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ABSTRACT
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PREFACE
These proceedings include papers and extended abstracts from the 5th International Conference on
Fires in Vehicles – FIVE 2018, held in Borås, Sweden October 3-4, 2018. The proceedings include an
overview of research and regulatory actions coupled to state-of-the-art knowledge on fire related
issues in vehicles, such as passenger cars, buses, coaches, trucks and trains.
Fires in transport systems are a challenge for fire experts. New fuels that are efficient and
environmentally friendly are rapidly being introduced together with sophisticated new technology
such as e.g. fuel cells and high energy density batteries. This rapid development, however, introduces
new fire risks not considered previously and we risk getting a situation where we do not have enough
knowledge to tackle them. In this context FIVE represents an important forum for discussion of the
fire problem and for exchange of ideas.
Fire protection in road, rail, air, and sea transport is based on international regulations since vehicles
cross borders and the safety requirements must be the same between countries. Therefore,
understanding of safety and regulations must be developed internationally and the FIVE-conference
has a significant role to play as a place to exchange knowledge.
FIVE attracts researchers, operators, manufacturers, regulators and other key stakeholders. Of
particular value is the mix of expertise and the international participation in the conference. The
conference is unique as it includes fires in different vehicles. It is not confined to bus fires or train
fires but includes them both, naturally since fire problems are often similar regardless of type of
vehicle. This means that for example solutions for trains are useful for fire problems in buses and vice
versa.
In the proceedings you will find papers on the fire problem, alternative fuel and electric vehicles, fire
investigations and case studies and finally fire mitigation. We are grateful to the renowned researchers
and engineers presenting their work and to the keynote speakers setting the scene. We sincerely thank
the scientific committee for their expert work in selecting papers for the conference.
Petra Andersson
Chair FIVE 2018 Scientific Committee

Ola Willstrand
FIVE 2018 Organizing Committee

Note: the views expressed in the papers are those of the authors and not necessarily those of RISE
Research Institutes of Sweden.
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Regulatory Outlook on Electric Vehicle Safety
Annika Ahlberg Tidblad
Volvo Car Group
Gothenburg, Sweden
ABSTRACT
The number of vehicles on our roads with Li ion batteries on board will rise rapidly in a foreseeable
future. The energy content of the propulsion batteries used in these vehicles also increases steadily, as
Li ion cell technology evolves and longer electric driving ranges are demanded by the market. The
need to ensure safe operation of electric vehicles, both during normal use and post-crash, has high
priority. International collaboration to agree on Electric Vehicle Safety (EVS) regulations within the
framework of the UN ECE Vehicle Regulations is a road to harmonization of safety requirements and
can shorten the development times for the necessary requirements and compliance verification
methods. GTR 20 was adopted 2018 and is the outcome of phase 1 of the EVS GTR. GTR 20
introduces new elements compared to the existing R100.02 including a new pass/fail criteria, venting,
and a number of new requirement areas: warnings, gas management, thermal propagation safety, low
temperature protection, protection against water effects and protection against electric shock postcrash.
KEYWORDS: Li ion propulsion batteries, electric vehicles, safety requirements, Global Technical
Regulations, thermal propagation
BACKGROUND
The global compound annual growth rate (CAGR) of lithium ion (Li ion) battery sales is more than
25% by Wh-volume during the period 2007-2017 [1]. In 2017, the total volume comprised more than
120 GWh and 57%, or more than 68 GWh, was attributed to the use of Li ion propulsion batteries in
electrified vehicles, of which 65% were found on the Chinese market [1]. Although this still
represents low volumes of the total road vehicle fleet, the number of -vehicles with electrified drive
trains produced annually continues to increase every year as the market penetration rises steadily. This
trend is a consequence of increasing restrictions on CO2 and NOX emissions from the transport sector
as well as more aggressive political strategies for fuel economy and reduced fossil fuel dependence
around the world. The number of vehicles on our roads with Li ion batteries on board will rise rapidly
in a foreseeable future. The energy content of the propulsion batteries used in these vehicles also
increases steadily, as Li ion cell technology evolves and longer electric driving ranges are demanded
by the market. The need to ensure safe operation of electric vehicles, both during normal use and postcrash, has high priority both for vehicle manufacturers and responsible authorities around the world.
International collaboration to agree on Electric Vehicle Safety (EVS) regulations within the
framework of the UN ECE Vehicle Regulations is a road to harmonization of safety requirements and
can shorten the development times for the necessary requirements and compliance verification
methods since leading international experts from industry and government share research and
practical field experiences to achieve technically sound safety regulations that can be applied across
markets.
The high energy density of Li ion batteries in combination with the current cell chemistry instability
at elevated temperatures are the main safety concerns for this battery technology. Since first
introduced on the market in the late 1990’s, there have been a number of high profile battery fires that
have reached the media headlines, leading to recalls of consumer electronics, these include the Sony
laptop battery incidents from 2006 [2], the Samsung Galaxy Note7 fires in 2016 [3] and the
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Hoverboard fires in 2017 [4]. The Li ion batteries used in electric vehicles are essentially the same
type of chemical systems as those in portable electronics, and hence there is a potential for similar
severe thermal incidents caused by chemical breakdown and combustion of cell materials. However,
the potential energy release from an automotive Li ion battery is significantly higher since the
quantity of cells in electric vehicle propulsion batteries is much larger than in consumer electronic
devices, typically hundreds or even thousands of cells connected together in series and/or parallel
strings. Typical electric vehicle battery voltages are 200-600 V and the electric capacity range from
about 1.5 kWh in a non-plugin hybrid electric to up to 100 kWh in a high end full electric vehicle.
Consequently, there are additional safety risks related to unintended contact with hazardous voltage
and high currents. Fortunately, severe incidents involving electric vehicle battery fires are rare and
often the result of extreme external forces deforming the battery, causing internal short circuits.
Examples include the Chevy Volt fires that started several weeks after crash testing [5] and the Tesla
battery that was damaged by road debris [6]. However, fires can also result from spontaneous internal
short circuits caused by manufacturing defects, as was the case with the Boeing Dreamliner auxiliary
power unit (APU) [7],which left this airline type stranded for several weeks as the problem was fixed.
There are several failure modes, in addition to severe mechanical abuse, that can result in a thermal
event in a Li ion battery. Many of these conditions are initiated internally in the battery system, e.g.
electric shorting of the battery cell, either externally or internally, or improper battery management
leading to over-charge, over-currents or over-discharge. External heat exposure, for example as result
of a fuel fire, is a condition which can initiate chemical decomposition and gassing inside a Li ion cell
due to the instability of the electrolyte at temperatures above approximately 100 °C [8]. In extreme
cases, the thermal event turns into a state of “thermal runaway”. This is when the rate of the
decomposition reactions continually accelerate and the temperature of the cell increases
uncontrollably to extreme levels, often well above 200-300 ˚C, at which point also the electrode
materials take part in the chemical reactions and the temperature continues to increase. Post mortem
analysis of cells that have experienced thermal runaway has revealed presence of recondensed
aluminum, melting point 660 ˚C and in some cases even the presence of melted copper (melting point
1085 ˚C [9].
Out of all possible failure modes, the formation of spontaneous internal short circuit is raising the
most concern. This is believed to be the root cause of field failures without any known prior abuse
conditions. The batteries involved in these spontaneous thermal runaway events have typically passed
rigorous testing according to industry standard safety tests. The failures often occur after significant
time of usage, i.e. more than 3 months and up to 1-3 years of service life [9]. The most common
explanation for initiation and development of internal short circuits is the presence of foreign particles
in or on the cathode. Barnett et al. have performed experiments where nickel particles have been
placed on the cathode current collector and inside the jelly roll that support this mechanism [9]. Other
manufacturing flaws, such as burrs, misalignment of the electrode package or punctured separators
may also lead to formation of internal shorts. However, it cannot be completely excluded that thermal
runaway may also be derived from physical and chemical changes inside the cell that are commonly
associated with the ageing processes that occur as a result of battery usage. Not all internal short
circuits are energetic enough to drive the Li ion cell into thermal runaway. Modelling studies by Zhao
et al. [10, 11] show that there are 4 types of internal short circuits that can form, depending on which
surfaces on the negative and the positive electrodes that come into contact with each other. Only
shorting between the anode graphite surface and the aluminum current collector on the cathode side is
considered energetic enough to have the potential to initiate cell thermal runaway, which may
propagate to neighboring cells in the battery.
In light of what is known about Li ion battery instability and the experience in the field, it is no
surprise that electric vehicle battery safety is among the first performance characteristics to be subject
to regulatory activities.
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ELECTRIC VEHICLE SAFETY REGULATION
The UN ECE Vehicle Regulations are developed through international collaboration between
authorities of contracting parties and technical experts from industry, research institutes and test
houses. The benefits of harmonized global regulations is that it establishes a common minimum
performance level and it removes market barriers for the industry since the same technical
requirements apply on multiple markets. There are two sets of UN ECE vehicle regulations; the “R”
regulations that are developed under the 1958 Vehicle Regulation Agreement and the Global
Technical Regulations “GTR” that are developed under the 1998 Vehicle Regulation Agreement. The
“R” regulations are legal requirements in the contracting parties of the 1958 Agreement. However, the
GTR is not a regulation in itself, but needs to be transitioned into the applicable regional regulations.
The geographic applicability of the two regulations depends on the contracting parties, i.e. the
countries that have signed the respective agreements, and they are related in the sense that they affect
each other. When there is both an “R” and a “GTR” in the same technology area they have to
harmonize and not impose contradictory or conflicting requirements. For contracting parties of the
1958 Agreement, a new GTR needs to be transitioned into the appropriate “R” regulation to become
legally binding. The transition process should start once the GTR has been adopted by the UN.
R100.02 [12] is the first electric vehicle safety regulation taking into account both electrical and
battery safety. It was adopted in 2013 and has been mandatory for contracting parties since 2016. The
development of an electric vehicle safety GTR started in 2014, led by USA, EU, China, Japan,
Canada and South Korea. The first phase of this work was completed early 2018 with the adoption of
GTR 20 [13], which is currently being transpositioned into a third revision of R100. Table 1 shows a
comparison between R100.02 and GTR 20. There are some news compared to the existing
requirements:
• Warning requirements have been added for 3 conditions
o Loss of battery management control
o Thermal event detected in the battery
o Low electric energy content (empty battery)
• Post-crash protection against electric shock
• Protection against water effects
• Management of gases that can be emitted from the Li ion battery in the event of failure
• Thermal propagation protection of occupants
• Low temperature protection
• Venting as an additional pass/fail criteria
A new feature in the GTR is that compliance for some requirements can be demonstrated by
documentation rather than having to perform a physical test. This applies as an option to the water
protection, thermal propagation and low temperature protection requirements. In the case of thermal
propagation, this is an interim solution since it was agreed that existing test methods for assessing
thermal propagation safety are not suitable for regulation and more research is needed to arrive at a
robust test method that is representative of a thermal propagation caused by thermal runaway due to
internal short circuit in a single cell. The main challenges are to design a test that is technology
agnostic and can be fairly applied across a range of Li ion cell chemistries as well as battery designs.
Additionally, it must simulate field failure conditions and that is without imposing excessive abuse or
adding significant amounts of extra energy and thereby creating a test condition that accelerates the
thermal response of the Li ion battery beyond what can reasonably happen in a real field incident. The
test procedure should not require invasive changes to the battery in order to perform the test, as this
can adversely impact on the test result. There is a significant risk that inappropriate test conditions can
be technology restrictive and hamper further development of electric vehicle performance by
disabling the use of higher energy density materials in the cell chemistries.
Phase 2 of the electric vehicle safety GTR has already started and is projected to run for 4 years.
Thermal propagation safety is one of the most important topics and much effort is directed by all
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involved parties to support development of an appropriate test. Other focus areas for consideration in
phase 2 include:
• Gas management – development of quantitative test methods to assess toxicity of vented
gases from the Li ion battery in case of failure
• Water exposure conditions including full and partial immersion in fresh and salt water
• Charging safety
It is well-documented that Li ion cells can emit toxic and flammable gases in case of a failure
resulting in battery venting or fire [14, 15, 16]. The concern includes exposure risks of vehicle
occupants and those in the vicinity of a vehicle in case of an incident involving venting and fire, e.g.
first responders. It is important to understand realistic exposure risks, especially for first and second
responders, who can be expected to have increased exposure to emissions, so that appropriate
protective measures can be made to safeguard against negative effects. Since some of the toxic gases
under consideration are present at very low concentrations, accurate quantification is challenging.
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Comparison between electric vehicle propulsion battery safety tests and requirements in UN ECE Regulation 100.02 and GTR 20.
Test
Objective
R100.02
GTR 20
Verify the safety
performance of the REESS
under a vibration
environment which the
Vibration
No evidence of:
No evidence of:
REESS will likely
-electrolyte leakage
-electrolyte leakage
experience during the normal
-venting
-rupture
operation of the vehicle.
-rupture
-fire
Verify the resistance of the
-fire
-explosion
REESS to sudden changes in
-explosion
Isolation resistance no less than 100
temperature to simulates a
Isolation resistance no less than 100 Ohm/V
Ohm/V
Thermal shock
rapid environmental
and cycling
temperature change which a
REESS would likely
experience during its life.
No evidence of:
-fire
In-use
-explosion
requirements
Verify the safety
Vehicle based test:
performance of the REESS
-No electrolyte spillage inside occupant compartment
Mechanical
under inertial loads which
-max 7% or 5 l electrolyte spillage outside of occupant compartment
impact
may occur during a vehicle
Component based test:
crash.
-No electrolyte leakage
REESS shall be retained by mounting and components shall remain inside its
boundaries.
Isolation resistance no less than 100 Ohm/V or IPXXB protection degree
No evidence of:
Verify the safety performance of -fire
-explosion
the REESS under contact loads
Vehicle based test:
Mechanical
which may occur during vehicle
-No electrolyte spillage inside occupant compartment
integrity
crash situation.
-max 7% or 5 l electrolyte spillage outside of occupant compartment
Component based test:
-No electrolyte leakage

Table 1
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Verify the resistance of the
REESS, against exposure to
fire from outside of the
vehicle due to e.g. a fuel spill
from a vehicle (either the
Fire resistance
vehicle itself or a nearby
vehicle). This situation
should leave the driver and
passengers with enough time
to evacuate.
Verify the performance of
the short circuit protection.
This functionality, if
implemented, shall interrupt
External short
or limit the short circuit
circuit
current to prevent the REESS
protection
from any further related
severe events caused by short
circuit current.
Overcharge
Verify the performance of
protection
the overcharge protection.
Verify the performance of
the over-discharge
protection. This
functionality, if
Over-discharge implemented, shall interrupt
or limit the discharge current
protection
to prevent the REESS from
any severe events caused by
a too low SOC as specified
by the manufacturer.
Verify the performance of
Overtemperature
the protection measures of
protection
the REESS against internal
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No evidence of explosions

No evidence of:
-electrolyte leakage
-venting
-rupture
-fire
-explosion
Isolation resistance no less than 100 Ohm/V

No evidence of explosions

No evidence of:
-electrolyte leakage
-rupture
-fire
-explosion
Isolation resistance no less than 100
Ohm/V

Isolation resistance no less than 100 Ohm/V or IPXXB protection degree
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Post-crash

Protection
against electric
shock

Low
temperature
protection

overheating during the
operation, even under the
failure of the cooling
function if applicable. In the
case that no specific
protection measures are
necessary to prevent the
REESS from reaching an
unsafe state due to internal
over-temperature, this safe
operation must be
demonstrated.

N/A

N/A

Documentation explaining safety
performance of the system level or subsystem level of the vehicle to demonstrate
that the vehicle monitors and appropriately
controls REESS operations at low
temperatures at the safety boundary limits of
the REESS
At least 1 of the following criteria:
-Absence of high voltage - voltages of the
high voltage buses shall be equal to or less
than 30 V AC (rms) or 60 V DC within 60 s
after the impact
-Low energy content - The Total Energy from
high voltage electrical components shall be
less than 0.2 J
-Physical protection degree IPXXB
-Isolation resistance:
1) Electrical power train consisting of
separate DC- and AC-buses: isolation
resistance between the high voltage bus and
the electrical chassis shall have a minimum
value of 100 Ω/V of the working voltage for
DC buses, and a minimum value of 500 Ω/V
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N/A

N/A

The vehicles shall maintain
isolation resistance after
exposure to water (e.g.
washing, driving through
standing water)

Under vehicle operation
including the operation with
a failure, the vehicle
occupants shall not be

Protection
against water
effects

Management of
gases emitted
from REESS.

of the working voltage for AC buses.
2) Electrical power train consisting of
combined DC- and AC-buses (1 of the
following)
a) Isolation resistance between the high
voltage bus and the electrical chassis shall
have a minimum value of 500 Ω/V of the
working voltage;
b) Isolation resistance between the high
voltage bus and the electrical chassis shall
have a minimum value of 100 Ω/V of the
working voltage and the AC bus meets the
physical protection IPXXB
c) Isolation resistance between the high
voltage bus and the electrical chassis shall
have a minimum value of 100 Ω/V of the
working voltage and the AC bus meets the
absence of high voltage
Manufacturer options:
1) Documentation explaining how the
manufacturer tested and verified
compliance of isolation resistance of
the electrical design of the vehicle by
using fresh water;
OR
2) Vehicle based wading and washing
test – isolation resistance directly
after water exposure and after 24h
Contracting party option:
Exempt vehicles with isolation resistance
monitoring from test requirements.
Deemed to be satisfied, if all requirements of
the following tests are met: vibration, thermal
shock and cycling, external short circuit
protection, overcharge protection, over-
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Warnings
N/A

N/A

Low energy
content of
REESS

N/A

Documentation explaining safety
performance of the system level or subsystem level of the vehicle including
parameters and associated threshold levels
that are used to indicate a thermal event.
Based on engineering judgment, the
manufacturer shall determine the necessary
level of REESS energy remaining, when the
driver warning is first provided.

Documentation describing the basic operation
of the vehicle controls that manage REESS
operation, incl. a system diagram.

N/A

discharge protection, over-temperature
protection and overcurrent protection
The vehicle shall provide an advance warning
indication to allow egress or 5 minutes prior
to the presence of a hazardous situation inside
the passenger compartment. This requirement
is deemed to be satisfied if the thermal
propagation does not lead to a hazardous
situation for the vehicle occupants.
Documentation evidence of:
Risk reduction analysis, and mitigating
function or characteristic for each risk,
system diagram of physical systems and
components. Description of operation
strategy.

Thermal event
within the
REESS

Operational
failure of
vehicle controls
that manage
REESS safe
operation.

Thermal
propagation
protection

Vehicle occupants shall not
be exposed to any hazardous
environment caused by
thermal propagation which is
triggered by an internal short
circuit leading to a single cell
thermal runaway.

exposed to any hazardous
environment caused by
emissions from REESS.

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

17

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

For all topics, vehicle occupant safety is the focus of the work group, and not all topics under
discussion in phase 2 are expected to end up with requirements in the GTR.
RELATED INDUSTRY STANDARDS
The development of industry standards for automotive Li ion cell and battery safety testing and
performance is occurring in parallel with the regulatory development. Regulators often look to
industry standards when searching for test methods to verify performance compliance. Similarly,
requirements in regulations can inspire standardization committees to support with best practice
methodology based on the industry experience. Ruiz et al. have published a comprehensive review of
main industry standards and regulatory tests and requirements [17]. Table 2 lists forefront
international industry standards of importance to the general perception and understanding of electric
vehicle Li ion cell and battery safety. The ISO and IEC standards often serve as templates for national
standards and have a widespread impact on testing practice around the world. Several of these
standards are either under revision or close to release of new editions as a result of the fast technology
advancement for automotive propulsion batteries in recent times.
Table 2
Major international industry standards for electric vehicle battery safety.
Standard
Title
Year
Comments
denomination
ISO 12405-3
Electrically propelled road vehicles – test
2014 Tests are being merged
specification for lithium ion traction battery
into new revision of ISO
packs and systems Part 3: Safety
6964-1.
performance requirements
Will be withdrawn when
new revision of ISO 64691 is published
ISO 6469-1
Electrically propelled road vehicles – safety 2009 Currently in final stages of
specifications Part 1: onboard rechargeable
revision. FDIS ballot
energy storage system (RESS)
closed in August 2018.
IEC 62660-2
Rechargeable cells standards publication
2011 In process of revision
secondary lithium-ion cells for the
propulsion of electric road vehicles Part 2:
reliability and abuse testing
IEC 62660-3
Rechargeable cells standards publication
2016
secondary lithium-ion cells for the
propulsion of electric road vehicles Part
3: safety requirements of cells and
modules
SAE J2464
Electric and hybrid electric vehicle
2009 In process of revision
rechargeable energy storage system (RESS)
safety and abuse testing
SAE J2929
Safety standards for electric and hybrid
2013 In process of revision
vehicle propulsion battery systems utilizing
lithium-based rechargeable cells
CONCLUSIONS
The regulatory landscape for electric vehicle safety is in an intense period of change. A working
group of technical experts have been active since 2014 to develop a new electric vehicle safety GTR.
The outcome of phase 1 are found in GTR 20, which were adopted in March 2018. Transposition of
requirements into national and regional vehicle regulation is ongoing. GTR 20 introduces new
elements compared to the existing 100.02 including a new pass/fail criteria, venting, and a number of
new requirement areas: warnings, gas management, thermal propagation safety, low temperature
protection, protection against water effects and protection against electric shock post-crash.
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The electric vehicle safety GTR is continuing with phase 2. This phase will focus on thermal
propagation safety and testing, gas detection and quantification, water immersion conditions and
charging. There are many technical challenges ahead. Multiple research activities are ongoing to
inform the continued regulatory development with technical data. Validation of new test methods will
require significant resources.
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Bus Fires in the State of New South Wales, Australia: An
Investigation Agency’s Response
Peter J. Newman
Transport Safety Investigator, Office of Transport Safety Investigations
Sydney, NSW, Australia

ABSTRACT
The Office of Transport Safety Investigations (OTSI) is a New South Wales (NSW) state government
independent investigation agency. Established in 2004 by an act of parliament, it investigates bus,
ferry and rail incidents. Its investigation reports are tabled in parliament and published on its website.
It is one of only two government investigation agencies in Australia that conduct bus investigations;
the other state agency is in Victoria. The national government transport investigation agency, the
Australian Transport Safety Bureau (ATSB), does not investigate highway or road transport matters,
for historical reasons confining its investigations to aviation, rail and maritime incidents.
Bus fires emerged as an issue for OTSI when, in 2010, a bus fire was fully investigated in-depth. Over
the next 3 years a further 13 bus fires were investigated. An examination of the nature and
circumstances of these fires revealed a number of common safety related issues. As a result, a
systemic investigation was initiated in 2013 to explore the issues in more detail, and to draw on the
experience of other national and international jurisdictions. In 2013, a decision was made to publish
an annual summary report of bus fires in NSW, as well as continuing to investigate significant bus fire
events.
The annual bus fire summary report and the continued individual investigation reports, published by
OTSI, have raised the awareness of the issue of bus fires. It has also informed a concerted effort by
government transport agencies, public and private bus operators to implement measures to reduce the
frequency and severity of bus fires.
KEYWORDS: bus fire, fire investigation, independent investigation agency
INTRODUCTION
There are many paths to improving transportation safety. One path that has been adopted by
governments worldwide is to establish an independent agency that investigates and publishes reports
into incidents. These agencies are permanent bodies, separated from any regulatory agency; they have
their own budget and have discretion to decide what to investigate. The investigations are conducted
under an approach which does not seek to apportion blame or determine liability. The
recommendations are non-binding, but publication of the investigation reports provides an incentive
for any recommendations made by the agency to be implemented.
Although a relatively small agency, OTSI has improved transport safety in its jurisdiction of NSW.
Through its recommendations it has played a part in improvement in operator procedures, the
introduction of new safety equipment, greater oversight by regulators and overall transparency of the
cause of safety incidents. The independent nature of a government investigation agency, that is wellresourced and directed, can provide a pathway to safety that is not usually taken if investigation is left
solely to the operator, a transport regulator, or the press.
Although interested in safety, operators have a vested interest in not disclosing information that may
be detrimental to their business. Safety reports that highlight shortcomings are usually kept for
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internal distribution only. These internal investigation reports are seldom released publicly and
therefore the lessons learnt are not shared throughout the industry.
Any investigation reports done by transport regulators, where done, are also not released publically.
The focus for regulators is on regulatory actions such as auditing and prosecutions, not investigation
and publication of reports.
The press has an important role in publicising incidents and bringing immediate attention to an
incident. Down the track they also have a role in eventually publicising and commenting on the
investigation results. If the case is significant the press use the published reports of investigation
agencies, such as OTSI and ATSB, to publicise the results of the investigation. This is useful as the
press has a wider audience than the transport industry.
Bus fires are headline-creating events for newspapers and are of interest to many groups. These
interested groups include bus operators, manufacturers, the government and, of course, the travelling
public. Although a number of major bus fire have occurred in NSW since 2004, no fatalities have
resulted. Despite the lack of deaths and low injury numbers there are some recent bus fires which
have caught the attention of the media.
A bus fire in NSW occurred in 2011 which generated widespread media coverage. A compressed
natural gas-powered bus was destroyed in Hillsdale, a suburb of Sydney [1]. This fire led to calls from
the transport union to ban all gas-powered buses in NSW. At the time compressed natural gaspowered buses made up 2% of the total NSW bus fleet which was predominantly diesel powered. This
fire was the catalyst for OTSI to review all of the data involving past bus fires and the origin of a
systemic investigation into bus fires from 2005 – 2012.
Another high profile event occurred in 2016, where a bus caught fire as it travelled over the Sydney
Harbour Bridge [2]. The driver pulled over near the northern pylon and evacuated the passengers from
the bus. The bus was destroyed and caused gridlock in the CBD. The investigation found that the fire
was initiated by a short circuit of two cables in the engine bay. Unfortunately, the engine bay fire
suppression system was not yet installed; it was scheduled to be installed in the month following the
fire. The bus was destroyed although all the passengers were evacuated safely (Figure 1).
In 2016, in addition to the Sydney Harbour Bridge bus fire, there was a significant increase in
reported bus fires to OTSI. These events caused the government, the transport department and OTSI
to ask what can be done to decrease the incidence and severity of bus fires.

Figure 1
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DISCUSSION
Independent transport safety investigation agencies are an important pathway to improving transport
safety. Although there were many precursor safety bodies whose role was investigation, the first
major advance in modern times was the establishment of the US National Transportation Safety
Board (NTSB). In 1967, the US federal government established the NTSB. It was empowered under
legislation to conduct investigations into incidents in the major transport modes of aviation, highway,
pipeline and rail.
Many other countries have established agencies similar to the NSTB [3]. These include Australia,
Canada, Finland, France, India, Japan, Korea, The Netherlands, New Zealand, Norway, Sweden and
the UK. Not all agencies cover the same transport modes as the NTSB. for example it is unusual that
the pipeline mode is covered by an agency, also, the highway mode is not universally covered.
Sometimes these agencies are separated into individual investigation agencies, in the UK there are
separate branches for air, marine and rail: the Air Accidents Investigation Branch, the Marine
Accident Investigation Branch and the Rail Accident Investigation.
In Australia, the national safety investigation agency, the ATSB, was formed in 1999. It amalgamated
the previous separate agencies for air and marine investigation; in addition a rail investigation
capability was established. Separate state-based investigation agencies also exist in the two most
populous states in the Commonwealth: Victoria and NSW. The Victorian investigation agency, the
Office of the Chief Investigator, investigates bus, marine, tram and rail incidents. Since 2006, the
Victoria agency has published six bus investigations (none related to fire), as compared to 70 rail
investigations. In the same period, 2006 to present, OTSI has published 60 bus investigations, 40 of a
fire-related type, and 64 rail investigations.
Located on the east coast of Australia, NSW is the largest state by population in Australia. In 2016, its
population was 7 ½ million out of a total Australian population of 23 million [4]. NSW also has the
largest bus fleet in Australia. There are approximately 1500 bus operators in NSW, operating over
8,000 buses [5]. Victoria, the next most populous state with 6 million, has a relatively small bus fleet
due to their historical reliance on trams (Figure 2).

Figure 2

Total bus passengers by Australian capital city 2005-2007 (Dept. of Infrastructure)
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Office of Transport Safety Investigations
The focus of this paper is the response by OTSI to bus fires in NSW. The OTSI is a small government
investigation agency based in the CBD of Sydney. Headed by a Chief Investigator and supported by a
Deputy Chief Investigator, there are 7 Transport Safety Investigators from various industry
backgrounds. Two other support persons complete the office. The investigators are rostered on a
fortnightly basis to a 24-hour on-call duty role. This means that there is capability to respond to an
incident at all times. When a major transport incident occurs, such as a significant bus fire, it is usual
that an OTSI investigator attends to collect the on-site evidence, take photographs and interview
witnesses.
The Chief Investigator receives and assesses the information from the on-site investigator and makes
the decision to continue with the investigation depending on a number of factors. These include the
nature and severity of the incident, the issues surrounding the probable cause, the number and pattern
of similar incidents, and whether any safety issues are likely to emerge. The investigation is
empowered under legislation which gives investigators power to seize evidence and compel persons
to answer questions.
When the investigation is finalised the completed report is peer-reviewed. All directly involved
parties, such as the bus operator, are then offered an opportunity to correct any factual errors and
comment on the report. When completed the report is given to the NSW transport minister who is
then obliged under legislation to table the report in parliament within seven days. The report is then
published on the OTSI website where all past reports can be viewed. This process allows
independence for the office and means that all reports are published in the public domain. Although
there is no compulsion for any of the recommendations to be implemented, the power of publication is
such that most recommendations are implemented.
Bus fire statistics in NSW
Since 1 January 2005 to 31 December 2017, 387 bus fires and thermal incidents have been reported to
OTSI (208 bus fires and 167 thermal incidents). OTSI decided to separate the incidents into these two
categories to ensure that thermal events, that had the potential to lead to a fire, were included in the
analysis. Otherwise potentially valuable information would be lost from the data set. The definition of
a fire is easily understood and is based on whether any actual flames were seen during the incident. In
cases where there are no witnesses there should be clear evidence of flaming combustion. A thermal
incident, which is more difficult to define, is where there is no mention of fire or flames. It is an
excessive heat event, possibly accompanied by smoke, which has the potential to lead to a fire.
It is a legislative requirement in NSW that: ‘An operator of a bus service who becomes aware that a
bus being used to provide the service has been involved in an accident or incident must notify the
Chief Investigator of OTSI of the accident or incident ‘if the accident or incident involves a
mechanical or electrical fire or an explosion on the bus.’ Other incident types are also mandated to be
notified to OTSI: when a person is injured, driver incapacitation, steering or brake failure,
uncontrolled bus movement, door entrapment, and matters likely to arouse serious public concern [6].
From 2004 to 2018 there has been a continuing upward trend on the reporting of bus fires and thermal
incidents. In 2017, there was a bus fire or thermal incident reported in NSW, on average, once every 4
days [7]. The highest number of fires (37) was recorded in 2016. The was a decline to 21 reported
fires in 2017 (see Figure 3).
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Figure 3

Bus fires and thermal incidents reported to OTSI 2005-2017

The upward trend of incidents appears to be a result of a combination of increased reporting by
operators and a rise in actual incidents. There is an increased awareness among bus operators of the
importance of reporting incidents. This awareness has improved due to the continued publication
OTSI bus fire reports and the presentation of the bus fire statistics at the 2017 and 2018 NSW bus
industry forums. Part of the willingness to report may be due to an improvement in understanding that
the object of OTSI investigations, to not to apportion blame or determine liability. At all times,
OTSI’s investigation reports strive to reflect a balanced approach to the investigation, in a manner that
properly explains what happened, and why, in a fair and unbiased manner.
Severity of bus fires and thermal incidents
The severity level of bus fires and thermal incidents in NSW is classified by OTSI into 5 categories
(see Table 1). This classification was commenced by OTSI in 2013.
Table 1
Severity level of fire damage in buses in NSW 2013-2017
Severity
2013
2014
2015
2016
2017
Destroyed
5
0
2
7
5
Major damage
5
2
5
7
2
Minor damage
11
15
21
39
20
Smoke damage
5
8
8
23
60
Nil damage
2
4
4
1
3

TOTAL
19
21
106
104
14

One statistic which is closely monitored is that of destroyed buses. The category of Destroyed is
defined by OTSI as: ‘Due to damage sustained in the fire the bus cannot be repaired with significant
destruction to one or more sections.’ Other categories are Major damage, Minor damage, Smoke
damage and Nil damage [8]. This category of Destroyed is seen as the most reliable statistic. It would
be expected that this is an area where the number of reports is likely to be accurate as destroyed buses
are both difficult to conceal and likely to be reported. The numbers of destroyed buses are shown in
Figure 4.
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Number of destroyed buses in NSW 2013-2017

Location of bus fires and thermal incidents
The location of each fire and thermal incident is categorised by OTSI into four areas: engine bay,
wheel well, body and other. A category for other usually means that the origin was external such as
when a bus caught fire due to its proximity to an external heat source. Over the 5 years the main
location areas were the engine bay and the wheel well as shown in Figure 5.
3
32
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Wheel well

114
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Figure 5

Origin of bus fires and thermal incidents in NSW 2013-2017

Causes of bus fires and thermal incidents
There are a wide variety of causes of bus fires. Here are some examples from one year:
• exhaust gases leaking from a break in the stack ignited lagging
• a conrod penetrated the engine block and broke the injector pump governor housing
• catastrophic failure of the turbocharger impeller
• engine bay insulation came loose and fell onto hot engine components
• air conditioning compressor seized
• noise suppression insulation detached and fell on to the exhaust.
The cause of each fire and thermal incident is categorised by OTSI into seven areas: brakes, electrical,
fluid, mechanical, tyre, unknown and other. Over the 5 years the cause of thermal incidents is shown
in Figure 6.
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The high representation of brakes as the cause is consistent with brake faults reported in the lower
severity categories. Typically, due to a brake fault, control malfunction, or driver behaviour, the
brakes overheat to an extent that smoke emanates from the wheel area. While a minor event on most
occasions there have been buses which have sustained major damage as well. These seemingly minor
events have the potential to escalate and on occasions have done so.
The model and make of bus was also examined every year for the past 5 years to ascertain if any one
make or model featured in the statistics. Again, the analysis showed bus fires occurred across a range
of make and models. The age of bus was examined to determine if it was a factor in bus fires. In
general it was found that the bus fires occurred more frequently on buses 5 and 6 years old, however,
this also corresponded with the number of buses from that year of manufacture in operation.
Government transport agencies in NSW
Due to the increase in reported bus fires in 2015 and 2016 a broad plan of action was commenced by
the NSW Government, through its agency Transport for New South Wales (TfNSW). This agency is a
statutory authority of the New South Wales Government and manages transport services throughout
the state. Since 2005, operators in the metropolitan and outer metropolitan areas, procure buses
proscribed by TfNSW.
The government funds and contracts bus services through numerous metropolitan and regional bus
service contracts. The contract is primarily a commercial document and relies on a bus accreditation
system which is administered by a division of TfNSW: Roads and Maritime Services. This
accreditation attests that the bus operator has implemented an appropriate safety management system.
The accreditation scheme requires the bus operator to be audited every three years by an accredited
auditor. The operator is also required to conduct an annual self-assessment and submit an annual selfassessment report. It also requires operators to manage the implementation, maintenance and
improvement of key safety management systems.
Action taken to reduce the frequency and severity of bus fires
In 2009, the first large scale fitment of engine bay bus fire suppression systems was initiated by the
largest NSW bus operator, the government operated State Transit Authority (Sydney Buses). It was
specified, by Sydney Buses, that all new buses supplied were required to be delivered with a fire
suppression system installed.
In 2013, Sydney Buses retrofitted their Mercedes Benz O500 CNG bus fleet with fire suppression
systems. This was principally done as a response to the previously-mentioned gas powered bus fire at
Hillsdale in July 2011.
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In 2015, the government decided to fund the installation of engine bay fire suppression in the majority
of public and government operator contracted buses. All buses less than 23 years old were included in
the plan to fit engine bay fire suppression systems. Approximately 2335 buses were retro-fitted in 10
months. This project was completed in September 2017. It was also specified that all new buses,
contracted by the government, were to incorporate an engine bay suppression system and that that all
suppression systems were to be certified to the Swedish P-Mark standard. The installation project
applied international standards for designing, testing and installation of automatic fire suppression
systems to ensure consistency of the solution. An audit was conducted in September 2017 by a
member of RISE Research Institutes of Sweden.
In March 2017, a bus safety forum organised by TfNSW was held at the International Conference
Centre in Sydney. The forum focused on bus fire safety and all major bus operators were invited to
attend and send at least one senior representative. At this forum OTSI presented the detailed statistics
gathered on bus fires from the previous year. Government and industry representatives also presented
on solutions to reduce the frequency and severity of bus fires. Around the same time the Secretary of
TfNSW asked that a systematic review be undertaken to provide assurance that it has identified and
assessed all practicable measures control to reduce the risk of bus fires in NSW.
A bus fire management committee was established comprising an independent chairperson and senior
executives from TfNSW and Roads and Maritime Services. The Chief Investigator from OTSI was
also invited to observe committee meetings and provide advice in relation to the deliberations. The
committee also drew on national and international experience and included engagement with major
bus manufacturers, suppliers, operators and maintainers in NSW. The committee’s focus was to
establish industry best practice in fire mitigation in bus design and materials used on new buses,
leading practices in bus maintenance management and incident reporting. The committee worked
through a structured safety analysis, using a bow tie methodology, to identify further opportunities to
reduce the risk of bus fires in NSW.
The bow tie model is a simple but structured method for systematically identifying trajectories that
can lead to an unwanted event (in this case a bus fire) and the actions available to mitigate the
consequences of the event should it occur. The model graphically provides an overview of multiple
plausible scenarios in a single representation. The bow tie was used to structure the committee’s
report and identify any gaps in current controls to manage fire risk.
In September 2017, the committee produced an internal report which made a number of
recommendations which have the potential to improve the fire safety of bus services [9]. The areas
covered by the recommendations were divided into the two sides of the bow tie: controls that mitigate
against the incident happening and then controls that mitigate the consequences once the fire
occurred.
Mitigation to prevent a bus fire
The following areas are recommendations that are under consideration to be implemented by the
respective government agency.
Bus designers, manufacturers and suppliers are an important first line of defence in reducing the risk
of a fire starting. As the key gatekeeper the TFNSW sets the parameters for the introduction of new
buses into the NSW contract fleet. The following are some of the design practices identified that may
assist to eliminate or minimise fire hazards.
• Fire resistant partitions between the passenger saloon and engine bay, wheel well, battery
boxes and fuel tanks.
• The use of fire resistant and low smoke emitting materials.
• Shielding of high temperature areas such as turbochargers and exhaust systems. Installation of
fire extinguishers which are accessible to the driver.
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•
•

Use of overload protection for high current cables.
The installation of fire detection systems in engine compartments, luggage and toilet areas.

The Australian Design Rules are the national minimum standard for vehicles. These are enabled under
national legislation and ensure specific rules exist for bus chassis, drive train and bus body. These
rules follow international standards, as specified in the World Forum for Harmonization of Vehicle
Regulations under the auspices of the United Nations [10]. There is opportunity to improve the
effectiveness of the rules regarding bus fire risk control.
The bus procurement panel is a NSW government panel that set the requirements for the design and
manufacture of contract buses. Operators can only procure buses for contracted services via this
panel. The panel provides standardised specifications, options, warranty, and design life. The bus
manufacturers must ensure all safety systems are fully commissioned and certified before delivery.
The bus operator who take delivery is expected to ensure that buses are supplied within the
specifications. This panel is seen as an important way to ensure the introduction into service of buses
that minimise the risk of a fire.
A governance framework is recommended to be established. This framework is for the management
and implementation of bus engineering and technical standards within a whole of life-cycle asset
assurance framework. These requirements will be incorporated into new bus procurement contracts.
Maintenance is a critical area for the identification of potential fire initiation points. All bus operators
are required to have a maintenance plan that is consistent with the maintenance standards of the
manufacturer of the vehicle used to provide the service. A program of independent audits has
commenced and is recommended to expand its scope. Also recommended is the communication of the
findings these audits with the bus industry.
Regulatory oversight. The bus industry, which is part of heavy vehicle regulation, is subject to
regulatory oversight by federal and state bodies. These agencies include SafeWork NSW, NSW Roads
and Maritime Services, NSW Police, Transport for NSW and the National Heavy Vehicle Regulator.
One recommendation that is being considered is that the National Heavy Vehicle Inspection Scheme
includes specific checks for defects that could lead to thermal events. Also, to develop specific fire
mitigation maintenance standards that target components that have a potential to cause a thermal
incident. The Roads and Maritime Services bus operator accreditation scheme should confirm that it is
effective in ensuring bus operators manage bus fire risks appropriately.
Incident reporting. The current requirement for bus operators to report fire incidents is a state-based
requirement. The bus industry has requested that a national database be established to record and
analyse the details of all reported bus fire incidents. There is no current plan to establish a national
database for fire incidents. NSW leads the other states and territories in the collection and analysis of
data. The coordination and cooperation between agencies is an important aspect. OTSI plans to
continue the publication of the annual summary of bus fires in NSW.
Reducing the consequences of a bus fire
The following areas are those identified as likely to reduce the consequences of a bus fire once it has
already commenced.
Passenger evacuation is a crucial responsibility of the bus operator in the event of a fire. Each
operator has specific training programs on how a driver should respond and the action that need to be
taken in the event of a fire. The bus operator’s safety management systems are required to include
details of passenger evacuation into policies and procedures. Driver training in this area is
recommended to be enhanced in the following areas:
• evacuation of passengers from a bus in emergency situations
• effective discharge of on board fire extinguishers
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incident response actions
refresher training at specified frequencies to maintain currency of competencies and maintain
proficiency levels.
To date, no bus fires in NSW have resulted in fatalities or serious injuries, due primarily to passengers
being evacuated before the fire taking hold in the bus interior.
•
•

Engine bay fire suppression systems, now installed on over 4500 buses in NSW, are designed to
prevent a thermal event fire from escalating and provide crucial additional evacuation time for the
passengers. As detailed above they have been already been installed on all inner and outer
metropolitan contracted buses. As the rural and regional fleets are renewed, it is expected that the
entire contracted bus fleet will have suppression systems. Some private operators, not contracted to
the government, have fitted suppression systems at their own cost, but many coach and charter buses
will still be operating without suppression systems. There is no current plan to mandate that all bus
and coaches have fire suppression systems fitted.
Bus condition monitoring systems are already in place for standard parameters such as engine
temperature, oil level and hydraulic fluid level. Under consideration is a requirement to include in the
specifications other systems such as smoke detectors in vulnerable areas. More advanced systems are
also available, yet not being considered for specification, for back to base monitoring of critical bus
parameters and performance. Tyre pressure monitoring systems were recently installed on a large
scale, at the same time as the engine bay fire suppression systems, on metropolitan contracted buses.
These systems continuously monitor tyre pressure and temperature data which is transmitted from
wireless, valve-stem mounted tyre sensors. A dash-mounted screen provides a visual and audible alert
for rapid deflation, under inflation, high pressure and excessive heat conditions. All new buses under
contract will be fitted with these systems.
Bus designers and maintainers should be instructed to standardise routing, mounting of electrical
harnesses, and isolating hydraulic/ fuel lines from them; install electrical isolation switches; use type
approved hoses and fitting in vulnerable areas; and design buses with inspection and maintenance in
mind. Other electrical protection devices such as fuses and circuit breakers are already in place on
electrical circuits. Overload protection on high current cables is an area that is under consideration.
Fire barriers are used to contain fire to areas outside the passenger saloon. Once a fire starts in these
areas the barriers delay the time it takes to ingress into passenger areas. Material selection should be
considered to improve fire retardation and toxicity. New standards are to be considered to ensure the
use of non-flammable materials similar to rail and aviation requirements.
CONCLUSION
OTSI, as an independent investigation agency, has brought the issue of bus fires to the forefront of
transport safety. In response, the government has allocated extra resources towards reducing the
severity and frequency of bus fires through a variety of measures. In 2018, a governance framework
was established and a number of working groups have commenced the execution of this framework.
The Chief Investigator of OTSI is a non-participatory committee member of the technical working
group. OTSI continues to gather data and conduct analysis to identify trends in transport safety. It
intends to continue to publish the annual bus fire summary report, as well as continuing to investigate
individual bus fire incidents in-depth.
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Fire Risk Management –
Best Approach to Prevent Vehicle Fires
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ABSTRACT
Fire risk management is generally a process including identification of possible fire hazards and
known fire causes, estimation/quantification of the fire risks, evaluation of the risk image, and the
implementation of risk reduction measures. For buses, mitigation is often achieved by the installation
of automatic fire suppression systems in the engine compartments. These systems are one of several
measures necessary to limit the consequences of bus fires but cannot solve the bus fire problem alone.
Other passive and active fire protection measures include e.g. portable fire extinguishers, fire resistant
partitions, shut-off devices for fuel and electricity, reflected evacuation routes and emergency exits,
and fire-resistant insulation and fabrics. However, to prevent fires and to reduce the number of vehicle
fires a fire risk management process must be implemented that not only consider fire mitigation
measures but also include regular risk assessments, regular fire safety training, improved quality
procedures and improved maintenance procedures to address the problem already before the fires
arise. In response to this RISE has initiated a work on a certification scheme for the vehicle industry
that shall enable manufacturers, operators and service centres to certify their fire risk mitigation
process. This work has included the development of a comprehensive and hands-on method for
vehicle fire risk management.
KEYWORDS: fire safety, vehicles, risk management, risk assessment, certification, SP Method 5289
INTRODUCTION
Vehicle fires are common, and result in property loss, business discontinuity and substantial public
cost and concern. In the US there are several reports on the high annual number of fire incidents for
motor vehicles [1, 2] and fires in mines around the world are dominantly caused by vehicles and
mobile equipment, resulting in dangerous situations and many hours of production stoppage [3, 4].
Furthermore, statistics from Sweden, Finland and Germany indicates that 0.5-1 percent of the buses
registered in northern Europe will suffer from an incident with fire or smoke each year [5, 6, 7]. The
same frequency for fire incidents on buses is reported in Australia [8]. However, it differs between
countries what statistics are gathered and if statistics are available from e.g. insurance companies or
the rescue services. It is assumed that there are unrecorded fire incidents e.g. due to that some larger
operators choose to cover the risk themselves instead of fully insure the vehicles.
Bus fires have in recent years been on the agenda for several research groups, which is not surprising
considering the high number of fires and the threat to human health and lives in case of a fire incident
on a fully loaded bus or coach. A study in the UK pointed out that bus fires are more probable than
other types of vehicle fires, e.g. 2.3 times more probable than fires in cars and heavy goods vehicles
and 8 times more probable than fires in trains [9]. It is likely that this is partly due to that buses are
run more frequent than other vehicle types and especially city buses, with a lot of start and stop, are
subjected to severe strain. However, despite high frequency of fire incidents, buses have still lower
requirements on fire safety than other public transports such as rail vehicles, shipping and aviation
with e.g. no requirements on heat release, smoke density and smoke toxicity for materials on buses.
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Although the frequency is high for bus fire incidents most of them are small and generally it is only a
few events when the complete bus burns that are reported by public media. However, four Paris buses
were recently destroyed by fires in just four months increasing public concern when it is reported that
it “seems miraculous that no one was killed in the four fires” [10]. These fires started due to faults and
were not the result of arson, violent protests or crash incidents.
Every year, many people die in serious vehicle fires and most of them are resulting from crashes.
Statistics from 2015 show that 445 people lost their lives in vehicle fires in the USA during that year
[11]. Furthermore, time to time there are buses involved in a post-crash fire incident, which often
result in many fatalities and widely spread media reporting. Some serious incidents from recent years
are listed below:









Tak Province, Thailand 2018 (21 fatalaties)
Bavaria, Germany 2017 (18 fatalities)
Verona, Italy 2017 (16 fatalities)
Hunan, China 2016 (35 fatalities)
Puisseguin, France 2015 (43 fatalities)
Veracruz, Mexico 2014 (36 fatalities)
California, USA 2014 (10 fatalities)
Qum, Iran 2013 (44 fatalities)

A study on post-crash fires by Ochoterena et al. [12] show the significance of crash related fire events.
In Sweden, 5 % of all fatalities related to collisions with smaller vehicles (cars, minibuses etc.)
occurred in burning vehicles between 1998 and 2008. In one third of the reported post-crash fire
events the fatalities were due to fire only with no or limited injuries from the collision. In addition, the
study put out an important conclusion that: “Trends indicate that the survivable collision energy will
continue to increase and, at the same time, the probability of post-crash fires rises with the collision
energy. This means that the occupants of a vehicle may survive a high energy collision, but will
sustain severe injuries or death due to a post collision fire”. Post-crash fire prevention must keep up
with the level of survivable collision energy such that fire related injuries and fatalities are minimized.
Fatalities from vehicle fires are most often associated with combined crash and fire incident.
However, in January this year a bus caught fire in Kazakhstan in a non-crash situation, killing 52
people and with only 5 survivors who managed to get out [13]. Similar non-crash fatal bus fires have
also been reported in Colombia 2014 with 32 fatalities, mostly children [14], and in Iowa, USA,
where a school bus fire resulted in the death of the driver and the only passenger, a 16 year old girl, in
2017 [15]. Luckily most fire incidents do not lead to fatalities.
The outcome from a vehicle fire depend a lot on the surrounding environment. Tunnels, underground
mines and parking garages are environments where a vehicle fire may have dramatic consequences,
especially in combination with new alternative fuels such as compressed natural gas or compressed
hydrogen used in fuel cell vehicles. A gas cylinder that is heated due to fire, normally release
overpressure through a safety vent to avoid explosion, however, the resulting jet flame due to vented
gas may reach several meters away from the vehicle with risk of igniting nearby buildings or other
vehicles [16]. Except the risk from the fire itself, fires also have environmental impacts, including
pollution from extinguishing water, and financial consequences, e.g. public cost due to rescue mission
and reduced traffic flow. In addition, cascading effects are always a risk, e.g. queue accidents due to a
vehicle fire blocking the road [17].
Especially for buses, the time for evacuation is crucial to limit the consequences in terms of injuries
and deaths. This has effectively been shown by the Swedish Accident Investigation Authority [18] in
the reconstruction of a fire incident involving two biogas buses as well as by the Australian Office of
Transport Safety Investigations (OTSI) [19] in one of their investigation reports. Both these accidents
ended well due to very few passengers at the time of the incident, however, the investigations reveal
that without effective fire detection and suppression measures and with crowded buses the incidents
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would probably have been catastrophic.
In recent years, it has become a common way to limit the consequences of bus fires by the installation
of automatic fire suppression systems in the engine compartments. Statistical data indicate that
approximately two thirds of vehicle fires start in the engine compartment [1, 5, 20, 21] and without
countermeasures the number of fires in the engine compartments are likely to increase due to stricter
regulations on noise and emission levels which result in higher operational temperatures.
RISE Fire Research has put significant work into improving fire safety of heavy vehicles, with focus
on buses and engine compartments. In 2010 a project was initiated with the purpose to develop a test
method for evaluating automatic fire suppression systems meant for bus engine compartments [22].
The test method, SP Method 4912, was published in 2013 [23] and a new project was initiated
focused on fire detection in heavy vehicles [24]. A new test method for evaluation of fire detection
systems meant for engine compartments of heavy vehicles, including but not limited to buses, was
published in 2016. The two methods complement each other with the purpose of increasing the
performance and reliability of fire detection and suppression systems used in buses and other heavy
vehicles.
An amendment of UNECE Regulation 107 has made fire suppression systems to become mandatory
on buses in many European countries with test requirements mainly based on SP Method 4912 [25].
In July 2018 it became mandatory with fire suppression systems on new types of Class III vehicles
(“coaches”) and the amendment will likely improve the fire safety of buses in Europe substantially.
An overview of upcoming dates for the transition period is shown in Table 1.
Table 1. Dates of the transitional provisions for the amendment of UNECE Reg. 107.
Vehicle class
Fire suppression system becomes
Fire suppression system becomes
concerned
mandatory for UNECE R107 type
mandatory for UNECE R107 type
approval of new vehicle types
approval of new vehicles
Class I and II
September 1, 2020
September 1, 2021
(“city buses”)
Class III
July 11, 2018
July 11, 2019
(“coaches”)
However, Crescenzo showed in a study where data from 2014-2016 was compared with previous
reports that there appears to be little change in the number of bus fires even with greater awareness of
the problem and the availability of fire suppression systems [26]. Fire detection and suppressions
systems are one of several measures necessary to limit the consequences of bus fires but cannot solve
the bus fire problem alone. Early fire detection will increase evacuation time, decrease response time
and increase possibility of early fire extinguishment. A fire suppression system will suppress the fire
which give more time for evacuation and response with increased chance of limited fire damage.
Portable fire extinguishers, fire resistant partitions, shut-off devices for fuel and electricity, evacuation
routes and emergency exits, and fire resistant insulation and fabrics, are other examples of passive and
active fire protection systems which can save lives and reduce damage. However, the frequency of
fire incidents will remain unless fire risk preventive measures are utilized. In addition, fire protection
requirements are often added due to specific incidents rather than on beforehand based on theoretical
assessments. For example, in the aftermath of the disastrous bus fire in Hanover in 2008 it was
decided that the test for horizontal burning rate should no longer be applicable to vertically oriented
materials in buses. As a result, an amendment of UNECE Regulation 118 was issued in 2012
regarding the fire performance of interior materials which include test to determine the melting
behaviour, horizontal burning rate and vertical burning rate [27].
To prevent fires and to reduce the number of vehicle fires a fire risk management process must be
implemented that not only consider fire mitigation measures but also include regular risk assessments,
regular fire safety training, improved quality procedures and improved maintenance procedures to
address the problem already before the fires arise.
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A research report from 2016, ordered by the Federal Motor Carrier Safety Administration (FMCSA)
in the USA, put out recommendations for motorcoach and school bus fire safety enhancement [28].
The recommendations are in line with a sound fire risk management process and suggest
improvement actions within data quality and reporting, vehicle design and safety equipment,
operational training, and inspection frequency. In addition, the Federal Transit Administration (FTA)
in the USA has implemented a Safety Management System [29] for the transit industry to control risk
better, detect and correct safety problems earlier, share and analyze safety data more effectively, and
measure safety performance more carefully. This is a comprehensive program including all safety and
security risks, not only fires.
Crescenzo also conclude that fire suppression systems on buses do not reduce the number of fire
incidents [26]. Fire risk management procedures are needed, and except for fire suppression systems
(which is recommended) there are also need for e.g.:
•
•
•
•
•

Tyre pressure monitoring system
Increased maintenance frequency and improved procedures
Drivers training for fire prevention and evacuation
Safety information to passengers
Passenger training for evacuation

FIRE RISK MANAGEMENT
Fire risk management can be applied in many different areas and comprises several different actions
and approaches. For clarity, Figure 1 visualize some of the terms used in this paper. Fire risk
management is generally a process including identification of possible fire hazards and known fire
causes, estimation/quantification of the fire risks, evaluation of the risk image and sorting of risks, and
the implementation of risk reduction measures. A fire risk assessment comprises the first three steps,
i.e. identification, estimation and evaluation of fire risks, such that a risk assessment followed by risk
reduction measures complete the risk management process.

Figure 1. Flow chart of the risk management process.
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The new requirements in UNECE Regulation 107 regarding fire suppression systems prescribe that
in addition to the fire testing a fully documented fire hazard identification analysis is to be performed
for every vehicle type where a fire suppression system is to be installed, in order to adapt the system
to the bus model. The analysis shall be conducted prior to the installation to determine the location
and direction of the suppression agent discharge points (e.g. nozzles). Potential fire hazards within the
engine and combustion heater compartments shall be identified and the discharge points shall be
located such that the suppression agent will be distributed to cover the fire hazards when the system
activates. In case the fire hazards are more than the discharge points, or an even distribution of the
agent is unlikely for the complete compartment, then it will be necessary to estimate and evaluate the
identified hazards. The evaluation aims to provide an overview of the risk image and to separate the
risks which need to be prioritized. Figure 2 gives an example of a risk assessment matrix that can be
used where the severity and probability of the fire risks are estimated.
This means that, in reality, European legislation stipulates that a fire risk assessment shall be
conducted for all new types of buses, at least for the engine compartment. If performed well, the risk
assessment should not only be used for installation and orientation of nozzles of the fire suppression
system but also for other risk reduction measures. Risk reduction measures can be considered at the
following four levels:
1.
2.
3.
4.

