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Executive Publishable Summary, Related to the Overall
Project Duration
Contract No.: EVG1-CT-2002-00074-CHAF

Title:

Project Duration 1 Jan 2003 - 30 June 2006

Quantification and Control of the Hazards Associated with the
Transport and Bulk Storage of Fireworks (CHAF)

There have been a number of serious accidents with fireworks during storage and
transport. The largest European incident occurred at Enschede in 2000. This incident
led to the death of 23 persons, numerous injuries and major damage to a large area of
the town. An incident occurred at Kolding in 2004 with similar damage to local
structures, fortunately with a lesser number of casualties. Members of the CHAF
consortium have given considerable assistance with the Danish investigations.
Such incidents or rather the prevention of these incidents form the rationale for the
CHAF project.
One of the contributing factors in these incidents was that the fireworks did not
perform as expected from their transport classification as marked on the transport
boxes. This incorrect marking of the transport boxes can occur by a number of causes:
•

Deliberately marking of the transport boxes with a lesser hazard classification,

•

Inappropriate classification by analogy (i.e. to a lower hazard firework), or

•

The current UN tests, when applied, not identifying certain fireworks that have
a mass explosion hazard when stored in large quantities.

Objectives
The overall objective of the CHAF project was to quantify the propagation of the
reaction between multiple articles and to gain an insight into the dominant parameters
of reaction propagation and pressure build-up. To meet this objective a series of
workpackages each with their subsidiary objectives, were developed, these were to:
•

characterise selected packaged fireworks in standardised UN tests but with
additional information recorded by employing additional instrumentation
(workpackage 6)

•

quantify the reaction mechanisms taking place within a single fireworks article
and then to expand this to the propagation of reaction between fireworks
articles (workpackage 7)

•

develop and utilise a medium-scale apparatus to quantify the increase of
pressure with time when stocks of fireworks are ignited when stored in a
fashion that is relevant to the situations encountered in bulk storage and
transport (workpackage 8)
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•

obtain data for the validation and verification of the small-scale articles
characterisation test and the medium scale package characterisation test by
undertaking fire trials using full-scale transport and storage containers
(workpackage 9).

Scientific achievements
To a large extent the objectives of the overall CHAF programme and the individual
workpackages have been achieved. Large quantities of data have been generated and
analysed, both by individual workpackage and across the workpackages. Such data
has been generated from single fireworks, small groups of fireworks, individual
transport packages of fireworks and ISO containers both full and part full of
fireworks. This has led to a better understanding of the processes involved in largescale accidents with fireworks. A method for identifying those fireworks that can
produce a mass explosion (even when the current UN test series 6 does not) has been
identified. While this test is not fully developed as a commercial product the
specification of the pressure vessel is available, as is that of the instrumentation and
means of quantifying the pressure/time data to discriminate between those fireworks
generating a mass explosion. The results of these investigations have been presented
at an international conference.
Socio-economic policy implications
In the event of a major incident with fireworks there is considerable effect on the local
infrastructure and to the quality of life for the local inhabitants. The Enschede incident
in particular had a major impact. It is estimated that, as well as the 23 fatalities, more
than 960 persons were injured, 600 houses, 40 shops and 60 small-scale factories
were demolished or burnt. Beyond this there will likely be disruption to an area
extending some 5-10 km from the centre of the incident. The cost of the Enschede
incident is estimated to be more than half a billion Euros. Preventing further disasters
on the scale of those that have occurred in Europe will have an effect on the life of
those working with the fireworks, and emergency services that have to attend such an
incident. Additionally, the quality of life for those in the vicinity of such a potential
incident will be preserved.
Conclusions
A method of identifying fireworks that pose a mass explosion hazard has been
identified. This method, if incorporated into the UN scheme for the transport of
dangerous goods could afford a means of classifying fireworks that pose a mass
explosion hazard more accurately than the current UN series 6 tests. Incorporation
into the UN scheme would probably be a protracted process, advice suggests that it
would take up to 10 years for this method to be adopted.
Key Words
Fireworks, instrumentation, fireworks storage, safety distance, ignition, propagation,
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Detailed Publishable Report, Relating to the Overall Project
Duration
Background
Technical background
There have been a number of major accidents involving large-scale storage of
fireworks. In 2000 the most notable European accident occurred at Enschede in The
Netherlands. In this accident there were 23 persons killed, over 900 injured and there
was a large area (2 square kilometres) in which some 600 houses, 40 shops and
60 small-scale businesses were demolished as a result of the explosions. In 2004
while the CHAF programme was running a similar event took place at Kolding in
Denmark, fortunately without as great a loss of life. One fireman was killed and
17 persons injured but with damage to about 350 properties (residential and small
business) in a large area. An area extending to 1 km from the firework factory was
evacuated necessitating some 2000 people from 700 homes to be moved to safety.
Members of the CHAF team have given assistance to the Kolding investigation.
Similar incidents are suspected with fireworks in transport resulting in multi-million
Euro insurance claims for ships and cargo.
The transport, and to a large extent storage, for all UN class 1 dangerous goods
(explosives in the widest sense) is currently based on the results of the classification
generated by the UN 6 test series with the “Recommendations on the Transport of
Dangerous Goods, Manual of Tests and Criteria”. These tests were initially developed
for the transport classification of high explosives and munitions and probably do not
assess firework hazards particularly well. There are no alternative standardised tests
available for the classification of fireworks, either for transport or, more specifically,
in relation to bulk storage. In contrast to the state of knowledge with regard to the risk
of accidental explosions involving high explosives and blast effects from high
explosives, there is a lack of knowledge about the mechanisms of flame spread and
pressure build-up in packaged pyrotechnic articles under conditions of confinement.
This information is essential in understanding the fireworks (or other pyrotechnics)
behaviour in a fire. Currently, the hazards posed by pyrotechnic articles (especially
the higher power display fireworks) during transport and bulk storage are not properly
quantified.
Socio-economic background
The scale of the potential problems involved with the bulk storage of fireworks at a
European level can be judged from the information available on the Eurostat database.
These data indicate that the 25 nations of the European Union imported approximately
86,000 tonnes of fireworks from China, either directly form a Chinese mainland port
or via Hong Kong (these are reported separately in the database) in 2005. These
imported fireworks were valued at slightly over € 137 m. This quantity of fireworks
will need to be safely transported and stored.
A brief survey undertaken by HSL as a precursor to the preparation of the research
proposal provided some rough estimates of the number of workers at risk in certain
member states if bulk stores of fireworks explode. This is tabulated below in Table 1.
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Table 1 Estimate of persons directly at risk (i.e. working at fireworks
sites)
Member State

No. people working in
the fireworks industry

No. people working in
fireworks storage

Sweden

100-125

100-125

Austria

25

25

Finland

10

10

Germany

1000

200

The Netherlands

2050

2000

UK

300

225

However, the societal risk is generally much higher as severe explosions expose a
number of members of the public to risks offsite e.g. 23 people died as a result of the
Enschede explosion, none of whom were actually employed by the fireworks
company. This incident was estimated to have resulted in an economic burden in
excess of half a billion Euros. There was also considerable disruption and
inconvenience to those living in the vicinity. Many lost their homes and/or place of
work. Similar disruption took place with the Kolding incident.
Additionally, the Instituto Superiore per la Preventione e la Sicurezza del Lavoro
(Rome) registry of industrial workplaces (1996) identifies 360 companies in the EU
working in the field of explosives with 62 of these definitely involved with fireworks.
These companies employ 795 workers dealing directly with fireworks. A large-scale
storage incident could have major impact on the ability of these companies to
continue their operations. A “better” test used to identify these more dangerous
fireworks could well save jobs and will certainly reduce the economic burden to the
European nations by highlighting the correct storage conditions, limits and associated
safety distances.
Scientific/technological and socio-economic objectives
Scientific objectives
The overarching objective of the CHAF programme was to better understand the
performance of large quantities of fireworks in fires (or when subjected to other
accidental stimuli) to provide a means of better identifying fireworks that pose a mass
explosion risk which is not identified in the current UN series 6 tests.
To achieve the overarching objective a series of tasks (technical workpackages) were
developed each with a series of workpackage objectives contributing to the overall
programme.
Workpackages 1-3 were non-technical, covering the management of the programme, a
mid term review and dissemination of the project results.
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Workpackage 4, the literature review, had an objective of defining the current state of
knowledge and research, and the regulations in different EU countries with regard to
fireworks, reaction mechanisms, storage and impact on the environment. The
Workpackage also had a critical role in providing information for Workpackage 6 on
the selection of fireworks for the initial tests and as such an objective to identify
suitable fireworks for this early technical workpackags was included.
Workpackage 5 objectives were to determine the diagnostic instrumentation that is
best suited to characterise and quantify the reaction process in fireworks articles and
packages, between packages and the effects on the environment. The instrumentation
needs were to be tailored to the type of test planned for later workpackages (WP6,
WP7, WP8, WP9).
Workpackage 6 objectives were to characterise selected packaged fireworks in
standardised UN tests and use the results as a benchmark in the project. The second
objective was to obtain additional information on the response of the fireworks by
utilising extensive additional instrumentation in the tests with the aim of using this
information in developing the experimental test set-up in later workpackages (WP7,
WP8 and WP9).
Workpackage 7 objectives were to quantify the reaction mechanisms within single
fireworks articles and to quantify the propagation of the reaction between multiple
articles. This was to gain an insight into the dominant parameters of reaction
propagation and pressure build-up to construct suitable 1-dimensional and
2-dimensional test apparatus and arrangements. The goal of the 1-dimensional test
was to observe the ignition, propagation and pressure build up in one dimension
whereas the second test was to focus on the propagation of the reaction in two
dimensions.
Workpackage 8 objectives were to develop and utilise a medium-scale apparatus to
quantify the increase of pressure with time of ignited packaged fireworks when stored
in a fashion that is relevant to the situations encountered in bulk storage and transport.
The medium scale test was identified at the outset as possibly providing an alternative
candidate method for classifying packages of fireworks for transport and storage. As
such a secondary objective was to assess the suitability of the test for identifying
fireworks that potentially could give a mass explosion and separate these from
fireworks not posing such a risk.
Workpackage 9 objectives were to acquire data for validation and verification of the
small-scale articles characterisation test and the medium scale package
characterisation test by undertaking fire trials using full-scale transport and storage
containers. The other objective was to use the results to compare and contrast with the
UN classifications obtained in the benchmark tests (workpackage 6).
Workpackage 10 objectives were to analyse and assess the results of the different tests
performed within the project with respect to their classification. This would identify
differences or agreements with the current method of classifying the hazards posed by
the fireworks in storage and transport and would lead to selection and optimisation of
a test methodology for the transport and storage classification for any quantity of
fireworks, including mass storage.
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Socio-economic objectives.
The prime socio-economic objective of the project is to provide an additional test
regime to reduce the potential costs to the European nations from the accidental
ignition of fireworks while undergoing large-scale transport and while in large-scale
storage.
A major fire accident at a fireworks storage site can have serious effects on the local
environment. The work will provide benefits in
•

Reducing the severity of large-scale fireworks storage accidents and
consequent release of noxious fumes

•

Reducing blast damage on site

•

Reducing off-site blast damage by reducing frequency of occurrence and/or
ensuring that appropriate safety distances are applied for the quantity of
fireworks stored

The financial loss to companies can be large if a major fireworks storage facility is
lost.
Additional benefits from the research could be
•

Reduced loss of bulk stocks of fireworks

•

Reduced insurance for plant and stocks

•

Increased competitiveness in world markets, as less overhead finance would
need to be allocated to cover insurance and the potential of loss of stock.

