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Abstract: The paper addresses the issue of forest fires and critical points in activities
related to extinguishing and transport of extinguishing agent to the fire site. With the
increasing incidence of forest fires, there are also serious implications for the environment,
ecosystems and communities. The relevance of this topic is indisputable, as forest fires are
becoming more frequent and intense, with a consequent need for systematic analysis. In
this paper, critical sites are identified and assessed, and a description of the equipment used
to extinguish a particular fire is provided, with a description of the firefighting strategy
in a difficult-to-access site in forest firefighting. This paper shows the effective solution
in extinguishing forest fires and then in the design of measures to minimize this risk. We
have also assessed the risk activities in this paper. The intent of this article is to show
how to effectively extinguish a forest fire. The knowledge gained and recommendations
made are aimed at improving firefighter preparedness, techniques and tactics to extinguish
forest fires.
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1. Introduction

Forests provide biotopes for different species of plants and animals, regulate the
cli mate, protect the soil from erosion and play an important role in the water cycle.
They represent an important economic and social resource. They provide wood as raw
material for various industries, support tourism and recreational activities and create jobs
in forest management and wood processing [1]. Every year, devastating forest fires occur
in Europe, destroying thousands of hectares of forest, causing both direct and indirect
damage. Direct damage includes the destruction or damage to living trees, the degradation
of the woody material present at the site of the fire and the degradation or disruption of
other productive or non-productive functions of the forest. The emergence of various pests
or the physiological weakening of forest stands can be assessed as indirect damage. In
recent years, the Member States of the European Union have suffered a number of fatal
fires. Hundreds of people have lost their lives, and the damage has reached billions of
euros [2]. That is why, also with this article, we are pointing out the risks of forest fires and
the critical points in firefighting as part of fire prevention. Extreme heat and reduced soil
moisture increase the risk of forest fires. If the ecosystem is not adapted to these elements,
there is a significant reduction in biodiversity, resulting in soil damage and subsequent
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erosion. Affected areas show changes in the water regime; nutrient content, composition
and cycling; and physical and chemical properties of the soil. Forest fires impact soil, water
and air. Smoke from fires and the impact of greenhouse gases on the climate are also risk
factors. During fires, CO; is produced along with other gases, and forest vegetation (trees,
shrubs, plants, other biomass) is also lost. As new forest grows, it absorbs huge amounts of
CO; and thus offsets the amounts released into the atmosphere during the fire.

This year’s 2023 fires destroyed 700 thousand hectares of forest area in the European
Union. The European Commission said in its report that this is the highest figure for this
time of year since statistics began to be collected in 2006 [3,4]. The European Forest Fire
Information System says that 660 thousand hectares of forest burnt in 2022, not including
all the smaller fires. Including them, the statistics indicate 715 thousand hectares of burnt
forests [5,6]. Under the European fire response programme, twenty-nine aeroplanes and
eight helicopters were sent to extinguish fires when requested. They were supported on
the ground by 369 firefighters with 100 vehicles. There was a significant increase in fires in
Europe [7,8]. In particular, coniferous forests present a more significant problem for fires.
In the Mediterranean basin, coniferous forests are primarily reforested with forest stands.
These are very susceptible to fires. If, after planting, these stands remain unmanaged
for decades, they often have a high vertical and horizontal tree density, together with
a significant amount of lying and standing dead wood, which increases the fuel load.
On average, these pine forests are characterised by high above-ground biomass values,
ranging from 175 to 254 Mg ha~!. The theoretical thermal energy produced per area unit
in the case of total above-ground biomass combustion is also high, ranging from 300 to
450 MJ ha~! depending on the stage of stand development. It must be emphasised that the
most effective results in reducing the risk of fires are achieved particularly when regular
thinning is carried out in the younger stages of restored pine stands, aimed at reducing the
crowns and the density of all trees [9].

In forest firefighting, various special devices such as special firefighting vehicles [9],
drones and fireballs [6,8] or various devices to locate the source or extinguishing are
used [10]. Despite its destructive impacts on nature and individuals” property, it is essential
to see forest fires as an integral part of the ecosystem. While, in the past, the causes of
forest fires were primarily associated with lightning or spontaneous combustion, the current
situation suggests that human activity plays a significant role in their occurrence [11-13].
The increasing number of forest fires worldwide is also influenced by the worsening
global climate situation. Various forest management practices, such as fuel stacking or
urbanisation, negatively affect the occurrence and intensity of forest fires. Remote areas
with few firefighters and volunteers contribute to the rapid spread of fires over large
areas [1,14,15]. This is where forest fire management is important [16]. Risk management
to prevent future disasters caused by forest fires is also closely related to this issue [11-13].

Fighting forest fires is a complex and challenging task that requires a comprehen-
sive approach and cooperation of different components [14,15]. Early detection, efficient
transport of extinguishing agent to the fire site and use of modern firefighting techniques
and tactics are key factors for successful control of forest fires and protection of forest
environments. The Fault Tree Analysis (FTA) method is a useful tool for the analysis of
critical points in forest firefighting. It allows for systematically identifying and analysing
the various factors that influence the effectiveness of extinguishing and the transport of
extinguishing agent to the fire site. Forests are ecologically important; they are part of the
landscape, they form and subsequently harden the soil and they protect it from erosion.
They also create arable land. It takes between 50 and 100 years for a tree to decompose and
for its organic matter to return to the soil as humus. The water regime in the forest provides
the basic living conditions for organisms. They produce oxygen, carry out photosynthesis
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and are the largest contributors to the formation of a breathable atmosphere around the
Earth. Through photosynthesis, they maintain the balance between oxygen and carbon
dioxide. One hectare of coniferous forest produces 30 tonnes of oxygen per year, and a
deciduous forest produces 15 tonnes of oxygen per year. They filter the air and absorb dust
and radioactivity.