Risk elimination or minimization by design
Passive and active fire protection systems
Improved maintenance and cleaning procedures
Improved training and quality procedures

Figure 2. Fire risk assessment matrix.
Any fire risks that can be eliminated or minimized by better design to a reasonable cost should of
course be addressed in this way instead of adding extra protection systems. E.g. if a fuel hose is
installed close to a hot surface the first thing to do is to increase the distance. Then it should be
evaluated e.g. if a nozzle should anyway be directed towards the hot surface, if maintenance personnel
is aware that they cannot install a new hose in another position than the old one, if quality procedures
assure that installation is performed as intended during assembly, etc.
Requirements on risk analyses and risk assessments, such as in UNECE Regulation 107, assist in the
implementation of fire risk management procedures necessary for the reduction of vehicle fire
incidents around the world. There are certainly many approaches on how to implement a structured
and effective fire risk management process. A scheme developed by RISE is presented here.
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CERTIFICATION OF FIRE RISK MITIGATION PROCESS
RISE has initiated a work on a certification scheme for the vehicle industry that shall enable
manufacturers, operators and service centres to certify their fire risk mitigation process. In 2016,
certification rules for vehicle manufacturers (SPCR 190) were published [30] as well as a specific
method for vehicle fire risk management SP Method 5289 [31]. The method includes requirements
and extensive guidelines for the process required in the certification rules and is based on experience
and knowledge gained through research, fire investigations and other industry services.
Together with IRU, the International Road Transport Union, we have continued to adapt the method
for vehicle operators as well as developed certification rules for vehicle operators with respect to
vehicle fire safety (SPCR 191). In addition, there will also be separate certification rules for service
centres established (SPCR 192). The requirements in the different certification rules are (will be)
similar and the certified company must be able to assure that the quality of their design, production,
operation and/or maintenance process secure a high level of safety and that they keep the fire risks as
low as reasonably practical. The fire risk management process required in the certification is a key
safety element, used to identify and evaluate fire hazards. In the process, identified hazards must be
documented together with suitable remedies aiming at control or elimination of the hazards. If no
action is recommended for a specific hazard, the documentation should clarify the reasons for this
decision.
The certification system is composed of the following five elements:
•
•
•
•
•

Fire risk management
Fire safety training
Reporting of thermal events
Quality procedures and configuration management
Surveillance inspections

Fire risk management
The certified company must do regular fire risk assessments, i.e. a systematic study to identify fire
hazards, and document decisions for risk elimination, control or acceptance. The input from the fire
risk assessment should be used for future design improvements, installation of fire protection systems,
enhancements to maintenance documents, enhancements to operation manuals and practices,
replacement cycles of critical components etc.
The fire risk management procedure includes:
•
•
•
•

Hazard identification
Risk estimation
Risk evaluation
Risk reduction or risk acceptance

The procedure must be implemented in the company’s own quality procedures to the extent regarded
as necessary to mitigate the risks. SP Method 5289 contains guidelines on how to perform fire risk
management. The checklists provided in the method are required to be implemented in the inspection
documents of the company.
Fire safety training
Training of design engineers, quality control inspectors, managers, drivers, production personnel and
maintenance personnel is the basis of the certification. This includes training in vehicle fire risk
management as well as study of fire hazards and mitigation methods specific to different types of
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vehicles and fuels. It must be assured that all relevant personnel get knowledge of vehicle fire hazards
and fire risk management.
Some important objectives for the training are:
•
•
•
•
•

Understanding why fires occur on vehicles
Understanding the impact of fires
Raising awareness of fire risks on vehicles
Learning how to inspect a vehicle and be able to detect fire risks
Understanding how fires can be prevented, detected and suppressed

Reporting of thermal events
A thermal event can be a fire or an overheated component producing smoke (which is likely to result
in a fire). The certified company must have procedures for linking information, data and experience
from actual thermal events in the field to relevant personnel, including design engineers, quality
control inspectors, drivers and maintenance personnel. The information should also be gathered in a
database common for all certified companies, which means that a large amount of data would be
available for research purposes, increasing fire safety of vehicles worldwide. Data will of course be
stored confidentially such that only general anonymized statistics are available to all certification
holders.
The company should also have procedures for when and how to investigate fire events. It is important
to determine the underlying causes and not only look into the consequences, which means that
affected parts are repaired with no consideration to the actual cause of the event. For instance, a
primary cause of fire could be a hot surface igniting some fuel leakage. An underlying cause could
then be abrasion of a fuel hose due to a loose attachment, which in turn could possibly have been
caused due to shortcomings in quality routines at a workshop, in the production line or at the operator.
Quality procedures and configuration management
The certified company must have documented procedures for quality control. There shall be quality
procedures in place to manage and mitigate the risks that arise or are found, and procedures ensuring
that findings are linked to design engineers, fleet managers, drivers, maintenance personnel, etc., such
that they are resolved properly. All previous described elements of the certification shall be
incorporated in the company’s quality control system. In addition, the company must have procedures
for documented reviews of their inspection procedures at regular intervals to ensure the efficacy of the
inspections. It is also important with procedures to collect and retain relevant documents, to ensure
traceability and to ensure that current editions of documents are available to the persons concerned in
the company.
Surveillance inspections
Annual inspections shall ensure that the certified company fulfils the requirements in the certification
rules. During the inspections, quality procedures and records are reviewed with focus on performed
risk assessments, risk reduction measures, training and qualification of personnel, reporting of thermal
events and procedures for internal inspections.
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VEHICLE FIRE RISK MANAGEMENT PROCESS
SP Method 5289 provides detailed information of the fire risk management process which consist of
four steps, as shown in Figure 1. The risk assessment is followed by measures for risk reduction or
decisions for risk acceptance to complete the risk management process. For hazard identification and
risk reduction the method provides extensive guidelines for assistance in the process.
In the development work of the method input was taken from other sources and especially those
familiar with Australian Standard 5062 and “Fire Mitigation Advisory” published by the Bus Industry
Confederation (BIC) in Australia will recognize this. The main references used, and which are
mentioned in the method are:











AS 5062-2016, Fire protection for mobile and transportable equipment
Bus Industry Confederation Inc., Fire Mitigation Advisory, Australia, 2014
P. Hart, Why Heavy Vehicles Catch Fire, Hartwood Consulting Pty Ltd, 2011 (Revised 2015)
Energy Institute, Petroleum road tanker design and construction, 3rd edition, GB, 2010
NHVR, National Heavy Vehicle regulator, National Heavy Vehicle Inspection Manual,
version 2.1, Australia, 2016
Volpe National Transportation Systems Center, Motorcoach Fire Safety Analysis, US, 2009
NFPA 551, Guide for the Evaluation of Fire Risk Assessments, 2013
ISO 14121-2:2012, Safety of machinery – Risk assessment – Part 2: Practical guidance and
examples of methods
IEC 60812:2006, Analysis techniques for system reliability – Procedure for failure mode and
effects analysis (FMEA)
MIL-STD-882E, Standard Practice – System Safety, Department of Defense, USA, 2012

Fire hazard identification
The method provides elaborate support for identification of fire hazards in newly assembled vehicles
as well as fire hazards resulting from operation, maintenance and retrofitting of the vehicles.
Checklists are provided together with informative guidelines and examples. Visual inspection is the
basis for identification of fire hazards and includes inspection of the electrical systems, pneumatic and
fluid systems, the exhaust system, brakes and tyres, and other relevant components/areas including
e.g. insulation, debris or safety systems. In general, it is easy to find many fire hazards on any vehicle
indicating that fire risk assessments are either not performed, either not performed well enough or that
fire hazards are neglected. New vehicles have in most cases several problematic design solutions or
hazards resulting from dubious assembling/quality control. However, it is likely to find much more
hazards on older vehicles, where repairs, maintenance, retrofitting, wear and tear, and debris have
introduced new fire hazards. A few photo examples of some common views with regard to cables and
hoses are shown in Figure 3.
To enhance the visual inspection there are also guidelines for the use of thermal imaging camera,
which can be used to identify potential fire hazards concealed from a traditional visual inspection.
Figure 4 shows two examples where the use of a thermal imaging camera can be crucial. A few
degrees off compared to surroundings are enough to be considered as a potential risk and in Figure 4
(a) one can see the positive terminal of a car battery which is about ten degrees warmer than the
surrounding, indicating a poor connection. The terminal block in Figure 4 (b) was separated, revealing
the corrosion, due to the heat loss detected by a thermal imaging camera. Other useful tools that are
recommended to be used for fire risk assessments are e.g. an endoscope with lighting and monitor
features for visual access to unapproachable components, cables or hoses, and a multimeter for further
analysis of the electrical systems. It is also recommended to use temperature strips to be attached to
components close to e.g. the exhaust system for indication of maximum temperatures experienced
during a certain time interval or during a specific route.
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a

b

d

c

Figure 3. (a) Hoses of different sizes together and in contact with metal edges; (b) Main battery
cables in contact with each other and in contact with sharp metal edges; (c) No terminal
cover on generator, generator cable attached only to a loose ridged tube, and cables
close to hot surface; (d) Hoses very close to hot surfaces.

a

b

Figure 4. (a) Thermal image of the positive terminal of a car battery which indicates a poor
connection (marker displays degrees Celsius); (b) Oxides in a terminal block detected by
a thermal imaging camera.
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An important part of the hazard identification process is to anticipate post-crash fire risk scenarios,
including collisions as well as e.g. mechanical impacts to the underbody of the vehicle. Of most
interest are e.g. positions of fuse boxes, batteries, cables without preceding fuses, fuel tanks, filler
pipe, and fluid lines in combination with hot surfaces. Furthermore, ensure to include the fire safety
systems in the inspection routines, which affect the consequences of a fire event. This includes active
and passive fire protection systems as well as emergency routes, lights, hammers, etc.
Estimation and evaluation of fire risks
Identified fire hazards can be translated to estimations of fire risks and evaluated based on e.g. a fire
risk assessment matrix as was shown in Figure 2. There are several different estimation methods that
could be used, and most of them are based on estimations of the likelihood and consequence of the
identified hazardous events. SP Method 5289 briefly describes FMEA (Failure Mode and Effects
Analysis), which is a method often used in the vehicle industry, but there are several other methods
that can also be used, either by its own or in combination with others, e.g. FTA (Fault Tree Analysis),
HAZOP (Hazard and Operability study) or What-if analysis.
The severity level of a fire risk is determined by the potential consequences, including possible
number of fatalities and injuries, value of vehicle and surrounding property, time and cost of possible
production stop and extent of environmental damage. In turn, this is highly affected by the vehicle
type and operating environment. The likelihood of a fire risk is preferably estimated based on fire
statistics, but must also consider operating environment, wear and tear, debris, maintenance practices
and operator experience and training.
Fire risk reduction
SP Method 5289 provides recommendations on general fire risk reduction measures for common
designs, procedures and systems. A few recommendations that can be crucial are e.g. to keep
conductors without preceding fuses as short as possible, to position main fuses already in the battery
box and to provide a main switch adjacent to the batteries to isolate power to the vehicle if required,
including starter/generator circuit. Moreover, be aware that rubber may be conductive and unspecified
rubber shall not be used for isolation purpose of the electrical system. With regard to fuel distribution
it is important to avoid construction solutions where failed fuel lines are likely to spray fluid onto
exhaust pipes, turbo charger or other hot parts of the exhaust system. In addition, an automatic or
semi-automatic fire suppression system in the engine compartment is recommended to limit the
consequences of the incidents that will occur.
Easily implemented measures that have potential to greatly reduce wheelhouse fires are monitoring of
tyre pressures and critical temperatures of brake systems. Tyre pressure monitoring is common today
and especially important for dual-wheels, where low pressure in one of the tyres could be hard to
notice. An alternative would be to use wide-base single tyres where it is suitable. Fire resistant
material is important in wheelhouses as well as in other areas.
Cleaning procedures are important, allowing no build-up of flammable deposits and facilitating
detection of possible leakages. In addition, good drivers training focused on fire risks are essential for
increasing fire safety of vehicles. Except that all drivers should be trained in the correct emergency
response procedure some recommendations for drivers are to:
•
•
•
•
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Always react to any warning light (e.g. ABS warning light may indicate a wheel bearing
failure)
Regularly monitor air pressure gauges, temperature gauges for overheating, coolant
temperature gauge and engine oil pressure gauge.
Never ignore electrical misbehaviour.
Never ignore small impacts
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•

Ensure that their parked or idling vehicle cannot ignite grass or dry leaves under the vehicle

As already mentioned, risk reduction measures shall be considered at four levels:
1.
2.
3.
4.

Risk elimination or minimization by design
Passive and active fire protection systems
Improved maintenance and cleaning procedures
Improved training and quality procedures

With regard to the first two points, i.e. design changes or introduction of fire protection systems, it is
important to renew the assessment such that no other unacceptable risks are introduced, including fire
risks as well as e.g. impaired access to vital parts or general performance of the vehicle.
OUTLOOK FOR THE FUTURE
The new requirements in UNECE Regulation 107 on automatic fire suppression systems in engine
compartments of buses in Europe are expected to improve fire safety of public transport. The
improvement is not just due to the presence of fire suppression systems because such systems are
already used to large extent, but also that the quality of the systems is assured and that the installation
is expected to be enhanced. The required fire hazard identification analysis together with the
installation of the systems are likely to be incorporated in the bus manufacturing process and the
installation will be performed in production rather than through retrofit after deliverance of the bus.
With the bus manufacturer taking a greater overall responsibility for the fire safety the required fire
hazard identification analysis will hopefully also result in a more extensive fire risk assessment not
only used for installation and orientation of nozzles of the fire suppression system but also for other
risk reduction measures. A fire suppression system is at best a fire mitigation measure, but the
frequency of fire incidents will remain unless other fire risk reduction measures are utilized.
An improved fire risk mitigation process, which is the outcome of the certification scheme offered by
RISE for vehicle manufacturers, operators and service centres, have potential to greatly reduce both
the frequency of fires and to reduce the consequences of the incidents that will occur. The certification
cannot be a guarantee for elimination of vehicle fires but can ensure that manufacturers, operators and
service centres will operate at the front line of vehicle fire safety engineering. For best results, it is
important that manufacturers, operators and service centres are equally dedicated to solve the fire
problem. Vehicle fire investigations reveal that design, production, operation and maintenance can all
be responsible, however, most important is to ensure that information and experiences from fire
incidents and identified fire hazards are linked to relevant personnel, practices, manuals, and quality
procedures. Understanding the reasons behind a thermal event and not only replace the obviously
damaged component, but investigating why it was damaged and treat the root cause is crucial to avoid
future fires.
The fire risk management process required in the certification is a key safety element, used to identify
and evaluate fire hazards. SP Method 5289 is a hands-on and important guideline for vehicle fire risk
management, which together with enhanced quality procedures and training of the personnel form the
basis for the certification aiming to reduce the number, and to limit the consequences, of vehicle fires.
Several other reports mentioned in this paper are in line with the certification scheme and put out
similar improvement actions and recommendations for vehicle fire safety enhancement.
The development work of the certification scheme started partly due to an interested manufacturer
who has now received the first certificate. However, despite high interest from several other
companies, associations and individuals there has been a short of volunteering companies that are
willing to pay the cost. The vehicle industry is generally very competitive and any cost that is not
required is removed. Despite arguments that the cost for a new certificate might very well pay off,
especially if recognizing brand value and public concern resulting from a fire incident, it is still hard
to convince. In addition, it is important that manufacturers, operators and service centres are equally
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dedicated to solve the fire problem and one reason that one of these three does not want to pay the
cost for a certification, can be that they believe the largest problem lies elsewhere.
Agencies and other authorities must put pressure on the industry and require implementation of fire
risk management procedures. In the USA, requirements on a safety management system have been
realized through the Federal Transit Administration for certain operators of public transportation
systems that receive federal funds [29]. Transit operators must have a safety plan ready by 2020 and
hopefully this plan also include extensive fire risk management procedures.
In addition, insurance companies should be able to profit on certificates that enhance vehicle fire
safety and reduce fire incidents. It should be possible to offer insurance discounts when certified,
which is done for e.g. ISO9001 certificates. The problem is that both agencies and the insurance
companies want proof of the reduction of fire incidents before implementation, which the industry is
not willing to pay for. A chicken-and-egg dilemma that must be solved for future continued
improvement of vehicle fire safety.
REFERENCES
[1] M. Ahrens, ”Automobile Fires in the U.S.: 2006-2010 Estimates,” Proceedings of FIVE - Fires
in Vehicles, Chicago, USA, 2012.
[2] N. R. Meltzer, G. Ayres och M. Truong, ”Motorcoach Fire Safety Analysis: The Causes,
Frequency, and Severity of Motorcoach Fires in the United States,” Proceedings of FIVE - Fires
in Vehicles, Chicago, USA, 2012.
[3] R. Hansen, “Design fires in underground hard rock mines,” School of Sustainable Development
of Society and Technology, Mälardalen University, Licentiate Thesis 127, Västerås, Sweden,
2011.
[4] R. Hansen, “Fire statistics from the mining industry in New South Wales, Queensland and
Western Australia,” The University of Queensland, DOI: 10.13140/RG.2.2.22666.77767,
Australia, 2018.
[5] A. Rakovic, M. Försth och J. Brandt, ”Bus fires in Sweden,” RISE Research Institutes of
Sweden, SP Report 2015:43, Borås, Sweden, 2015.
[6] E. Kokki, ”Bus Fires in 2010-2011 in Finland,” Proceedings of FIVE - Fires in Vehicles,
Chicago, USA, 2012.
[7] A. Hofmann och S. Dülsen, ”Study on smoke production, development and toxicity in bus fire final report. FE 82.0377/2009,” BAM Federal Institute for Materials and Research, Berlin,
Germany, 2013.
[8] OTSI (Office of Transport Safety Investigations), ”Bus Safety Report – Bus fires in New South
Wales in 2016,” Sydney, Australia, 2016.
[9] V. Alonso och G. Rein, ”The Role of Prevention in Fire Protection of UK buses from 1964 to
2013,” Imperial College London, UK, 2016.
[10] “It's not the violent protesters, so why are buses in Paris going up in flames?,” The Local,
[Online]. Available: https://www.thelocal.fr/20180523/why-are-buses-in-paris-burning.
[Accessed 5 June 2018].
[11] H. J. G. Haynes, “Fire Loss in the United States During 2015,” NFPA Research, 2016.
[12] R. Ochoterena, F. Roux, A. Sandinge, C. Nylander, M. Lindkvist, U. Björnstig, D. Sturk och M.
Skrifvars, ”Post-collision fires in road vehicles, a pre-study,” RISE Research Institutes of
Sweden, SP Report 2016:55, Borås, Sweden, 2016.
[13] “Kazakhstan bus fire kills 52 with few survivors,” BBC News, [Online]. Available:
http://www.bbc.com/news/world-asia-42729597. [Accessed 5 June 2018].
[14] “Dozens of Colombian children killed in bus fire,” BBC News, [Online]. Available:

44

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

https://www.bbc.com/news/world-latin-america-27463522. [Accessed 20 June 2018].
[15] “Fatal school bus fire spread from engine, NTSB report states,” KMTV, [Online]. Available:
https://www.3newsnow.com/news/local-news/fatal-school-bus-fire-spread-from-engine-ntsbreport-states. [Accessed 19 June 2018].
[16] ”NATURAL GAS BUS ON FIRE VENTS SIXTY-FOOT HORIZONTAL FLAMES,”
[Online]. Available: https://www.youtube.com/watch?v=vHf2o9oVY24. [Använd 21 June
2018].
[17] “Fatal accident happens while traffic backed up for bus fire,” [Online]. Available:
https://www.youtube.com/watch?v=e_J3mpFoxNo. [Accessed 19 June 2018].
[18] Swedish Accident Investigation Authority , ”Slutrapport RO 2013:01, Brand med två
biogasbussar i stadstrafik i Helsingborg, Skåne län, den 14 februari 2012,” ISSN 1400-5743,
Sweden, 2013.
[19] OTSI (Office of Transport Safety Investigations), ”Technical inspection findings, Fire involving
Transdev Shorelink Bus MO1970, Mount Colah, 16 December 2011,” Sydney, Australia, 2011.
[20] OTSI (Office of Transport Safety Investigations), ”Bus safety investigation report - An
investigation into bus fires in NSW 2005-2012,” Sydney, Australia, 2013.
[21] R. Hansen, “Investigation on fire causes and fire behaviour: Vehicle fires in underground mines
in Sweden 1988-2010,” Mälardalen University, Västerås, Sweden, 2013.
[22] J. Brandt och M. Försth, ”Testing active fire protection systems for engine compartments in
buses and coaches - a pilot study,” RISE Research Institutes of Sweden, SP Report 2011:22,
Borås, Sweden, 2011.
[23] J. Brandt, H. Modin, F. Rosen, M. Försth och R. Ochoterena, ”Test Method for Fire Suppression
Systems in Bus and Coach Engine Compartments,” SAE Technical Paper 2013-01-0208 , 2013.
[24] O. Willstrand, P. Karlsson and J. Brandt, “Fire detection & fire alarm systems in heavy vehicles
- Final Report,” RISE Research Institutes of Sweden, SP Report 2016:85, Borås, Sweden, 2016.
[25] J. Brandt, ”New International Standard for Fire Suppression Systems in Buses and Coaches,”
Proceedings of FIVE - Fires in Vehicles, Baltimore, USA, 2016.
[26] R. A. Crescenzo, ”Bus Fires in the United States Update: Passenger and Driver Evacuation
Training,” Proceedings of FIVE - Fires in Vehicles, Baltimore, USA, 2016.
[27] M. Försth, “Bus fire safety – state of the art and new challenges,” Proceedings of FIVE - Fires
in Vehicles, Berlin, Germany, 2014.
[28] Volpe (John A. Volpe National Transportation Systems Center), ”Motorcoach and School Bus
Fire Safety Analysis,” U.S. Department of Transportation (USDOT), Federal Motor Carrier
Safety Administration (FMCSA), USA, 2016.
[29] “Safety Management Systems (SMS),” Federal Transit Administration (FTA), [Online].
Available: https://www.transit.dot.gov/regulations-and-guidance/safety/safety-managementsystems-sms. [Accessed 28 June 2018].
[30] SPCR 190, ”Certification rules for vehicle manufacturers with respect to vehicle fire safety,”
RISE Certification, Borås, Sweden, 2016.
[31] SP Method 5289, ”Fire risk management procedure for vehicles,” RISE Research Institutes of
Sweden, Borås, Sweden, 2016.

45

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

46

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

Bus Fires in the United States; Statistics, Causes,
Prevention and the Impact of Fire Suppression Systems
Robert Crescenzo
Lancer Insurance Company
Long Beach, NY – USA
BUS FIRES IN THE UNITED STATES
Lancer insurance Company, the largest insurer of motor coaches and buses in the United States, has
monitored and analyzed its bus fire data over the last 25 years. This paper is based on Lancer’s data
and experience only and does not include other sources of data.
Since 2007, Lancer has had over 300 bus fire claims reported by our policyholders. The majority of
these claims have had cause and origin studies conducted, and 280 of the 300 plus bus fire claims,
approximately 93%, have occurred most frequently in Charter and Tour buses. While Lancer insures
other types of commercial passenger transportation vehicles, it is important to note that the vast
majority of bus fire claims occur in Charter and Tour buses. When controlled for the number of
vehicles in any commercial class and compared to the overall number of vehicles insured, the
percentage of fires to vehicles is clearly increasing. Even with the introduction of fire suppression
systems, Lancer’s data does not reflect a reduction in bus fire claims. And while the frequency of
these claims represent only 1% of all claims, the overall cost or severity of these claims is over 6% of
our total claims costs. In fact, when compared with other common and costly claims, the severity for
low frequency claims is only exceeded by the following:


Rear End/Sideswipe - 35% frequency and - 21% severity (most common bus claim)



Ran Off Road - 1% frequency and - 14% severity (low frequency, high cost)



Pedestrian Hit - 1% frequency and - 12% severity

When controlled for total number of passenger transportation vehicles insured, presently Lancer has,
on average, up to 30 bus fire claims reported each year. This number has remained the same
regardless of the number of vehicles insured or if the vehicles involved had fire suppression systems.
The average cost of these claims is now over $140,000 (USD) per claim, and that cost is increasing on
an annual basis. Lancer has spent over $35 million dollars managing bus fire claims over the last 30
years. These claims costs are generally absorbed by the policyholder and Lancer due to the fact that
there is very little potential for subrogation and the loss adjustment expenses (LAE) are quite high.
The high costs are generally associated with expensive physical damage to the vehicle and low bodily
injury. That can change dramatically, however, with even one event that includes passenger injury or
death. The expense for a claim such as that might well reach the policy limits of $5 million dollars.
A careful analysis of causes of bus fires includes the following:


Engine, Electrical, Part Failure, Cables, Fuel Lines, Battery - 225 claims



Wheel Well, Tire, Brakes, Driver - 65 claims



Arson, Other Bus Fire - 10 claims
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The actual number of bus fires may be unknown even to Lancer due to the following reasons:


Not All Buses Are Insured for Physical Damage



Unreported Claims



No Physical Injuries



Limited Property Damage



Low Value Of Bus (Age and Mileage)



High Deductible Amounts on the policy

Lancer has provided cause and prevention information, directions and suggestions to our
policyholders and the bus and motor coach industry in general industry via articles in trade
publications, presentations at industry meetings and conferences, and has made multiple
recommendations and suggested best practices, including:


Inspect All Fuel Lines and Hoses



Check All Wiring



Clean Engines Regularly



Follow All Manufacturer Maintenance Recommendations and Recalls



Avoid Underinflated Tires



Don’t Drive On Flat/Overheated Tires



Train Drivers On How to Properly Conduct Pre-Trip Inspections

Fire suppression systems have been available on buses manufactured in the US since 2010 and 2011
depending on the vehicle manufacturer. While they are currently standard equipment, for many years
they were optional. There has been a slow adoption of this technology in the United States and, when
factoring in the length of time to covert an entire fleet, it will be another 5-10 years before there will
be reliable data to determine if these systems are reducing bus fires. Presently, fire suppression
systems are not required in the United States, so the comparison to other countries is not valid. Few
buses are retrofitted with fire suppression systems, so they are generally only available on later
model/year buses. This is further complicated by the fact that the lifespan of the systems is generally
thought to be 10 years, depending on the maintenance plan and cycle as well as the replacement of
components over that 10 year period. Finally, the vehicle may have 1-3 owners over that 10 year
period and it is difficult to determine how effectively the system has been maintained from one owner
to the next.
There are several risk management issues that should be considered when managing fire suppressions,
including:
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Who Monitors The Maintenance Cycle In The Company?



Has The Suppression System Been Added To The Preventive Maintenance Schedule?



How Are Drivers Involved And Trained?



When Are Parts Replaced?
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When Should The System Be Tested?



Are Replacement Parts And Material In the Maintenance Budget?

When applied to a larger company risk management plan, there are additional considerations when a
company has a bus fire on a vehicle with a fire suppression system, including:


Did The Company Evaluate The Age, Condition And Maintenance Of The System Before
Buying The Bus?



Did the Company Create A Greater Liability By Not Maintaining The System?



Is The Company Exposed To Punitive Damages Because of (or lack of) its Actions

If a fleet has any buses that are equipped with fire suppression systems, it is very important to know
and understand the system(s) that have been installed. It may be likely that a fleet has vehicles from
more than one manufacturer, model and year and, that even within the same manufacturer, there may
be fire suppression systems ( companies) used. Certainly, in a mixed fleet of new and previously
owned buses, it is likely that several different systems and manufacturers (fire suppression) will be
used.
The following recommendations are made to manage multi vehicle and multi manufacturer fleets:


Read and Understand Warranties- Which Generally Are 1-3 Years From Manufacturer-



Know If The Warranty is Transferrable



Read The Warranty Carefully And Understand What Is Covered



Work with The Manufacturer On The Maintenance Of Pins, Cylinders, Hoses, Suppressant
Agents, Nozzles, Etc.



If The System Has Been Discharged - It Must Be Recharged Prior To Vehicle Use; Does
Your Company Have A Plan For That, e.g. A Contract With A Vendor For Maintenance?



Does The System Have A “Test Feature” To Determine If It Is Working? Is This Testing Part
Of A Preventative Maintenance Plan?



Is Preventive Maintenance (PM) On Suppressions System(s) Documented?



Are System Recalls Monitored?



Does The Maintenance Budget Reflect The Ongoing Maintenance Costs Associated With Fire
Suppression Systems/Parts, etc.?

Some additional risk management issues should be considered in order to reduce both the risk of
bus fires as well as the potential for fire suppression system failure. These become critical to the
overall financial health of any passenger transportation company and may apply to other areas of
an ongoing maintenance program. These include:


Expand Tire, Wheel Well Inspections, Maintenance and Repair



Only Use Manufacturer Recommended Replacement Parts and Follow or Use Manufacturer
Installation or Installers for Any Interior Electrical Components
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Include Fire Suppression and Tire Pressure Monitoring Systems When Purchasing a Bus



Train Drivers About What To Do If There Is A Fire



Evacuation Training, Use of Fire Extinguisher Training and Use of Fire Suppression and Tire
Monitoring Systems



Passenger/Customer Safety Announcements that Include Evacuation Procedures



Improve Routine Maintenance and Engine Cleaning Programs



Expand Maintenance to Include Additional Engine, Electrical, Turbocharger, Fuel Line
Inspections as Well as Repairs and Replacement

CONCLUSIONS
Bus fires will continue to occur in commercial passenger vehicles in the United States due to slow
adoption and incorporation of bus fire suppression systems in fleets. The use of fire suppression
systems and tire pressure monitoring systems in other countries have resulted in a reduction of fires.
In the United States, however, without a legal mandate, that has not been the case. Good
communications and driver training on prevention and passenger evacuation as well as providing
passengers with safety information are both important steps in the process of limiting and mitigating
the impact of bus fires.
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PRM Safety at Fire Hazard in Passenger Rolling Stock
Jolanta Maria Radziszewska-Wolińska
Instytut Kolejnictwa
Warsaw, Poland
ABSTRACT

The paper presents the issues of fire safety and evacuation taking into account the
requirements for people with reduced mobility. The PRM TSI contains requirements that allow

people with disabilities and limited mobility to use barrier-free means of transport. However, it does
not take into account emergency situations.
The study reviews the requirements of individual TSIs and related European standards regarding
measures which facilitate evacuation:
- in the area of rail vehicles - LOC & PAS TSI,
- in the area of infrastructure - SRT TSI and INF TSI,
- in the functional area - TSI OPE.
Subsequently, PRM groups were characterized and their typical behaviour was described in
emergency situations.
The scenarios of evacuation exercises carried out by the PKP Companies (Polish State Railways) and
Metro Warszawskie (Warsaw Underground) were also analyzed, as well as available foreign
publications in terms of taking into account the requirements of the PRM.
The conclusions present proposal of the additional provisions which facilitate the evacuation of
people with disabilities and reduced mobility in emergency conditions.
KEYWORDS: people with disabilities and reduced mobility, emergency situations, evacuation
exercises
EMERGENCY SITUATIONS AND MEASURES TO FACILITATE EVACUATION
Emergency situations means the occurrence of a sudden threat arising as a result of an uncontrolled
development of a situation leading to the creation, immediately or delayed, of a serious threat to
human health or the environment. These situations require actions that ensure the necessary continuity
of the system's functioning as well as the proper behaviour and conduct, adequate to the nature of the
threats [6, 7].
In the case of passenger rail transport, a particularly dangerous event is the occurrence of a fire. The
above requires the reaching by the vehicle a safe place allowing for effective evacuation of passengers
and crew.
Therefore, railway legal regulations contain a number of requirements in the discussed scope. These
include the following areas characterized below:
- vehicles - included in the LOC & PAS TSI [1],
- infrastructure - included in the SRT TSI [2] and INF TSI [3],
- railway traffic - included in the OPE TSI [4].
LOC&PAS TSI - a technical specification for interoperability relating to the ‘rolling stock —
locomotives and passenger rolling stock’
According to LOC&PAS TSI [1], it is necessary that the rolling stock shall be designed such that it
protects passengers and on-board staff in case of fire hazard on board as well as to allow an effective
evacuation and rescue in case of emergencies. First of all, the provisions regarding fire prevention
measures must be met, taking into account:
- material requirements,
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specific measures for flammable liquids,
hot axle box detection,
measures for detection / control fire.
The next requirements apply to emergencies and include the following aspects:
- emergency lighting,
- smoke control,
- alarm for passengers (requirement of at least sound system),
- communication devices for passengers,
- requirements for the brake to be activated by an alarm for passengers,
- traffic capacity (the vehicle must be designed in such a way that, in the event of a fire on
board, the train has sufficient traffic capacity to reach the appropriate fire-fighting point).
Evacuation requirements include the conditions necessary to enable persons inside the train to escape
from it in case of danger.
They take into account the requirements regarding the number and location of emergency exits for
passengers (including the possibility of emergency opening of doors).
At the same time, the number of the doors and their dimensions allow the complete evacuation within
three minutes by passengers without their baggage. It is permitted to consider that passengers with
reduced mobility are to be assisted by other passengers or staff, and that wheelchair users are
evacuated without their wheelchair.
This TSI also specifies the requirement for safety exits from the driver's cab.
-

In addition, it is required that the documentation for operation and maintenance contains descriptions
of rescue operations including, inter alia, a description of the procedures for using emergency
measures and appropriate precautions to be taken (such as the use of safety exits, entry into the
vehicle for rescue purposes), as well as a description of the consequences of taking the described
emergency measures (e.g. limiting the braking performance after disconnecting the brakes).
SRT TSI - the technical specification for interoperability relating to ‘safety in railway tunnels’
The purpose of this TSI [2] is to define a coherent package of measures for tunnels and covering the
subsystems 'Infrastructure', 'Energy', 'Rolling Stock', 'Control-command and signalling' and
'Operation', thus delivering an optimal level of safety in tunnels in the most cost-efficient way.
Measures defined in the scope of rescue operations were based on the assumption that emergency
services intervening in the event of an incident in the tunnel take priority as protection of life.
The following basic assumptions regarding the operation of emergency services have been taken into
account:
- In the case of a "hot" incident (fire, explosion and then fire, emission of toxic smoke or
gases):
• Rescue people unable to reach a safe area;
• Provide initial medical support to evacuees;
• Fight a fire insofar as required to protect themselves and people caught in the incident;
• Conduct evacuation from safe areas inside the tunnel to the final place of safety.
-

In the case of a "cold" incident (collision, derailment):
• Rescue people;
• Provide initial help to people with critical injuries;
• Free trapped people;
• Conduct evacuation to the final place of safety.

Within the scope of particular subsystems, the following technical and functional requirements are
defined to meet the essential requirements.
Subsystem Infrastructure
- Prevent unauthorised access to emergency exits and technical rooms;
- Fire resistance of tunnel structures;
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-

-

Fire reaction of building materials;
Fire detection in technical rooms;
Evacuation facilities:
• Safe area,
• Access to the safe area,
• Communication means in safe areas,
• Emergency lighting on escape routes,
• Escape signage,
Escape walkways;
Communication means in safe areas;
Firefighting points;
Emergency communication.

Subsystem Energy
- Segmentation of overhead line or conductor rails;
- Overhead line or conductor rail earthing;
- Electricity supply;
- Requirements for electrical cables in tunnels;
- Reliability of electrical installations.
Subsystem Rolling Stock
All requirements in accordance with the LOC & PAS TSI [1] described above.
Interfaces with the Control-Command-Signalling subsystem
- Radio communication - Mobile communication functions for railways GSM-R;
- Material characteristics.
Interfaces with the Traffic Management and Operation subsystem
- Emergency rule;
- Tunnel emergency plan;
- Exercises:
• Prior to the opening of a single tunnel or a series of tunnels, a full-scale exercise
comprising evacuation and rescue procedures, involving all categories of personnel
defined within the emergency plan, shall take place.
• The emergency plan shall define how all organisations involved can be familiarised
with the infrastructure and how often visits to the tunnel and table top or other
exercises have to take place.
- Isolation and Earthing procedures;
- Provision of on-train safety and emergency information to passengers.
In addition, the SRT TSI specifies the competence of the train crew and other staff regarding tunnels.
INF TSI- the technical specifications for interoperability relating to the ‘infrastructure’
subsystem [3]
This specification:includes the following provisions
- All requirements relating to the infrastructure subsystem for the access of persons with
reduced mobility to the railway system are set out in the Persons with Reduced Mobility TSI;
- All requirements relating to the infrastructure subsystem for safety in railway tunnels are set
out in the Safety in Railway Tunnels TSI.
OPE TSI - the technical specification for interoperability relating to the ‘operation and traffic
management’ subsystem [4]
The specification requires from the railway undertaking a complete and correct development of the
"Route Book" using the information provided by the infrastructure manager (s). This document
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should contain, in the area related to emergency situations, detailed information on:
- for tunnels, e.g. the presence of evacuation bridges and safe escape points as well as the
location of safe points where passengers can be evacuated;
- means of communication with the traffic management and control center for normal and
emergency work.
In addition, the OPE TSI provides requirements for:
- operating rules in the case of emergency operation, taking into account the requirements of
the process enabling immediate mutual information on all situations that have a negative
impact on the safety, operational efficiency or availability of the railway network or rolling
stock;
- managing an emergency situation;
- aid to train crew in the event of an incident or of a major rolling stock malfunction, taking
into account the evacuation of the train;
At the same time, in accordance with Appendix F, containing minimum requirements for professional
qualifications, training in passenger safety matters should include at least the following elements:
- support passengers with reduced mobility,
- hazard identification,
- the procedures applicable to accidents involving persons,
- events of a fire and/or smoke,
- passenger evacuation,
- communication rules (including communication methods for the needs of passenger
information, also during an incident requiring evacuation).

As it is clear from the above review, the TSIs described do not specify special requirements
in the area of evacuation of disabled persons and persons with reduced mobility. Only in the
LOC & PAS TSI [1], in clause 4.2.10.5.1 regarding passenger safety exits, the abovementioned entry is quoted: “It is possible that other passengers or staff assist passengers with
reduced mobility in evacuation and wheelchair users are evacuated without a wheelchair.”
PRM TSI – the technical specifications for interoperability relating to accessibility of the
Union's rail system for persons with disabilities and persons with reduced mobility [5]

This specification covers the subsystems of infrastructure and passenger rolling stock of
conventional and high-speed rail as well as selected elements of the subsystem "Telematics
applications for passenger services".
Its aim is to increase the accessibility of rail transport (including the public space of railway
infrastructure) for persons with disabilities and persons with reduced mobility.
According to the definition of PRM TSI [5],, the term “person with disabilities and person with

reduced mobility” means any person who has a permanent or temporary physical, mental, intellectual
or sensory impairment which, in interaction with various barriers, may hinder their full and effective
use of transport on an equal basis with other passengers or whose mobility when using transport is
reduced due to age.

This TSI stresses that particular attention should be paid to the need for evacuation in the
event of an emergency situation. However, it does not specify the operational principles of
evacuation, it only provides technical requirements, the purpose of which is to facilitate
evacuation to all persons.
Thus, all the requirements included in the PRM area relate to properly functioning rolling
stock and associated infrastructure and do not take into account emergency situations. In the
scope of rolling stock, they include such aspects as:
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access to priority seats (at least 10% of seats in each traction unit or a single vehicle
and in each class, in the part for passengers, in the immediate vicinity of external
doors),
- wheelchair spaces,
- universal toilets,
- information for passengers (provision of information and safety instructions, in
accordance with European or national regulations, provision of sound safety
instructions in case of emergencies),
- acoustic signalling of the door closing automatically or remotely,
- an alarm system for wheelchair users (in a place for a wheelchair), in universal toilets
and in sleeping compartments, preventing the potential reversal of the passenger's
attention from visual information through advertising (concerns the relative position,
dimensions and lighting of advertisements).
It is also required to implement traffic rules regarding the provision of sound safety
instructions to passengers in case of emergency.
-

The below-mentioned requirements for the "infrastructure" subsystem aimed at facilitating
the PRM of daily use of the public railway infrastructure should also be facilitated in
emergency situations. They concern:
- boarding aids,
- routes free from obstacles with an anti-reflective surface of the floors,
- door and entrance dimensions,
- visual information, signposts, pictograms, dynamic information.
This TSI also defines the following requirements for professional qualifications: Professional
training of engineers and managers, responsible for maintaining and operating the infrastructure or the
rolling stock, shall include the subject of disability awareness and equality, including the specific
needs of all persons with disabilities and persons with reduced mobility.
BEHAVIOUR OF PRM IN EMERGENCY SITUATIONS
In a crisis situation, the self-regulatory mechanism of a man may not function properly, is often
disturbed, and in exceptionally difficult situations may turn into a pathological mechanism. As a result
of these disturbances, man does not make decisions that would improve his situation, he often makes
decisions harmful to himself, which aggravate his situation - Rudin's law here works: in a crisis
situation, when it is necessary to choose between different possibilities, most people will choose the
worst solution [13].
When considering the issue of evacuation, one of its main aspects should be taken into account, which
are the emerging psychological problems of endangered persons. In a situation where the threat occurs
suddenly and unexpectedly, the first instinct of a human being is the complete lack of reaction. Only
further development of the event, its size, pace of development and stimulating the imagination of
visible threat symptoms, such as flame, smoke or temperature, cause a reaction. The more alive is the
reaction, the larger is the size of the event or its immediate proximity. At some point, fear may appear,
and evacuation takes the form of a disorderly, often panic escape [7].
Thus, evacuation is always one of the actions causing emotional tension, and in the case of people
with disabilities, the difficulty will not be limited mobility, but the fact that the reactions of these
people will be difficult to predict, especially if they do not get the information about the right way
behavior [14].
Different types of disabilities result in different behaviours that make it difficult to evacuate the
persons concerned, as described below on selected examples [10, 12, 17, 18].
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Difficulties in evacuating people with visual dysfunctions:
- they do not see danger, smoke, fire, flashing warning signs,
- they do not know what will happen to them, they have no experience, they are not trained,
- they do not have protective reactions to inaudible and odorless hazards,
- they do not have the possibility to move by touch or echolocation.
- show a willingness to evacuate the route well known to you, regardless of its availability,
- changes occurring in the environment at a rapid pace cause them panic, fear and
disorientation.
Difficulties in the evacuation of people with hearing impairments who do not have or lost as a result
of an emergency situation, communication aids (e.g. a speech synthesizer, a hearing aid),
- they do not hear sound signals, alarms, calls etc.,
- read from the mouth or from the cards - rescuers usually do not know sign language,
- impossibility or trouble in getting information about the state of health,
- impossible contact in the dark or smoke.
Difficulties in evacuating people with intellectual disabilities (their reality is based on fantasizing,
truncated truths):
- lack of sufficient skills to assess what is going on around you,
- fear of unknown and strangers,
- the tendency to continuous repetition of the same activities, especially in situations of
emotional arousal,
- problems with understanding commands given quickly, often in a raised voice,
- interest in a new situation - curiosity that can put you at risk,
- hiding in an emergency situation,
- momentary loss of consciousness that makes it impossible to establish contact.
Difficulties in evacuating people with physical disabilities:
- lack of ability to move independently or move difficult,
- the need to use a stretcher or other items to facilitate transport,
- the need to choose adapted escape routes,
- often additional diseases that hinder effective help: spasticity, overweight.
The above conditions showing that the disabled do not form a homogeneous group of people.
Depending on the type of disability they require a differentiated approach, especially in hazardous
conditions. However, considering that there are almost one billion disabled people in the world, which
is about 15% of the total population (in Poland - about 11% of society [15, 16]), it is most reasonable
to include this group of people in evacuation plans, including in exercises.
Data provided by UNISDR (United Nations International Strategy for Disaster Reduction) show that
on a global scale 71% of disabled people do not use any plan for disaster preparedness [9]. The above
applies not only to means of transport, but also to evacuation from building objects, thus it is a wider
issue.
It is also questioned the ordinance of the Polish Minister of Interior and Administration regarding the
fire protection of buildings, other construction objects and areas which, as a warning system, provides
only the emission of audible signals and voice messages, i.e. inaccessible to deaf people. Also in rail
vehicles, LOC&PAS TSI [1], as an alarm for passengers, requires primarily a sound system.
THE SCENARIOS OF EVACUATION EXERCISES CARRIED OUT BY THE PKP
COMPANIES (POLISH STATE RAILWAYS)
Evacuation exercises are systematically conducted in Poland by rail transport operators with the
participation of the units of the PSP (State Fire Service), Emergency Medical Services, Police and site
manager. They cover various types of events that can occur in a given location. The following are
examples of exercises carried out recently, based on the materials received from their organizers.
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The simplest evacuation scenarios from the vehicle are carried out by tram companies, in which the
driver opens all doors and informs passengers about the need to evacuate the vehicle. There is no data
on the inclusion of disabled people among the people playing roles of the accident victims.
Metro Warszawskie regularly conducts exercises to check the readiness of the Warsaw Rescue
Services Facility and technical services. They are most often carried out during dummy fires at
various stations. In recent years: 13 exercises in 2015, 11 exercises in 2016, 12 exercises in 2017 and
2 exercises in the period of January - April 2018. Below are examples of scenarios.
-

2015 - exercises under the code name "Kret II" at the C14 Stadion Narodowy station with 60
firefighters from nine PSP units, two OSP (Volunteer Fire Service) units, the Police, subway
rescue services and the Municipal Guard. The aim was to verify the emergency procedures in
the subway functioning in the procedures, as well as to assess the efficiency and effectiveness
of the emergency and order services in the most difficult subway section, which is the tunnel.
100 persons playing roles of the accident victims took part in the exercises. There is no data
on the inclusion of disabled people among them.

-

2015 - nationwide exercises under the code name "Patrol-15" at the C14 National Stadiom
completed with the participation of PSP, OSP, Police, subway rescue services, Municipal
Guard and soldiers of the Central Contamination Analysis Center, Epidemiological Reaction
Center of the Armed Forces and military centers of Preventive Medicine . The aim was to
coordination the National Contamination Detection and Alert System. 80 persons playing
roles of the accident victims took part in the exercises. There is no data on the inclusion of
disabled people among them.

The company Koleje Mazowieckie organizes exercises at least once a year. They are primarily aimed
at improving evacuation procedures from trains in which a fire occurred or other risk occurred. They
contribute to the evacuation skills of passengers by train drivers and train managers in cooperation
with other emergency services. Below are examples of recent scenarios.
-

May 21, 2016 - rail and road accident in Celestynów under the code name "RAIL 2016".
Exercises carried out with the participation of fire brigade units, the Police The delivery
vehicle as a result of a collision with the passenger train was turned over and ignited. There
were 2 people stuck in it. 50 persons playing roles of the accident victims traveled by train,
some of whom suffered injuries that prevented them from moving independently. The task of
the train crew was to evacuate passengers who were not injured. There is no data on the
inclusion of disabled people among them.

-

October 19, 2017 - rail-road catastrophe during the regrouping of NATO forces at the railway
station under the code name "Niemojki". Classes organized in cooperation with PKP Polskie
Linie Kolejowe S A. Scope included extinguishing a fire with simultaneous evacuation of
people from the danger zone, conducting preliminary segregation of victims and transferring
people to emergency care teams, securing the incident site and assisting PKP ZLK railway
technical rescue services in removing the effects events. Large-scale exercises with the
participation of all emergency services, army, scouts and organizational units of the poviat.
Simulation of a fire on the train was obtained with smoke candles and open flame trays. On
the train there were 50 persons playing roles of the accident victims (officers from the JRG
and students of the School Complex in Łosice). The scenario included the occurrence of
panic, the imprisonment of 10 passengers between metal elements and various types of injury.
The participation of PRM has not been taken into account.

SKM Szybka Kolej Miejska (Fast Urban Railway) organizes evacuation exercises every year. They
are aimed at instilling appropriate habits among employees of SKM and checking in practice the
proceedings contained in the internal regulations of the Company, concerning: alerting services,
reporting an incident, switching off the traction network, evacuating travelers from a railway vehicle,
providing first aid, behaviour in a situation of a fire in railway vehicle. Recently completed exercises
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are shown below.
-

December 1, 2016 - GSRT exercises "Gdańsk" as part of the "BALTECH 2016" rescue
exercise - collision of an SKM train with a bus at a railway crossing in Gdynia. The bus after
the collision turns over by overwhelming cars. A large number of victims, no data on the
inclusion of PRM among the people playing roles of the accident victims.

-

October 3, 2017 - "Wejherowo land transport disaster". The scenario concerned the collision
of an SKM train with two passenger cars. Rescue operations carried out with the participation
of SKM, PSP, Police, medical services of the Polish Army, rescuers at the Wejherowo
hospital, PCK (Polish Red Cross), scouts, Municipal Guards. A large number of victims, no
data on inclusion PRM among the people playing roles of the accident victims.

ŁKA Łódzka Agglomeration Railway sp. Z o. O. In the period of 4 years has so far participated in one
exercise in the field of rescue operations organized by the State Fire Service. Subsequent exercises
involving the evacuation of passengers due to the train's fire are planned for the second half of this
year. Below is a description of the exercises carried out.
-

April 23, 2016 - a rail-road accident under the code name; "RAIL 2016". The concept of the
exercises was to improve the functioning of the National Rescue and Fire-Fighting System in
the county and to improve rescue operations in the field of technical and medical rescue and
preparation of rescue entities, including the Police, Railway Protection Guard and State
Medical Rescue in cooperation with railway carriers (ŁKA sp. z o. o. and PR - Przewozy
Regionalne sp. z oo) and the infrastructure manager of PKP PLK SA to the World Youth
Day, which took place in Poland in 2016. According to the scenario, at the railway crossing in
Łowicz, the passenger car collided with the passenger train. Then another train entered the
place of the collision. As a result of the incident, 22 people were injured. There were no
persons with reduced mobility among the injured.

PKP Polish Railway Lines S.A. carry out evacuation exercises throughout Poland in cooperation with
various carriers. Below are some scenarios.
-

June 28, 2017 - "collision of an electric multiple unit with two passenger cars at the level
crossing in Zawadzkie". Implemented with the participation of PKP PLK S.A., Przewozy
Regionalne POLREGIO, PSP, OSP, Police, PCK. The purpose of the exercises was to
improve the alarming, dispatching, handling and organization of the operation of PSP and
OSP units as part of long-term events and checking the practical capabilities of the
equipment. According to the scenario, on the train in which the fire occurred, there were 30
injured with various injuries and five passengers in each car. No information about the
participation of PRM.

-

April 12, 2018 - "unsealing container with an irritant in luggage storage at the Kraków
Główny railway station". In the scenario, several people (simulators) injured with symptoms
of breathlessness and breathing difficulties, evacuation of the neighboring shopping mall due
to chemical hazards, closing of traffic around objects and organization of detours for drivers,
identification of luggage and its contents, neutralization of substances. No information about
the participation of PRM.

Koleje Wielkopolskie Sp., in accordance with the adopted standards for crisis management, including
fire protection periodically evaluate the plans and field tests of the action in case of danger. Critical
plans are tested together with external entities in order to train staff, check alarm procedures, identify
weaknesses and how to deal with potential emergency situations. Exercises are carried out no less
than once a year. The last exercises related to the evacuation of disabled people took place in the
Company in 2016.
- July 5, 2016 - field exercises - "ŚDM-2016". These were field exercises before the World
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Youth Day - ŚDM-2016, the theme of which was "cooperation of the railway carrier and
emergency services during the occurrence of a terrorist threat." The purpose of the exercises
was to prepare employees of the Wielkopolska Railways, emergency services (PSP, Police,
Emergency Medical Services) , PKP Energetyka, SOK - Railway Procection Service), carers
of persons with reduced mobility and carers of groups of pilgrims to cooperate in the event of
a crisis. It was also important to improve the activities related to the evacuation of travelers
from the train, including people with reduced mobility. The scenario assumed a terrorist
attack during the transport of pilgrims. There were 200 passengers on board the train,
including 20 people with reduced mobility (volunteers from the real PRM group) along with
the guardians. The fire caused by the suicide terrorist was simulated with pyrotechnics used
outside the vehicle. The exercises carried out have shown that the goal has been achieved. On
the other hand, experiences and observations collected during the exercises will serve to
define activities aimed at improving the cooperation of all interested entities.
The most important formulated observations related to evacuation, including people with disabilities,
include:
-

In a crisis situation during which the voltage in the traction network was switched off, the
pantographs of the railway vehicle were lowered and the batteries were disconnected - it is
impossible to effectively use the mechanical lifts and lifts for the disabled in which the rolling
stock was equipped. (If the evacuation does not take place in an emergency mode - depending
on the type of device - you can use the elevator by going to the manual mode of its control).

-

The evacuation of disabled people using wheelchairs is extremely difficult when the train is
located on a viaduct, a flyover, a high embankment, etc. Specialized equipment of emergency
services, e.g. trolley-stretcher or other devices facilitating the work of rescuers is necessary.

-

In the case of travelers moving on special (very heavy) wheelchairs , e.g. electric or equipped
with oxygen devices, etc. - when there is no possibility of separate evacuation of the person
and then the wheelchair, evacuation can be a serious problem for rescue teams ( Fig.1)

-

It is important to harmonize rolling stock and existing infrastructure when boarding or
disembarking disabled persons from railway vehicles, including during evacuation (Fig.2);

-

The exercise participants paid attention to considering train equipment in:
• alternative to emergency lighting - strong, portable light source - flashlights in
driver's cabs. It is necessary in case of night evacuation, in the absence of voltage in
the network and disconnection of vehicle batteries.
•

thermal blankets - "NRC life foils" - to protect against over-cooling and overheating
of an organism in emergency victims.

•

as well as the need for visible marking on the glass of the windows outside the train
that constitute the safety exit in order to allow the rescuers to enter the interior of the
vehicle quickly. This information should be located both on the panes and in the
vehicle schemes available for emergency services.

As it results from the presented examples, rail transport operators carry out systematic exercises
of rescue operations in their area of operation. The scenarios of the exercises are very diverse and
take into account a number of potential events. They allow for improvement of emergency
response procedures and evacuation.
However, the materials obtained show that in most cases the participation of PRM is disregarded.
However, according to the literature data and conclusions formulated after the end of the exercise
- "ŚDM-2016", evacuation of persons with disabilities and persons with reduced mobility is more
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difficult and may involve various unforeseen situations [8, 11].

