50 

12 75 75 

13 110 105 

14 180 185 

15 300 330 

Test 4 

Accidental cause – an overheated 

electrical heater. 

Distance between thermocouple 

trees – approximately 1.3 metres. 

15.5 875 740 

2 80 90 

3 130 140 

4 160 160 

5 100 220 

6 50 220 

7 75 70 

Test 5 

Accidental cause – a cigarette 

ignition of the sofa (assisted with 

firelighters for the purposes of 

the test). 

Distance between thermocouple 

trees – approximately 3 metres. 8 100 50 

2 210 150 

2.5 900 575 

Test 6 

Deliberate ignition with petrol 

ignitable liquid applied to the 

carpet.

Distance between thermocouple 

trees – approximately 3.3 metres. 

3 800 800 

The Spearman’s rho correlation also suggested that there was a correlation (0.251) 

between the “time from ignition” and the “circuit breaker operation sequence”. The 

variables were graphed to demonstrate the extent of this relationship (figure 107) and 

no strong linear relationship is indicated.
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There were no other correlations observed within the data.  The data matrix was sub 

divided by category of arc, scenario and type of building (mobile home and block 

build buildings) and reanalysed using the Spearman’s rho correlation. No 

correlations other than those already exposed in the full data set were revealed. This 

demonstrated that the type of arcing damage observed was not related to the 

configuration or construction of the compartment within which the fire occurred. On 

the contrary, the arcing damage observed in some situations was related specifically 

to the microenvironment of the conductor itself and was influenced by the fixing 

methods (screws or wooden fixtures) evidenced through microscopic and SEM 

elemental analysis (presented in chapter 4). 



1
1
4

T
a

b
le

 8
 –

 N
o

n
p

a
ra

m
et

ri
c 

co
rr

el
a

ti
o

n
s 

(S
p

ea
rm

a
n

’s
 R

h
o

 t
es

t)
 



115

Figure 107 - Linear scatter plot chart detailing the correlation between the 

time from ignition and “circuit breaker sequence. 

Two and three-dimensional scatter plots were created for various sets of variables in 

the data to illustrate the relationships between the category of arcing observed and 

other variables.  The variables chosen for comparison were: the distance of the arc 

from the point of origin of the fire, the temperature at which the arc occurred and the 

fault current.  These are considered to be the most defining characteristics in terms of 

the environment of the arc.  

The relationship between the arcing category, the temperature of the arcing events 

and the fault current are illustrated in figures 108 and 109. Arcing categories B, D, E 

and F were observed in the largest number of exhibits.  Arcing categories A, G and I 

were observed in the least number of exhibits in these experiments. The chart details 

a cluster of exhibits in the temperature axis between 200 and 600 C with the 

majority occurring in the 250 to 350 C range. The data illustrates that each of the 

categories of arc occurs over a range of temperatures. 
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Figure 108 – Comparison of the temperature and arcing categories 

Figure 109 – Comparison of the current and arcing categories 
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The scatter plot clustered the fault current data predominantly in the 0 to 20 Amps 

range of the axis. This suggests that the majority of the recorded fault current that 

was flowing at the point of the arcing events during the experiments was below the 

20 Amps value.  

Figure 110 illustrates the relationships between the arcing category, temperature of 

the arcing events and the fault current.  

Figure 110 – Three-dimensional scatter plot comparing the arcing category type, 

temperature and the fault current during the arcing event. 

The relationship between the arcing category and the distance from the fire’s area of 

origin is illustrated in figure 111.  The majority of arcs, regardless of category, 

cluster towards the area of origin providing a basis for the potential of arc fault 

mapping.  This is further discussed in chapter 5.  
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Figure 111 – Comparison of the arcing category and the distance from the fire’s area 

of origin. 

Figure 112 further illustrates the comparison between the arcing category, the 

temperature of the arcing events and the distance from the fire’s area of origin. The 

three-dimensional scatter plot detailed a cluster of data points between 200 and 600 

C on the temperature axis. The cluster was also skewed towards the 0.85 and 1.00 

area of the distance from the area of origin axis indicating that the arcing occurred on 

the conductors in close proximity to the point of origin in all cases.
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Figure 112 – Three-dimensional scatter plot detailing the relationship of the arcing 

category, the temperature and the distance from the fire’s area of origin. 

3.5.3 Conclusions of the statistical analysis 

The volume of data collected during the experiments and the number of exhibits 

recovered from the experiments prevented the easy manual evaluation of the data. 

Inputting the data into a spreadsheet package enabled the correlation of the various 

measured variables using SPSS version 17 software.  The full data set and various 

sub sets of the data were analysed using the Spearman’s rho correlation coefficient 

calculations.  The tests have shown that the majority of variables in the experiments 

were not correlated with each other. 

A significant correlation between the temperature at the time of the arcing event and 

the circuit breaker sequence was revealed. This is a logical result as the circuit 

breakers protecting the circuits located close to the fire’s area of origin operated first 

as the temperature increased. 

A correlation was also revealed between the time from ignition (seconds) and the 

circuit breaker operation sequence. This result is also logical as the circuit breakers 
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operated in sequence as the fire developed over time. The majority of the 

experimental fires developed from ignition to flame spread across the ceiling surface 

within 3 to 4 minutes. 

The lack of correlation between arcing pattern types (categories) and the other 

variables is a useful contribution to the fire investigation community. The arcing 

categories are reproducible but are independent of other environmental conditions 

within the compartment fire.  When the data for each arcing category and for each 

repeated scenario were analysed, no correlations other than those already described 

were revealed.  This again emphasises the fact that the type of arc produced during 

the arcing event is unpredictable. 
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Chapter 4 Microscopy 

4.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) analysis is an established microscopic method 

that has been used in the metallurgy industry to identify metallic damage to structural 

components. The Transmission Electron Microscope (TEM) was invented and 

introduced in 1931 by Max Knoll and Ernst Ruska (Ernst Ruska was awarded the 

Nobel Prize for Physics in 1986 for this invention [163]) and their electron 

Microscope is illustrated in Figure 113 

Figure 113 – the original electron microscope [164]. 