Factors that threaten the forest are mainly changes in climatic conditions, biotic and
abiotic damaging factors and inappropriate forest management measures.

Fire is one of the largest risk factors affecting the ecosystem. The extent of fire-induced
changes in ecosystem components depends on fire characteristics and environmental
factors. The most significant impacts include reduction of vegetation, deposition of ash
from biomass burning, increase in soil hydrophobicity and changes in the structure of soil
components. Fire can induce physical, chemical and biological changes in soil properties
and negatively affect the soil.

In this study, a review of the literature dealing with forest fires is described. This paper
is mainly focused on the description of specific equipment used during a forest fire that
occurred in the Slovak Republic, with a precise description of the strategy of firefighting
equipment layout and a description of the extinguishing procedure.

The firefighting procedure proposal in this article is a useful source of information for
extinguishing forest fires of a similar course in difficult terrain.

During this intervention, trees in smaller diameter classes are removed, which, in
the case of a forest fire (with medium and high intensity), burn first and contribute to the
spread of the fire. In addition, forestry interventions disrupt the vertical and horizontal
continuity of forest fuel, resulting in a positive impact on the overall efficiency of forest
stands and greater resilience after forest fires.

The article [16] deals with the possibilities of fighting forest fires in extreme terrain
conditions. It addresses the issue of using a pond system for transporting water to the fire
site during firefighting, under what conditions it is advantageous to deploy this method
of water transport, how to proceed in case of need and its deployment. Water transport
in exposed terrain is governed by basic hydraulic laws that determine the methods of
deploying a ponding system.

The article [17] describes that the basic condition for rapid localization and subsequent
extinguishment of a forest fire is to ensure a sufficient water supply by suitable water
transport. The basic methods are water shuttle transport by tanker trucks and remote
transport of water using hose lines and portable pumps. In addition to these conventional
methods, various combined methods are currently used for transport, and a modern
method with a large-capacity pump is used. In this article, I discuss the different methods
of transporting water on forest fires, and I compare them according to the possibility of
their deployment.

In the article [18], the authors point out that forest fires can occur suddenly and
have significant environmental, economic and social consequences. Timely and accurate
assessment and prediction of their progress, especially the rate of spread in difficult-to-
access areas, is essential for crisis management services to be able to proactively implement
prevention strategies and extinguish fires using scientific methods.

In the paper, forest restoration, which has taken place since the second half of the
last century in many inner Apennine areas, has demonstrated its key role in enhancing
the protective function of forests in Mediterranean mountain environments, as well as in
supporting the productive functions of forests in the long term. However, decades after
these afforestations, these stands have become very vulnerable to natural and anthropic
damaging agents, such as forest fires, because they have not been subjected to silvicultural
interventions and pruning. These forests are now structurally too dense, both vertically
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and horizontally, making them poorly resilient to strong winds, heavy snowfalls and crown
fires. It is therefore essential to increase the resilience of these forests in order to maintain
and enhance their functions, including social and landscape functions.

Wildfires can develop quickly and can cause a wide range of hazards. For this reason,
aerial firefighting equipment [19], which is able to respond quickly and reach fire areas,
is of great importance in emergency response and subsequent extinguishment of forest
fires. Critical parameters for deployment of each transport method are presented, and on
the basis of the developed water transport models, the optimal method is proposed for
given environmental conditions. As other authors [20,21] state, forest fires pose significant
threats to ecosystems, human safety and socio-economic stability of the entire system. This
process requires a deep understanding and examination of fire-prone landscapes in order
to effectively manage them. In the study [20,21], the authors evaluate temporal and spatial
patterns of the Fire Weather Index (FWI), a key indicator of landscape flammability, with a
particular focus on European regions. In the study, the authors analyse historical FWI data
from the European Forest Fire Information System (EFFIS) of the Copernicus Emergency
Management Service (CEMS) using tools such as the Climate Data Store (CDS) APL

This article highlights the comprehensive approach and cooperation of intervening
entities in extinguishing a specific fire in a forest environment. Early detection, effective
transport of extinguishing agent to the fire site and the use of modern firefighting techniques
and tactics are key factors in the successful control of forest fires and environmental
protection. The Fault Tree Analysis (FTA) method is a useful tool for analysing critical
points in forest firefighting.

The knowledge gained allows recommendations to be formulated to improve fire
preparedness, techniques and tactics for fighting forest fires. The article will contribute to
improving the preparedness and effectiveness of firefighting units in fighting forest fires. It
can also be a suggestion for joint exercises of simulated fires abroad.

Another study that attempts to measure occupational health and safety performance
is the study [22,23]. This study attempts to prioritize occupational safety and health
(OHS) performance in ten forest administrations in a certain province of Turkey using
multi-criteria decision-making techniques (MCDMTs). In this assessment of four applied
methodologies, the P5 alternative (quantity of risks before actions) showed consistently
better performance. An interesting emphasis of this research is in the use of a sophisticated
OHS performance model. It was developed to critically assess the OHS performance within
these forest management directorates. Factors such as slope gradient, vegetation type, soil
characteristics and distance from highways and human settlements are considered in the
design and implementation of a ponded fire suppression system.