Figure 1. Evacuation of the person on wheelchair [source: Koleje Wielkopolskie Sp]

Figure 2. The height of the platform is not adapted to the vehicle [source: Koleje Wielkopolskie Sp]
CONCLUSIONS
Summarizing the analysis of issues that are the subject of this article, conclusions can be formulated
as below.
Requirements included in the TSIs in the area of PRM are intended to enable persons with disabilities
and persons with reduced mobility to use the rolling stock and associated infrastructure. They mainly
concern a properly functioning system and focus on the elimination of “architectural barriers”.
However, they do not contain special records related to emergency situations.
Analysis of the behaviour of people with various disabilities shows that the disabled do not form a
homogeneous group of people. Depending on the type of disability they require a differentiated
approach, especially in hazardous conditions. Therefore, it is necessary to include this group of people
in the evacuation plans, including participation in the exercises. The above necessity is confirmed by
the assessment of the exercises - " ŚDM -2016", carried out with the participation of the PRM.
It seems advisable to introduce the obligation to install alarm lamps in the passenger area that allow
the use of luminous alarm signals. At the same time, the postulate of providing driver's cabs or staff
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compartments in passenger trains with a strong, portable source of light - flashlights as well as
thermal blankets - "NRC life foils", should be considered.
It is also necessary to comply with the obligation to include in the descriptions of vehicles (on
schemes) unambiguous marking of windows constituting the safety exit, as well as to introduce
visible marking outside the train of these windows. The description of the rolling stock should be
available to the emergency services.
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Did the Israel Standard – Automatic Fire Extinguishing
Systems in Bus Engine Compartments (I.S. 6278)
Solve the Problem of Bus Fires in Israel?
Shahar Dadon
A. A. Brit Ltd.
Tel Aviv – Israel
ABSTRACT
In 2015, the State of Israel published a standard for automatic fire detection and extinguishing
systems in busses. The Israeli Standard 6278 is based upon - The Australian Standard AS 5062-2006;
The Standard of the Swedish Organization for Protection Against Fire: SBF128-2005; Specification
of the Swedish Research Institute, SP Method 4912, of November 2012. Still fires occur. This paper
discusses the fire statistics in Israel and what could be done to improve the situation further based on
investigations conducted of the fires.
KEYWORDS: Fire statistics, Bus fires, Extinguishing systems
PREAMBLE
In 2015, the State of Israel published a standard for automatic fire detection and extinguishing
systems in busses. The Israeli Standard 6278 is based upon - The Australian Standard AS 5062-2006;
The Standard of the Swedish Organization for Protection Against Fire: SBF128-2005; Specification
of the Swedish Research Institute, SP Method 4912, of November 2012.
The Standard compels all tourist/intercity busses from 2012 and henceforth to be equipped with an
automatic fire extinguishing system in the engine compartment. A bus owner, upon the license test, is
required to present a form of approval with respect to the installation and proper condition of the
current system.
STATISTICS
There are about 18,000 busses in the State of Israel, and about 9,000 extinguishing systems were
installed up until the beginning of 2018, travelling on Israeli roads, are equipped with automatic fire
extinguishing systems in the engine compartment. Figure 1 shows the number of fire events according
to data of the Firefighting and Rescue Services. Black color denotes total fire events. Gray color
denotes total busses of larger (public) companies, as these events in most cases are not investigated by
me. (The 2018 data is for the first quarter.)
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Figure 1
Concentration of Fire Events in Busses. Black color denotes total fire events.
Gray color denotes total busses of larger (public) companies.
The investigation offices of A. A. Brit Ltd. investigated a large number of fire events. Figure 2 and
Figure 3shows the distribution of fire events in reference to causes of fire.
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SUMMERY OF EVENTS
1. Since January 2016 until June 2018 counted 347 fire events in buses.
Those details are based on Israeli fire department reports, a.a.brit fire investigators office
and appraiser office.
2. Divided the events by years as follows:
2016 - 147 fire events
2017 - 135 fire events
2018 - until June first 65 fire events
3. The events classification by busses with automatics fire extinguisher:
2016 - 8 busses.
2017 - 19 busses
2018 - 4 busses.
In reference to the years 2016-2017, it can be observed that about 50% of fire events burst in the engine
compartment.
The common causes of fire events in engine compartments of busses are as follows:
1.
Electric failure
2.
Mechanical failure
3.
Flammable fluids sprayed in the engine compartment, such as oil / diesel fuel
4.
The new Euro Standards are increasing fire risks in engine compartments in consequence of
adding systems, that decrease emission gasses.
In consequence of a large number of fire events, it was decided in Israel to take action on this matter,
leading to the publication of Israeli Standard 6278. The Standard defines in a very clear manner what
are the requirements from an extinguishing system.
Three companies in Israel have successfully passed the tests of the standard, and received approval for
the installation of automatic extinguishing systems in engine compartments. The main technical
specification of these systems is shown in Table 1.
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Table 1
The Main Technical Specification of the Systems
Name of Company
A
B
Extinguishing material
Powder
Powder
Quantity of container
5
5
Quantity of distribution
4
4
nozzles
Detection type
Detector of
Plastic piping
temperature's rate of
under pressure
change

C
Foam
15
16
Linear heat detector

Until now, Companies A and B installed in approx. 90% of the bus fleets in Israel.
The following are several fire events in buses, where a powder extinguishing system was installed, but
the system did not operate and/or failed to extinguish the fire.
First Case
An event of an electric failure in a main electric current line of an air conditioning system, stretching
in the upper front of the engine compartment, where friction of the feeding cable's insulation caused
direct contact between the plus (+) electric line and the body of the vehicle (–), causing heating and
conflagration, which spread in the entire engine compartment. Figure 4 shows the electric failure

Figure 4. electric failure
The failures of the system in this event – the location of the four sprinklers of the system is above the
engine compartment only. As the fire burst above the location of the sprinklers, there is no detection
or possibility to extinguish the fire.
Second Case
A bus returned from a drive and was parked, while the lower part of the bus touches dry vegetation.
The driver noticed smoke, drove the bus away from that location, but the extinguishing system did not
identify the fire, yet. The workers there attempted to extinguish the fire by means of fire
extinguishers. According to them, only after about two minutes of burning in the engine compartment,
the extinguishing system started to work, and even then, it did not extinguish the fire. Figure 5 shows
bus on fire Seconds after parked Figure 6 Engine after fire.
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Figure 5 Bus on fire Seconds after parked

Figure 6 Engine after fire
The failures in this event – the late detection capability of the system caused expansion of flames and
fire in wider parts of the engine compartment. In consequence thereof, even as the system started to
operate, there was not enough extinguishing material to overcome the fire.
Third Case
While driving, the driver noticed smoke, but the extinguishing system issued no alert. The driver
stopped and noticed smoke emitting from the rear part of the bus, evacuated the passengers and called
the firefighting services.
The fire burst in the right part of the engine compartment in consequence of contact between fluids of
the fan engine and the blazing envelope of the exhaust system.
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Figure 7 bus on fire Seconds after the driver noticed smoke
A look to the location of the nozzles in the engine compartment, by way of examining an identical
engine compartment, shows that even if the extinguishing material would have been sprayed, it would
be diverted/concealed and sprayed to another location in the engine compartment, not toward the
location of the fire, due to blocking of the distribution angle of the nozzle by the piping, that stretches
in the engine compartment as indicated in Figure 8.

Figure 8 the location of the nozzles in the engine compartment
The container of the extinguishing system is situated in a "horizontal" position, as 90% of the contents
of the extinguishing material is still in the container, due to a faulty installation of the container. The
reason is that as a container of a powdery extinguishing material is placed in a horizontal position or
almost horizontal, the extinguishing material will never be fully extracted from the container, and we
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know in advance that the quantity is insufficient, let alone as you have to produce the most of it.
From a photograph as provided in Figure 9 of the powder emission piping from the container, it can
be observed according to the angle of the piping, that "laying down the container" leads to an exit
angle that does not enable discharge of its substance.

Figure 9 the powder emission piping from the container
Maintenance / lack of maintenance of systems will cause fire events in the engine compartment, even
if such systems were installed.
Within the process of the tests and following discussions with other experts in this field and with
vehicle appraisers, it was conveyed to me that there were four fire events in engine compartments of
busses, where a foam extinguishing system was installed. In all four reported events, the system
operated and took out the fire without intervention of the firefighting services.
Recommendations for improvements in fire prevention:
Thinking in all fire sciences is based initially on actions to prevent and spread fires. If the prevention
process fails, rapid detection of the fire, rapid response and automatic shutdown will reduce property
damage and, in the case of buses, will also reduce potential damage "in life safety".
Prevention actions will include the following subjects:
- Bus Operators according to manufacturer's instructions.
- Perform recalls as soon as possible.
- Increasing the level of busses maintenance, including Increasing the
level of supervision of maintenance.
- Daily check of the driver for oil and engine compartment cleanliness.
- Periodic cleaning of the engine compartment by washing with
water / steam pressure.
- An examination of the possibility of changing the existing situation by
adding a system to fan engine cut off when detecting a fire, which will
prevent the air / fuel / oil circulation during an event.
CONCLUSIONS
1.
It seems that even after application of the Standard and installation of said systems, the quantity
of fires per annum did not decrease. Therefore, there is apparently a problem in the installed
system / the Standard itself.
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2.
3.

4.
5.

According to my investigations, it emerges that even if fire bursts in busses, where a system
was installed - the system could not prevent renewal of the fire and its expansion, in contrast
with that required by the Standard, that the fire could not be renewed for five minutes.
In other events, there was a flaw in the manner of detection, whereby the system either failed
to detect the fire or was simply activated at a latter stage, while the fire already reaching a very
advanced stage, that being in contrast with the Standard, requiring detection and operation of
systems within up to 10 seconds from the moment of conflagration.
I am of the opinion, that the detection mechanism ought to be changed / adapted, in order that
it would be more suitable to the severe work conditions with extreme temperature changes.
The powder extinguishing container holds 5 kg. of material, which is spread by means of four
spreading nozzles. Therefore, the quantity of material is little and the distribution points do not
spread the material uniformly and efficiently over the entire engine compartment.
The extinguishing container is installed horizontally, while in most cases due to the discharge
method, a situation evolves where no extinguishing material is discharged (which is little in
any event).
A look to the emptying piping of the extinguisher shows that according to the angle of the
piping, it can be understood what happens if the piping is pointed upward – simply no material
is discharged from the container .

ISSUES FOR DISCUSSION
In Israel, as stated, there are three companies, as about 90% of the market is held by two companies,
whose systems are operated by means of powder. This raises several questions:
1.
Is a quantity of 5 kg. of powder capable of extinguishing a fire in an engine compartment
(approx. 6m3), bearing in mind that it should prevent renewal of the fire after its extinguishing.
2.
A method should be located for the examination of detectors, which are required to operate in
varying work environments, such as changing engine compartment temperatures, vibrations in
the engine causing detector malfunctions, etc.
3.
The quantity and location of the extinguishing material's discharging nozzles is most critical,
and there is no doubt that the installed location of the nozzles should be re-examined.
4.
A way should be found, in order to examine the reliability of extinguishing containers, which
are installed horizontally.
5.
The tests protocol, as recorded in the Standard, ought to be re-examined.
6.
Enhancing the enforcement/testing of buss maintenance through closer supervision of the
regulator.
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Full Scale Fire Test of Electrical Vehicle
Andreas Sæter Bøe & Nina K. Reitan
RISE Fire Research
Trondheim, Norway
ABSTRACT
RISE Fire Research has conducted two full scale fire tests of two electrical vehicles (EVs). The
battery was a 26 kWh Li-ion battery with a cathode consisting of nickel, magnesium and cobalt. One
test was designed to study what will happen to an EV battery when the EV is exposed to a heavy car
crash. The results indicated that a heavy mechanical impact may cause the battery cells to reach
thermal runaway and ignite. The measured temperatures on different parts of the battery surface were
still between 310 and 540 ˚C 2.5 hours after the test. In the second test, the EV was ignited by an
external flame. Despite that the vehicle itself was engulfed in flames during the test, the battery did
not ignite. Although the test did not provide information about the amount of water needed to
extinguish a battery fire, an important finding is the fact that the battery did not ignite despite the
massive fire surrounding it.
KEYWORDS: Electrical Vehicle, Collision, Extinguishment, Fire
INTRODUCTION
In the recent years, an increasing number of electrical vehicles (EVs) have entered the roads. The
number of EVs in Norway has doubled each year since 2010 and has reached ca. 140 000 per January
2018. This constitutes about 4.5 % of the total vehicle fleet in Norway. The prognosis indicates that
there will be around 200 000 Norwegian registered EVs in 2020, and from 2025 all new cars shall be
zero-emission cars. It is well known that thermal runaway in a Li-ion battery cell may induce a fire
that can be difficult to extinguish. Several experimental studies have revealed that a large amount of
water may be needed in case of a battery fire in an EV [1]–[4] . However, due to the low number of
published full scale fire tests of batteries and EVs, there are still several unanswered questions related
to how a battery fire in an EV may occur, how it may develop and how it best should be extinguished.
This paper presents two full scale tests of EVs, conducted in 2016 by RISE Fire Research in
collaboration with Grenland Energy and Skien Fire and Rescue Service. The aims of the two tests
were to indicate if a car crash would induce thermal runaway in the EV battery, and to measure the
amount of water needed to extinguish an EV battery fire.
THEORY
The Li-ion battery cell
Li-ion batteries may appear in a variety of different forms and shapes, such as cylindrical, rectangular
or vacuum-packed pouch-cells. In common, they all consist of the same basis components; a cathode,
an anode and an electrolyte (Figure 1).
The anode is typically made of a graphene structure, whereas the cathode is often a lithium metal
oxide. The cathode is separated from the anode by a separator. Li-ions are dissolved in an electrolyte
solution, which is flammable. When the battery cell is discharged, the Li-ions travel from the anode to
the cathode and passes through the separator. The electrons are transported in an outer circle from the
anode to the cathode. When the battery is charged, the ions and the electrons travel in the opposite
direction.
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Figure 1

Schematic overview of a Li-ion battery cell.

Thermal runaway
A battery cell is relatively stable up to a certain temperature, whereas above this temperature several
exothermic reactions will occur. At temperatures between 90 – 120 ˚C, the solid electrolyte interface
layer, a protective layer on the anode, will start to decompose exothermally, and the electrolyte may
react directly with the anode. At temperatures between 130 – 165 ˚C, the separator starts to melt,
which eventually brings the anode and the cathode in direct contact. If the cells are heated
sufficiently, a phenomenon called thermal runaway will occur. This normally happens between 130 –
220 ˚C, dependent on cell chemistry. Thermal runaway is an exothermic decomposition of the anode,
cathode and the electrolyte. The process produces heat, oxygen and a variety of different gases, such
as H2, CO, CO2, CH4, C2H4, C2H6, HF and POF3 [5]–[10]. Thermal runaway is driven by an
uncontrolled positive feedback, which means that the reaction produces an increasing amount of heat
until the reactants are consumed. This reaction cannot be stopped.
The difficulty of extinguishing a battery fire is caused by the uncontrollable heat production, the
production of oxygen and the availability of a flammable material, e.g. the electrolyte. Heat produced
from one cell during thermal runaway may initiate thermal runaway in the neighbouring cells, and
eventually spread to the whole battery pack.
To prevent the spread of thermal runaway within a battery, batteries are segregated in separate
modules, with extra barriers between them. The ultimate design even prevents thermal runaway to
spread within a module, by sufficient barriers between the battery cells in each module. In most cases
thermal runaway leads to a fire, but not always.
Extinguishment
Cooling down battery cells that not yet have reached thermal runaway, will help prevent a fire from
spreading from module to module. However, since the battery pack is physically protected and not
easily accessible, it is a challenge to get the water through to where it is needed. Fire-fighters
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therefore may use a lot of water and have trouble to extinguish the fire.
MATERIALS AND METHOD
EVs
The two EVs used in the tests were originally gasoline cars with brand name Tata Indica GLX
(Figure 2) but had been rebuilt to EVs by replacing the fuel tank and the engine with an electromotor
and a battery pack.

Figure 2

The electrical vehicle was a rebuilt Tata Indica GLX.

The battery (Figure 3) installed in the EVs was a Li-ion battery with a cathode of nickel, magnesium
and cobalt (NMC-cathode). The battery consisted of 12 modules, each containing 30 cells of pouch
type. The battery had a capacity of 26 kWh and was charged to 60 % before the test.

Figure 3

6 of the 12 modules of the battery pack. The battery was installed in a protective casing
in the vehicle.

Instrumentation
The battery packs were instrumented with thermocouples on the outside of the battery (Figure 4), to
indicate the temperature development in the batteries during the two fire tests. In addition, several
cameras recorded the event.
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Figure 4

The thermocouples (TC 1 – 6) were positioned on the surface of the protective casing of
the battery.

Full scale fire tests
The purpose of the first test (Test 1) was to answer the following research question: Will a heavy car
crash induce thermal runaway and fire in an EV battery? The test setup was designed to indicate
whether the mechanical impact of a high-speed car crash can induce thermal runaway and fire in the
battery. The vehicle was lifted 20 m up in the air by a crane, and then dropped with the rear end
pointing downwards. The vehicle hit the ground at a speed of approximately 70 km/h. This setup was
chosen to simulate a heavy collision with the worst case hit angle with regards to the location of the
battery.
The purpose of the second test (Test 2) was to answer the following research question: How much
water is needed to extinguish an EV fire, in which the battery has reached thermal runaway? The aim
was to induce thermal runaway by heating the battery with an external heat source, and subsequent
record the volume of water needed to extinguish or control the fire. The battery was heated with a
propane burner placed under the vehicle, just below the position of the battery. The propane burner
was removed after 12 minutes when the fire was well established in the vehicle. After this, the battery
pack was heated from the fire only. Extinguishment was carried out in two sequences.
RESULTS
Test 1
Temperature development and photos from the test are presented in Figure 5 - Figure 8. Directly after
the impact, the temperature in three of the thermocouples (TC 4, 5 and 6) increased rapidly, and
reached between 200 and 250 ˚C after three minutes (Figure 5). The temperature in the remaining
thermocouples increased more slowly and reached 50 ˚C (TC 1) and 100 ˚C (TCs 2 and 3) after three
minutes. It was observed that, shortly after the car hit the ground, white and grey smoke appeared
from the car (Figure 6A). The smoke production increased during the first few minutes and
subsequently decreased (Figures 6A-D). The temperatures were quite stabile from 3 - 6.5 minutes, but
subsequently the temperature in TC 5 suddenly increased rapidly (Figure 5), visual flames were
observed (Figure 6E), and the fire rapidly spread to the interior and the exterior of the vehicle (Figures
6F-I).
The fire was then allowed to burn freely. After two and a half hours, the temperatures were between
310 and 540 ˚C on different parts of the battery pack. The rest of the car was at this point completely
burnt out (Figure 7). After more than 48 hours the battery pack was removed from the vehicle. Except
from two distinct deformations (Figure 8), the battery pack was not mechanically damaged from the
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impact. However, the battery pack was clearly subjected to a fire from within.

Figure 5

Temperatures during Test 1, measured by six thermocouples (TCs 1 - 6) mounted on the
surface of the battery pack. One thermocouple (TC compartment) was placed in the
compartment of the vehicle.
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Figure 6
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Photos during Test 1. (A) Smoke production shortly after impact. (B) and (C) Smoke
production rate increases. (D) Smoke production rate decreases and only white
smoke appears. (E) First observation of visual flames. (F – I) The car burns out.
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Figure 7

After 2.5 hours the vehicle was completely burnt out. The temperatures were at this point
between 310 and 540 ˚C on different parts of the battery pack.

Figure 8

The battery pack had two distinct deformations, marked with white arrows. The battery
pack was in addition clearly damaged from the fire.

Test 2
Temperature developments and photos during the test are presented in Figure 9 - Figure 12. The EV
caught fire about 10 minutes after the propane burner under the vehicle was ignited, and the
temperatures on the surface of the battery and in the vehicle compartment subsequently increased
(Figure 9). The fire was well established in the vehicle at 12 minutes, after which the propane burner
was removed, and the fire was self-sustaining (Figure 10). After 14.5 minutes the first extinguishing
attempt was carried out, as temperature measurements on the battery indicated that the battery was on
fire. The flames were easily put out, but the fire was not completely extinguished. The duration of the
extinguishment was about 1 minute, and 100 litres of water were used. After this, the fire was again
allowed to burn freely. About 28 minutes after test start, the vehicle was again engulfed in flames
(Figure 11), and the second extinguishing attempt was carried out. At this time the vehicle had been
fully engulfed in flames for more than 8 minutes. The extinguishment lasted for about 4 minutes, and
550 litres of water was used. The fire was then completely extinguished and did not reignite.
After the car had cooled down for more than 48 hours, the battery pack was removed from the
vehicle. Visual inspection and the lack of soot and charring revealed that the battery pack had not
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been ignited during the fire (Figure 12). From test 1 it was observed that many cells must reach
thermal runway in order to start a fire. The lack of soot and charring therefore excluded that many
cells had reached thermal runaway. The battery voltage was measured to 90 V, thus at least half of the
cells were undamaged. With the protective equipment available, it was not considered safe to open the
battery pack, and to inspect the cells one by one. The number and degree of damaged cells are
therefore unknown. Cables and outer protection of the battery pack were clearly exposed to the heat
from the external car fire.
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Figure 9

Temperatures during Test 2, measured by six thermocouples (TCs 1 - 6) mounted on the
surface of the battery pack. One thermocouple (TC compartment) was placed in the
compartment of the vehicle.

Figure 10

Vehicle at fire 13 minutes after test start, just before first extinguishing attempt.
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Figure 11

The vehicle is engulfed in flames 27 minutes after test start, just before second
extinguishing attempt.

Figure 12

Except from some partly melted cables, the battery looked undamaged from the outside.
The lack of soot, charring and smoke products show that no fire has taken place inside
the battery. The partly melted cables are therefore considered to have been exposed from
the heat of the external fire.

DISCUSSION
Test 1
The aim of the test was to give an indicative answer to whether thermal runaway and fire may occur
in an electrical vehicle battery when it is subjected to a high-speed crash. The results show that this
may happen. The progress of the event corresponds well with known knowledge about internal
processes in battery cells subjected to a mechanical stress. From the damages on the battery (Figure 8)
due to the impact, several battery cells must have been mechanically affected. The main reason for
thermal runaway is either internal shortcuts of cells or shortcuts of the battery. A shortcut creates heat,
and when the cells are sufficiently heated thermal runaway occur. In the test, there was a large
production of smoke and a significant heat increase shortly after the impact, which are clear signs that
thermal runaway has occurred in at least some of the battery cells.
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Thermal runaway normally occurs when the temperature in a cell increases beyond 210 – 220 ˚C (for
NMC-cathode) [6]. Three minutes after the impact in the current test, the maximum temperature
measured on the surface of the battery pack reached ca. 250 ˚C. This value is well above the threshold
for thermal runaway, and since no flames were observed at this moment, we can assume that the
measured temperature rise was caused by heat evolving from thermal runaway alone.
During the period 3 – 6.5 minutes after impact, most temperatures were quite stable. A probable
reason for the stabile behaviour, is that several cells had already undergone thermal runaway before 3
minutes, due to the mechanical damage from the impact. After 3 minutes, the cells that had undergone
thermal runaway did not produce enough heat to increase the temperature further. However,
neighbouring cells were being heated, and although thermal runaway not yet had occurred,
exothermic reactions were induced. The sum of the exothermic reactions was sufficient to keep the
temperature stabile, but not enough to increase it further. The sudden increase in temperature ca. 6.5
minutes after the impact, indicated that more cells had reached thermal runaway. The first flames
were then observed, and from this point on, the remaining battery cells were heated from the
surrounding fire.
It is important to pinpoint that the observed temperature development not necessarily is valid for
modern electrical vehicles. Modern electrical vehicles are designed as such from the ground up.
Compared to the car used in this test, modern electrical vehicles have battery packs better protected
against mechanical damage, and more robust fire barriers between cells and modules to prevent fire
propagation.
Despite better battery safety in modern cars, high-speed crashes still pose a risk for a battery to ignite.
Several incidents have happened worldwide; A Volkswagen eUP caught fire after being hit by the
train in Norway in 2015 [11], a Tesla Model S caught fire after a crash in the concrete barrier in 2017
[12], and a Tesla Model X caught fire after a collision with the highway median and another car in
2018 [13]. However, if there was a high risk of EV fires after collisions, it would have been revealed
during standardised collision tests, e.g. performed by test laboratories like Euro NCAP or ADAC. On
the other hand, such standardised tests do not cover all possible collisions that may occur.
Test 2
The aim of the test was to give an indicative answer to how much water that is needed to extinguish
an EV fire involving the battery. Despite that the thermocouples measured temperatures above the
threshold for thermal runaway, the visual inspection of the battery after the test revealed that the
battery had not been ignited. Test 1 revealed that many cells had to reach thermal runaway before the
fire started. This excludes that many cells have reached thermal runaway. However, the loss of cell
voltage is a sign that at least some cells reached thermal runaway. Anyway, heat produced from these
cells was not sufficient to start a fire. Based on the visual inspection of the battery, it is clear that the
high temperatures measured on the surface of the battery pack was mainly caused by heat from the
surrounding car fire, and not from inside the battery. Since the battery did not catch fire, the results
did not give information about how much water that is needed to extinguish an EV battery fire.
However, the results still provided interesting information. Before the second extinguishing attempt,
the battery was subjected to a fully developed car fire for more than 8 minutes, with temperatures
above 600 ˚C on the surface of the battery pack. This indicates that even though there is a fully
developed car fire, it may take a long time before the battery cells reach thermal runaway and starts a
fire, and the fire may then be extinguished like a conventional vehicle fire, regarding time and water
consumption. However, further testing on modern EVs is needed to verify this result, which may also
vary between different car models.
The result from the current test is in in correspondence with previously published test results:
-
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In a test in Japan [1], the bumper on a Nissan Leaf was put ablaze by 80 g of a flammable
liquid. The fire spread to the rest of the vehicle during the next 9 minutes. The results
indicated that thermal runaway occurred after 37 minutes, when a powerful jet flame
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appeared from the battery. Simultaneously, the battery voltage fell from 400 V to 150 V.
-

In Norway a Peugot iOn 2012-model [14] was ignited by a 30 kW propane burner. Flames
were seen after 9.5 minutes, and it was assumed that the battery reached thermal runaway at
the same time.

-

In a test series in Canada [15], seven fire tests were performed on three EVs, two plug-in
hybrids and two gasoline fires. The fires were initiated with a 2 MW propane burner, and the
EV batteries caught fire after 7 minutes.

The current test and the previously published tests indicate that it may take some time before the
batteries reach thermal runaway, and a fire brigade with quick response time may extinguish the fire
before it spreads to the battery. Parameters that may affect the time to thermal runaway are, among
others, how powerful the ignition source is, how well protected the batteries are, the state of charge of
the battery and what cell chemistry that is used.
CONCLUSION
Test 1 revealed that a high-speed collision may initiate thermal runaway in battery cells, and high
temperatures in the battery may be maintained for several hours, if not properly cooled down.
However, modern EVs are better protected against battery fires than the car that was tested in the
current study.
The most important conclusion from Test 2 is that although an EV is fully engulfed in flames, the
battery may not be involved in the fire. If further testing can verify that a fire starting outside the
battery may be extinguished like a conventional car fire, it is important information that may affect
the extinguishing procedures for fire-fighters.
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ABSTRACT
The use of lithium-ion batteries has been the key to developing electrified vehicles with appropriate
performance and range. This technology has many advantages, however, risks regarding fire and gas
emissions are different from those for vehicles with conventional combustion engines. Issues
regarding heat release, fire, gas explosions and emission of flammable and toxic gas are described in
this paper as well as ways to protect the vehicle and its surroundings in case of a battery malfunction.
KEYWORDS: gas explosion, gas emission, toxicity, fire, Li-ion battery, safety, electrified vehicles
INTRODUCTION
Lithium-ion batteries offer many advantageous properties such as high energy and power density as
well as long life time. However, the high energy density combined with reactive materials and
flammable electrolyte pose some safety concerns that need to be addressed properly. The risk for
thermal runaway, an intense self-generated temperature increase leading to a very rapid development
of excessive temperatures often followed by a fire, is well known and a number of incidents have
occurred where cells have gone into thermal runaway, spontaneously or as a consequence of different
abuse situations. Risks that have received less attention are associated with the gas emissions that may
occur during battery failures [1-3]. The released gases are not only flammable but also toxic. All
commercial Li-ion cells today contain one or several fluorine sources and can release toxic fluorine
gases such as hydrogen fluoride (HF) as well as other harmful gases if undergoing failures. This paper
presents some findings regarding gas and fire risks obtained from the project “Safer battery systems in
electrified vehicles – develop knowledge, design and requirements to secure a broad introduction of
electrified vehicles” conducted between the years 2012 and 2017, led by RISE.
SMALL VS LARGE LI-ION BATTERY PACKS
Fire incidents in small Li-ion batteries for consumer products have led to the development of new Liion cell materials and additives. Such new materials can be less prone to ignite and may offer an
increased thermal onset temperature as well as a less thermally energetic response (less amount of
exothermic energy). Additives, for example, flame retardants, may be used in the electrolyte or in the
electrode materials, in order to decrease the risk for ignition/fire. For small Li-ion batteries in
consumer products this can likely be an important overall safety achievement to lower the occurrence
of fire since it, in turn, can be the ignitor of adjacent combustible materials. The risk for gas
explosions and toxic gas emissions from small consumer batteries have not, at least not yet, been
shown to be a critical problem.
For large Li-ion batteries the safety issues become much more complex and risks related to gas
explosions and toxic gas release can become much more severe. Some of the additives might contain
fluorine components and thus increasing the risk for release of toxic fluorine compounds. In addition,
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a release of flammable vapours that do not ignite immediately might pose a risk that needs to be
addressed. A broad and general risk assessment for Li-ion batteries used in electrified vehicles is
presented in this paper as well as some general construction guidelines for light and heavy electrified
vehicles. Specific issues such as gas detection, protection offered by the BMS and fire propagation are
also discussed.
FIRE AND HEAT RELEASE
Fire can be the result from a thermal runaway or other abuse situations of a Li-ion cell or battery. In
Figure 1 a comparison is made between the heat released and the electrical energy content for seven
different Li-ion cells at different state of Charge (SOC). The comparison is made by means of the
energy ratio, i.e. the total heat released divided by the electrical energy content. The heat released was
here measured by oxygen consumption calorimetry in a fire situation [4]. The results show that the
total heat release as well as the heat release rates vary significantly between different cell types and, to
a lesser degree, for different state of charge levels. In particular, comparing the heat released from the
battery fire with the electrical battery capacity, that is comparing “chemical” vs “electrical” energy,
shows, for certain cell types, that an energy ratio of 20 is achieved, i.e. the cell can release as much as
20 times more heat than the electrical energy content.

Figure 1. Results for seven commercial Li-ion batteries, A-G, from complete combustion using an
external fire source, showing the energy ratio between “chemical” and electrical energy, where the
total heat release from the combustion is compared with the electrical energy capacity.
TOXIC GAS EMISSIONS
Li-ion batteries also have the potential to produce gases including hydrogen fluoride (HF) which is a
very toxic gas. HF emissions have been detected in different abuse test types. In a recent test series,
HF emissions were measured and quantified in fire tests of a number of different commercial Li-ion
battery cells. The gas concentrations were measured using time-resolved FTIR and in a substantial
part of the tests, a secondary parallel and independent measurement technique was also employed
using gas-washing bottles. The results from such a test is provided in Figure 2 where the HF and POF3
production rate as function of time is shown together with the surface temperature of the cell and the
heat released in a test where the cell was exposed to an external fire.
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Figure 2. Gas emissions and recorded cell temperature for an external fire test on a commercial Liion battery.
Figure 3 shows the result from such measurements on seven commercial Li-ion cells exposed to an
external fire expressed as total HF per Wh electrical energy capacity. As seen the amount released
depends on the cell, while the state of charge influence is more difficult to interpret.

Figure 3
Results from seven commercial Li-ion batteries, A-G, from complete combustion
using an external fire source. The figure shows normalized values of the total released amounts
of hydrogen fluoride emissions from FTIR gas measurements. The values are normalized for
electrical energy capacity, Wh (W-hours).

85

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

One of the cell types used for the fire tests was also tested by external heating abuse in an oven and
the gases emitted were measured using FTIR. In these external heating (oven) abuse tests, three
different ventings were detected, two of them well before the thermal runway as can be seen in Figure
4. The third vent occurred at the same time as the cell underwent a thermal runaway. Emissions of
HF, POF3 and CO were detected after the third vent, regardless if the cell ignited or not, see Figure 4.
Consequently, HF and POF3 can be released with or without the presence of a battery fire.

Figure 4.
Results from external heating of a commercial Li-ion prismatic cell, with
nominal capacity 6.8 Ah. In addition to the recorded temperatures and cell voltage the FTIR
results for gaseous emissions of electrolyte solvents ethylene acetate (EA), dimethyl carbonate
(DMC), ethyl carbonate (EC) are shown. Hydrogen fluoride (HF) emissions are in this case
observed near the thermal runaway.
Furthermore, electrolyte was extracted from a commercial Li-ion cell and analysed and abused/heated
up using TG-FTIR. In those tests the electrolyte was heated beyond 500 °C and the gas composition
was measured. Both HF and another potentially toxic gas and HF-precursor, POF3, were detected in
all of the abuse test types [5].
GAS EXPLOSION
In case of failure, the Li-ion battery can undergo a thermal runaway accompanied with gas release,
fire and/or explosion. These are the outcomes that Li-ion batteries are assessed against in many
different test schemes such as the UNECE R100 regulation [6]. Another common criteria is no
electrolyte leakage, venting (leakage of gases) is however allowed. If the gases released are not
ignited instantly, the released gas pose an imminent risk for a gas explosion if, after some delay, a gas
mixture consisting of the released flammable battery gases and air is ignited in a confined or semiconfined space. Such a gas explosion can be significantly more severe than a battery cell case
explosion.
The gas release (venting) typically occurs at temperatures significantly lower (e.g. at 70-100 °C) than
that of the thermal runaway temperature (e.g. at 200 °C), and the quantities of gas can be
considerable, see Figure 2. Consequently, in the presence of an ignition source, there is a risk for gas
explosion from vented gases even without a thermal runaway event. Gas explosions were, for
example, observed during external heating abuse tests of commercial 6.8 Ah Li-ion battery cells as
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presented in Figure 4. These tests were performed in an oven using Fourier Transform Infrared
(FTIR) gas measurements and simultaneous video, temperature and cell voltage recordings. Gas
explosions were relatively frequent in these tests, about half of the tests of cells of the same cell type
did undergo a gas explosion, an example of measurements conducted in a test that resulted in a gas
explosion is provided in Figure 4. Note in particular that several vents (small gas releases) occurred
before the actual gas explosion. These vents were not visible in the videos but the FTIR measurements
clearly showed the release of the different combustible species from the electrolyte such as EA, DMC
and EC.

Figure 5.

Example of gas release o rom a commercial Li-ion battery cell during overcharge abuse.

INFLUENCE OF AGEING ON SAFETY
How aging influences the safety of Li-ion batteries is an important factor, especially if automotive
batteries will be used for second life applications after their use in vehicles. An example of external
heating tests of batteries of different status regarding number of cycles and state of health is shown in
Figure 6. As can be seen from the figure, dead cells have a higher thermal runaway temperature than
fresh cells, however, this is just an example of a specific cell and not a generally valid result. Research
on this topic is still scarce and the results that are available are partly contradictory thus an increased
research activity is needed in this area.

Figure 2. Thermal runaway temperature for different age cells, during external heating.
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HOW TO MAKE IT SAFER?
High overall safety is achieved using many layers of safety. For high safety, the cell should be made
of high quality pure materials using a flawless manufacturing process and selected “safe materials”.
Since there are no intrinsically safe Li-ion cells, this is however not easily done. Various safety
mechanisms are often implemented into the battery with the intention to protect the cells from abuse
conditions [7]. Active and passive safety solutions are schematically illustrated in Figure 7.

Figure 3.
A general example of how the battery system can be made safer via the use of
passive and active safety solutions. The State-of-Safety (SOS) represents the actual safety level
of the battery system. Illustration: Fredrik Larsson.
Table 1. A simplified general overview of abuse situations where the BMS can/cannot protect the
battery system.

Abuse type

External battery pack short
circuit
External cell short circuit

BMS
protection?
YES

POSSIBLE*

Protection strategy

Disconnect the battery by using fuse or possibly
contactors
The BMS can protect if the short circuit current is
possible to interrupt by a circuit breaker.
Disconnect the battery by using contactors
Disconnect the battery by using contactors

Internal cell short circuit
NO**
Overcharge
YES***
Overdischarge
YES***
Mechanical cross /
NO
deformation / penetration
External heating, mild
YES
Cooling by using Thermal management system
External heating, strong
NO
* This case refers to a situation with an external short circuit of one or multiple cells inside the
battery pack. Theoretically, many short circuit paths are possible, and if the short circuit happens to
be within a current path involving a fuse or possibly contactors then it is possible to stop the short
circuit.
** Spontaneously starting on micrometre scale inside the cell battery due to e.g. particle
contamination or dendrite formation.
*** The detection and the consequent actions until current shutdown must be rapid enough to ensure
that the battery is not exposed to over/under voltages.
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The BMS is essential, without its protection the battery cells will e.g. easily be over/under-charged.
For high safety, the BMS should be of high quality with adequate sensing enabling correct detection
and hinder operation out of battery cell limits. Prudent design also includes keeping the cells within an
operating window that minimizes the use of the maximum possible cell limits, in order to create a safe
margin, this is typically done by the BMS. The size of the margin will however depend on
manufacturer and type of application. However, the BMS can unfortunately not protect the battery
from all types of abuse situations. Table 1 gives a simplified general overview of abuse situations
together with the ability of the BMS to protect for those situations. Other measures are needed to
protect for the events that the BMS cannot mitigate or hinder including e.g. mechanical protection and
extinguishing systems.
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ABSTRACT
This paper describes the way fire safety is handled in a recently EU H2020 funded 3 years on-going
project federated by SAFT named DEMOBASE [1] with 10 other partners jointly working on an
innovating EV concept based on a Li-ion battery pack and targeting demanding criteria of electrical
vehicle emerging market in terms of cost, time to market and safety.
INTRODUCTION
Recent policies put in place at EU level and worldwide to favour alternative energies for
transportation, responsible for a major part of greenhouse gas emissions have resulted in increasing
efforts of major automotive stakeholders to promote innovative EVs. The success will rely on the
promotion of new EVs no more suffering of major drawbacks of early EV generation like limited
performance, high cost and -although not yet really measurable- (fire) safety concerns. Fire safety has
been essentially rated as an open issue so far because of the energy storage system, that is to say to the
lithium-ion battery pack which is equipping currently most commercially available electric vehicles,
and potentially facing the so-called thermal runaway hazard (see fig. 1).

Fig. 1: underpinning phenomena in the process of thermal runaway of a li-ion cell according to
chemistry (adapted from ref.[2])
In the context of the DEMOBASE project (DEsign and MOdelling for improved BAttery Safety and
Efficiency) aiming at developing an innovating EV concept meeting new market demand, the 11
members of the consortium are currently jointly implementing a more holistic approach to consider
safety of the battery pack in the context of its intended use in an EV: safety is indeed as a key aspect
of an innovating EV, in which all parts may play a role for their inherently safer design.
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METHOD AND RESULTS
As a matter of fact, promoting performance will rely of high density energy battery packs for which
the control of the thermal runaway risk will have to be carefully and smartly handled. However, the
achievement of the safety target of innovative EV requires to consider all -sometimes underscoredaspects of the key underpinning supply chains allowing for the concept of an innovating efficient low
cost and safe-to-use EV.
The strategy followed in the DEMOBASE project has placed safety including fire safety as a central
but also cross-cutting domain of all supply chain supporting the envisaged EV development (see
figure 2)

Fig. 2: safety dedicated work (WP3) as positioned in the overall structure of the DEMOBASE project
The strategy encompasses notably: a)integrating safety aspects at early stages of EV design, where the
maximum flexibility still exist to solve safety issue at lowest cost and smartest manner b) proceed to
early preliminary risk analysis with interactive contribution of all stakeholders on the full value chain,
including end of use recycling of the EV c) ensure appropriate mechanical properties of the chassis
with regard to preserving battery pack integrity in case of a crash, d) consider reaction to fire of key
combustible parts, including li-ion cell packaging and global pack casing ; e) consider any potential
disturbance at level of pack that might issue from electromagnetic field induced by the electrical
engines and power train ; f) define prevention measures and/or evaluate consequences of an EV fire as
to promote protection of people in all requested configurations and contexts (normal use, parking,
repair, emergency situations, extraordinary situation like hurricane, accidental contact with water).
The strategy is also of course supported by state-of-the art modelling work[3] and an experimental
programme on Li-ion cells and modules and possibly also on other key components contributing to
safety that will be determined and implemented according to a preliminary risk analysis work
CONCLUSIONS
The presentation will explain the fire safety strategy implemented in the DEMOBASE project in
details together will results already obtained at the time of the conference including the key findings
of the preliminary risk analysis undertaken under leadership of INERIS in a joint effort with the other
key DEMOBASE stakeholders
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Fire and Explosion Hazards of Alternative Fuel Vehicles
in Tunnels
Ying Zhen Li
RISE Research Institutes of Sweden, Borås, Sweden
ABSTRACT
An investigation of fire and explosion hazards of different types of alternative fuel vehicles in tunnels
is presented. The different fuels are divided into four types: liquid fuels, liquefied fuels, compressed
gases, and electricity, and detailed parameters are obtained. Three types of fire hazards for the
alternative fuel vehicles: pool fires, jet fires and fireballs are identified and investigated in detail.
From the perspective of pool fire size, the liquid fuels pose equivalent or even much lower fire
hazards compared to the traditionally used fuels, but the liquefied fuels may pose a higher risk. For
pressurized tanks, the fires are generally much larger in size but shorter in duration. The gas releases
from pressure relief devices and the resulting jet fires are highly transient. For hydrogen vehicles, the
fire sizes are significantly higher compared to CNG tanks, while flame lengths only slighter longer.
Investigation of the peak overpressure in case of an explosion in a tunnel was also carried out. The
results showed that the consequences of tank rupture and BLEVE are relatively tolerable for a
position 50 m away, but the situations in case of cloud explosion are in most cases highly severe and
intolerable for tunnel users. These hazards need to be carefully considered in both vehicle safety
design and tunnel fire safety design. Further researches on these hazards are in urgent need.
KEYWORD: fire, explosion, alternative fuel vehicle, tank rupture, BLEVE, cloud explosion
INTRODUCTION
Environmental issues and scarcity of resources have stimulated the development and use of alternative
fuel vehicles worldwide. In many countries, governments are encouraging the transformation from the
use of internal combustion engine vehicles to alternative fuel vehicles by tax exemption or tax
subsidization, and some even has planned to ban the use of internal combustion engine vehicles in the
near future. Nowadays, the use of alternative fuel vehicles has occurred in almost every type of
transportation technologies, e.g. car, bus, heavy goods vehicle, train locomotive and airplanes. For
example, there have been over 600 ethanol buses running in Sweden nowadays. Another example is
that Scania has produced heavy goods vehicles powered by natural gas. It can be foreseen that more
and more such vehicles will be on open roads, as well as in tunnels and other underground spaces, e.g.
underground garages. In comparison to traditional fuel vehicles, the risks for some alternative fuel
vehicles can be much higher. For batteries of electric vehicles, a thermal runaway due to overcharging
or short circuits could result in explosion. Different types of explosion could de facto occur, including
gas tank rupture, boiling liquid expanding vapor explosion (BLEVE), deflagration and detonation.
Another risk is the jet fires that feature to long flame length and high temperature.
In the past few decades, many catastrophic fires occurred in tunnels [1]. These accidents show that the
consequences of vehicle fires in tunnels are generally much higher than on the open roads. For use of
alternative fuel vehicles in tunnels, special attentions need to be paid to the fire and explosion hazards.
There have been very limited researches related to fire and explosion hazards of alternative fuel
vehicles, much less on their hazards in tunnels. Weerheijm [2] illustrated the explosion risks and
consequences for a large LPG tanker in a tunnel. These tankers are apparently much larger in the size
compared to the fuel tanks in alternative fuel vehicles. There have also been some experimental tests
on deflagrations and detonations in medium scale tunnels [3], and the data were later used for an
inter-comparison exercise on modelling [4]. However, only several scenarios with hydrogen was
investigated.
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Despite the lack of knowledge on fire and explosion hazards of alternative fuel vehicles, these
vehicles have already been used widely to some extent as mentioned previously. This de facto put the
whole society in a potentially high risk. Different rules are applied worldwide. For example, the LPG
vehicles with safety valves are allowed both in tunnels and garages in France while in Italy LPG
should be labeled before entering the Mont Blanc tunnel [5]. The Swedish authorities, i.e. Swedish
Transport Administration and Swedish Transport Agency, propose that vehicles in tunnels should
have equivalent safety level as in open areas [6]. To make such a judgement or to achieve this goal,
quantitative risk analysis is required. However, at present, there is no such knowledge of fire and
explosion hazards of these different types of vehicles possibly running in the tunnels. Therefore
carrying out such a quantitative risk analysis at present is not feasible. More basic knowledge on risks
and consequences are required.
The objective of this work is to investigate the fire and explosion hazards of alternative fuel vehicles in
tunnels. Specifically, it is to obtain detailed parameters for each type of alternative fuel vehicles, to
identify the potential risks for each type of alternative fuel vehicles in tunnels, and to quantify the
consequences based on state-of-the-art knowledge and CFD modelling.
INCIDENTS WITH ALTERNATIVE FUEL VEHICLES
There have been many incidents involving alternative fuel vehicles occurred especially in the past
decade. Most of the incidents reported refer to CNG vehicles, LPG vehicles and electric battery
vehicles.
CNG vehicles
CNG is the abbreviation of Compressed Natural Gas. A list of some CNG vehicle incidents recently
occurred is given in Table 1. Note that in the table, “explosion” means a gas explosion following a
tank rupture in case of a fire. The incidents presented occurred on open roads or in the refueling
station. The majority of these incidents started from a fire and ended with a rupture and even a gas
explosion. In some incidents jet flames existed after the pressure relief devices (PRDs) functioned, but
there would still be a subsequent explosion if the venting flow was not high enough to release the
pressure or the tank was locally damaged.
Table 1

Year
2002 [1]

A list of some CNG vehicle fires.
Country
USA

City

Vehicle
car

2007 [7]

USA

Seattle

car

traffic in
street

2007 [7]

USA

California

Car (van)

2012 [8]

Netherland

refueling
station

Wassenaar

Bus

aside traffic

USA

Hamilton,
New Jersey

Refuse
truck

fire in
engine

street

fire

2016 [9]

Sweden

Gothenburg

Bus

outside
tunnel

fire,
ceiling

2016 2,3

Sweden

Kramfors

Car

fire

2016 4,5

Sweden

Katrineholm

Refuse
truck

fire

2016 1

Fire location

http://abc7ny.com/news/video-garbage-truck-explodes-in-hamilton/1175308/
http://www.trailer.se/fordonsexplosioner-oroar/
3 http://www.expressen.se/motor/bilnyheter/larm-om-gasfordon-som-exploderar/
4 http://www.trailer.se/fordonsexplosioner-oroar/
5 http://www.expressen.se/motor/bilnyheter/larm-om-gasfordon-som-exploderar/
1
2

96

ignition
fire
arson fire

Consequence
rupture
12 cars damaged;
Rupture (explosion);
debris 30 m away
rupture, driver killed
no injury but a 15-20
m long jet flame
jet fire/explosion;
damaged 4 homes
rupture; two fire
fighters injured.
explosion; roof landed
30 m away.
truck burned.
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The CNG bus fire incident in Wassenaar, Netherland On 29 Oct. 2012 attracted much attention from
the public. The bus was a MAN Lion’s city CNG bus with 8 CNG tanks on top. The fire broke out in
the engine compartment. After noticing the coming smoke, the driver continued to drive and stop at a
halt on the open road. The passengers then successfully evacuated. The fire developed rapidly and
when the fire brigade arrived in the site, the whole bus was on fire. Later several PRDs were
activated, resulting jet flames with a length of around 15 - 20 m to shoot out in a horizontal (sideward)
direction. The resulting long jet flame may potentially cause danger to personnel and result in fire
spread to neighboring buildings or vehicles. As no buildings were located nearby, no damage to
structure was reported although it would be if the bus was in a street instead of on the open road.
In 2016, there were three CNG vehicle incidents reported in Sweden. The most known one may be the
bus explosion in Gothenburg on 12 Jul, 2016 [9]. It was a Solaris Urbino 15E CNG bus with 48 seats
and a wheel chair. There were 7 composite tanks loaded on top each with a volume of 214 liters and
an operating pressure of 200 bar. After the bus was found to be caught fire on the ceiling in the 712 m
long Gnistäng tunnel in Gothenburg, the driver continued driving the bus out of the tunnel and
stopped aside at around 100 m outside the southern portal. The passengers were safety evacuated and
then the fire fighters came to extinguish the fire. When the incident commander felt that the fire was
under control, representatives from the bus company went to turn off the gas to the engine
compartment. When both staff from the emergency services and bus company stood next to the bus,
one of the gas tanks exploded. Two firefighters were thrown to the ground by the shock wave and
injured. The consequence could be much more severe if the explosion occurred during the evacuation
stage or several seconds later when the firefighters were closer.
The other two incidents occurred in Kramfors and Katrineholm in Sweden. During fire fighting of a
gas car fire in Kramfors in 2016, a gas tank of the car exploded. The roof landed a few meters from a
firefighter who was 30 meters from the car. In Katrineholm a gas-powered refuse truck after refueling
exploded. Salvage staff could have suffered a nasty accident when they thought the other damaged
tanks were empty. Fortunately quenched salvage after which the tanks, that could not be discharged
otherwise, was depressurized by bombardment.
In 2013, U.S. Department of Transportation conducted a study on incidents with CNG vehicles [10,
11]. A total of 135 incidents from 1976-2010 was analyzed [10]. Among the incidents considered,
56% of them occurred in U.S. and others in Europe, Asia, and South America. The vehicles consisted
of 51% trucks, 38% buses and 11% other commercial vehicles. It was found that most incidents with
CNG vehicles were not caused by the CNG tank or fuel storage systems (only one in 17 vehicle fires).
Instead they were started by an electrical short, brakes, or leaking fuel or hydraulic fluid impinging on
a hot engine or exhaust system. Form the table, it is clear that tank rupture is the most likely
consequence, followed by vehicles fires, PRD release failure, and tank leaks. It was found that most
tank rupture occurred during the refueling or a vehicle fire. In about 35 % of the reported fire
incidents, the installed thermally activated PRDs did not work probably due to the localized fires. In
42 % of all the fire incidents, PRDs worked as intended, and leaking gases were ignited in more than
50 % of these. It should be noticed that although no gas explosion was included in the table, there
were such incidents occurred as discussed previously.
From the above analyses, it can be concluded that rupture is a very common consequence of a CNG
vehicle incident. If a fire starts at other parts of the vehicle, it could spread to the tanks unless it is
suppressed. This will result in either a jet fire if the PRDs functions properly or a gas explosion
following a rupture. The severity of the gas explosion depends on how much gas is released and
whether the flames exist at the moment of rupture. If the flammable gases are ignited immediately
after the rupture, the contribution from the gas explosion may be limited due to the small size of the
flammable cloud.
LPG vehicles
LPG is the abbreviation of Liquefied Petroleum Gas. A list of some LPG vehicle incidents is given in
Table 2. In most of these incidents, explosion is involved.
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Table 2

Year

A summary of LPG fire incidents.
Country

City

Vehicle location

Ignition

1999 [12]

France

Venissieux

2002 6

France

Seine-etMarne

garage

2006 [5]

Italy

Collatino

street parking

2007 [5]

Italy

Salerno

2008 [5]

Italy

Rovigno

2008 7

UK

South
Yorkshire

2008 [5]

Malaysia

Mallaca

refueling station

2008 [5]

UK

Sampford
Peverell

explosion; passengers
severely injured

road

car burnt out

2009 [5]

Italy

Marigliano

parking

explosion; damaged vehicles
and buildings

arson

arson

underground
garage
underground
garage

gas leakage

Consequence
explosion, 6 fire fighters
severely injured
explosion; one building
collapsed; 39 houses damaged
explosion, several cars, 2
garages, shops, fire spread to
apartments
Explosion; 3-store building
destroyed; 5 others affected.
fire spread to nearby garage

road

cigarette

Explosion

Electric battery vehicles
A summary of some electric battery vehicle incidents is given in Table 3. In most of these incidents,
the vehicles hit some objects and caused mechanical failure. The subsequent fire resulted in no deaths
except in the accident in Shenzheng causing 3 deaths. However, it was reported that the 3 deaths was
caused by the vehicle incident rather than the subsequent fires.
The main consequence of these electric vehicle fires is the loss of the vehicles. No explosion was
reported. However, there might be low speed explosion (deflagration) occurred but not clearly
observed.
Table 3

A summary of fire incidents with electric vehicles.