In a TEM, electrons are speeded up in a vacuum until their wavelength is extremely 

short, only one hundred-thousandth of that of white light. Beams of these fast-

moving electrons are focused on a sample and are absorbed or scattered by the 

sample’s parts so as to form an image on an electron-sensitive photographic plate 

[164].
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In a scanning electron microscope (SEM), electrons are accelerated in a vacuum to 

energies of typically a few keV. The resultant beam of electrons is focused using 

magnetic lenses, and scanned across the sample in a raster pattern. At each point in 

the scan, a signal is measured from the sample which is used to build up an image 

pixel by pixel. Commonly used signals include the measurement of secondary and 

backscattered electrons emitted from the sample. Backscattered electrons are 

electrons from the beam which interact with the nuclei of the target atoms, and are 

thus sensitive to the atomic number of the element probed. Secondary electrons are 

lower energy electrons ejected by the target atoms themselves, and this signal is 

largely dependent on the surface topography of the sample.  

As the wavelength of the high energy electrons used in the SEM is many orders of 

magnitude shorter than that of visible light, the resolution of this technique is far 

higher than that of optical microscopy. The other advantage of SEM in this 

application is the significantly increased depth of focus achievable.

A 1978 court case in the US described the “use of the SEM is particularly valuable in 

the study of metallurgical failure, for example, in which examination of a fractured 

surface is sought.” [165]. In the fire investigation industry a metallurgist is 

occasionally retained to provide expert opinion in cases involving electrical items 

and in particular to determine if a conductor(s) with localised melting is the result of 

electrical arcing damage or another form of melting damage [166]. 

4.2 Preparing the exhibits 

The copper conductor exhibits still had a quantity of PVC carbon residue attached to 

them. This carbon residue would mask the localised melting patterns of the arcing 

events if they were not removed. The amount of carbon residue and the strength of 

adhesion to the copper surface varied considerably between the exhibits.  Levinson 

described the use of acetone when cleaning copper conductors with arcing damage 

[60]. However, an optimum cleaning process for copper electrical conductors was 

not found during the literature review. Acids and other similar metal cleaning 

chemicals could not be used as other elements would be transferred on to the copper 
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conductor surface and this would affect the surface element analysis. In addition, the 

localised melting was often very subtle and delicate and so was important that these 

patterns did not change as a result of the required cleaning process. The copper 

conductor sections could not exceed 50mm in length, as they had to be mounted on 

to an aluminium alloy stub for the SEM analysis. The exhibits were individually cut 

to size and placed into a small glass vial. The glass vial and its plastic lid were 

marked with the exhibit number to prevent the loss or incorrect identification of the 

exhibit identity numbers. The glass vial was filled with acetone and sealed. The glass 

vials containing the exhibits were sonicated in an ultrasonic bath for 1.5 hours. 

Figure 114 details the cleaned exhibits within the sealed glass vials. A flow chart 

summarising the cleaning process from exhibit recovery to SEM analysis is detailed 

in figure 115. 

Figure 114 – Glass vials with individual exhibits and acetone in the fume cupboard at 

in University of Strathclyde laboratory [167]. 
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Figure 115 - Flow chart detailing the exhibit identification and cleaning process 

4.2.1 Preparation of pre fire exhibits 

Twenty cables were prepared with conductors separated and the ends stripped of 

insulation. Each cable was connected to a portable consumer unit that was connected 

to the 75kVA supply transformer. The live and neutral conductors were touched 

Post-experiment scene examination

Harvest exhibits and package in

polythene bags

Examine with optical microscope an generate 

exhibit numbers

Cut each conductor section to reduce it to a 

maximum of 25mm

Conductor(s) inserted into a sealed glass vial 

and filled with acetone. Glass vial and plastic 

lid labelled

Clean exhibit for 1.5 hours in an ultrasonic 

bath

Transfer exhibits to labelled polythene sealed bag to secure accurate 

tracking through the SEM analysis

Mount exhibits on to SEM stubs with carbon strips, label stub with exhibit numbers.  

Use silver paint at exhibits to improve conductivity between exhibit and stub 

Complete SEM analysis
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together to create a short circuit fault with the resultant localised melting (arcing) 

damage to the conductors. 

The purpose of creating the pre-fire arcing damage was to produce control samples 

that were not fire damaged to compare the arcing damage patterns and the elemental 

components of the conductor surface. 

The voltage and current was monitored and recorded with data loggers. The voltage 

was constant at 240 volts and immediately reduced to 0 volts when the circuit 

breaker operated. The fault current recorded during the first 10 pre-fire arcing events 

varied between 2 and 23 Amps. All of the fault currents recorded during the pre-fire 

arcing events were varied.

A sub sample of the 141 recovered exhibits were analysed using SEM. The total 

numbers of exhibits that could be analysed with an SEM was restricted by funding 

and time limitations. A minimum of 8 exhibits per category were analysed. Where 

there were large numbers of exhibits in any one category, 8 examples were selected 

randomly throughout the category to obtain the required number of exhibits per 

arcing category. For example, from a total of 40 exhibits in the arcing category and 8 

were required therefore every fifth exhibit in that category was selected for SEM 

analysis. The exhibits examined using an SEM are listed in table 9. 