2. Analysis of Forest Fire Prevention and Protection Strategies

Fire analysis is a complex and dynamic process that is constantly evolving to im-
prove fire prevention, suppression and management. The principles of firefighting and
fire prevention analysis consist of the following areas: understanding the causes of fire
spread and behaviour, assessing fire risks, identifying critical locations and determining
environmental impacts and determining prevention and protection strategies (warning
systems, emergency management and evacuation plans).

Forest fires have distinctive characteristics [24,25]. By utilizing various analytical
methods and tools, firefighters and experts strive to make fighting fires more effective and
protect lives and property. Such a principle of fire analysis is illustrated in Figure 1 [26,27].
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Figure 1. Anatomy of a forest fire (1—back of the forest fire, 2—centre of the fire, 3—island, 4—finger
of the fire, 5—right wing, 6—left wing, 7—front of the fire, 8—point of the fire, 9—preparation zone
of the fire, 10—combustion zone, 11—smoke zone, 12—wind direction).

Each such fire has its own anatomy. This anatomy consists of the names of the
individual parts so that firefighters can be oriented in the forest terrain, but also so that the
people responsible for the management of firefighting can define the individual locations.
The different parts of a forest fire are shown in Figure 1.

In a similar way, we can define the forest fire zones, shown in Figure 2 [28]. It is
important to define the first zone of burning in terms of fire identification, but the wind
direction is also important to be able to predict the direction of fire spread and to define the
direction and speed of fire spread upon these data.

2)

Figure 2. Zones of the forest fire (1—zone of burning, 2—zone of preparation, 3—zone of smoke,
4—wind direction, 5—direction of fire spread).

Understanding these causes is key to developing effective forest fire prevention,
monitoring and management strategies. It is necessary to choose the right prevention
method in order to avoid financial and human losses caused by the occurrence of such
forest fires. It is important to be prepared and to choose the right and quick strategy, but
it should be noted that even with excellent prevention, these forest fires still occur. There
are several causes of forest fires; for example, they can occur naturally (lightning strikes,



Fire 2025, 8, 11

6 of 24

smouldering of organic material in sunny weather) or artificially, often deliberately by
human action. In general, it can be stated that man-made fires (including pyromania) are
now highly prevalent in the world (e.g., the catastrophic fires in Greece in July 2007 and the
almost annual fires in Australia and California in the recent past). In Slovakia and Central
Europe, the situation is unfortunately very similar. The main causes of fires set artificially
include negligence and underestimation of the risk, pyromania (a morbid tendency to
arson) and the desire to profit financially from the fire (e.g., in some countries, deliberate
burning of tropical forests is practiced in order to more easily obtain agricultural land for
large-scale cultivation of commercially lucrative crops, etc.). Lightning-caused fires are rare
in this country and much more common in northern Europe.

3. Firefighting Devices Used During a Forest Fire

For forest firefighting, water is an important and irreplaceable part of firefighting.
It must be transported to the firefighting site in some way, and sufficient water must be
available. Tanker trucks and fire engines are often used, but water can also be transported
by air using helicopters or planes over longer distances or to harder-to-reach places. Hoses
are used when there is a lake or river near the fire. If necessary, temporary reservoirs of
water are also created.

3.1. Tanker Fire Trucks with Syringe (CAS)

Tanker fire trucks are specially modified vehicles designed to transport water and fire
extinguishing agents to the scene of a fire.

These vehicles serve as a key component of firefighting equipment and are available
in a variety of sizes and configurations [29] to suit different requirements. The tanker fire
truck used for the intervention described in Section 5 can be seen in Figure 3. It could be
said that the basic equipment of such a tanker fire truck can be divided into the following
points:

Water tank;

Fittings;

1

2

3. Hoses;
4 Pump;
5

Control elements.

Figure 3. CAS 20 “COBRA” tanker fire truck used during the intervention [29].
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3.2. Air Transport of Water

The second way we can bring water to the forest fire site is by air transport. This
method is used in specific cases to inaccessible or difficult-to-reach places. Helicopters
and airplanes are becoming effective tools for delivering water and firefighting agents
to hard-to-reach areas, thus speeding up firefighting and reducing the extent of damage,
Table 1.

Table 1. Advantages and disadvantages of the fire pond system [26].

Advantages Disadvantages

Speed of transport of water and

extinguishing agents to the fire site. Expensive aircraft operation.

Water is transported directly to the centre
of the fire, thereby increasing the
effectiveness of extinguishing.

Limited accessibility if infrastructure and
firefighting aircraft operations are missing.

Accessibility of aircraft to hard-to-reach Safety hazards for pilots and crew near
places, ravines, slopes, dense forests. fire and smoke.

Fixed-wing aircraft can carry much larger =~ Noise and vibration from aircraft can
volumes of water than helicopters, which  disturb forest wildlife and disrupt the
is an advantage when fighting large fires.  ecosystem.