Year

Country

City

2011 8

China

Hangzhou

2012 9

USA

2012 10

Vehicle

Fire
location

California

Zotye
M300 EV
Karma

parking lot

China

Shenzheng

BYD

road

2013 11

USA

Washington

Tesla

road

2013 12

Mexico

Merida

Tesla

road

Ignition

road

Consequence
no injury

overheating of fan
crashed by a car
and then run into a
tree
fire after running
over large metal
objects
fire after hitting a
tree

no injury
3 killed
fire
fire

http://www.leparisien.fr/faits-divers/l-explosion-d-une-voiture-au-gpl-devaste-un-quartier-11-11-2002-2003562566.php
(Retrieved 2017-01-01)
7 http://www.telegraph.co.uk/motoring/3329109/LPG-car-explodes-as-driver-lights-cigarette.html (Retrieved 2017-01-01)
8 "Hangzhou Halts All Electric Taxis as a Zotye Langyue (Multipla) EV Catches Fire". China Auto Web. 2011-04-12.
(Retrieved 2013-06-25)
9 John Voelcker (2012-08-13). "Second Fisker Karma Fire Casts Fresh Doubt On Plug-In Hybrid". Green Car Reports.
Retrieved 2012-08-13
10 China Autoweb (2012-05-28). "Initial details on fiery crash involving BYD e6 that killed 3". Green Car Congress.
http://www.greencarcongress.com/2012/05/bydcrash-20120528.html (Retrieved 2017-01-01)
11 https://www.technologyreview.com/s/521976/are-electric-vehicles-a-fire-hazard (Retrieved 2017-01-01)
12 Blanco, Sebastian. "Second Tesla Model S fire caught on video after Mexico crash". Autoblog Green. (Retrieved 2017-0101)
6
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Year

Country

City

Vehicle

2014 13

Canada

Toronto

Tesla

Fire
location
Garage

2013 14

USA

California

Tesla

Road

2016 15

Norway

Gjerstad

Tesla

Charge
station

Ignition
Fire after running
over large metal
objects
Might be a short
circuit

Consequence
fire
fire
burnt

ALTERNATIVE FUEL VEHICLES
There are many different types of alternative fuel vehicles. According to the different fuels used, they
could be divided into four types: liquid fuels, liquefied fuels, compressed gases, and electricity [13]. A
study of the parameters for these vehicles has been carried out by Li [13] and a short summary is
presented here.
To ensure safety of pressurized tanks, pressure relief equipment is commonly used. There are mainly
two types of valves existing in both liquefied gas tanks and compressed gas tanks, i.e. pressure relief
valve (PRV) for normal venting and pressure relief device (PRD) for emergent venting. Under normal
operations, when the pressure inside the tank rises above around a preset value, a tank normally vents
via a PRV to avoid overpressure in the tank. When the pressure returns to the normal level the PRV
will automatically turn off. However, excessive venting may cause a problem. To avoid rupture of a
fuel tank in an emergency case, e.g. in a fire, a PRD will be activated after the tank pressure or
temperature is over a certain value, which is generally much higher than preset value for PRVs.
Liquid fuels
The liquid fuels mainly consist of ethanol, methanol, biodisel and other alcohols. Ethanol is one
renewable fuel and has been widely used nowadays. Methanol is another renewable fuel similar to
ethanol. The fuel tanks are similar to those for traditional liquid fuels. But the boiling point at
atmospheric conditions is 78.5 °C for ethanol and 64.5 °C for methanol, in comparison to 155 °C for
gasoline and 180-360 °C for diesel [13]. The size of the tank is mostly 50 to 100 liters for passenger
cars, and 400 to 1000 liters for heavy duty vehicles.
Liquefied fuels
The liquefied fuels mainly consist of liquefied petroleum gases (LPG), liquefied natural gas (LNG)
and liquefied hydrogen (LH2). In contrast to liquid fuels, the liquefied fuels here are the fuels that are
of gas phase at atmospheric pressure and temperature. By increasing the pressure and/or decreasing
the temperature, the gaseous fuels are liquefied and stored in the tanks. Note that if the liquefied fuels
are exposed suddenly to atmospheric conditions, the fuels need to absorb heat for evaporation.
LNG is typically stored in a range of 4 to 10 bar. At atmospheric pressure, natural gas remains in the
liquid form at a temperature below -162 °C. In a vehicle tank, the temperature is slightly higher,
mostly in a range of -140 °C to -136 °C. For LNG tanks, the activation pressures of PRDs are mostly
in a range of 15 to 30 bar. The LNG tanks are only used for heavy duty vehicles, e.g. buses and
trucks. As cryogenic tanks are used careful maintenance is required. Normally the tanks are well
insulated. For trucks, the mass of LNG is in a range of 112 kg to 450 kg, and volume of 315 l to 1080
l. For buses, the mass of LNG is in a range of 150 kg to 214 kg, and volume of 356 l to 508 l [13].
The number of cryogenic LNG tanks is mostly 1 or 2. The mass for a single LNG tank mostly varies
between 110 kg and 220 kg [13].
Linette Lopez (2014-02-13). "Another Tesla Caught On Fire While Sitting In A Toronto Garage This
Month". Business Insider. (Retrieved 2017-01-01)
14
https://www.technologyreview.com/s/521976/are-electric-vehicles-a-fire-hazard (Retrieved 2017-01-01)
15
http://www.fvn.no/nyheter/lokalt/Tesla
13
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LPG is also called “autogas”. It mainly consist of either propane (C3H8) or butane (C4H10), or a
mixture of them. The tank pressure is mostly in a range of 8 to 10 bar. The tank pressure in reality is a
function of temperature. Therefore the exterior temperature significantly affects the tank pressure.
After the pressure is over around 20 bar, the PRVs will be activated for venting the gas, and recloses
or reseals after the pressure is reduced. Therefore, under normal operation, the tank pressure is a
variable, between 8 to 20 bar. PRDs for LPG tanks are generally activated when the pressure is
around 32 bar, while the tank is generally supposed to sustain integrity at around 46 bar. The fuel has
density and heat of combustion similar to gasoline and diesel. Therefore the tanks are of similar size.
For many vehicles, versions of different fuel types are available, e.g. gasoline, diesel or LPG. For
personal vehicles, the fuel tank size is mostly in a range of 50 to 100 liters. For trucks, the size can be
as large as 400 liters.
Quite limited vehicles have used LH2. One main reason is the low temperature of -252 °C required to
keep hydrogen in liquid form. The low temperature also indicates that the tank is sensitive to ambient
temperature. If a tank has been placed in ambient for a certain time, the inside temperature will
increase, and the pressure relief valves will activate to release gases. The vehicles are all equipped
with internal combustion engines. The mass of liquid hydrogen is in a range of 2.4 kg to 8 kg. These
are mostly concept vehicles.
DME is primarily produced from waste, biomass or natural gas. At ambient conditions, dimethyl ether
is a colorless gas. But it can be easily liquefied, similar to propane. The pressure to keep it in the
liquid form is around 5 bar. There have been some vehicle demonstrations with LDME but it may be
of more use in the future. The operating pressure and pressure values for PRV and PRD are expected
to be similar to those for LPG.
Compressed gas
Unlike the liquefied fuels, the compressed gases are stored in gaseous form and do not need to absorb
heat for evaporation. The compressed gases mainly consist of compressed natural gas (CNG), and
compressed hydrogen (GH2).
Natural gas mainly consists of methane. It could be produced from fossil or biogas industry. CNG is
typically stored in steel or composite containers at a pressure of around 200 bar. It may also be stored
in an adsorbed tank at a lower pressure, which however is not the case of main interest in this work.
The tanks can be placed at various locations. A bus generally has several small tanks and they are
mostly located on the top. A truck normally has one or two large tanks and they are mostly placed in
the vicinity of the driver cab. A passenger car may have one to three small tanks which are placed in
the trunk or below the seats. The pressure relief devices on CNG tanks are normally activated at a
temperature of 110 °C. In case of a localized fire, the pressure relief devices may not be exposed to
fire and thus not activated on time. Therefore, some CNG tanks also have pressure relief devices
activating at a certain pressure, e.g. around 340 bar. The venting direction may either face upwards,
downwards or horizontally. Long tubes may be used in order to relieve the pressure upwards.
Many passenger cars and light commercial vehicles consist of both CNG tanks and petrol tanks, i.e.
they are so called “hybrid vehicles”. For passenger cars, the mass of CNG is in a range of 11 to 37 kg.
For light commercial vehicles, the mass of CNG is in a range of 12 to 39 kg. The number of fuel tanks
mostly varies between 1 and 5. The mass of a single tank varies between 10 and 20 kg. For buses, the
mass of CNG is mostly in a range of 160 kg and 365 kg. The number of fuel tanks mostly varies
between 4 and 10. The mass of a single tank varies between 20 and 50 kg. For trucks, the mass of
CNG is in a range of 81 kg and 390 kg. The number of fuel tanks mostly varies between 4 and 8. The
mass of a single tank varies between 10 and 50 kg.
Hydrogen can be produced from natural gas, but also from wind, solar and even garbage. At present,
the number of vehicles using hydrogen as fuels is rather limited. Hydrogen may be used as fuel for
both internal combustion engine and for fuel cells. For vehicles with internal combustion engines, the
mass of hydrogen tank is around 2.4 kg with the storage pressure of 350 bar, which are also equipped
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with a 60 liter gasoline tank. For vehicles with fuel cells, the mass of hydrogen is in a range of 4 to 6
kg with a storage pressure of 350 bar or 700 bar. The number of tanks could vary from 1 to 4.
Electricity
The electric cars could be driven either by rechargeable batteries or other fuel cells such as renewable
hydrogen fuel cells. But fuel cells normally use hydrogen from pressurized tank. Here only battery
will be discussed. The battery is generally of significant size and mostly placed beneath the seats. The
battery pack used in an electric vehicle mostly consists of several battery modules, each of which
consists of many cells.
There are different types of rechargeable batteries on the market, e.g. lead-acid, nickel-cadmium,
nickel metal hydride, and lithium-ion batteries. Among these, lithium-ion battery is the most common
one used in electric vehicles. Some common Li-ions batteries include Lithium Iron Phosphate
(LiFePO4), Lithium Manganese Oxide (LiMn2O4), Lithium Nickel Manganese Cobalt Oxide
(LiNiMnCoO2 or NMC), Lithium Cobalt Oxide (LiCoO2), Lithium Nickel Cobalt Aluminum Oxide
(LiNiCoAlO2), and Lithium-titanate (Li4Ti5O12). A battery cell mainly consists of cathode, anode
and electrolyte. Graphite is normally used as the anode material. An electrolyte mainly consists of a
liquid solvent and a salt (such as Lithium hexafluorophosphate, LiPF6) which facilities transport of
charge inside the battery by means of ions [14]. The main liquid electrolytes used in lithium-ion
batteries are ethyl carbonate (EC), propyl carbonate (PC), dimethyl carbonate (DMC), Ethyl-Methyl
carbonate (EMC) and di-ethyl carbonate (DEC). In a power optimized Li-ion battery cell, the mass
percentage for the flammable solvent is around 12%, and around 12% for graphite and 5 % for
plastics around the cell (the “coffee bag”) [14]. For typical solvents from a battery cell, a heat of
combustion of 16 MJ/kg could be used. There are mainly three types of Li-Ion batteries used, i.e.
LiMn2O4, LiFePO4 and LiNiCoAlO2. For these common Li-Ion batteries, an average value of 125
Wh/kg could be used for the energy density.
A serious malfunction of the batteries or the control system can potentially result in a thermal
runaway. The reason may be overcharge, electrical fault, an external fire or heating source, and etc. In
case of a thermal runaway, combustible gases are released in the surrounding compartment. The
amount of venting gases may vary with other parameters, e.g. state of overcharge. In an electric
battery vehicle incident, the fire spread between cells/modules takes time, depending on the
configurations of the battery pack and the battery type. To be on the safe side, all the flammable
solvents are assumed to be released into surroundings after an incident, while considering the
explosion hazards. The venting gas may auto-ignite, or be ignited by an external fire or heating
source. The consequence may be a fire or an explosion, depending on how the venting gases are
distributed and how the combustion starts. The venting of the gases is generally similar to a jet with a
high initial velocity. In some cases, it seems to be a jet fire during a certain period.
For passenger cars, the capacity is mostly in a range of 16 kWh to 100 kWh, and the mass in a range
of 200 to 540 kg. More information on the electric passenger cars can be found in the literature [15].
For electric buses, the mass is mostly in a range of 1200 kg and 2500 kg. For electric trucks, the mass
mostly varies between 615 kg to 3300 kg.
FIRE HAZARDS
There are mainly three types of fire hazards for the alternative fuel vehicles: pool fires, jet fires and
fireballs.
After an incident, the liquid fuels may leak and form a pool on the floor. If an ignition source exists, a
pool fire will occur. Note that a pool fire may also occur for a liquefied fuel vehicle.
If a liquefied tank leaks, a two-phase jet may form and the liquid may spill to floor and form a pool.
This mostly occurs when the pressure valve is located at the low level of the tank (below the liquid
surface). If a liquefied tank ruptures, a pool could also be formed. The main reason is that generally
there is not enough heat to evaporate all the fuels instantaneously. Therefore, a fire incident with the
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liquefied fuels may involve a pool fire together with a jet fire. The burning of the pool fires is similar
to a gasoline pool fire but the burning intensities, e.g. mass burning rates, are normally much higher.
For a compressed gas vehicle, the most common fire risk is a jet fire. A jet fire may also occur for a
liquefied fuel vehicle. Much of the liquefied fuel changes in phase instantaneously when it is released
to the ambient. In both cases, the jet fire occurs when the pressure valve is operating properly and the
tank does not rupture. If there are several tanks in the vehicle, several pressure valves may be
activated and several jets and one combined jets may be formed. At the beginning of a jet fire, a fire
ball is normally formed. A fire ball refers to immediate ignition after a flammable gas is suddenly
released, and therefore the mixing of flammable gas with air is rather limited and a flame ball will
form. Normally the concentration of flammable gas is high in the center of the cloud due to lack of
mixing.
For an electric battery vehicle, jet fires are also common consequence. After a thermal runaway, the
gases vent out in the form of a jet. This phenomenon is obvious mostly during the initial stage of
venting of a cell or a module. The venting gases at this stage mainly consist of electrolyte. But the
flame length is not expected to be as long as for a jet fire from a compressed gas tank. If a fire does
not start from the battery, the fire hazard may probably be similar to an internal combustion engine
car. This has been shown by Lecocq et al. [16].
Spilled pool fires
The burning of the liquid fuels considered here is similar to a common pool fire. For example, in an
ethanol or a methanol fire, the flame is much less luminous and the smoke is less dense. For the
liquefied fuels, a pool may also form if the fuel leaks from the liquid side of the tank. The reason is
that generally the heat containing in the liquid is not great enough to support complete evaporation
and thus a portion of the fuel will remain in liquid form and form a pool. For a spilled pool fire, the
mass burning rate is much less than that for a corresponding deep pool fire. For the spilled gasoline
fires tested, the average heat release rate per unit area is about 1/3 to 2/5 of that for a deep pool fire
[17], and a coefficient of 0.37 would be used. This also applies to other fuels in this work.
Tunnels mostly have both longitudinal slopes and transverse slopes (across the section). The reason
for the transverse slopes is mainly for drainage. It, in reality, also aids to reduce the fire size in case of
a spilled fire. For slopping tunnels, Ingason and Li [17] proposed correlations for estimating the
spillage area and also the flow rate from a hole (or nozzle) of a tank. A spillage has two key
dimensions, namely the width, B (m), and length, L (m). In order to calculate B, the following
equation was developed [17, 18]:
(1)
B = 2V 0.46

where V is the outflow in l/s. The total area of the spillage up to the side of the road, A (m2), is [18]:

A = BL

(2)

The length, L, depends on the inclination of the road surface. If the inclination across the direction of
traffic (transverse) is x% and in the direction of the traffic (longitudinal) is y%, the road surface is b
metres wide, and the transverse distance from the release point to the opposite side of the road is c
metres, L, can be calculated according to the following equation [17, 18]:

L=

(b − c )
cos(α )

(3)

where the deflection angle α = arctan( y % / x %) . In case of a hole at the bottom of a pressurized liquid
fuel tank, e.g. a LPG tank, the volume flow rate can be estimated by:

2( Ptank − Po )
V Cd Ad
=
+ 2 gh

ρ

(4)

For a liquefied fuel tank, the term related to static pressure difference is generally much higher than
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the potential energy term. Further, in such case, if the process occurs during a significantly long
period, the tank pressure may probably be close to the equilibrium pressure, dependent on the liquid
temperature. Therefore a constant volume flow rate could be expected.
The heat release rate per unit fuel area (HRRPUA) for different fuels is given in Table 4. The values
presented here are for spilled fuels around 1 mm thick. Apparently, the values for ethanol and
methanol are much less than those for gasoline and diesel (biodiesel). However, the liquefied fuels
have much higher values for HRRPUA. Especially for LH2 the value is as high as 8.9 MW/m2, which
is around 60 times that for ethanol and methanol.
The heat release rate depends on the spill area. Here a typical road tunnel is considered where the 9 m
wide tunnel has a 2% longitudinal slope and a 1% transverse slope. The tank for all the liquid fuels is
assumed to be 0.2 m high (passenger cars) and has a hole of 1 cm diameter at bottom. The volumetric
flow rate is estimated to be around 0.1 liter/s for all the liquid fuels but much higher for the liquefied
fuel tanks. The largest spill area and the highest heat release rate are shown in Table 4. As the spill
area is mainly affected by the tunnel slopes, location of the tank, and the spillage flow rate, the spill
area is considered to be the same, i.e. the calculated value is 15 m2 for a 2 % longitudinal slope and 65
m2 for a 10 % longitudinal slope, but a larger hole or a larger slope will produce a larger area. For the
2 % longitudinal slope, the estimated highest heat release rate is around 2 MW for ethanol and
methanol, compared to 13 MW for gasoline and 8 MW for diesel. For the 10 % longitudinal slope, the
estimated highest heat release rate is around 10-11 MW for ethanol and methanol, compared to 58
MW for gasoline and 37 MW for diesel. Clearly, the fire sizes for alcohol fuels are much lower. As
the knowledge on spillage area for liquefied fuels is not clearly known, it is assumed here that all
leaked fuels are burnt. The HRR is in a range of 43 to 49 MW.
If a tank has a large hole, the liquid may release instantaneously. Tests on a road tunnel [17] showed
that the spillage area caused by an instantaneous release of 2 m3 liquid varied between 138 m2 and 163
m2, with an average value of around 150 m2. This corresponding to a heat release rate of 144 MW for
gasoline, 91 MW for biodiesel, 24 MW for ethanol and 27 MW for methanol. The maximum heat
release rate value is considered to be high, but it would be reasonably short-lived in terms of duration.
Therefore, it can be concluded that, from the perspective of fire size, the liquid fuels pose equivalent
or even much lower fire hazards compared to the traditional fuels (gasoline and diesel). However, the
liquefied fuels may pose a higher risk compared to the traditional fuels.
Table 4

Heat release rates for different fuels spilled on the floor in a tunnel with 1 % transverse
slope (A hole of 10 mm diameter at the bottom of the 0.2 m high fuel tank).
HRRPUA
Spillage
Spill area
Peak HRR*
Fuel
2
2
(MW/m )
rate (l/s)
(m )
(MW)
*
*
*
2 % slope
10 % slope
2 % slope
10 % slope*
Ethanol
0.15
0.11
15
65
2
10
Methanol
0.17
0.11
15
65
2
11
Diesel
0.56
0.11
15
65
8
37
Gasoline
0.89
0.11
15
65
13
58
LPG
1.7
1.6
43
43
LNG
1.4
2.3
49
49
LH2
8.9
4.5
45
45

* longitudinal slope.

Jet fires
A fuel jet could be formed if there is a small hole or open nozzle on a tank containing compressed gas
or liquefied fuels. A jet fire differs from a common fire as its initial momentum (due to high velocity)
has significant influence on the flame characteristics. The fuel mass flow rate is:
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m = Cd

πd2
ρu
4

The flow through the nozzle is normally chocked flow (critical flow) so that the jet velocity at the
nozzle exit, u, can be easily calculated. Two models could be used for estimation of jet flame length,
i.e. the Heskestad model [19], the Delichatsios model [20], and Lowesmith et al’s model [21].
After a PRD opens, the fuel releases as a function of time. For a 20 kg CNG tank with initial tank
pressure of 200 bar and a PRD of 5 mm diameter. The transient pressure as a function of time is
shown in Figure 1, together with the fuel mass in the tank, the mass flow rate through the nozzle and
the flame length. Clearly, the majority of the fuel is released within several minutes.
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Fuel and fire properties as a function of time after the nozzle opens.

As the release rate is highly transient, the initial release rate will be the focus in the following. Table 5
gives the initial release rate for varying compressed gas fuels. It is assumed that the PRDs activate due
to a sudden temperature rise and the internal pressure is close to the tank operation pressure. It can be
seen that for hydrogen vehicles, the heat release rates are significantly higher than those for the CNG
tanks mainly due to the high value for heat of combustion. In contrast, the flame lengths for hydrogen
fuels are only slighter greater than those for CNG tanks. The flame length increases with the
increasing diameter of the PRDs. The flame length can be as long as 40 m. The heat flux can be up to
22 kW/m2 for CNG and 69 kW/m2 for GH2 at 10 m from the fire. This indicates that all the fuels
within the perimeter will be ignited, i.e. the possibility for fire spread is very high.
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Table 5

Jet fire characteristics for different compressed gas fuels under operation pressure.
Diameter of Release
Lf,
Lf,
Lf,
Heat
HRR
Fuel
PRD/hole
rate
Heskestad Delichatsios Lowesmith flux*
mm
kg/s
MW
m
m
m
kW/m2
2.5
0.13
7
5.6
7.3
6.0
1
CNG
5
0.62
34
13.6
17.9
10.8
4
200 bar
10
2.49
137
27.2
35.7
18.1
14
2.5
0.10
14
7.0
8.0
7.6
1
GH2
5
0.38
54
13.9
16.1
12.8
6
350 bar
10
1.53
217
27.8
32.1
21.5
22
2.5
0.19
27
9.8
11.4
9.9
3
GH2
5
0.76
108
19.7
22.7
16.6
11
700 bar
10
3.06
434
39.3
45.4
27.8
45

* received at 10 m away from the flame.

Table 6 gives the initial release rate for varying liquefied fuels assuming that the outlets are on the gas
phase side of the tank. It is assumed that the PRDs activate after the tank pressure exceeds the preset
value. It can be seen that all the results are significantly lower than those for the compressed gas
tanks. This indicates the duration of the release will be much longer than compressed gas tanks. It
may also suggest that the risk for a BLEVE is higher than that for a gaseous tank rupture when being
exposed to a fire. The heat release rate and the heat flux are much lower but the flame length can still
be as long as 10 to 20 m.
Table 6
Fuel

LPG
32 bar
LNG
25 bar
LH2
10 bar

Jet fire characteristics for different liquefied fuels with PRDs on gas side.
Diameter of Release
Lf,
Lf,
Lf,
Heat
HRR
PRD/hole
rate
Heskestad Delichatsios Lowesmith flux*
mm
kg/s
MW
m
m
m
kW/m2
2.5
0.041
1.9
4.0
5.4
3.7
0.36
5
0.165
7.6
7.9
10.8
6.2
1.45
10
0.661
30
15.9
21.7
10.3
5.81
2.5
0.019
1.0
2.4
3.1
2.9
0.11
5
0.076
4.2
4.8
6.3
4.9
0.43
10
0.305
16.8
9.5
12.5
8.3
1.74
2.5
0.003
0.4
1.2
1.4
2.0
0.04
5
0.011
1.5
2.4
2.7
3.4
0.16
10
0.044
6.2
4.7
5.4
5.7
0.64

* received at 10 m away from the flame.

If the outlets are on the liquid phase side of the tank, e.g. a car turnover, the behavior of a jet will be
very different. Table 7 gives the initial release rate for varying liquefied fuels. It is also assumed that
the PRDs activate after the tank pressure exceeds the preset value. It can be seen that the results are
significantly higher than those with PRDs on the gas side. For heat release rates and heat flux, the
ratio between them is around 3:1. Comparing the results with those for gaseous tanks shows that the
heat release rates are generally lower, especially for LH2. However, the heat flux for LPG falls on the
same level as the CNG tanks since the radiation fraction for LPG is higher.
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Table 7
Fuel

LPG
32 bar
LNG
25 bar
LH2
10 bar

Jet fire characteristics for different liquefied fuels with PRDs on liquid side.
Diameter of Release
Lf,
HRR
Heat flux*
PRD/hole
rate
Lowesmith
mm
kg/s
MW
m
kW/m2
2.5
0.10
4.5
5.1
0.9
5
0.40
18.2
8.5
3.5
10
1.58
72.8
14.3
13.9
2.5
0.055
3.0
4.4
0.3
5
0.22
12.1
7.3
1.3
10
0.88
48.5
12.3
5.0
2.5
0.009
1.3
3.2
0.1
5
0.036
5.1
5.3
0.5
10
0.14
20.2
8.9
2.1

* received at 10 m away from the flame.

Note that the initial parameters discussed above are not dependent of the size of the fuel tank. But the
size of a tank indeed affects the duration of a release.
If there are external flames continuously heating up the fuel tank, the heat absorbed will raise the tank
pressure or slow down the decrease in tank pressure, and the corresponding results will be somewhat
different.
For a tank jet fire in a tunnel, the initial jet flame length will probably be longer than the tunnel height
or width, and impingement to tunnel structure is possible. The distribution of flames around the tank
is highly dependent on the positioning of the tank valve. For a valve with outlet facing upwards, the
flames will probably behave in a similar way as in a normal vehicle fire, i.e. there exist upstream and
downstream ceiling flames under low ventilation while only downstream ceiling flame under high
ventilation. For a valve facing downwards, significant flames will exist on floor and fire spread may
occur easily. For a valve facing sidewalls, the scenario is more complicated, depending on how far it
is from the side wall.
Fireballs
There have been many empirical correlations proposed for the diameter of the fire ball and the
duration of combustion in the open. An approximate correlation for the fire ball diameter, Dmax (m), is
directly correlated to the fuel mass, mf (kg), [22]:

Dmax = 5.8m1/3
f

(5)

The model for the fireball diameter in the open can be interpreted as the volume produced in case of a
stoichiometric combustion in the open. Assuming the same relation between the fuel mass and flame
volume for a fireball in a tunnel with cross-sectional area, A (m2), the following correlation for the
longitudinal fireball length, Lmax (m), can be proposed:

Lmax = 102

mf
A

(6)

A comparison of the fireball diameter in the open and the fireball length in a 50 m2 tunnel is shown in
Figure 2. Clearly, the fireball length in a tunnel is much longer than the fireball diameter when the
fuel mass exceeds around 5 kg.
A fireball in the open refers to a low flame speed and a negligible overpressure. In contrast, the scenario
in a tunnel is different to a large extent due to the confinement of the tunnel structure. In a tunnel, the
flame speed may continuously increase with distance from the ignition center, which may cause
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significant overpressure, i.e. a deflagration. Therefore, there may not be typical fireball in a tunnel, i.e.
an initial fireball may probably result in a deflagration in the tunnel. The average burning rate may be
significantly increased, in combination of reduction in fireball length and duration. Therefore, the above
equation may tend to be conservative.

fireball diameter or Length (m)

100

In the open
In a 50 m2 tunnel

80
60
40
20
0
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40

50

fuel mass (kg)

Figure 2

Comparison of fireball diameter in the open and fireball length in a 50 m2 tunnel.

EXPLOSION HAZARDS IN TUNNELS
There is no simple and robust model to predict the blast waves in tunnels. Therefore, a one
dimensional CFD program is developed to simulate compressible flows in tunnels in case of tank
rupture, BLEVE and gas cloud explosion [13], which has been validated against test data for BLEVE
and cloud explosion in tunnels [13]. Afterwards, the program has been used to simulate the
phenomena for various fuel types and hazards. Some of the results are presented in the following.
Gas tank burst
The rupture pressure of a compressed gas tank may vary from case to case. Tank rupture due to
physical failure is one typical scenario, which is assumed by default. During a rupture of a high
pressure gas tank, the instantaneous energy released normally causes a blast wave. Generally, it
should be reasonable to assume that: (1) only one tank ruptures in an incident; (2) or even if more than
one tank ruptures the blast waves can be separately considered from the perspectives of explosion
safety; (3) the tank is full before rupture. The tunnel geometry also affects the results and it is
assumed to have a cross section of 5 m (H) × 10 m (W) by default in the following. Figure 3(a) shows
the peak overpressure as a function of distance from the CNG tanks of various quantities. Clearly, the
peak overpressure decreases rapidly within the first 50 m.
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(a) CNG tank rupture
(b) LNG BLEVE
The overpressure vs. distance for CNG and LNG tanks of various quantities.
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BLEVE
The same assumptions as for gas tank burst are applied here for BLEVE. Further, the fuels are
assumed to be at superheat temperature to allow a significant amount of fuel evaporated
instantaneously. Figure 3(b) shows the overpressure as a function of distance for BLEVE of LNG
tanks of various quantities in a tunnel. Similar trend can be found as in Figure 3(a). By comparing the
two figures, it can be found that the overpressure for 110 kg LNG is similar to that for 50 kg CNG.
This indicates that the explosion energy for LNG is much lower than that for CNG of the same
amount of fuels. This is mainly related to the initial high tank pressure in the CNG tank.
Gas cloud explosion
To be on the safe side, three assumptions are made in the following analysis: (1) stoichiometric
mixture is assumed and thus all fuels contribute to the blast wave, in the following analysis; (2) In
case of an incident, all the fuel tanks of the incident vehicle are assumed to fail and contribute to the
gas cloud explosion; (3) the fuel tanks are full. For a liquefied fuel tank, the fuels involved in a gas
cloud explosion should include not only the flashed fuels, but also the sprays, aerosols, and the part of
the fuels that evaporate by absorbing external heat before the explosion. In such case, the total amount
of the fuel is generally considered to be twice the flashed fuels. This indicates that the flash fraction
for superheated fluid is in a range of 50 % and 100 %. Further, the initial temperature at the moment
of rupture is not clearly known. For simplicity, in the following, it is assumed here that all the fuels
are involved in the cloud explosion, which can be considered as the worst case.
Figure 4 shows peak overpressure vs. distance for cloud explosion of CNG tanks of various quantities
in a tunnel. The peak overpressure for CNG tanks with fuels over 320 kg is over 24 bar. In such cases,
deflagration to detonation has occurred, and there exists a rather sharp decrease in peak overpressure
at around 80 m from the ignition center, after which the decay is much slower. To express the results
more clearly, results for 10 kg to 80 kg CNG are also plotted. For 10 kg CNG, the pressure decay over
the distance is rather slow, in contrast to that for a tank rupture or BLEVE. For 10 kg CNG, the
overpressure is mostly less than 20 kPa and the corresponding explosion hazard is relatively tolerable
according to the criteria proposed by Jeffries et al. [23]. Note that the assumption that all tanks fail
simultaneously before ignition may not be likely to occur. Instead, a single tank or small portions of
the gas tanks contribute to the gas cloud explosion may be more realistic. So the results can be
interpreted in a different way.
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The overpressure vs. distance for cloud explosion of CNG tanks in tunnel.

Comparison of various fuels in existing vehicles
A summary of the peak overpressures and explosion energies for gas tank rupture and BLEVE with
various fuel tanks in existing vehicles is summarized in Table 8. The explosion energy is mostly in a
range of 2 – 50 MJ. The peak overpressure is in a range of 0.1 –0.36 bar at 50 m, and 7-24 bar at 100
m from the tank. The consequences of such incidents are relatively tolerable for tunnel users at these
locations.
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Table 8
Comparison of tank rupture and BLEVE for various vehicles in tunnels.
Explosion type
Vehicle type
Calculated energy Overpressure at
Overpressure at
(MJ)
50 m (kPa)
100 m (kPa)
Gas tank rupture CNG
5 - 26
15 - 29
10 - 20
GH2
5 - 18
10 - 15
7 - 11
BLEVE
LNG
7 - 30
22 - 36
15 - 24
LH2
0.08 – 0.8
1-2
0.7 - 1.5
LPG
2 - 14
10 - 16
7 - 11
LDME
3 - 20
11 - 19
7 - 13
A summary of the peak overpressures and explosion energies for gas cloud explosion with various
fuels in existing vehicles is summarized in Table 9. The explosion energy is in a range of 0.2 – 23 GJ.
The peak overpressure is in a range of 0.15 – 11.2 bar at 50 m, and 0.15-18.5 bar at 100 m from the
ignition center. The consequences of such incidents are mostly not tolerable for tunnel users referring
to [23]. Comparing the two tables clearly shows that both the explosion energies and the peak
overpressures are significantly higher for gas cloud explosion.
Not that the overpressures for GH2 and LH2 are relatively low due to the fact that the fuel mass or the
explosion energy is small in comparison to others. This does not mean that they are safer than the
others. It only means that the hydrogen tank sizes presently used in vehicles are relatively small.
Table 9

Comparison of energy and peak overpressure for gas cloud explosion with various fuels.
Overpressure at
Overpressure at
Vehicle type
Energy
50 m
100 m
GJ
kPa
kPa
CNG
0.5 - 20
15-780
15-830
GH2
0.2 - 0.7
19-38
18-36
LNG
5.5 - 23
136-850
120-1850
LH2
0.2 - 1
19-84
18-73
LPG
1.4 - 11
30-600
30-223
LDME
1.4 - 11
23-300
22-200
Battery
0.4 - 9
37-1120
34-582

CONCLUSIONS
Different types of new energy powered vehicles are investigated and detailed parameters are obtained.
According to the different fuels used, they could be divided into four types: liquid fuels, liquefied
fuels, compressed gases, and electricity.
From the perspective of pool fire size, the liquid fuels may pose equivalent or even much lower fire
hazards compared to the traditionally used fuels, but the liquefied fuels may pose a higher risk. The
pool fire hazards are related to the spillage area, which highly depends on tunnel slopes and outflow
holes. For pressurized tanks, the fires are generally much larger in size but shorter in duration. The
gas release from PRD and the resulting jet fires are highly transient. For hydrogen vehicles, the fire
sizes are significantly higher compared to CNG tanks, while flame lengths only slighter longer.
Investigation of the peak overpressure in case of an explosion in a tunnel was also carried out. The
results showed that the consequences of tank rupture and BLEVE are relatively tolerable for tunnel
users for a position 50 m away, but the situations in case of cloud explosion are mostly very severe
and intolerable for tunnel users.
These hazards need to be carefully considered in both vehicle safety design and tunnel fire safety
design, e.g. limiting the fuels and stringent prevention of such incidents. Further researches on these
hazards, especially large scale experiments, are in urgent need.
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Experimental Investigation on the Accidental Release
of CNG From Cars
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ABSTRACT
Paper presents experimental work performed on the accidental release of CNG from pressure vessels
onboard passenger cars via a temperature triggered pressure relief device. Experiments were
performed ranging from the gas release of an individual single pressure vessel in an open
environment, two pressure vessels in a simplified car geometry up to two total burns of CNG fueled
cars. Dynamics of the gas release influenced by the fire source causing the activation of the gas
outflow was of interest as well as the behavior of the resulting cloud and/or jet fire based on the
different geometrical setup.
KEYWORDS: CNG, fire, vehicle, leak
INTRODUCTION – MOTIVATION
The environmental and economic benefits of natural gas as a fuel for passenger transportation has
supported the growth of the CNG vehicles market worldwide [1]. Current number of natural gas
vehicles in operation is estimated to be more than 20 million. CNG vehicles can thus be commonly
found in the everyday traffic.
Fire rescue and emergency response services have to take into account the specific risks associated
with the presence of highly flammable and explosive gas which is stored pressurized onboard the
vehicle. Fire and/or explosion as well as cylinder failure are all risks that need to be considered when
participating in the incident involving the CNG vehicle.
The other area of interest dealing with the CNG vehicles is the building design. Leaking gas in a
presence of ignition source may pose a significant risk in enclosures. Natural gas consists primarily of
methane. The flammability limits of methane-air mixture are around 5.3 to 15 volume percent
respectively [2]. Various requirements have been proposed in national codes both for design and
operation of the enclosed parking lots and other structures. Where a possibility of the accumulation of
the leaking gas occurs, special requirements are usually enforced for gas detection and ventilation.
The aim of this work was to experimentally study the leak of natural gas from the pressure cylinder
through the temperature triggered pressure relief device. Outflow time, behavior of the cloud fire,
possible presence of a jet fire, gas mass flow rate and pressure decrease these are all data of interest to
be able to assess and address the above mentioned hazards.
CNG VESSELS AND GAS RELIEF SYSTEM
The studied CNG fuel system is used in commercial sedan type passenger cars commonly used on
European market. All components of the system are in compliance with UNECE Regulation No 110.
The fuel system contains two pressure vessels (type I whole steel) with a working pressure 200 bar.
Volume of each vessel is 48.5 liters which at 200 bar corresponds to around 7 kg of natural gas.
Solenoid valve fitted with a temperature triggered pressure relief device (TPRD) is mounted on each
vessel. In case of car fire and/or increase of temperature in the vicinity of the CNG fuel tanks,
pressure inside the vessel increases.
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Figure 1

Image of thermally activated pressure relief device with piston system and the cross section
scheme for various stages of the TPRD operation. Blue color is the fusible metal, orange
gas. 1) TPRD is closed, temperature of fusible metal lower than 110 °C, 2) temperature of
fusible metal exceed 110 °C, metal flows out of TPRD, discharge of the gas did not start
yet, 3) Outflow path of the gas is partially opened, fusible metal solidified again, 4) fully
opened gas outflow path - piston properly seated.

To prevent pressure build up exceeding a limit of vessel rupture, the TPRD is designed to discharge
CNG by controlled means when temperature of the TPRD active element is 110 ± 10 °C. TPRD
studied is a fusible plug construction (see Figure 1). The low melting point metal used is a 7:3 ratio
Bismuth Indium alloy. After reaching the melting temperature the metal flows out the TPRD body
and opens the way for the gas to discharge through 6 outflow circular orifices each 3 mm in diameter.
The TPRD is non-reclosing. Gas discharge cannot be stopped once triggered. Based on the
information of the car manufacturer, once triggered, the pressure vessel should discharge the gas
within 90 seconds.
EXPERIMENTS PERFORMED
First, the pressure inside the vessel and the gas mass decrease were measured for the natural gas
outflow through the TPRD without an ignition source (case A). In case of the release with no
immediate ignition, possibility of creating an explosive atmosphere occurs. The probability of
explosion is influenced by the size of the gas cloud and its spread as well as the probability of the
ignition source presence and its position relative to the gas cloud. The gas mass flow is the crucial
information to be able to predict gas dispersion from the leak source and an interaction of the
explosive gas cloud with the detection and ventilation systems. The pressure decrease data are not
presented in this work. It was found out, that using the experimental setup shown in Figure 2 dynamic
pressure rather than static pressure in the reservoir was measured and the reliability of the data to be
used as a boundary condition to modelling is questionable.
In a case of an immediate ignition of the leaking gas, fire cloud or a fire jet may be created. This may
impact people as well as structures. From our previous small scale experimental work, it was found
out, that due to the gas expansion the TPRD body rapidly cools down and may cause the fusible metal
to solidify before it is all melted. Depending on the construction of the TPRD, the outflow path may
be obstructed (see Figure 1, phase 3) which results in significantly longer gas release time and change
in the outflow dynamics. The temperature field in the vicinity of the TPRD plays an important role
and is directly influenced by two factors – the size of the fire and the intensity of mixing of the
leaking gas. Four various experiments were performed. First experiment involved small 4.5 kW fire
source (only to ignite natural gas but do not significantly contribute to the burning intensity) and no
obstruction to the leaking gas (case B). Second experiment involved the same fire source, but the
leaking gas was obstructed in a similar way as in the car (case C1). Third case involved the obstructed
outflow, but significantly larger 750 kW fire source was used (case C2). The size of the ignition
source was chosen to reproduce the
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Figure 2

Experimental setup. A – no ignition source, free outflow, B – 4 kW ignition source (tin
with heptane), free outflow, C1 – 4 kW ignition source (tin with heptane), obstructed
outflow, C2 – 750 kW source (90 × 60 cm heptane pool ), obstructed outflow.

conditions of well developed car fire, when petrol is burning under the car chassis after the plastic
petrol tank melts down. For both ignition sources the heat release rate (kW) was calculated as 𝐻𝐻𝐻𝐻𝐻𝐻 =
̇ 𝐻𝐻𝐶𝐶 where 𝑚𝑚̇ is experimentally measured mass loss rate of heptane, ∆𝐻𝐻𝐶𝐶 is heptane heat of
𝜒𝜒𝜒𝜒∆
combustion (48 MJ/kg) and the efficiency of burning 𝜒𝜒 was set to 1.
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The experimental setup for the cases A to C is shown in Figure 2. The last two experiments were car
total burns, each car fire was initiated at different location (case D1 and D2). For the experiments
involving the gas ignition, neither mass nor pressure were measured. The experiments were recorded
using standard camera as well as thermal camera. Of interest was the size of the fire cloud, the change
in the dynamics of outflow and methane burning, presence of the jet fires and their length. The
temperature of the TPRD body was measured using two standard K-type thermocouples that were
glued to the body of the TPRD using a thermally conductive high temperature cement. After the
experiments the TPRD was disassembled and looked for the traces of the unmelted fusible metal or
any other abnormality.
All experiments were performed outside in an open environment. Experiments A to C were performed
in summer with an average temperature of 25 °C. Total burns were performed in winter with an
average temperature of 5 °C. This may have an influence on the time to opening the TPRD, however
once the gas discharge starts, the burning intensity is so large, that we do not expect the release
dynamics to be influenced by the weather conditions. Wind speed did not exceed 1 m/s.
Case A - no ignition source, free outflow
To be able to initiate the discharge from a safe distance, special attachment was fitted to the solenoid
valve mounted on the pressure vessel (see Figure 2, case A). The fusible alloy was removed from the
TPRD, the outflow path in the TPRD body was fully opened and the gas discharge was initiated
remotely.
One full pressure vessel was placed on scales and the mass as a function of time was recorded during
the discharge. The experiment was performed five times. The mass loss rate as a function of time is
depicted in Figure 3. Mass was recorded every second. It can be seen that the measured mass loss rate
data have a large scatter at the beginning of the outflow and the scatter decreases with increasing time.
This can be caused by several possible reasons. The scatter close in time to the opening of the orifice
may be caused by highly dynamic conditions of the developing flow. Immediately after the outflow
path becomes free, the gas flows through the orifice and super sonic flow regime evolves. This is a
very complicated process leading to the so called choked nozzle flow, shock waves emerge after the
nozzle etc. [3] The accuracy of the mass measurement may be influenced by the gas having high
momentum hitting the scales. Up to 900 g/s mass loss between two time steps was recorded within
first five seconds of the gas release, however due to the strong scatter it is of question whether such
values were actually reached. Significantly lower time step for recording the mass would be required
to assess that. The solid line in Figure 3 is an approximated MLR curve, that could be used as a
boundary condition to modelling the gas dispersion to the surroundings. It was obtained by averaging
the mass divided by the initial mass of the gas as a function of time out of five experiments and fitting
the data using polynomial regression. Mass loss rate was than calculated from the obtained function.
Maximum mass loss rate calculated from approximated data is 360 g/s. The mass loss is very fast at
the beginning and decrease with time. About 50 % of the gas mass is discharged within first 20
seconds, around 40 seconds 80 % of the gas is discharged. The average discharge time out of 5
experiments was 166 ± 12 seconds. This is almost double the discharge time given by the
manufacturer.
Case B - 4.5 kW ignition source, free outflow
It was already mentioned that the gas release dynamics depends on the temperature field in the
vicinity of the TPRD body. The aim of this experiment was to study whether the burning of the
escaping natural gas itself is sufficient to overcome the rapid cooling of the TPRD. Of interest was
also to observe the emerged fire jets. One full vessel was placed in the holder (see Figure 2, case B).
TPRD on the solenoid valve was pointing downwards to be directly in the flames of burning heptane
(150 g) in a tin having12 cm in
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Figure 3

Case A - Mass loss rate of methane when discharging from the vessel with
initial pressure 200 bar. Dots are experimental data from 5 measurements,
solid line is an approximated mass loss rate curve.

diameter. The rim of the tin was 8 cm from the TPRD. This arrangement was used to simulate a
possible arson attack on the CNG vehicle. The gas release started 194 seconds after the heptane
ignition.
Natural gas burns with invisible flame. The presence of the jet fires could thus be revealed only from
the thermal camera record. Immediately after the TPRD opened fire jets emerged. Two orifices of the
TPRD were directed towards the vessel and the jets in this direction were disrupted. The free fire jet
coming from the TPRD orifice pointing forward from the vessel was about 2 meters long. It was
observed that burning of natural gas in the jet occurred roughly 30 cm from the orifice where the
natural gas was diluted by air to reach the upper flammability limit. However, this free fire jet was not
observed throughout the whole discharge period. The jet was appearing and disappearing with no
clear pattern. This may be caused by two reasons – the natural gas concentration was too high or/and
the outflow was not uniform from all orifices. At the same time burning of the gas coming from the
other orifices was observed the whole discharge period, although with varying intensity. However
where the jet is disrupted by vessel, strong mixing occurs and it is more likely that natural gas
concentration closer to the TPRD is within the flammable region.
The change in the intensity of gas outflow and burning is reflected on the TPRD surface temperature
as well. Figure 4 shows the surface temperature of the TPRD body measured at two locations. The
trend is the same for both thermocouple readings, however the thermocouple readings depicted by the
blue dashed line show higher oscillation. We assume that the thermocouple was not in perfect contact
with the TPRD body and its readings were rather near gas temperature. The dashed line shows that
immediately after opening the TPRD at 194 seconds the temperature drops significantly as gas
expansion takes place. This decrease is not shown on the second red dotted curve. Immediately after
the gas starts to flow of the orifices burning starts, high amount of heat is being released and balances
the heat loss due to the expansion. The temperature rises. Both thermocouple readings shows the
decrease in temperature short after reaching the first peak and then increase again. That is explained to
be caused by the non-uniform outflow and burning pattern as described above.
After the experiment, the body of the TPRD was disassembled. Significant amount of the fusible
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metal
Figure 4

Case B - Surface temperature measured at two locations on the TPRD body. The
ignition source is 4.5 kW fire, free outflow.

was found inside the TPRD body (see Figure 7). The gas flow rate thus did not reach its possible
maximum intensity. The dynamics of the fusible metal melting strongly influenced the dynamics of
the gas outflow as well as gas burning. The reservoir total discharge time was 275 seconds.
Case C – 4.5 kW and 750 kW ignition source, obstructed outflow
It was shown, that in case of the unobstructed flow, fire jets emerge when gas flows from the TPRD
orifice in the presence of the ignition source. In the real set-up the pressure vessels are build-in the
car, usually under the chassis. When gas flows out of the TPRD it is disrupted by the car body parts
and/or ground and loose large part of its momentum. At the same time mixing with air occurs. As a
result different burning behavior is observed. Special metal construction was built as depicted in
Figure 2 (case C). Two vessels were fitted in the construction the same way as in the car. Only one
vessel (vessel closer to the front part of the car) was at its full capacity of 200 bar and equipped with
the TPRD, the other bottle was empty with no valve. In a car vessels are protected from the bottom by
a plastic cover. At the time when the TPRD will open in a real fire, the plastic cover is, however,
already burned and was not used in this test case.
In the first experiment 4.5 kW ignition source was used (Figure 2, case C1). Burning of heptane did
not significantly contributed to the burning once the natural gas ignited. The total discharge time was
213 seconds. That is about 60 seconds less than in case B, where the ignition source was the same, but
the flow was unobstructed. The temperature field was different and as expected the temperatures
around the TPRD were higher. In the second experiment large pool with 7 liters of heptane (750 kW
fire) was used (see Figure 2, case C2). The area of the pool covered almost the whole area under the
full pressure vessel. After ignition the vessel was covered with flames and flames were also coming
out of the back of the construction. 7 liters of heptane burned around five minutes and continued
burning after all natural gas was burned. Burning of heptane thus considerably contributed to the
evolution of the temperature field around the vessels. The total discharge time was 153 seconds – 60
second less than in case C1.
At the very beginning as the TPRD opens gas burst from the vessel and a large fire cloud around the
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Figure 5

Increase of the burning intensity 153 second from the TPRD activation, case C2.

construction is created. Immediately after that, the burning intensity slightly decrease and the burning
pattern is created. In case C1 when only natural gas was burning, flames reached no further than one
meter from the metal construction. In case C2 it was immediately obvious that the gas flow intensity
was significantly higher although the amount of the gas was the same. Flames reached up to 3 meters
from the construction.
No jet fire coming directly from one of the TPRD orifices was observed. However, it could be seen
that the gas that hit the construction and/or ground still had a high momentum. A stream of flowing
gas was created on the side where the TPRD was mounted and clearly pointed in one direction. At the
same time, cloud fire created on the opposite side of the metal construction. This behavior was seen
regardless of the ignition source and is shown on the left in the Figure 5. In case C2 heptane pool was
placed under the vessels. It was observed that the stream of gas is causing the heptane to spill around
and thus increase the perimeter of the fire. It was well visible that the intensity of burning decreases as
the natural gas mass flow rate decreases. 290 seconds and 153 seconds after the natural gas ignition in
case C1 and C2 respectively, significant increase in the intensity of burning was observed. Figure 5
shows a photograph taken from the top view short before the increase and the actual increase in the
size of the fire in case C2. This may be caused only by the fact that the fusible metal solidified as a
result of cooling the TPRD body due to the gas expansion. The gas mass flow of natural gas was thus
not at its maximum possible value up to this point. Later the fusible metal melted again resulting in
the increase of the orifice natural gas outflow rate. Compared to unobstructed flow (case B), there
were no traces of the fusible metal found in the TPRD body after the experiments (see Figure 8),
maximum mass flow rate corresponding to the pressure in the reservoir was achieved later in the
experiment. However in case C2 the piston was found to be out of alignment and failed to seat
properly. The outflow may have been unevenly distributed within the 6 orifices.
Figure 6 and Figure 7 show the surface temperature as measured on the TPRD during both
experiments with the obstructed outflow. As expected there is an increase in the temperature after
ignition. The TPRD opened after 130 seconds from heptane ignition using a 4.5 kW ignition source
and after 39 seconds using the 750 kW source. As the gas started to flow through the TPRD orifices,
expansion took place. Significant amount of heat produced by combustion is consumed to balance the
heat loss. As a result the increase of the TPRD surface temperature slows down significantly. The
dashed blue line in Figure 7 shows a steep increase in temperature after TPRD opened. That is
probably caused by bad contact of the thermocouple with the TPRD surface. The readings are
influenced by the gas temperature. In both experiments, TPRD body temperature started to increase
again and at the time when the burning intensity suddenly increased as described above the
temperature on the TPRD increased steeply.
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Figure 6

Case C1 - Surface temperature measured at two locations on the TPRD body. Fire
source was a 4.5 kW heptane pool 12 cm in diameter. The flow was obstructed to mimic
the car body parts.

Figure 7

Case C2 - Surface temperature measured at two locations on the TPRD body. Fire
source was a large 90 ×60 cm heptane pool – 750 kW. The flow was obstructed to mimic
the car body parts
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Figure 8

Body of the TPRD after the experiment for cases B and C.

Case D - Total burn experiments
Two total burns of the CNG cars were performed. The cars were the same brand and model. Both fuel
tanks were filled to their 2/3 capacity of 150 bar.
First car (case D1) was ignited in the engine compartment. At time when the TPRD opened (26
minutes and 40 seconds into the fire) the fire already spread over the whole car and even the fire in
the back part of the car was well developed. The second car (case D2) was ignited from the exterior at
the left rare wheel well. The fire started to develop at the rare resulting in TPRD being opened
significantly sooner. However the fire of the car back was already well developed when the natural
gas release started (11 minutes and 19 seconds into the fire).
In both cases it was obvious both visually and by hearing that the natural gas release started. It was
not possible to determine neither which TPRD (on which bottle) activated first nor how far apart.
Temperature at the TPRD body was measured, but it was not possible to recognize cooling of the
TPRD on the temperature data as in the previous cases. The size of the fire was significantly larger
than in the previous test cases and the frequency of the temperature measurement recording was too
low. The thermocouple readings were recorded every 10 seconds as both total burns experiments were
expected to be in the order of tens of minutes.
Similar to cases C where simplified geometry of the flow obstruction was used a sudden burst of
intensity as a result of full opening of the TPRD was observed in the real car fire (time to TPRD
activation and to the TPRD full opening is listed in Table 1). The observed fire behavior is shown in
Figure 9.
The photograph is taken at the moment of highest burning intensity observed corresponding to the full
opening of the TPRD. It is a case where the car was ignited at the rear, so only back part of the car
was involved in the fire as the gas release started. The arrows shows four distinctive flow directions
and characteristic behavior that was observed to be consistent with the findings of the test cases. By
number 1 in the Figure 9 is denoted the fire jet. At the beginning no jet fire was observed. Jet emerged
in both cases at time when a bumper was damaged or burned. The particular brand and model of the
car has a standard of mounting the solenoid valve on the vessel with the TPRD fitted in a way that
TPRD on the front vessel is pointing upwards under an angle of 45 ° from the horizontal axis, TPRD
on the rear vessel is pointing downwards under the angle of - 45 ° from the horizontal axis. When
there is no damage to the side bumper, none of the TPRD orifices is directly pointing outwards. The
whole outflow path is obstructed. If the side bumper is missing one of the orifices is pointing
outwards into the free space on the right side of the car close behind the rear wheel. There is no
obstruction disrupting the emerged jet flow and a fire jet as described in test case B is observed. The
size of the jet in the experiment was changing as the natural gas outflow rate was changing in a
manner discussed in the previous sections. The jet was observed to be at maximum around 3 meters
long. The car used for experiment D1 was a test model and the TPRD on the rear bottle was pointing
upwards. In this case a fire jet developed as well but coming from the back of the car. Its length was at
maximum 2 meters. This shows that the possibility of creating a fire jet is directly influenced by the
construction of the TPRD itself as well as how it is fitted in the car.
The rest of the orifices were pointing inwards. The flow velocity close to the orifice is extremely large
(at
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Figure 9

Case D2 – Total burn of the CNG vehicle. Moment of the highest burning intensity
observed during the two pressure vessels discharge. Arrows depict four observed gas
flow directions.

the vessel pressure 200 bar reaches hundreds of meters per second). When the flowing gas hits a solid
surface strong mixing occurs. Air/natural gas mixture creates that already very close to the gas outlet
point reaches concentration within its flammability limits. The gas lost most of its momentum at that
point and flows out to the surroundings (depicted by arrow 2 in Figure 9 ). As a result cloud fire was
created on the left side of the car and it was present the whole time of the gas discharge both in case
D1 and D2.
No cloud fire was observed at the back of the car. The mixing of the gas in the vicinity of the vessels
was so intense that surrounding air was sucked from the back (depicted by arrow 3 in Figure 9). This
fresh air mixed with natural gas and the mixture flew around the vessels and continued further under
the chassis to the front part of the car (depicted by arrow 4 in Figure 9). Burning of the natural gas
under the chassis and flames reaching up to the front wheel were clearly visible. Burning natural gas
thus significantly contribute to the spread of the fire over the car.
The flow dynamics of the gas coming out of the pressure vessel that is fitted within the car was found
to be more complex than expected. The results concluded here were later confirmed by smoke
visualization test performed with air in the laboratory conditions using a real car of exactly the same
model as in the fire experiments. A smoke visualization was performed at the Institute of
Hydrodynamics, The Czech Academy of Sciences. Later a 3D CFD simulation was performed
revealing the detailed information about the flow patterns created under the car an in its vicinity and
was in an agreement with the experimental investigation.
CONCLUSIONS
From the point of view of the fire dynamics, following general conclusions can be drawn. Due to the
high natural gas outflow velocity, intense air-natural gas mixing occurs and results in creating a
flammable mixture close to the outlet point. At the same time big part of the gas momentum is lost
before the gas flows out of the car boundary. Cloud fires are observed when CNG is being released in
the fire incident. Jet fires develop only if there is no obstruction in the vicinity of the orifice and the
gas can freely flow outwards of the car. The length of the fire jet depends on the size of the orifice and
the reservoir pressure.
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ignition

outflow

A
B
C1
C2

Time to TPRD
activation [s]

Burning intensity
increase [seconds
after gas release
started]

x
free
X
4.5 kW
free
194
4.5 kW
obstructed
130
750 kW
obstructed
39
engine
D1
obstructed
1600
compartment
left rare wheel
D2
obstructed
679
well
Table 1 Summary of the experiments and characteristic times.

Total discharge
time [s]

X
X
162
110

166±12*
275
213
153

123 s

185**

112 s

170**

Jet position and the actual probability of the jet development is impossible to predict without the
detailed
information about the CNG system construction. The jet may develop any time during the vessel
discharge as the car construction is changing as a result of the fire. High velocity of the gas also
results in surrounding air being sucked under the car. No cloud fire is observed at that region due to
the direction of the flow inwards under the chassis. This behavior supports the fire growth and fire
spread over the car because it drives the burning gas under the car rather out of the car.
When the TPRD construction uses a fusible plug, there is a possibility that the fusible metal will
solidify before it all melts out and fully opens the outflow path for the natural gas to be discharged of
the vessel. That is caused by rapid cooling due to the expansion of the gas after it leaves the orifice.
The discharge time is directly related to the orifice size. The natural gas discharge time in real fire
may thus significantly differ from value given by the manufacturer or calculated from theoretical
relationship describing the outflow velocity and mass flow from a pressure vessel through an
orifice/hole/nozzle.
It was shown that the measure of the TPRD opening is determined by the size of the fire and the
surrounding conditions in terms of the obstructions and enclosed areas in a vicinity of the outflow
port. Obstructions support mixing of natural gas with air to create flammable mixture but also
accumulation of heat and increase of the TPRD surrounding temperature. The mass flow rate of
natural gas is expected to have the highest intensity at the beginning and decrease in time. It was
experimentally proven the mass flow rate may increase unexpectedly as the size of the TPRD opening
may change. Rapid increase in the intensity of burning follows and introduce an unexpected threat.
To conclude, three experimental test cases and the car total burns performed revealed that the process
of discharging the pressure vessels onboard the passenger car is a very complex and dynamic process.
In case of natural gas ignition the resulting fire behavior is hardly predictable unless the construction
of the CNG system and the exact description of the orifices and their position is known. This needs to
be taken into account when participating in the fire incident involving CNG car. From the point of
view of modelling, non-uniform natural gas mass flow rate can be expected. Applying a boundary
condition to a model based on the measurements performed with fully opened TPRD in case of the
TPRD with fusible plug may not be appropriate depending on the objective of the model study. Proper
boundary condition also has to reflect the loss of the large part of the gas momentum before it leaves
the car boundary.

______________________________
* Average out of 5 experiments
** Two pressure vessels
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ABSTRACT
In continuation of a preceding test series involving sole LPG vehicle tanks, three passenger cars
equipped with identical toroidal steel LPG tanks were set on fire. The tanks were installed in the space
normally reserved for the spare tyre, in the car boot. No safety device was installed on the tank, in
order to force critical failure of the cylinder. Two of the cars were equipped with a tank filled with
liquefied propane to a level of 20% (5.3 𝑘𝑘𝑘𝑘), the third one was filled completely (25.5 𝑘𝑘𝑘𝑘). The
partially filled tanks failed critically within a time period of more than 20 𝑚𝑚𝑚𝑚𝑚𝑚 after the initiation of
the fire. The fully-filled tank did not rupture; the propane was released continuously through a small
leak that appeared during the fire. Comprehensive equipment was used to procure measurement data,
enabling an analysis of potential consequences and hazards to humans and infrastructure within the
vehicle surroundings. The inner status of the tank (pressure, temperature of the liquid phase and the
steel casing), the development of the fire (temperature inside and around the vehicle) and the pressure
induced in the near-field in case of tank rupture were recorded. The results were analysed in detail and
compared against the data gained in tests involving sole, but identical LPG tanks.
KEYWORDS: Alternative fuels, LPG, tank failure
INTRODUCTION
Alternative fuels (e. g., liquefied hydrocarbons (LPG, LNG), gaseous hydrocarbons (CNG),
hydrogen) pose new hazards for passengers, surrounding infrastructure and rescue and firefighting
units in case of severe incidents, especially those involving fire. Despite the regulations (cf. [1]) and
the described mandatory tests and parameters, mandatory, approved safety facilities such as pressure
relief devices (PRD, cf. [1]) may malfunction due to crash-impact, or may prove insufficient in
bringing the compressed gas tank back to a safe state. Failure of the gas tank, mixing of the gas with
the surrounding air and a subsequent gas explosion are potential consequences of an intensive fire
affecting the tank. Subsequently, tank fragments (with an impact in the near- and far-field of the
incident), a pressure wave and intensive thermal radiation caused by the gas explosion can affect
humans and infrastructure. One of the most common alternative fuels is liquefied petroleum gas
(LPG, cf. [2]). Therefore, there is a high probability that rescue forces will face LPG-vehicle fires.
One exemplary accident with severe consequences (a total of ten injured firefighters) occurred in
Germany in 2014 (cf. [3]).
Full-scale fire tests involving whole passenger cars equipped with gas tanks for alternative fuels are
rarely published, especially where the goal is to investigate (and thus to force) tank failure and its
consequences. Mostly, only isolated experiments have been performed (e. g., cf. [4], hydrogen tanks).
Contrastingly, small, off-the-shelf LPG tanks (filling mass 𝑚𝑚 = 5 𝑘𝑘𝑘𝑘 and 𝑚𝑚 = 11 𝑘𝑘𝑘𝑘) have already
been investigated in test series (e. g., cf. [5]), but mostly with a variation of several parameters.
Another experimental study was conducted to investigate the characteristics and functionality of the
safety devices of propane cylinders made of aluminum and steel (cf. [6]). Mobile, commercial LPG
tanks with a fill mass of 𝑚𝑚 = 11 𝑘𝑘𝑘𝑘 have been studied comprehensively in a test series using three
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different fire sources (cf. [7]) and a total of 15 identical LPG cylinders. In a previous study conducted
by the BAM, a bonfire test series consisting of 13 identical LPG vehicle tanks was carried-out (cf.
[8]). It involved five tanks filled completely (without safety device), five tanks filled to 20% (without
safety device) and three tests with a regular multivalve including the mandatory safety facility.
Additionally, three hydraulic burst tests were performed to determine the regular burst pressure.
Several further investigations dealt with much larger LPG tanks (e. g., cf. [9]).
As part of an internal research project (“Complex Fires: Consequences of accidental failure of gas
tanks”, German abbreviation “CoFi-ABV”), the Bundesanstalt fuer Materialforschung und -pruefung
(BAM) as a senior scientific and technical German federal institute conducts a comprehensive
experimental analysis of the consequences of accidental failure of gas tanks for alternative fuels. The
aim of this project is to increase the level of safety during severe incidents with alternative fuels. The
investigations presented in this article represent the completion of a comprehensive experimental
study involving LPG tanks and cylinders.
EXPERIMENTAL SET-UP
General set-up
Three written-off, regular passenger cars (sedan or station wagon, cf. Figure 1) were equipped with an
LPG gas tank installed in the car boot, in the space normally reserved for the spare tyre.

a) DNT-19

b) DNT-20

c) DNT-21

Figure 1: Passenger cars used for the fire tests (DNT-xx represents the test number)
The steel tanks used had a toroidal shape with a diameter of 𝑑𝑑 = 0.654 𝑚𝑚, a tare weight of 𝑚𝑚 =
26.4 𝑘𝑘𝑘𝑘 and a gross volume of 𝑉𝑉 = 0.064 𝑚𝑚3. The maximum allowed fill ratio of the tank is 𝑅𝑅 =
80%. Only propane (purity 𝑝𝑝 ≥ 95%) was used to fill the tanks by mass. Two of the three tanks were
filled with 𝑚𝑚 = 5.3 𝑘𝑘𝑘𝑘 of liquefied propane (fill level 𝐹𝐹 = 20%), one tank was filled completely with
𝑚𝑚 = 25.3 𝑘𝑘𝑘𝑘 (fill level 𝐹𝐹 = 100%).
No safety device for pressure release was installed during the investigation, in order to force the
failure of the tank. Details on the three different experiments are presented in Table 1. The tank type
used is identical to the sole vessels that were exposed to an intensive, direct fire source of another test
series conducted by the BAM (cf. [8]).
Table 1: Overview of the three different tests
Test
Fill level propane
Mass of propane
𝐹𝐹 [1]
𝑚𝑚 [𝑘𝑘𝑘𝑘]
DNT-19
20%
5.3
DNT-20
20%
5.3
DNT-21
100%
25.5

Car type (UNECE vehicle category)
Passenger car with notchback (M1)
Wagon (M1)
Wagon (M1)

It must be noted that no cars with an original, functional LPG fuel system were used for the
experiments, but the tank fixation itself in the cars was done according to the manufacturer’s
instructions. The right front wheel of each car was positioned on a steel pan with an area of 𝐴𝐴 =
(1.5 𝑚𝑚)2, which was then filled with gasoline to initiate the fire. The original gasoline tank of each
car was additionally filled with 𝑉𝑉 = 0.04 𝑚𝑚3 of gasoline to simulate the conditions of a bi-fuel car.
The steel pan was filled with 𝑉𝑉 = 0.06 𝑚𝑚3 of gasoline directly before the start of the respective
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experiments; the gasoline was ignited using a remote-controlled, pyrotechnical firing charge. The
experiments took place on Blasting Area 1 of the BAM Test Site for Technical Safety (BAM TTS)
located in Brandenburg, approximately 50 km south of Berlin, Germany.
Measurement set-up
Each gas tank was equipped with four thermocouples (diameter 𝑑𝑑 = 1.5 𝑚𝑚𝑚𝑚, length 𝑙𝑙 = 5 𝑚𝑚), These
were in place to measure the casing temperature at three positions (top TIR 101, lateral TIR 102,
bottom TIR 103, cf. Figure 2) and the temperature of the liquefied propane inside the tank (TIR 108,
cf. Figure 2). Over the course of the fire, temperature patterns under and within the car, and also in the
car boot were monitored and recorded using thermocouples with a diameter of 𝑑𝑑 = 3.0 𝑚𝑚𝑚𝑚 and a
length of 𝑙𝑙 = 5 𝑚𝑚 (TIR 114 to 122, cf. Figure 2). All thermocouples used had an accuracy in
accordance with EN 60584.

