


Australia the climate is characterised by the annual monsoon season, which extends
from November/December through to March/April, the wet season. The remainder
of the year is characterised by warm dry conditions, the dry season. The fire season
in the north is defined by the period during which the savannah, the predominant
biome, becomes fully cured and will burn readily and generally lasts from April/May
to the commencement of the wet season [2].

In Southern Australia the peak fire season is in the summer months as it
experiences cool winters and warm to hot summers, with rainfall predominantly
in winter and spring. In some parts of Australia there is pronounced season summer/
autumn drought, while other parts of the country such as Tasmania experience rain
all year round [2]. Unusual rainy periods or droughts can alter the timing and
severity of the fire season [3]. As a result of the climatic conditions of Australia, the
timing of the fire seasons varies greatly across the country (figure 13.1).

Figure 13.1. Map of fire seasons across Australia. Reproduced by permission of Bureau of Meteorology,
© 2018 Commonwealth of Australia.
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13.2 Outline of the Defence Estate
In Australia the Department of Defence (Defence) is in a unique situation where it
owns and leases large and small parcels of land in isolated areas and abutting urban
development. One hundred and fifty of those parcels of land are bushfire-prone
properties. As such, Defence has small and large landholder responsibilities,
employer responsibilities, and high-risk activity manager and capability manage-
ment responsibilities.

Defence approach to risk management is mandated by a Joint Directive by the
Chief of Defence Force and Secretary of Defence to be integrated into all planning,
approval, review and implementation processes, at all levels, to ensure that risk is
one of the major considerations in decision making.

Defence’s approach to risk management from bushfire hazards has been
developed to establish a clear line of accountability, a clear decision making process
and an ability to effectively identify and manage corporate and operational
level risks.

Environmental risk assessments including any proposed controls or treatments
shall be critically reviewed by the Risk Management Governance Board (RMGB) to
ensure that risk assessment processes reflect Defence policy, procedures and guide-
lines. A challenge which Defence faces is urban encroachment that increases the
consequences if a bushfire was to leave a Defence base or training area and cause
severe damage to property or cause severe injury or death to people. Furthermore,
urban encroachment also poses significant risk to Defence whereby its infrastructure
and personnel could be put at risk as a result of a bushfire entering a Defence base or
training area from neighbouring land.

Given this management paradigm there is a heightened risk that the way Defence
undertakes bushfire management will be increasingly criticised by the surrounding
community and this criticism may affect Defence’s reputation. Therefore, a key
consideration for Defence is how will routine bushfire management measures such as
burning off be perceived by the local community. Consequently, Defence gives
consideration to the proposed bushfire mitigation measures that it intends to
implement and determines how Defence’s actions will affect surrounding neighbours
or be perceived by the public/local community and where possible Defence aims to
minimise any impact on the local community.

There have been times where bushfires have left a Defence Base or Training Area
and impacted on the local community. There have also been occasions where
bushfires have entered a Defence Base or Training Area due to actions undertaken
outside of the Defence Estate. An example is where a live-fire exercise at the
Marrangaroo Training Area (MTA) resulted in a bushfire on the Defence Estate and
was not able to be contained within the MTA and impacted an area of approx-
imately 56 590 ha on and off the MTA in 2013. The fire is known as the State Mine
Fire and further information is provided on this fire in a case study later on in this
chapter. Subsequently, Defence has been constantly reviewing and improving the
way it manages bushfire to optimise the best outcome for the people, assets, Defence
capability and the environment both within and adjoining Defence property.
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13.3 Defence bushfire management policy
Bushfire-prone areas expose Defence personnel, capability, contractors and local
communities to varying degrees of risk. Defence processes and procedures aim
ensure that these risks are managed to be as low as is reasonable practicable to
minimise or prevent the detrimental impacts of bushfire, while recognising the
fundamental role that bushfire plays in the Australian environment. Defence’s
Bushfire Management approach is aligned with the Australian Government’s
National Bushfire Policy Statement for Forests and Rangelands (2014) [4]. The
vision of the Policy is that:

‘Fire regimes are effectively managed to maintain and enhance the protection of
human life and property, and the health, biodiversity, tourism, recreation and
production benefits derived from Australia’s forest and rangelands.’

This policy statement sets out principles, strategic objectives and national goals
for Bushfire Management. The principles establish protection of human life as the
highest consideration, and emphasise the importance of bushfire risk awareness,
preparedness and proactive planning for bushfire survival. The notion of ‘shared
responsibility’ is emphasised, whereby fire and emergency services, bushfire-prone
property owners, and individuals living, working or visiting bushfire-prone areas all
have important parts to play in managing the bushfire risk. The need to actively and
adaptively manage the land with fire is highlighted to maximise environmental
benefits to ecosystems’ resilience and reduce the adverse impact of severe bushfires.

Defence has also adopted the philosophy of ‘Prepare, Act, Survive’ bushfire
awareness, a warning and safety framework that is used by Australia’s land and fire
management agencies. A critical element of the ‘Prepare, Act, Survive’ framework is
that communities (Defence and Civilian) understand local bushfire risks, know how
to mitigate those risks, prepare for the fire season, and respond to bushfire incidents
in accordance with pre-planned bushfire survival plans.

In Australia every employer and employee is required to abide by the Workplace
Health and Safety (WHS) Act 2011 (legislation). The WHS Act requires that hazards
are identified and all reasonable practical actions are taken to eliminate or minimise
risks to ensure a safe work environment. Consequently, Defence has developed a
bushfire policy that establishes a framework for assessing and managing risk arising
from bushfire hazards. Defence implementation of appropriate mitigation activities is
consistent with Australian codes of practice; How to Manage Work Health and
Safety Risks [5], Managing the Work Environment and Facilities [6] and Work
Health and Safety Consultation, and Cooperation and Coordination [7].

Defence objectives for bushfire management are to:
(a) Protect human life;
(b) Protect Defence and civilian property and assets;
(c) Support Australia Defence Force training;
(d) Promote proactive, environmentally sustainable management of bushfire.
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The Defence bushfire management approach incorporates an assessment of each
property owned or leased by Defence to determine if it is bushfire prone.

A Defence property is designated as bushfire prone if:
(a) It includes areas mapped as bushfire prone by a local government or local

fire authority;
(b) If the property has not been assessed by local authorities, it includes areas

that would meet the definitions of class 1, 2 or 3 bushfire-prone land as set
out in the NSW Rural Fire Service Guide for Bush Fire Prone Land
Mapping (2015) [8].

All bushfire-prone properties are subject to an overall site bushfire risk (OSBR)
assessment to determine the degree of bushfire management planning required for
the property. Once assessed, the OSBR is recorded and then only requires review
when a substantive change occurs in the parameters contributing to the assessment.
The criteria to determine OSBR are:

Low OSBR properties, which include:
(a) Small arms ranges where the range, safety template and immediate

surroundings constitute the entire property and are the sole function of
the property;

(b) Properties where live-fire activities do not occur, and either; there are less
than 5 built assets in fire prone vegetation of any class, or only class 2
vegetation (grassland) occurs, or urban fringe buildings where evacuation or
fire response are entirely controlled by civilian authorities.