Slovak armed forces assist with firefighting in Slovakia. The U.S. UH 60 M Black
Hawk helicopter first intervened in the area below Chopok in 2015. The MI 171 helicopter
is available Figure 4 which can carry Bambi bags with a volume of 450, 800 and 1000 litres.
The water bomber in Figure 5 is not currently available in Slovakia, but it is a very effective
tool for firefighting in hard-to-reach places [30]. The water bomber CL-415 in Figure 5
is highly efficient and can drop up to 6140 L of water at a time. It is currently used in
Canada (64 units), Spain (25 units), Italy (18 units), Greece (17 units), USA (10 units), Croatia
(6 units), Morocco (6 units) and Malaysia (2 units) [30]. If necessary, the states can help each
other. On 23 July 2022, during a heat wave and prolonged drought, a large forest fire broke
out in the territory of the Czech Switzerland National Park. Because of this, Italy sent two
CL-415 aircraft to the Czech Republic.

Figure 4. Helicopter with Bambi bag.

The following types of aircraft are used to extinguish forest fires:

Helicopters;

Fixed-wing aircraft;

Helicopters with hanging water bags;
Helicopters with Bambi bags;

Aircraft with fire extinguishing devices.



Fire 2025, 8, 11

8 of 24

Canadair CL-415

«x

Figure 5. Water bomber.

3.3. Land Transport of Water-Shuttle Transportation

Shuttle transportation of extinguishing agent is a method used to move large quantities
of extinguishing agent to the fire site. It is usually used when the fire site is remote from
the source of the extinguishing agent or when access to the fire site is limited. Shuttle
transportation is accomplished by transporting the extinguishing agent in tanks on trucks
or trailers between the storage site and the fire site. The trucks or trailers travel there
and back between the two locations, constantly replenishing the fire extinguishing agent
sup-ply at the fire site [1]. There is also two-way shuttle transportation. In this type of
transportation, trucks or trailers travel in both directions, from the storage site to the fire
site and back. This allows for more efficient use of vehicles and drivers.

3.4. Land Transport of Water—Pond System

The pond system of water transport is a method for transporting extinguishing agent
to the fire site in difficult terrain where access for conventional firefighting vehicles is
limited or impossible. It works on the principle of creating a series of interconnected
“ponds’ of strong bags filled with water, which are pumped gradually by portable pumps
to the fire site. The preparation of such a pond can be seen in Figure 6.

Figure 6. Preparation of the bag (pond) [29].

The components of the pond system are as follows:

1.  Water bags: strong bags with a volume of 1000 to 2000 L, which serve as ponds when
filled with water.
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2. Portable pumps: high-pressure pumps that are used to pump water from one pond to
another.

3. Hoses: hoses with different diameters for transporting water between ponds to the
fire site.

4.  Distributors and fittings: distribution of water into several hoses, fittings for connect-
ing hoses and water bags.

The principle of operation of the pond system is as follows [26]:

1.  Preparation: Survey the terrain and determine the most suitable route for the creation
of the pond. Choose locations for water bags and make sure there is enough water
nearby for firefighting.

2. Pond filling: Bags of 1000 L are placed and filled with water from nearby sources such
as lakes, streams and hydrants.

3. Water pumping: Portable pumps are placed between the bags, and they gradually
pump water from one pond to another. Hoses connect the pumps, and the bags move
the water further to the fire site.

4.  Firefighting: Water from the pond system is fed to the fire using hoses and distributors.
Firefighters direct the water to the fire and also cool the hot objects.

5. Completion of extinguishing: After the fire is extinguished, the pond system is
disassembled, the bags are emptied, the hoses are rolled up and the condition of the
pond system parts is checked so that it is ready for the next deployment.

The water needed for firefighting is transported by a system consisting of ponds. It is
important that the necessary pressure is also present upstream of the sprinkler to create
a strong water flow for extinguishing [26]. There are length and height pressure losses
during water transport. The necessary pump parameters to overcome the distance from
the water source to the point of fire attack can be calculated based on the hydrodynamic
laws. There are head and friction losses in the flow of water in pressure hoses.

The total loss amount shall be calculated as follows [27]:

H = Iy + hg (1)

H—total loss height [m];

hy—height loss due to friction [m].

hg—geodetic loss height due to terrain elevation [m];

The Darcy—-Weissbach equation can be used to determine the friction loss height:

2
e =1

S
&S

hy—friction loss height [m];

J—coefficient of friction (dimensionless quantity) [-];
L—length of the hose line or part of it [m];

d—hose diameter [m];

2

—velocity of water flow [m-s~1];
g—egravitational acceleration [m-s~2];
Pressure losses due to terrain elevation can be determined according to the following

formula:
he = hgk — hg, 3)

hg—geodetic loss height due to terrain elevation [m];
her—geodetic height of the end point [m];
he:—geodetic height of the starting point [m].
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4. Identification of Critical Points in Forest Firefighting

With each fire, it is important to define the critical points. The concept of critical points
in the transport of extinguishing agents needs to be defined. These are places formed by
technical means for the transport of extinguishing agents, by the human factor operating
the technical means involved in the transport line or by other circumstances associated
with the transport of extinguishing agents, where there is a possibility of an adverse event
occurring which may result in total or partial failure of the extinguishing agent delivery
system [28].

The identification of critical points is a key step in this analysis process that enables
the following:

e  Efficient deployment of available resources: knowledge of critical sites allows firefight-
ers to concentrate their forces and equipment on the most problematic sections of the
route.

e Avoiding delays: early identification and resolution of obstacles can minimize delays
in the transport of extinguishing agent.

e Improving safety: critical sites, such as steep slopes or narrow passageways, pose
safety risks to personnel and equipment; their early identification allows appropriate
safety measures to be implemented.