In the area surrounding the car, at a distance of 𝑙𝑙 = [7; 9; 11] 𝑚𝑚, the unsteady pressure caused by the
pressure wave was recorded (PIR 203 to 205, cf. Figure 2) using piezo-resistive pressure transducers
(Keller, full scale 2 𝑏𝑏𝑏𝑏𝑏𝑏, precision 0.25% of full scale). Another piezo-resistive pressure transducer
(Keller, full scale 100 𝑏𝑏𝑏𝑏𝑏𝑏, precision 0.5% of full scale) was used to monitor the pressure inside the
tank (PIR 201, cf. Figure 2). This transducer was installed at the end of a pipe (length 𝑙𝑙 = 6 𝑚𝑚, 14")
that was connected to an adapter plate at the tank inlet. A thermocouple was used to ensure a
temperature at the membrane of the pressure transducer in accordance with its operating limits.
Furthermore, extensive camera equipment (action cameras in the near field, HD cameras for overview
pictures, high-speed cameras, UAV) was used to document the fire and failure process and gain a
detailed insight into failure.
Two AD data acquisition systems (Agilent U2355A) running at a sampling rate of 1000 𝐻𝐻𝐻𝐻 were
used to record the before-mentioned data during the fire tests.

Figure 2: Overview of the experimental set-up and the measurement equipment

125

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

RESULTS AND DISCUSSION
After the ignition of the fire at the right front tyre, the fire developed naturally and in-line with the
local weather conditions. The weather situation during the tests is presented in Table 2. The “driving
direction” of the cars was approximately north-west.
Table 2: Relevant weather parameters during the three tests
Test
Mean wind speed
Mean wind direction
𝑚𝑚
𝑣𝑣 [ 𝑠𝑠 ]
DNT-19
W
3.6
DNT-20
NW
1.8
DNT-21
SW
2.9

Remarks
Heavy rainfalls

The two tanks with fill levels of 𝐹𝐹 = 20% failed critically within a time period of ∆𝑡𝑡 = 1450 𝑠𝑠
(24 min 10 𝑠𝑠, DNT-19) and ∆𝑡𝑡 = 1290 𝑠𝑠 (21 min 30 𝑠𝑠, DNT-20) after the initiation of the fire.
Failure was followed by a release of the contained propane, a sudden expansion and evaporation of
the gas, and finally turbulent mixing with the surrounding air. Afterwards, this gas cloud was ignited
resulting in a fireball. The weather situation (wind speed, rainfalls) is a possible explanation for the
increased time period up to the failure of DNT-19. The third tank DNT-21 (fill level 𝐹𝐹 = 100%) did
not burst or fragment, the propane was presumably released through a small leak in the steel. The
resulting small jet flame could be detected in the video and audio data of the test.
The exemplary development of the fire and the fireball after the reaction of the propane-air-cloud is
depicted in Figure 3.

a) Car in full fire (DNT-21)
Figure 3: Impressions of the fire tests

b) Explosion of the propane-air-mixture
subsequent to tank failure (DNT-20)

In Figure 4, the process of tank failure and the subsequent release, mixing and explosion of the
propane-air-cloud is depicted in an exemplary sequence. Shortly before the rupture of the tank, the car
is in full fire, especially the rear end (a). After failure, the colour of the flame changes (typical for
propane fires) and the impact of the pressurized gas on the regular fire can be detected (b). Within the
next time steps, the growth of the fireball and some fragments being ejected from the car body are
visible (c-e). Shortly after completion of the failure and the reaction, the mitigated car fire and the
severe destruction of the wreck is clearly detectable (f).
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a) Status immediately
before failure (𝑡𝑡0 )

b) Status after failure
(𝑡𝑡0 + 20 𝑚𝑚𝑚𝑚)

c) Status after failure
(𝑡𝑡0 + 40 𝑚𝑚𝑚𝑚)

d) Status after failure
(𝑡𝑡0 + 200 𝑚𝑚𝑚𝑚)

e) Status after failure
(𝑡𝑡0 + 400 𝑚𝑚𝑚𝑚)

f)

Failure process and
reaction completed

Figure 4: Process of tank failure and the subsequent reaction of the propane-air-cloud (DNT-20)
A detailed insight into the development of the fire and its influence on the gas tank in the car boot can
be gained by analysing the temperature and pressure measurements. Figure 5 depicts the timeresolved development of the pressure inside the tank (PIR 201, cf. Figure 2) and the respective
development of the temperature of the liquid phase of the gas (TIR 108, cf. Figure 2) until tank failure
or complete release of the content. For the two tanks with 20% fill levels (DNT-19 and DNT-20), it
took quite a long time before any effects of the fire on the gas pressure or temperature could be
detected. The pressure rise started approximately 800 𝑠𝑠 after the initiation of the fire (cf. Figure 5a).
From this point onwards, a continuous pressure increase up to the actual burst pressure took place.
The pressure inside the tank immediately before failure was 𝑝𝑝𝑏𝑏 = 45.4 𝑏𝑏𝑏𝑏𝑏𝑏 (DNT-19) and 𝑝𝑝𝑏𝑏 =
39.6 𝑏𝑏𝑏𝑏𝑏𝑏 (DNT-20). Compared to a test series with sole, but identical LPG tanks involved in a pool
fire with 𝑉𝑉 = 0.1 𝑚𝑚3 of gasoline, this actual burst pressure is significantly lower (cf. [8]).

The temperature of the liquid phase behaved in a similar manner (cf. Figure 5b). Due to the very small
gaseous phase volume of the completely-filled tank DNT-21, the pressure increase started much
earlier and with a significantly steeper gradient (cf. Figure 5a). The maximum internal pressure
reached was 𝑝𝑝 = 80.5 𝑏𝑏𝑏𝑏𝑏𝑏. Having reached this maximum, a small leakage not resulting in a
complete rupture appeared, leading to a local minimum tank pressure of 𝑝𝑝 = 33.9 𝑏𝑏𝑏𝑏𝑏𝑏. After a small
pressure increase, the contained propane was released completely. For the analysis of the temperature
of the liquid phase (cf. Figure 5b) of DNT-21, it must be noted that due to the continuous release of
gas starting at a certain point, the thermocouple (TIR 108, cf. Figure 2) was no longer immersed in the
liquid phase. The level dropped constantly starting at approximately 𝑡𝑡 = 600 𝑠𝑠. Nevertheless, the
heating of the liquid phase took place much faster compared to the partly filled tanks.
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a) Time-resolved development of the
pressure inside the tank (PIR-201, cf.
Figure 2)

b) Time-resolved development of the
temperature of the liquid phase until
failure or release (TIR 108, cf. Figure
2)

Figure 5: Inner status of the gas tank
The temperature of the tank material itself and the temperature in the car interior over the same time
period is presented in Figure 6. The material temperature at the top of the tank (TIR 101, cf. Figure 2)
shows a similar behaviour to the tank pressure (cf. Figure 6a). For the two partly filled tanks (DNT-19
and DNT-20), it took quite a long time until the fire caused a temperature increase. The temperature
at the bottom of the tank (TIR 103, cf. Figure 2) is significantly lower than at the top (cf. Figure 6b),
much lower gradients occurred. This is due to the cooling effect of the liquid phase with a
considerably increased heat capacity than the evaporation heat required. Thus, the gas filled upper
part of tanks containing liquefied gases is in general the vulnerable part of the tank. The tank filled
completely (DNT-21) is exposed to significantly higher material temperatures and steeper temperature
gradients. The temperature at the top rose until the small leak appeared; due to the expansion of the
gas through the opening, the temperature of the steel is lowered again. Afterwards, the temperature
rises to a maximum of 640°𝐶𝐶. At the bottom, a continuous increase can be detected, the cooling effect
of the liquid phase is not so dominant anymore, as the gas is released through the leak.
Two exemplary temperatures of the vehicle interior are presented in Figure 6c and 6d. The
temperatures measured at the driver’s seat (TIR 115, cf. Figure 2) and in the boot (TIR 117, cf. Figure
2) give insights into the advancement of the fire and the hot gases from the point of origin at the frontright tyre to the rear part. It has to be taken into account that the weather conditions have a strong
impact on the development of the fire. During the test DNT-21 with a full tank, the wind was directed
to the rear end of the vehicle, thus causing the fire to develop much faster. The heavy rainfalls during
DNT-19 might also affect the fire and the impact on the tank.
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a) Temperature at the top of the tank (TIR
101, cf. Figure 2)

b) Temperature at the bottom of the tank
(TIR 103, cf. Figure 2)

c) Temperature at the driver’s seat (TIR
115, cf. Figure 2)

d) Temperature in the trunk (TIR 117, cf.
Figure 2)

Figure 6: Time-resolved development of the tank and cabin temperature
Alongside the explosion of the propane-air-cloud and the subsequent fireball, thermal radiation and
hot gases, the rupture of the tank with the sudden release of the pressurized gas is also a potential
threat for surrounding humans and infrastructure. The pressure wave resulting from tank failure was
measured using pressure transducers. In Table 3, the maximum overpressure measured in two
different distances to the tank in the rear end of the vehicles is presented. Due to the coverage of the
vehicle wreck and the lowered burst pressure, the resulting overpressures are significantly lowered
compared to tests with sole, but identical LPG vehicle tanks under fire-conditions (cf. [8]). It has to be
taken into account, that a vectored impact of the tank failure and thus an asymmetrical pressure field
has to be expected due to the rupture mechanism and process.
Table 3: Maximum overpressure detected due to failure of the tank
Test
Maximum overpressure 𝑝𝑝𝑚𝑚 [𝑏𝑏𝑏𝑏𝑏𝑏] detected in a distance of
7 𝑚𝑚 (PIR 203, cf. Figure 2)
9 𝑚𝑚 (PIR 204, cf. Figure 2)
DNT-19
0.062
0.045
DNT-20
0.038
0.022
DNT-21
NN
NN
The situation after the (almost) quenching of the fire is depicted in Figure 7. The damage to the
vehicles, especially in the rear end, and to the respective tanks can be clearly seen and is considerably
higher compared to the impact of a sole vehicle fire. The rupture of the two partly filled tanks (DNT-
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19 and DNT-20) is clearly visible, a complete flank of each tank has melted and shrivelled up. During
the tests, no significant fragmentation exiting the near field around the vehicle was observed. The
fully filled tank (DNT-21) is evidently undamaged; the leak through which the gas was released
during the fire is hardly observable. During another test series with sole, but identical LPG vehicle
tanks under fire-conditions (cf. [8]), the steel tanks with a fill level of 𝐹𝐹 = 20% fragmented into an
average of 6.8 pieces, with flying distances of up to 𝑟𝑟 = 200 𝑚𝑚.

a) Car DNT-19

b) Car DNT-20

c) Car DNT-21

d) Tank DNT-19

e) Tank DNT-20

f)

Tank DNT-21

Figure 7: Damage situation after the full fire
CONCLUSION
During a live-scale test series, three passenger cars equipped with LPG gas tanks installed in the car
boots, in the space normally reserved for the spare tyre, were exposed to a full, naturally developing
fire. In order to force failure of the tank, no safety device (such as a PRD) was installed. The focus of
the experiments was to assess the impact of tank failure on the surrounding (humans, infrastructure)
and to compare the tests involving complete vehicles in a fire with sole, but identical tanks that were
exposed to a gasoline pool fire. Two tanks were filled to 20% with 5.3 𝑘𝑘𝑘𝑘 of liquefied propane, one
tank was filled completely with 25.5 𝑘𝑘𝑘𝑘.

During the fire tests, comprehensive gauges were used. Alongside the internal status of the tank
(pressure, temperature of the liquid phase), the temperatures of the tank material and inside and
around the vehicle were also recorded. Pressure transducers were used to detect the pressure wave
resulting from tank failure. Video equipment including a high-speed camera and an UAV was used to
monitor the complete fire and failure process.

The two partially filled tanks failed within 24 min 10 𝑠𝑠 and 21 min 30 𝑠𝑠 respectively, after the
initiation of the fire in the region around the front-right tyre. Liquid gas was released, vaporized
quickly and mixed with the surrounding air resulting in an explosive atmosphere. The gas cloud then
ignited and generated a considerable fireball. The bursting of the tank lead to a pressure wave with a
maximum overpressure of 0.062 𝑏𝑏𝑏𝑏𝑏𝑏 and 0.038 𝑏𝑏𝑏𝑏𝑏𝑏 respectively, at a distance of 7 𝑚𝑚 to the tank.
The fully-filled tank did not rupture critically. After a time period of approximately 9 min 45 𝑠𝑠, gas
was released through a small tank-leak , resulting in a minor jet flame.

The presented fire tests provide detailed insight into the process and consequences of tank failure for
vehicles driven by alternative fuels. It also reveals differences in the behaviour of a sole tank in a
bonfire test as compared to the complete, realistic scenario involving the corresponding passenger car.
The indirect fire impact leads to a significantly increased time period until failure, a considerable
decrease in actual burst pressure and a reduced fragmentation. Thus, in combination with
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investigations of sole LPG gas tanks in an intensive, direct bonfire test, this test series can serve as a
basis for deductions on safety measures for firefighters and other rescue units and a comprehensive
analysis of the impact on humans and infrastructure.
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ABSTRACT
The Department of Transportation (DOT) Federal Rail Administration (FRA) awarded a contract to
Southwest Research Institute (SwRI) to conduct research and testing in the interest of ISO storage
tanks for Liquefied Natural Gas (LNG) service. Southwest Research Institute (SwRI) fire-tested an
LNG tank (filled with liquid nitrogen, LN2) and demonstrated the performance of the pressure relief
valve system. In addition, several types of data were collected during the experiment to understand
how the fire exposure affects the internal and external heating of the tank. This information will be
used in future computer modeling efforts to predict performance with different tanks and fire
scenarios. The next phase of the project will include an additional test, similar to the fire test, but
with the test tank filled with LNG instead of LN2. The results of the second test will be compared to
the first test and will also provide additional validation data for future modeling calculations.
KEYWORDS: LNG, Pressure Relief Device, Transportation
INTRODUCTION
The railroad industry is actively working on alternative fuels to diesel, including LNG and compressed
natural gas (CNG). The safety performance of these alternate fuel tank cars under accident induced fire
conditions has not been verified and is a cause for concern. The FRA is interested in methods and
approaches, both analytical and experimental, which can evaluate the thermal safety performance of
LNG/CNG means of containment (tanks, ISO tanks, etc.) under fire conditions.
The purpose of the first phase of this project was to conduct fire testing of an ISO tank filled with LN2,
located on top of a flat rail car and exposed to a propane pool fire. The second phase of the project will
be a repeat of the first test with LNG inside the test tank.
TEST ARTICLES
LNG ISO Test Tank
An ISO UN-T75 storage tank, outfitted for LNG service, was procured from Cryogenic Vessel
Alternatives, Inc. (CVA). The model number of the tank is CVA-12K-114-ISO and measures 12.2-m
long, 2.6-m high and 2.4-m wide (40-ft long, 8.5-ft high and 8-ft wide). Figure 1 provides selected
photographs of the tank that was used in this experiment.
The test tank was filled with 26,676 L (7047 gal) of Liquid Nitrogen (LN2), on May 8-9, 2017. Since
the tank was fabricated for LNG use and LN2 is denser than LNG, the tank was under-filled with LN2
in order to not exceed the weight rating. Approximately 21,456 kg of LN2 was added to the test tank.
Various material properties for LN2 are listed below per Airgas safety data sheet.
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•
•
•
•
•
•

Molecular weight: 28.01 g/mole
Boiling/condensation point: -195.8 °C (-384.4 °F)
Melting/freezing point: -210 °C (-346 °F)
Critical temperature: -146.9 °C (-232.5 °F)
Liquid density at boiling point: 808.3 kg/m3 (50.46 lb/ft3)
Solubility in water: 0.023 g/l (0.0014 lb/ft3)

Figure 1

Photographs of Test Tank.

LNG ISO Test Tank
The FRA was able to identify a project partner in the Florida East Coast Railway (FECR), which was
able to donate a flatcar for this project. This car consisted of two flatcars connected together, in order
to safely travel across the country by rail. Only one of these cars was utilized for the Phase I fire
testing. The car was taken off the rail line at the Transload Operations location for Hondo Railway.
The cars were disconnected and transported by truck to the remote test site, located in Sabinal, Texas.
Figure 2 shows two photographs of the flatcar prior to arrival at the remote site.

Figure 2
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Photographs of Donated Flatcar.
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SAFETY PLAN
Several factors were considered in development of the Phase I test plan and are summarized briefly
below.
Historical Events
Historical events were reviewed and the standoff distance parameters were previously discussed for
those events. There were two primary events in the last 15 years, where a large LNG tank failed
catastrophically.
It should be noted that the tank designs for these two events were different from the design tested in
this project. However, due to lack of other available data, these events can be used to conservatively
estimate potential effects from a significant failure of the tank during a fire test.
Tivissa, Catalonia (Spain)
On June 22, 2002, an LNG road tanker exploded in Tivissa, Catalonia (Spain). Results from the
accident investigation have been published [1] and are summarized below.
•
•
•
•

Overpressure: Investigators calculated the explosion had an equivalent mass of 30 kg (66 lb)
of TNT.
Sound Pressure Level: ~122 dBA at SwRI Remote Site fence line, based on estimated
overpressure [2].
Shrapnel: Tank front end = 125 m (410 ft) away, Tank back end = 80 m (262 ft) away
Fireball: Radius = 75 m (246 ft), Height = 13 m (371 ft), Duration = 12 s, Estimated heat flux
of 16 kW/m2 at 198 m (650 ft) (two bystanders received 1st and 2nd degree burns)

Murcia (Spain)
On October 20, 2011, an LNG tanker exploded in Murcia, Spain. Results from the accident
investigation have been published [3,4], and are summarized below.
•
•
•
•

Overpressure: Investigators calculated the explosion had an equivalent weight of 41 kg (90 lb)
of TNT.
Sound Pressure Level: ~123 dBA at SwRI Remote Site fence line, based on estimated
overpressure.
Shrapnel: Secondary fragments up to 200 m (656 ft) away
Fireball: Radius = 66-79 m (218–258 ft), Height = 100 m (328 ft), Duration = 9.4 s, Estimated
heat flux of 55 kW/m2 at a distance of 91 m (300 ft) (pine needle pyrolysis)

Based on these previous accidents, the parameters summarized above were evaluated at the remote
test site and final test arrangements were made to mitigate these potential hazards.
Test Media
Based on the summarized historical data, in-house calculations and consultation with SwRI’s safety
department, it was decided to perform this test with LN2 in the test tank. Based on the results of this
first test, the next test is planned to be conducted with LNG inside the test tank.
FIRE SOURCE CHARACTERIZATION
It was agreed between SwRI and FRA to consider a real accident scenario in order to determine the
test duration. The following sections provide more detail about the assumed scenario, the calculated
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burning duration of the scenario (with safety factor) and the fire source to be used in the experiment
for this duration.
Accident Scenario
The accident scenario considered was a central ISO tank exposed to a 18.3 × 6.1-m (60 × 20 ft) LNG
spill/fire by two adjacent ISO tanks. Each ISO tank has a capacity of approximately 37,854 liters
(10,000 gallons) of LNG. Therefore, the time was calculated for 75,708 liters (20,000 gallons) of
LNG to evaporate (over a 20 s spill time) and burn (over the remainder of the calculated duration),
based on literature values of published regression rates. This time was then used to calculate the
required amount of liquid propane needed to provide this test exposure.
Burning Duration Calculations
The Federal Rail Administration provided a summary reference [5] on the topic of LNG regression
rates in a series of large-scale experiments and recommended the rate to be used in this calculation.
Based on this reference and the described accident scenario, the burning duration was targeted for
approximately 73 min. The amount of propane required was calculated based on an exposure area of
12.2 × 3.1-m (40 × 10-ft) (nominal footprint of ISO tank on flatcar) and for a test duration of 73 min.
Based on these calculations [6], the required amount of propane for this experiment was
approximately 30,283 L (8000 gal).
Final Fire Source Configuration
The fire source consisted of a 12.2 × 3.1-m liquefied petroleum gas (LPG) burner. A 50-mm diameter
piping array was installed in the steel burner pan. The array had eight branch lines and each branch
line had (24) 3-mm diameter holes. The piping array was installed in the burner pan with the holes
pointed downward, which allowed the LPG to diffuse more evenly through the water layer contained
in the burner pan. LPG was fed to the burner array at the corners from a buried pipe. An LPG supply
system consisting of a 30,283 L (8000 gal) LPG tank, pump loop, and flow meter was setup
approximately 259-m (850-ft) away from the test area. An emergency stop button was routed to the
adjacent control room to allow test personnel to safely stop the flow of LPG to the burner, in case of
an emergency.
TEST INSTRUMENTATION
Several types of instrumentation were utilized in this experiment. Internal instrumentation included
(18) gas/liquid/surface temperatures measured inside the test tank, as well as the internal tank
pressure, the annular space tank pressure and the pressure relief discharge pressure.
Externally, six surface thermocouples (TCs) were provided to measure exterior tank surface
temperature and provide boundary layer temperatures at the same nominal locations as the heat flux
measurements. An additional 18 TCs were used to characterize the total heat flux from the fire and
into the tank at several locations. Directional Flame Thermometers (DFTs) were used to measure the
heat flux into the tank. The DFT was originally developed for measuring temperatures and heat
fluxes in pool fires [7]. The DFT is conceptually similar to the plate thermometer but consists of two
3-mm thick, 120 × 120-mm Inconel plates with 25-mm thick ceramic fiber blanket in between. An
advantage of the DFT over the plate thermometer is that the heat transfer through a DFT can be
calculated with an inverse heat transfer code such as IHCP1D [8]. The use of these devices in fire
experiments has been recently standardized in ASTM E3057 [9].
Incident heat flux was measured at two ground-based (1-m above grade) targets. Instruments were
also provided at some distances from the tank to measure blast pressures, if any, resulting from
catastrophic tank failure. Figure 3 provides schematic locations of the various external test
instrumentation.
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Figure 3

External Tank Instrumentation Sketch.

TEST RESULTS
SwRI’s Fire Technology Department performed a fire test of an LNG cryogenic tank (filled with
LN2) secured on top of a flat car on May 11, 2017, at SwRI’s remote test site in Sabinal, Texas. The
tank was exposed to the LPG fire source for a total of 2 h, 35 min.
The following sections provide selected photographs of the setup, testing and post-test conditions, a
summary of the video observations, a summary of the test data, and post-test observations and
recommendations.
Selected Photographs
Figures 4-6 show the test setup, pre- and post-test condition of the tank and flatcar.

LPG Supply Tank, Pump and Bypass

Figure 4

ISO Tank (West Side)
Selected Setup and Pre-Test Photographs.

ISO Tank Valve Cabinet

ISO Tank (East Side)
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Test in Progress (View from LPG Supply Tank)

Test in Progress (Close-Up View)

Test in Progress (PRV Operating)
Selected Testing Photographs.

Test in Progress (PRV Operating)

Post-Test: ISO Tank (East Side)

Post-Test: ISO Tank (West Side)

Post-Test: ISO Tank (North Side)

Post-Test: ISO Tank (South Side)

Figure 5

Figure 6
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Flatcar Buckling into Burner
Selected Post-Testing Photographs.

Post-Test: Valve Cabinet
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Data Summary
Figure 7 provides a summary of the temperature and heat flux data, as determined from the DFTs,
centrally located on each side of the tank and over the fire source. Figure 8 shows the incident heat
flux data, as determined from the copper disc calorimeters. Figure 9 shows the internal and external
tank temperatures as well as the various tank pressures and wind speed during the test. Figure 10
shows the cool down temperatures and pressures.

Temperature Graph

Heat Flux Graph

Center – East - DFT

Center – West - DFT

Center – Fire Source - DFT
Figure 7

Selected DFT Heat Flux Data.
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It can be seen from reviewing Figure 7 that the fire exposure to the tank was not uniform and this was
likely affected by the wind conditions. This resulted in a more severe exposure on the West side of
the tank, as compared to the East side. The average peak incident heat flux to the East side of the tank
was 127 kW/m2 and the average peak incident heat flux to the West side of the tank was 207 kW/m2.
The average peak incident heat flux from the fire source to the bottom of the flatcar was 95 kW/m2
and was higher on the ‘edges’ than in the center (shown in Figure 7). The most likely reason that the
heat flux measured close to the fire source was lower than that measured on the sides of the tank was
due to lower oxygen concentration in the region between the fire source and the bottom of the flatcar,
as opposed to just above the flatcar, where there is more oxygen available for combustion. In
addition, since the flatcar sagged due to the exposure, at some point during the test, the center DFT
was submerged into the burner and this phenomenon was exacerbated.
It can also be observed in Figure 7 that the water substrate in the LPG test burner was completely
consumed after approximately 60 min. This also led to a lower measured heat flux in the center of the
flatcar from the fire source, as compared to the edges.

Temperature Graph

Heat Flux Graph

North Copper Disc Calorimeter

West Copper Disc Calorimeter
Figure 8

Incident Heat Flux to Downfield Targets Data.

Figure 8 shows the incident heat flux to targets 46-m (North) and 69-m (West) away was quite low
and consistent with background incident radiation from the sun on a warm day in May, Sabinal, Texas
USA.
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Internal Tank Temperatures

Figure 9

Internal Tank Pressures

Internal Tank Temperature and Pressure Data.

It can be seen in Figure 9 how the internal temperatures and pressure increased during the fire test.
Unfortunately, the signals to all of the internal thermocouples (TCs) were lost after the first 45
minutes of the test. During this time period, the highest (in elevation) TCs rose from
approximately -132 ºC (-270 ºF) to -38ºC (-100 ºF). These TCs were in the vapor space of the tank
and indicate how the gas temperature in this region was increasing due to the fire exposure. The
graph indicates temperature rise for the rest of the internal thermocouples, however, the specific data
is compromised due to the fire exposure damaging the connections within the piping connections.
The pressure relief valves (PRVs) seemed to operate at the correct nominal pressure. As can be seen
in Figure 9, the first large increase on the PRV-P channel occurred at an internal tank pressure of
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approximately 803 kPa (116.5 psig), which coincides with the first PRV stated set pressure of 793 kPa
(115 psig). The second large increase on the PRV-P channel occurred at an internal tank pressure of
approximately 1.068 MPa (155 psig), which coincides with the second PRV stated set pressure of
1.034 MPa (150 psig).

Average Internal Temperatures

Figure 10

Internal Tank Pressures

Cool-Down Temperature and Pressure Data.

In Figure 10, average valves are provided to demonstrate the cool-down of the tank over the following
16 hours after termination of the test (until the next morning). The tank slowly cooled and bled all the
remaining LN2 through the night and reach ambient conditions by the following morning when
personnel arrived again at the test site.
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SUMMARY
The following subsections highlight a few conclusions from the testing and modeling activities during
Phase 1 of the project.
Testing
•
•
•
•
•
•
•
•
•

An ISO Tank, filled with LN2, was exposed to a LPG fire for 2 h, 35 min.
There was no rupture or BLEVE of either the inner or outer tank.
The steel in the flatcar exceeded its softening temperature. The flatcar sagged downward
until it was supported by the fire pan.
Based on the internal pressure rise, the vacuum degraded in the fire relatively quickly. It is
expected that the thermal properties of the insulation material will greatly affect the
performance of the tank in a fire scenario after the vacuum is lost.
The pressure inside the inner tank increased monotonically during the fire exposure and
stabilized at approximately 12.4 bar.
The PRV system worked properly. The lower pressure (7.86 bar) valve opened and reseated
twice and then opened fully. The higher pressure valve opened at about 10.34 bar. The
pressure continued to rise until 12.4 bar and the venting stabilized.
There was additional venting after the fire exposure stopped and this continued for more than
3 h, 40 min (extent of video footage after fire exposure finished).
The next morning after the test, the internal pressure in the tank was nearly atmospheric, there
was no visible venting of the remaining LN2 in the ISO tank, and there was no vacuum in the
annular space.
The venting orientation/direction could be important in the field. The venting jet on this tank
could impinge on an adjacent flatcar and its commodity. The ISO tanks might also be stacked.
If tested with LNG this vent would be like a torch and could spread the fire to neighboring
tanks/flatcars. This phenomenon will be able to be observed and evaluated in the next phase
of this project.

Modeling
•
•
•
•
•
•

The temperature of a tank will greatly influence the failure pressure of that tank. The failure
pressure for a heated tank has been shown to be much less than that of a tank at ambient
temperature.
The preliminary modeling results suggest that additional effort should be applied to assessing
the potential failure of the tank under elevated temperatures.
The preliminary modeling results suggest that additional effort should be applied to
accurately characterizing the thermal insulation properties as well as vacuum retention
capabilities of the annular space under thermal loading.
The introduction of phase change into the modeling needs to be accomplished to better
understand the various mechanisms that are involved during the heating process.
Studying the effect of wind, flatcar geometry, and burner size on the heat flux to the tank
should be expanded so as to better understand the effects of conditions that may be present at
the physical test.
The results obtained in the test will be utilized to validate the models developed in the next
phase of this project.
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FUTURE WORK
The following list highlights several topics that plan to be explored in more detail during Phase 2 of
the project.
•
•
•
•
•
•
•
•

Additional data analysis of Phase 1 results.
Additional comparison between modeling calculations (virtual testing analysis methods) and
Phase 1 test results.
Forensic analysis of test hardware from Phase 1.
Phase 2 testing of same style tank, but with LNG as test media, rather than LN2.
o This test is scheduled for Fall of 2018.
Additional validation work between test data and modeling calculations after Phase 2 test is
performed.
Integration of phase change into the modeling calculations.
Evaluation of crashworthiness through calculation.
Evaluation of effects of tank rupture in various scenarios.
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ABSTRACT
Fuel cell vehicles and some compressed natural gas vehicles are equipped with carbon fiber
reinforced plastic (CFRP) composite cylinders. Each of the cylinders has a pressure relief device
designed to detect heat and release the internal gas to prevent the cylinder from bursting in a vehicle
fire accident. Yet in some accident situations, the fire may be extinguished before the pressure relief
device is activated, leaving the high-pressure fuel gas inside the fire-damaged cylinder. To handle
such a cylinder safely after an accident it is necessary that the cylinder keeps a sufficient post-fire
strength against its internal gas pressure, but in most cases it is difficult to accurately determine
cylinder strength at the accident site. One way of solving this problem is to predetermine the post-fire
burst strengths of cylinders by experiments. In this study, automotive CFRP cylinders having no
pressure relief device were exposed to a fire to the verge of bursting; then after the fire was
extinguished the residual burst strengths and the overall physical state of the test cylinders were
examined. The results indicated that the test cylinders all recorded a residual burst strength at least
twice greater than their internal gas pressure.
KEYWORDS: Fire safety, CFRP, Hydrogen cylinder, CNG cylinder, Fuel cell
INTRODUCTION
Fuel cell vehicles and some compressed natural gas vehicles are equipped with carbon fiber
reinforced plastic (CFRP) composite cylinders as fuel containers. The CFRP material consists mainly
of carbon fibers and the matrix resin holding the carbon fibers together. The heat resistance of CFRP,
dependent on the characteristics of matrix resin, is known to start declining when exposed to
temperatures exceeding the glass transition temperature of matrix resin[1,2,3]. When the CFRP
cylinder is exposed to heat in a vehicle fire accident, the gas pressure inside the cylinder rises,
increasing the internal stress on the cylinder. Consequently CFRP cylinders are fitted with a
thermally-activated pressure relief device (TPRD) which detects ambient heat and is activated at
approximately 110°C to release the internal gas for preventing the cylinder from bursting. Yet if the
fire is extinguished before TPRD is ever activated, the high-pressure gas is left inside the cylinder.
For the safe handling of such a cylinder on and off the accident site, it is necessary that despite
damage by fire the cylinder retain sufficient strength for withstanding the internal gas pressure.
In our previous study, 35 MPa compressed hydrogen automotive CFRP cylinders each fitted with a
TPRD were exposed to flames until the TPRD was activated; then the cylinders were cooled by water
or naturally and underwent pressure proof testing to measure their residual burst pressures [4]. The
results indicated that the TPRD-activated cylinders retained a burst strength comparable to that of new
cylinders provided that the flames had covered the whole, rather than a part, of the cylinder body.
Normally, if the cylinder is overheated due to a vehicle fire, the TPRD is activated, so the cylinder is
not rupture. However, in this study, if TPRD failing to activate in a vehicle fire accident, in order to
investigate the residual rupture strength of a cylinder after a fire, a flame exposure test of test
cylinders without TPRD was examined.
TEST METHOD
Table 1 summarizes the test cylinder and the test conditions applied in this study. The existing
automotive CFRP cylinders can be classified into Type3 with aluminium alloy lining and Type4 with
plastic lining. We used 5 variations of test cylinders: 1) Normal Working Pressures(NWP) 20MPa
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Type3, 2) NWP 20MPa Type4, 3) NWP 35MPa Type3, 4) NWP 70MPa Type4, 5)NWP 70MPa
Type3. The ratio of the burst pressure of the new cylinder (BPnew) to the normal working pressure of
test cylinders is in the range of 2.67 to 4.92. As the filling gas, helium was fed into the test cylinders
to their normal working pressures for Tests #1 through #14,17,18 and to half of their normal working
pressures for Tests #15,#16,#19,#20 in order to examine the effect of working pressure levels on
cylinder behavior.
Table 1. The test cylinder and the test conditions
Test#

Cylinder
(Bursting pressure of
new cylinder:BP new )

1

20MPa Type3
(91.7MPa)

2
3

The ratio of
Bp new /Nominal
working pressure

Filling
pressure

Exposed to the flame until the rupture or leak
Engulfing fire Cut off fire just before rupture, and immediately cooled with water
4.59

20MPa

4
Localized fire

5
6
7

25MPa Type4
(123.1MPa)
4.92

25MPa

10

35MPa Type3
(122.8MPa)
3.51

35MPa

12
13

70MPa Type4
(186.8MPa)
70MPa

14
15
16

35MPa

Engulfing fire

70MPa

Engulfing fire

35MPa

Engulfing fire

17
18
19

70MPa Type3
(226.8MPa)

3.24

20

21oC

Exposed to the flame until the rupture or leak

19oC

Cut off fire just before rupture, and immediately cooled with water

25oC

Exposed to the flame until the rupture or leak

23oC
24oC

Cut off fire just before rupture (Natural cooling)

27oC

Exposed to the flame until the rupture or leak

21oC
22oC

Cut off fire just before rupture (Natural cooling)

24oC

Exposed to the flame until the rupture or leak

19oC

Engulfing fire Cut off fire just before rupture, and immediately cooled with water

2.67

22oC

25oC

Engulfing fire Cut off fire just before rupture, and immediately cooled with water

11

Room
temperature
during fire test

Cut off fire just before rupture (Natural cooling)

Engulfing fire Cut off fire just before rupture, and immediately cooled with water

8
9

Cooling condition

Flame
exposure
conditions

20oC

Cut off fire just before rupture (Natural cooling)

19oC

Exposed to the flame until the rupture or leak

19oC

Cut off fire just before rupture, and immediately cooled with water

19oC

Exposed to the flame until the rupture or leak

25oC

Cut off fire just before rupture, and immediately cooled with water

25oC

Exposed to the flame until the rupture or leak

27oC

Cut off fire just before rupture, and immediately cooled with water

29oC

Figure 1 shows the diagram of the propane burner (burner length=1.1 m, width=0.5 m, burner
area=0.55m2) used in this study. To provide uniform flames along the cylinder body, the burner had
many burner ports of silica fiber cloth [5].

Burner rim

Burner port of silica fiber cloth
Propane gas
Chamber

1100mm

Figure 1. Propane burner
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Figure 2 shows the test positions of the cylinder and the burner and the points where temperatures
were measured. Flame temperature was defined as the temperature measured 25 mm below the
horizontally placed cylinder namely at points F1~F3, using K-type sheath thermocouples.
L
Pressure

L/2

L/3

L/3

Cylinder
CLM2

CLM3

CLM1

CLM1-3

END2

END1

CRM1-3

END1

CD2

25

CD3

350

F3

F2

F1
200

200

CD1-3

CD1
350

Propane Burner
1100

Figure 2. Cylinder/burner positions and temperature measurement points
The flame intensity was regulated by adjusting the propane flow rate to keep the flame temperatures
between 600 and 800°C. This flame temperature range is the temperature applied as the temperature
of the fuel tank during the localized fire derived from actual vehicle fire tests that were conducted
both by the Japanese Automobile Research Institute (JARI) and US automobile manufacturers[6].
Incidentally, the ratio of the heat release rate of the burner to the area of the burner to maintain this
temperature range is in the range of 251 to 419 kW/m2.
To examine the effect of flame range, the range was limited to 50% of the cylinder length in Tests
#4~5 (localized flame mode) while the flame covered the entire cylinder length in other Tests
(engulfing flame mode).
In Tests #1, 4, 6, 9, 12,15,17 and 19, the test cylinders were heated to rupture or leak at which their
internal pressures (“burst or leak pressures BPdf”) and the burst time from heating start (BTdf) were
recorded. Leak was defined as escape of gas from a melt-down opening in cylinder lining. After the
bursting test, another set of cylinders of the same type were heated just to the verge of bursting or
leaking; then cooled down in order to obtain intact samples for determining their residual strengths.
Two cooling modes were applied: a. cooling by water assuming the water spray by fire fighters (Tests
#2, 5, 7, 10, 13, 16,18,20), b. natural cooling in ambient air (Tests #3, 8, 11, 14).
In the water cooling mode, after the burner was turned off, water was sprayed to the whole areas of
the cylinder from above, while in the natural cooling mode the cylinder was simply left to cool down
to normal temperature. The starting time of cooling was slightly delayed so that the peak internal
pressure would equal the burst pressure of the test cylinder. In some cases where shear noises of the
carbon fibers were heard, cooling was immediately started assuming that the cylinder was about to
burst. As a result, the time spent cooling was about 30 minutes in the case of water and about 1 hour
in case of natural cooling.
RESULTS AND DISCUSSION
In Tests #1, 4, 6, 9, 12,15,17 and 19, the CFRP cylinders were exposed to flames until rupture or leak
at which burst pressure, temperature, and the time from heating start were recorded. Figures 3 show
the graphs of measured flame temperatures at points F1~F3, cylinder temperatures at its lower-side
points CD1~CD3, and cylinder internal pressure in time sequence from heating start to rupture or
leak. Table 2 shows the numerical values of measured filling pressures, burst or leak pressures, and
their ratios.

147

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

90

600

F2

70

F3

60

CD1

500

50

CD2

400

40

CD3

300

30

Pressure

200

20

5

10

15

CD2

40

300

CD3

30

200

Pressure

20

400

10
0
0

20

5

10

900

F2

80

800

F3

70

Temperature [o C]

CD1

60

CD2

500

50

CD3

400

40

Pressure

300

30

Temperature [o C]

1000

90

Pressure [MPa]

100
F1

600

100
90
F1

80

F2

700

70

F3

600

60

CD1
CD2

50

400

CD3

40

300

Pressure

30

500

200

20

200

20

100

10

100

10

0

0
0

5

10

15

0

0
0

20

5

10

15

Time [min]

20

25

30

Time [min]

Test#6(25MPa Type4, Engulfing fire)

Test#9(35MPa Type3, Engulfing fire)
100

1000

900

90

900
800

800

F1

80

700

F2

70

F3

600

60

CD1

500

50

CD2

400

40

CD3

300

30

Pressure

Temperature [o C]

1000

Pressure [MPa]

Temperature [o C]

20

Test#4(20MPa Type3,Localized fire)

1000

700

15

Time [min]

Test#1(20MPa Type3,Engulfing fire)

800

50

CD1

Time [min]

900

60

F3

500

100
90

F1
F2

80

700

F3

70

600

CD1

60

CD2

500

50

CD3

400

40

Pressure

300

30

200

20

200

20

100

10

100

10

0

5

10

15

20

25

0

0

0

0

0

30

Pressure [MPa]

0

70

F2

600

0

0

0

80
F1

700

100

10

100

90

Pressure [MPa]

700

100

900
800

80

F1

Pressure [MPa]

Temperature [o C]

800

1000

Pressure [MPa]

100

900

Temperature [o C]

1000

5

10

15

20

25

30

Time [min]

Time [min]

Test#12(70MPa Type4, Engulfing fire,70MPa filling) Test#15(70MPa Type4, Engulfing fire,35MPa filling)
900

Temperature [o C]

800

F2

80

800

700

F3

70

CD1

600

60

CD2

500

50

CD3

400

40

Pressure

300

30

200

20

100

10
0

0
0

5

10

15
Time [min]

20

25

30

100
F1

90

F2

80

F3

700

70

CD1

600

60

CD2

500
400

CD3

50

Pressure

40

300

30

200

20

100

10
0

0
0

10

20

30

40

50

Time [min]

Test#17(70MPa Type3,Engulfing fire,70MPa filling) Test#19(70MPa Type3,Engulfing fire,35MPa filling)

Figure 3. Flame and cylinder lower-side temperatures and internal pressures of the cylinder until the
rupture or leak by flame exposure
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Table 2. Filling pressure, burst/leak pressures after fire exposure and burst/leak time
Test#

Cylinder

1

20MPa
Type3

Filling
Pressure
P fill
20MPa

4

Burst (leak) pressure
after flame exposure
BP df
31.2MPa(Burst)

Burst (leak) time
BT df

BP df /P fill

8min 29s

1.56

31.8MPa(Burst)

10min 59s

1.59

6

25MPa
Type4

25MPa

28.4MPa(Burst）

9min 10s

1.14

9

35MPa
Type3

25MPa

53.5MPa(Burst）

16min 46s

1.53

12

70MPa
Type4

70MPa

77.7MPa(Burst)

13min 25s

1.11

35MPa

43.1MPa(leak)

15min 6s

1.23

70MPa
Type3

70MPa

98.9MPa(Burst)

15min 29s

1.41

35MPa

64.5MPa(Burst)

32min 39s

1.84

15
17
19

As the CFRP cylinders were heated by flames, their internal pressures increased until burst or leak.
Ratio of filling pressure to burst pressure after flame exposure (BPdf/Pfill ) proved to 1.11~1.84 times
greater than their NWP's (or filling pressures in this study). On the other hand the cylinders filled up
to half their NWP (Test #15) leaked instead of bursting.
Taking account of the heating temperature and time leading to rupture or leak in Tests #1, 4, 6, 9,
12,15,17 and 19, a non-burst cooling version of tests was conducted, using another set of same-type
cylinders. These cylinders were heated just to the verge of rupture or leak and then were cooled down
in order to produce flame-exposed but intact cylinders. Figures 4 show their internal pressures in time
sequence in relation to cooling modes and in reference to their previously measured burst pressures.
The arrows inside the graphs indicate the time at which cooling was started.
Even after the flames of the burner had been extinguished and the cooling started, the cylinder’s
internal pressure increased for some time. The reason for this is as follows.
Figure 5 shows the change in temperature of the CFRP layer (from the outermost surface of 0 mm to
the depth of 10 mm) at near the bottom center (CD 2 in figure 2) of a cylinder (20MPa Type3) when a
cylinder was exposed to flames under the same conditions as Test #2. Sheath thermocouples with a
diameter of 0.2 mm were used for this temperature measurement.
The temperature of the CFRP layer of the cylinder during flame exposure was lower as layer depth
increased. Cooling starts from the outermost surface of the CFRP layer, so the temperature in the
deeper layershardly decreases in the deep part, in other words the inside the cylinder, hardly decrease.
Therefore, even after the cooling starts, the cylinder’s internal pressure increased for some time.
On the other hand, in some cylinders the internal pressure exceeded the recorded burst pressure, thus
attesting that the test procedure of this study had provided the cylinders with the maximum possible
exposure to flames. Since the increase patterns of internal pressure proved similar between
burst/leaked cylinders and intact cylinders, the two groups of cylinders were consider to have received
an equal amount of heat reception from flames per time unit.
Figures 6 show the appearances of cylinders just before rupture and after cooling. In both cylinders
the surface had lost its gloss due to carbonization, and revealed broken carbon fibers. In Test #11, for
example, the carbon fibers broke several times during the first 10 minutes of natural cooling, then
stopped breaking as the cylinder’s internal pressure finally began to decline.
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Figure 5. Temperature of the CFRP layer during flame exposure to cooling (depth of 10 mm from the
cylinder surface) at near the bottom center of a cylinder under the same conditions as Test # 2.
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Figure 6. Appearance of a cylinder just before rupture
Figure 7 shows the cross section of the cylinder after the flames were extinguished in Test #15.
Indicated in the cross-sectional views are the peeling of the outer CFRP layers that had been most
intensely exposed to flames when the matrix resin underwent thermal decomposition. Since the
amount of heat transfer decreases with the depth of layers, the cross-sectional views reveal separation
between undamaged inner layers and the outer layers that were damaged by heat decomposition of
matrix resin[7].
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Figure 7. CFRP cross section after exposure to flames (Test #15)
In the next step, pressure proof testing was conducted to measure the residual burst pressures of the
burned but intact cylinders. Table 3 shows their measured burst pressures after fire exposure BPaf,
ratios of burst pressured to filling pressure (BPaf/Pfill), and the ratios of the intact cylinder’s burst
pressure to the new cylinder’s burst pressure (BPaf/BPnew). As exceptional cases, the end boss of the
cylinder broke away at approximately 84 MPa in Tests #2 and #3, indicating that these two cylinders
had a residual burst pressure of 84 MPa at least.
Table 3. Burst pressures after fire exposure and comparison with new cylinders
Test#

Cylinder

Flame
exposure
conditions

Cooling
condition

BP af

BP af /P fill

BP af /P new

2

20MPa
Type3

Engulfing
fire

more 84.2MPa

more 4.21

0.92

more 84.7MPa

more 4.24

0.92

82.7MPa

4.14

0.89

25MPa
Type4

Localized
fire
Engulfing
fire

Water
cooling
Natural
cooling
Water
cooling
Water
cooling
Natural
cooling
Water
cooling
Natural
cooling
Water
cooling
Natural
cooling
Water
cooling
Water
cooling
Water
cooling

77.5MPa

3.1

0.63

79.8MPa

3.19

0.65

111.1MPa

3.17

0.90

73.3MPa

2.09

0.60

188.4MPa

2.69

1.00

187.9MPa

2.68

1.00

173.4MPa

4.95

0.94

197.5MPa

2.82

0.87

193.0MPa

5.51

0.85

3
5
7
8
10
11
13
14

35MPa
Type3

70MPa
Type4

16
18
20
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The results indicated that, firstly, the residual strengths of flame-exposed intact cylinders were
60~100% of those of their new counterparts. Secondly, the burst pressures of flame-exposed cylinders
more than doubled their initial filling pressures, indicating that their residual strengths were more than
twice their filling pressures, provided that the cylinders had not burst or leaked and that their
temperatures had returned to normal levels after fire extinguishment. Thirdly, burst pressures of the
cylinders proved greater after fire extinguishment than during exposure to flames. In addition, cooling
tests for of Tests # 7, #8, #13, #14 and #16, as shown in Figure 4, did not rupture, despite reaching a
pressure higher than the burst pressure during fire. Also, when comparing Test # 14 to Test # 15 or Test
# 18 to Test # 20, when the filling pressures were low, the strengths of the cylinders after the flame
exposure were lower than that of the new cylinder. The reason is that the lower the filling pressure, the
longer it is exposed to the flame until rupture or leakage.
Figure 8 shows the imaginary diagram of temperature and stress change in cylinders during and after
exposure to flames.
Stress

Residual CFRP stress

Stress caused by
internal pressure

Temperature

CFRP temperature

restore
Reduction of load
Cylinder
Cross section

Te
Tg

Fire

Cooling

Time

Figure 8. Image diagram of temperature and stress change in cylinders during and after exposure to
flames
Sumida et al.[8,9,10] compared the strength of CFRP between heating period and cooling period
under the test conditions identical to those of this study. The test cylinders varied in carbon fiber
shapes and matrix resins including epoxy and inorganic resins. Sumida et al. reported that the
strengths of the test cylinders proved greater in the cooling period than in the heating period.
According to the results of their tensile testing, the tensile strengths of new cylinders steadily declined
to half the pre-heating level at 250~300°C temperatures, but the tensile strengths and elastic moduli of
previously heated then cooled cylinders declined only slightly in the temperature range up to
250~300°C and recovered practically to preheating levels during cool-down. As explanation of this
phenomenon, Sumida et al. citied the following factors:
Once CFRP temperature exceeds the glass transition temperature during exposure to flames, CFRP
strength steadily declines with the rise of temperature; however, the strength of the CFRP that has
been heated and then cooled down to normal temperature depends on the reduction rate of matrix
resin[1]. The temperature Te at which the quantity of matrix resin start decreasing is higher than the
glass transition temperature. As shown in Figure 7, the amount of heat transfer from flames
diminishes in the inner CFRP layers so that some of the inner layers remain below Te, leaving a large
amount of matrix resin undamaged. As these layers are cooled down to normal temperature, their
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strength is recovered[9] and is conceivably increased above their previous strength measured during
exposure to flames.
Explanation of this phenomena is as follows: When a CFRP cylinder is exposed to flames, gas
temperature and gas pressure both increase inside the cylinder, intensifying the stress on CFRP. Once
the cylinder is cooled, however, the internal pressure declines, reducing the stress on CFRP to even
less than the stress level of the heating period. Therefore, due to the recovered strength of CFRP itself
and also due to a decline of internal gas pressure during cool-down, the CFRP cylinder can be
considered to become stronger during and after cool-down than during exposure to flames.
Therefore, since burned cylinders through bringing back to normal temperature, have sufficient
strength, there is little fear of rupture. Also, in the case of a fire, it is important to shut down the fire
source and cool down the cylinders by discharging water.
CONCLUSIONS
Automotive CFRP cylinders are fitted with a thermally-activated pressure relief device which detects
ambient heat and is activated in a vehicle fire accident, releasing the gas from inside and preventing
the cylinder from bursting. Nevertheless, if the fire is extinguished before the pressure relief device is
ever activated, the high-pressure gas is left inside the cylinder. For the safe handling of such a
cylinder, it is necessary that despite damage by fire the cylinder retain sufficient strength for
withstanding the internal gas pressure. In this study, the pressure relief devices were removed from
the test cylinders in advance to heat them to the point of rupture or leak under internal gas pressure
and to measure the residual strengths of the cylinders heated to verge of rupture/leak and then cooled
down intact. The results indicated that these cylinders had a residual strength at least twice their
internal gas pressures.
Therefore, even if the TPRD fails, burning damage cylinders through bringing back to normal
temperature, are not subject to the risk of rupture by cooling sufficiently, there is no need to urgently
degass out of cylidners. Also, in case of fire, it is important to shut down the fire source and cool
down the cylinders by discharging water.
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Public Investigation on Fires in Gas-Powered Buses in
Horgvegen, Ranheim, Trondheim on 17 December 2016,
and at Flatåstoppen Trondheim on 23 November 2016
Per Olav Hetland
AIBN, Accident Investigation Board Norway
Lillestrøm, Norway
KEYWORDS: Fire in bus, 24V DC, LED technology, fire spread, electrical safety.
INTRODUCTION
On the morning of December 17, 2016, it began to burn in a gas-powered local bus that ran on a route
with three passengers aboard the Horgenvegen road in Trondheim. SHT initiated an investigation. It
became known that a similar fire had occurred with another bus of the same type at Flatåstoppen in
Trondheim on November 23, 2016. No people were injured. SHT has examined both fires and has
found similarities.

Figure 1: Fire damage to the rear of the bus, the engine compartment cover is lying on the ground behind the bus and the
fire extinguisher is empty. Photo: The police:

The Accident Investigation Board Norway`s investigation has shown that LED light technology can
present a fire risk that can be challenging to handle and have major consequences. Because of the
survey, the AIBN believes that the regulations for the design of electrical installations in vehicles do
not adequately protect fire safety.
CHAIN OF EVENTS
The bus driver was informed about the fire by a passing vehicle, at a time when the bus had stopped at
a bus stop. The bus driver evacuated the passengers, secured the bus and attempted to extinguish the
fire, but this had no effect. The fire department was called upon and eventually quenched the fire
before it spread to the rest of the bus.
The gas-powered bus was the second bus of the same type that caught fire in a short period in the
Trondheim area. The AIBN mainly investigated the fire on December 17, but found similarities with
the fire on November 23, 2016. Both fires have probably started in the LED lights that illuminated the
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rear license plate on the buses.

Figure 2: From the fire on 17 December 2016. Rear hatch placed in the position it was in before the fire. Photo: The police

AIBN investigated and tested several new and used license plate lights, as well as conducted shortcircuit tests of licence plate lights of the same type.
AIBN's investigation of the used LED-lights revealed cracks that were not compatible with normal
influence of forces from attachment or normal use. The sign lights have most likely had cracks that
created intrusion of moisture in the lights. Moisture with subsequent irradiation in circuit board
components in LED light is therefore a likely source of ignition in both fires.
INVESTIGATION
The investigation revealed weaknesses in the production of LED-lights, the electrical system and
fuses in the busses, and the regulations for the design of electrical installations in busses. Further
information can be found in the public report [1].
SAFETY RECOMMANDATIONS
The AIBN issued two safety recommendations based on this investigation.
The first recommended that the bus company should review and improve the dimensioning of the
electrical system on existing and corresponding buses, so that fuse rates will be an effective barrier
against fire in case of component failures.
The second safety recommendation encouraged the Norwegian Public Roads Administration (NPRA)
follow up the requirements of the current regulations on the design of fuses and circuits, so that this
will be an effective barrier to fire in the event of errors in all types of (LED) electrical components.
REFERENCES
1. Report on fires in gas-powered buses in Horgvegen, Ranheim, Trondheim on 17 December
2016, and at Flatåstoppen Trondheim on 23 November 2016 | AIBN
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Unconsidered Hot Surface Ignition
Robert Bruce McKay
McKay Forensic Investigations
Sydney, Australia
ABSTRACT
Two case studies are presented with two different fire causes. Both fires occurred however due to
poor design. One case concerns a bus while the other is a truck.
KEYWORDS: Fire investigation, vehicle, ignition sources
A LOT OF HOT AIR
In January, 2017, I was asked to examine a 2010 Mercedes-Benz 500LE bus that had caught fire
whilst being parked in the owner’s depot. In discussion with the owner’s Maintenance Director, it
was suggested to me the ‘Ping’ tank had failed. I must admit, I was a little puzzled by the term ‘Ping’
tank. A little research revealed that it was an accumulator tank, fed by the vehicle’s air-compressor.
I was also told the ‘Ping’ tank got very hot in normal operations. However, no one could tell me how
hot the ‘Ping’ tank got! I will now refer to this as the accumulator tank.
As it happened, the owners had another bus which was identical in age and specification to the
damaged bus. I was curious to establish how hot the accumulator tank got, so I arranged for the
exemplar bus to be driven on the road for approximately 30 minutes, so that road operation
temperature was reached. On return of the exemplar vehicle, the port above the accumulator tank was
opened to reveal the accumulator tank as seen in Figure 1.
With the aid of a non-contact thermometer, I measured the temperature of the accumulator tank. The
maximum temperature achieved was 156.6° Celsius as seen in Figure 2.