It is difficult to quantify how many workers lives could be saved per year as a result
of introducing improved systems for the bulk storage of fireworks but the number
would not be insignificant. This coupled with the lives saved off site and minimising
the occurrence and effects of major blasts on structures and on the environment,
provides a number of examples of benefits to society and European commerce.
The CHAF project was intended to scientifically investigate the means of identifying
those fireworks that posed the risk of mass explosion in large-scale storage. Hence,
the objective is to provide a test system(s) that reduce the risk and hence improve the
quality of life for those living or working in the vicinity of such storage sites.
Applied methodology, scientific achievements and Main deliverables
Introduction.
The CHAF programme was divided into 10 workpackages, some being technical and
others administrative. Each workpackage delivered results in one form or another;
administrative workpackages will be reported in a short summary while the technical
workpackages will be presented in greater detail. All workpackages have contributed
to the overall delivery of the project.
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Workpackage 1 Management and coordination
The management and coordination activity has taken place throughout the project.
Coordination meetings have taken place on a 6-monthly basis, rotating round the three
centres undertaking the scientific investigation. The main deliverable from these has
been the six-monthly coordinator’s reports. While these meetings have not directly
provided scientific results their impact on the project cannot be underestimated. They
have provided direction to the scientific workpackages and allowed scientists to
discuss the many technical difficulties arising during the programme.
Workpackage 2 Critical Review Panel
This workpackage was intended to provide a review of the technical work at the
halfway stage. Unfortunately, the programme was hampered in the early stages by the
non-availability of sufficient fireworks of the type required. This problem was
unforeseen and related to the procurement cycle of fireworks. The fireworks season
dictates the production and delivery cycle for both European and Chinese
manufacturers. The CHAF programme effectively ran 6 month behind schedule due to
this procurement problem. At the time of the critical review Workpackage 4 (the
literature review) was complete, Workpackage 5 (Instrumental Development) and
Workpackage 6 (Instrumented batch mark test) were well under way. The main
experimental Workpackages 7, 8 and 9 had not started to generate results and thus the
panel was presented with a summary of Workpackages 4, 5 and 6 with aspirations for
the technical work in Workpackages 7, 8 and 9. While the panel was supportive of the
request for an extension to the programme to alleviate the problems of the delays in
firework delivery and fully supported the aspirations of the work, they were unable to
pass comment on the scientific results expected from the later workpackages. A
second review towards the end of the programme was therefore agreed.
The second review held in March 2006 was able to view the project results, almost in
their entirety, and thus the critical review panel were able to make meaningful
comment on the project, somewhat later than anticipated in the programme.
The deliverables from the two meetings were in the form of two reports, one on each
of the meetings. Both were favourable to the project. As the second dealt with the
delivered work this short report will concentrate on the findings from that meeting.
The Critical Review Panel (CRP) consisted of representatives from fireworks
manufacturers and regulatory bodies. There were two representatives of the European
fireworks industry:
Dr U Krone from Germany, who was the chief scientist for Nico fireworks and now
acts as a consultant.
M Guest from the UK, who was at the time technical director for Blackcat Fireworks
Ltd.
Three representatives of regulatory bodies attended:

7

Dr Michael Marriott of the UK who is a Principal Inspector of the Health and Safety
Executive dealing with quantitative risk assessment for explosives and its application
to legislative needs.
Dr M van der Plas of The Netherlands who is an expert on safety issues relating to the
storage; transport and handling of UN class 1 dangerous goods at the Centre for
External Safety, RIVM.
J P Visser of The Netherlands who is an Inspector with the Transport Inspectorate
Netherlands dealing with safety of hazardous cargos.
The members of the CRP were informed on the progress of the CHAF project, and
completed reports, as well as draft reports in the process of preparation for
publication, from all workpackages were sent to the members of the CRP for
information. During the meeting with the CRP, CHAF members gave a review on
results from the technical workpackages, 6, 7, 8 and 9 focussing especially on areas
where comparisons with the large-scale trials in workpackage 9 were of interest.
During the subsiquent discussion with the CRP useful input was given by the CRP as
to where to put emphasis in the last report to workpackage 10. The CRP was then also
informed of the material to be presented at the CHAF conference where a panel
discussion on results and consequences of CHAF was planned.
The CRP considered the work that had been presented to them and concluded that the
CHAF project had produced unique data, particularly during WP8 and WP9 that had
checked some theories of firework behaviour and provided a sound scientific base
from which further research could proceed.
They also noted that some of the results challenged the recently formulated UN
default list for fireworks. They considered that this was a good thing since it
demonstrated that there was a need to review the default list at regular intervals to
keep up to date with current firework developments. There was some concern over
the long lead in times for changes at the UN, particularly where there were significant
differences between the classifications produced by the default list and those from
experimentation.
In summary, the panel congratulated everyone on their efforts and stated that the
project had generated excellent data that had enabled a number of other questions to
be identified, these would require further investigation.
Workpackage 3 Transfer of information
Workpackage 3 was responsible for informing all parties involved or interested in the
project of the appropriate progress resulting from the project. To this end there is a
live web site (www.chaf.info) on which the public deliverables are hosted. This has
led to approximately 10,000 visitors to the site, of these 2,000 have made multiple
visits leading to 15,000 visits. Slightly over 24,000 downloads of information have
been made. Of these approximately 5,000 downloads have been of the workpackage 4
literature review. Most of the major reports have been downloaded between 1,500 and
3,000 times. The download activity has been steadily increasing throughout the
programme, reflecting the increasing amount of information presented. Maximum
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downloading and visits to the site took place in the period January 2006 to June 2006
and probably reflects both the delivery of the workpackage 9 final report and its
associated publicity (particularly in the Netherlands) and the publicity afforded by the
CHAF conference and the preceding associated advertising.
There is also a series of bodies that members of the CHAF team have keep informed
of progress, eg. UN, International Group of Experts on the Explosion Risks of
Unstable Substances (IGUS). The final delivery from the workpackage was a
scientific conference covering the work.
The CHAF conference was held in conjunction with the International Symposium on
Fireworks from April 3rd until April 7th 2006. Therefore the conference was
additionally labelled as the 9th International Symposium on Fireworks. More than 300
participants had registered and came from over 30 nations. From a total of 47 talks,
16 were CHAF papers presented by the CHAF partners and there were others dealing
with CHAF-related topics from outside the consortium. In addition to the talks, a halfday panel discussion on the CHAF results and their implications took place. This
generated several questions regarding continuation of the work and many suggestions
for future work. There were also some round table discussions with fewer people
programmed as part of the conference. During an extended visit to the BAM testing
facilities typical tests as performed during the CHAF project were demonstrated live
to the participants in the conference.
Workpackage 4 Literature review
This workpackage was the first to generate scientific information. The literature
review was divided into four logical sections:
Types and Compositions of Fireworks Articles (Deliverable D4-1),
Functioning Mechanisms of and between Fireworks Articles (Deliverable
D4-2),
Storage and Transport Regulations in EU Countries (Deliverable D4-3), and
The Effect of Fireworks on Health and the Environment (Deliverable D4-4),
The work involved in undertaking the wide ranging literature review was divided
between the CHAF partners, their individual reviews being coordinated by the
workpackage leader.
Deliverable 4-1 formed the basis of the following reports by summarising known
compositions of fireworks, listing their main characteristics, and by describing the
fundamental functional elements of the different fireworks articles. This deliverable
guaranteed that a common terminology is used throughout the work of CHAF. The
document also included a multilingual glossary to ease communication.
The data on compositions was extracted from the available pyrotechnics textbooks.
This data forms the generic common knowledge base of the fireworks community. In
order to preserve the overview character the relative amounts of chemicals are given
as ranges and not individual formulations. Careful consideration of the ranges,
however, also revealed that no strict separation exists between some compositions and
there may be overlaps, such that a rocket propellant, a flame producing composition,
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or a spark producing composition may have the same ingredients in very similar
amounts.
Deliverable 4-2 analysed the different mechanisms for reaction propagation within
and between fireworks articles. The considerations were based on the different
functioning principles of fireworks, their pyrotechnic compositions, and the
predominant effect produced by a particular firework. This led to the identification of
a limited number of stimuli responsible for the ignition of adjacent articles (impact
either of particles and/or shock wave, and also via heat transfer i.e. flames and
radiation). Another essential factor identified was the susceptibility of the fireworks
articles to such stimuli.
Articles especially sensitive to shock initiation, i. e. articles containing a pyrotechnic
composition which is susceptible to shock, were identified amongst fireworks articles
to pose the highest hazard, this being a mass-explosion. A detailed table of
pyrotechnic compositions with their respective sensitivity data was compiled and then
used to identify fireworks belonging to this particular category. At a lesser hazard,
fireworks being susceptible to flame propagation, and producing by themselves
considerable amounts of heat, are likely not to produce a mass-explosion. These
findings were of great importance for other workpackages and have been taken into
account during the fireworks selection process.
Deliverable 4-3 reviewed national legislations concerning storage of fireworks. The
quantity-distance schemes on which safety distance calculations are based were
identified as the central issue for comparison. The study revealed that many variants
around a general quantity-distance relation are used. This relation can be written as
D = FQ1/3 where D is the required safety distance, F is a multiplying factor and Q is
the net explosive content of the fireworks stored. The factor, F, however, differs for
different types of storages, for different possibly affected targets (storage buildings,
residential buildings, road, etc) and from country to country. Several countries seem
to follow a quite similar pattern of factors, while other countries have their own, very
specific, regulations.
The study showed that legislation with respect to storage of fireworks is present in
each of the member countries. The differences indicated that a consensus based on
experimental results does not seem to exist. The results of the CHAF project are likely
to add clarity to the issue of safety distances, this being especially helpful for smaller
countries which would normally not be able to afford extensive testing.
Deliverable 4-4 dealt with environmental and health effects of fireworks. The
materials used in the manufacture of fireworks and the likely reaction products
formed during firing are generally relatively hazardous substances. Heavy metal
compounds and pyrotechnic fumes are known to cause health and respiratory
problems. Since these substances are highly dispersed in the atmosphere the direct
impact on the audience is relatively low and effects on the environment can only be
expected where repeated firing of fireworks takes place at a fixed location.
Experimental evidence is very rare on the issue of long-term accumulation of typical
fireworks residues.
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The work undertaken led to selection criteria for the fireworks required in later
workpackages. This was particularly relevant to workpackages 6 and 7 from which
the final selection of firework articles was made.
In summary, it can be said that workpackage 4 was completed successfully. The
Deliverables were presented to time and as required by the research programme.
Workpackage 4 took the preview role and provided the other workpackages with a
systematic compilation of relevant information.
Workpackage 5 Instrumental development
The aim of workpackage 5 was to define a suite of diagnostic instrumentation for use
in the later, experimental workpackages that would characterise and quantify the
reaction processes taking place in firework articles in a range of sizes from single
articles through to filled ISO containers.
The workpackage was divided into three parts:
Quantitative overview of the information needed to be met by instrumentation
(Deliverable 5-1),
Selection of instrumentation techniques to meet the needs in other WPs (Deliverable
5-2), and
Validated set of instrumentation for all tests in the project (Deliverable 5-3)
In order to produce Deliverable 5-1 (Definition of the quantitative information
required from different tests) a set of requirements were prepared based on
discussions held with the work package leaders of WP6, WP7, WP8 and WP9.
Additionally an inventory was made of the information that the instrumentation was
required to obtain from the tests. This was translated into physical parameters that
would need to be measured in order to obtain that data, where possible parameters
were specified with the required bandwidth, range etc. One of the main challenges in
this project was the protection of some of the instrumentation, which had to survive
extreme test conditions (high pressures and temperatures). Therefore, the test set-up
and test conditions were specified in as much detail as was possible at that early point
in the project. Consideration of this information led to the specification for the
measurement method and instrumentation. In particular this specified:
•