Medium OSBR properties, which include:
(a) Training areas on which Defence live-fire activities occur, but which only

contain basic assets such as camp, range control and firing ranges;
(b) Bases with no attached training area that only include restricted areas of

class 1 or 3 bushfire-prone vegetation (less than 10 ha total with no patches
greater than 2 ha).

High OSBR properties, which include:
(a) Military area incorporating both training areas and cantonments, or bases

with significant areas of bushfire-prone vegetation adjoining assets (>10 ha,
or with multiple patches 2–10 ha);

(b) For medium training areas, but with medium or high density residential
properties or fire-sensitive high-value economic assets such as forestry
plantations adjoining boundary.

Those properties identified as having a medium or high OSBR must be included
within a bushfire management plan (BMP). The BMP shall include a bushfire risk
management plan prepared by an independent external bushfire expert and is to
cover all medium and high-risk properties within a base service area. Bushfire
management plans are reviewed by a number of key stakeholders but are accepted
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by the base support manager responsible for that particular property. A Defence
BMP is to:

(a) Document the extent and type of bushfire hazard(s);
(b) Identify and remedy issues arising from implementation of previous BMP;
(c) Document fire history since the last BMP was prepared;
(d) Document site-specific roles and responsibilities;
(e) Document and assess the risk associated with bushfire hazard(s);
(f) Identify and document the risk owner for each risk;
(g) Nominate performance standards for mitigation work required to

treat risks;
(h) Identify and document the response owner for each risk treatment;
(i) Document a proposed five-year mitigation works programme to implement

risk treatments;
(j) For training areas, prepare a bushfire prevention plan that details specific

procedural and other mitigations to minimise the risk of Defence activities
igniting a fire and impacting identified assets and values at risk;

(k) Develop prepare act service materials;
(l) Provide as relevant to each property a map depicting required bushfire

mitigation work;
(m) Provide as relevant to each property a map depicting infrastructure and

hazards, including the unexploded ordnance (UXO) risk, relevant to
conducting bushfire operations;

(n) BMP shall be reviewed every five years to identify components requiring
update;

(o) Any risks identified as carrying a high or very high inherent risk shall be
reviewed by the risk owner prior to the commencement of each fire danger
period to assess whether treatments are in place and whether residual risk is
acceptable, or as low as reasonably practical, given seasonal and other
constraints.

13.4 Case study Marrangaroo/State Mine Fire 2013
An example of a live-fire exercise that had a tremendous impact on a military training
area and the local community was the Marrangaroo/State Mine Fire of 2013. On 16
October 2013 an explosive demolition serial was conducted on the internal demo-
litions range at Marrangaroo Training Area (MTA), (NSW New South Wales,
Australia) to dispose of eight surplus 84mm high explosive anti-tank (84mm HEAT)
rounds. The demolition serial consisted of two separate stacks each of four 84mm
HEAT rounds, which were to be disposed of by initiating plastic explosive/primer
sheet. This disposal activity was conducted just before midday. Shortly after, a staff
member who was conducting a safety clearance of the demolition site on the internal
range noticed a small fire some 25 m to the east of the point of demolition [9].

The member commenced fighting the fire by stomping on it and called for
assistance in suppressing the fire. Eventually, five members and a ‘Stryker’ unit
(a utility vehicle with a tank, pump and hose reel along with a number of shovels,
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beaters and a knapsack) were in attendance at the internal range. Despite the efforts
made, the fire continued to grow in intensity and size in the heavily wooded area
surrounding the point of ignition [9].

Efforts to extinguish the fire were terminated when UXO present in the vicinity of
the internal range began exploding and deemed too dangerous for personnel to
remain in the vicinity of the fire. The fire then spread rapidly within and beyond
MTA, causing destruction of bushland and property [9].

The local fire service was alerted to the fire and attended MTA. However, they
did not deploy any firefighting assets because of the risk of injury from UXO. The
fire impacted 56 590 ha on and off the MTA [9].

The Chief of the Defence Force undertook a Commission of Inquiry into the fire
at MTA [9]. Some of the recommendations from the inquiry included:

• Range control officer Marrangaroo training area liaise with the local Rural
Fire Service unit to develop a map indicating the areas of the range likely to
contain unexploded ordnance.

• The development and implementation of a memorandum of understanding
(MOU) between Defence and the Rural Fire Service.

• Fire danger ratings are not a suitable mechanism for determining whether
live-firing should or should not proceed on the ranges within Marrangaroo
training area and that the forest fire danger index was a more appropriate
mechanism. It was not possible for the Commission of Inquiry to determine
what the exact threshold should be for such practices, nor to recommend how
such information should be gathered.

• MTA standing orders should be reviewed to impose a requirement that the
Officer in Charge of any live-firing practice ascertain and consider current
weather parameters, temperature, humidity, wind strength and direction. The
setting of those parameters and their limits should be decided in consultation
with the Bureau of Meteorology and Rural Fire Services and inserted into
range standing orders.

• Defence engage with both the Bureau of Meteorology and the Rural Fire
Service to determine a more suitable index system.

The Recommendations reported above have been implemented resulting in
Defence improving the way it manages the bushfire risk on the Estate.

13.4.1 Implementations of automatic weather stations

One of the recommendations from the Marrangaroo Commission of Inquiry was
that better decisions could have been made if the range control officer (RCO) had
reliable local weather data instead of relying on the weather data from the local fire
district to make decisions at the site level.

To help rectify this situation, Defence formalised a partnership with the
Australian Bureau of Meteorology (BOM) to provide 21 automatic weather stations
(AWS) across 15 Defence training areas. To inform the location of the AWS,
Defence undertook a risk assessment to identify which sites were most at risk from
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bushfire. The agreement between BOM and Defence outlined that Defence would
make available the space required for the AWS on the training areas and purchase
the automated weather station equipment with the BOM installing stations,
maintaining the instruments, analysing historical weather data trends and presenting
the weather data on an internet dashboard page in real time.

The AWS provide real time data that includes:
• Wind direction (degrees) by wind vane at 10 m (and direction at peak gust
speeds).

• Wind speed (measured in knots but can be displayed in knots and km/h) by
cup anemometer at 10 m (and wind gusts).

• Air temperature (°C) (in solar radiation screen at standard height of 1.1 m).
• Humidity (%RH) (in solar radiation screen at standard height of 1.1 m).
• Rainfall (mm) (continuous by tipping bucket rain gauge, at standard 300 mm
above ground).

• Pressure (hPA) (digital barometer).

Each AWS has scheduled instrument checks conducted by BOM staff/contractors
to ensure they are operating within approved tolerances.

BOM converts the raw AWS data into a weather dashboard with easily viewable
screens to provide the RCO with easily interpretable information. This assists the
RCO in making better informed decisions about likely bushfire behaviour and
subsequent risks for the training area. This helps inform decisions regarding the
conduct of live-fire activities. There are three main pages of the Defence weather
dashboard site [10] provided by BOM, they include:

1. Fire danger rating—with forecasted wind speed in either km/h or knots,
drought factor, maximum forest fire danger index, curing and maximum
forest danger index, figure 13.2 below.