Figure 1

The accumulator tank.
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Figure 2

Temperature reading.

The accumulator tank in the subject bus showed that the outlet pipe of the accumulator tank had
failed, in that the pipe mounting broke away from the accumulator tank as seen in Figure 3.

Figure 3

Broken pipe mounting.

The accumulator tank was bolted to a mounting bracket. The inlet pipe ran a short distance from the
air-compressor to the accumulator tank and was constructed of copper pipe, which had a single 90°
bend.
The outlet pipe also had a single 90° bend, which led into a straight copper 500 mm long pipe. At the
end of this pipe a flexible hose was attached. The only support was the accumulator tank and a
bracket at the junction of the pipe and flexible hose.
The next thing that needed to be established was at what pressure the accumulator tank operated, and
if the accumulator tank was fitted by the chassis manufacturer, or the body builder? Mercedes-Benz
Australia/Pacific told me the accumulator tank operated at 16 Bar, (1600 kPa or 232.04 psi) Custom
Coaches confirmed that the accumulator tank was original equipment (OEM) of the chassis builder.
Now, the parts of this puzzle are coming together. Typically, automotive electrical harnesses are
insulated with either Polyvinyl Chloride (PVC) or Polyethylene. Polyvinyl Chloride melts at between
75° to 105° Celsius. Polyethylene melts at between 122 ° to 135° Celsius. So, why is this important
in this matter? Let me show you.
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Figure 4

Electrical harness, pipe mounting and accumulator tank.

As can be seen in Figure 4, the main electrical harness for the engine of the vehicle is only millimetres
away from the accumulator tank.
As there was no heat shield in place, when the outlet pipe to the accumulator tank broke away, a blast
of air at engulfed the engine harness. Having measured the accumulator tank temperature at 156.6°
Celsius, the insulation of the engine harness melted and allowed the energised conductors to short.
I removed both the accumulator tank and the engine harness for further examination in my office. On
deconstructing the engine harness, I found unmistakable evidence of a short as indicated by the
arrows in Figure 5.

Figure 5

Indication of short circuit.

So, why did the outlet pipe of the accumulator tank fail? I suspect that the failure was the result of
metal fatigue. As I am not a metallurgist, I suggested to my Client that they may consider engaging a
metallurgist.
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Figure 6

Close-up of accumulator tank.

HOT SURFACE IGNITION
This is a case study, where I believe an unconsidered mechanical failure destroyed a three year old,
well maintained Western Star 4800 Series Constellation prime mover. It also highlights a potential
lack of design consideration by a manufacturer.
With heavy vehicles, the choice of engine can be something the end user of the vehicle can specify.
For example, you can have a Western Star prime mover fitted with a Cummins, Detroit or Caterpillar
engine. The same applies to other vehicle manufacturers such as Kenworth. Freightliner can have
any of the above as well as Mercedes-Benz engines. Each engine has a slightly different
configuration within the vehicle it is fitted to.
Like all forensic examinations, I like to speak to the person in control of the vehicle at the time of
incident. In this case, the driver told me he had been northbound on the New England Highway and
had driven the subject vehicle up Murrundi hill and stopped in the vehicle rest area at the top, so he
could relieve himself. Murrundi hill is approximately 3 kilometres in length and is steep. For a truck,
in B Double configuration, with a gross weight of 66.3 tonnes, the hill is a challenge. Therefore,
traversing this hill increases heat in the engine and turbocharger.
The driver told me, at the rest area, he left the truck parked, but idling, whilst he went to the
bathroom. A few minutes later and on returning to the truck, the driver walked around the truck to do
a visual check and then climbed back into the cabin to drive off.
When the driver depressed the clutch pedal, he had normal resistance for approximately half the
travel. Then the clutch pedal ‘went to the floor’. The driver reported that as this happened, there was
a burst of white smoke from beneath the bonnet, which was immediately followed by flame. The
driver had enough time to exit the cabin and call for emergency services. By the time Emergency
Services arrived, the truck was all but destroyed.
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Figure 7

Prime mover

My examination of the subject vehicle revealed that the fire was to the front of the vehicle, in that the
drive axles were almost free of fire damage, save for the mudguards of the front drive axle as seen in
Figure 7. The cabin of the vehicle was, however, completely destroyed by the fire as seen in figure 8.

Figure 8

Cabin area

I routinely examined the batteries of the vehicle, which had evidence of fire damage, but no evidence
of an electrical short, or arcing of the conductors. The battery is seen in Figure 9.
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Figure 9

Battery

I examined the electrical conductors in the engine compartment, but again I found no evidence of a
short circuit or arcing. I then examined the drive pulleys, alternator and HVAC pulleys for signs of
seizing, but found no indication that any of these components had seized, see Figure 10.

Figure 10

Drive pulleys, alternator and HVAC pulleys

This vehicle was fitted with a Detroit DD15 turbocharged engine. Examining the turbocharger, I
found that the compressor impellor rotated freely and concluded that the turbocharger was working at
the time of the fire.
The turbocharger on the Detroit DD15 engine is mounted to the rear of the engine on the offside
(driver’s side) of the engine. From the exhaust turbine housing, to the exhaust pipe, there is heat
shielding on the turbocharger, but this heat shielding only covers the two sides and bottom of the
turbocharger. This leaves the top of the turbocharger of the turbocharger exposed. I also noticed that
the exposed section of the turbocharger was directly below the location of the clutch master cylinder
and the location of the hose that carried the brake fluid from the master cylinder to the clutch slave
cylinder as indicated in Figure 11.

164

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

Figure 11

Turbocharger and master cylinder positions

I decided to remove part of the turbocharger heat shielding, to expose the exhaust side of the
turbocharger as shown in Figure 12.

Figure 12

Part of turbo charge shield removed

When I did this, I found staining on the back of the turbocharger as shown in Figure 13, that I
believed to be consistent with fluid flowing over the turbocharger
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Figure 13

Staining on turbocharger

Could the tube from the clutch master cylinder to the slave cylinder have failed, and deposited brake
fluid into the turbocharger heat shield? I spoke with the vehicle’s mechanic and found that one of
only two brands of brake fluid were used, both of which being DOT 4. I also established that the
owners had an almost identical Western Star prime mover but powered by a Cummins E6 engine.
The mechanic assured me that the routing of the tube, from the clutch master cylinder to the slave
cylinder was identical. I arranged to examine this ‘exemplar vehicle’ to see how the tube was routed.

Figure 14
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I found the tube was routed towards the centre line of the engine and then backwards and down to the
slave cylinder as seen in Figure 14. Therefore, part of the tube was directly above the open section of
the turbocharger heat shield. Failure of this tube could have allowed the brake fluid to enter the
turbocharger heat shield. This could have led to hot surface ignition, a phenomena well documented.
NFPA 921 Guide to Fire & Explosion Investigation [1] states (in Part) at 27.4.3.1:
27.4.3.1* Exhaust systems can generate temperatures high enough to ignite combustible material,
including ignitable liquids in the engine compartment. Automatic transmission
fluid, particularly if heated due to an overloaded transmission, can ignite on a hot manifold. Engine
oil and certain brake fluids (e.g., DOT 3 and 4) dropping on a hot manifold can also ignite.
Although the tube, from the master cylinder to the slave cylinder had been destroyed in the fire, I
believe that there was sufficient evidence to support an opinion that the tube had failed when the
driver depressed the clutch pedal.
CONCLUSION
Two different fires have been investigated, one case concerns a bus while the other is a truck.
The fire cause is different in the two cases but the cases represent two examples of poor design
resulting in unnecessary fires.
REFERENCES
1.

NFPA 921 Guide for Fire & Explosion Investigations, 2017, ISBN: 978-145591602-3
(Print), ISBN: 978-145591603-0 (PDF)
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Seeing Red in Vehicle Fires
Richard Baker
Park Lodge International Ltd
Hauteville la Guichard, France
IS THERE A PROBLEM?
Since the internal combustion engine was invented I am sure there have been fires in vehicles and in
my fire and police service career spanning some 35 years we have really not addressed the problem on
a large scale. Yes of course we do some investigations and insurance companies will view claims, but
vehicle fires remain a low priority in many countries when it comes to finding the cause. In some
countries an insurance assessor will, in many cases, be paid for an investigation but they will only be
allocated 30 minutes to complete their investigation.
Because training of emergency responders, again in many countries, is less than ideal we see a
standard cause (if any) being placed on a service fire report. If the fire appeared to start under the
dash board of the vehicle it must be an electrical short circuit, whereas in the engine compartment it
must be ignitable liquid onto a hot surface. There is no surprise that the trusty ‘careless disposal of
the lighted cigarette end’ still manages to make an entrance on reports from services. Of course these
are possible causes but, in many cases, they are standard entries when a proper investigation is not
carried out or there is some cover up a failure in a system like a robust and proper fire risk assessment.
Most of us pay insurance and taxes and insurance is not limited to the country we live in as the
reinsurance industry objective is to spread the risk far and wide. So, a young man buys a saloon car
on a loan, pays his car insurance then finds that the turbo has failed, and the repair costs are well
outside his means. The car now has a low value and the loan needs to be paid, so a fortunate event of
a fire might solve his problems, not fiction but actually fact as is the person that steals a car and then
sets light to it to destroy the evidence. These events cost us all money through rising insurance
premiums.
So is there a problem, well viewing the Fire Statistics Table (2016/2017) 0302: Primary fires1,
fatalities and non-fatal casualties in road vehicles by motive and vehicle type, England [1], there were
23,505 vehicle fires of which, 14,906 were cars with 7,566 accidental and 7,340 deliberate! For
motorcycles only 299 out of 2,756 were accidental. I have a view about statistics, they are figures to
be looked at but need further thought before one can really see if there needs to be action. In my early
years as a junior officer in the Fire Brigade we were not allowed to use the word ‘unknown’ on a fire
report, so the terms ‘careless disposal of lighted cigarette end’ was a favourite, hence probably so
many smoking bans.
So, it does not matter whether you are a Police or Fire Investigator looking for evidence of a crime,
and Insurance Assessor/Engineer looking into a claim to see whether it is genuine or possibly
fraudulent or a vehicle manufacturer or operator looking into a thermal event – one thing is key! If
we cannot identify or locate the point or origin we cannot start to understand any possible cause.
The only way we can do this is to have a systematic approach to our investigation, don’t jump to
conclusions, look and see, gather evidence and ask questions.
Which really brings me onto the ‘how’.
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SO HOW CAN WE IMPROVE
A system called ‘CODE RED’ [2] was devised in Scotland which attempted to get first responders to
act and treat calls to vehicle fires differently from the standard national response. It set about
attempting to preserve the evidence by treating a fire scene as a crime scene initially. Looking at the
attack positions, using sympathetic firefighting and viewing the scene with a questioning eye rather
than just put the fire out, damp it down and go back to the station. It had a training implication where
first responders would need to be given tips on what to look for, what to note and to be able to make a
fairly quick decision that a vehicle fire was either accidental or a deliberate act. Taken that some 45%
of vehicles involved in fire in the UK have been involved in crime, that criminals need vehicles to
undertake their deeds, this method was a step in the right direction to bring criminals to justice. It also
meant that fires which were insurance scams could also be identified.
The call:
The grading of police response to a car fire they said, will depend on a number of factors relating to
the vehicle and how it has been used. A vehicle fire that poses no threat to the public and appears
accidental will receive a different response to that where a crime has been committed and witnesses or
suspects are on scene or potential forensic evidence needs to be preserved.
As a fire service will usually receive the first notification of a car fire and will respond directly to that
incident, the likelihood is that they will be first on the scene. The person informing the fire service of
the incident may have provided information directly to their Control Room that suggests an offence of
wilful fire raising has been committed or the crew attending the scene may have witnessed something
that makes them suspicious. In all such cases it is vital that the police are provided with up to date
information so that they can respond appropriately. It is so important to obtain good information
regarding calls rather than to receive a call as if the centre was just a call taking centre.
It is important that the message to the police is clear and unambiguous. Terms such is doubtful or
malicious are not to be used. If the fire service control room or their attending crew believes that the
car fire is as a result of a deliberate act, then Police should be informed that “Wilful Fire Raising is
suspected”. Communication is everything. Do not assume that someone will second guess the
seriousness of the incident as there may be competing demands on their time and the resources at their
disposal.
On scene
If more information becomes available during the course of the firefighting or investigation, then it
should be shared at the earliest opportunity. Do not assume that because police do not attend the
scene immediately that they will not attend, or they are not interested in investigating the offence.
The type of thing that might change the police grading of an incident could be the fact that the vehicle
is stolen or has been used in a major crime. That might not be immediately obvious to fire or police
crew who attend the incident. However, there may be other things that come to a responder’s
attention. For example, they might speak to a witness who could provide valuable information, or a
suspected offender may still be in the vicinity. The offender may have dropped or discarded items
nearby which will need to be recovered as evidence. The car fire may be one of several recent crimes
in the neighbourhood or are of an escalating nature. The list is not exhaustive and will be similar to
other wilful scenarios.
Fighting the Fire
The way that the fire service and other emergency services approach the scene of a suspicious car fire
can have serious consequences on an investigation. The offender may have had an associate who was
driving a getaway vehicle. If the fire appliance is driven up directly behind the burning vehicle it
might obliterate the other vehicles tyre marks. The offender will also have to alight from the drivers or
passenger door and may leave foot prints or drop or discard property directly outside the vehicle or on
the escape route, so care needs to be taken when operating near to the side doors or boot, so you do
not trample over evidence. Crews are told when driving towards the burning vehicle, it is good
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practice to park obliquely to one side and to approach on foot at one of its four corners. It is
appreciated that this may not be possible in all cases, but be aware of the possibility that you could
displace or destroy evidence and act appropriately. Vehicle fires should be extinguished using water
spray rather than a jet to prevent evidence from being water logged, lost or displaced. In our research
over 17 years of devising and running the International Vehicle Fire Investigation courses and having
burnt some 400 plus vehicles and investigated countless others it is clear that a sympathetic approach
by all responders to vehicle fires is needed and that approach can fairly easily bring phenomenal
results in identifying crime, vehicles used in crime and very importantly issues of manufacture or
service of a vehicle that can cause fires. We are currently using only 10 litres of water with no
additive to extinguish developed car fires.
If a fire service is still fighting the car fire, then it doesn't necessarily follow that police cannot attend
the scene. There may be enquiries that can be carried out in the immediate vicinity such as speaking to
witnesses without placing anyone in danger or disrupting their work.
However, a standard domestic car will take very little time to extinguish and cool down - usually only
an hour or less and therefore vehicle identification, scene examination and vehicle recovery could all
take place in a short space of time. If the job is deferred, then forensic evidence or continuity could be
lost and in a worst-case scenario the vehicle could be stolen again by someone wanting to sell it for its
scrap value. In Essex County, UK with a vehicle fire where there is a fatal casualty, it has been
known for the vehicle with deceased to be recovered back to a forensic bay for detailed examination
in better conditions.
Responders are asked to remember the fact that this is a potential crime scene which needs to be
protected. In reality a thorough, forensic examination will usually only be carried out by scenes of
crime officers if the vehicle has been used in a serious crime. But there may be evidence available
outside the vehicle that you could collect or preserve. For example, a thorough search of the area
surrounding the vehicle and the possible escape route should be carried out to establish if there is foot
or tyre marks on the ground or something has been dropped or discarded. This can be carried out at an
early stage and is not dependant on the vehicle cooling down. Just take the common sense precaution
of wearing appropriate foot wear and gloves as protection. If the fire service notices anything that
could be of evidential value and the police have not attended the scene prior to their departure, then a
decision has to be made as to how to preserve the evidence.
VEHICLE INDENTIFICATION
It is a common misconception that a burnt-out vehicle can not be identified. Whatever the seriousness
of the fire or the damage to the vehicle, identification can usually be made. Just because vehicles
number plates have been damaged or it's a shell identification can still be made by locating its Vehicle
Identification Number commonly known as the VIN. The VIN is a unique 17 character number which
is assigned and attached to the motor vehicle. If responders are unsure of where to look then they can
refer to a book produced by the International Association of Auto Theft Investigators which lists the
VIN of most popular models. These books have been made widely available to some fire services.
The fire service could greatly assist the police by early identification of the vehicle and as they have
protective equipment, examination of the engine compartment should pose little difficulty. Early
identification may establish ownership of the vehicle, whether it is stolen or has been used in other
crimes. This information may affect the police grading or level of forensic examination. If the fire
service has not identified the vehicle then police should try and do so as soon as possible.
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FORENSIC EXAMINATION
Stolen vehicles are sometimes routinely finger printed by Scenes of Crime Officers. The fact that a
vehicle may have suffered fire damage does not mean it is impossible to find an offender’s finger
prints. If a vehicle is only partially damaged on the inside or paint work remains on the outside there
may be opportunities to lift a print. Research has also been carried out on the recovery of DNA
evidence from fire damaged cars. Surprisingly it has been found that DNA from semen, blood and
saliva can be recovered either in or around a car fire. One of the reasons for this is that when a
vehicle burns the roof lining may collapse onto the floor and shield forensic evidence lying on the
carpet. In addition items may also have been hidden or discarded within the car such as in the glove
compartment and this may have protected the item from the worse effects of the fire. On the
advanced vehicle investigation course run for KIA Motors in Slovakia each syndicate of 4 will
investigate a vehicle with 15 pieces of forensic evidence in each vehicle. Their task is to locate,
photograph, remove and preserve each item for discussion on what that item might produce for
evidence. The process will also look at evidence or information from tracking devices, electronic
components fitted to a vehicle, camera stystems, etc.
The work undertaken by Northamptonshire Police and Fire Service, ‘Operation Driver’ gave stunning
results and destroyed the myth that forensic evidence is destroyed by fire, even in the 100% burn.
POST FIRE INVESTIGATION
Do not take it for granted that information provided by the fire service or other witnesses have all
been recorded on the crime report. Often vital evidence is missed because different people may have
been responsible for inputting different pieces of information. Where possible obtain copies of the
fire service’s control log which will contain details of the people reporting the fire and other relevant
information. A search of the Police Command and Control system may provide evidence of
suspicious activity prior to and following the car fire which could be linked to the crime and which
will help to build a better picture of the activity.
Automatic Number Plate Recognition (ANPR) cameras could verify the time and route travelled.
Make use of the Police and Fire analysts to understand similar patterns of crime. Examination of data
spread sheets or mapping e.g. location of car thefts, vehicle dump sites etc may reveal where criminals
live or operate.
Lastly both Police and Fire will have specialist personnel such as Incident Research and Investigation
Sections or Serious Crime units who may have a particular interest in how the vehicle has impacted
on their own work or could give you advice on how to progress your investigation.
CONCLUSION
CODE RED did not become widely adopted, vehicle fires are still low on fire and police services
priority list and arson, crime and accidental fires are still occurring without the possible justice being
undertaken or changes to design or service being undertaken. We need to take vehicle incidents
seriously and equip first responders with some good basic investigation training, and importantly, the
motivation to identify crime and safety issues. If we can achieve that, we will all be paying less for
our insurance and perhaps lives will be saved as a result.
There has to be a will to investigate and a budget to do so, thouroughly.
REFERENCES
[1] https://www.gov.uk/government/collections/fire-statistics
[2] The Strathclyde Code Red Forum comprised:- Strathclyde Fire and Rescue Strathclyde Police
SPSA Forensic Services. Strathclyde now forms part of Scotlnad Fire and Rescue Service
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Electrical Arc Tracking Fire in WMATA Metro Tunnel
Joseph Panagiotou
National Transportation Safety Board, U.S.A
panagij@ntsb.gov
ABSTRACT
This paper describes the failure mode in electrical systems known as “electrical arc tracking”. This
failure can lead to fires in vehicles and infrastructure. This paper will illustrate the arc tracking failure
mode by drawing examples from the National Transportation Safety Board’s (NTSB) investigation of
the 2015 fatal accident in the Washington Metropolitan Area Transit Authority (WMATA) Metro
system. This accident caused a large volume of smoke to be produced within the Metro tunnel system.
The cause of the smoke was an electrical short circuit in the traction power distribution system. The
cause of the short circuit was due to electrical arc tracking.
KEYWORDS: arc tracking, WMATA, smoke, metro, tunnel
ACCIDENT SUMMARY
On January 12, 2015, at 3:15 p.m. eastern standard time, Washington Metropolitan Area Transit
Authority (WMATA) southbound Yellow Line train 302, with about 380 passengers on board,
stopped after encountering heavy smoke in the tunnel between the L’Enfant Plaza station and the
Potomac River bridge in Washington, DC. The operator of train 302 told the Rail Operations Control
Center (ROCC) that the train was filling with smoke and he needed to return to the station. The
WMATA ROCC allowed train 510, following train 302, to enter the L’Enfant Plaza station, which
also was filling with smoke. Train 302 was unable to return to the station before power to the
electrified third rail, which supplied the train’s propulsion power, was lost. Some passengers on train
302 evacuated the train on their own, and others were assisted in evacuating by first responders from
the District of Columbia Fire and Emergency Medical Services Department (FEMS). As a result of
the accident, 91 people were injured, including passengers, emergency responders, and WMATA
employees, and one passenger died. WMATA estimated the total damages to be $120,000.
Our investigation of this accident revealed a range of safety issues and conditions at WMATA that
illustrate the transit organization’s lack of a safety culture:
•

•

WMATA response to smoke report. A smoke detector near the location of the heavy smoke
activated at 3:04 p.m. but was not displayed at the ROCC because of a loose wire that
prevented communication with the Advanced Information Management System. Other nearby
smoke detectors activated later, and those were displayed at the ROCC, but WMATA had no
procedures for response to smoke detector activations. WMATA’s standard operating
procedure states that at the first report of smoke, all trains should be stopped in both
directions, but this did not happen on the day of the accident. Instead, the ROCC told the
operator of a train carrying revenue passengers to look for smoke, which was WMATA’s
routine response to reports of smoke or fire.
Tunnel ventilation. The WMATA station and tunnel ventilation systems were designed in
the 1970s when no industry standard existed for emergency ventilations for subway transit
systems. The systems were designed for heat removal and temperature control, not for
emergency smoke removal. Over the years since WMATA began operation, several studies
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•

•

•

have identified the need for emergency smoke removal and have recommended increasing the
capacity of ventilation fans. Investigators learned that control operators in the ROCC were not
trained on strategies for configuring station and tunnel ventilation fans, and therefore, on the
day of the accident, the under-platform fans in the L’Enfant Plaza station were turned on in
exhaust mode, blanketing train 302 in smoke and pulling smoke into the station.
Railcar ventilation. WMATA did not instruct train operators how to shut down the railcar
ventilation systems because there was no written procedure. In addition, operators had to ask
the ROCC for permission to shut them down, and then the ROCC provided the specific steps
to the train operators. However, those steps did not shut down all the ventilation systems on
all the cars immediately. Therefore, on the day of the accident, smoke was pulled into most of
the railcars on train 302 through the fresh air intakes.
Emergency response. On the day of the accident, the District of Columbia Office of Unified
Communications, which maintains the 911 emergency call system, was slow in processing the
first 911 call reporting the smoke. First responders reported that when they arrived at the
L’Enfant Plaza station, they were directed to the wrong tunnel to look for train 302.
Evacuating passengers reported that egress through the tunnel was difficult because of dim
lighting and obstacles along the safety walkway. The FEMS incident commander appeared to
ignore the WMATA Metro Transit Police incident commander and did not take into account
the multiple agencies involved in the response and the consequent need for elevation to a
Unified Command structure.
Oversight and Management. In the years since the 2009 accident at Fort Totten, substantial
improvements have not been made, and many of the same safety management deficiencies
remain today. The Tri-State Oversight Committee (TOC) has lacked sufficient resources,
technical capacity, and enforcement authority to provide the level of oversight needed to
ensure safety at WMATA. The TOC also has not met the requirements of the Moving Ahead
for Progress in the 21st Century Act that was enacted in 2012. This accident also identified
deficiencies in the safety oversight of WMATA by the Federal Transit Administration.

The National Transportation Safety Board determines that the probable cause of the Washington
Metropolitan Area Transit Authority L’Enfant Plaza station electrical arcing and smoke accident was
a prolonged short circuit that consumed power system components resulting from the Washington
Metropolitan Area Transit Authority’s (WMATA) ineffective inspection and maintenance practices.
The ineffective practices persisted as the result of (1) the failure of WMATA senior management to
proactively assess and mitigate foreseeable safety risks and (2) the inadequate safety oversight by the
Tri-State Oversight Committee and the Federal Transit Administration. Contributing to the accident
were WMATA’s failure to follow established procedures and the District of Columbia Fire and
Emergency Medical Services Department’s being unprepared to respond to a mass casualty event on
the WMATA underground system.
This paper will only discuss the failure mechanism that initiated the accident and not all the safety
issues identified during the investigation. The full NTSB board report on this accident investigation
can be downloaded from www.ntsb.gov
ACCIDENT ORIGIN AREA
The point of origin of the accident was about 0.2 miles south of the L’Enfant Plaza station, or
about 1,000 feet south (in front) of the stopped train. This point coincided with a ventilation fan shaft,
identified as FL-1, that also housed a drainage pump and an emergency exit. If a train had to be
evacuated while inside the tunnel, the train could disembark passengers at the emergency exit
platform from track 1 and track 2. Passengers evacuating through the tunnel could also step up from
the track bed to the platform and then use a staircase to reach the surface. The tunnel bores for
tracks 1 and 2 are connected at the bottom of the FL-1 shaft. Because FL-1 is also an emergency exit,
the third rail terminates at each end of the platform, and four jumper cables maintain the electrical
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continuity of the third rail along the length of the platform. (See figure 1) This arrangement ensures
that passengers do not have to step over the third rail when evacuating from a train. This is true for
tracks 1 and 2 on either side of the emergency exit platform.

Emergency exit platform

Third rail (with cover
board removed)

Step (covers cables)

Jumper cables

Figure 1: emergency exit platform
The jumper cables used to bridge the gap in the third rail were connected to the third rail at the ends of
the platform with sections of flexible cable, called pigtail cables. The connection between cables and
pigtail cables used lugs and bolts to fasten the cables. The lugs and bolts were then enclosed within a
fiberglass insulating cover. This arrangement is called a cable connector assembly. The other end of
each pigtail cable was welded to the third rail. There were four sets of these jumper cables in parallel
used to connect the two ends of the third rail across the gap created by the emergency exit platform
(figure 2). Both the cables and pigtail cables were single conductor cables constructed from copper
strands covered with an insulating layer and a protective jacket. The cable conductors were nominally
1 inch in diameter and had specifications typical for cables used for traction power. The cables had a
low smoke (LS) rating while the pigtail cables were not rated for their smoke emission characteristics.
Investigators observed an area where the third rail components, including cables, cable connector
assemblies, and portions of the third rail cover board were damaged or consumed entirely. The
majority of the damage was concentrated in the area around the cable connector assemblies of the
cables at the north end of where the third rail terminated to accommodate the emergency exit
platform. (See figure 3).
The tunnel wall casing in this area was constructed of ribbed plate steel sections bolted together.
Investigators noted copper deposits on one of the steel plates near the floor, directly behind an area
where a cable connector assembly had previously been before it was consumed in the accident.
Another cable connector assembly in this area was partially consumed. Segments of all four of the
cables had been consumed. (See figure 4) The conductors at the ends of the severed cables appeared
melted and beaded, and the insulating sheathing had been burned and thermally damaged, leaving the
remaining copper wire strands bare. The melted and beaded appearance of the conductors observed at
the ends of the severed cables is consistent with conductors that have experienced electrical arcing.
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Short portion of cable
(pigtail) connecting to
3rd rail

Pigtail
cable

Long portion of cable
to bridge gap

Lug and bolt
connection with cover
removed

Cable connector
assembly
Long portion of cable

Third rail

Third rail

Figure 2: Jumper cable assembly diagram.

The L’Enfant Plaza electrical arcing event consumed approximately 16 feet of the affected third rail
power cables and portions of the cable connector assemblies. The consumption of these materials
hindered the examination of material evidence at the incipient point of failure. Therefore, it was
necessary to examine similar electrical arcing and smoke events within the WMATA network to
collect additional evidence and establish a probable failure mechanism.
Location of missing cable
connector assembly

Partially consumed cable
connector assembly

Cable connector
assemblies

Third rail cover board

Figure 3: location of damaged cables.
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Portions of jumper cables, pigtail
cables, cable connector
assemblies and third rail cover
board were consumed in this
area

Figure 4: Area with consumed jumper cables.
EVIDENCE FROM OTHER INCIDENTS
Following the L’Enfant Plaza accident, several smaller smoke and fire incidents occurred in other areas
within the WMATA Metro system. These incidents also involved electrical short circuiting. This had
become a systemic problem and train delays as well as station closures were daily events. This problem
was one of the reasons for the unprecedented single day closure of the entire WMATA Metro system
on March 16th, 2016 for urgent inspections of the electrical power cables.
Two noteworthy smoke incidents occurred in the WMATA tunnel system shortly after the January 12,
2015, accident: February 11, 2015, at the Court House station and May 19, 2015, at Friendship
Heights. NTSB investigators examined materials from these incidents along with those from L’Enfant
Plaza to help understand the cause of these smoke events.
The Court House station incident produced a large volume of smoke in the tunnel and resulted in the
temporary closure of the station. The source of the smoke was identified as originating from a single
pigtail cable and cable connector assembly cover. These components (figure 5) were recovered for
examination. The Friendship Heights station incident also produced a large volume of smoke. In this
case though the source of the smoke was identified to be due to an arcing electrified rail insulator (the
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supports that hold up the electrified rail). This arcing insulator was pyrolyzing an adjacent cable’s
insulation. The pigtail cables from this incident site (figure 6) were removed and sent to the NTSB for
examination.

Figure 5: Portions of pigtail cable and connector cover recovered from the Court House station.

Damage caused
by adjacent
arcing insulator

These ends were
bolted to the
electrified rail

Figure 6: Portions of pigtail cables recovered from the Friendship Heights station incident.
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Examination of the third rail electrification components from the Court House and Friendship Heights
incidents revealed evidence of cable insulation degradation. This insulation degradation was
characterized by localized carbonization extending from the cable’s bare conductor over the cable’s
insulation. The insulation’s degradation was more severe at the surface of the insulation and decreased
towards the interior. Insulation resistance measurements over the damaged surface using a 1kV
insulation resistance tester verified a reduction in the electrical insulating property of the damaged
cable jacket material.
Although in the Friendship Heights incident a pigtail cable was damaged along the middle of its
length by a nearby arcing insulator (figure 6) evidence of insulation degradation was also found at the
connector lug ends of some of the pigtail cables recovered from the incident area. This degradation of
the insulation at the connector lug ends (figures 7,8) was not associated with the nearby arcing
insulator. This degradation was characterized by carbonization of the insulation in a pattern consistent
with Lichtenberg figures.

Carbonized paths

Figure 7: Degradation of the insulation near the conductor.
Carbonized paths

Figure 8: Degradation of the insulation near the conductor.
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ARC TRACKING
The evidence collected from the Friendship Heights incident as well as that of the Court House turned
the focus of the investigation towards a failure mode known as arc tracking [1]. This is a failure mode
in which an electrical leakage current develops over an insulating surface. This leakage current is
enabled by the presence of contaminants and moisture on the surface of the insulation. The leakage
current generates heat and electrical scintillations that damage the insulation by carbonization, which
in turn reduces its electrical resistance. Over time this mechanism continuously degrades the
insulation until a low resistance electrical short circuit occurs. In the evidence from the Court House
incident arc tracking was identified on the cable connector end of a pigtail cable. In the
Friendship Heights incident arc tracking was identified on the third rail end of a few pigtail cables. In
addition to the requirement of contaminants and moisture to be present to begin forming an electrical
path over an otherwise insulating surface these elements need to access the conductor. In the case of
the cable connector assemblies (figure 9) it was found that sealing sleeve materials which were
supposed to be used to prevent moisture and contaminants from entering the connector assembly were
systematically being omitted throughout the WMATA metro network. In addition, the power cable
routing and installation often resulted in these assemblies laying on the ground in damp or wet
conditions with contaminants building up on the insulation (figure 10)

Figure 9: Cable connector assembly showing location of sealing sleeves.
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Cable connector
assembly

Cable with
contaminants

Missing sealing
sleeve leaves a
gap

Figure 10: Cable connector assembly exhibiting missing sealing sleeve and contaminants.
A small-scale laboratory test was devised to demonstrate the arc tracking phenomenon. This consisted
of a short portion of cable whose conductor was energized using a hand held 1kV insulation tester. A
copper strap was placed around the insulation to simulate ground contact and a small trail of
contaminants and water were placed on the insulation between this copper ground strap and the
cable’s conductor (figure 11). When the insulation tester was energized small electrical arcs also
described as scintillations were observed on the insulation (figure 12). Over time, small
charred/carbonized pits formed on the insulation. Using a thermal camera, a heated region coinciding
with the electrical leakage current path was observed (figure 13). This small-scale test demonstrated
the mechanism believed to be responsible for the cable insulation degradation observed on the cables
recovered from Friendship Heights station. Those cables had not gotten to the point of a low
resistance short circuit and thus the incipient stages of the arc tracking degradation were preserved.

+1000 VDC

Ground
Contaminants and
moisture added here
Figure 11: Small-scale arc tracking demonstration.
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Electrical arcs / scintillations

Figure 12: Electrical arcs observed during arc tracking demonstration.

Figure 13: Thermal image of electrical current leakage path.
CONCLUSIONS
The investigation revealed a vulnerability to arc tracking failures in the cable connection assemblies
used in the traction power distribution system. An urgent recommendation was issued to WMATA to
address the potential arc tracking problem identified with the cable connector assemblies.
Arc tracking is a hazard that can lead to accidental fires and is not limited to fixed guideway electrical
systems. Arc tracking has been found to be the cause of fires in aircraft and in buildings. The elements
necessary for arc tracking to occur can be found in most types of vehicles and the environments in
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which they operate. Consideration of this hazard needs to take place at the system design level such
that the effect of contaminants, moisture and exposed conductors are eliminated.

REFERENCE LIST
1. Patricia L. Cahill and James H. Daily, Aircraft Electrical Wet-Wire Arc Tracking,
DOT/FAA/CT-88/4 (Atlantic City, NJ: US Department of Transportation, Federal Aviation
Administration Technical Center, August 1988).
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Increased Bus Thermal Incidents Across Australia
Becomes a Burning Issue
Mick Cory
Firestorm Fire Protection / Fogmaker Australia
Hunter Valley NSW, Australia

A case study of the largest retro-fitment of Fire Suppression Systems in
Australia in line with the new “P” Mark standard.
ABSTRACT
Over the years Australia seems to be witnessing an increase in bus fires & thermal events.
As a step towards increasing safety, the Australian Government began mitigating the risk of fire in
both new buses & those buses powered by Natural Gas.
As a further safety measure, the NSW Minister of Transport Hon. Mr Andrew Constance announced
that the Government would retrofit the existing bus fleet with Fire Suppression Systems.
This roll out began with the installation of 1,300+ fire systems & then a further 2300+ buses in line
with the new SPCR 183, “P-mark” standard.
The retrofit of the 2,300+ buses took place between November 2016 and August 2017 and at that
particular time, was the largest P-mark retrofit in the world.
In August 2018, one year after the last retrofit, it is possible to draw some conclusions of the P-mark
retrofit program & the new challenges faced with the transition from the “traditional Australian
Standard 5062 to the new “P Mark” standard.
The purpose of this paper is to trace the history of how fire suppression has contributed in mitigating
the risk of bus fires across Australia & the events leading up to install fire systems to “P” Mark.
KEYWORDS: Water mist, “P Mark”, Australian Standard AS-5062, Office of Transport
Investigations (OTSI), Bus Industry Confederation (BIC).

Figure 1. Picture of bus engulfed in flames – Sydney Morning Herald [1]
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BACKGROUND
The Firestorm Group was founded in 2004 with a goal to search out unique markets within the fire
protection industry and began working underground carrying out the statutory fire equipment checks
as required.
The focus was to design, install & maintain on-board Fire Suppression Systems for extremely large
mobile equipment such as: large haul trucks, large dozers (see example in Figure 2), wheel loaders,
excavators, cranes & many differing machines both open-cut & underground.

Figure 2. Komatsu 575 (860 kw) Dozer
As the Mining & heavy industries continued to turn their attention towards the new high pressure
water mist technology,
- the bus & coach industry within Australia, “which number in the thousands”, were not as
familiar with any type of fire suppression.
- Only a few operators in the early 2000’s saw any need for fire suppression systems to be
installed on buses until scenes like the ones in Figure 3 started to become more common.

Figure 3 & 4. Aftermath of bus fires

After a spate of bus fires across Australia in quick succession, both the media & bus unions began
applying pressure on the Australian Government to respond in mitigating the fire risk on buses.
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BIC – BUS FIRE MITIGATION ADVISORY
With support from the Western Australian, Queensland & New South Wales Governments, the “Bus
Industry Confederation” (BIC) formed the “Bus & Coach Industry – Fire Mitigation Advisory”.
The goal was to establish the risks associated with bus fires & consider ways to reduce such risks.
The advisory would also focus on specific bus components which were deemed common causes of
fire such as:
- Turbo failures
- Fuel & hydraulic line failures
- Electrical systems & other components of concern
One of the many recommendations stemming from the “BIC Fire Mitigation Advisory” was the
installation of engine bay fire suppression systems.
Firestorm were one of many Companies
requested to put forward a fire suppression
system that would assist in the mitigation of fires
on passenger buses, as such our Company was
make a large transition from the Australian
Mining Industry into the Australian Bus &
Coach Industries.
This came with varying degrees of success &
failures however the strategy to extend from
installing fire systems on 700 tonne excavators
to buses was the same – design, install and
maintain a system that saves lives.

Figure 5. BIC Fire Mitigation Advisory Document
MAJOR CONSIDERATIONS MOVING FROM THE MINING IND TO BUS & COACH IND.
Characteristics of a mining vehicle such as e.g. a Liebherr 996 - 700 tonne excavator as shown in
Figure 6 include:
-

built from heavy steel
typically, one operator on board
heavy fire mitigation standards already in place – such as fuel & heat segregation
fire suppression systems on these machines were already widely accepted as a standard safety
measure
minimal exposure to other environments
operators heavily trained
emergency response teams located on site at the ready
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Figure 6. Liebherr 996 - 700 tonne excavator
While the characteristics of a bus are:
-

Highly flammable materials such as fiberglass, plastics, timbers & textiles
Human cargo – many people at risk
Limited fire mitigation in place – limited fuel / heat segregation methods used
Fire suppression systems not traditionally accepted or thought necessary
Heavy exposure to other traffic users & environmental influences

These are some additional issues faced with installing fire suppression on Buses.

Figure 7. Generic Bus
CHALLENGES FACED IN DECIDING THE CORRECT TYPE OF SYSTEM TO USE ON
THE BUS & COACH INDUSTRY
In deciding the appropriate fire system type for this project, several key attributes that the fire system
required to mitigate the risk were:
1) Discharge Time – “the time necessary to allow the bus operator to pull over, turn off the
vehicle & evacuate the passengers”.
2) Speed of Fire System Activation – “the speed that a fire system begins to extinguish /
suppress a fire once detected”.
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3) Fire System Capability – “the known extinguishing or suppression ability to extinguish or
suppress a fire”.
4) Fire Propagation & Operator Awareness – “the spread of fire coupled with the training &
response of the driver”.
5) Active Cooling – “will the system assist in preventing reflash & help create a thermal barrier
from the flame/s?”
6) Fire System Installation – “is the particular system compact and able to be retrofitted to the
varied bus fleet?”
7) Certification – “does the system comply with relevant standards & certification?
With many other considerations, the decision was made to install Fogmaker Water-mist systems.
THE WESTERN AUSTRALIAN GOVERNMENT TO FIRST STATE TO MOVE ON FIRE
SUPPRESSION SYSTEM RETOFITS
In 2010, as buses across Australia continued to burn at alarming rates, the Western Australian
Government took action with the first major retrofit of fire suppression systems on a fleet of 475 x
Compressed Natural Gas Driven buses.
In 2011, a further 250 x Gas buses were fitted with fire suppression in Sydney after a fire incident.
In a search to better protect the public from serious injury or death, the Australian Government began
to research “specific standards” which would assist them in mitigating the risk of fires in public
transport buses.
In 2015, the NSW Government announces that a retrofit of fire suppression would occur on an
additional 1,300 Sydney buses & the further retrofitting of another 2,300 private fleet buses.
The first of these tenders – the 1300 buses, would facilitate the main Sydney region and the secondary
tender for the 2300 bus systems would follow at a later date.
“P” MARK SEEN AS A PREFERENCE
A preference for fire systems listed with the SP Technical Research Institute of Sweden “P” Mark –
certification rules regarding fire suppression systems in engine compartments of buses and coaches
was evident and whilst the tender would not exclude other appropriate standards, including the
Australian Standard (AS 5062), which our Company had been working under for many years, it could
be assumed that the Government felt more comfortable in applying an extinguishment standard which
had been built “specifically” around the bus & coach industry.
The 1300 fire systems were required to be completed within 12 months of awarding the project and as
such, our business had many new complexities to absorb including the implementation of the new “P”
Mark standard.
Although our technicians were familiar with water mist & bus installations, a total “re-training” of our
employees was necessary to ensure that all working under the “P” Mark would not revert to
traditional standards such as AS5062.
The retrofit of only 14 x different bus designs over 1300 buses meant extra time could be taken to
ensure our documentation and processes were correct in meeting the “P” Mark.
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“P” MARK EMBEDDED
As our Company continued to roll out the new standard, we slowly began to transition our systems of
design, engineering, workshop & installation to be in parallel with “P” Mark. We developed
appropriate hard & electronic copies for our technical staff to incorporate into their designs and give
us the best chance in providing good fire suppression solutions appropriate to the risk.
In comparison to AS5062 and the manufactures standards, it was evident that the use of more agent &
nozzles were necessary for us to comply with the new standard.
A critical benefit with more agent and more nozzles to satisfy additional risks however extra
complexities that were not experienced before such as:
- Designing & manufacturing new hardware to install extra components
- Fabrication of specialised boxes to allow for the storage of the vessels.
- The original tests completed with the system only allowed for so many connections & lengths
of hose
- Whilst the “P” Mark gave better outcomes, it was rigid in comparison to AS 5062 in relation
to designing & installing the fire system.
With over 1,100 of this project completed, a Sydney Government bus bursts into flames on the world
famous Sydney Harbour Bridge as seen in Figure 8, during afternoon peak hour traffic. This particular
bus was one of the 200 + buses which had yet to be fitted with fire suppression.
The media & bus unions were relentless and continue to pressure the Government to expedite the
existing project and to roll out the further 2,300 x fire suppression systems with the Metropolitan
areas.
The largest fire system retrofit tender on buses in Australia begins, and “P” mark is seen as a
preference. This project would also be the largest retrofit of fire suppression under “P” Mark in the
world & in addition be the largest safety project for NSW Government at that particular time.
2 x Companies were awarded the contract with 2,250 buses awarded to firestorm with the expedited
timeframe of 10 x months to achieve the project.

Figure 8. Bus engulfed in flames on the Sydney Harbour Bridge
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RAMPING UP PRODUCTION
Challenges faced with ramping up production includes:
- Expedited time frame of 10 months
- Minimal stock levels in Australia – Fogmaker Int Sweden manufacturers & delivers monthly
shipments via sea & air to propel the project
- Unlike the 1,300 “P” mark retrofits which consisted of 14 x different designs, this particular
tender has over 250 + differing bus types which equates to more than 250 x system designs
- Project contained over 100 orphan buses (one off’s).
- “P” Mark compliance in all designs
- It seemed evident that we would struggle to put our systems onto the older fleet of buses, as
they were built with many various complexities that do not exist on buses today
- More than 50 x new starters were needed to ensure the project is given every opportunity to
succeed
- Some older buses – some more than 20 years of age – seem impossible to meet “P” Mark
unless further tests are carried out to extend our systems range – Hence a revisit to “P” Mark
was required “mid project” to ensure system compliance to all buses.
- All 2,300+ individual jobs raised in the system & the project team let loose to attempt
harmony from chaos.
- Experienced technicians were upskilled to ensure a smooth project
- Technicians were given the task to design to “P” mark specifications & build prototype
systems to be duplicated in the workshop for multiples of six buses or more.
- Material lists & photographs where then taken to provide additional installation teams with
clear work instructions on how to install that particular design.
- A team of engineers would review the design, add comment if necessary, then create all
appropriate work documents.
- Engineers would create material lists for the stores
- Design any specialised bracketing or housings
- Create a work sheet for the workshop team to cut, bend & connect into manageable
installation pieces.
- All equipment including electrical, hydraulic, housings, tanks etc would then be labelled,
boxed & shipped to the installation teams ready for fitment.

Figure 9 & 10. Example layout of Fire System & Electrical schematic
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BUILD SCHEDULE
The chart in Figure 11 below showing how we completed the 2,250 buses ahead of the 10 month
schedule

Figure 11. Bus installation performance chart
Blue our targets & the Red our actuals.
At the peak 300 + systems per month fitted.
To ensure the quality of the completed installations an audit was made by RISE, who issue the “P”
mark certification.
OTSI – Office of Transport Safety Investigations
OTSI is an independent statutory body who report to the Minister of Transport & are a team of
experts in their field.
OTSI investigate safety issues involving bus, ferry & rail transportation with a purpose to identify
why an occurrence took place & make recommendations to prevent re-occurrence.
In 2016, OTSI released data showing that the number of bus fires & thermal events were continuing
to increase & as such, the Office of Transport Safety Investigations have continued to recommend to
the Government ways of reducing fire risk & other various hazards within the transport industry.
It is the experience of our Company that there are many reasons why vehicles continue to burn such
as: poor maintenance, aging fleets, poor practices, a failure to recognise potential fire risks, minimal
or no fire risk segregation, ignorance & a myriad of other reasons.
It is an ongoing challenge to ensure our buses are safe from fire however it will take more than Fire
Suppression Systems to achieve this.
Our company continues to “re-educate” the vehicle industry to bring into focus, a better culture
concerning fire protection.
We need to educate body builders to rethink what they build vehicle bodies from.
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We need to educate the maintenance staff to ensure best practices are also followed.
We need to educate the end users purchasing the vehicles or machines, to ask questions about what
options they have regarding Passive Fire Protection methods.
Educate, Educate, Educate.
CONCLUSION
- Our Company is more comfortable working under the “P” Mark than with our current
Australian Standard in relation to Fire Suppression Systems for the bus & coach industry.
- Our hope is to see more work done in the truck & logistics industry – especially in relation to
the haulage of dangerous and flammable goods
- Firestorm will continue to lobby the bus & truck industries to fit fire suppression as standard
& educate how to better build & maintain these vehicles going forward
- Our experience to date with Water Mist Suppression has been a game changer for our
business & our clients however it is a wholistic approach to fire mitigation that will make the
transport industry safer
- We think the “P Mark certification” is a much better standard than our current Australian
Standard AS5062. There are however room for improvement regarding the testing modules &
the current rules, “especially rules associated with nozzle locations be reconsidered”.
WHY?
To allow Fire Suppression System Manufacturers & installers the ability to design their fire
systems & place their nozzles appropriately to the risk rather than the test method
requirements.
THE FUTURE
To date, we have installed many thousands of varied fire systems into Australia & NZ on many
different machines and we are awaiting a further tender for an additional 2,600 + systems to be fitted
for regional / rural NSW which I strongly believe will also carry the “P Mark” preference.
This large Transport for NSW (TfNSW) Project has re-iterated the acceptance of high pressure water
mist for bus engine bay fire protection and re-affirmed our Companies focus on the effective use of
water mist as our desired fire suppression agent.
The future within Australia is bright, and Firestorm continue to seek partners for various applications
regarding Fire Protection.
REFERENCES
[1] – Picture from Australasian Bus & Coach Magazine – 13/03/2018
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Fire Safety Requirements and Testing of Electrical Boxes
Installed on Passenger Aircraft
Thomas Krause, Thomas Vielhaben
Airbus Operations GmbH, Germany
Fire Safety Engineering & Fire Test
thomas.krause@airbus.com
ABSTRACT
The Fire Safety requirements applicable to aircraft electrical equipment are explained in terms of test
methods and pass/fail criteria. Deduction from box design to coupon tests is shown by generic
examples. Full equipment tests are presented as an alternative to tests of single components and
materials. Based on different box volumes, openings and ventilation situations, the propagation of a
fire that develops inside an electrical box is investigated. Special emphasis is given to flame spread
out of the housing and temperatures in the near vicinity of the box.
INTRODUCTION
Parts installed in the fuselage of passenger aircraft are subject to a large number of requirements
induced by the airworthiness authorities.
OVERVIEW OF AIRCRAFT FIRE SAFETY REGULATIONS
Two main scenarios are driving the regulatory efforts:
1. In-flight fire: A fire developing inside the fuselage during cruise. A survivability of ≥180 min
with consideration of active fire detection and fighting means shall be ensured.
2. Post-crash fire: A kerosene pool fire underneath the fuselage when the aircraft is on ground.
A survivability of ≥300 s shall be ensured. (cf. Figure 1)
These scenarios and the derived standardized test methods are based on aviation accidents that
occurred over the past 50 years. E.g., the first flammability tests for passenger aircraft were imposed
after an accident of a Boeing 707-300 at Paris Orly Airport, France, in 1962. The loss of a Swissair
MD-11 in 1998 due to a fire on the thermal/acoustic insulation led to the installation of flame
propagation requirements for these materials. The European Aviation Safety Agency (EASA) and the
Federal Aviation Administration (FAA) have summarized the fire safety requirements in §25.853
(cabin interiors), §25.855 (cargo compartments), §25.856 (thermal/acoustic insulation) and §25.869
(wiring) of their comprehensive certification baseline documents [1,2] (often called “CS25”,
“FAR25” or “Part 25”); there are further fire safety requirements for tanks, power plants, fuel lines
etc. The test execution details are then listed in Appendix F of these documents. Requirements address
newly delivered aircraft as well as retrofits or single part replacements. They do not concern
passenger belongings in the cabin or cargo compartment although these might be subject to additional
rules imposed by the authorities or the International Civil Aviation Organization (ICAO).
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Figure 1: Main fire scenarios considered in international aircraft fire safety rulemaking.
Aircraft manufacturers have incorporated these authority requirements into their own specifications
which are then passed to suppliers. The respective Airbus document is called “Fireworthiness
Requirements for the Pressurized Section of Fuselage” (ABD0031) [3]. It amendments the authority
regulation with e.g. requirements for limited smoke density and toxicity of certain parts.
In recent years, airworthiness authorities have clearly positioned themselves to anticipate potential
threats. A strong current focus lies on in-flight fires in areas non-accessible to crew or passengers, i.e.
behind sidewall linings where ducts and cables are running throughout the entire aircraft.
Authority fire safety requirements primarily address parts rather than materials, e.g. in Appendix F to
Part 25, Part I (a)(1)(i) (cf. Figure 2):
“Interior ceiling panels, interior wall panels, partitions, galley structure, large cabinet walls, structural
flooring, and materials used in the construction of stowage compartments (other than underseat
stowage compartments and compartments for stowing small items such as magazines and maps) must
be self-extinguishing when tested vertically in accordance with the applicable portions of part I of this
appendix. The average burn length may not exceed 6 inches and the average flame time after removal
of the flame source may not exceed 15 seconds. Drippings from the test specimen may not continue to
flame for more than an average of 3 seconds after falling.”
Together with the following chapters, this paragraph advises manufacturers to test representative
coupons derived from the construction of the aforementioned parts with a Bunsen burner in the
vertical direction for 60 s while taking note of post-test flames and drips.

Figure 2: Vertical Bunsen Burner test as per CS/FAR 25, Appendix F Part I (a)(1)(i)/(ii)
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Each part may be subject to various tests due to its complexity. Business Class seats for instance have
a variety of components ranging from cushions to TV monitors, actuators and large shell elements.
Each of these elements may itself consist of different subcomponents that would have to be tested in a
coupon test. Seat cushions have to comply with a kerosene burner test, small trays have to be tested
with a Bunsen burner etc. Water and air ducts also have to fulfil Bunsen burner tests while large
surface areas of galleys have requirements for e.g. Bunsen burner, Heat Release and Smoke Density.
COMPLIANCE SHOWING FOR ELECTRICAL BOXES
In simplified terms, electrical devices consist of an interior part with electronic components and an
exterior part, usually a housing, that protects the interior (moisture, impact, external currents…). Such
boxes can be found in various places of the fuselage. The passenger cabin hosts In-Flight
Entertainment equipment like monitors and power distribution boxes or galley components such as
coffee machines and trash compactors. The cockpit provides a multitude of displays and switches with
underlying computers to the pilot. Electronics bays function as the “heart” of an aircraft with many
crucial flight and operational systems concentrated in a small part of the fuselage (flight computers,
navigation, network…). Devices in these bays are mostly standardised in terms of size/form, housing
materials and connectors as they are organised in racks. A widely used standard is ARINC 600 [4].
Three major approaches to fulfil the airworthiness requirements can be distinguished:
1. The electronic device can be dissected to identify all relevant subcomponents that require
coupon testing. Coupons may have to be specially produced in the requested size and
thickness. Testing of components like capacitors requires additional preparation as they are
not available in the form of plaques. Some parts may be exempted from testing if they are of
small size and do not appear in larger quantities. Cables have to be always tested regardless of
their size. This complexity of parts and requirements leads to a high intensity of testing and
associated high costs for OEMs and suppliers.
2. The box can also be tested as a whole component. This is to show that a fire fuelled by the
internal components will not propagate out of the box due to its construction and materials
selection. Similar approaches exist in other industries and a standardised method for aircraft
components is currently being developed by the airworthiness authorities and industry
partners. A main challenge is the appropriate selection of the fire source to trigger a realistic
threat that compares with the standard coupon test.
3. Existing certification test data can be used to state compliance for new designs. This can be
done to cope with minor changes on an existing electrical box or to certify a new box.
Compliance documents of different devices may be combined, e.g. one box provides a
compliant housing while the other box has compliant subcomponents.
Historically, options one and three are widely used in the aircraft industry. Reuse of existing test data
often is an integral part of the certification process as it reduces time and financial resources spent on
new projects.
FULL SCALE TESTING
Test article
An ARINC 600 housing was selected to be evaluated in a full scale test (Figure 3). With a form factor
of 8 MUC, this type of enclosure had external dimensions of 198 mm (height) by 380 mm (length) by
259 mm (width) with the top and side housing made from 1.2 mm coated aluminium. The total
surface area of the housing added up to 4037 cm². A total of 113 cm² (2.8% of surface) were open to
the surrounding, mostly attributed to 3.2 mm venting holes on the top and bottom of the enclosure. A
fully metallic connector was installed at the back side of the box.
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Figure 3: ARINC 600 enclosure
The interior consisted of an aluminium secondary structure at the top and bottom intended to support
the removable Printing Wiring Boards (PWBs) out of which six could be fit into the device (Figure 4).
A seventh non-removable PWB with a fixed metal shielding was installed in the middle of the box. A
centre unit located at the back face of the enclosure consisted of two steering PWBs and connectors
for the perpendicular six functional PWBs. It also connected to the external outgoing connectors. All
materials had been qualified with self-extinguishing properties.