Table 9 – Details of the exhibits analysed with the SEM

Arcing category Exhibit numbers Total  

A 002, 007, 013, 043, 055, 088, 140, 142 8 

B 011, 62a, 067, 090, 093, 123, 130, 132, 139a 9 

C 008, 020, 033, 037, 039, 056, 066, 071, 084 9 

D 054, 062, 068, 078, 112, 128, 129, 133, 136, 

138, 144, 145 

12

E 009, 032, 045, 058, 073, 107, 110, 114, 125 9 

F 006, 028, 049, 052, 063, 064, 120, 126 8 

G 003, 012, 016, 024, 030, 061, 111, 124 8 

H 054, 058a, 069, 117, 118, 134, 135141 8 

I 053, 077, 080, 081, 083, 099, 117, 139, 142, 

143

10

Pre-fire 001, 002, 003, 004, 005, 006, 007, 008, 009, 

010, 011, 012, 013, 014, 015, 016, 017 

17
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4.3 Cameca SX100 SEM equipment description

A Cameca SX 100 Electron Probe Micro-Analyser (EPMA) was selected as the most 

appropriate equipment for this work as it could generate high resolution images and 

undertake a surface elemental analysis. An EPMA is SEM-derived instrument 

designed especially for X-ray microanalysis, and has Wavelength Dispersive 

Spectroscopy (WDS) units integrated into its design. The Cameca SX 100 was first 

manufactured and released in 1994. It is a fully digitized instrument with integrated 

electronics and automation, enabling the unattended analysis once the samples are 

mounted and the software is programmed with the required analysis locations [168].

Electron Probe Micro Analysis (EPMA) bombards a micro-volume of the sample 

with a focused electron beam (typical energy of 5-30 keV) and collects the X-ray 

photons induced and emitted by the various elemental species. The wavelengths of 

these X-rays are characteristic of the emitting material. Therefore, the sample 

composition can be identified by recording the WDS spectra. WDS spectrometers are 

based on Bragg's law [169] and use various moveable, shaped monocrystals as 

monochromators [170].  Figure 116 details an overview of the Cameca SX100. 

Figure 116 – Image of the Cameca SX100 SEM [171]
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4.3.1 Cameca SX 100 equipment operation 

The Cameca SX100 was a complex piece of equipment to operate and programme. 

The dedicated UNIX based software operated the motorised stage mechanism, the 

SEM settings and the image capture. The UNIX operating system used a number of 

text commands similar to the Microsoft DOS operating system used in the majority 

of Personal Computers in the early 1990’s.  Figure 117 is an example of the SEM 

images produced by the Cameca SX100. 

Figure 117 – SEM image of exhibit 144 using the Cameca SX100. The yellow spot is 

the location of the element scan detailed in figure 127. 

4.3.2 Element scans of the conductor surface 

It was possible to select an area of the conductor surface and retrieve a scan of 

elements present that surface at any particular point. This was undertaken on a 

number of exhibits with similar results. The Cameca SX100 software produced 

element spectra that displayed large amounts of particular elements. These elements 

were present on the conductor surface in the area of the localised melting. Copper, 

Carbon, Oxygen, Zinc, Chlorine and Iron were detected in large quantities in all 

cases. Carbon produced a peak that exceeded the height of the scale. Some unusual 
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elements were also detected which included Magnesium, Lithium, Silicon, Chlorine, 

Potassium, Calcium and Sulphur, but these appeared to be associated with the PVC 

debris. Figure 118 is the spectrum graph for a point on the surface of the localised 

melting to exhibit 144 illustrated in figure 117. 

An element scan of the pre-fire exhibits displayed a significant quantity of chlorine. 

It appears that the copper metal absorbs some of the chlorine from the PVC 

insulation material that it is in contact with following manufacturing of the cable. 

Figure 118 – Element spectrum for a point on exhibit 144 

4.3.3 Element maps 

The Cameca SX 100 SEM had the capability to scan a defined area and document the 

X Y co-ordinates of up to 6 selected elements. These co-ordinates were then 

processed in the software to produce individual image maps of the defined area for 

each of the elements. A number of image maps were programmed for randomly 
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selected exhibits but were very time consuming as the scans were undertaken by the 

SEM one pixel at a time.  

The element maps were outputted as “IMG” files. This file format is not compatible 

with generally available image manipulation software (Adobe Photoshop etc.) 

however they can be manipulated using a bespoke  software program called 

“Cathodoluminescence Hyperspectral Imaging and Manipulation Program” or 

“Chimp” designed to run on a computer with a Microsoft Windows operating system 

and the “.NET Framework” installed.  Using the be-spoke Chimp software it was 

possible to alter the image intensity output from greyscale to a rainbow colour 

pattern. The greyscale option was found to produce the clearest image to analyse the 

experiment exhibits. 

The Chimp software could also output TIFF or JPEG file formats to use in other 

software applications. The element maps were useful to undertake and evaluate for 

this research. The large amounts of carbon and copper elements were anticipated. 

The absence of the aluminium element is consistent with the limited aluminium in 

the proximity of the electrical conductors in the fire compartments.  

The localised areas of iron and zinc were related directly to the areas of localised 

melting during the arcing events when other materials interacted with the electrical 

conductors during the arcing events. Element maps have not been reported in the 

literature for examination of electrical conductors with localised melting (arcing) 

damage prior to this research [172]. 

Figures 119 to 125 detail one SEM scan for exhibit 133 and the 6 elements map 

scans. A scale links the brightness to the quality of the element. Figure 120 details no 

aluminium detected. Figure 121 details a large amount of carbon. Figure 122 details 

a large amount of copper. Figure 123 details that there is a small amount of zinc on 

the bead area. Figure 124 details a large amount of oxygen present over the entire 

area scanned. Figure 125 a large amount of Iron on the bead area of the arcing 
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damage. The iron appears to be from a fixing screw and this suggests that the 

conductor faulted against a screw.
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Figure 119 - Exhibit 133 Back Scatter 

Electron scan 

Figure 120 – Exhibit 133 Aluminium 

element scan 
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Figure 121 – Exhibit 133 Carbon 

element scan 

Figure 122 – Exhibit 133 – Copper 

element scan 
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Figure 123 – Exhibit 133 – Zinc 

element scan 

 Figure 124 – Exhibit 133 Oxygen 

element scan 
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Figure 125 – Exhibit 133 Iron element 

scan

Exhibit 133 was recovered from experiment 36. The notes for this experiment 

describe this exhibit as a two conductors that have faulted across a fixing screw.