2. Meteogram—provides relative humidity (%), temperature (°C) and wind
speed (kph) in graphical form, figure 13.3 below. It is a forecasting tool and
past data is not shown.

3. Fire danger rating depicted in map format, figure 13.4.

In figure 13.1, there is a table with four values, the drought factor (DF) value 5.6,
is the drought factor number, which is a numerical value that estimates the
proportion of fine fuels in a forest (such as twigs and leaves) that will burn under
current conditions. The higher the DF, the higher the fire danger (value: 0 moist–10
dry). Drought factor values are used in the calculation for the forest fire danger
index (FFDI) [10].

The next number to the right of DF is max FFDI with a value of 2. Max FFDI is
the maximum forest fire danger index, which is the maximum value for the day
(from midnight to midnight). FFDI is a measure of the degree of danger of fire in
Australian forests. A relative number denoting the potential rates of spread, or
suppression difficulty for the specific combinations of temperature, relative humid-
ity, drought effects, recent rainfall and wind speed (values between 0 and 100 +) [10].
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Below and left of max FFDI is curing with a value of 62%. Curing describes the
annual or seasonal cycle of grasses dying and drying out (or browning). The higher
the proportion of cured material in grasslands, the higher the fire danger risks.
Curing assessments are based on a combination of visual estimates (updated by field
observers) and satellite imagery. Curing values are used in the calculation of the
grassland fire danger index (GFDI). Curing values range from 0% (moist)—100%
(dry) [10].

The last cell in the table is max GFDI, which is the maximum value for the GFDI
for the day (from midnight to midnight). GFDI is a measure of the degree of danger
of fire in Australian grassland. This is a relative number denoting the potential rates
of spread, or suppression difficult for specific combinations of temperature, relative
humidity, wind speed, curing and fuel load, with a value between 1 and 150+ [10].

There are several benefits as a result of the agreement between Defence and the
BOM. There is a good working relation between the BOM and Defence and this
ensures that issues and obstacles are dealt with in a timely manner and resources can
be shared between each department. The BOM already manages the majority of
Australia’s weather information and therefore it makes sense that Defence would

Figure 13.2. Fire danger rating. Reproduced by permission of Bureau of Meteorology, © 2018
Commonwealth of Australia.
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rely on their knowledge and experience. The BOM is able to provide accurate
weather data updated every 30 min and this allows Defence to make informed
decisions on how military training areas and ranges are managed and what activities
can be undertaken at any time throughout the day. The agreement with the BOM
also provides the added advantage of having approximately 100 years of weather

Figure 13.3. Meteogram. Reproduced by permission of Bureau of Meteorology, © 2018 Commonwealth of
Australia. (Meteogram is a forecasting tool and past data is not shown.)

Figure 13.4. Fire danger rating map. Reproduced by permission of Bureau of Meteorology, © 2018
Commonwealth of Australia.
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data that can be interrogated to determine weather trends, aid weather predictions
and identify weather that increases the risk of bushfire.

This solid working relationship with BOM enables Defence to access accurate
short-term weather forecasts at each site; this enables more efficient management of
Defence training areas and assists the range control staff and users to make informed
decisions as to when live-firing activities can be conducted safely. The integration of
the AWS allows Defence to monitor the local weather conditions whilst an activity is
being conducted and to quickly cease the activity if the weather changes and creates
an unsafe environment for conduct of that activity. Overall, the AWS combined
with the BOM internet dashboard page [10] provide Defence with a crucial tool that
supports the safe and efficient operation and management of Defence training areas
and ranges.

13.4.2 Memorandum of understanding agreements

In Australia the Fire and Rescue services are operated by the five State and two
Territory Governments, who provide these services to their local communities. The
Defence Estate (including training areas) is managed by the Commonwealth
Government. The Commonwealth Government does not have the necessary Fire
and Rescue capability required to manage most of its sites. A majority of the
Defence Estate have a basic form of first response firefighting capability provided by
a contracted service provider. However, if they can’t control the fire they will rely on
the State or Territory fire services to assist in controlling and extinguishing a fire,
similarly to any other landholder. Therefore, the Commonwealth Government
provides funding to the State and Territory Governments for them to provide Fire
and Rescue services at Defence Sites. The mechanism under which the
Commonwealth Government formalises this arrangement is through a MOU, which
is signed by the Commonwealth Government and a representative from each State
and Territory responsible for providing the Fire and Rescue Service in their State or
Territory.

Defence also uses a Mutual Aid Agreement (MAA) with the local fire authority
for particular sites. The MAA formalises a relationship between Defence and the
local Fire Authority and aims to document a cooperative framework and agreed
commitments between Defence and the Fire and Rescue Service provider in relation
to the management of bushfires, bushfire hazard mitigation activities and agreed
bushfire response for fires on or threatening a Defence Property.

The key purpose of the MAA is to ensure that each agency understands and
accepts local inter-agency arrangements for the operational aspects of bushfire
management and the conduct of joint bushfire response exercises at the Defence site.
This ensures that both Defence and Fire and Rescue Service provider personnel
understand what operational support may or may not be available to manage
bushfires and where the conduct joint exercises prior to a bushfire incident bears out
this information and understanding.
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The MAA with the local Fire and Rescue services are essential for the
Department of Defence to maximise the chance of mitigating and a extinguishing
a bushfire on the Defence Estate.

13.4.3 Wildfire competency for range control officers

As a result of the Defence Commission of Inquiry into the Marrangaroo Training
Area Fire, Defence is committed to providing training to RCO. This will ensure they
have sufficient knowledge and skills to manage the day to day operations on a
Defence training area in a safe and environmental sustainable way. During their
induction training RCO and their assistants are required to gain Competency
PUAFIR512 ‘Develop and Analyse the Behaviour and Suppression Options for a
Level 2 Wildfire’. This unit covers the competency required to provide an analysis of
the spread and behaviour of an intermediate wildfire and to prepare fire suppression
options that are appropriate for the expected fire behaviour. The assessment can be
achieved either by the RCO being assessed for the analysis of a hypothetical fire or
work undertaken during a real fire event.

The elements of the PAUFIR512, which the RCO is required to perform
competently include [11]:

1. Analyse factors impacting on the spread and behaviour of an intermediate
wildfire and develop and incident prediction.

• Includes information on the current and future spread and fire
behaviour is collected from a range of sources and recorded.

• Analysis is conducted using consideration of fuels and fuel assessment,
weather analysis, the effects of topography and likely resultant fire
behaviour.

• Fire Prediction tools and references are effectively utilised in the
analysis of fire spread and behaviour.

• Results of the fire behaviour analysis are validated against fire
observations as they become available.