the parameters to be measured and the required accuracy of the measurement,
and

•

the conditions (temperature and pressure) that the instruments must be able to
withstand.

This exercise was undertaken for every test that was envisaged during the programme
and these requirements were also compiled for every measurement in every test.
Based on the required output from the various tests and the dominant physical effects,
the quantitative information that is required was determined to enable suitable
equipment and methodology to be defined in the later deliverables.
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In order to undertake the second deliverable, the different means of recording the
physical effects were categorised and analysed for cost-benefits, reliability, accuracy
and achievability of each system. This resulted in a series of specifications for
different types of test, environment and measured parameters. These were described
in table form, illustrated with drawings of test set-ups. A typical tabulated list of
requirements is shown in Table 2, and a typical illustrated test set up is shown in
Figure 1.
Table 2 Typical table of instrumentation requirements
Type of measurement

Internal pressure measurement

information

confinement pressure, initiation time,
reaction rate, explosion effect
reflected or incident pressure

physical parameter to be
measured:
range:
bandwidth:
resolution:
accuracy:
duration of measurements:
test conditions that the sensor
and cables are exposed to:
allowable space and position
of the sensor and cable:

0-700 bar
100 kHz
±1%
0 – 10 s
Heat/fire, explosion effects
to be determined

Figure 1 Typical illustration of a test set-up.
The most suitable instruments were selected from the information collected. Existing
techniques or modification of existing instrumentation techniques to suit the test
conditions was all that was required in most cases. Many of these measurement
techniques were selected and described by the workpackage lead, but the other centres
also contributed their experience. It was envisaged that modification of existing
instrumentation techniques to suit the test conditions would be required as testing
provided additional challenges to the instrumentation.
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The final, formal, delivery to the project was to undertake a series of small-scale
dedicated tests to validate the developed instrumentation and methodology. From
these a validated set of detailed descriptions and working drawings was presented to
the programme. Additional assistance to the other workpackages was also given
during the course of the programme.
Workpackage 6 Instrumented bench marking
The aim of workpackage 6 was to characterise selected packaged fireworks in
standardised UN tests but with additional information recorded by employing
additional instrumentation which is not normally required in the methods described in
the UN "Transport of Dangerous Goods - Manual of Tests and Criteria". The results
were used as benchmarks and for comparison with the results found in the other
workpackages.
The workpackage was divided into four sections:
•
•
•
•

Selection and purchase of fireworks articles (Deliverable D6-1),
Definition of test set-up and test plan (Deliverable D6-2),
Results from two sets of UN tests done to national methods (Deliverable
6-3), and
Guidance and recommendations for other WPs (Deliverable 6-4)

This work package was divided between two of the partners.
In Deliverable 6-1 a detailed fireworks selection procedure was presented. The
starting point of this selection procedure was choosing the predominant propagation
mechanism to be investigated using the chosen firework. In Deliverable 4-2 two
essentially different mechanisms for the propagation of the reaction between
fireworks articles were identified. The propagation mechanism with the most severe
effect is initiation by shock, where adjacent fireworks with a high sensitiveness to
shock become ignited at a high rate thus leading to a mass explosion. The propagation
mechanism most likely not leading to a mass explosion is transfer of ignition by
flames and heat.
Following the identification of fireworks types for each initiation mechanism,
individual fireworks articles were identified where either mechanism (shock or heat
transfer) could dominate the reaction propagation. This was done by analysing the
data from Deliverable 4-2 and identifying corresponding compositions which are
either sensitive to shock or, in the other case, produce large amounts of heat, since
sensitiveness to heat is present always. From this, and with the information collected
in Deliverable 4-1, the fireworks containing such compositions could be identified.
The final step of the selection procedure then involved the selection of the size of
articles, i. e. calibre or amount of explosive content. The later was essentially based
on practical arguments, which size is most frequently encountered, or which size was
most likely to show a pronounced effect.
The selection procedure, outlined above, led to three groups of tests, the first group
aiming at acquiring reference data for reactions which could unambiguously be
assigned to one of the UN hazard divisions 1.1, 1.3, or 1.4. In order to obtain a clear
UN hazard division 1.1 (mass explosion) result, tests with report shells were planned.
13

For the observation of a UN hazard division 1.3 reaction, tests would be performed
with waterfall gerbs (major fireball hazard) and with Roman candles (fiery
projections). A UN hazard division 1.4 result was anticipated when testing fountains.
In the second group of fireworks the shock initiation mechanism was investigated.
The articles selected were expected to lie around the borderline between a UN hazard
division 1.1 and a 1.3 result. From the above outlined selection procedure Roman
candles with report, star shells with a flash bursting charge, rockets with report effect,
and stickless rockets were selected.
The third group aimed at investigating the efficiency of heat transfer as a propagation
mechanism. The articles selected were likely to show behaviour around the borderline
of UN hazard division 1.3 and 1.4 classification. These tests were performed with two
types of mines and with connected waterfalls. Table 3 summarises the fireworks
selected for testing in this workpackage, the code for the firework is used in the
descriptor for later tests, R indicating a reference sample, S a sample intended for
study of shock effects and H those for study of initiation via a thermal mechanism.
Table 3 Summary of fireworks selected for test in workpackage 6
Code

Fireworks type/description

Expected UN transport
classification

R1

Large fountains with silver effect, NEC 443 g

1.4

R2

Waterfall gerbs in a dense package (thermal
effects)

1.3

R3

Roman candles 2'' (for projection effects)

1.3

R4

Report shells, calibre 60 mm

1.1

S1

Roman candles with report units, calibre 26 mm

1.3/1.1

S2

Star shells with flash burst charge, calibre 150 mm

1.3/1.1

S3

Rockets with report charge (with sticks)