Table 10 details the exhibits used to create element image maps. It also details which 

elements were detected and the arcing category. 
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Table 10 – List of exhibits used to create element image maps 

Exhibit

number

Arcing

category

Cable fixing 

method

Al C Cu Zn O Fe 

007 A Metal screws 

012 G Metal screws 

016 G Metal screws  

032 E Metal screws  

039 C Metal screws 

049 B Metal screws  

058a H Metal screws  

062a B Metal screws 

071 C Metal screws 

077 B Metal screws  

114 E Metal screws  

123 B Metal screws  

126 F Metal screws  N/A N/A N/A

128 D Metal screws 

129 D Metal screws 

133 D Metal screws  

135 H Wood blocks  

140 A Wood blocks  

144 D Wood blocks 

145 D Wood blocks N/A N/A N/A

Pre-fire 1  Not applicable  

4.4 FEI Sirion 200 SEM equipment description 

The FEI Sirion 200 model was a Field Emission Scanning Electron Microscope that 

was used to capture the majority of the SEM images for this research. The software 

that operated the equipment and captured the high quality images was Microsoft 

Windows based.  The equipment captured images immediately and the manual stage 
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controller was logical to operate. Figure 126 is a photograph of the FEI Sirion 200 in 

the Department of Physics dedicated SEM laboratory. 

Figure 126 – Image of the FEI Sirion 200 SEM installed at the University of 

Strathclyde – Department of Physics [173]. 

Figure 127 details the stage area exposed when the SEM has been vented. Figure 128 

details an aluminium alloy stub with exhibits attached prior to being inserted into the 

SEM stage assembly. 

Figure 127 – A stub mounted onto the SEM stage of the FEI Sirion 200 [174] 
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Figure 128 - Exhibits mounted on to the SEM stub [175] 

4.5 Image output 

The images for both the Cameca SX100 and the FEI Sirion 200 were outputted in 

high resolution Tagged Image Format Files (TIFF) format without any image 

compression applied during the output process. Copies of the original images were 

converted into Joint Photographic Experts Group (JPG) to use in word processing 

software. The conversion process was undertaken using a batch macro in Adobe 

Photoshop (version 7) software, to ensure the optimum image quality available.  

4.6 Results 

There was a difference in the specification of the two SEM instruments. The image 

output of the Cameca SX100 had a definition of 0.92 million pixels (1172 x 787 

pixels). The FEI Sirion had a resolution of 1.35 million pixels (1290 by 1044 pixels). 

The FEI Sirion image output also appeared to be more defined when compared to the 

image output of the Cameca SX100.  

The image quality and definition was found to be useful when analysing the arcing 

damage patterns on the exhibits. The edge of the pattern is described as the 

demarcation area between the area of localised melting on the conductor surface and 

the adjacent undamaged area of the conductor. This work has confirmed that the 

demarcation area is one of the most important features of electrical arcing damage 

compared to other effects of localised melting (thermal effects etc.). A conventional 
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optical microscope can detail the demarcation area of the localised melting with good 

results, however, the SEM was a considerable improvement for this type of surface 

analysis. Figure 129 details an example of the image output for the Cameca SX100 

SEM. Figure 130 details an example the image output for the FEI Sirion 200 SEM. 

One issue identified whilst undertaking the SEM work was that if the area of 

localised melting on the conductor surface was wide (for example “Category A” of 

arcing damage) several SEM scans were required to document the affected area. 

Separate images needed to be stitched together manually in a different image 

manipulation software application to detail the entire damaged surface area. Figure 

131 details five SEM images stitched together to display the entire area of arcing 

damage to a conductor with “Category A” localised melting.  

Figure 129 – Cameca SX100 SEM image of exhibit 145 



136

Figure 130 – FEI Sirion 200 SEM image of exhibit 002. 

Figure 131 – Five SEM images stitched together (category A arcing damage) 

4.7 Pre-fire localised melting (arcing) damage to conductors 

There was a significant difference in the localised melting patterns between the pre-

fire and post-fire arcing damage. The pre-fire arcing generally affected a much large 

area of conductor surface than the post-fire arcing recovered from the experiments. 

An explanation for this difference could be the matrix of surviving charred PVC 

insulation covering the conductors for the exhibits recovered from the full-scale 

experimental fires. Figures 132 – 135 detail SEM images of the localised metallic 

damage to pre-fire exhibits.  



137

Figure 132 – left side of pre-fire 

exhibit (pre-fire 9 neutral) 

Figure 133 – right side of pre-fire exhibit 

(pre-fire 9 neutral) 

Figure 134 – pre-fire exhibit 13 

neutral conductor 

Figure 135 – pre-fire exhibit 1 

4.8 Confocal Laser Scanning Microscope 

4.8.1 Equipment description  

The Olympus LEXT OLS 3100 is a confocal laser scanning microscope capable of a 

0.12 m resolution three-dimensional measurement. It has a magnification from 120x 

to 14,400x and it combines a 408nm laser with optics to operate at this wavelength 

[176]. The software captures the images and stitches them together to create a three-

dimensional view that can be navigated. The selected view can be captured as an 

image. Figure 136 details the typical equipment set-up and figure 137 details the 

microscope and the exhibit mounting stage. 
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Figure 136 – Olympus LEXT OLS 3100 confocal laser scanning microscope [177] 

Figure 137 – The Confocal laser scanning microscope with a motorised stage [177] 

The Olympus LEXT OLS3000 user manual describes the principle of laser scanning 

microscopes as follows: 

“A laser scanning microscope aims laser beam at a small spot with objective lens 

and scans over the specimen in X-Y directions. It then captures a light from specimen 

with detector and outputs the image of specimen on to a computer monitor. In 

confocal optics, the pinhole is placed at a position that is optically joined together 

with focusing position (confocal plane) to repel light that comes from place other 
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than focusing position. As the result, the part where light was repelled is truly 

darkened in the image and; it is possible to slice optically the specimen of 

shouldered shape. Contrary to it, in ordinary microscope, the light that comes from 

place other than focusing position is overlapped with image forming light at focusing 

position and whole image turns blurry.” [178]

The optical system was designed to be used with a 408-nm laser light (violet opt 

system). The optical system is intended to prevent the occurrence of aberrations 

associated with the use of a short-wavelength light source [178]. Figure 138 is a 

diagram that details the light sources and the optical system. Figure 139 details the 

light path for the violet opt system. 