Figure 4: Interior of test articles with removable and fixed Printed Wiring Boards
Test preparation
The fire source was polyurethane foam with 100 % open porosity. This type of foam had been used by
the FAA in several demonstrations of in-flight fires in non-accessible areas (i.e. behind the sidewall
lining). Its intention was to act as the simulated origin of a hidden fire. A newly developed authority
test method for CFRP structures, ducts and wires is also based on the foam block.
In the present case, the foam block is tailored to match a fraction of the interior component’s fire load.
The Bill of Materials is used to calculate an estimated calorific value for each subcomponent. The
latter is categorised by its (organic) raw material and its size/density or weight. Using an average
theoretical total heat of combustion of Hpolymer = 35 kJ/g and an average density of ρpolymer = 1.3 g/cm³,
a theoretical calorific value of 50 MJ for the device’s interior can be calculated. Tests of selfextinguishing aircraft-grade materials have shown that 10% of weight loss / combustion is a
conservative estimation for an in-flight fire scenario. Thus, 10% of the theoretical combustion
enthalpy will usually be targeted with the foam block fire source. To allow for a better ignition, nheptane is used as an accelerant. Its combustion enthalpy in included in the calculation of the fire
source; a foam to heptane mass ratio of 5.5:1 to 6.5:1 is targeted.
The foam was ignited by wrapping steel wire around the head of a match and sticking it into the foam.
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A current of 5 A DC was then applied to the wire for approximately 10 s to trigger the ignition. The
insertion of the heptane happened shortly before the start of the test to minimise vaporisation.
Thermocouples were installed at each vertical face and both 25 mm and 50 mm above the top venting
holes. The housing was opened for installation of the fire source, but always closed before the test
using the original screws.
Results
For the present test article of an ARINC 600 enclosure, various fire loads were tested. At first, a foam
block with a combustion enthalpy of 0.5 MJ (10.9 g foam + 2 ml heptane) was placed between two of
the removable PWBs on top of the bottom venting holes. This corresponded to about 16% of one the
PWB’s theoretical combustion enthalpy. While the flames filled the entire housing up to the top, none
of them passed the top venting holes. A temperature of up to 240 °C was measured on top of the
device with all vertical surfaces not heating up above room temperature, cf. Figure 5. The fire stopped
when the foam block had been fully burnt. A post-test examination showed sooting and discolouring
of the PWB’s surfaces, but no trace of burning. Organic residues and char from the foam block were
found at the bottom of the device (Figure 6).
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Figure 5: Temperatures during the test of a 0.5 MJ fire source

Figure 6: PWBs after the 0.5
MJ test

Given that neither ignition of any materials nor flame penetration through the venting holes occurred,
another test was conducted with a piece of foam that used a maximum of the available open space
inside the device while still leaving venting holes open to allow the circulation of oxygen. A 2.7 MJ
(65 g foam + 10 ml heptane) fire source equalling 95% of a PWB was positioned towards the back of
the device, touching the steering. It consisted of several smaller pieces of foam since the original foam
to achieve a high degree of filling without compressing the material.
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Figure 7: Temperatures during the test of a 2.7 MJ fire source

Figure 8: PWBs and
connectors after the
2.7 MJ test

Similar to the previous test, the flames filled out the entire device, but stopped once the foam had
been consumed. Temperatures above the enclosure reached a maximum of 411 °C at 25 mm and
260 °C at 50 mm above the top surface (Figure 7). Left and right side reached a maximum of 180 °C
while the front and back did not heat up significantly. The top with the venting holes buckled during
the exposure to the fire. After the device had been opened, the adjacent PWB showed the same
damage as in previous test: deposition of soot and discolouring. But in addition, it was visible that the
PWBs had burnt under the influence of the foam block fire. The first layer of the glass fibre prepreg
material was peeling off with slightly less damage visible on the PWB that was not in direct contact
with the foam block (Figure 8). The connectors for the removable PWBs were partially molten and
also superficially burnt. All of the damages were detected in the upper half of the enclosure while the
lower half was soiled by soot.

Figure 9: Front view of the enclosure during the 2.7 MJ test. Full evolution of the fire (left), small
flames on and detached from the top surface (middle, right).
At 55 to 70 s into the test, a couple of single narrow flames could be seen atop the device (Figure 9).
In a video review of the test, it was shown that those occurred around the centre of the venting hole
area and lasted about one second each. Due to the inconsistency of the flames and the fact that some
of them were detached from the housing, it is assumed that they came from the ignition of fumes that
ascended as a result of the melting of the foam block, but cannot be regarded as a permanent flame
penetration of the fire itself.
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CONCLUSIONS
Electric boxes on passenger aircraft consist of a variety of subcomponents that are subject to different
fire safety requirements induced by the airworthiness authorities and aircraft manufacturers. As an
alternative to testing all of them in a Bunsen Burner test, a single test of the full device can be an
option. It was shown that an ARINC 600 enclosure with 3.2 mm venting holes can be able to contain
a fire that imitates the theoretical combustion enthalpy of the main subcomponents, i.e. the Printed
Wiring Boards.
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ABSTRACT
The Department of Transportation (DOT) National Highway Traffic Safety Administration (NHTSA)
awarded a contract to Southwest Research Institute (SwRI) to conduct research and testing in the
interest of flammability of interior materials. The goal is to improve consistency and repeatability of
transportation fire test procedures. The objective of this research effort is to develop improved
flammability tests for FMVSS 302 to make it a more robust, objective standard. The outcome of the
program will be proposed test procedures and performance criteria that demonstrate improved
repeatability over tests conducted to meet the current requirements of FMVSS 302. The focus of this
paper is to provide an overview of the project and the preliminary results.
KEYWORDS: Interior Materials, Flammability, Transportation
INTRODUCTION
FMVSS No. 302, “Flammability of interior materials,” specifies burn resistance requirements for
materials used in the occupant compartments of motor vehicles [1]. The standard was established in
1972 to reduce deaths and injuries caused by vehicle fires, especially those started from sources such
as matches or cigarettes. The standard applies to passenger cars, child seats, multi-purpose vehicles,
trucks, and buses. FMVSS No. 302 requires that any single or composite material which is within 13
mm of the occupant compartment air space, and cut to a thickness of up to 13 mm, shall not burn at a
rate of more than 102 mm per minute when tested under the conditions of the standard. Specimens
are tested within a metal cabinet in a horizontal test fixture. The ignition source is a Bunsen burner
and a natural gas flame.
BACKGROUND
According to the National Fire Protection Agency’s report on vehicle fire trends and patterns, annual
deaths and injuries from vehicle fires have dropped by more than half between 1980 and 2011 [2]. It
is encouraging that fire frequency has been steadily diminishing.
However, in light of all of the research, regulations, and industry standards that have been developed
over past 40 years since FMVSS No. 302 was enacted, consideration should be given to the current
relevance of the standard, and to more recently developed evaluation methods and criteria. FMVSS
No. 302 went into effect on September 1, 1972. It has been amended with slight changes to test
procedures or definitions five times. The last change to the test procedure was in 1975. The final two
amendments, in 1998, implemented the conversion of the standard to metric units, leaving it
quantitatively equivalent to the 1975 version. Technical equivalents to FMVSS No. 302 were
adopted by the ASTM (D5132) in 1990, and SAE (J369) and ISO (3795) in 1995. The most recent
revision of these standards is ASTM D5132, released in February 2011.
In 1995 and 1999 respectively, the Federal Aviation Administration and Federal Railroad
Administration, issued fire protection regulations for compartment interior materials. In comparison
to FMVSS 302, these regulations require more than just the horizontal burn test. For FAA, see Code
of Federal Regulations, title 14, sec. 25.853, Compartment interiors, and for FRA see Code of Federal
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Regulations, title 49, sec. 238.103, Fire safety, and associated appendices. These regulations require
many more tests, including, for example, vertical burn tests, and cone calorimeter tests, which provide
a number of measurements (smoke emission, heat release rate, etc.). FAA has additional
requirements for planes with passenger capacities of 20 or more.
The National Transportation Safety Board (NTSB) has issued Safety Recommendations to the
National Highway Traffic Safety Administration (NHTSA) to adopt more rigorous fire standards after
the deadly Wilmer, TX (Sept. 23, 2005) and Orland, CA (April 10, 2014) motorcoach fires [3,4].
NHTSA sponsored research programs at NIST and SwRI to evaluate fire detection, suppression, and
exterior hardening materials for motorcoaches in order to extend egress time from burning vehicles
[5,6]. As part of those evaluations, both interior and exterior materials of motorcoaches were tested to
different fire standards. Several studies conducted under the March 7, 1995 Settlement Agreement
between GM and the USDOT, also have provide data characterizing passenger vehicle fires and
methods to evaluate fire performance of components and materials used in vehicle construction [7,8].
WORK PLAN STRUCTURE
The scope of this research is to evaluate potential improvements to enhance the relevance, repeatability,
and objectivity of FMVSS No. 302 for interior materials of passenger vehicles and motorcoaches.
Tables 1 and 2 show a breakdown of the work plan tasks designed to reach these objectives. This paper
provides an overview of the results of these tasks to date.
Table 1

Summary of Work Plan Tasks.

Task Number
3.1
3.2
3.3
3.4
3.4.1
3.4.2
3.4.2.1
3.4.2.2
3.4.2.3
3.4.2.4
3.4.2.5
3.4.3
3.4.4
3.4.4.1
3.4.4.2
3.4.4.3
3.4.5
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Task Description
Literature and Test Method Review
Fire Cause and Origin and Propagation Paths
Major Fire Characteristics and Materials
Material Testing
Test Material Procurement (NHTSA)
Protocol Evaluation Testing
FMVSS 302 Testing
ASTM D3801 Testing
ASTM E1354 Testing
ASTM D7309 Testing
ASTM E2574 Testing
Data Analysis of Comparison Testing
Final Protocol Testing and Evaluation
Sample Preparation Variable Testing
ASTM E2574 Tests on Motorcoach Seats
Additional Runs Based on Analysis
Document Final Testing Protocols and
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Table 2

Summary of Work Plan Tasks - Continued.

Task Number
3.5
3.5.1
3.5.2
3.5.3
3.5.4
3.5.5
3.6
3.6.1
3.6.2
3.6.3
3.6.4
3.6.5
3.7
3.7.1
3.7.2
3.7.3

Task Description
Child Seat Testing
Finalize child seat plan and test matrix
MCC Testing
Single Seat Calorimetry
Custom Mockup Testing
Analysis of child seat test results
Chemical Composition Testing
Finalize test matrix
Sample preparation
FTIR Testing
SEM-EDS Testing
Analysis of chemical composition test results
Smoke Toxicity Testing
Finalize test matrix for smoke toxicity testing
Sample preparation for smoke toxicity testing
Development of DACS to control N2/O2 flow

To date, work has been completed on the majority of Tasks 3.1 – 3.5, with some final iteration in Task
3.4.4 and 3.4.5 ongoing. Work in Task 3.5 – 3.7 began in July 2018 and will continue into 2019.
This paper will provide a summary of results for Task 3.1 – 3.4.
LITERATURE AND TEST METHOD REVIEW
The material flammability test standards utilized in this project have been identified based on a
literature review. Approximately two dozen of the most common small-open-flame test methods that
are currently used for some regulatory purpose were included in the review. Approximately ten of the
most common radiant heat exposure test methods that are currently used for some regulatory purpose
were included in the review. Based on this review, four bench-scale test methods were chosen for
further evaluation, in addition to the intermediate-scale standardized test applicable to school bus
seats. Table 3 provides the designation and title of each test method selected.
Table 3
Summary of Selected Material Flammability Test Methods.
Test Method
Test Method Title
Designation
FMVSS 302

Standard No. 302, Flammability of Interior Materials

ASTM D3801

Standard Test Method for Measuring the Comparative Burning Characteristics of
Solid Plastics in a Vertical Position

ASTM E1354

Standard Test Method for Heat and Visible Smoke Release Rates for Materials and
Products Using an Oxygen Consumption Calorimeter

ASTM D7309

Standard Test Method for Determining Flammability Characteristics of Plastics
and Other Solid Materials Using Microscale Combustion Calorimetry

ASTM E2574

Standard Test Method for Fire Testing of School Bus Seat Assemblies

FMVSS 302 is the baseline comparison test and existing regulatory requirement. Other technically
equivalent methods to FMVSSS 302 were considered in the test method review and are included by
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proxy with the existing regulatory test. The project team decided it was unnecessary to conduct
separate tests according to these various equivalent methods and that it would be more useful to focus
the amount of available testing as described in this report.
ASTM D3801 is a small-flame test, conducted in the vertical position, and is technically equivalent to
the 20 mm (50W) Vertical Burning Test (V-0, V-1, or V-2) of ANSI/UL 94. There are numerous
options available for selection of a vertically oriented small-flame test. This specific method was
chosen for two primary reasons. First, since this method is equivalent to subsections of UL 94, it is
expected that many plastic materials used in the automotive industry will have already been evaluated
to this method and as a result, this potential change is not expected to be significantly onerous to the
industry. Second, this specific ASTM method was chosen, since 1) precision (repeatability and
reproducibility) data is available and published in the standard, and 2) it focuses on the vertical tests
in UL 94.
ASTM E1354 standardizes the use of the Cone Calorimeter in fire testing. The Cone Calorimeter was
identified in a previous research program [9] as a potential candidate to modernize the flammability
requirements of FMVSS 302 and may still be a useful alternative to explore in the current project,
with a specific emphasis on repeatability, reproducibility and sample preparation considerations. This
type of test method is a technical improvement on small-flame test methods, since quantitative data is
the direct output, which can be related to fire hazard of the material for specific fire scenarios.
ASTM D7309 describes another apparatus that provides quantitative data, which can be related to fire
hazard. In addition, the output from this test method has been correlated with some success to other
test methods, such as ASTM E1354 and UL 94 [10]. This apparatus and test method were not yet
developed during the previous SwRI project and offer some potential improvements as well as new
challenges. The sample size for this method is a few milligrams, as opposed to a 102 × 356-mm (4 ×
14-in.) sample for FMVSS 302. This is helpful for evaluating materials that are difficult to fit into the
current required sample configuration.
ASTM E2574 describes standardized testing of school bus seats. This is essentially equivalent to the
National Safety Council Standard (School bus seat upholstery fire block test, approved by the
National Conference on School Transportation as part of the National Standards for School Buses and
National Standards for School Bus Operations), with the exception of replacement of the fire source
(paper grocery bag with crumpled paper) with a gas burner, which improves the repeatability and
reproducibility of the method.
STATISTICS REVIEW
Task 3.2 and 3.3 were both related to a review of vehicle fire statistics. Vehicle fires in the United
States were investigated using the National Fire Incident Reporting System, Version 5 (NFIRS-5),
National Automotive Sampling System (NASS), General Estimates System (GES), Fatality Analysis
Reporting System (FARS), and NASS Crashworthiness Data System (CDS) datasets over the years
1991 through 2015.
The number and rate, per police-reported crash, of passenger vehicle fires has decreased over the past
decade. This is true for all passenger vehicle fires as well as crash-related fires. However, the rate of
fire involvement for passenger vehicles involved in fatal crashes has increased over the past 26 years.
This is likely due to improved vehicle crashworthiness which has resulted in a relative increase in the
severity of fatal crashes over the same time period; i.e. occupants of contemporary vehicles are
surviving more severe crashes than those in older vehicles. Thus, this result is likely more indicative
that fire involvement increases with crash severity than with crash year or model year.
The overall number of heavy truck fires, with or without crash-involvement, has increased according
to the last 5 years of NFIRS data. Yet, similar to passenger vehicles, there has been a reduction in the
number and rate of crash-involved heavy truck fires. Bus fire and crash exposure was relatively low
and no real trend was observed.
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Vehicle fires were most often initiated without crash involvement. Approximately 1.6% of passenger
vehicle fires and 1.9% of heavy truck fires were associated with some type of collision. Crash events
were only coded as being a factor in 0.3% of bus fires.
The characteristics of all vehicle fires were generally similar across all vehicle types and databases.
For vehicles involved in collisions, fires most often originated in the engine compartment due to
frontal impact damage. The passenger area was only noted as relatively common area of fire origin for
events in which crashes were not a factor. Heavy truck fires, in general, most frequently originated in
the engine compartment or cargo area. However, in crash-related heavy truck fires the fuel tank and
fuel lines were noted as the area of origin ten times more often than in non-crash-related heavy truck
fires.
The types of materials that burned consisted mostly of flammable liquids in the engine compartment
or fuel lines, electrical wires, tires, and interior fabrics. Operating equipment was, by far, the main
source of heat attributed to initiating the fire. Overheated tires were also noted as a common heat
source. Vehicle seats made up a relatively large proportion of items first ignited in passenger vehicles.
However, vehicle seats were rarely coded as the first item ignited when passenger vehicle fires were
restricted to those in which a collision was identified as factor contributing to the fire.
The fire rate, per crash, was found to vary widely for different vehicle makes and models. This may
be due to a number of factors such as driver demographics, engine compartment and firewall design,
and types of materials used throughout the vehicle. Vehicle age was also noted to be associated with
fire involvement rates for both passenger vehicles and heavy trucks. Interestingly, the rate of fire
involvement increased with vehicle age for passenger vehicles while it decreased with vehicle age for
heavy trucks.
An in-depth investigation of crashes involving fires in the NASS CDS highlighted some
characteristics of passenger vehicle fires. Frontal crashes were the predominant crash mode resulting
in fires and the engine compartment was most often indicated as the fire origin area. In vehicle fires
originating in the engine compartment the method of fire ingress into the passenger compartment was
most often through the windshield and over the dash. It appears that the fire progresses through the
windshield, which was either damaged by crash forces or thermal effects, and then ignites the vehicle
interior, often the top of the dash. The fire then moves upward and rearward through the interior of the
vehicle. A secondary method of ingress may include propagation through a damaged firewall, though
evidence for this was rarely directly observed. Another common scenario for ingress was through the
rear of the vehicle often associated with rear impact damage.
TEST MATERIAL PROCUREMENT
NHTSA provided all the test samples to SwRI for the standardized fire testing. The results of the
statistical review aided in the selection of passenger vehicle test samples from the inventory of
vehicles that NHTSA had access to for other required standard tests (e.g., crash testing, airbag testing,
etc.). Selection of make and model was based on higher frequency of fires in the statistics, frequency
on the road and availability. This included parts from the following 2017 model year vehicles:
Chevrolet Camaro, Mercedes E-Class, Ford F150, Ford F250 and Honda Ridgeline.
In addition to passenger vehicles, NHTSA provided materials from a Prevost motorcoach and seating
material from three school buses (Bluebird, Starcraft and TransTech). Figure 1 shows photograph
arrays of selected materials received for testing in this project.
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Camaro Door Panel

Camaro Dashboard

Camaro Headliner
Prevost Motorcoach
Figure 1
Material Procurement – Selected Photographs.

Camaro Seats

Bluebird School Bus Seats

PROTOCOL EVALUATION TESTING
The following subsections provide some additional information about each test method as well as
some discussion of test parameters such as required sample preparation, sample conditioning, incident
heat flux, and required replicate testing. Tables 4-6 show the test matrices and number of replicate
tests conducted for the three different vehicle types.
FMVSS 302 Testing
For each different material, a set of five replicate test runs were performed. For materials that had
multiple components/layers (e.g., seats), the composite material and/or its components was tested as
required by the FMVSS 302 standard.
ASTM D3801 Testing
For each different material, a set of five replicate test runs was performed. This test method also
includes the option to perform tests on two sets of five samples, with the difference between the two
sets being how the samples are conditioned prior to testing. In Set A, samples are conditioned in a
more common way, at approximately 23 ºC and 50% relative humidity (RH). For Set B, samples are
conditioned at a higher temperature, nominally 70 ºC. The fire test procedure is the same for both
sets.
This difference between conditioning procedures is related to the expected operating temperature of
an appliance, in which a given plastic material is installed. For this project, this could be appropriate
for evaluating engine compartment materials. However, for interior materials, it is expected that the
more common conditioning procedure is most appropriate. Therefore, in the tables below, all the
replicate tests were conducted per the Set A conditioning procedure in ASTM D3801, which is
equivalent to the conditioning procedure followed for the other selected test methods.
ASTM E1354 Testing
For each different material, a set of three replicate test runs was performed. For materials that are
known to have multiple components/layers (e.g., seats), the components and assembly materials are
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separated in the tables. For this test, only the assembly is tested, as opposed to the components.
Heat release rate testing was conducted with an incident heat flux level of 35 kW/m2, based on prior
research [9]. Additional tests were conducted to determine ignition times at a variety of heat flux
levels, which may be useful for the data analysis subtask.
It was decided not to perform any supplemental smoke and toxicity testing during the cone
calorimeter tests. This is based on feedback during the kickoff meeting, discussion with the advisory
panel and the emphasis on repeatability and reproducibility, which tend to be poor for these types of
measurements.
ASTM D7309 Testing
For each different material, a set of three replicate test runs was performed. For materials that are
known to have multiple components/layers (e.g., seats), the components and assembly materials are
separated in the tables. For this test, the individual components are tested, as opposed to the
assembly.
It is planned to perform this testing at one heating rate, 1 K/s, which is a common recommended
heating rate in the test method documentation. In addition, there are two methods described in this
procedure. Method A, Controlled Thermal Decomposition, and Method B, Controlled Thermal
Oxidative Decomposition. In Method A, the heat of combustion of the volatile component of the
specimen (specimen gases) is measured but not the heat of combustion of any solid residue. In
Method B, the net calorific value of the specimen gases and solid residue are measured during the test.
Method A is more representative of a real fire scenario and is more commonly used. The test matrices
below assume only Method A will be utilized in the testing for this project.
Table 4

Passenger Vehicle Test Matrix.
Material Description

FMVS
S 302

ASTM
D3801

ASTM
E1354

ASTM
D7309

Subtot
als

Seat Padding - Camaro M20170114 (2/5)
Seat Cover - Camaro M20170114 (2/5)
Seat Assembly - Camaro M20170114 (2/5)
Seat Padding - Mercedes M20174301
Seat Cover - Mercedes M20174301
Seat Assembly - Mercedes M20174301
Dashboard - Ford F250 M20170209 (4/5)
Dashboard (Leather) - Mercedes M20174300 (1/5)
Headliner - Camaro 3/5
Headliner - Ford
Carpet - Ford F250 M20170209 (4/5)
Carpet - Mercedes M20174300 (1/5)
Subtotals:

5
5
0
5
5
0
5
5
5
5
5
5
50

5
5
0
5
5
0
5
5
5
5
5
5
50

0
0
10
0
0
10
10
10
10
10
10
10
80

3
3
0
3
3
0
3
3
3
3
3
3
30

13
13
10
13
13
10
23
23
23
23
23
23
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Table 5

Motorcoach Test Matrix.

Material Description

FMVSS
302

ASTM
D3801

ASTM
E1354

ASTM
D7309

Subtotals

Seat Padding
Seat Cover - Green
Seat Backing - Gray
Seat Assembly
HVAC Control Panel
Door of Luggage Rack
Floor Covering
Headliner
Seat Cover - Solid Blue
Seat Cover - Pattern Blue
Subtotals:

5
5
5
0
5
5
5
5
5
5
45

5
5
5
0
5
5
5
5
5
5
45

0
0
0
6
6
6
6
6
6
6
42

3
3
3
0
3
3
3
3
3
3
27

13
13
13
6
19
19
19
19
19
19
159

Table 6

School Bus Test Matrix.

Material Description

FMVSS
302

ASTM
D3801

ASTM
E1354

ASTM
D7309

ASTM
E2574

Subtotals

BlueBird-Seat Padding
Bluebird-Seat Cover
Bluebird-Seat Assembly
TransTech-Seat Padding
Transtech-Seat Cover
Transtech-Seat Assembly
Starcraft-Seat Padding
Starcraft-Seat Cover
Starcraft-Seat Assembly
Subtotals:

5
5
0
5
5
0
5
5
0
30

5
5
0
5
5
0
5
5
0
30

0
0
6
0
0
6
0
0
6
18

3
3
0
3
3
0
3
3
0
18

0
0
6
0
0
6
0
0
6
18

13
13
12
13
13
12
13
13
12
114

DATA ANALYSIS
In general, two types of approaches have been taken. First, a correlation study is being pursed and
second, a simplified physics-based empirical model is being explored.
Correlation Study
Initial results from the correlation study are mixed. It is being attempted to correlate results in
FMVSS 302 with the results in the MCC apparatus (ASTM D7309). Table 7 shows various pass and
failure modes in the 302 procedure. Table 8 shows the FMVSS 302 results for motorcoach and
school bus seats and Table 9 shows MCC results for the same materials. Figure 2 shows a
comparison of FMVSS 302 results and MCC data with respect to these pass/fail modes. Initial results
suggest that it may not be possible to correlate FMVSS 302 pass or failure mode with MCC
parameters, however, the analysis is incomplete at this time.
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Table 7

FMVSS 302 Pass/Failure Modes.

Pass/Fail Mode Performance
Pass Mode 1
Flame does not reach first mark

Index
0

Pass Mode 2

Flame extinguishes within 60 s after reaching first
mark and does not spread to 51 mm beyond mark

1

Pass Mode 3

Pass mode 2 is not met, but flame does not reach
second mark and flame spread rate ≤ 102 mm/min

2

Flame spreads to second mark, but flame spread
rate ≤ 102 mm/min
Pass mode 2 is not met, but flame does not reach
second mark and flame spread rate > 102 mm/min
Flame spreads to second mark and flame spread rate
> 102 mm/min

Pass Mode 4
Fail Mode 1
Fail Mode 2

Table 8

Material
ID
MC01

3
4
5

FMVSS 302 Results for Motorcoaches and School Buses.

FMVSS 302 Pass Mode
1
2
3
4
2
1
2

MC02

Burn Rate Failure Mode Burn Rate Cumulative
(mm/min)
3
4
(mm/min)
Index
30
8

5

38

15

MC03

5

0

MC04

5

0

MC05
MC06
MC07
MC08
SB01
SB02
SB03
SB04
SB05
SB06

Table 9

5
5
5
5
2
1
5

1
4
1

5

45

5

30

2

24
68

3

66

1

15
0
0
0
15
0
8
8
0
11

105

MCC Results for Motorcoaches and School Buses.

Material MCC η (J/g⋅K) MCC Tpeak (K)
ID
Mean Spread Mean Spread
445
159
628
7
MC01

MCC hc (kJ/g)
Mean Spread
18.5
0.4

MCC Yp (g/g) MCC hgas (kJ/g)
Mean Spread Mean Spread
0.017
0.005
18.8
0.4

MC02

265

8

700

6

15.2

0.5

0.062

0.076

13.7

2.6

MC03

93

7

645

5

8.7

0.2

0.162

0.029

10.3

0.2

MC04

124

5

697

2

12.9

0.5

0.184

0.011

15.8

0.7

MC05
MC06
MC07
MC08
SB01
SB02
SB03
SB04
SB05
SB06

923

121

762

1

34.6

4.9

379
101
109
371
169
357
126
350
130

4
8
12
46
15
76
12
40
2

710
581
783
693
523
685
569
683
571

5
2
23
8
2
2
5
3
3

28.3
7.2
3.9
18.5
8.3
16.4
9.9
14.5
9.5

0.4
0.3
0.2
2.2
0.1
2.3
0.3
1.9
0.2

0.006
0.048
0.798
0.016
0.039
0.241
0.065
0.207
0.029
0.210

0.004
0.004
0.033
0.002
0.012
0.011
0.022
0.012
0.015
0.010

34.8
29.8
36.3
4.00
19.4
10.9
17.6
12.4
15.5
12.1

0.5
0.3
6.3
0.3
2.5
0.2
2.7
0.3
1.7
0.3
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Figure 2

FMVSS 302 Performance Index versus Heat Release Capacity.

Physics-Based Semi-Empirical Model
Figure 3 shows a representation of the flame spread model considered for a FMVSS 302 fire test. The
flame spread rate, Vp, can be described as shown in Equation 1. The flame advances by a distance
interval, ∆y, in the time needed to raise control volume temperature to Tig. For this approach, it is
necessary to determine the density, ρ, specific heat, c, and thickness of the material, δ, as well as a
correlation factor, C. Lyon and Safronava have recently published a method to derive the Tig from
thermogravimetric data [11].

Figure 3

Flame Spread Model.

(1)
Unfortunately, there was not very good agreement between the passenger vehicle data and predictions
for this simplified model. However, when applying an empirical fit to this physics-based framework,
better agreement was observed. Equation 2 shows the revised equation for the flame spread rate, Vp.
Figure 4 shows tentative MCC criteria in order to predict a passing result in the current FMVSS 302
test procedure.
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(2)

Criteria 1: Heat Release Capacity

Criteria 2: Ignition Temperature

Criteria 3a: Density

Criteria 3b: Heat Release Capacity





Criteria 3c: Ignition Temperature
Figure 4

Criteria 1: ηc ≤ 400 J/g⋅K; or
Criteria 2: Tig ≥ 400°C; or
Criteria 3: ρ ≤ 75 kg/m3 and
(ηc ≤ 600 J/g⋅K and/or Tig ≥ 340°C)

Summary of Preliminary Pass/Fail Criteria

MCC Pass/Fail Criteria.

FUTURE WORK
Data analysis is ongoing and further refinement of the correlation studies and physics-based
modelling is underway. In addition, Task 3.5, 3.6 and 3.7 will begin in July 2018 and the overall
project is expected to be completed in July 2019.
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ABSTRACT
Recent bus fires in Europe, such as the bus fire in France 2015 with 43 fatalities [1] and the bus fire in
Germany 2017 with 19 fatalities [2], show that these fires can be very hazardous and time for escape
can be too short. Recently, several fire safety measures came into force for busses. Engine
compartment suppression systems will be mandatory for all busses in Europe. This is a big step in fire
safety as about 80 % of fires start in the engine compartment. However, in several recent bus fires a
time of less than 5 minutes has been reported from detection of the fire to a fully developed fire. As
normally many people are on board of a bus, a bus fire is not comparable to fire in a home. Especially
for people with reduced mobility or for fires after a collision the available times for escape are too
short. When the fire service is on scene the transition to a fully developed fire might have happened
already. Passengers who are not able to escape in this short period of time mostly cannot be rescued
by the fire service even with quick response times because of the dramatic fire development. Fires that
do not start in the engine compartment but develop in the cabin are rarer but extremely dangerous
because fire and smoke spread very rapidly. The reason for the fast fire and smoke development in the
cabin are the materials which are used. Over the last tens of years materials in busses had major
developments. The amount of plastic in the cabin has grown significantly. In a modern coach the
biggest fire load often is not the fuel anymore but the interior materials.
Bus fire safety is mainly regulated by ECE regulations R 118 [3] and R 107 [4]. A comparison with
European standards for trains shows that for trains, in contrast to busses, a holistic fire concept exists.
Fire scenarios as well as escape scenarios and passenger behaviour are taken into account, resulting in
fire safety regulations on a high level compared with bus regulations. In contrast to regulations for
train materials no limits for heat or smoke production are given for bus materials. Larger heat release
values promote more rapid fire spread. Also smoke production and toxicity are key factors in fires [5,
6, 7, 8]. The smoke reduces the visibility in the case of fire, and together with the toxicity of the
smoke can make escape from the vehicle impossible. Figure 1 shows the remains of the bus from the
recent severe bus fire in Germany in 2017.
As a result of experience with real cases and results from research projects we think it is necessary to
develop a holistic fire safety concept for busses as it exists for other transport means like railways.
The fire safety concept should include vehicle configuration and design as well as areas of use, e.g.
use in cities, use in long-distance traffic on motorways and use in tunnels.
KEYWORDS: fire safety concept, materials, busses, trains, reaction-to-fire

215

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

Figure 1: After the bus fire in Germany on motorway 9 in 2017 with 19 fatalities (Fire service
Müncheberg)
INTRODUCTION
Comparison of required reaction-to-fire tests show that most of the required reaction-to-fire tests for
interior materials of other transport sectors are not mandatory for busses. In detail a horizontal fire test
which is the fundamental part in the fire safety requirements for busses is not requested in any other
transport sectors. At least a vertical fire test is mandatory as minimum requirement in the other
transport sector. The heat release rate which can be determined with a Cone Calorimeter (ISO 5660-1)
is not considered in the regulations for bus interiors although the heat release is a key factor for the
fire propagation. Smoke production and toxicity which can be detected with an FTIR (Fourier
Transmission Infrared) Spectroscopy coupled with the Smoke Density Chamber (ISO 5659-2) or
other smoke analysing tests are not in use for bus interiors materials. Extra fire safety requirements for
bus seats (e.g. against arson) do not exist.
The interior materials of buses have to comply with the lowest fire safety requirements in comparison
to all other passenger transport sectors, see table 1. The highest requirements are mandatory for
airplanes because the escape during a flight is not possible and the highly inflammable kerosene
contains an additional high fire risk. An escape on sea could be also hard to realize. Therefore, the fire
safety requirements for passenger ships can be ranked between the requirements for airplanes and
transportation systems on land. But in difference to ships and airplanes the evacuation conditions for
passengers in road and rail vehicles are easier. The fire safety performance for interior materials of
rail vehicles is clearly higher than for buses. Especially regarding their heat release rates and their
smoke gas toxicity the interior materials of road vehicles are not restricted though the operation
conditions are quite similar.
FIRE SAFETY CONCEPT IN TRAINS
The fire safety for busses could be inspired by regulation for trains. The operating conditions of buses
are comparable with these of rail vehicles, e.g. city buses and trams in cities or tour coaches and longdistance trains on open country routes with long tunnels and bridges. In table 2 the existing fire safety
requirements for European rail vehicles according to EN 45545 [9] are summarized.
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Table 1 – Overview of the fire tests for interior materials in different transport means
Overview about the fire tests for interior materials in different transport means
Buses
[ECE R 118]

Rail vehicles
[EN 45545-2]

Ships
[SOLAS Chapter II-2]

Aircrafts
[FAR/ JAR/ CS 25.853]

Horizontal
burning rate

ISO 3795
(horizontal mounted
components)

No test

No test

FAR/ JAR/ CS 25.853 b(5)
(cabin and cargo
compartment)

Vertical
burning rate

ISO 3795
(vertical mounted
components)

EN ISO 11925-2
(Filter materials)

ISO 6940/41
(drapes and hangings)

FAR/ JAR/ CS 25.853 b(4)
(cabin and cargo
compartment)

Heat release
rate

No test

ISO 5660-1
(most materials)

ISO 5660-1
(fire-restricting materials
in high speed crafts)

FAR/JAR/CS 25.853(d)
(cabin compartment)

Smoke density

No test

ISO 5659-2
(most materials)

ISO 5659-2
(most materials)

FAR/JAR/CS 25.853 (d)
(cabin compartment)

Smoke gas
toxicity

No test

ISO 5659-2
(most materials)

ISO 5659-2
(most materials)

BSS 7239/ ABD 0031 (cabin
compartment)

Calorimeter
test for seats

No test

ISO 9705-2
(passenger seats)

ISO 8191-1/-2
(upholstered furniture)

FAR/JAR/CS 25.853(c)
(upholstered furniture)

Table 2: European fire safety regulations for trains, overview of the parts of EN 45545
Fire protection standards for rail vehicles
European Standards

Description/title

EN 45545-1

Railway applications - Fire protection on railway vehicles: General

EN 45545-2

Railway applications - Fire protection on railway vehicles: General: Requirements for fire
behaviour of materials and components:
- Fire resistance to spread of flame
- Test of optical smoke density and toxicity
- Test of heat release with the Cone Calorimeter
- Fire tests of floor covering
- Fire tests of passenger seats
- Fire tests of cables
- Fire tests of electrical equipment

EN 45545-3

Railway applications - Fire protection on railway vehicles: Fire resistance requirements for
fire barriers

EN 45545-4

Railway applications - Fire protection on railway vehicles: Fire safety requirements for
railway rolling stock design

EN 45545-5

Railway applications - Fire protection on railway vehicles: Fire safety requirements for
electrical equipment including that of trolley buses, track guided buses and magnetic
levitation vehicles

EN 45545-6

Railway applications - Fire protection on railway vehicles: Fire control and management
systems

EN 45545-7

Railway applications - Fire protection on railway vehicles: Fire safety requirements for
flammable liquid and flammable gas installations

The measures and requirements specified in EN 45545 are intended to protect passengers and staff in
railway vehicles in the event of a fire on board. EN 45545 specifies fire protection measures for
railway vehicles and verification methods for these measures. The protection of passengers and staff
is essentially based on measures to prevent fires occurring due to technical faults and due to
equipment design or vehicle layout (Part 1, Part 4, Part 5 and Part 7); minimise the possibility of
ignition of materials installed on railway vehicles due to accidents or vandalism (Part 1 and Part 2);
detect a fire should it occur (Part 6); limit the spread of fire by specification of materials according to
their operational categories (Part 2) and by measures for containment (Part 3); minimise the effects of
fire in terms of heat, smoke and toxic gases on passengers or staff through the specification of

217

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

materials installed on railway vehicles (Part 2); control and manage a fire, for example by means of
fire detection, suppression and/or emergency energy shut down (Part 6). The ultimate objective in the
event of a fire on board is to allow passengers and staff to evacuate the railway vehicle and reach a
place of safety. The objectives of EN 45545 are to minimize the probability of a fire starting, to
control the rate and extent of fire development and through this, to minimize the impact of the
products of fire on passengers and staff. The objectives are considered in the context of the Operation
and Design Categories of the railway vehicle.
Different ignition models are within the scope of EN 45545 and they are described in Annex A of the
standard:
Ignition model 1
This represents a typical ignition source due to arson or vandalism, for example newspapers or
rubbish. The ignition model is a flaming source of 3 min duration and average power output of 7 kW
generating a flux of 25 kWm-2 to 30 kWm-2.
The ignition model 1 has been developed from the UIC 564-2 paper cushion.
Ignition model 2
This represents the effect of an early developing fire on surfaces near to the fire, for example
horizontal surfaces of seats and floors. The ignition model is a radiant flux of nominal value 25 kWm2
applied to an area of 0,1 m2.
Ignition model 3
This represents the effect of a more developed fire than ignition model 2 or the effect of a developing
fire on surfaces above or alongside the fire, for example wall and ceiling surfaces. The ignition model
is a radiant flux of nominal value 50 kWm-2 applied to an area of 0,1 m2.
Ignition model 4
This represents the effects of arcing, for example resulting from the normal operation of high power
electrical equipment (where Type A arc barriers would be required as set out in EN 45545-5) and low
power electronic equipment faults. The ignition model is a flaming source of power 1 kW and 30 s
duration.
Ignition model 5
This represents fires which are more severe than ignition models 1 to 4, for example luggage fires,
and arson. For these fires the ignition model is a flaming source generating a radiant flux of nominal
value in the range 20 kWm-2 to 25 kWm-2 applied to an area of 0,7 m2 with an average power output
of 75 kW for a period of 2 min followed immediately by a flux of nominal value in the range 40
kWm-2 to 50 kWm-2 applied to the same 0,7 m2 area with an average power output of 150 kW for a
period of 8 min.
According to the standard, ignition models, typically involving newspaper, matches, cigarettes and
gas lighters are taken into consideration for any location freely accessible to passengers and staff.
These ignition models (ignition model 1 and ignition model 2) have been taken into account in setting
out the requirements contained in this standard, with the objectives of reducing the risk of:
- fire spreading through the passenger and staff areas (see Part 2 relating to material reaction to fire
properties and Part 3 relating to fire barriers);
- endangering passengers and staff by obscuration of escape routes (see Part 2 relating to material
reaction to fire properties in particular smoke emission, Part 3 relating to fire barriers and Part 4
relating to design principles and evacuation requirements).
Ignition models, comparable to electric arcs or abnormal temperatures are taken into consideration
(Part 2 and Part 5). The effects of any flammable gases or flammable liquids which may be present
are also taken into account (Part 7). These ignition models (Annex A, ignition model 3 and ignition
model 4) have been taken into account in setting out the requirements contained in this standard, with
the objectives of reducing the risk of: fire spreading through the passenger and staff areas (Part 2, Part
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3, Part 5 and Part 7); endangering passengers and staff by obscuration of escape routes (Part 2, Part 3,
Part 4 and Part 6); endangering passengers and staff by the presence of toxic fumes (Part 2 and Part
6).
The requirements set out in EN 45545 are intended to mitigate the effects of fires larger than the
ignition models described in 4.2 and 4.3 (These larger fires are represented by Annex A, ignition
model 5). The following aspects are considered: the arrangement of vehicle interiors, equipment and
the arrangement of materials and products to reduce fire spread and fire effluents (Part 2, Part 3, Part
4 and Part 5); the use of materials and products with higher reaction to fire performance than required
to satisfy the objectives of 4.2 and 4.3 (Part 2); means to contain fire and fire effluents, for example
fire barriers (Part 3); vehicle design to aid evacuation generally and to limit fire exposure times (see
Part 3 and Part 4); vehicle design for running capability in the event of fire to permit continued
movement to suitable safe areas on the infrastructure for evacuation whenever possible (Part 4)
according to the operational categories as defined in Clause 5 of this document; means for fire
detection, fire fighting, equipment shut down and evacuation management (Part 6).
In consideration of the range of railway vehicle types, operation and infrastructure characteristics,
railway vehicles are classified according to the standard: according to the type of service operated and
the infrastructure characteristics to give an Operation Category (clause 5.2); according to the
characteristics of the vehicle design and layout to give a Design Category (clause 5.3).
The Operation Category combined with the Design Category (clause 5.3) gives the hazard level which
determines which of the material testing requirements set out in EN 45545-2 are applicable.
The EN 45545 with their parts is the essential fire safety requirements for rail vehicles and became
mandatory in the end of the year 2012. The requirements for the interior materials are regulated by
EN 45545-2 including test methods, parameters and thresholds.
In detail the EN 45545-2 regulates the fire safety requirements of parts by a product list (annex II) and
a requirement list (annex III). Each individual part is listed in the product list and is allocated to an
individual requirement number which in essence defines the fire safety requirements. The requirement
list contains test methods, parameters and valid thresholds sorted by the requirement number (see
requirement list in annex III). The thresholds are separately divided in to Hazard Level (HL) of the
train. An individual Hazard Level depends on the operation category and the construction. The
operation category of a rail vehicle classifies mainly the escape conditions for passengers on their
typical operation routes, see table 3. The construction design describes principally the train type
regarding automatically or manually driving and regarding the construction (e.g. single or double
deck, sleeping compartments).
Table 3 – Operation categories according to EN 45545-1
Operation categories according to EN 45545-1
OC

Service

Infrastructure

1

Mainline, regional,
urban and suburban

Operation not determined by underground sections, tunnels and/or elevated structures

2

Urban and suburban

Operation determined by underground sections, tunnels and/or elevated structures with
walkways or other means for safe side evacuation from the vehicles

3

Mainline and regional

Operation determined by underground sections, tunnels and/or elevated structures with
walkways or other means for safe side evacuation from the vehicles.

4

Mainline, regional,
urban and suburban

Mainline, regional, urban and suburban operation determined by underground sections,
tunnels and/or elevated structures without any means for safe side evacuation from the
vehicles
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FIRE SAFETY CONCEPT IN BUSSES
The basic international documents stipulating measures for the bus fire safety performance are the
ECE Regulations No. 107 and No. 118. In detail the ECE Regulation No. 107 contains the provisions
for the vehicle safety which also require properties for materials and technical equipment for the fire
protection. The ECE Regulation No. 118 addresses the requirements and test methods for bus interior
materials.
ECE Regulation No. 107
Within ECE Regulation No. 107 the following main requirements with regard to the protection
against fire risks have to be met by all vehicles. For the engine compartment special properties of used
materials and a detector system for high temperatures are required. In detail the regulation demands:
• “No flammable sound-proofing material or material liable to become impregnated with fuel,
lubricant or other combustible material shall be used in the engine compartment unless the material
is covered by an impermeable sheet."
• "In the case of vehicles having the engine located to the rear of the driver's compartment, the
compartment shall be equipped with an alarm system providing the driver with both an acoustic and
a visual signal in the event of excess temperature in the engine compartment and in each
compartment where a combustion heater is located. The alarm system shall be designed so as to
detect a temperature in the engine compartment and in each compartment where a combustion heater
is located in excess of the temperature occurring during normal operation."
Also for other separate compartments than the engine compartment fire detection systems are
required:
• "Vehicles shall be equipped with an alarm system detecting either an excess temperature or smoke
in toilet compartments, driver’s sleeping compartments and other separate compartments. Upon
detection, the system shall provide the driver with both an acoustic and a visual signal in the driver’s
compartment. The alarm system shall be at least operational whenever the engine start device is
operated, until such time as the engine stop device is operated, regardless of the vehicle's attitude."

ECE Regulation No. 118
Within ECE Regulation No. 118 in essence specifications are given with regard to the burning
behaviour of the components used in the interior compartment, in the engine compartment and in any
separate heating compartment as well as the capability to repel fuel or lubricant of insulation materials
used in the engine compartment and in any separate heating compartment.
There are five main tests (each described in a separate annex of ECE-R 118) which have to be passed
by the materials depending on where they are fitted in the bus (parts made of metal or glass do not
have to be tested). In detail the regulation requires:
• Materials and composite materials installed in a horizontal position have to undergo a test to
determine the horizontal burning rate. The test is passed if the horizontal burning rate is not more
than 100 mm / minute or if the flame extinguishes before reaching the last measuring point (see
below for more details).
• Materials and composite materials installed more than 500 mm above the seat cushion and in the
roof of the vehicle as well as insulation materials installed in the engine compartment and any
separate heating compartments have to fulfil a "drop test" in which the melting behaviour of
materials is determined. The result of the test is considered satisfactory if no drop is formed which
ignites the cotton wool beneath the specimen (see below for more details).
• Materials and composite materials installed in a vertical position have to undergo a test to determine
the vertical burning rate of materials. The test is passed if the vertical burning rate is not more than
100 mm / minute or if the flame extinguishes before the destruction of one of the first marker
threads occurred (see below for more details).
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• All insulation materials installed in the engine compartment and any separate heating compartments
have to be tested to determine the capability of materials to repel fuel or lubricant. The increase of
the weight of the test sample must not exceed 1 g.
• Electric cables have to undergo the resistance to flame propagation test described in ISO standard
6722:2006, paragraph 12. Any combustion flame of insulating material must extinguish within 70
seconds and a minimum of 50 mm insulation at the top of the test sample must remain unburned.
Instead of the drop test and the vertical burning test described in the annexes of ECE-R 118 also
testing according to ISO 5658-2 which is required in the rail sector is allowed:
• Materials achieving an average CFE (critical heat flux at extinguishment) value greater or equal to
20 kW/ m², when tested according to ISO 5658-2, are deemed to comply with the requirements,
provided no burning drops are observed when taking the worst test results into account.
The recent amendments of ECE-R 107, i.e. engine compartment with fire detector, fire and/or smoke
detector in enclosed compartments (except luggage compartment) and fire suppression system in
engine compartment, and of ECE-R 118, i.e. fire behaviour of bus interior (electr. cable, capability of
insulation materials to repel fuel), fire behaviour of bus interior (fire tests in installation position,
material tested according to ISO 5658-2 allowed without further testing) have been adopted between
2010 and 2016 and will be or have been come into force between 2012 and 2020.
The fundamental reaction-to-fire test for bus interior materials is a test procedure to limit the
horizontal burning rate. This test method was derived from the American FMVSS 302 standard which
was developed in the nineteen sixties. Since then plastic materials have become fundamental materials
in the automotive industry. But the flammability and the burning behaviour of plastic materials has
not yet been taken into account in the fire safety requirements for buses. In a modern bus the fire load
of plastic parts installed in the passenger compartment exceeds for example the fire load of the filled
diesel tanks. But in difference to bus interior materials the fuel tanks are well shielded against fire.
The prescribed fire tests for interior materials only consider small ignition sources like cigarettes or
lighters although bus fires are mostly the results of defects in the engine compartment, crashes or
defects in electrical and electronical equipment. For several materials additional small-scale tests are
mandatory, e.g. to determine the melting behavior or to limit the vertical burning rate of the materials,
see below for more details.
Test to determine the horizontal burning rate of materials
The fundamental reaction-to-fire test for interior materials of buses is a horizontal test procedure to
limit the horizontal burning rate of a small flame. The principle of the test is: A sample is held
horizontally in a U-shaped holder and is exposed to the action of a defined low-energy flame for 15 s
in a combustion chamber, the flame acting on the free end of the sample. The test determines if and
when the flame extinguishes or the time in which the flame passes a measured distance.
The specimens are fixed in U-shaped specimen holders and are marked in a distance of 38 mm and
292 mm from the leading edge. During the test procedure the horizontal burning rate is determined.
The holder is horizontally inserted in a combustion box and is flamed on the leading edge for fifteen
seconds by a 38 mm flame of a Bunsen burner. The burning rate between the two marks is timed. If
the flame does not reach the second mark the burning distance has to be measured.
Test to determine the melting behaviour of materials
Ceiling materials and bordered parts have to pass an additional drip test which is focused on the
melting behaviour of the material. Principle of the test: A sample is placed in a horizontal position and
is exposed to an electric radiator. A receptacle is positioned under the specimen to collect resultant
drops. Some cotton wool is put in this receptacle in order to verify if any drop is flaming. In the drip
test the specimen is located on a horizontal grate which is fixed 300 mm over the bottom and 30 mm
below the Epiradiateur. A cotton ball is also placed on the bottom below the specimen. The
Epiradiateur is an electrical heater which radiates a thermal intensity of 30 kW/ m² to the specimen.
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During the test period the ignition and the drip behaviour of the specimen and the underlying cotton
ball are monitored for ten minutes. If the specimen ignites in the first five minutes of the test the
Epiradiateur has to be immediately removed within three seconds until the flame vanishes. After these
five test minutes or after the flame vanishes the specimen is radiated for another five minutes without
stops when the sample ignites again. The requirements are fulfilled if the cotton ball was not ignited
by burning drips during the test.
Test to determine the vertical burning rate of materials
Drapes, jalousies and hangings as well as vertical mounted materials also have to pass an additional
test which limits the vertical burning rate. In this process three specimens have to be tested in their
practice-oriented direction. If the material is anisotropic, it must be six specimens. The dimensions are
drafted in Figure 7.
During the test procedure a 40 mm burner flame is directed towards the bottom edge for five seconds.
If the specimen does not ignite a next specimen has to be flamed for fifteen seconds. The sample gets
marks in a height of 220 mm, 370 mm and 520 mm.
COMPARISON OF FIRE SAFETY CONCEPTS
As can be seen above the train fire safety concepts contain a holistic view of the operation, possible
fire scenarios in trains, the main performance criteria and the according measures to reach the
performance. For the busses a holistic fire concept is missing as the individual parts are not connected
or underlined with an approach that identifies the most likely fire scenarios, the most hazardous fire
scenarios and the performance that should be reached by the regulations.
The bus fire regulations are easily accessible via the internet but not easy to read because they are
very fractured within the main regulations with a large number of amendments. The underlying
research to identify appropriate measures according to a certain performance is not clear.
Contrary to fire safety regulations of trains neither the heat release rate of materials or material
components nor the fire load, the smoke production or the toxicity are considered in the requirements
for busses. Also, a separate seat test against arson which is required for passenger seats in rail vehicles
is not demanded in the directive for buses. In the EN 45545-2 the operating conditions and the
construction design of the train as well as the end-use application of an individual part define the
requirements for an interior material. In contrast buses only have one type of requirements which does
not regard the operation and the construction of the buses.
Especially, the seats cannot be assessed satisfactorily by only testing the single components as a seat
is an arrangement of different parts which may have another performance when tested together as
alone. This can be seen in figure 2. Tests had been performed with four seat mock-ups containing of
foam and textile. The ignition source was a paper cushion in all cases. The solid black line shows the
resulting heat release rate of the seat mock-up for train materials. As heat release rate mainly the heat
release rate of the paper cushion is seen in the beginning of the test. The fire was self-extinguishing
and the heat release rate was zero after a relatively short period of time, accordingly. The dashed line
shows the resulting heat release rate for a seat where the horizontal and the vertical part of the seat
passed only the horizontal test (but not a vertical test as it was allowed before the recent
amendments). Only after about 90 s a significant increase in the heat release rate can be seen. The
dotted line shows the resulting heat release rate from a bus seat mock-up with bus materials which
passed the vertical test for both parts of the seat mock-up (vertical and horizontal part of the seat
which is actually more than the regulations require). A slight delay in onset of the full burning of the
seat can be observed as the sharp increase of the heat release rate curve occurs about 260 s after
ignition of the paper cushion. The grey dashed line shows the resulting heat release rate for a seat
mock-up of bus materials (the horizontal part of the seat passed the horizontal test and the vertical part
of the seat passed also the vertical test). A very sharp increase of the heat release rate curve can be
seen about 114 s after the paper cushion was ignited and also a heat release rate in the beginning of
the test that is higher than in all other tests.
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Very similar results can be seen for the measured transmission, figure 3, with even earlier onsets of
sharp decreases of the transmission which means that visibility would drop accordingly fast.