1.3/1.1

S4

Stickless star-burst rockets, densely packed

1.3/1.1

H1

Mines in mortar, calibre 75 mm

1.4/1.3

H2

Bag mines, calibre 75 mm

1.4/1.3

H3

Connected waterfalls

1.4/1.3

Deliverable 6-2 took the above detailed selection and transformed this into a test
plan. Within the test plan several constraints had to be taken into account. Good
scientific practice suggested that the tests be conducted in triplicate. This is reflected
in the UN Manual of Tests and Criteria for the UN series 6 (a) and (b) tests that
prescribe triplicate testing of the same articles unless a totally unequivocal result is
obtained in a single test. Additionally, the CHAF programme required that tests be
done at BAM and HSL for comparability. There was also a financial budget for the
testing and purchase of all the fireworks. These requirements were taken into account
in establishing a testing scheme where three tests were distributed between BAM and
HSL as 2+1 or 1+2. In some cases, however, additional tests were planned.
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The test plan including the number of repetitions with the same type of fireworks
formed the basis on which the quantity of fireworks was purchased. Deliverable 6-2,
however, also detailed some technical aspects of performing joint tests in order to
cross calibrate instrumentation against and to guarantee comparability of results
between the two laboratories.
From eleven fireworks types ordered, six types had arrived before the end of 2003. It
was possible to draw samples and to start examining the articles in detail. The first
delivery did not contain the full amounts ordered and further articles of the same types
plus the missing articles arrived in February 2004. Due to this, articles from different
lots were delivered. This, however, enabled monitoring of the uniformity (or lack of
uniformity) in production. Fireworks to be used in workpackage 7 were ordered at the
same time with the fireworks for workpackage 6.
Deliverable 6-3 and Deliverable 6-4 were presented in a single document in order to
have the test data and the analysis in a single unified document. The analysis of the
data recorded during the tests was a laborious task since for each of the 44 tests many
channels of various types of data (e. g. pressure, temperature) had been recorded with
a high data rate over a time of many minutes. Isolating useful portions of
measurement data, applying correct scaling, and producing overview graphs of all
available data was an indispensable though time-consuming task required before
evaluation and further data analysis would be possible at all. In addition, video
recordings from two different angles and still photo images were available for each of
the tests. The extraction of the useful portions of information consumed much more
time than originally expected.
The data analysis demonstrated that the fireworks articles selected for reference
purpose had been well chosen. The expected classifications could be confirmed and
the reference data was collected. Among these reference fireworks were report shells
that showed mass explosive behaviour, as expected. Pressure data from the blast wave
are included in the report. A typical example is shown in Figure 2.
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Figure 2. Typical time-pressure for fireworks mass exploding
The pressure data were used to perform a comparison with TNT demonstrating that
the performance of the report composition was close to that of TNT. Roman candles
with a hazard of fiery projections over larger distances were tested and this showed
that projections could reach beyond 70 m. Of the two types of waterfalls tested, the
connected waterfalls showed higher amounts of heat radiation than the single
waterfall gerbs. Large amounts of heat radiation were recorded, as was expected,
however the single gerbs did not burn at such a rate that the threshold value for
radiation for a 1.3 classification was reached. That is they were correctly classified as
UN hazard division 1.4. Fountains were tested as an article with a lower hazard and
did not show any violent behaviour. They would have been classified in UN hazard
division 1.4.
A number of articles had been selected to study the possibility that reaction
propagation was transmitted via a shock-wave from article to article. These articles
were: stickless rockets with a flash bursting charge, colour shells with partly a flash
bursting charge, rockets with report effect, and Roman candles with report effects. In
the tests a special focus was set on observing the sequence of reaction events and
trying to understand the mechanism of reaction propagation. The results gave some
indication that reaction propagation via shock-wave may be perhaps less prevailing
than initially assumed.
From the selected articles only the rockets with report were able to show clear mass
explosive behaviour. In the event of a mass explosion, however, it had not been
possible to resolve details of the sequence of reaction events between articles or
packages. The reaction was too fast and violent and no useful data was recorded apart
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from external pressure measurements. Any gauges (thermocouples, pressure sensors)
inside the packages were immediately destroyed at the moment of the explosion.
With the other articles that reacted at a lesser rate the sequence of the reaction events
could be resolved by use of fast responding thermocouples and in combination with
pressure data. This gave interesting insights into reaction propagation, however only
for articles NOT showing a mass explosion and apparently featuring a heat and flame
driven propagation mechanism. The stickless rockets, for example, reacted package
by package where the individual packages were reacting for up to 10 seconds until the
next package was ignited. The sequential nature of the ignitions can be seen below in
Figure 3.

Figure 3. Typical time-pressure trace for sequential ignition of fireworks
This behaviour was not only seen in the thermocouple traces but also verified by the
readings of the in-ground pressure gauge.
Similar package-by-package reaction behaviour was also observed with the 6''-shells.
The times within which the reaction was transferred from package to package was
shorter though, and in one test with presumably the highest degree of confinement a
behaviour was seen which very much resembled a mass explosion. The time in which
all articles from all packages had reacted was less than a second. The last item in the
group of articles selected to show shock propagation were the Roman candle with
report units. It could be demonstrated that reaction propagation was not efficient
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enough to lead to a violent reaction under the confinement conditions as applied in the
UN 6(b)-test. After the sequential reaction of the articles there was still a large
number of items were recovered undamaged.
Other articles had been selected to show different amounts of heat radiation
depending on how efficient the reaction propagation through flame spread was. These
articles were two kinds of mines, one with mortar and another without mortar, and
one type of waterfalls. The tests were aimed at recording data on heat radiation and
reaction rates, and to relate this to the applicable classifications in hazard division 1.3
(for heat radiation in excess of a threshold value) or in hazard division 1.4 (in the case
of lower heat radiation). As it was almost expected, the mines in mortar did not show
a fast or violent reaction and would be classified correctly in UN hazard division 1.4.
The bag-mines, lacking the protective feature of the mortar, reacted much faster
producing big hot flames in the UN 6(c)-test. They could be classified as UN hazard
division 1.3. This was also the case for the connected waterfalls.
It was found that the connected waterfalls reacted much faster than the single
waterfall gerbs. The connecting quick-match plays an important role in reaction
propagation. While in some tests the given threshold value for a UN hazard division
1.3 classification was not achieved, the severest test outcome is relevant for
classification and the capability to produce such high heat radiation was proven in the
tests. The connected waterfalls were not tested under confinement conditions since it
was not expected that they could mass explode.
Besides the aim of generating a database of reference data for representative types of
fireworks, one major task in the context of work package 6 was to identify types of
fireworks which would be suitable for the large-scale trials in work package 9, and
which would perhaps show a more violent behaviour when present in very large
amounts.
Overall, the provision of additional instrumentation to the existing UN series 6 test
proved to give much valuable data. It may well be useful for this to used on a more
regular basis. Such a change would require the UN test method procedure to be
modified. This could be a protracted process.
Workpackage 7 Small-scale characterisation
The aim of workpackage 7 was to quantify the reaction mechanisms taking place
within a single fireworks article and then to expand this to the propagation of reaction
between fireworks articles. To achieve these aims the workpackage was divided into
three logical deliverables:
i. A working test method for characterising the propagation of reaction
within and between fireworks in one and two dimensions (Deliverable
D7-1),
ii. A set of flame propagation test results (Deliverable D7-2), and
iii. A Database with experimental results and an analysis of the parameters
that determine the ignition and propagation of the reaction in firework
articles (Deliverable D7-3)
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The mechanisms for initiation and propagation of and between fireworks considered
to be most relevant were identified in the literature search undertaken in workpackage
4. Additionally, several internal meetings/brain storm sessions and the technical
progress meeting held with all the partners were used to identify possible mechanisms
and methods to evaluate these proposed mechanisms. The derived mechanisms
include:
•

Mechanical deformation leading to friction, shear stress, adiabatic
compression followed by an initiation;

•

Impact (not shock) from fragments and debris;

•

Pure thermal initiation (conductive (hot parts), convective (flames and
pressure), radiation from flames and hot parts);

•

Pressure leading to increased burning rates of pyrotechnics;

•

Shock initiation; and

•

Pressure causing the crushing of shells and pyrotechnics.

To better understand and test these mechanisms, the following test methods were
defined, developed and then used throughout the test series:
•

A 1-D test tube (confined);

•

A 2-D box (confined) with a transparent window;

•

Unconfined 1-D and 2-D test methods; and

•

Test set-ups for crushing and shock initiation testing.

In the different test set-ups several types of instrumentation are used:
•

pressure measurement (quasi-static and dynamic),

•

temperature measurement,

•

trigger wire technique,

•

resistance wire in series technique, and

•

normal speed and high speed video camera.

All the above methods worked very well for selected articles and test series. However,
proper selection of the test methods for each individual item was required and this
was carried out in group sessions. The following test apparatus and methodology were
evolved:
•

Experiments in tube (1-dimensional) with proper instrumentation.
Characteristics: 2 litre tube of 42CrMo4 and an ultimate tensile strength of
1300N/mm2; burst pressure of 250 MPa; internal diameter 70 mm, internal
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length of 498 mm. Recording of temperature, pressure, trigger wires, video,
shown in Figure 4.
•

Simple semi-confined steel or PMMA tube tests. Recording of video.

•

Experiments in box (2-dimensional), with proper instrumentation.
Characteristics: box of about 50 x 50 x 25 cm (internal dimensions), 2 cm steel
(several versions), bursting discs. Recording of temperature, pressure, (high
speed) and video, shown in Figure 5.

•

Testing unconfined fireworks, propagation of reactions in 1-dimension or in 2
dimensions.

•

Other methods unconfined, but articles kept together.

Figure 4. 1-dimensional test tube

Figure 5. 2-dimensional set-up
The articles used in the test series (as ordered for WP6) are shown in Table 4.
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Table 4. Articles used for the WP7 studies (as ordered for WP6)
Reference articles

Shock initiation study
articles

Heat initiation study
articles

Fountain (R1)

Roman candle with report
charges (S1)

Ground mine (H1)

Waterfall (R2)

150 mm star shells (S2)

Bag mine (H2)

Roman candle (R3)

Report rocket (S3)

Waterfall (H3)

Report shell (R4)

Unsticked starburst rockets (S4)

In addition, tests were performed on 75 mm peony shells.
Analysis of results
The conclusions were categorised according to categories of articles. The following
was concluded from the small-scale experiments:
Reference articles. It was concluded that the reference articles were chosen well since
the small-scale tests confirmed the expected behaviour, even under severe conditions.
•

The fountain (R1) is unlikely to show violent behaviour under transport and
storage conditions. Only severe mechanical damage previous to exposure to a fire
may lead to explosions but this is not a likely scenario. Simultaneous ignition of
a large number of fountains gives a linearly scaled heat output but no increased
projection hazard.

•

The waterfall (R2) is also unlikely to show violent behaviour under transport and
storage conditions. The heat flux does not scale linearly with the number of
articles. When comparing nineteen articles to one, the heat flux is only thirteen
times higher. This is caused by the time it takes to initiate the adjacent article
giving a slow propagation.

•

The Roman candle (R3) did not show any unexpectedly violent behaviour, not
even under strong confinement. The articles continue to react individually.

•

The R4 report shell shows mass explosion behaviour under all tested
circumstances. It shall be noted that a mass explosion found in these small-scale
tests does not necessarily mean that a mass explosion will occur in UN Test
Series 6.

Articles to study shock initiation and propagation mechanism. The Roman candle and
the unsticked rockets were possible candidates for the large-scale tests, but additional
information was desirable.
•

The Roman candle with report charges (S1) needed high confinement to mass
explode. The confinement needed to at least be capable of keeping the articles
together in the initial phase of the reaction. Such confinement may not be
realistic for ‘normal’ transport and storage situations; this needed to be
determined.
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•

The 150 mm star shells (S2) did not give a shock initiation between like articles.
When exposed to a shock from another article, propagation (and thus mass
explosion) was possible, but the conditions under which the tests are performed
seem to be critical. A mass explosion by thermal mechanisms was demonstrated
to be possible. For this to happen, the majority of the lift charges or delay charges
needed to be initiated at the same time. It can be argued that this article is not
representative enough of the majority of the star shells available, given the
peculiar construction and very flame sensitive black powder lift charges.