Figure 138 – Confocal laser scanning microscope optical system [178] 
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Figure 139 - Basic concept of a light path in the violet opt system [177] 

Exhibits from each arcing category that had been previously analysed with SEM 

were selected for analysis with a LEXT OLS 3100 confocal laser scanning 

microscope unit set up at the Kroto Research Campus at the University of Sheffield. 

Table 11 details the exhibit numbers and arcing category that were analysed with the 

LEXT.
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Table 11 – Details of the exhibits analysed with the confocal laser scanning 

microscope  

Arcing category Exhibit numbers Total  

A 002, 013, 055, 140, 142 5 

B 011, 62a, 090, 093, 123, 130, 132, 139 8 

C 008, 020, 033, 037, 056, 071, 084 7 

D 062, 078, 112, 128, 129, 133, 136, 138, 144, 

145

10

E 032, 045, 058, 073, 107, 110, 125 7 

F 006, 028, 049, 052, 063, 064, 120, 126 8 

G 012, 016, 111, 118, 124 5 

H 054, 058a, 117, 141 4 

I 053, 077, 080, 139, 143 5 

Pre-fire 001 1 

4.8.2 LEXT operation 

The exhibit was placed onto the stage and the parameters of the software were 

checked. A file name was inputted for the exhibit to be scanned. The “live TV” 

option enabled the optical system to be focused. The magnification level was set and 

the intensity of the Non-Confocal image was adjusted. 

The Confocal intensity was set to approximately 10 steps above the non-confocal 

image. The surface of the exhibit was viewed to check that the general intensity did 

not exceed the suggested range. 

The X, Y and Z area of the exhibit to be scanned was selected and the scan 

commenced. The scan commenced repeating in steps from the top surface area to the 

bottom of the exhibit. 

Once the scan was completed a three-dimensional image was obtained that could be 

navigated in the software. Measurements from selected points could be made and 

these were stored. A Rich Text Format (RTF) report could be created that detailed 

the scanned images and the measurements. All of the original scanned images were 

stored on the hard drive of the attached computer.  

The “enhanced mode” and “real colour” options improved the quality and rendering 

of the final output.
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4.8.3 Benefits of confocal laser scanning microscope 

The equipment created a large number of useful images during the automated 

scanning process. The profile view and measurements embedded on to the scale are 

not available with other microscopic equipment and the automatic stitching of the 

scanned images enables an entire exhibit to be captured in one process. 

4.8.4 Issues with a confocal laser scanning microscope 

It was not possible to scan shapes with an angle that exceed 70 degrees and the 

instrument could not scan copper metal exhibits mounted on to aluminium.  It was 

found that the image became jagged if the “enhanced” mode was not selected.  The 

software also appeared to have a recurrent fault when generating the automatic RTF 

reports and would often crash whilst undertaking this function. 

4.8.5 Comparison of SEM and LEXT images 

The capturing of the entire exhibit surface when using the confocal laser scanning 

microscope with its ability to compile the stitched scans was found to be useful when 

evaluating metallic damage over a wide surface area of an electrical conductor.  

Arcing category A was found to be the most difficult arcing category to analyse 

when using the SEM compared to the LEXT. Figure 140 and figure 141 detail this 

difference with the five SEM scans stitched together separately with image 

manipulation software and the confocal laser scanning microscope capturing the 

same exhibit with a three-dimensional image with sufficient detail. 

Figure 140 – Five SEM images stitched together to detail the extent of the arcing 

through char damage, exhibit 055 – arcing category A 
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Figure 141 - A capture from the confocal laser scanning microscope of exhibit 055 – 

arcing category A. 

The images captured for each arc using both the SEM and LEXT instruments are 

presented in volume two. 

4.9 Microscopy conclusions 

Several types of microscopy were used to analyse the exhibits recovered from the 

full-scale experimental fires. Overall the SEM produced the most detailed high-

resolution images of the exhibits. However, the SEM was both time consuming to 

prepare the exhibits and to use the equipment. The Confocal laser scanning 

microscope produced versatile three-dimensional images with limited exhibit 

preparation time.  

The element image maps were found to be of limited use to determine the type of 

localised metallic damage to an exhibit. However the elemental surface analysis 

highlighted a large number of elements that were present on the surface of the 

exhibits from the large-scale experimental fires. Six elements were explored in detail 
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and the results obtained indicated that the elemental profile of the arcs reflected the 

microenvironment within which they were formed.  Evidence was found of element 

transfer between the cable fixing screws and the conductors. 

The SEM and Confocal laser scanning microscope analysis techniques were found to 

be useful when analysing the demarcation area between the localised metallic 

damage to conductors and the undamaged area of the conductors.   Both techniques 

could easily distinguish between pre-fire and post-fire arcing. 
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Chapter 5 Arc mapping 

5.1 Introduction 

The methodology of arc mapping was detailed earlier in this thesis: chapter 1, section 

1.7. The literature review indicated that prior to this research the reliability of arc 

mapping had not been established with a series of full-scale experimental fires where 

different compartment scenarios were repeated. 

One of the challenges of this research was evaluating the three-dimensional data that 

was collected during the full-scale experimental fires. Figure 142 details the 

relationship between the x, y, z co-ordinates of the fire’s area of origin (xo, yo, zo)

and the x, y, z co-ordinates of the arcing damage for one of the four circuits (xj, yj,

zj).

Figure 142 – Three-dimensional diagram showing the relationship between the fire’s 

area of origin and the arcing damage on one circuit. 
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5.1.1 The data collection 

Data relating to the fires area of origin (which was known in all of the 39 test 

experiments) was collected prior to the experiments commencing by measuring and 

recording x, y, z co-ordinates. Following the experimental fire the x, y, z co-

ordinates of the arcing damage to the circuits was measured and recorded. The 

measurements were transferred into the compartment scale diagrams created with 

drawing package Microsoft Visio version 2003 software. 