2. Develop maps and data, and maintain associated information regarding
projected fire spread and behaviour.

• Necessary map information and data is prepared.
• Fire spread and behaviour projections are developed in a manner

appropriate to the incident.
• Use of information in planning the control of the incident is facilitated

through quality, timeliness and presentation of the information.
• Fire spread and fire behaviour projections are updated as new weather

and fire information becomes available.
3. Analyse and communicate key risks of the projected fire spread and

behaviour.
• Site information is sought from agency databases or experts.
• Area and timing of potential future impacts of the fire is projected.
• Key risks of the fire to human, economic and environmental assets are

considered.
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• Fire and weather are monitored to assess if or when fire danger is likely
to suddenly increase.

4. Prepare and analyse a range of fire suppression options consistent with
incident objectives.

• Range of options with an analysis of probable level of success and
consequences of failure is prepared for consideration by the incident
management team.

• Time available and the threshold fire behaviour for which each strategy
and tactic is likely to be effective are considered.

• Time available and the threshold fire behaviour conditions (due to fuel,
weather, topography, and fire size) are considered.

• Advice and analysis are provided to the incident management team to
assist in development of strategies and fallback strategies.

Participants are required to undertake a formative and summative assessment on
their induction course, which is required in order for the RCO to demonstrate
competency in the unit. The assessment must confirm the ability of the RCO to
provide:

• Accurate analysis and projection of fire spread and fire behaviour, indicating
probable and possible scenarios.

• Analysis of a range of appropriate fire suppression options.

As outlined above, the method of assessment of the competency is usually via
direct observation in a training environment. Defence provides this training
environment through the annual Directorate of Operations and Training Area
Management (DOTAM) Range and Training Area Operations Course (RTAOC).

Assessment is completed using appropriately qualified assessors who select the
most appropriate method of assessment.

Assessment may occur in an operational environment or in an agency-approved
simulated work environment. Forms of assessment that are typically used include:

• Direct observation;
• Interviewing the candidate;
• Journals and workplace documentation;
• Third party report from supervisors;
• Written or oral questions.

The competency defines fire behaviour, sources, fuels and fuel assessment,
weather analysis, effect of topography on fire behaviour, fire predictions tools and
resources, map information and data, risks, and human, economic and environ-
mental assets in table 13.1 below.

Defence is committed to providing education to its training area and range staff
so they are equipped with the tools and knowledge to manage and mitigate the
bushfire risk at the training areas and range for which they are responsible.
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Table 13.1. Definitions of fire terms for competency (Commonwealth of Australia 2013).

Category Examples/items

Fire behaviour must include: • fire perimeter
• fire size/growth/shape
• fire whirls
• flame characteristics (height and depth)
• heat output and intensity
• junction zones
• rate of spread
• smoke
• spotting

Sources may include: • air or ground observations
• automated weather stations
• Bureau of Meteorology websites and/or fire weather

experts
• fire history maps
• fuel type maps
• fire ground information, operational situation reports and

infra-red scans
• geographic information systems (GIS) and agency site-

related databases
• land managers
• persons with local knowledge

Consideration of fuels and fuel
assessment may include:

• bark fine fuels
• canopy fine fuels
• coarse fuels
• coarse standing fuels
• coarse surface fuels
• dead course fuel moisture
• dead fine fuel moisture
• elevated fine fuels
• fine fuels
• fuel and fire behaviour
• live fuel moisture
• moisture content assessment
• near surface fine fuels
• surface fine fuels
• total fuel load

Weather analysis may include: • atmospheric stability
• Bureau of Meteorology products and tools
• calculation of fire danger ratings
• cold fronts
• diurnal cycles
• droughts
• Foehn winds
• Katabatic and Anabatic winds
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• long-term weather cycles
• relative humidity and dew point temperature
• sea breezes and land breezes
• seasonal cycles
• short-term and local weather effects
• temperature
• temperature inversions
• wind gustiness and directional variation
• wind speed and direction

Effects of topography on fire
behaviour must include:

• acceleration effects
• dry upper winds—mixing/range effect
• drought index and drought factor
• fuel distribution
• elevation
• rockiness/continuity
• land form (channelling)
• slope and aspect

Fire prediction tools and references
may include:

• CSIRO (McArthur) forest fire danger meter
• CSIRO (McArthur) grassland fire danger meter
• CSIRO (McArthur) grassland fire spread meter
• Vesta fire model
• WA forest fire behaviour tables
• overall fuel hazard guide (DSE, 1999)
• other fuel specific fire behaviour prediction systems (such

as buttongrass in Tasmania, mallee-heath model,
spinifex model)

Map information and data may
include:

• maps of fire spread, estimated at time intervals as required
by the incident management team, with separate mapping
for probable and possible scenarios

• narrative regarding limitations, assumptions, prediction
uncertainties and other comment to assist in the interpre-
tation of the data

• Victoria fire behaviour estimates

Risks may include: • operational risk
• public safety risk
• risks to public and private assets
• economic risk
• environmental risk
• legal risk
• technical risk
• political risk

(Continued)
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13.5 Service delivery model for bushfire management
TheDepartment ofDefence inAustraliaoperates inadiverse and complex environment.
ConsequentlyDefence governs its environmental footprint by outsourcing thatmanage-
ment to skilled contractors. This model allows Defence to engage skilled contractors to
focus on themanagement ofbushfire risk on theEstate, including its trainingareas,while
Defence focuses on meeting the operational requirements set by the Government of
Australia. The Australian environment and the associated weather which Australia
experiences is diverse and can change dramatically from year to year and season to
season. These conditions create narrow windows where bushfire management tasks can
be completed. Consequently, a key requirement for Defence and its Bushfire
Management contractors is theflexibility to adapt and react to the current site conditions
rather then followa scheduleofworkswhichdoes not consider the local environment nor
weather conditions. This flexibility enables Defence to make the most of this small time
window and allows bushfire management measures to be undertaken to protect the
Defence Estate and the local community at the optimum time.

Bushfire Management of the Defence Estate is focused on the following
mitigations measures:

(a) Identification of very high and high bushfire risks;
(b) Identification of mitigations works to reduce the bushfire risk;
(c) Timely delivery mitigation works in preparedness for the fire season.

13.6 Bushfire Management Yampi Sound Training Area
In 2016, Defence engaged the Australian Wildlife Conservancy (AWC) to deliver
science-based land management at Yampi Sound Training Area. Located in the
Kimberley region of Western Australia, 200km north-east of Broome, Yampi Sound
Training Area covers an area of 568 000 ha including over 700 km of coastline and is
a hotspot for endangered and endemic wildlife. Yampi incorporates three different
bioregions: towering escarpment stand guard over long, hidden valleys decorated by

Table 13.1. (Continued )

Category Examples/items

Human, economic and
environmental assets may
include:

• areas of environmental or conservation value
• areas of tourism value
• crops and farm assets
• historic sites
• indigenous cultural sites
• key infrastructure such as a major bridge or power

transmission lines
• plantations
• private or public buildings
• towns or settlements
• water catchments

Global Approaches to Environmental Management on Military Training Ranges

13-16



pockets of rainforest, tropical streams cascade over waterfalls and through chains of
rock pools before meandering through savannah woodland until they reach the
coast and rugged sandstone and basalt ranges extend into the ocean, creating an
intricate pattern of bays and inlets flanked by dense mangrove forests. Yampi Sound
Training Area protects a wide range of endemic, threatened and iconic fauna, such
as Northern Guoll, Golden-backed Tree-rat, Monjon (smallest of the rock-walla-
bies), Western Partridge Pigeon, Black Grasswren, Gouldian Finch and Orange
Leaf-nosed Bat [12].