•

The report rocket (S3) gave a mass explosion under all tested circumstances,
even unconfined.

•

It was found that the unsticked starburst rockets (S4) might be a good candidate
for large-scale tests, given that a mass explosion under medium confinement
conditions was observed. The possibility of mitigation under confined conditions
may also be of value for a definitive selection of this article for large-scale tests.
To facilitate that discussion, it needed to be established how representative this
article is for the majority of starburst rockets.

Articles to study heat initiation and propagation mechanism. The bag mine was a
possible candidate for large-scale tests and perhaps a comparable waterfall item as
used in this series.
•

The ground mine (H1) shows propagation by ‘normal’ flame spread even under
extreme conditions. No violent reactions are likely to occur with this article.

•

The bag mine (H2) also shows thermal propagation, with higher degrees of
confinement the reaction becomes more violent. If the influence of packaging is
neglected, simultaneous initiation of a large number of articles will probably
result in the explosion of the containment. It was recommended that the influence
of packaging is determined.

•

The waterfall for the heat tests (H3) gives a high heat output, non-linear with
mass. When comparing seven articles to one, the heat flux is 20 times higher.
The experiments performed in WP7 do not take the influence of (inner)
packaging into account. It cannot be predicted whether mass explosion or
detonation-like behaviour will occur on a large scale or whether massive heat
output would be the only effect.

Experiments with 75 mm shells
•

The experiments show that under high and medium confinement mixed
mechanism occur resulting in reactions within a short time frame and with
normal delay times. On a larger scale, the short reaction times are likely to
become dominant possibly resulting in mass explosion behaviour if the
conditions approach those present during the WP7 tests.

Workpackage 8 Medium-scale characterisation of packaged fireworks
The aim of workpackage 8 was to develop and utilise a medium-scale apparatus to
quantify the increase of pressure with time when stocks of fireworks are ignited while
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stored in a fashion that is relevant to the situations encountered in bulk storage and
transport. Additionally, the medium scale test should provide an alternative candidate
method for classifying packages of fireworks for transport and storage.
The workpackage was divided into two deliverables:
•

an instrumented and commissioned test vessel, and

•

a set of results as an input to the final report.

While both deliverables have been met there have been many technical problems to
overcome. This has resulted in the workpackage taking considerably longer to deliver
than originally anticipated. The original intention was for this workpackage to
contribute to the selection of fireworks for workpackage 9 as the two previous
workpackages (WP 7 and WP8) had. This was not achieved. While this is unfortunate,
it did greatly contribute to the assessment of the total programme. Had the
workpackage delivered as anticipated it would have been difficult (if not impossible)
for testing of the fireworks commissioned for workpackage 9 to be undertaken in the
vessel. Thus the delays have given a positive result to the programme.
The original intent was to purchase a pressure vessel capable of withstanding the
pressure developed when three transport packs of the most powerful fireworks were
initiated. This would have required a large strong vessel capable of withstanding the
effect equivalent to 20-25 kg of TNT. Within the budget and time constraints this
became impractical and a less ambitious solution was saught. A smaller vessel was
purchased. This was rated at 2000 kPa (later re-rated to 8000 kPa) and could
accommodate at least one transport package, and indeed has been used with multiple
packages where these would physically fit into the vessel and not be expected to
generate an excessive pressure after testing a single package. The specifications of the
vessel were:
The body was of low temperature carbon steel and consisted of a horizontal steel
cylinder measuring 914 mm nominal outside diameter (12.5 mm wall thickness) by
1439 mm long, flange face to flange face.
The vessel was saddle-supported and each flange had a 100 mm thick bolted flanged
head fitted to it.
One head was fitted centrally with a 150 mm nominal bore (NB) bursting disc and
had ten 3/8” BSP instrument ports drilled through it. The other head was blank.
The shell had a single 25 mm NB nozzle in the top fitted with an air-actuated ball
valve.
The vessel was skid mounted to a concrete base with twelve M30 anchor bolts.
Figure 6 shows the vessel, the right hand picture showing the position of the bursting
disc and instrumentation ports.
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Figure 6: Overview of pressure vessel test site and fittings
Both pressure transducers and thermocouples were used in gaining data from each
ignition. The pressure transducers proved to be the more informative.
Initial test were conducted to commission the vessel. These consisted of a series of
trials with blackpowder and then flash composition (aluminium/potassium
perchlorate) in the form of report shells. Typical time/pressure profiles for
blackpowder are shown in Figure 7, these show the steady increase in pressure with
larger charges.
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Figure 7: p-t profiles of three 1000 g blackpowder samples
After commissioning trials were complete, the main test series was undertaken. This
was a series of trials with packaged fireworks, some originating in the workpackage 6
and 7 trials and others from the workpackage 9 trials. The fireworks tested during
WP8 are listed in Table 5, a WP6 designation indicating that the fireworks originated
in the Workpackage 6 trials and a WP9 designation indicating that they were the
fireworks used in the Workpackage 9 trials.
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Table 5: Fireworks tested in WP8
Firework

Article
type

Description

WP6 Roman candles

R3

30 mm i.d. fibreboard tube 900 mm long. Ejects eight 14g
stars.

WP6 Roman Candles with
report

S1

Seven 13 g report effects ejected sequentially from a 26 mm
i.d. fibreboard tube.

WP6 150mm shells

S2

137 mm o.d. plastic cased spherical shell containing gold
effect stars and flash burst charge. Comet attached to outside
of shell.

WP9 150mm shells

S2

Card cased spherical shells containing peony, chrysanthemum
or palm tree effects in various colours. No comet.

WP6 Unsticked rockets

S4

36 mm o.d. rocket head containing 6 mm dia. stars. No
stabilising sticks.

WP9 Unsticked rockets

S4

Rocket head contins burst charge and effects. No stabilising
stick.

WP9 75mm shells

S5

Card cased spherical shells containing peony, chrysanthemum
or palm tree effects in various colours. No comet.

WP6 Mines in mortar

H1

Approx. 65 mm mine in 80 mm o.d. fibreboard tube 350 mm
long.

WP6 Bag mines

H2

65 mm dia. fibreboard tube containing pyrotechnic effects.

WP9 Bag mines

H2

Fibreboard tubes containing lift and effects.

WP9 Connected waterfalls

H3

20 waterfall gerbs linked by quickmatch.

The time/pressure data generated was analysed and both maximum rate of pressure
rise (maximum gradient of the curve) and specific impulse (area under the
time/pressure curve) were found and used to discriminate between the effects seen. As
there were different initiation times and burning to completion times for different
fireworks, it was found that the specific impulse from 10-90% of maximum pressure
measured was more reproducible. This is mathematically:

I

10 −90
s

t90
1
=
pdt
NEC ∫t10

and shown diagrammatically in Figure 8.
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Figure 8: Portion of the p-t profile used to calculate Is
Testing single transport packs of fireworks produced data for many fireworks, the
data is summarised in Table 6.
Table 6: Gradient and impulse data from single transport pack tests
Test description
WP9 Connected waterfalls

NEC
(kg)

pmax
(kPa)

Rmax
(kPa/s)

Is10-90
(kPa.s/kg)

19.6

10500

1.4E+08

0.2

WP9 Unsticked rockets

7.0

5523

2.8E+04

0.5

WP9 150mm shells

9.6

4742

4.0E+05

47.1

WP6 150mm shells

13.5

4359

2.9E+05

66.3

WP6 Roman candles with report

6.9

7567

2.0E+05

93.4

WP7 75 mm shells

9.5

5626

6.6E+04

110.5

15.1

7067

4.7E+04

127.5

WP6 Mines in mortar

3.3

2783

7.2E+03

150.0

WP6 Unsticked rockets

2.5

443

2.8E+03

201.4

WP6 Bag mines

The maximum gradient and the specific impulse were plotted one against the other.
This generated a plot that discriminated between the materials that mass explode from
the other packaged articles. This treatment is shown in Figure 9.
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Figure 9: Relationship between maximum rate of reaction and specific
impulse for a range of fireworks.
There were some variations in the results found that could be attributed to the
packaging arrangement of the fireworks in the transport box. The stickless rockets
were packaged in two different arrangements, shown in Figure 10 and Figure 11. The
WP6 rockets had a layer of cardboard between layers of fireworks and therefore the
package does not have a large concentration of the flash composition in the centre.
The WP 9 rockets were without a dividing layer of cardboard and the centre two rows
of rockets placed the energetic heads closely together. Quite different rates of pressure
rise were seen for the two arrangements, the WP9 rockets displaying a considerably
more rapid rate of pressure rise.

Figure 10: Packing arrangement for a layer of WP6 stickless rockets
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Figure 11: Packing arrangement for a layer of WP9 stickless rockets
The technique developed in this workpackage may well afford a useful means of
testing packaged fireworks to assess the hazard in large-scale storage. The advantage
of the relatively small pressure vessel appears to be that the added confinement of the
pressure vessel gives an equivalent test result to those in the larger scale ISO
container trials at a lesser cost.
Workpackage 9 Instrumented full-scale validation tests
The aim of workpackage 9 is to obtain data for the validation and verification of the
small-scale articles characterisation test and the medium scale package
characterisation test by undertaking fire trials using full-scale transport and storage
containers.
The workpackage was divided into 4 deliverables:
•

the selection of fireworks articles to be used in the full-scale tests (Deliverable
D9-1),

•

a detailed description of the test set-up (Deliverable D9-2)

•

the set of test results (deliverable D9-3), and

•

the analysis of the results (deliverable D9-4)

In order to inform the project about the selection of fireworks for workpackage 9, a
technical meeting with all the participants, with the only purpose of making the
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selection, took place. This also corresponded to setting the requirements to be met in
deliverable D9-1. During this meeting of the CHAF partners examined the results
from WP6 and WP7 and used these as a basis for their selction. It was additionally
decided that each test would involve only one type of fireworks, where limited
variations in effects were allowed. This was to reduce the number of variables in any
given test.
Table 7 overleaf provides an overview of WP6 and WP7 results with different
articles.
Table 7. Summary of UN Series 6 tests
Article

Code
WP6/7

WP6
results

Fountain 500
grams

R1

1.4

Sequential ignition; regular burning

Waterfall Gerb
cal 24 mm

R2

1.4

Sequential ignition; heat radiation function of number of
articles simultaneously reacting, total burning time
approximately the same; no violence expected

Roman candle
30 mm, 8 shots

R3

1.2

Sequential ignition; ejections, no irregular behaviour in
bulk

Report shells

R4

1.1

Mass explosion, hardly influenced by current mitigation
and packaging; probably flash powder shock propagation

Roman candles
with report

S1

1.3

Quasi-simultaneous reaction of reports, but under high
confinement possibly mass explosion

150 mm shells

S2

1.3

Under conditions (packaging, mitigation, initiation,
confinement) possibly mass explosion (or simultaneous
reaction); lift charges play a role in fast (flame)
propagation; stronger stimulus may lead to shock
propagation

Report rocket

S3

1.1

Mass explosion, independent of confinement, orientation
and mitigation; very sensitive flash powder shock
propagation

Rocket without
stick

S4

1.3

Unconfined no propagation; under conditions (packaging,
mitigation, initiation, confinement) mass explosion

Mine

H1

1.4

Sequential ignition; regular flame spread, when contained
faster burning; no severe reaction

Bag Mine

H2

1.3

Sequential ignition; flame spread, violence depends on
confinement. Possible explosion (by pressure) in container

Waterfall
connected

H3

1.3

Heat radiation non-linear function of no. of articles
simultaneously reacting.