5.1.2 Calculations to undertake a probability analysis 

A mathematical method was used to establish the relationship between the fire’s area 

of origin and the arcing damage locations for the experimental fires [179]. The x, y 

and z co-ordinates were used for the fire’s area of origin and the arcing damage for 

each separate electrical circuit in the compartment.  

Fire’s area of origin : (xo, yo, zo)

Arc in circuit: (xj, yj, zj)

The spatial relationship between the fire and the arcing damage can be represented 

by equation 9. 

Ro  = Roj + Rj     equation 9 

Where:

Ro is the area of origin location 

Roj is the distance between the fire’s area of origin and the arcing damage 

Rj is the arcing damage location 

The three-dimensional comparison between the arcing damage location and another 

three-dimensional point in the compartment using x, y and z co-ordinates is given by 

equation 10.

= (xo – xj)
2
 + (yo – yj)

2
+ (zo – zj)

2          
equation 10

Roj



147

Figure 143 details a cross-sectional view of a compartment with the fire’s area of 

origin, the actual arcing location and the minimum distance between the circuit and 

the fire’s area of origin. Roj is the distance between the fire’s area of origin and the 

arcing damage on a circuit in the experimental fires and Rmin is the minimum 

distance between the fire’s area of origin location and the circuit that sustained the 

arc fault.

Figure 143 – A cross sectional view showing the two different distances from the 

fire’s area of origin to the circuit’s arcing point and the minimum possible distance. 

The results were expressed as a probability value which gave a measure of the 

proximity of the arc to the point on the circuit closest to the fire’s area of origin 

where a value of 1 means that they coincide.  

5.1.3 Using spreadsheet software to automate the calculations

The data for Roj and Rmin with each circuit and experiment was inputted into a 

Microsoft Excel spreadsheet using the x, y, z coordinates for all of the experimental 

fires area of origin locations, the actual arc locations on the circuit, and the closest 

possible arcing locations from the fire’s area of origin and the circuit. For the 

purposes of the calculations only fires which were set with one area of origin were 

included.  As a consequence the total number of 39 practical experiments was 

reduced to 22. 

Roj
Rmin

Fire’s origin (Ro)

Arcing point 
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The formulas to calculate Rmin / Roj (the minimum distance between the fire’s area 

of origin and the arc, divided by the actual distance of the two locations) were 

inputted into the same spreadsheet.  

The master spreadsheet of data was copied and collated so that there was a separate 

sheet for each experimental fire scenario. The data was analysed for each scenario 

and separate histograms created for the repeat tests. The three-dimensional location 

of the arcing damage for each circuit was compared to the closest point on that 

circuit to the fire’s area of origin in each case.  

5.1.4 Importing the data into a statistical package 

The Excel spreadsheet data was imported and analysed with the statistical software 

package MiniTab version 15 (Minitab Inc. State College, PA. USA) and the results 

are detailed in figure 144. This statistical package was able to display all four 

separate circuit results on one histogram chart. 

Statistical analysis suggests that the majority of the arcing events occurred on the 

electrical circuits within a short distance or adjacent to the closest possible points on 

the circuit to the fire’s area of origin. The majority of the probability results were in 

the 0.85 to 1.0 range.  A reduced probability for circuit 1 was observed for almost all 

of the experiments. The location of the cable for circuit 1 (the power ring circuit) was 

consistent throughout all of the experimental fires. The cable was located at the 

junction of the top of the walls and the ceiling. The fire dynamics appear to have 

slightly delayed the exposure of the PVC insulation to the heat flux in the fire’s early 

development resulting in arcing damage occurring further away from the area of 

origin in some cases and resulting in a greater spread of results.  Figure 144 details 

the results of all four circuits’ results on to a single histogram. 
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Figure 144 – Histogram detailing the probability of the arcing damage compared to 

the closest point on a circuit. 

5.2 Arcing in more than one location on the same circuit 

The effect of two separate points of arcing damage located on the same circuit was 

observed on 9 of the 156 circuits installed into the series of 39 experimental fires. 

The interpretation of this evidence is that an insufficient fault current flowed during 

the first arcing event on the circuit preventing the circuit breaker from operating on 

that occasion.

An example of this phenomenon is occurred in experiment 38 (scenario A). The 

post-fire examination revealed that the conductors for circuit 4 had electrically 

faulted creating arcing damage in two separate locations. Exhibit 141 from circuit 4 

was located furthest from the electrical source, 0.5 meters of the fire’s area of origin. 

Circuit 4 had then further faulted through circuit 1 (exhibits 139 and 139a) at a 

location 1.8 meters from the fire’s area of origin. The effect of arcing in two separate 

locations on the same electrical circuit is illustrated in figure 145. 
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Figure 145 – Diagram of experiment 38 detailing two separate areas of localised 

metallic (arcing) damage on circuit 4.  

In North America, arcing in more than one location on an electrical circuit exposed 

to a fire is frequently encountered [180]. Testing by the author and Svare in 1999 

using US and European circuit breakers to protect wiring exposed to compartment 

fires suggested that European circuit breakers were more sensitive than North 

American circuit breakers in fault conditions [107].

Experience of the author whilst examining electrical wiring at fire scenes is that 

arcing damage at multiple points on an electrical circuit is not often observed in UK 

residential circuits. The difference in the circuit breaker design suggests that 

European circuit breakers de-energise circuits in fire conditions faster than the North 

American versions during arcing events. Experience of American investigators 
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indicates that residential circuits protected by 15 or 20 Amp circuit breakers will 

often demonstrate multiple arcing locations on a circuit [181]. 

5.3 Blind tests 

A series of three blind test experimental fires was undertaken using different 

compartment fires with scenarios that were unknown. Four electrical circuits were 

installed into empty compartments in the same configuration as the previous 39 

experiments. The compartments were furnished and then ignited.   No observations 

were made of the interior of the three compartments until each of the fires were 

extinguished. The scenarios were laid out as a domestic lounge, a bedroom and a 

travel agents office. The conductors placed within the three scenarios were examined 

and the arcing locations were identified and documented.  