The fire history of Yampi has been diverse, for millennia aboriginal people in
northern Australia implemented a regime of frequent, mostly small fires, lit from
early in the dry season. This regime resulted in a fine-scale mosaic of vegetation of
different ages [13].

In recent decades following the cessation of traditional burning, northern Australia
has become dominated by a wildfire (an intensive fire late in the dry season) regime,
which is characterised by relatively extensive hot fires late in the dry season.
Consequently, late dry season fires impact wildlife by removing sources of food and
flora cover, which increase predation rates from feral cats. Wildfire can have a
detrimental impact on fire-sensitive vegetation such as rainforest. Under the manage-
ment of AWC, the Yampi Sound Training Area will change its fire regime to one
carried out early in the dry season with an aim to reduce the severity of wildfire [13].

During the first year of AWC managing fire at Yampi they doubled the amount
of early burning that was conducted, hence the extent of late dry season wildfire was
reduced to approximately half compared to previous years [13].

The minimum burning methodology at Yampi Sound Training Area during 2018
[13] will include:

• 4000 km of aerial incendiary1 operations;
• Delivery of at least 12 000 incendiaries;
• 10 person days of ground burning operations;
• More incendiaries and or more days on the ground may occur depending on
the amount of dry vegetation.

13.7 Conclusion
Bushfire is a common part of the Australian environment and will always be
something Defence is required to manage to protect life and property. The examples
provided in chapter are just some of the issues/improvements Defence has made to
improve how it manages its bushfire risk. Given the nature and consequences of
bushfires in Australia, Defence will constantly review how a bushfire occurred and
determine if management strategies can be put in place to reduce the severity of the
bushfire risk. Defence is committed to determining and applying best practice
bushfire management techniques to manage the bushfire risk on its Estate.

1 Incendiaries are devices dropped from an aircraft (usually a helicopter) to initiate controlled burning of grass
and undergrowth. The operation involves the injection of a capsule or ball containing potassium permanganate
with a quantity of ethylene glycol immediately prior to ejection from the aircraft. Spontaneous combustion
occurs within 30–40 s from injection allowing the incendiary time to reach the ground before ignition [14].
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Chapter 14

Greener or insensitive munitions: selecting the
best option

Sylvie Brochu

Munitions performance is critical to the conduct of effective Armed Forces
operations. While munitions safety, including insensitivity, is also extremely
important to prevent catastrophic human, material and financial losses and avoid
delays/failure in operations, greener munitions are essential to prevent environ-
mental damage of ranges and training areas and sustain military training.
Unfortunately, the concept of insensitive munitions appears to conflict with
environmental considerations. Highly insensitive munitions are indeed conceived
to not detonate when exposed to external stimuli, and consequently produce a large
quantity of residues when demilitarized or blown-in place with the current opera-
tional procedures. Until better demilitarization procedures are developed, a trade-
off appears necessary to preserve the safety and training capability of the Armed
Forces. The successful development of munitions thus relies on an integrated
approach considering their performance, their safety and their environmental and
health impacts throughout their life cycle, from cradle to grave. With so many
factors to consider, how does one make an informed decision when the time comes
for developing new munitions or selecting one for a specific need? This chapter will
describe a way to select the option that best suits the current requirements while
sustaining military training.

14.1 Introduction
Green munitions have been described as a material designed and manufactured in
accordance with the principles of green chemistry, with the minimum requirement to
preserve the performance level, and safety of handling of the energetic materials it is
intended to replace [1]. Green chemistry, according to the US Environmental
Protection Agency (USEPA) [2] is defined as the design of chemical products and
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processes that reduce or eliminate the generation of hazardous substances.
Consequently, green munitions aim to decrease the environmental impacts and
potential health hazards resulting from their production and use, while at the same
time preserving the performance and safety of the munitions.

Environmental impacts and potential health hazards can occur during every step
of the munitions life cycle, from its inception by synthesis and production, during
storage and transportation, and finally in operation, training or demilitarization.
The worst cases of environmental impacts and occupational health hazards have
been observed at production and manufacture facilities. Work is ongoing to develop
greener processes. Some have succeeded: the Radford Army Ammunition Plant
(RAAP; VA, USA), for example, has conceived and implemented a greener
production process for 2,4,6-trinitrotoluene (TNT) based on ortho-nitrotoluene,
much less hazardous than the toluene that was used as feedstock in the original
process [3]. This new process resulted in the production of an extremely pure TNT,
without the production of the red water that was extremely toxic and costly to
manage, and in which the toxic air emissions (carbon monoxide, nitrogen oxides,
volatile organic compounds and trinitromethane) are captured using a new fume
abatement system. As a bonus, the new process generates isotrioil, a mixture of 70 to
90% TNT and 10% to 30% 2,4-dinitrotoluene (2,4-DNT) that can be used in the
mining industry. Thus, decreasing the environmental and health hazards in energetic
materials (EM) production facilities is a realistic avenue.

The dispersion of EM residues also occurs during their use or their demilitariza-
tion, and even in storage, albeit to a lesser extent. EM residues, some of which are
constituents of concern because of their potential risk to sensitive receptors, have the
potential to adversely impact ranges and training areas (RTAs), and by extension,
compromise military readiness [4–6]. For example, the Military Massachusetts
Reservation (MMR) and Camp Edwards were shut down by the USEPA in 1997
due to the presence of perchlorate, lead and hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX) in the groundwater, which was the main source of drinking water for the
Cape Cod area (MA, USA) [7]. The use of greener munitions, that would control the
contamination directly at its source before its dispersion, is seen as a promising
avenue to avoid extensive spreading of energetic residues in RTAs. This was
successfully demonstrated by the US Armament Research, Development and
Engineering Center (ARDEC) Research and Technology Branch and the NSWC
Crane, who developed several perchlorate-free pyrotechnic devices that have been
transitioned in service [8].

However, it is clear that greener munitions can’t be developed at the expense of
performance and safety, which are critical factors for military users. Munitions
performance is a broad field of expertise. The explosives expert will describe it in
terms of blast, precision, lethality and range, which translate into detonation
pressure, detonation velocity and fragmentation pattern, while the propellant
specialist will speak more of propellant quickness, force and burning rate, muzzle
velocity and interior ballistic properties. For obvious reasons, improving munitions
performance has been the guiding criterion of munitions development for ages.
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Insensitive munition (IM) are munitions which reliably fulfill (specified) perform-
ance, readiness and operational requirements on demand, but which minimize the
probability of inadvertent initiation and severity of subsequent collateral damage to
the weapon platform (including personnel) when subjected to unplanned stimuli
[9, 10]. Safety also includes the concepts of ingredients compatibility and stability,
ageing characteristics of the formulations, system suitability, and safety and
suitability for service, to name a few. Unfortunately, the concept of insensitive
munitions appears to conflict with environmental considerations. Highly insensitive
munitions are indeed conceived to not detonate when exposed to external stimuli,
and consequently produce a large quantity of residues when demilitarized or blown-
in-place [11].