TNO

1.3

Mixed reactions. Depending on confinement, scaling
effects?
Crushing: initiation above certain (high) velocity (>70 m/s),
reason uncertain

Silver Peony
75 mm shell

WP7 results

Based on the results of WP6 and WP7, the articles coded S1, S2, S4, H2, H3 and
TNO were considered technically interesting. The Roman candle with only report
effects (S1) is not commonly encountered in Europe and was therefore less attractive
for the full-scale tests. Shells are very common articles and were therefore interesting
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for selection. The 150 mm shell (S2) has a peculiar design and a more common design
would need to be used in full-scale testing. Shells of 75 mm were considered
interesting as well. Rockets without sticks (S4) are not often found in shipments from
China, but in the UK, there are indications that they are likely to be transported more
frequently due to their more efficient packing into the transport boxes than rockets
with sticks. Furthermore, they represent in general, articles with a high explosive
density in the package, so results obtained with these articles could also be used in a
more generic way.
In addition, the following other considerations were raised and discussed, but not
acted upon, since financial and planning issues also had to be considered.
•

In the description of WP9, fragment distribution is mentioned amongst other
explosive effects. Given the manpower required to collect and record the
distance and weigh the fragments this should be limited to one test. But how
can one be sure that fragmentation will indeed occur? The option to perform a
test with 1.1 articles (in a 20 foot container, partly filled) was raised to ensure
that fragmentation would occur.

•

Despite all the data generated in WP6 and WP7, it could not be predicted
whether a mass explosion would occur in the full-scale tests. One way of
increasing the likelihood of a mass explosion is to include a small portion of
1.1 fireworks in the test volume (so-called boostering). The possibility of
including 1 – 5% of boxes with 1.1 articles in a partly filled container (storage
situation, but also applicable to transport) with, for instance, star shells or bag
mines, was raised during the selection meeting. Limits on the amount of
testing that could be undertaken in the workpackage precluded such a test.

•

Apart from possibly performing a test with a mixture of different articles
and/or in a 40 foot container, the matter of statistical significance was raised,
as it might be beneficial to repeat a number of tests. Financial constraints
prevented multiple testing.

Based on the above mentioned considerations a list of articles to be tested and
priorities was decided upon in principle.
Purchase of fireworks
After careful consideration, it was decided that it would be cost effective to purchase
the fireworks articles directly from a Chinese manufacturer, instead of through
European importers. Purchase through importers would have prohibitively increased
the costs for fireworks and this would have reduced the number of tests envisaged to
remain with in the budget.
Three possible routes for the transport of fireworks were identified:
a. directly from China, to be delivered to MIAT (harbour Gdynia);
b. through a Polish importer, to MIAT; and
c. via BAM, (Hamburg harbour) with transport by road to MIAT.
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Option c was chosen because it proved best in terms of budget, flexibility and allowed
easy access to the fireworks for final quality control checks.
The CHAF consortium considered that quality control was crucial to ensure that the
delivered fireworks met the specified criteria. This was required for scientifically
significant and successful full-scale tests. The procedure for quality control during the
process of purchase was as follows.
•

Direct contact with manufacturer and factory visits. Three fireworks trading
companies were selected and evaluated on general impression, production
facilities, sales organization and price. The company with the best evaluation,
and thus selected for delivery of the fireworks, was Brave Lion. A total of
4460 boxes of fireworks was purchased, a total gross mass of about 100,000
kg was ordered with a net explosive mass of 53,000 kg. The following items
were produced for the full-scale tests:
150 mm SHELLS (1430 cartons),
75 mm SHELLS (570 cartons),
BAG MINES (380 cartons),
WATERFALL (800 cartons), and
ROCKETS (without stick) (1280 cartons).

•

The involvement of the “Fireworks & Firecracker Inspection Centre of Hunan
Entry-Exit and Quarantine Bureau” (CIQ) in sample taking after production
and analysis. TNO arranged to monitor the quality during and/or after
production through the Chinese authorities, with whom good contacts have
been established. Two meetings with the “Fireworks & Firecracker Inspection
Centre of Hunan Entry-Exit and Quarantine Bureau” (CIQ) were held. A
contract was signed stating that the CIQ would check the mass of the several
pyrotechnic components of the fireworks and the chemical composition of the
critical components. Samples would be taken from the completed batches.

•

A clause in the contract with the manufacturer that acceptance/ rejection
procedures would be implemented. Unfavourable CIQ inspection results
would require the manufacturer to re-produce the specific batch of fireworks.
All articles produced passed the CIQ testing.

•

A factories visit during production. Operating with Chinese manufacturers
from Europe is difficult. A second visit to China was made both to make the
contracts for supply of the fireworks and to ensure that the fireworks supplied
met the design criteria. During the meetings with the manufacturer, details of
articles were discussed and production sample testing was undertaken.

•

Sample inspection by BAM after transport.

With the fireworks selected and ordered, consideration of the second project delivery
(Delivery D9-2) could be made. The full-scale tests were designed in such a way that
the series of tests would cover both the transport and storage situation in bulk
quantities. This was reflected in the choice of fireworks articles (described above), the
choice of 20 ft steel ISO containers, and the choices in loading.
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Steel ISO containers are generally used for transport, while steel containers as well as
concrete structures are used for storage purposes. This issue was discussed during the
first Critical Review Panel meeting and at a progress meeting, and it was decided to
use steel ISO containers only in WP9. Since steel containers were likely to provide
the maximum confinement, tests in such containers provide information about both
the transport and the storage situation. It was agreed between the CHAF partners that
a realistic, worst-case test set-up was required. This implied that the full-scale tests
needed to be designed for the highest internal pressure that is likely to occur in
transport and storage conditions. Fireworks storage buildings usually have low failure
pressures compared to steel ISO transport containers. Therefore, the failure pressure
of a steel ISO transport container was used as the design pressure for the test
confinement design. It was decided that actual steel ISO transport containers could be
used, providing that some modifications were made in order to guarantee that the
design pressure would be reached.
•

The weld between the roof plate and the top side rail might be a poor quality
weld. In order to make sure that the roof would not rupture before the door
opened, it would need to be strengthened. Thus a steel angle was welded over
the joints of each container.

•

The door would need to fail at the highest failure pressure that a normal
container may have. The failure pressure would need to be reproducible and
definable. Therefore, the normal locking mechanism of each container was
replaced with one that would guarantee an exact reproducible failure pressure.

The method of initiation of articles in the large-scale tests was considered important.
The approach was described and the results of considerations were presented in terms
of recommended practices. Initiation procedures were decided on after careful
consideration. The main points were that:
• A worst-case but realistic approach was required in all details and all cases.
• The limits of reality should be approached in the design (to the high-energy end),
but it should be clear that it is still likely to occur in a realistic scenario when
exposed to an external fire.
• Accidental under-initiation should be avoided, otherwise gas generation, pressure
build-up and container break-up or opening would occur before full development
of the propagation mechanism (prematurely during the initiation phase), with the
result that fireworks articles or boxes would move away from each other.
• Burning (prolonged) of boxes should not occur, as it would consume oxygen and
would extinguish the fire, which would restart after opening. Burning of
pyrotechnic compositions should be the predominant mechanism during the
initiation phase.
• There should always be a reserve initiation, in order to be able to initiate again
after an unexpected mis-initiation.
The lay-out of the test location was defined with the aim of effectively working on
test preparation, testing and debris collection and clean-up of two tests in parallel. The
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required cabling (a total length of 28,000 m) was largely put underground and most of
the data collection equipment was stored in a container located between the test
locations and connected to a measurement computer over a large distance with glass
fibre cabling.
A range of instrumentation was used to measure initiation and propagation
mechanisms and effects. The pressure was measured by using pressure transducers,
inside the container on several locations and outside the container at several distances
and in two directions. The temperature inside the container was monitored inside a
few packages of fireworks and on the walls by using an array of thermocouples. Heat
radiation was measured at a pre-defined distance from the container by using IR
temperature measurement equipment. The flame tongue, the eruption of articles and
other visual effects and container effects were recorded using both high-speed video
and normal speed video equipment. The selection of measurement equipment was
partly based on experience from other full-scale explosion tests performed in the
Australian desert.
Full-scale tests
Three technical meetings have taken place with the Polish subcontractor MIAT, who
has contributed to the project by facilitating the large-scale trials on the MIAT test site
in Stalowa Wola. The test site and the storage site were visited with positive results.
The required facilities (water, electricity, safety measures etc.) were discussed as well
as the general test set-up and planning of the testing.
The instrumentation during the full-scale tests included
•

temperature and pressure sensors inside the containers (walls and boxes) for
recording the processes inside the container;

•

internal video cameras;

•

blast and heat sensors outside the container; and

•

external video cameras.