5.3.1 Blind test 1 

Blind test 1 was configured as a domestic lounge. The furniture layout was different 

to any of the six scenarios repeated in the previous experimental fires. A three-seat 

settee was located on the left wall. An armchair was located on the left wall in the 

rear left corner of the room.   The room layout and position of arcing damage is 

illustrated in figure 146. 

Arcing was observed on all four circuits.  Circuit 4 had arcing damage 1 metre from 

the rear wall and 1.2 metres from the left wall. Circuits 1 and 4 had arcing damage 

between them adjacent to the left wall and 2.51 metres from the rear wall. Circuits 2 

and 3 had arcing damage 1 metre from the front wall and 1.62 metres from the left 

wall.

The locations of the arcing damage suggested that the fire’s area of origin was the 

armchair in the rear left corner of the room. The fire’s actual area of origin was a 

refuse bin located between the armchair and the three-seat settee.
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Figure 146 – Room plan for blind test 1 (furniture mainly omitted for clarity) 

5.3.2 Blind test 2 

Blind test 2 was configured as a travel agents office. The furniture layout was 

different to any of the six scenarios repeated in the previous experimental fires. The 

room was furnished with a desk and other items of furniture generally found in an 

office location.  The room layout and position of arcing damage is illustrated in 

figure 147. 
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Figure 147 – Room plan for blind test 2 (furniture mainly omitted for clarity) 

Arcing was observed on all four circuits.  Arcing damage was located in two separate 

areas close to each other in the rear right corner of the compartment. Circuit 1 had 

arcing damage 0.4 metres from the right wall and adjacent to the rear wall. Circuit 4 

had arcing damage 1 metre from the rear wall and 0.56 metres from the right wall. 

Circuits 2 and 3 had arcing damage 1 metre from the front wall and 0.84 and 0.65 

metres respectively from the right wall. The locations of the arcing damage 
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suggested that the fire’s area of origin was located in the rear right corner of the 

room. The fire’s area of origin was located in a refuse bin in the rear right corner of 

the compartment.  

5.3.3 Blind test 3 

Blind test 3 was configured as a bedroom. The furniture layout was different to any 

of the six scenarios repeated in the previous experimental fires. The room was 

furnished with beds, a wardrobe and an armchair and is illustrated in figure 148. 

Figure 148 – Room plan for blind test 3 (furniture mainly omitted for clarity) 

Arcing damage was located on all circuits.  Arcing damage was located on circuit 1 

adjacent to the left wall and 2.2 metres from the rear wall. Arcing damage was 
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located on circuit 4 one metre from the rear wall and 1.23 metres from the left wall. 

Arcing damage on circuits 2 and 3 were in the same location in the compartment, 1 

metre from the front wall and 1.6 metres from the left wall.  

The locations of the arcing damage suggested that the fire’s area of origin was the 

single bed located in the rear left corner of the room. In this case the fire had two 

separate areas of origin. One was the end of the single bed located in the rear left 

corner of the room. The second area of origin was the armchair underneath and 

adjacent to the arcing locations of circuits 2 and 3.  

5.4 Blind test x, y, z co-ordinates data analysis 

The x, y, z co-ordinates for the three blind tests were analysed and illustrated similar 

probabilities as the experimental data.  This demonstrated that the locations of the 

arcing damage on each electrical circuit when compared to the closest possible 

location to the fire’s area of origin was a reliable indicator or the fire’s area of origin. 

The exception was circuit 1, the ring main circuit, routed at the junction of the wall 

and ceiling in the compartments. The fire dynamics would add a lag to the exposure 

of the cable in this location when compared to the flow of the hot gases at ceiling 

level in the early development of the fire.  This was also observed for circuit 1 in the 

experimental fires and suggests that arc mapping may be more indicative when 

located on cables which are not in corner configurations.  Figure 149 details the 

probability of the x, y, z co-ordinates for the three blind tests. 
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Figure 149 – Chart detailing the co-ordinates data analysis (series 1 represents blind 

test 1 etc.).  The closer the value is to 1 the closer proximity of the arc to the part of 

the conductor which was closest to the fire’s area of origin. 

5.5 Arc mapping conclusions 

Analysis of the three-dimensional data recorded during the experiments and the 

arcing events has indicated that there is a high probability of arcing damage 

occurring to electrical conductors located close to the fire’s area of origin. The series 

of full-scale experimental fires with repeated scenarios mathematically validated the 

reliability of the arc mapping methodology.  Blind testing where the arcing damage 

was used to suggest an area of origin of the fire was successful in all tests and 

illustrates its value in scene investigation. 
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Chapter 6 Conclusions and future work 

6.1 Conclusions 

6.1.1 Experiments 

This work represents the first time that a systematic series of practical experiments 

has been undertaken involving the installation of fixed electrical wiring into fully 

furnished compartment fires that are repeated. The research involved a total of 62 

compartments over a three-year period between 2004 and 2006 with 39 experiments 

using suitable electrical supply equipment. 

The practical experiments involved fires in fully-furnished compartments. The 

furniture layout and compartment dimensions were repeated as scenarios. The fire’s 

area of origin for each experimental scenario was kept as constant as possible within 

the parameters set by the fire investigation training provider hosting the fire scenes.

The optical microscope examination and documentation, established that these 

experiments produced a series of nine categories of arcing damage and that these 

arcing categories were repeated many times throughout the experiments with some 

small variations within each category. Microscopic examination also established that 

the chaotic event of electrical arcing produces evidence that while slightly different 

in size and shape, can still be categorised into one of the nine types. 

The research involved fully-furnished compartment fires where the pre-fire layout 

and the fixing of the cables was known and documented. The fire’s area of origin and 

its development in the compartment was also documented and observed.  

6.1.2 Arcing through char 

The research has demonstrated that “arcing through char” (a phenomenon 

documented in text books) is a metallic pattern that can be visually identified at a fire 

scene and discriminated from other metallic damage patterns.  This type of arcing 
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appears to result as a consequence of the charring and degradation of the PVC 

insulation material sheathing the conductor. 