In addition, the unit cost has always been, and continues to be, a strong incentive
in the choice of munitions. However, it is believed that the whole life cycle cost
should be considered instead. Indeed, it has been demonstrated that range
remediation accounted for 54%, 70%, 77% and 89% of the total cost for the 81,
120, 105 and 155 mm calibers, respectively [12]. There is a need to shift the current
buyers’ mind set from unit cost to life cycle cost, which would be more economical
and highly beneficial in the long term.

Consequently, a holistic approach is required to develop greener IM munitions
that will also be as performant as in-service munitions. However, the use of an
integrated approach for munitions development complicates the selection of the best
formulation/munitions for a given use. How does one define the best formulation?
Defence R&D Canada tried to address this issue within the context of the technology
demonstration program (TDP) revolutionary insensitive, green and healthier training
technology with reduced adverse contamination (RIGHTTRAC). The aim of this
TDP was to prove that green and insensitive munitions had better properties than
current munitions, and that it was feasible to implement safer weapon solutions that
would ease the environmental pressure on RTAs, and decrease the health hazards for
the users [13]. The TDP worked on the three main components (fuse, explosive and
propellant) of a 105 mm caliber to reach a near-zero dud rate, eliminate the potential
for RDX contamination and the use of toxic and carcinogenic compounds. The
vehicle used for this demonstration was a 105 mm army artillery munition (HE M1),
currently filled with Composition B (Comp B) and using a single base gun propellant
(M1 formulation).

A decision matrix method, also called the Pugh method [14], was used to select
the best propellant and explosive candidates to replace the in-service formulations.
This team-based selection method is a tool used to compare several concepts,
evaluate their pros and cons, and select the best possible option. The process consists
in selecting, by consensus of the team, the appropriate criteria, weighting them in
order of importance and then scoring the potential options against each criterion. A
final result is calculated by adding the scores of each criterion multiplied by their
respective weight. Consequently, the Pugh matrix transforms subjective opinions
into objective statements, which is a substantial benefit. For the RIGHTTRAC
TDP, the criteria were selected by a multi-disciplinary team of experts from Defence
R&D Canada (DRDC) and General Dynamics—Ordnance and Tactical Systems in
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the early steps of the project. Whenever possible, the scoring was made using
literature data from official sources (e.g. USEPA [15], Munitions Safety
Information Analysis Center (MSIAC) [16], European Chemicals Agency (ECA)
[17], Canadian List of Challenge substances [18], Agency for Toxic Substances and
Disease Registry (ATSDR) [19], etc). In the absence of reliable data, R&D work
was planned to get the information necessary to appropriately score each criterion.
The decision matrix served as the basis for the detailed project plan. This chapter
provides a brief review of the selection process that has been used to select the
explosive candidate.

14.2 Matrix selection criteria
Table 14.1 shows the five main criteria that were selected for the Pugh method:
environmental and health impacts, IM, technical feasibility, cost and perform-
ance. Each of these criteria were then subdivided in various sub-criteria, each
pondered differently according to the scope of the project. The sub-criteria for the
explosive and the propellant formulations slightly differed to take into account the
specificity of each type of formulation. The score allocated for the performance
was rather low because it was a prerequisite that any new green explosive and
propellant be at least as good as in-service munition. The suitability score was the
following: A: High (or 100%); B: Medium (or 66%); C: Low (or 33%); X: Not
suitable (or 0%).

The following sub-sections report a brief description of each of the sub-criterion,
as well as the results, only for the explosive formulation. More details are available
in the listed references. The scores allocated to each formulation and the rationale
behind the process is also provided.

Two explosive candidate formulations were pre-selected for the TDP. The prereq-
uisites were that the main charge explosive candidates were RDX-free and met the
current performance criteria of Comp B, which was the current explosive formulation
in 105 mm munitions. Moreover, it was decided to select a melt-cast and a cast-cured
formulation for comparison purposes. Melt-cast formulations are more common in
North America than cast-cured formulations. Consequently, one of the candidates was
CX-85, a cast-cured polymer-bonded explosive (PBX) composed of a mix of hydroxyl-
terminated polybutadiene (HTPB), 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) and
di(2-ethyl hexyl) adipate (DEHA), a plasticizer. The other candidate developed and
patented by DRDC was a melt-cast formulation made of TNT, HMX and an
energetic thermoplastic elastomer (ETPE), called green insensitive munition (GIM)
[20–22]. TNT was chosen despite its recognized potential human carcinogenicity,
because of its limited access to sensitive receptors outside military boundaries due to a
high degradability and bonding ability to soil component. HMX was preferred to
RDX because of its much lower water solubility and toxicity.

14.3 Insensitive munitions
IM tests, usually performed on filled rounds, are expensive and require a significant
quantity of energetic formulation. Consequently, the complete IM testing was
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Table 14.1. Explosive formulation selection criteria.

Criteria Weight Sub-criteria Sub-sub-criteria Sub-weight

IM 25 Bullet impact 20
Fragment impact 20
Slow cook-off 15
Sympathetic detonation 20
Shape charge jet 15
Variable confinement

cook-off test
5

Large scale gap testing 5
Total 100

Environmental
impact and
health
hazards

30 Human toxicity 10
Environmental toxicity Toxicity of new components 5

Soil toxicity 10
Freshwater toxicity 10
Sediment toxicity 5

Complexity Number of sub-components 5
Bioavailability Transport of soluble

ingredients in soil
10

Water solubility 5
Solubility kinetics 5
Abiotic degradation 10
Biotic degradation 5

Recyclability Ease of extraction from the
munition

10

Ease of separation of
components in the
formulation

5

Interest for the components 5
Total 100

Cost 15 Units Cost of ingredients 20
Set-up cost 5
Manufacturing costs 20

Environmental cost of
remediation

35

Environmental cost of
manufacturing

Manufacturing of ingredients 5
Manufacturing of the

formulation
5

Casting operation 10
Total 100

Technical
feasibility

20 Raw material availability 25
Ease of integration 25
Requirement for a liner 20

(Continued)
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planned only for the end of the RIGHTTRAC TDP, with rounds filled with the
selected formulations. Instead, to compare candidates to the reference formulation
and to discriminate between pre-selected candidates, in-house small-scale IM tests
were designed for bullet impact (BI), fragment impact (FI), sympathetic detonation
(SD), shaped charge jet (SCJ) and slow cook-off (SCO) [9, 10]. Early in the project, it
was decided to not perform the fast cook-off because of the lack of in-house facility
for the large pool of oil required for the burning. The variable confinement cook-off
test (VCCT) was performed to provide a low cost, small-scale method for evaluating
the response of energetic materials to thermal stimuli, as well as the large scale gap
tests (LSGT), to measure the shock sensitivity of explosive formulations. A weight of
20% was allocated to BI, FI and SD. A lower weight (15%) was attributed to SCJ
and SCO, because improving the level of reaction to SCJ and SCO was considered
improbable. Indeed, Comp B already passes SCO. Conversely, no commercial
explosive formulation was found to resist the shaped charge that was selected for the
testing, based on a preliminary threat hazard assessment [23].