4.1. Risk Assessment of Critical Locations

Fault Tree Analysis (FTA) is a method of reliability analysis of complex systems that
consist of functionally coupled or dependent subsystems that serve different purposes,
in this case, forest fire and fire suppression using a ponding system. The principle of the
method is the decomposition of the peak event, which is the fault state that is investigated,
and by analysing it, we try to find the conditions and combinations of conditions that must
occur for such a situation to occur. FTA analysis must be carried out with each intervention
(Table 2). Fault Tree Analysis (FTA) is a deductive reliability analysis method used to
systematically identify and analyse the causes of potential faults in a given system. The
objective of this FTA is to create a logic diagram. This diagram can be called a fault tree.
This diagram shows the hierarchy of causes and effects leading to an undesirable event
such as a system failure. The objective of this analysis is to determine the critical points
in the transport of water to the forest fire site using the Fault Tree Analysis (FTA) method,
which was used to identify the potential causes of failure in the process of transporting
water to the fire site (Table 3). Using FTA, a fault tree can be easily generated that shows a
hierarchical ordering of the causes and consequences of failure. This can greatly help us in
our work. A detailed evolution diagram of the FTA can be seen in Figure 7 [28].

Table 2. Advantages and disadvantages of the FTA fire pond system [30].

Advantages of the Pond System Disadvantages of the Pond System

Demanding manual effort to establish and

Ability to overcome difficult terrain.
operate the system.

Adaptable to the requirements and Water transport is slower than with other
lengths of water transport. systems.

Saving water and minimising waste

. ith .
thanks to pumping. Bags with water are prone to damage

For establishment and operation, it is
affordable compared to other water
transportation systems in difficult terrain.
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Table 3. FTA proposal procedure.

FTA Procedure

General Description for
the FTA Method

Application for Forest Fire

1.  Defining an adverse
event

Defining an adverse event,
system failure or other
adverse event.

Forest fire

2.  Identification of the
culminating

The event we want to
analyse becomes the root of
the faults.

Transport of extinguishing
agent to the fire site in a
natural environment, using
a system of ponds

3. Decomposition of the
culminating event

Dividing an event into
sub-causes that lead to a
culminating event.

Shown in Figure 7

4. Analysis of
lower-level events

Decomposition of events
into causes that lead to a
culminating cause.

Shown in Figure 7

5. Identification of root
causes

E.g., manufacturing
defects, component failure,
human factor, etc.

Shown in Figure 7

6. Risk assessment

Once the root causes are
identified, the probability
and severity of each cause
is analysed. This allows us
to prioritize risks and to
focus on the prevention of
critical failures.

Transporting water to the
system of ponds using CAS
and subsequently the
system of ponds to the

fire site

4.2. FTA Analysis Procedure

One of the most important tasks of the analysis is the transport of the extinguishing
agent to the fire site. This process is also discussed in detail in our intervention described
in Section 5. The specific event is the transport of extinguishing agent to the fire site in
a natural environment using a system of ponds for the transport of water. Not enough
extinguishing agent was considered to reach the fire scene. The system boundaries were
as follows: water was determined to be transported to the system of ponds by the CAS
(tanker fire truck with syringe) and then the system of ponds to the fire site. Finally, the
causes of adverse events/system conditions were determined. The exact description of
each phase is shown in Table 4.

Determination of the operating states of the analysed system:

1.  Preparatory phase—in this phase, the basic process of system positioning was carried
out.

2. Pond filling phase—in this phase, the ponds (bags) were filled with water.

3. Water pumping phase—in this phase, portable pumps were placed between bags, and
the water was gradually pumped from one pond to the other using hoses.

4. Fire extinguishing phase—in this phase, the water is transported to the fire site.

5. Cleaning phase—in this phase, the pond system was disassembled and prepared for
the next use.
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Table 4. Operational situations and associated risks associated with these phases based on the FTA
risk assessment.

Incorrect placing of the pond system for
Preparation phase water transport and subsequent failure to
supply extinguishing agent

Insufficient water pressure, faults in

Pond filling phase suction fittings

Discharge fitting malfunction, portable

Water pumping phase pump malfunction

Insufficient extrusion pressure of the fire

Fire extinguishing phase extinguishing agent

Damage to the pond system during

Cleaning phase disassembly

The FTA shown focuses on identifying potential failures that could lead to a failure to
transport extinguishing agent to the fire site in the forest. The culminating event in this case
is that the extinguishing agent does not reach the fire site in time and in sufficient quantity,
leading to fire spread and more damage.

5. Extinguishing a Specific Fire and a Description of the Firefighting in
the Selected Area

In this section, we discuss a specific fire in a hard-to-reach site in the forest. The fire
was discovered in the afternoon of 20 July 2022 [29].

The fire spread by ground and root system in a northwest direction. The fire area was
approximately 200 m x 50 m. The fire unit was dispatched at 2:53 p.m. While enroute to
the scene, the incident commander requested a drone to determine the affected area and
determine the extent of the fire. In Figure 8, we can observe the record conducted by the
thermal camera which shows the affected area. It was possible to reach about 2 km from
the fire area by four-wheel-drive vehicle. Officers were moving with material resources
on foot in very difficult terrain. The helicopter from the Ministry of Internal Affairs of the
Slovak Republic (MVSR) made two hits at 8:40 p.m. and 9:05 p.m. After dark, the Fire Chief
terminated the operations of the firefighting unit due to zero visibility and the difficulty of
the terrain.