6.1.3 SEM and Confocal laser scanning work 

SEM and Confocal laser scanning microscope analysis were found to be useful when 

analysing the demarcation area between the localised metallic damage to conductors 

and the undamaged area of the conductors.  The SEM has the advantage of 

facilitating the elemental analysis of the arc damage.  It was demonstrated that the 

microenvironment of the arc had an effect on the elemental composition which could 

be contaminated by adjacent metals such as fixing screws.  This suggests that 

elemental mapping of arc damage must be considered and contextualised to the 

immediate environment of the arc on the conductor.  Microscopic analysis also 

indicated a clear distinction between pre and post fire arcing damage.  

6.1.4 Statistical analysis of the data 

The full data set and various sub sets of the data were analysed using the Spearman’s 

rho correlation coefficient calculations.  The tests have shown that the majority of 

variables in the experiments were not correlated with each other. 

A significant correlation between the temperature at the time of the arcing event and 

the circuit breaker sequence was revealed.  A correlation was also revealed between 

the time from ignition (seconds) and the circuit breaker operation sequence.

The lack of correlation between arcing pattern types (categories) and the other 

variables is a useful contribution to the fire investigation community. The analysis of 

each arcing category and repeated scenario revealed no correlations. This suggests 

that the type of metallic pattern produced during an arcing event is unpredictable. 

6.1.5 Arc mapping 

The series of full-scale experimental fires discovered that an arcing event can 

occasionally occur in more than one location on a circuit.  
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The analysis of the three-dimensional data has indicated that there is a high 

probability of arcing damage to electrical conductors occurring close to the fire’s 

area of origin. The series of full-scale experimental fires with repeated scenarios has 

validated the reliability of the arc mapping methodology.   

6.2 Future work 

The installation of thermocouple trees into a number of fire compartments at 

Wethersfield to validate the ENSFI test fire temperature results is recommended. The 

thermocouple tree locations should be uniform to detect the temperature levels at 

ceiling height throughout the compartment. 

Additional metallurgy analysis should be undertaken in the future to examine the 

internal grain structure of arcing damage to copper metal. The grain structure could 

then be categorised and compared to the data collected in the experiments to test for 

correlations in the dataset.  

A research project should be planned to explore the creation of a zone model 

software package. The purpose of this software would be to predict the probability a 

fire’s area of origin location within a compartment/building fire when the x, y, z co-

ordinates of arcing events and the location of the electrical source are inputted.  
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Introduction

The large scale tests were all undertaken at a fire investigation training facility

located at the Ministry of Defense Police Headquarters and Training Centre, located 

at Wethersfield, Essex, United Kingdom. This facility allowed for the test scenarios 

to be carried out under realistic conditions, which would normally be encountered

during the development of a compartment fire from its ignition to flashover 

conditions. A total of 39 experiments were conducted between March 2005 and 

September 2006.

The facility was located within a large ex-military airfield complex. The fire ground

area was made up of twelve compartments. Four of these were located in mobile 

homes that were structurally reinforced with timber and dry lined with plasterboard. 

The other eight compartments were arranged in two terraced blocks. They were 

constructed with concrete blocks with internal timber-framed walls that divided each 

building into four separate compartments. The compartments were internally dry 

lined with plasterboard and a skim of plaster with a finish that was consistent with 

conventional residential and light commercial construction. Each compartment was 

fitted with an external door and either one or two single glazed windows.

The facility had a dedicated electrical supply consisting of a diesel powered 65kVA 

three-phase 415 volt generator. A custom-built 75kVA three-phase to single phase 

transformer was designed, built and installed at the facility for the purposes of this 

research project. A four-core armoured cable (95mm
2
) was also specified and 

installed to link the generator and the transformer with minimum electrical losses. 

The electrical supply configuration was required at this remote location to replicate a 

typical electrical intake within a residential or light commercial building. The 

electrical supply configuration was consistent throughout the series of experiments. 

Figure 1 is a site plan detailing the buildings, the generator and the transformer.

A dedicated cable set was constructed to link the transformer output to a portable 

electrical distribution board. The distribution board was positioned directly outside 
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each compartment prior to the experiment. Four separate final electrical circuits were 

installed into the compartments and connected to the portable distribution board. The 

cables were fixed to the ceiling and routed to replicate typical electrical circuits used 

in the UK. 

Circuit 1 was wired with 2.5mm
2
 PVC/PVC cable in a “ring” circuit configuration 

with 32A circuit protection, replicating a power circuit. Circuit 2 was wired with 

2.5mm
2
 PVC/PVC cable in a “radial” circuit configuration with 16A circuit 

protection, replicating a dedicated electrical appliance circuit. Circuits 3 and circuit 4 

were wired with 1.0mm
2
 PVC/PVC cable in radial configurations with 6A circuit 

protection, replicating lighting circuits.

Figure 1 – Overview of the facility used for the experiments

Terraced row of 4 

compartments per 

building,

constructed with 

concrete blocks

65kVA

Electrical

generator

75kVA three-

phase to 

single-phase

transformer

Mobile home 

construction

with two

compartments

per block

Course briefing rooms, storage 

rooms and demonstration areas 

(not used in research)

Demonstration

and storage 

areas (not used 

in research)
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A number of fire scene scenarios were used for training purposes.  These provided 

the test scenarios within which the electrical conductors related to this research were 

placed and facilitated the reproducibility of the experimental scenarios. The data 

collected during each experiment has been summarised in this volume. A diagram of 

each experiment details the cable routes and the location of the localised metallic 

(arcing) damage. Pre-fire and post-fire photographs have been selected to document 

the experiments. Several experiments include additional photographs to detail the fire 

development at different stages. 

Microscopic photographs of each exhibit have been used to detail the localised

metallic (arcing) damage to the electrical conductors recovered from the 

experiments. Scanning Electron Microscope (SEM) and Confocal Laser Scanning 

Microscope (Olympus LEXT) images are included for the selected exhibits subjected 

to this additional analysis.

Table 1 – Scenario type and dates for the 39 experiments.
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