In total, eight large-scale tests and three reduced-scale tests were performed with five
different fireworks types. Additionally, a visitors’ programme was organised where
some 10 international experts witnessed two tests. The test schedule is listed in the
Table 8 below.
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Table 8. Test Schedule
Test

Firework items

Test situations

A1

150 mm colour shells

Full container

A2

75 mm colour shells

Full container

A3

150 mm colour shells

Partly filled (aisle) container

A4

75 mm colour shells

Partly filled container; covered by sand

A5

Bag mines

Partly filled container

A6

Waterfall

Full container

A6-2

Waterfall

Low loading container

A6-6(b)

Waterfall

Std UN 6(b)

A6-6(b)mod

Waterfall

Scaled up UN 6(b)

B7

Rockets without stick

Full container

B7-2

Rockets without stick

Full container, duplicate

Instrumentation was installed in order to measure temperature, pressure, blast and
heat radiation. Video cameras were used around and in the container to record visual
phenomena. It was obvious that the harsh physical environment would eventually
damage the majority of sensors placed inside the container. Nevertheless, information
from the first events after initiation was considered valuable and it was decided to
instrument each test with many sensors in order to gain as much information as
possible in a short time window. Many sensors for recording temperature and pressure
were used in each test and their signals were recorded and interpreted from signal
onset until sensor break-up.
In general, the containers were equipped with ten pressure transducers and ten
thermocouples located in the walls, roof and floor of the container (Figure 12). Where
possible, the sensors were placed at half the vertical height of the container. Only in
the door were the sensors placed somewhat higher for practical reasons. The sensors
in the floor were located at 2 and 4 metres distance from the doors, the sensors in the
walls and roof were placed at roughly the same distances, to the extent that the ribbed
contours of the walls allowed.
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Figure 12: Approximate location of both the pressure and temperature
sensors in the container walls, roof and floor. The open symbols are not
visible from the view point of the drawing.
Six pressure transducers were placed in two directions from the container on perpendicular axes
(Figure 13). The data were used for assessing the external explosion pressure curves. Pressure
sensors P1 and P4 were free-field pressure transducers intended for high pressure measurements
(“Skimmer plate” type). The other four sensors P2, P3, P5 and P6 were intended for low pressure
measurements (blast pencils).

Figure 13: Location of the pressure transducers outside the container
The results (Deliverable D9-3), which generated large volumes of data, have been
analysed (Deliverable D9-4). This has led to a better understanding of the
development of the burning/explosion of the fireworks on a large-scale. A typical
sequence of events is shown in Figure 14 where the door of the ISO container opens
and a large fireball is generated.
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Figure 14. Sequence of events as the fireworks are initiated.
Typical debris varied from small fragments (Figure 15) where a UN HD 1.1 effect
was seen through large sections of the container (shown in Figure 16) to minor
distortion to the container (shown in Figure 17).

Figure 15. Debris from the waterfalls test
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Figure 16. Damage to a container from the 150 mm shell trial.

Figure 17. Damage to an ISO container from the 75 mm shell trial
Table 9 below summarises the practical situation to be simulated (transport in full
containers or storage in partly filled containers), the UN Hazard Division as
determined by UN Series 6 tests with the actual articles used in the large-scale tests
and the observed full-scale behaviour of the fireworks involved.
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Table 9. Summary of the workpackage 9 results
Fireworks type

Storage/ Transport
conditions

UN HD

Full-scale
behaviour

Colour shells
(150 mm)

Storage and transport

1.1G*

Thermal effects, no mass
explosion

Colour shells
(150 mm)

Extra confinement by earth covering;
worst case transport and storage

1.1G*

Mass explosion

Colour shells
(75 mm)

Transport

1.3G

Thermal effects, no mass
explosion

Bag mines

Storage

1.3G

Thermal effects, no mass
explosion

Waterfalls

Transport**

1.3G

Mass explosion**

Rockets without
sticks

Transport

1.1G*

Mass explosion

* In Work package 6 this article was classified as 1.3G. UN classification tests with the articles used in the fullscale tests proved differently.
** Reduced scale additional tests were carried out (including a container test with 1768 kg net explosive mass),
that were not related exclusively to transport or storage

The case of waterfalls is unusual. A mass explosion was obtained in a full-scale test
although all UN Series 6 tests confirmed the 1.3G classification for this article. This
behaviour was dependent on the quantity of waterfalls involved. A threshold value
could not be established within the framework of CHAF and neither could a solid
explanation for this behaviour be found. Some observations indicated that
compositions with a “high explosion energy” and a situation where relatively small
heat losses occur were among the contributing factors.
The full-scale tests were designed to either represent transport (full container) or
storage configurations (partly filled container with aisle). Tests were performed with
one type of fireworks in both configurations. The results were largely comparable.
Other tests were performed in either the transport or storage configuration. It was
concluded that similar results would have been obtained in the other, not tested,
configuration. It was not possible to predict the behaviour of waterfalls in the storage
situation, since the type of reaction was dependent on the quantity involved.
Workpackage 10 Development of testing methodology
The aims of the final workpackage (workpackage 10) were to analyse the results from
all the previous workpackages to identify agreement (or otherwise) of the concluded
hazard classification of each of the articles tested. In doing so this was intended to
lead to the selection and optimisation of a test methodology to classify the hazard
posed by any quantity of fireworks up to and including mass-storage. To this end the
workpackage was divided into four deliverables:
•

selection of a test methodology with a predictive capability,

•

specification of the testing conditions,
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•

specification of instrumentation and properties to be recorded, and

•

the criteria for the evaluation of the test results.

Workpackage 10 had the overarching task of making conclusions from all results
found during the project and to identify a way forward towards a new testing
methodology avoiding shortcomings present in the current testing scheme. The tasks
were to analyse and compare data in order to identify discrepancies between test
results, then to propose a testing methodology showing agreement with testing on all
other scales, and finally to specify the details of the test, the data to be recorded, and
the criteria to be applied for analysis. Before going into this issue, two questions
logically arise:
1. did the project at all reveal shortcomings of the current testing scheme,
and if yes,
2.

is it possible to propose an improved testing methodology.

Both questions have to be answered with more than a single word, although the
general answer is yes for both questions.
The predominant observation from a comparison of test results obtained on different
scales was, that the UN series 6 tests reliably predict the behaviour for most of the
fireworks most of the time. This includes the large-scale behaviour when fireworks
are ignited in a container. This is especially true for fireworks belonging to the hazard
divisions 1.4 and 1.3 as long as these articles are not at the 1.3/1.1 borderline. In the
case of fireworks in hazard division 1.3 with a high energetic content a word of
caution is necessary: one test with waterfalls containing an aluminium potassium
perchlorate (Al/KClO4) composition showed an unpredicted mass explosion in the
container trial. Tests on other scales gave no indications that this would occur.
However, one test method showed agreement regarding the ranking of fireworks
according to the violence of the reaction, and in retrospect the above mentioned
waterfalls can be seen to belong to a group of potentially mass-explosive fireworks.
This test was the closed vessel test as described in more detail in the context of
workpackage 8 (page 22). Following a proposed analysis scheme focussing on the
reaction rate and the integral under the pressure curve, the waterfalls had been ranked
very closely to the stickless rockets which had shown mass explosive behaviour in the
other test scales.
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Table 10 Summary of the data used in identifying a test methodology
WP6
Firework

UN
Classifi- WP7
cation

WP8

WP9

UN 6(b)

UN 6(c)

Fountain

sequential
ignition

thermal output
< 4 kW/m2

1.4

sequential
ignition

-

-

Waterfall gerb

-

thermal output
< 4 kW/m2

1.4

sequential
ignition

-

-

Roman candle

-

sequential
ignition,
penetration of
witness screen

1.2

sequential
ignition

incomplete
reaction

-

Report shell

mass explosion

mass explosion

1.1

mass
explosion

-

-

Roman candle
with report

sequential
ignition

-

150 mm shell
(WP6)

usually no
mass explosion
*2*

sequential
explosion of
transport packs

1.3

*1*

1.3

different
results

ramping to
violent
explosion
ramping to
violent
explosion

-

-

ramping to
violent
explosion

usually no
mass
explosion
*3*

mass
explosion

-

-

1.3

mass
explosion
*4*

incomplete
reaction

-

-

1.1

-

violent mass
explosion

violent
mass
explosion

-

-

1.3

different
results

-

-

75 mm shell
(WP9)

no mass
explosion

-

1.3

-

sequential
ignition

sequential
ignition

Mines in
mortar

slow sequential
ignition

thermal output
< 4 kW/m2

1.4

sequential
ignition

sequential
ignition

-

Bag mines
(WP6)

-

thermal output
> 4 kW/m2

1.3

sequential
ignition

sequential
ignition

-

Bag mines
(WP9)

-

1.3

-

sequential
ignition

sequential
ignition

Connected
water-falls
(WP6)

-

1.3

*5*

-

-

Connected
water-falls
(WP9)

no mass
explosion

1.3

-

violent mass
explosion

violent
mass
explosion

150 mm shell
(WP9)

mass explosion

-

1.1

-

Report rockets

mass explosion

orientation
dependent
behaviour

1.1

Stickless
rockets (WP6)

sequential
ignition

projection of
burning matter

Stickless
rockets (WP9)

mass explosion

75 mm shell
(WP7)

thermal output
close to
4 kW/m2
thermal output
close to 4
kW/m2
thermal output
> 4 kW/m2

*1* a mass explosion was observed only under higher confinement
*2* mass explosion seems possible under slightly higher confinement than in an UN 6(b)-test
*3* only additional confinement by sand mounding lead to a mass explosion
*4* mass explosion under medium confinement
*5* thermal output, respectively violence of reaction, depends non-linearly on amount of fireworks
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Taking account of the results from the practical workpackages (WP6, WP7, WP8 and
WP9) summarised in Table 10, it was possible to address the first deliverable
(D10-1). The workpackage 8 closed vessel test was selected as the test which most
probably would correctly predict mass explosive behaviour, where the other
predictive tests were shown only to predict a UN 1.3 classification. The data used as a
basis to confirm the usability of the closed vessel test for classification purposes was
with tests on 10 different articles. This is still much to small for a final validation of
this new testing methodology. More fireworks will have to be subjected to this test in
order to generate a high level of confidence in the test results. Even though it was
planned to provide a new testing methodology at the completion of workpackage 10,
at present the CHAF consortium are only at the stage of proposing a new
methodology with a possibly promising future. For this to be universally adopted
would require it to be accepted as a test in the UN classification scheme for dangerous
goods. This could take many years and its adoption may not succeed.
The pressure vessel used for the medium-scale tests on packaged fireworks (WP8)
and identified as providing a predictive capability was fabricated from low
temperature carbon steel and consisted of a horizontal steel cylinder of 12.5 mm wall
thickness (Figure 18). The vessel was saddle-supported and each flange had a 100 mm
thick bolted flanged head fitted to it. One head was fitted centrally with a 150 mm
nominal bore (NB) bursting disc designed to fail at 8000 kPa (Figure 6, page 24). Ten
3/8” BSP instrument ports were drilled through the head. The other head was blank.
To allow venting, an air-actuated ball valve was fitted to a 25 mm NB nozzle on the
top of the vessel. The blank head was removed after each test in order to load and
unload fireworks or debris. The other head, that housed the bursting disc, remained
bolted to the other flange at all times.