Figure 8. Forest fire recorded by thermal camera at 15:30 [29].

It was possible to reach a distance of about 2 km from the fire site by four-wheel-drive
vehicle. The members of the fire brigade shown in Figure 9 are moving the firefighting
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means on foot in a very difficult-to-pass terrain. In Figure 9, we can see the fire brigade
members directly in the affected area as they establish their base in a safe place at a sufficient
distance from the fire.

Figure 9. Base creation [29].

After assessing the seriousness of the situation, at 4:40 p.m., the intervention com-
mander requested a helicopter with a “Bambi” bag. The helicopter made two drops of the
Bambi bags at 8:40 p.m. and 9:05 p.m., as the terrain was difficult to access. A photo directly
from the intervention showing the helicopter using the Bambi bag to drop a quantity of
water can be seen in Figure 10.

Figure 10. Aerial firefighting using “Bambi” bags [29].

After dark, the intervention commander terminated the unit due to zero visibility
and the difficulty of the terrain. Figure 11 shows the process of building forest roads for
transport. The purpose of these roads was to make way for fire tanker trucks.
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Figure 11. Building new forest roads [29].

With the help of these roads, a pond system was created. The process of building this
pond system is shown in Figure 12. The pond system then served as a water storage tank
for firefighting. The extinguishing agent was pumped from the river which was in the
vicinity of the fire in Figure 13.

The most important thing was to ensure a constant transport of water. A pumping
station was established on the river. Initially, a shuttle transport of extinguishing agent
from the pumping station to the ridge was established (possible with the help of Tatra
148 and Tatra 138 trucks). The route was 3.2 km long. This process is shown in Figure 14.
Later, a tanker truck from the pumping station shuttled the extinguishing agent 4.2 km to
the tanker assembly area where the extinguishing agent was pumped to Tatra 148, shown in
Figure 15, which then transported the water 800 m to the other CASs, which were statically
positioned 400 m apart up to the ridge, and a hose line pushed the water to CAS 30 Tatra
815/7, which was positioned just below the ridge Figure 16.

Figure 12. Improvised pond system created using 1000 L IBC tanks [29].
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Figure 13. Course of the fire [29].

Pumping position |
L

3 216,084 m
3,216 km

T Watershuftle |

| Pond ground extinguishing module \

Figure 14. Transport of water from the river from the pumping point to the ground pond module [29].

Transportation of water to the
collection point of tankers 2 153,431
/

287

Collection of tankers

Ay |

Figure 15. Water transport from the pumping point to the tanker truck meeting point [29].
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CAS 30 Tatra 815-7

Length
1699074 m
1,699 km

CAS 32 Tatra 148

L| Overpumping through the hose line

CAS 32 Tatra 148
CAS 30 Tatra 815-7

Figure 16. Water transport between 400 m distant sites up to the outlet hose [29].

Risk factors affecting the spread of fire include the following:

Exclusion zone.

Complex, very difficult terrain.

Intense wind that continuously changed the direction of the flow.

Leaf piles higher than one meter in some cases.

Limestone bedrock, which was cracking due to the heat and its fragments rolled into
the valley.

Burnt tree trunks falling down the slope, spreading the fire to other parts.

Large amounts of unprocessed wood mass after calamities.

Steep slope with a gradient of more than 80% in some cases.

Total rainfall at the site from 1 June 2022 to 20 July 2022 = 24 mm.

Impacts of forest fire in the paper presented include the following:

Fire affected area of 54 hectares.

Unquantifiable damage to biotopes.

Treated one member of the village’s volunteer fire department by a fire and rescue
department ambulance.

Damaged and not found material means (hoses, hose lines, distributors, etc.).
Absence of a complex system of material means for the liquidation of large fires at
individual district directorates of the fire and rescue brigades: hose trailers, pumps,
ponds, etc.

With daytime temperatures above 30 °C, firefighters had to fight in heavy protective
clothing—the need to provide light protective clothing.

FTA is an analysis of the probability of failure of the entire system and the associated
preventive measures that should increase the reliability of the system. The method is
aimed at pinpointing the causes or combinations of causes that may result in a defined
adverse event.

In this paper, the FTA method is combined with the Forced Decision Matrix Method.

FDMM. The Forced Decision Matrix Method (FDMM) is used for the determination of risk
factors. The weights of each criterion, as well as the ranking of the variants as meeting each

criterion, are determined by pairwise comparison. This means that when two criteria are

compared, the more significant (more important for decision making) criterion is weighted

as “1” and the less significant criterion as “0”. Similarly, when assessing how well two
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options meet the chosen evaluation criteria, the better matched option is weighted as “1”
and the worse matched option as “0”. This prioritizes the significance of the risk—The
weights of the criteria are determined primarily by the significance of the risk. The top risk
event is the transport of extinguishing agent to the fire site.

Three risk events were selected:
e  Dil—risks of firefighting equipment design;
o D2—damaged material means;
e  D3—human factor, i.e., firefighters.