The IM tests performed were described in Brousseau et al [24]. Results and scores
are reported in table 14.2. Results are expressed either in terms of the type of
reaction obtained (NR: no reaction; Type 1, detonation; Type V, mild reaction) or in
terms of gap cards (the lower the number of cards, the more IM the formulation). A
score of X was allocated to formulations that did not pass the test, B when the test
was passed with a reaction, and A when no reaction occurred.

The scoring results indicate that, on the IM side, CX-85 and GIM were better
than Comp B, and that CX-85 was the best option. This corresponds to the
properties observed in the field.

14.4 Environmental properties
The environmental and health impact of a given chemical depends on its toxicity to
sensitive receptors, such as human, flora and fauna, and on its ability to reach those
sensitive receptors. A complete risk assessment would require the evaluation of the

Table 14.1. (Continued )

Criteria Weight Sub-criteria Sub-sub-criteria Sub-weight

Availability of the
production facilities

20

Processing complexity 10
Total 100

Performance 10 Supplementary charge 20
Detonation pressure 20
Detonation velocity 20
Ageing characteristics 20
Gurney velocity 20
Total 100
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environmental and health impacts of all the chemicals in the formulation throughout
all the energetic formulation life cycle [25], from the conception of individual
ingredients to their end-of-life usage, e.g. use in service or demilitarization. Within
the context of this project, this would have resulted in a tremendous amount of effort
and required a substantial budget. Based on the fact that the availability of a
toxicant contributes directly to the risk to the receptors, a more practical approach
was adopted, which involved the evaluation of toxicity only for the chemicals
demonstrating a potential to leach from the formulation and consequently pose a
threat to the environment or the users’ health.

Leaching was evaluated both in laboratory conditions and weathered in outdoor
conditions. Results later demonstrated that the continuous dripping test represented
the worst case scenario, and that outdoor conditions were much more representative
of the actual fate of formulations in Canada. Following leaching, toxicity and
transport studies were performed solely on mobile ingredients. A recycling study was
also performed to evaluate end-of-life options.

The following sections briefly describe how each aspect was evaluated. More
detailed technical information on the assessment of properties of greener formula-
tion can be obtained in Brochu et al [25], while thorough technical information is
provided in specific references associated with each test.

14.4.1 Human toxicity

The human toxicity was evaluated using the USEPA Health Advisories (HA) for a
lifetime exposure, the drinking water equivalent (DWEL), the reference dose (RfD)
and the carcinogenicity; definitions, results and scores are reported in table 14.3.
Health Advisories are guidelines, not mandatory criteria to respect. The lifetime and
DWEL refer to a concentration in drinking water that would cause no adverse non-
cancer effects for a lifetime exposure, for a 20% and 100% exposure to the chemical,
respectively. The RfD is the daily oral exposure acceptable during a lifetime. Those
criteria were selected for the decision matrix because oral exposure reflects the main

Table 14.2. IM results and scores.

Sub-criteria Sub-weight
Results Scores

COMP B GIM CX-85 COMP B GIM CX-85

BIa 20 Type I Type V Type V X A A
FIb 20 No test Type I NR NA B A
SCOa 15 Type V Type V Type V A A A
SRa 20 Type III Type III NR B B A
SCJa 15 Type I Type I Type I X X X
VCCTa 5 Type III Type IV Type V B C A
LSGTb 5 216 188 162 X C B
Total 100 NA NA NA 29.85 66.35 83.3

NA: Not applicable; NR: No reaction.
a

[24];
b

Unpublished results.
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civilian and military threat in the current context, as compared to skin exposure and
inhalation, which are more much more significant for workers in production or
manufacture facilities.

The results clearly indicate that the human toxicity increases in the following
order: DEHA >HMX >RDX > TNT for non-cancer effects. Consequently, a score
of B was allocated to CX-85, which contains HMX and DEHA. GIM was allocated
a score of C because of TNT and HMX, and Comp B, a score of X, because of RDX
and TNT.

14.4.2 Ecotoxicity

The ecotoxicity was assessed by evaluating the chronic and acute toxicity of
contaminated soil, water and sediment toward Canadian relevant ecological
receptors. As reported in table 14.4 and in Hawari et al [26], the toxicity of
formulations to soil receptors was evaluated using rye growth and seeding
inhibition, as well as earthworms lethality avoidance (the nominal concentration
leading to 80% avoidance). The toxicity of amended soil elutriates (i.e. contaminated
freshwater) were assessed on the bioluminescence of a bacteria (Microtox), on the
growth of a freshwater green algae and on the survival of an aquatic plant. Amended
artificial sediments were tested with mussels and crustacean amphipods, as well as by
measuring the phagocytic activity. DEHA exhibits no acute toxicity effects to
aquatic organisms and a low bioaccumulation potential [27].

The results, reported in table 14.4, indicate that the toxicity of the CX-85
formulation is extremely low, inferior to GIM’s and Comp B’s, which are similar.

14.4.3 Bioavailability

To estimate the potential exposure of sensitive receptors to chemicals leaching from
the formulations, their transport was assessed using their water solubility, their soil/
water distribution coefficient (Kd), their soil organic carbon/water coefficient (Koc)
as well as their octanol–water coefficient (Kow). Kd represents the proportion of a
chemical sorbed to soil matter to its concentration in water. The Kow is defined as the
ratio of a chemical’s concentration in the octanol phase to its concentration in the
aqueous phase of a two-phase octanol/water system. The Kow is a measure of how
hydrophilic a substance is; it gives an indication of how widely and quickly a
chemical will move through different types of environmental matrix. Consequently,
water-soluble chemicals with a low Kd or a low Kow are more at risk of reaching
sensitive receptors. Given their low Kd, the mobility of TNT, RDX and HMX in
soils are governed by their water solubility [26]. The Kd of DEHA was not measured,
but was evaluated to be in the range of 7700–7940 [27].

As seen in the results reported in table 14.5, HMX and DEHA are not considered
a threat to sensitive receptors because of their low water solubility. Moreover,
because of its high calculated Kd, DEHA is expected to strongly bind to the soil.
Conversely, RDX and TNT are much more soluble. However, TNT tends to bind to
the organic content of the soil (higher Kow), and is seldom detected in groundwater
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or surface water in RTAs. The increasing order of mobility would thus be DEHA
< HMX < TNT < RDX.

14.4.4 Leaching

The dissolution of each energetic formulation was studied in water batch and under
constant dripping with a sandy soil typically found in Canadian RTAs. The dripping
test represents the worst case scenario. Within 150 days, Comp B was completely
dissolved (table 14.5), while CX-85 and GIM are not expected to dissolve
completely, because of the protective layer of the polymeric binder (HTPB in CX-
85 and ETPE in GIM). Given the total amount of dissolved material after a year, the
potential for leaching is considered to increase in the following order: CX-85 <GIM
< Comp B.