Figure 18: Technical design specification for pressure vessel used
during WP8 testing -side elevation
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The pressure vessel needs to be equipped with a pressure transducer in order to record
the evolution of the pressure inside the vessel. Thermocouples may be useful in order
to monitor the onset of the reaction, however, would not directly provide data to
discriminate fireworks. An electric feed-through is required to connect the electric
match for the ignition of the fireworks.
From the recorded pressure data two parameters, maximum rate of reaction (Rmax)
and specific impulse (Is), need to be obtained from p-t profiles and these values are
proposed for the analysis of the data. Figure 19 shows a typical pressure curve. The
data has been recorded for three packs of mines in mortar from the WP6 fireworks
selection.

Figure 19. Typical time pressure curve from 3 boxes of WP6 mines in
mortar.
Conclusions including socio-economic relevance, strategic aspects and
policy implementations
Technical conclusions
The data generated during the course of the CHAF project has allowed correlation of
the effects of firework ignition on a wide range of scales, from single fireworks
through to full ISO containers. This has included tests on multiple fireworks packages
as described in the UN Recommendations on the Transport of Dangerous Goods,
Manual of Tests and Criteria, series 6 (with additional instrumentation). The majority
of fireworks tested showed that the UN tests predicted the large-scale event. However,
the project has identified that certain fireworks can exhibit a mass explosion when
stored in ISO containers when this is not observed in the current UN series 6 tests.
While this hazard assessment is made for transport, national competent authorities
often take this data as input into their hazard classification for storage to determine the
safety distances required for the amounts of fireworks stored. The time/pressure test
carried out on transport packages of fireworks in the workpackage 8 pressure vessel
test programme has been identified as a means of testing that will indicate those
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fireworks that could potentially give a mass explosion. The project concludes that a
time/pressure test be carried out as part of the hazard assessment for fireworks.
Ideally, this should be on packaged fireworks as undertaken in workpackage 8.
However, there may be merit in developing a smaller scale (and hence quicker and
more cost effective) test to identify compositions that may potentially give rise to this
hazard. Such a small-scale test could be used as a screening test to remove the need
for the medium-scale test for the majority of fireworks. Only those fireworks that
contained the potential hazardous compositions would then require further testing
over that currently undertaken in the UN Scheme for Dangerous Goods.
Suggested further work
From the comments made by the CRP and in discussion with the CHAF partners there
are areas of work that were not included in the CHAF proposal that could form the
basis of a follow on project. Additionally, the financial constraints have limited the
number of tests that could be carried out in the delivered workpackages.
From the CRP it has been suggested that:
•

Thermodynamic and kinetic data be collected for firework compositions,
including the influence of composition, particle size,

•

Small-scale (composition level) testing of fireworks compositions be
undertaken,

•

Large-scale trials with ISO containers filled (or part-filled) with representative
firework loads be tested.

The CHAF consortium have suggested:
•

The use of existing UN transport of dangerous goods tests from other test
series (test series 6 trials were performed in workpackage 6) such as those in
series 1 and 2.

•

Using the data generated from the CHAF programme and data gathered in
additional trials to model the effects of ignition in stored fireworks.

•

Additional test to better correlate the medium and large-scale trials with a
wider set of data.

The attendees at the CHAF conference made many suggestions for future work. Most
of these were in the lists above. There were additional suggestions for larger scale
cooperation in fireworks hazard testing. This would form a useful basis for future
collaborative work, possibly in a subsequent European programme (FP7).
Probably the most cost effective work would be to investigate the application of other
standard UN tests, either in their current form or with modification to their criteria.
One such approach would be to take the UN series 1 and 2 time-pressure test (which
formed the basis for the workpackage 8 time-pressure test, albeit on a considerably
larger scale) and investigate individual fireworks compositions. This could be used as
a screening method to identify hazardous compositions that could lead to mass
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explosion. Such an approach would potentially identify fireworks compositions that
either should not be allowed or have tight restrictions imposed. If successful, this
would be more easily incorporated into the UN scheme for testing dangerous goods
than proposing a new test for inclusion into the manual. ‡
Socio-economic relevance
There have been a number of storage accidents with fireworks that have led to
damage to property or the general public in the vicinity of the accident. For example,
in the Enschede disaster (13th May 2000) 23 people were killed, in excess of 960
were injured, 600 houses, 40 shops and 60 small-scale factories were demolished or
burnt out by the resulting explosions. This was estimated to have been at a cost of
more than half a billion Euros. While Enschede was particularly spectacular in the
resulting damage to both the surroundings and populace, there have been similar (but
fortunately smaller) incidents within the EU. On average these large-scale storage
incidents occur once in two years. If the proposed test method is adopted then these
dangerous fireworks could be screened out and stored in more suitable conditions (i.e.
with greater safety distance or other restrictions) to prevent future large-scale
accidents or mitigate the effects with their corresponding costs in collateral and
human damage.
Strategic aspects
Assessment of hazards posed by dangerous goods is undertaken by tests within the
UN Recommendations on the Transport of dangerous Goods, Manual of Tests and
Criteria. This test regime is well developed and provides a range of tests from
compositions through to multiple transport packages. Changes to the scheme require
protracted negotiations. The UK delegate believes that it would take up to 10 years to
have the worpackage 8 pressure vessel test incorporated into the scheme (if accepted).
There are a number of strategies that could be adopted. The time/pressure approach to
assessing the hazard is carried out in the UN scheme in both test series 1 and test
series 2. Such a test is performed on compositions rather than packaged material. As
such the test would screen out particularly hazardous compositions (whether or not
they would pose the same hazard in finished fireworks packaged in their transport
packages). This could possibly eliminate the problem. The adopting of such a test
would be considerably quicker than proposing a new test to be included in the UN
scheme.
An alternative approach may be through the essential safety requirements for
pyrotechnics. It is understood that the current fireworks standards cover consumer
aspects and do not address safety in storage. Incorporation of a requirement for
ensuring correct hazard identification may afford a means of reducing the hazard to
the European population form these major fireworks incidents. The workpackage 8

‡ Coordinator’s note. Work has been undertaken outside of the CHAF project taking cognisance of the
WP8 time-pressure work and applied this to the UN series 1/2 time-pressure test. An information paper
(UN/SCETDG/30/INF.3 - (UK) Annex to document ST/SG/AC.10/C.3/2006/84) has been presented to
the UN committee on dangerous goods proposing the adoption of this test with modified criteria to
screen out those fireworks compositions that pose the enhanced hazard.
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time/pressure test carried out in a pressure vessel would afford a suitable test, all be it
at a considerable cost in testing the material compared with smaller scale methods.
Policy implementation
Fireworks storage accidents such as those at Uffculme (1998), Enschede (2000) and
Kolding (2004) give the fireworks storage problem a strong European dimension.
There is a need for member states to ensure that proper storage of fireworks, i.e.
safety distances should and amounts stored should reflect the true hazard posed by the
materials. As such, the member states will need advice and guidance on how to
prevent serious explosions having effect on the infrastructure and local populace. This
integrated project has provided a scientific basis on which such guidance could be
founded at an EU level.
The project has also identified areas for future research that would build on the initial
knowledge coming from this FP5 project by suggesting areas of work (such as
modelling of firework behaviour in bulk storage) that could form part of an FP7
research. Such additional knowledge (obtained through a wider project following on
from CHAF) would provide the EU with a unique and strong portfolio of technical
evidence from which to develop policy relating to the bulk storage of fireworks that
could be adopted throughout EU-25.
Dissemination and exploitation of results
Dissemination of results
There have been two main routes for the dissemination of the work.
Firstly, a web site (www.chaf.info) has been set up and this contains all of the public
deliverables. The site is referenced in the web sites for each of the partners to further
publicise the work. In addition to the written material present on the web site, there
are video clips from the visual trials. It is intended to maintain the domain name and
web site while the material is relevant to fireworks storage and transport in Europe.
Secondly, a scientific conference was held in Berlin in April 2006. This was a under
the auspices of the International Symposium on Fireworks (ISF) which is the premier
venue for matters dealing with fireworks. At this symposium the CHAF team
presented 16 major papers. The CHAF work was also the topic for the open
discussion session where many good suggestions were made for further work (should
there be follow-up work).
There have been additional papers presented in scientific journals, at previous ISF
meetings and at International Group of Experts on the Explosion Risks of Unstable
Substances (IGUS) and results have been disseminated at the UN meetings dealing
with the transport of dangerous goods. Further dissemination is likely to be via
scientific journal publication and the UN transport meetings.
Exploitation of the results
The major accidents with fireworks have illustrated that there are serious problems
with the classification of fireworks. Clearly, there can be misclassification due to
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changes in the fireworks or their packaging not matching the tested articles.
Additional confinement, such as found when ISO containers are stacked may also
change the hazard of the load due to the reduced venting and the higher pressures
achieved. Similalry, the project has identified articles that are correctly classified
which on ISO container scale do not perform as expected. They have produced a mass
explosion rather than sequential burning that would be expected from the results of
the current UN series 6 tests. The workpackage 8 pressure vessel test has shown that it
may be possible to screen these materials by the analysis of the time pressure data. It
is suggested that this test form the basis of an additional test for fireworks. To include
this in the UN scheme would be a protracted process that would have to be proposed
either by a Nation Authority or by an EU representative.
The UK partner has undertaken additional testing (outside of the CHAF project)
which has shown that the UN series 1 and 2 time-pressure test (on which the
workpackage 8 pressure vessel was based, all be it on a considerably larger scale) can
identify those compositions that could potentially give the mass explosion. The
Project exploitation is currently in support of a proposal to include an additional
criterion in this test for fireworks compositions. To this end the UK delegate to the
UN ECOSOC Sub-Committee of Experts on the Transport of Dangerous Goods
(TDG) has submitted an information paper (UN/SCETDG/30/INF.3 - (UK) Annex to
document ST/SG/AC.10/C.3/2006/84) for the December 2006 UN meeting in
Geneva.
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