Figure 2 Heat release rates of seat mock-ups with train and bus materials (ignition with paper
cushion) measured in a calorimeter (Single Burning Item apparatus used as calorimeter)

Figure 3: Measured transmission in the duct of a calorimeter (Single Burning Item apparatus used as
calorimeter)
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DISCUSSION, CONCLUSIONS, AND RESEARCH NEEDED
The serious bus fire close to Hanover in 2008 and the bus fire on the motorway A 9 in 2017 close to
Hof showed that in the case of fire the time for escape for passengers can be too short. In bus fires in
2011 and 2012 on motorway A 4 in Hessen and on motorway A 7 close to Soltau young passengers
(pupils) could only escape through the windows of the upper deck [10, 11]. It was sheer luck that the
passengers were young and physically fit. In a fire on motorway A 3 in Westerwald in April 2017
passengers in wheel chairs could only escape because several persons who happened to drive by
stopped to help carrying everybody out [12]. In all of these latter cases only due to lucky
circumstances nobody died.
About 80 percent of bus fires start in the engine compartment. Since 2016 engine suppression systems
are part of European regulations. After a transition period suppression systems will be mandatory in
the future. This is a distinct enhancement of fire safety of busses as accordingly test procedures for
such systems are in place [13].
However, fires that do not start in the engine compartment but develop in the cabin are rarer but
extremely dangerous because fire and smoke spread very rapidly. The reason for the fast fire and
smoke development in the cabin are materials which are used. Over the last tens of years materials in
busses had major developments. The amount of plastic in the cabin has grown significantly. In a
modern coach the biggest fire load often is not the fuel anymore but the interior materials.
Fire safety requirements for bus interior materials are on a significantly lower level than requirements
for materials in other transport vehicles as trains, ships or planes. Although a city bus and a tram, a
coach and a long distance train operate in very similar manners, the requirements are completely
different. Interior materials for trains and planes have strict requirements for flammability as well as
on smoke production and toxicity. For busses the requirements for interior materials are based on
regulations developed in the 1960ties. The main concern at the time was ignition due to smoker
materials. Therefore, all materials are tested only with relatively small ignition sources. No limits for
heat or smoke production are given. Larger heat release values promote more rapid fire spread. Also
smoke production and toxicity are key factors in fires. The smoke reduces the visibility in the case of
fire, and together with the toxicity of the smoke can make escape from the vehicle impossible.
Leakage of the fuel tank after a collision can lead to a very rapid fire growth as well. In a severe bus
fire in France in 2015 with 43 fatalities and in the fire in 2017 on motorway A 9 this might have been
also a key factor for the very rapid fire development. In several bus fires a time of less than 5 minutes
has been reported from detection of the fire to a fully developed fire. As normally many people are on
board of a bus a bus fire is not comparable to fire in a home. Especially for people with reduced
mobility or for fires after a collision the available times for escape are too short. When the fire service
is on scene the transition to a fully developed fire might have happened already. Passengers who are
not able to escape in this short period of time mostly cannot be rescued by the fire service even with
quick response times because of the dramatic fire development.
As a result of experience with real cases and results from research projects we think it is necessary to
develop a holistic fire safety concept for busses as it exists for other transport means like railways.
The fire safety concept should include vehicle configuration and design as well as areas of use, e.g.
use in cities, use in long-distance traffic on motorways and use in tunnels.
The following conclusions are drawn to enhance the fire safety of busses:
•
•
•
•
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Holistic approach for bus fire safety including standardization is necessary
Limits for flammability and heat release of bus interior materials to gain time for escape
for passengers
Reaction to fire tests in vertical configuration as minimum requirement for all materials
Limits for smoke production and smoke toxicity for all bus interior materials
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•
•
•
•
•
•

Effective measures to slow down the fire growth in bus fires
Limits for the heat released by a whole vehicle to enhance safety in tunnels and depots
Approval of bus interior materials which are approved for railway vehicles (according to
EN 45545-2) for the same area of use without further testing
Review of regulations regarding flammable liquids (e.g. operating materials) to reduce
the hazard for fires after collisions
Enhancement of fire safety of electrical components regarding their potential to act as
ignition source (e.g. due to electrical short) or spread the fire
Education of drivers about times needed for escape with regard to an ageing society
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Improvement of Vehicle Fire Safety in Mines by using
Intelligent Digital Systems for Experience Feedback from
Inspections and Incidents
Zakirov A1 and Kumm M1,2
RISE Safety, Fire Research, Sweden
Mälardalen University, SWEDEN
ABSTRACT
Fires in mines and underground constructions can cause severe consequences both regarding safety
for mining personnel and from an economic perspective. Many of the fires or fire incidents occurring
in Swedish hard rock mines have their origin in vehicle faults. To reduce the number of fires in mines
an experience based digital system for fire inspection of vehicles has been developed with support
from EIT Raw Materials and in cooperation between researchers, stakeholders and regulators. The
paper describes the background, development and implementation of the iRIS-system in Swedish
mines. The experiences from the implementation and an analysis of the preliminary outcome of the
experience based system are presented regarding the feedback to the system and the use of the gained
knowledge for future inspections. A possibility for further development of inspection and fire
investigation experiences in future vehicle design is discussed and the experience feedback
exemplified.
KEY WORDS:
inspection, vehicles, fire, routines
INTRODUCTION
A fire in a underground mine can put the mine workers at risk, cause large costs for stand-still, severe
property damages and cause considerable goodwill losses. A fully developed fire in a mining vehicle
is a great challenge for the mining fire fighters or the municipal fire and rescue services. In case of a
mine fire the production usually needs to be stopped and the mine workers evacuated. As the
evacuation routes in underground mines can be very long, sometimes many kilometres, the miners can
need to evacuate to rescue chambers located in the mine on safe distances from the fire. Tests
performed in a Swedish mine in 2013 [1] also showed that the duration of a vehicle fire can also be
considerable longer than earlier expected, especially in case of smouldering fires in the runner tyres.
In these cases the fire itself no longer are so severe, but still causes additional costs due to standstill.
In coal mines a vehicle fire can cause larger secondary damages as the surroundings itself can
contribute to the fire.
GRAMKO – the Swedish Working Environment Committee and WG Fire Safety, yearly compile the
occurred fire incidents and accidents in Swedish Mines. A large number of the fires in Swedish
underground hard rock mines are caused by fires in vehicles [2]. Two main fire causes can be
extracted from the Swedish statistics; electrical faults or combustible or flammable liquid accidentally
being sprayed over a hot surface. The electrical faults are less likely to start fires that involve the
whole vehicle, than spray fires that more often cause fast growing fires that spread outside the initial
involved part of the vehicle [2].
In order to decrease the number of fires occurring in Swedish underground mines GRAMKO
regulates the fire safety standard for vehicles used in Swedish mines [3]. The handbook for Fire
Safety in Mines and Underground Constructions regulates the construction fire safety in the mine, the
organizational work with systematic fire prevention and the fire safety of the vehicles that are allowed
to enter the mine. The main content in the regulations for fire safety in mining vehicles consists of
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constructional fire safety regulations, for example how sparges, cables, pipes and fuel- or hydraulic
tanks should be manufactured, fastened and maintained. The main focus during the inspections is to
discover faults that can cause fires mainly by short-circuits or leakages of combustible liquids. Many
of the points on the inspection are therefore directed towards detecting sharp edges, loose cables and
anchor points, accumulation of combustible material and free space around hot surfaces.
To monitor that the stipulated fire safety standards are fulfilled all vehicles are undergoing yearly
inspections. The inspections can be performed by specially educated personnel employed by the
mining company or fire safety technicians employed by inspection companies. The inspections have
traditionally been performed by pen and paper and therefore compiling the statistics have been time
consuming and effective experience feedback from earlier inspections and occurred incidents and
fires difficult to achieve. During the inspections many of the detected faults have been corrected by
the inspector directly and the final product of the inspection is an approved inspection and a clean
inspection record.
In early 2015 a joint seminar between researches, practitioners, regulators and stakeholders resulted in
the iRIS-project (Intelligent Risk Identification System) with the aim to reduce the number of
underground vehicle fires in mines. The initial idea included both by digitalization facilitate the
production and use of the statistics and to use the findings from earlier inspections to improve the
ones not yet performed. The project was later funded by EIT Raw Materials as an Upscaling Project
and the use of experiences from real vehicle fire incidents and accidents included in the project. The
systems now consist of two databases – one for the performed inspections and one for occurred
vehicle fires of which both can be used for predicting faults that can lead to fire incidents. The
information in the databases can not only be used for mining environments, but also parallel
applications or segments, for examples the transport industry. Many types of vehicles used in mining
are also used during tunnel construction or in the forest industry, which means that experiences gained
from one business segment can support fire safety on a parallel market.
The iRIS project idea was further developed and later in 2015 granted by funding as an KIC
(Knowledge Innovation Community) Up-scaling project. GRAMKO were represented in the project
by the connected mines Boliden, LKAB, Björkdalsgruvan and Zinkgruvan and also included the
inspection industry by the partners SMP, as a part of RISE, and Aptum. LTU provided the long-term
perspective within the field of autonomous vehicles and Agio took a lead role in the iRIS system
development. The international aspects were covered by the participation of DMT, which is RISE
equivalent within mining research in Germany and Siveb, with advanced experience of vehicle fire
safety and insurance expertise in Finland.
FEASIBILITY STUDY
The aim of EIT RawMaterials Upscaling Projects is to launch new products and services for the
mining industry to the market. The first step of all Upscaling Projects is therefore to assess the overall
feasibility of the project by studying potential parallel commercial markets and project challenges.
The interviews and the discussions with partners and stakeholders within and outside of the project
have identified several potential parallel markets. The three main markets, chosen based on the need
of a risk identification system and the work load for adapting the iRIS system from mining application
to the new market, were; 1) construction equipment, 2) bus industry and 3) insurance industry.
1. An approved vehicle fire inspection is compulsory for vehicles entering a Swedish mine. Both
the inspections and the statistics are in most cases performed by hand, why a digital
inspection tool linked to a national database will, when in full use and contains inspection
data, be a valuable tool to identify possible fire risks and make it possible to prevent them
before a fire occurs. As different types of fire safety inspections are also made on similar
vehicles in other environments, e.g. the forestry industry, minimal adjustments to the system
will be needed to adapt iRIS to a parallel construction equipment market.
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2. Buses are one of the vehicles most commonly involved in fires and almost 10 % of all buses
will during their life span be involved in a fire incident resulting in the need of automatic or
manual extinguishment. Luckily, in most cases the fires are extinguished or controlled by the
automatic fire suppression system, or by manually handled fire extinguishers and a fire and
rescue operation not needed. The bus industry in many countries is working with preventing
measures and different risk management systems. Most of those systems are underdeveloped
or require a large amount of manual work, why the interest in a more intelligent digital
system.
3. The insurance industry takes large financial risks in case of fire in construction equipment and
heavy-duty vehicles. Based on the interviews conducted with insurance companies in Sweden
and Finland, a successful implementation of the iRIS system would directly benefit the
companies’ profit, as it would in the long term reduce amount of vehicle fires and therefore
significantly lower the compensation costs. The companies were also interested in the
statistics and the possibilities to eventually connect a specific model to fire incidents, which,
if not carefully treated, can have a negative impact on the vehicle owners instead in the form
of increased insurance fees instead of promoting increased fire safety.
One of the bigger challenges when it comes to internationalization aspects of the iRIS system is that
the vehicle fire inspection routines and the related checklists vary between the countries and are in
many cases not at all regulated. In Germany, for example, there is no dedicated fire inspection.
Instead, inspection of components that if malfunctioning can cause a fire, is performed during the
regular vehicle inspection. The inspection itself is done with checklists that are printed out from SAP
and its content is dependent on the vehicle type, manufacturer, etc. This kind of variations made it
difficult to concretise an international market plan within the scope of the project and every potential
expansion of iRIS will be made on an individual country-level.
REQUIREMENT DEFINITION
During the first year of the project large efforts were put into defining the wishes and requirements
from both inspectors, vehicle owners and mining companies. Prior the inventory of the requirements,
relevant stakeholders were identified. A safe mining environment is of interest to many different
stakeholders, for example the fire safety regulating body or the mining company itself. A system
collecting this type of information can also be of great use to the research community or the vehicle
manufacturers, who could use the information to design safer vehicles in the future.
The inventory was performed both by user workshops as well as semi-structured interviews, where
the interviewed person was allowed to talk freely about the subject as long as he or she was on topic.
The interviews were conducted on all levels, from inspectors performing actual fire safety inspections
of mining vehicles to personnel at the strategic fire safety management departments. The most
commonly wished requirements were automatic inspection instructions based on common faults for
the type and model of vehicles being inspected, possibilities to upload photos in order to facilitate
identification of faults at post-inspection measures, experience feedback from inspections and
occurred fire incidents and possibilities for offline inspections. One parallel feature that was requested
from the mining companies was the possibility to link the iRIS system to other mining management
systems, for example the access control system in order to automatically open the gate and allow
access to the mine for vehicles that have passed the fire safety inspection.
When all the requested features had been identified, the work group consisting of both inspectors and
end-users, were requested to prioritise the features in relation to each other. When the priority list had
been communicated within the project consortium as well as the regulating body GRAMKO, the most
important features – mentioned above – were implemented in the work plan. Parallel to the work with
the requirement definition the existing inspection checklist was updated and restructured in order to
get a logistic flow of the inspection points with the aim to facilitate the inspection and make the
inspections more time-efficient.
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SYSTEM STRUCTURE AND ARCHITECTURE
When the requirements were set, the work with the system architecture began. The work with the
system architecture was supposed to identify relevant stakeholders and related user cases. The
relevant main users and stakeholders identified were:
•

•
•

•
•
•
•

The vehicle fire inspector is the person performing the fire inspection of the vehicle. The
vehicle fire inspector can be employed by the mining company or by a company providing
fire inspection services. The fire inspectors need to have competence within both the field of
fire safety as well as vehicle mechanics.
Inspection service provider is the company providing the vehicle fire inspection services
where the vehicle fire inspector can be employed.
Site owner is in the system architecture defined as the mining company. The site owner may
directly own vehicles that must be inspected or procure services where the entrepreneur owns
the vehicles. The site owner can also be the employer of vehicle fire inspectors performing
inspections on-site. The site owner is also responsible towards the legislator to only allow
inspected and approved vehicles to enter the mine.
The fire policy legislator in Sweden is GRAMKO and is responsible for policies and
regulations regarding vehicle fire inspections, level of vehicle fire safety in Swedish mines
and fire incident reporting within the Swedish mining industry.
Vehicle owner can be a fleet owner equal to the site owner or an entrepreneur providing
transportation or excavation services to the mine. The vehicle owner is always responsible for
the fire safety for its own vehicles.
Fire researcher or fire analyst is a person analysing the collected inspection data and
providing the system with expert experience feedback from inspections and from occurred
fires.
A fire investigator can for example be a fire researcher or an experienced vehicle fire
inspector with additional training and competence. A fire investigator is a person
investigating occurred fire incidents in order to determine the cause of the fire.

To describe the different scenarios, detailed user stories were created for each stakeholder. The user
stories formed the base for the draft system architecture that was followed by the system design and
development of the first inspection tool prototype. The relation between the different stakeholders and
their user stories is shown in the figure below:

Figure 1

iRIS user model and system structure.

As the earlier Swedish inspections were mainly performed by pen and paper, a smooth transition to
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digital management was crucial. The system therefore needed to be user-friendly, even for
unexperienced tablet users. Implementing the system also would create an extra start-up workload for
the mining companies. To facilitate the digitalisation measures to support the initial registration of
existing vehicles and information from earlier inspections were taken. In some cases, the initial
information was manually added by the project group and in other, the information was possible to
import from the mining vehicle management system.
During the development process, needs for changes of the GRAMKO’s inspection checklist were
identified. The changes can be sorted into two main categories; improvements regarding the logical
order of the inspection elements to facilitate a more efficient inspection and improvements to the
different inspection elements regarding the level of detail. The reason to get a more detailed checklist
was to enable easier evaluation of common faults, their type and level of severity. The development of
a more detailed inspection checklist was performed in cooperation with experienced vehicle fire
inspectors, fire investigators and fire researchers within the project consortium. One of identified
weaknesses with the previous inspection checklist was that different vehicle fire inspectors evaluated
the severity of the same faults differently. The need of guidance regarding the severity and decision
support for consequences following a certain fault was expressed both from the vehicle fire inspectors
and the site owners. Even in cases where a certain fault is known to potentially cause a fire incident,
the vehicle fire inspector sometimes still approved the vehicle with a recommendation to mend the
fault within a stipulated timeframe. The reluctance to fail a vehicle could be a result of the large
expected cost for the site owner or the entrepreneur due to production downtime. The severity of
different common faults was discussed in iterations during multiple seminars with focus on safety and
cost efficiency. The common faults for each element in the inspection checklist were specified and
their severity judged regarding the probability to cause a fire incident. The severity was then
categorised in three levels; passed with remarks, failed and failed with driving ban. The first category
was used for minor faults not known to cause fire incidents and does not require re-inspection. A
recommendation of maximum time limit for repair or replacement of the faulty component is given. If
the vehicle owner does not follow the recommendation and the same fault occurs on the following
inspection, the vehicle will fail the inspection, even if the fault is still minor. The failed category is
used for faults known to be a potential fire risk, but where the vehicle is judged being able to exit the
mine by own power. The last category, failed with driving ban, includes faults judged to pose an
immediate risk for fire if the vehicle is used. These vehicles are not allowed to exit the mine by own
power and need to be repaired on-site or towed out from the mine. In the iRIS Inspection tool, the
different faults are predefined with grade of severity and the corresponding consequence. The vehicle
fire inspector can always increase the grade of severity based on the actual inspection findings, but
never decrease it. For example, can a certain fault with default value failed always be changed to
failed with driving ban, but never to passed with remarks. The most severe fault found on the vehicle
during the inspection is always automatically the one controlling the final status of the inspection. The
vehicle fire inspector can though always change the final status of the inspection as in the example
above, for example if multiple faults are found.
SYSTEM TEST AND EVALUATION
During spring and summer 2018 the digital inspection tool was tested by a group of inspectors
involved in the project, both from inspection service providers – companies offering vehicle fire
inspections and internal inspectors from the mining companies. In parallel with the first test phase an
external evaluator has been performing virtual inspections in order to find potential logical errors and
to improve the user friendliness of the system. For user feedback during the test phase a web-based
reporting tool was created, where the inspectors could post findings and opinions regarding the
inspection tool. On the web page the inspectors also could see posts from other users and follow the
progress with actions taken based on their findings. Before changes were made in the inspection tool,
discussions were held between the developers, the iRIS project management team, GRAMKO and the
mining companies participating in the project.
The first test phase will be followed by a second test phase, which will also include an English version
of the inspection tool. As many countries do not have a centralised regulation of fire inspections of
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vehicles in mines, the English version 1.0 is only a translation of the Swedish inspection checklist
regulated by GRAMKO. The iRIS inspection system will be officially launched in January 2019.
DATA ACCESS INCLUDING JURIDICAL ASPECTS
Collecting data regarding faults that can, or can be suspected to, cause fire incidents could easily
become sensitive. The tool, both with the inspection tool data base that collects event-based faults and
the incident data base collecting causes of real incidents, can link sensitive data about faults to a
specific type of vehicle or a specific component. This will be valuable data for vehicle manufacturers
trying to improve their future vehicle design or for for necessary safety up-grades of the existing fleet
but could of cause at the same time cause good-will losses if not remedied. Faults causes need of redesign could also cause business disadvantages if exposed to a wider public. This was discussed early
in the project and GRAMKO therefore was very clear from the beginning that the data base
containing the sensitive data should be located at an organisation without own business interest and
preferably with a neutral relation to the vehicle manufacturers. RISE, as a research institute owned by
the Swedish Government with an assignment to support national business and industry, with extensive
experience to handle sensitive data was chosen as base for the iRIS system. Researchers and analysts
at RISE could also in the future support experience-based interaction between the mining industry as
well as parallel markets and the vehicle manufacturer.
In order not to risk that different vehicle manufacturers could reach each-others sensitive data, or that
for example an insurance company would use the collected data to make differentiated insurance fees
based on a larger base than from own experiences, measures regarding access and user polices were
taken. In discussion with GRAMKO three basic access levels for iRIS Inspection were set – user
level, inspector level and researcher level. At user level access are only given to own data, limited for
example to own vehicle fleet or to own site, i.e. data linked to the company the user is employed at.
The inspector level gives unlimited access to single vehicles, but not possibilities to unlimited
collected data, such as possibilities to search for common faults on a specific vehicle type or
component. The inspectors are also asked to sign the iRIS inspector policy, including strict inspection
use of the tool, prior give access to the iRIS system. The researcher level is limited to researchers at
RISE, who are bound to cconfidentiality agreement by the employment. In case of joint research or
analyze projects in cooperation with non-RISE research groups special non-disclosure agreements
will be signed.
The iRIS Incident system are based on the GRAMKO incident reporting template and fire
investigation reports can additionally be up-loaded separately in pdf-format. The incident database
will be separated from the inspection database, for confidentiality reasons. The incident database will
be reached by secured web-access only and will not be able to reach with the iRIS inspection tool
application. The iRIS Incident database was primarily intended for GRAMKO and researcher use
only, to facilitate the collection and analyze of incident statistics in the mining industry and to give
researchers a foundation for safety fostering fire research. The database will though also be valuable
for joint international research projects, where sensitive information can be de-characterized, and
results used to improve safety design from a general perspective.
The two databases should be supporting units even if the search in the initial versions need to be
performed manually by authorized personnel. Occasions where the units could support the work
within the parallel field is for example in case of a fire incident, where the fire investigator would be
interested in the results from earlier fire inspections or to find out if a specific component has malfunctioned earlier. At a fire inspection of a vehicle, which has been involved in a fire incident, the
vehicle fire inspector also would need to more thoroughly inspect the vehicle in general and in
specific the parts that could have been affected by the fire.
EXPERIENCE-BASED FEEDBACK WITH RESEARCH AND PRACTITIONER
INTERACTION
The project has included close researcher – practitioner cooperation and multi-disciplinary activities
in order to implement fire engineering and fire investigation experiences in the digital tools.
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The seminars held within the project have at all occasions included representatives from both fields
with additional competence from the fire policy regulator GRAMKO. The team has, during the
seminars, shared many good examples of both findings from inspection that has prevented fires and
post-fire fires that due to experience feedback to a manufacturer or an organisation resulted in
prevention of possible fires or further incidents.
An earlier practical example of experience-based feedback, that resulted in successful post-fire
inspections on similar vehicles that prevented further fire incidents, is the case shown below in picture
1-3. A representative from the iRIS development group performed a fire investigation after a fire that
totally damaged the affected vehicle and found indications that the probable fire cause was sharp
edges in combination with a loose power cable that caused an electric arc. Vehicles of the same type
as the affected vehicle were inspected and the same type of fault, possible to cause a fire incident,
were found at several vehicles. The fault was successfully corrected, and future fires prevented.

Picture 1-3: Probable fire cause by attrition on cable insulation from sharp edge, found at fire
investigation (Pic. 1), same type of fault found at extra fire inspection at same type of vehicle, due to
the post-fire findings (Pic. 2) and close-up photo of damage.
The idea with continued close interaction between practitioner and researchers is expected to give a
profound base for directed advice during the vehicle fire inspections, based on type of vehicle
inspected, their known common faults and experiences from fire investigations after real fires.
GRAMKO does yearly collect data regarding occurred fire incidents and fire accidents in Swedish
mines [4]. The idea with the iRIS incident data base is, not only to facilitate the mining statistics
collection on a national level, but also to cross-use experiences from parallel fields in gain for both the
mining industry and parallel markets. The type of vehicles used in mining are similar to for example
tunnel construction, forestry or road construction vehicles, and experiences gained outside each field
would support the overall vehicle fire safety and support the vehicle manufacturers in future safety
design. One of the comments from the manufacturer representatives interviewed during the iRIS
project was that they not always got the feed-back after occurred fires, especially in cases when the
fires did not result in insurance claims on the manufacturing company. Earlier experiences from
similar initiatives with manufacturer interaction after fires, for example the initiative lead by MSB –
the Swedish Civil Contingencies Agency (former SRSA - Swedish Rescue Services Agency). The
most publicly known national Swedish example is the successful re-design of tobacco refrigerators
after a large number of similar fires, where the SRASA fire investigator in cooperation with the fire
experts investigating occurred fires could support the manufacturer to change the glow switch starters
to prevent future fires. Each post-fire based experience to be implemented in the iRIS inspection tool,
will first be evaluated by the expert panel in order to secure accurate advice.
Another of the opinions from the regulator GRAMKO, that one of the down-sides with pen-and-paper
inspections, was that faults found and on-site corrected by the inspector, did not show at all in the
protocols as the mended vehicle – after the correction – got the status passed in the protocol. The
vehicle owner did of course get the information as the correction was billed together with the
inspection, but the occurred fault did not contribute to the experiences regarding common faults. In
order to collect all faults, even corrected on-site, the option passed after correction was introduced as
choice for each single inspection point.
EDUCATION AND CERTIFICATION
During the iRIS project education material, intended for both educators of inspectors and vehicle fire
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inspectors have been developed. Good examples and real de-characterized cases from earlier
inspections and fire investigations have been collected and incorporated in the education material,
which secures that even un-experienced inspectors to become, will have the opportunity to see
important common faults and findings. A system for certification is under approval and will be
implemented during 2019. The certification, and associated education, have been developed for two
levels – vehicle fire inspectors and educators for vehicle fire inspectors. The 1-day education for new
vehicle fire inspectors is mandatory prior certification, independent on earlier education level on the
vehicle fire inspector. Already educated vehicle fire inspectors, educated during the validity of older
educations, will be able to, by support of the iRIS user web-page, update their knowledges regarding
the fire safety regulations and the iRIS system. The personnel authorized to educate national vehicle
fire inspectors are educated by RISE as in cooperation with the regulator GRAMKO, who also
authorizes the companies allowed to educate the inspectors, based on the presence of certified
educators and the company’s conditions. The stipulated demands of educations companies will be
published on the SveMin webpage and the companies authorized after application and approval by
GRAMKO.
The national Swedish certification rules are set in cooperation between RISE Certification, under
surveillance of SWEDAC, and the fire policy regulator GRAMKO. The certification will, if needed,
later be possible to use on an international market.
DISCUSSION OF RESULTS AND CONCLUSIONS
The initial goal after implementation of the iRIS system was decreasing the number of fires with 20 %
within the first five-year period. The iRIS system from a national perspective, will include mandatory
use of the inspection tool and use of the incident reporting tool for basic information in case of
occurred fires within GRAMKO:s jurisdiction. To insert full fire investigation reports will be
voluntary but would support the basis for future analyses in gain for the fire safety community, within
and outside the mining industry. Use of the iRIS inspection tool and incident database will be open for
other fields and segments than mining. In order to easier evaluate the future effect of implementing
the iRIS system, evaluation indicators are under development. The initial system build-up has soon
come to an end, but the real implementation, further development and evaluation have just started.
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Risks Associated with Alternative Fuels in Road
Tunnels and Underground Garages
Jonatan Gehandler, Peter Karlsson & Lotta Vylund
RISE Research Institutes of Sweden
Borås, Sweden

ABSTRACT
This research project focused on a literature review about the risks involved in using gaseous fuels and
electric vehicles in road tunnels and underground garages. Alternative fuels pose new risks that we,
due to our greater familiarity with liquid fuels, are unused to. In particular this relate to gaseous fuels
and pressure-vessel explosions, and the release of toxic gases such as hydrogen fluoride from Li-ion
batteries undergoing thermal runaway.
INTRODUCTION
Due to environmental considerations, much current transportation policy development is aimed at
increasing usage of renewable energy sources. In the future, a large number of road vehicles will not be
powered by fossil fuels, and in order to prevent incidents in connection with such a change in the
transportation sector, regulations and practices should stay one step ahead. Therefore, a project was
approved by the Nordic Road Association (NVF) that was intended to review and update current
knowledge regarding alternative fuels, provide guidelines for the operations of rescue services, and
offer recommendations for the creation of regulations [1-2]. The project ran during 2016 and involved
two workshops, one aimed at underground garages and one focusing on road tunnels, to which
interested parties were invited. The project was limited to commercial gaseous fuels in Sweden
(liquefied petroleum gas; LPG, DME, methane, and hydrogen gas) and electric vehicles. The research
method was based on a literature review and analysis from a risk perspective.
GASEOUS FUELS
Gaseous fuels can be compressed, liquefied-compressed or cryogenically frozen. The storage and
handling of methane takes place in the form of both compressed gas (CNG) and cryogenic gas (LNG).
Hydrogen gas is primarily handled in compressed form, whereas LPG and DME are normally handled
in liquefied form.
An explosion is a rapid release or creation of gas under pressure. The keyword here is ‘rapid’ so that a
blast wave occurs. Examples of such an explosion include the rupturing of a pressurised tank, i.e. a
pressure vessel explosion, and a chemical reaction (combustion, for example) that results in a rapid
increase in pressure such as occurs when a combustible gas-air mixture is ignited. The portion of the
gas that is in liquid form (only relevant for LNG, LPG and DME) during a pressure vessel explosion
may lead to a BLEVE when the liquefied gas rapidly evaporates in the warmer environment outside of
the tank. For a BLEVE to occur, the liquid must be heated around 100 K above normal storage
temperature, i.e. heated by a fire. A gas container explosion can inflict fatal damage in not only the
immediate vicinity but further away, as parts of the tank can be propelled a great distance.
According to European guidelines, CNG containers are to be inspected at regular intervals, but these
are currently ignored entirely in Sweden. Two CNG pressure vessel explosions have recently occurred
during refuelling at 230 bars in Sweden. This is about half of the design pressure for the gas container.
There could be many more CNG vehicles on Swedish roads with gas containers that currently operate
with narrow safety margins.
Standardized testing should ensure that pressure relief devices activate in case of fire. Despite, there
are many cases when they have been unable to prevent a pressure vessel explosion due to the increased
pressure inside the container and the weakened material following the fire. One reason is that the fire
can be either more powerful or local compared to the fire in the standard. Another is poor maintenance
and inspection of CNG containers and systems. Taken altogether a pressure vessel explosion followed
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by a BLEVE (for LPG, LNG, DME) or fire ball (for CNG, hydrogen) as a result of a vehicle fire must
be accounted for.
ELECTRIC AND HYBRID-ELECTRIC VEHICLES
At least part of the energy that powers electric vehicles is stored in a battery. Li-ion-based technologies
are the most common on the market at present. The energy that is released during the combustion of a
battery is moderate in relation to that of the rest of a vehicle, and contributes less to the fire load as
compared to a traditional petrol tank. In order to prevent battery failure as a result of both external
impact and internal error, batteries are equipped with technical safety systems. If the damage sustained
nevertheless causes high temperatures or internal short circuits, the battery may suffer failure and
undergo thermal runaway.
The fire load of an electric vehicle is thus no greater than that of one with a more conventional fuel,
but does involve different risks. The electric system of a traction battery must be taken into account
during a rescue operation, particularly when a car is charging. Traction batteries do not increase firerisk if appropriate tactic is taken by rescue services. During a thermal runaway, however, the
production of highly flammable and toxic gases may become considerable. When thermal runaway
takes place in connection with a fire, the gases produced do not exacerbate the situation as the fire
gases from the fire are themselves toxic. If no fire occurs, however, the production of large amounts of
toxic gas, such as hydrogen fluoride, may go unnoticed.
Fires in batteries take a long time to extinguish. A great deal of cooling is required to stop a thermal
runaway. Thus, a fire suppression operation involving an electric vehicle should focus on extinguishing
the fire around the battery, and preventing fire propagation from it. The thermal runaway process of
damaged Li-ion batteries may re-start and/or continue for more than 24 hours after the damage
occurred.
CONCLUSISONS
Current approaches to handling petrol and diesel are well-tested and relatively safe. Nevertheless,
petrol (in the aftermath of vehicle incidents) causes many vehicle fires. Alternative fuels, in the form of
either gas or electricity, will likely lead to fewer vehicle fires in general but offer new types of risks. In
the final report [1-2] several recommendations for guidelines and future research was offered.
The risks (in terms of both probability of occurrence and consequences) associated with use of
alternative fuels in road tunnels are relatively low, and there is no need for special regulations or
measures to be established. Rescue operations, however, are critical in both underground garages and
tunnels. There are significant uncertainties concerning how the rescue service should deal with fires in
gas vehicles: should containers be cooled? When should an offensive or defensive tactic be used?
In garages, people generally have sufficient time to evacuate prior to a fire causing a jet flame or
pressure vessel explosion. A jet flame can, however, increase the risk of fire propagation to adjacent
vehicles in garages, where cars are often parked close to one another. Explosions generally do not have
any serious effect on the structure of a tunnel, as the amount of gas is too small in relation to its
ventilation, size and load-bearing capacity. In underground garages, however, the risks posed by gas
vehicles are more critical. The uncertainties in our understanding of vehicle fuel container pressure
vessel explosions in different kinds of underground garages are considered to be substantial. Critical
building types, i.e. those in which there is a strong risk of collapse, can likely be identified. This issue
falls between the cracks of Swedish government authorities: the National Board of Housing, Building
and Planning refers to the Civil Contingencies Agency, who refers to the Traffic Administration, who
in turn refers back to the National Board of Housing, Building and Planning.
Gas container systems should be designed to be better able to resist a pressure vessel explosion
resulting from a fire than they are at present.
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Research on Fire Risk Analysis and Evaluation of Railway
Vehicle
Zhang Jianmin & Zhang Lei
CRRC TANGSHAN CO., LTD
Tangshan, China
Abstract:
In the context of rapid development of railway with higher speed, the situation of fire safety in rail
vehicle is becoming more and more serious under the conditions of the critical infrastructure such as
bridge and tunnel and the nature characteristic of long and narrow space of vehicle for dense
personnel with a large amount of non-metallic materials. Although the material aspect regarding fire
retardant is mainly taken into account during the rail vehicle design, but for some malicious arson etc.,
the fires could also spread quickly and the passenger’s health will be still threated by an amount of
smoke and toxic gases within a short time. Thus, it is important to develop a systematic procedure for
the fire safety analysis and evaluation on rail vehicle to keep the protection goal of passenger and staff
safety.
Key words: vehicle; fire safety; fire hazard analysis; risk evaluation
1. Definition of fire safety objects
According to the current European fire protection standards EN 45545, the fire safety object is
defined as protecting passengers and staffs on board in case of fire. This means firstly minimizing the
possibility of fire starting and reduce the severity of impact through controlling the rate and extent of
fire development. At the beginning of fire development phase, the available evacuation and self –
rescue conditions needs be ensured under the consideration of structural obscuration and relative
safety staying area and the related emergency facilities need to be kept a curtained level of reliability
and safety.
In order to achieve this protection goals, generally the following measures need be systematically
considered:
1) measures to reduce the possibility of fire starting
• use of fire retardant materials
• technical measures, such as fail-safe control of electrical system failure,
• special treatment of combustible gases and liquids, etc.
2) measures against fire spreading
• setting of fire detectors and
• active or manual equipment shutting down, such as HVAC
• isolation of high risk technical areas with fire barriers
3) measures for fire firefighting
• active firefighting systems
• portable fire extinguisher
4) measures for evacuation and self-rescue
• bi-directional communion system
• convenient escape route and available emergency exits
• sufficient emergency lighting
• timely guide information through CCTV and PA system
• reliable running capability for reaching absolute safety area
2. Fire risk Analysis and evaluation for rail vehicle
______________________
*Authorship: Zhang Jianmin, Zhang Lei, An Chao, Liu Xiaoxia, Fu Zhenliang, Guo Huisheng
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Based on the protection objectives of fire safety and with the environmental consideration of the
operational and infrastructural restrictions, the fire hazards within the whole vehicle can be identified
under the guidance of the safety aspect of EN 50126. Through the statistical analysis of historical fire
accidents of rail vehicles worldwide, the risks caused by hazards can be qualitatively analyzed and
evaluated. For the intolerable risks, the appropriate technical measures specified for the rolling stocks
will be firstly chosen to define the system requirements for the fire safety design. In general, the use
of current effective standard such as EN 45545 or NFPA 130 will be generally recommended as the
technical measures to keep the tolerable rest risks.
2.1 operational and infrastructural conditions
The fire hazards occurring on the vehicle can be identified more comprehensively, if the conditions
regarding security and emergency operations and critical infrastructural sections are clearly defined.
In general, the following factors as boundary conditions will be considered:
• critical sections such as tunnels and viaducts regarding distances and side evacuation facility
• operational speed in degraded mode due to technical failures
• the occupation of staffs such as drivers and train crews
• security check before taking the train
• additional movable fire load from passengers
• external fire caused by human or technical failure
• fire caused by collision at the cross section
2.2 Qualitative fire risk analysis
The qualitative analysis methods are a simple and feasible method to identify potential fire hazards in
the system and to characterize the relative level of fire risks.
2.2.1 Checklist
Safety check list is a method used to analysis a system or equipment for identify the potential fire
related hazards. A list of questions" will be prepared in the form of table with refer to the related
laws, regulations and technical standards as well as the previous referable fire accidents in rail
vehicles. An on-site check will be carried out for the determination of conformity with the checkpoint
which is interrelated with the previous design documents check.
The use of the checklist for fire safety analysis is used to find out various influencing factors, but the
evaluation of fire risks must be based on the experience and knowledge of engineers which brings
some uncertainty of the results. Therefore, this approach is commonly used in some subsystems such
as power supply, propulsion system and auxiliary system to identify the main fire hazards of the
vehicle system.
2.2.1 Preliminary Hazard Analysis
With reference to the standard NFPA “APTA PR PS RP 005-00”, this method is used in the preliminary
design phase of fire safety. The types of fire hazards will be categorized and the risk will be evaluated
through a matrix of frequency and the severity of events.
The approach will be described as follows:
1) collect referable fire accident cases and related environmental information such as operation
and infrastructure etc.
2) identify the hazard includes the fire origin and the possible fire sceneries
3) identify the influencing factors such as direct/indirect fire, defined technical measures, the
human factors etc.
4) rating the frequency of fire starting
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5) rating the severity level of fire effects
6) qualitatively evaluate the fire risks with a matrix
7) measures for reducing the risks including technical or operational
2.2.2 Risk graph
For the safety-related control system, the SIL should be taken into account in the fire risk analysis.
Based on the IEC 61508-5, the determination of the SIL can refer to the risk graph methods where the
following parameters will be considered:
• Consequence
• Frequency and exposure time
• Possibility of avoiding hazard
• Probability of the unwanted occurrence
According to the European CENELEC standard EN 5012X, the assessment and the certification of
related SIL of safety-related components should be carried out by an independent body which
demonstrate that the failure possibility is controlled within an acceptable range. Fox example, the
subsystem of smoke detectors installed normally in the passenger compartment or in toilets take on a
safety function like “fire detection” can be assigned a SIL 2 after the application of the risk graph
analysis.
2.3 Quantitative fire risk analysis
The quantitative methods of fire risk analysis include not only the factors e.g. possibility and
consequence of the fire occurrences, but also the physical and chemical development process of fire
risk of rail vehicle which contains the following:
• fire origin
• fire development and fire spreading
• heat release rate
• smoke flow and control
• flash over
• back draft
• interaction between passengers and fire
• structural fire resistance performance
• fire control and management measures
2.3.1 Event tree analysis
The event tree analysis method is a deductive procedure which is in the light of time sequence of fire
accident. It starts with an initial event through a factor route until to the possible final consequences.
The initial event can be chosen based on the results of preliminary hazard analysis which show the
critical fire sceneries such as a fire scene caused by a high frequency electrical failure or caused by a
high severity of arson. The following routing factors representing the effect conditions regarding fire
development and the time conditions regarding event sequence should be taken into account:
• factors on fire spreading and fire developing:
o combustible material properties (HRR)
o flame propagation and secondary ignition
o ventilation conditions such as HVAC, windows etc.
o structure failure such as technical enclosures, floors or car body
o first reaction of affected passengers
• factors on fire control and management:
o application of fire detectors and related reaction time
o bi-directional communication systems
o active firefighting system
o set of fire partition through fire barriers
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o use of fire extinguishers by passengers or staffs
o shutting down control
The frequency of initial event and the conditions probability of the route factors can be expressed
quantitatively. The resulting final fire consequence can be estimated by property damage or casualties
(first priority) or environmental impact. The risk of each branch fire scenario of the event tree can be
accordingly evaluated by calculation with those factors.
2.3.2 Computer based simulation
2.3.2.1 Fire simulation
The computer-based fire simulation can be used for the fire hazard analysis in the safety-critical areas
such as passenger compartment or high power technical cabinet. Through the mathematical modeling,
the products of fire such as heat, smoke and toxicity can be dynamically simulated and the parameters
regarding temperature field, toxicity concentration, smoke density can be generated as the basis for
the fire risk evaluation with the consideration of protection goals of passenger and staff safety.
The fire caused by the arson which refer to the ignition model 5 of EN 45545 is a main scene to be
evaluated with relation to the interior material (mass and exposed area) and its locations. The main
purpose of this fire simulation is to determine the development of heat release rate of the locally
affected area and the influence of smoke density and toxicity concentration on passengers trying to
evacuate and self-rescue before they reach the absolute safe area such as the platform or another
isolated vehicle module with fire barriers.
The fire scenario in the phase of flash over can be also simulated to evaluate the influence of the fire
development in case of different ventilation conditions due to structure failures. For instance, as
demonstrated by John Cutonilli and Craig Beyler [1], different types of window can cause dramatic
changes in window breakage. For example, the window of pure polycarbonate is about 6 minutes after
the flashover broken down, while the window failure time with the sandwich can be doubled to about
12 minutes. Through setting various numbers of opening doors and broken windows by modelling,
the results show that changes in ventilation have a significant effect on the heat release rate and
temperature in the passenger compartment.
The fire simulation is a good quantitative tool for the fire hazard evaluation, but this method cannot
fully represent the accrual fire development. A certain assumptions and constraints influence the
simulation results which bring deviations from the real fire sceneries. Therefore, the real full scale fire
tests can be used as the basic references to support the optimization of the fire simulation for reducing
the uncertainty.
3. Conclusion
Above all, there are many methods for the fire risk analysis and evaluation on rail vehicle to use. The
fire protection deign on rail vehicle can involve many different subsystems and interfaces to the
environmental conditions, its safety aspect should be also systematically considered and be analyzed
with different methods according to the characteristics of system life cycle phase. In general, the
definition of protection goal is the key basic for all kinds of fire safety analysis methods and the study
on the historical fire events in railway is the valuable database for the fire risk evaluation.
REFERENCE LIST
Symposium proceedings:
1. John Cutonilli & Craig Beyler. Predictions of Railcar Heat Release Rates. Fourth International
Symposium on Tunnel Safety and Security, Frankfurt am Main, Germany, March 17-19, 2010.495505.

240

Fifth International Conference on Fires in Vehicles, October 3-4, 2018, Borås, Sweden

Experimental Study Of Diagnostic in Order to Detect
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INTRODUCTION
There is a major interest to early diagnose problems in the mines´ underground facilities. A special
demand is the early detection of risks of fire, such as overheating of equipment, cables or similar.
Around 40 fires occurs per year in Swedish mines where the greater part is started by vehicles moving
in mines [1], see Figure 1. The figure shows Rickard Hanses study during year 2008 – 2012.
Unfortunately the number of fires have not decreased, according SWEMINs presentation at their
yearly “Health & Safety day” in Luleå 14 February 2018.

Figure 1

Number of fires in Swedish Mines

This is subject to strain the mining production which explains why it is of great intreset for the mining
business to succeed in eliminating fires. This will be especially important when mines becomes
autonoums meaning fewer and fewer mine workers will be available to act quickly if a fire starts.
Today some mine workers are trained firefigthers to be able and act if such a case occurrs.
THE IDEA WITH THE STUDY
Placing sensors both in the plants (rock walls) and on mining vehicles as for on mine workers with
continuously transmitting signals, 24/7, from these to a central diagnostic systems one can early detect
risks for e.g overheating from types that leads to that plastics begins to emit thermal decomposition
products. This will soon be possible when Swedish mines invest and are being equipped with e.g. 5G.
With sensors that follows temperature, hydro carbons, CO2 concentration, CO concentration, relative
humidity, flow and combine them with dynamic simulation models one can follow the development
of the mine and compare the simulations to measurement data.
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This is then used as input to a decision tree system to assess the risks of such fires, but also to
determine toxic gases that can be dangerous to humans and the machinery (corrosion). Oil mist in the
air from leaking hydraulics is another issue that we want to detect. If a fire is a fact the approaches for
how to extinguish the fire in mines varies. The process can be enhanced especially if the ventilation is
shut down in the mine shaft where the fire occur. In best cases the fire could then be self extinguished.
Ventilation in tunnels has shown in many cases to aggravate the fires [2]. The fire safety issues in
underground hard rock mines are in many ways very similar to the issues faced in tunnel construction
projects [2]. With smart mine ventilation, ABB like to control the ventilation in such a way that it is
being shut down during extinguishing the fire and then restarted in order to increase the possibility of
venting out bad air as fast as possible. Today 49 % of energy consumption in mines is related to
ventilation [3]. How different ventilation strategies affects the consumption is another area of the
study.
MATERIAL AND CONDITIONING
To investigate the suitability of different sensor types for early detection of fire condition (or risks for
fires) in mines, tests have been performed with a number of different sensors. Ten different cable
types that are today mounted on Atlas Copco’s (Epiroc) vehicles were tested, see figure 2. The
material of the cables varied from e.g. PVC, PE, PUR to halogen free. The thinnest cable was 0,75
mm2 and the thickest 2, 5 mm2. Cables with high current and voltage above 400 V can be found quite
protected 1,5 -2 m above the ground on the vehicles. Signal cables are mounted close to the floor,
which is 0,3 m above the ground and on low built machines and up to 7-8 m above the ground at the
end of the drilling machines – booms with limited protection. In addition oil mist was produced in
some experiments.

Figure 2 Cables on Atlas Copcos (Epiroc) vehicles
INSTRUMENTATION
The sensors need to be resistant to the mining environment and thus be able to distinguish between
normal mining air or if fire is about to evolve due to e.g. soot, oil mist (hole in hoses). Therefore
different measurement methods were important elements of the tests..With the tests we wanted to
determine if the sensors are sensitive enough, in other words, what they react to or what they are
disturbed by to find out which ones that are hypersensitive and thus not suitable for further tests in the
project. Figure 3 shows the sensors that were tested at RISE, SP Brandteknik´s facilities in Borås both
in April 2017 and January 2018. In January we added also a sensor from Sensair, which we still are
conducting tests on.

Figure 3
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TESTS
The sensors were mounted on a frame construction with wheels, see Figure 4. In this way it was
possible to move forwards and backwards at the same time, thus observing at what distances the
sensors reacted on emmisions from the cables and the oil mist. See Figure 5 the set up of the lab
equipments in Borås. The angle of the equipment could also be varied and thereby simulate inclines
on the mine road. Also a fan was mounted in order to test how ventilation affected the sensors capabilities to respond. Finally, tea kettles were used to simulate hot air to see the extent to which the
sensors were disturbed.

Figure 4 Equipment

Figure 5 Shows the set up in the lab

ADDITIONAL TESTING
Future tests will focus on sensors that may be suitable for placing on rock walls and humans and test
in a mine with 5G installed as for logging of data. Other risks that can cause fires e.g. overheated
engines as for oil mists is also planned to be tested as for electrical car batteries.
RESULTS
We could see from the experiments that Fotovac, a method determining organics after ionization,
could determine emissions from the cables when the current was approximately 50% higher than
nominal at a distance of some 0.5-1 m as it sucks air through the detector. It also reacted to oil mist.
The SICK smoke detector started to react when there was significant smoke but also on oil mist. The
thermos camera had a function determining maximum temperature in the picture, and could determine
a temperature increase already under normal operations of the cables and this can be used already
from several meters distance and by setting a temperature limit an alarm can be set. The other sensors
were to insensitive to use directly, but CH4 sensors could be used if gas could be sucked to the
detector. What we can conclude so far is that a combination of sensors will be required in order to be
able and detect gases or heat development.
DISCUSSION
In the poster a compilation of the results from the tests will be presented and a discussion of the
possible diagnostic as for detection of risk for fires will be performed. The focus will be to determine
suitable sensors and discuss possible placing in order to minimize number of fires caused by vehicles
in Swedish mines.
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Detailed Full-Scale Modelling of Fire Propagation into the
Passenger Compartment
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ABSTRACT
This paper demonstrates a method of simulating fire propagation from a passenger vehicle engine-bay
into the occupant compartment using a fire-driven fluid flow computational fluid dynamics model.
KEYWORDS: virtual testing, fire worthiness, occupant protection
INTRODUCTION
Current regulations defining the safe use of materials in vehicles with respect to vehicle fires are
based on test methods that may not be representative of fire propagation in vehicles. For example, the
United States (US) Federal Motor Vehicle Safety Standard (FMVSS) 302 specifies a test in which a
specimen (typically any material within 13 mm of the occupant compartment space) is positioned in a
horizontal orientation with one end exposed to a gas flame. This test setup does not account for
differences in the fire response of materials related to their geometry or position, e.g. vertically
oriented, nor the effects of gross heating prior to flame exposure. The use of numerical modelling
techniques can greatly expand the ability to evaluate vehicle fireworthiness based on a wide range of
characteristics not limited to the results of a single test.
The numerical modelling of engine fires, passenger fires, and vehicle-to-vehicle fire spread has been
demonstrated previously [2], however the authors are not aware of any effort to demonstrate the
ability to model the propagation of fire from the engine compartment through the windshield into the
passenger compartment using FDS. Advanced numerical modelling methods can be used to evaluate,
improve, and optimize the performance of vehicle interiors with respect to fire-propagation-resistance.
A review of the literature along with in-depth analyses of the National Fire Incident Reporting System
(NFIRS) and 228 passenger-vehicle fires reported in the National Automotive Sampling System’s
Crashworthiness Data System (NASS-CDS) has indicated that one of the main modes of engine-bay
fire propagation into the occupant compartment is via the windshield. It is proposed that a numerical
model using the Fire Dynamics Simulator (FDS; Thunderhead Engineering) could be generated that
would accurately represent this phenomenon.
METHODS
Two separate vehicle models, a simplified model and a high-resolution model, were generated to
demonstrate the propagation of an engine bay fire into the occupant compartment. The models were
solved using Fire Dynamics Simulator (FDS) on a parallel solver with 10-20 cpus.
A simplified representation of a vehicle front end was created within using geometric obstructions
within the PyroSim (Thunderhead Engineering) environment (Figure 1). This model included the
engine bay and major components, firewall, windshield, and interior furniture. A high resolution
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model of a high-production passenger vehicle was also generated by importing an external geometry
(‘.stl’ file) into PyroSim. A 0.025 m cell size was defined in order to accurately capture the geometry
of the 111 components included as obstructions in the engine-bay and passenger space.

Figure 1. Simplified vehicle representation generated in PyroSim shown with transparent walls

Figure 2. High resolution model of passenger vehicle FE model (left), FDS model (middle), and
shown with transparent panels and windows (right).
Appropriate material properties were applied to each obstruction to represent their thermal and fire
properties. Two methods of generating an engine fire were pursued. For the simplified model, a
known characteristic heat release rate for engine fires such as those provided in Figure 3 was used.
There is abundant test data available, such as that summarized by Digges and Stephenson [1], that
describes the heat flux from engine compartment fires that can be used to drive virtual models.
Using this method, a hydrocarbon fire was defined using a ‘BURNER’ surface within the engine-bay
along with a specified ‘RAMP’ function to provide time-dependent heat release rate per unit area
(HRRPUA).

Figure 3. Representative heat release rates for burning vehicles provided by [3,4]. Q1 = passenger
cabin, Q2 represents the engine and front tires, Q3 = trunk and rear tires, Q4 = fuel
In the high-resolution model select engine-bay components were ignited with a small ‘BURNER’
surface and the resulting fire was allowed to propagate naturally.
The models were simulated for long enough to allow the fire to propagate into the passenger
compartment, typically between 300 and 1000 seconds. The atmospheric conditions were set to
default ambient levels. While the current work utilized generic material properties representative of
materials that would be found in the engine-by and passenger compartment, this effort was not meant
to replicate the performance of any particular material or vehicle.
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RESULTS
This work demonstrated the ability to model the propagation of a fire from the engine-bay into the
passenger compartment through the windshield and firewall.
In the simplified vehicle model the fire spread from the engine-bay to the vehicle interior within 180
seconds as shown in Figure 4. The fire moved up the windshield quickly causing the material to
degrade and allowing the flame to move to upper headliner. Once the fire breached the occupant
compartment it quickly spread throughout the interior from front to rear.

Figure 4. Mid-plane temperature cross-section of simplified vehicle FDS model at 60, 140, 180, and
220 seconds.
In the high-resolution model the engine-bay fire was initiated on the top of the engine and
progressively grew until the flames breached the rear of the hood, as shown in Figure 5. The flames
impinged on the windshield and firewall. The fire was fed by the many flammable components in the
engine-bay and the sufficient air flow through the under body and between the hood and windshield.
Radiative and convective heating, the two main components that drive the heat transfer to the
windshield [5], could easily be tracked throughout the simulation.

Figure 5. High-resolution FDS model at 0, 100. 200, and 300 seconds.
DISCUSSION
The accurate representation of vents in the engine bay and openings in the firewall were necessary to
allow for fire growth and spread. Key locations required for accurate geometry included the top of the
hood near the windshield and the complex ducting for the cabin air filtration system. Without realistic
sizing, shape, and volumes the fire is unable to spread due to lack of oxygen. This represents a useful
aspect of the model which would allow for the design of improved fireworthiness related to passively
or actively limiting oxygen flow rather than just altering the material properties (e.g. fire-retardant
use). This method can be used to evaluate how many different aspects of vehicle design affect fire
propagation. Additionally, crash damage can be incorporated by importing the deformed geometry of
a vehicle from a finite element simulation of a crash.
One limitation of this method is the inability of flammable materials to degrade and drop onto other
parts as they become structurally compromised, e.g. the degradation of windshield polyvinyl butyral
and subsequent dripping onto the dashboard. This somewhat limits the ability of the model to evaluate
some aspects of fire progression.
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Confirmation Method of the Thermally-Activated
Pressure Relief Device Activation Caused by Fire in Fuel
Cell Vehicle
Koji YAMAZAKI, Yohsuke TAMURA
Japan Automobile Research Institute
Ibaraki, JAPAN
ABSTRACT
From a fire accident site, to safely move a hydrogen fuel cell vehicle equipped with a carbon fiber
reinforced plastic composite cylinder for compressed hydrogen (CFRP cylinder) and also safely to
scrap the burnt vehicle, it is necessary to verify whether the thermally-activated pressure relief device
(TPRD) attached to the CFRP cylinder has already been activated and released the gas from the
cylinder. To develop a simple post-fire verification method for TPRD activation, the present study
was conducted on a simple technique of verifying TPRD activation by measuring hydrogen
concentration at the TPRD gas release port, using hydrogen densitometers for Type III and Type IV
CFRP cylinders having different linings. As a result, TPRD activation status can be determined by
measuring gas concentration with a catalytic combustion hydrogen densitometer at the cylinder’s
TPRD gas release port within 24 hours of its activation.
INTRODUCTION
Carbon fiber reinforced plastic composite cylinders for compressed hydrogen (CFRP cylinders) are
equipped with a thermally-activated pressure relief device (TPRD) capable of detecting heat and
releasing gas to prevent the cylinder from bursting in a fire accident. If the fire is extinguished before
TPRD activates, the high-pressure gas is left inside the CFRP cylinder. To safely move the vehicle
from the accident site and to safety scrap the cylinder, it is necessary to verify whether the TPRD has
already been activated and released the gas from the cylinder. While the internal pressure of a cylinder
is normally verified with the pressure sensor connected to the cylinder, verification is often made
impossible by the damaging of sensors and wirings in fire accidents. The conventional verification
methods include visually observing any melting traces of the TPRD fuse metal and any burnout traces
on the asphalt surface area below the TPRD gas release port [1]. Nevertheless the fuse metal vanishes
in an intense fire; no burnout trace is left on the road surface when the gas is released upward.
Consequently it is necessary to develop a new method of verifying TPRD activation. To develop a
simple, quick verification method, the present study was conducted on the possibility of judging
TPRD activation status by measuring any residual gas at the TPRD release port using a hydrogen
densitometer.
TEST METHOD
A flame exposure test simulating a vehicle fire accident was carried out on stand-alone CFRP
cylinders. The test cylinders, TypeIII(28liter,φ280mm, Length 730mm) and TypeIV(65liter,
φ400mm, Length 830mm), were each exposed to flames, whereby the TPRD was activated and the
residual gas was measured at the release port with a hydrogen densitometer in time sequence. Figure 1
shows the overview of the test setup and the appearance of TPRD attached to the cylinder.
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Gas release port
TPRD

Overview of test setup
Appearance of TPRD
Figure 1 the overview of the test setup and the appearance of TPRD attached to the cylinder
As for the piping structure, TPRD and its gas release port were connected in a straight line. Tthe inner
diameter of the gas release port was set at 4.57 mm. Regarding the fire exposure condition was
adopted in accordance with the test method of the Global Technical Regulation for Hydrogen Fuel
Cell Vehicles (HFCV-GTR) The CFRP cylinder was exposed to localized fire for 10 minutes then to
engulfing fire for as long as 50 minutes. The cylinder was totaly exposed to fire for 60 minutes,
which is based on Masuda's paper [2]. It is reported that in a vehicle total-loss fire accident the
full-scale fire in the engine room, passenger room or trunk room lasts for no more than 1 hour. The
flames were produced with a propane gas burner as prescribed in HFCV-GTR in order to heat the
whole area of the cylinder with a uniform temperature distribution [3].
Two types of hydrogen densitometer were employed: first the thermal conductivity gas sensors type
(measurement range of 0~100Vol.%; accuracy of full scale ±5%), and second the catalytic
combustion sensors type (measurement range of 0~10,000 ppm; accuracy of full scale ±5%). The
thermal conductivity gas sensors type was used when the detected hydrogen concentration exceeded
2Vol.%, while the catalytic combustion sensors type was used for 2Vol.% or less. Before the fire test,
it was confirmed that no hydrogen gas was detectable at the TPRD gas release port. Figure 2 shows

snap shots from the fire exposure on the cylinder. Figure 3 shows gas vacuum method.
13min

10min
～

0～
10min

Localized fire

Engulfing fire
Figure 2 Fire exposure test scenes
TPRD gas release port

Vacuum port

Figure 3 Gas vacuum method
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RESULTS AND DISCUSSION
Hydrogen concentration of the post-fire cylinders
The post-fire measurements with a hydrogen densitometer at the TPRD gas release port were as
shown in Figure 4 and Table 1.
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Figure 4 Hydrogen gas concentration in time (Type III and Type IV)
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Table 1 Gas concentration (Type III and Type IV)
Type IV
Type III
Gas Conc.
Time
Gas Conc.
88 Vol.%
0min
8Vol.%
60Vol.%
15min
5Vol.%
32Vol.%
1h
2Vol.%
25Vol.%
5h
> 10000ppm
11Vol.%
24h
3000ppm
3500ppm
72h
not detected

For the TypeIII cylinder, the measurements with the thermal conductivity gas sensors hydrogen
densitometer shows to be 25Vol.% after one day of the fire extinction, 11Vol.% after one week, and
not detected after one month. The catalytic combustion hydrogen densitometer detected 35,000 ppm
after one month. These results depend on hydrogen densitometer types, hydrogen gas at the TPRD
release port remained detectable after one month of the fire extinction.
In case of the TypeIV cylinder, post-fire gas levels could not be detected with the thermal
conductivity gas sensors hydrogen densitometer, however the catalytic combustion hydrogen
densitometer detected more than 10,000 ppm after 5 hours of the fire extinction and 3,000 ppm at 24
hours later. The gas was detected after 72 hours of the fire extinction. The difference of TypeIII and
TypeIV result is due to the liner material. The liner of the typeIV cylinder was made of resin, and the
liner melted due to the heat of the flame as shown in Figure 5. Therefore it is impossible that the
flammable gas is generated from the heated resin lining, and that Type IV of figure 4 result include
the flammable gas and hydrogen gas. It is therefore considered possible to verify TPRD activation,
using a catalytic combustion hydrogen densitometer.

Melted liner

Figure 5 Melted liner of the cylinder
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CONCLUSIONS
To develop a simple method of verifying TPRD activation at post-fire accident sites, the present study
was conducted on a verification technique based on the measurement of hydrogen concentration at the
TPRD gas release port, using a hydrogen densitometer. It was found that the catalytic combustion
hydrogen densitometer could measure continuously 3000 ppm for about a month in the case of
TypeIII and for about 24 hours in the case of TypeIV, even under the hostile test conditions.
Consequently it was concluded that TPRD activation status can promptly be determined by measuring
hydrogen concentrations with a catalytic combustion hydrogen densitometer at the TPRD gas release
port.
In addition, we have verified this method in the FCV. As a result, it was confirmed that this method
was valid.
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