The following criteria were selected:

e  Kl—pump failure (serious malfunction, mechanical or electrical failure, short circuit
in the motor, overheating);

e  K2—problems in moving a tanker fire truck with syringe (CAS) (chassis failure, traffic
accident, CAS stuck in the field);

e KB3—damage to the hose and suction fittings (puncture, cut, insufficient hose length,
high pressure);

e  K4—lack of coordination in firefighting (lack of communication between firefighters,
lack of coordination with other fire brigades);

e  K5—terrain of forest stands, season, wind impact.

The top risk event is the transport of extinguishing agent to the fire site. Based on
the FTA method, the risk events were fire extinguisher design risks, damaged material
assets during extinguishing and human factors. In the FDMM decision table for forest
firefighting, the most significant risk events are firefighting equipment, then damaged
material resources during extinguishment and the human factor, which is represented by
the firefighters involved in the extinguishment. The assessment of risk activities can be
seen in Tables 5-11.

Table 5. Pairwise comparison of criteria.

Criterion K1 K2 K3 K4 K5 Sum Weight
K1 - 1 0 0 1 2 2/11=0.182
K2 1 - 1 1 3 3/11=0.273
K3 1 0 - 0 2 2/11=10.182
K4 0 0 1 - 0 1 1/11 =0.091
K5 1 1 0 1 - 3 3/11=0.273

Significant 1, less significant 0.

Table 6. Pairwise comparison of variants according to criterion K1.

Variant D1 D2 D3 Sum Weight
D1 - 1 1 2 2/3=0.667
D2 1 - 0 1 1/3=0.333
D3 0 0 - 0 0/3=0

D1—problem with firefighting equipment, D2—damaged material means, D3—human factor.

Table 7. Pairwise comparison of variants according to criterion K2.

Variant D1 D2 D3 Sum Weight
D1 - 1 0 1 1/3=0.333
D2 1 - 1 2 2/3=0.667
D3 1 0 - 0 1/3=0.333

Table 8. Pairwise comparison of variants according to criterion K3.

Variant D1 D2 D3 Sum Weight
D1 - 0 1 1 1/3=0.333
D2 1 - 1 2 2/3=0.667

D3 0 0 - 1 1/3=0.333
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Table 9. Pairwise comparison of variants according to criterion K4.
Variant D1 D2 D3 Sum Weight
D1 0 1 1 2 2/3 =0.667
D2 1 - 0 1 1/3=0.333
D3 1 1 - 0 2/3 =0.667
Table 10. Pairwise comparison of variants according to criterion K5.
Variant D1 D2 D3 Sum Weight
D1 0 1 1 2 2/3 =0.667
D2 1 - 0 1 0/3=0
D3 0 1 - 0 1/3=0.333
Table 11. FDMM matrix decision table.
Evaluation of Risky Activities
D1—Risks of D3—Human
Criterion Weight Firefighting D2—Damaged Factor—
Equipment Material Means B v
c Firefighters
Design
K1—Pump failure 0.182 0.667 0.333 0
K2—Problems in
moving a tanker
fire truck with 0.273 0.333 0.667 0.333
syringe
K3—Damage to
the hose and 0.182 0.333 0.667 0.333
suction fittings
K4—Lack of
coordi-nation in 0.091 0.667 0.333 0.667
firefighting
KS—Terrain of 0.273 0.667 0 0.333
forest stands
Weighted sum 1.001 2.667 2 1.666
Order 1 2 3

6. Fire Protection in Forests

From the point of view of forest fire prevention, it is necessary to know all the factors
and risks of forest fires, their occurrence, course, behaviour, ways and methods to prevent
them or eliminate their consequences, as well as a suitable monitoring system [30-33].
Among the basic preventive measures against fire in forest stands with increased risk of
fires is the creation of fire prevention elements. Their purpose is primarily to reduce the
risk of spreading forest fires.

Basic fire protection elements include the following:

(a) Fire protection dividing strips;

(b) Fire protection partitions;

(¢) Insulation strips (the so-called Kienetz strips);

(d) Protection zones of linear structures: the protection zone is the area in the immediate
vicinity of a gas pipeline or other gas installation.

Logistics are important in fire management [34,35]. All procedures must be man-
aged within the laws and regulations in force in the state where the fire is currently
located [36-40]. It is necessary to use protective and safety features [41] during the extin-
guishing process and also throughout the intervention, as stipulated by legislation.