14.4.5 Degradation

The common degradation pathways (aerobic, anaerobic, photolysis, hydrolysis) of
the ingredients which have leached from the formulations indicate that photolysis in
water was found to be the fastest degradation process, with half-times less than two
days (table 14.5) [26]. Some degradation was even observed for dry formulations
exposed to sunlight. Hydrolysis in neutral water and biodegradation in sand was
insignificant. Zero-valent iron led to ring cleavage, but not to mineralization. GIM
was considered the best option with respect to degradation, because of the amount of
energetic material degraded and the quickness of degradation of TNT. CX-85 and
Comp B were considered to be on the same level. The biotic degradation of TNT,
RDX and HMX was null in sand, but complete mineralization occurred for TNT in
three weeks in a Webster clay loam (WCL) containing 28% clay, 39% silt, 2.39%
total organic carbon, and a cation exchange capacity of 20 mequiv/100 g [26].
DEHA is readily degradable via hydrolysis and biotic processes [27].

14.4.6 Recycling

Demilitarization was included in this work as early as possible in the development
process. A recyclability study was undertaken to evaluate the feasibility of recover-
ing the energetic formulations from the munitions and the separation of the
components from the formulations [32, 33]. The separation of the components
from the formulation was done on small quantities using common laboratory
equipment and solvents. Laboratory-scale tests were carried out to demonstrate that
it was possible to recover some ingredients. The recovery of formulations from the
munitions was straightforward for melt-cast candidates, which can be poured out of
the munitions at temperatures higher than 80 °C, the melting temperature of TNT.
However, cross-linked formulations had to be detached from projectile casings using
high-pressure water jets, which resulted in a score of C for CX-85. The results and
scores are reported in table 14.6.
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14.5 Costs
Three sub-criteria were considered to evaluate the cost: the unit cost, the environ-
mental cost of remediation and the environmental cost of manufacturing. The
results and scores are reported in table 14.7. The scores for the unit cost were
allocated based on information obtained from GD. The elements that made a
difference for this category are (1) the higher cost of HMX, ETPE and CX-85
binder; (2) the lack of CX-85 manufacturing facility in Canada; (3) the manufactur-
ing process and related equipment, more complex for CX-85; and (4) the need of a
liner for the GIM and CX-85 formulations.

The remediation of RDX-, HMX- or TNT- contaminated soil or water is a
lengthy and cost prohibitive operation, whatever the remediation process employed.
Greener munitions are meant to avoid resorting to remediation as much as possible.
In other words, the remediation cost of HMX, RDX and TNT is similar, but the risk
to resorting to remediation decreases in the order Comp B > GIM > CX-85. This
explains the respective scores of X, C and B reported in table 14.7 for each
formulation.

More detailed information cannot be included in this chapter because of
confidentiality reasons. The cost of Comp B was hard to beat. CX-85 got a score
of C, and GIM a B.

14.6 Technical feasibility
As seen in table 14.8, the technical feasibility was scored by evaluating the
ingredients’ availability, the ease of integration of all the components in the
munitions design, the requirement for a liner, the availability of manufacturing
facility and the processing complexity.

The technical feasibility category goes hand in hand with the cost category: the
more complex the process, the more expensive it became. The ingredients’ avail-
ability also played a significant role in the scoring process. Indeed, the commercially
available ETPE did not meet the required specifications and had to be made in-
house. Isophorone diisocyanate (for cross-linking) was hard to obtain and the binder
had to be made in-house. The scores for the technical feasibility category followed
the same trends as those of the cost category.

14.7 Performance
The need for a supplementary charge, the detonation pressure and velocity, the
ageing characteristics and the Gurney velocity (ejection speed of fragments) were
used to assess the performance category. The results and scores are reported in
table 14.9. As expected, no significant difference was noted between the candidates,
because an equivalent performance was a prerequisite for the preselection. GIM and
CX-85 got a slightly lower score than Comp B because of the potential requirement
for a supplementary charge.
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14.8 Final selection
Table 14.10 reports the final scores for each main criterion, as well as the total score.
Overall, both candidates were better than Comp B with regard to environmental and
health impacts, as well as insensitivity. GIM proved to be slightly better than Comp
B with regards to the environmental and health properties, while conversely, CX-85
was a slightly better IM formulation. The cost, technical feasibility and performance
of GIM were better than CX-85, but no better than Comp B. Based on these scores,
GIM was selected for further tests in the TDP, and CX-85 was abandoned.

The decision could have been different if, for example, a PBX manufacturing
facility had been available in Canada, which would have increased the technical
feasibility. The CX-85 performance was also lower than the GIM’s and the Comp
B’s. There was also uncertainty related to the DEHA leaching from the CX-85.
DEHA is an oily liquid that is slightly water soluble, but weathering experiments
[34] provided indications that DEHA had the potential to be transported with water.
Further investigation would have been needed to obtain more accurate information
and potentially allocate a better score to PBX. The recyclability of PBX was also an
issue, because of the crystalline form of the recovered HMX that was different than
the one required for reuse.

Additionally, the greener option (not specifically GIM or CX-85) was compared
to the current munitions using a cost-efficiency analysis (CEA) on the whole life
cycle of the munitions [30]. Several cost categories were considered for the CEA (e.g.
range remediation, liability, manufacturing facility, health impacts, demilitarization,
etc). However, obtaining reliable data for all categories proved to be an unreachable
goal. Therefore, simulated data extracted from realistic baseline scenarios occurring
in a hypothetical training facility were used to assess several cost categories. At the
end, potential health hazards were not even considered because of the lack of
information. Nevertheless, the results demonstrated that, on a 10-year basis, mean
potential savings of several millions of dollars per artillery range could be reached
just by using greener large caliber munitions. The status quo would thus be more
expensive due to environmental hazards.

Table 14.10. Final scores for the explosive formulations.

Criteria Weight Comp B GIM CX-85

IM compatibility 25 7.46 16.59 20.83
Environment 30 16.43 20.37 19.41
Cost 15 12.21 11.18 8.17
Technical feasibility 20 20.00 16.26 11.60
Performance 10 10.00 9.32 8.64
Total 100 66.1 73.72 68.65
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14.9 Conclusions
The Pugh decision matrix proved to be extremely useful to perform an impartial
selection of the best energetic material formulation for a specific requirement when
numerous parameters needed to be taken into consideration. This decision matrix is
also a great tool to perform sensitivity analyses on selected parameters. Moreover, it
can be adapted to each country’s or projects’ priorities by modifying either the
scored criteria, sub-criteria or their respective weights. Whenever possible, data from
reliable sources or specific to the project evaluated should be obtained.

Using this decision matrix, an informed decision was taken on the selection of the
best explosive candidate for the RIGHTTRAC TDP. The Pugh decision matrix was
also used to select the best propellant option by adapting a few sub-criteria. The use
of this decision tool is recommended for munitions developers, stakeholders and
buyers that wish to make an informed decision.
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