7. Conclusions and Discussion

Forest fires are one of the most significant sources of carbon dioxide (CO,) emissions
to the atmosphere. In years with significant forest fires, such as 2019 and 2020, this amount
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will increase significantly [42—44]. The year 2023 was the year of the largest fire in the
history of the European Union—a forest fire in Greece that burned an area of approximately
175,000 ha, and a year in which an area of 18,400,000 ha (184,000 km2) burned in Canada.
By comparison, Slovakia covers 49,035 km?. In this article, we have described a specific fire
that occurred in the Slovak Republic in a difficult-to-reach environment. This fire affected
up to 54 hectares of forest. The described fire was successfully extinguished, but at a huge
cost in terms of the financial and human resources that were needed to eradicate the fire.
Ground firefighting modules, the Air Service of the Ministry of the Interior of the Slovak Re-
public, helicopters of the Slovak Republic and members and technicians of the Fire Brigade
with 68 pieces of equipment were deployed. Smoke, as one of the risk factors of the fire,
also caused enormous damage to the environment. A key advantage of these pond systems
is their ability to provide immediate access to a water source to extinguish a fire, thereby
reducing response time and allowing for more efficient and quicker fire response. In terms
of reliability and independence, compared to external water supply systems, which can
be vulnerable to power outages or infrastructure failures during a fire, the pond system
offers a self-contained and reliable source of water [45,46]. This article highlights the fight
against forest fires, which is a complex and challenging task that requires a comprehensive
approach and cooperation between different components. Early detection, effective trans-
port of extinguishing agent to the fire site and the use of modern firefighting equipment
and tactics are key factors in the successful control of forest fires and the protection of
the forest environment. The Fault Tree Analysis (FTA) method has proven to be a use-
ful tool for analysing critical points when fighting forest fires in difficult mountainous
terrain [46,47]. The knowledge gained helped us to formulate recommendations for im-
proving fire preparedness, techniques and tactics for forest firefighting. Devastating forest
fires occur every year in Europe, destroying thousands of hectares of forest and causing
both direct and indirect damage. Hundreds of people lose their lives, and the damage
amounts to billions of euros. That is why this article also draws attention to the risks of
forest fires and the critical points in firefighting prevention [48]. Knowing the critical points
enables firefighters to concentrate their forces and equipment on those problematic sections
of the route in the rugged terrain of forest fires.

As stated by the author of the paper [48], in the case of using a ponding system,
the following two assumptions should be made. First, it is important to respect the
characteristics of the specific terrain and the situation at the fire site. The design and
placement of components must be based on an individual survey of the terrain, which
should be combined with the use of modern information systems. Second, it is necessary to
know the theoretical laws and hydraulic principles governing the transport of water in the
hose line. The pond system is a solution suitable only for specific situations and conditions.
If a fire occurs in an inaccessible mountainous environment and the situation is further
complicated by weather (or other adverse factor), it is optimal to use a pond system to
provide water to the fire site. Its main advantage is that, in extreme terrain conditions, it is
possible to provide the necessary water flows for extinguishing.

The transport of water by means of ponds is governed by hydraulic laws, by means of
which the necessary pump locations can be calculated.

The graph is made for three degrees of elevation, namely, 15°, 25° and 35°. On the y-
axis is the value of the elevation that will be overcome for a particular length of hose line and
for all three elevations. On the page, the values of the length of the hose line are indicated
at 20-metre intervals, corresponding to the length of one hose [49,50]. This auxiliary tool is
designed specifically for the Honda WH20X pump with an operating pressure of 0.81 MPa.
When manufacturing, the values of volumetric flow rate of 500 L.min~! and hose diameter
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of 52 mm (hose type C) were used in the production of the auxiliary tool. The calculations
in this paper are also based on the graph in Figure 17.

The authors in [50] report that the model developed in this work considers only spatial
aspects such as the distance between points. However, other aspects such as the probability
of a forest fire occurring in a particular location, the risk of a wildfire due to fire, its extent,
the capacity of the pond and others must also be considered in forest fire management.

Elevation [m]
300 -
250 -1
200 __,/"'
Slope 15°
150 Slope 25°
"
p—" s
50 -
D ﬁl T T T T .
20 60 100 140 180 220 260 300 340 380 420 460 50p Distance [m]

Figure 17. The graph is produced for three degrees of altitude, namely, 15°, 25° and 35°.

In the article [51], the authors present the adaptation of fire suppression systems to
locate fires in premises and stress the principle that fire protection is a fundamental safety
issue. The criteria for effective firefighting and the characteristics of fire extinguishing
systems depend on a combination of factors. In this article, the authors analyse the most
commonly used fire extinguishing technologies in different locations. Based on the analysis
of publications from the last decade, it is possible to develop intelligent systems to record
fires and extinguish fires in premises. The impact of wildfires is increasingly being felt
around the world. Recent data collected by the European Forest Fire Information System
indicate that almost 300,000 hectares of land burned in Spain in 2022 alone, at an estimated
cost of close to EUR 3 billion. Forest fires require truly effective strategies and counter-
measures to tackle such a severe threat. Network monitoring cameras, fire detection and
air quality sensors can play a major role in detecting fires and measuring any resulting
pollution. Given the vast areas that forests cover, coupled with their remoteness, the task
of identifying fires can be much more difficult, but accurate detection is crucial to give
emergency responders a chance to react quickly. For example, a system was developed
in California where the solution consists of a network of nearly 650 remote cameras. As
soon as one of the visual cameras spots a fire, firefighters are able to remotely control
nearby cameras to determine its exact location. Even at night, these cameras can effectively
monitor the area thanks to the built-in infrared light that allows them to detect a fire up
to 200 km away. With these monitoring solutions, firefighters can respond to a potential
fire within seconds, which previously took up to half an hour, and decide what kind of
response is needed to contain the situation [52]. A proposal for further scientific develop-
ment of this firefighting using the pond system is the use of firefighting drones that can
accurately monitor the extent and exact location of fires and provide a detailed overview
of the terrain, the location of water sources and, of course, the movement of firefighters
and their equipment. All of this is brought together by the technology and software called
GINA, which 3MON supplies to the Slovak market, at the Technical University in Zvolen.
Thanks to this system, the intervention commander can determine the intervention strategy
in real time. Each firefighter also carries a monitoring device, which is also used, for
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example, by humanitarian organisations when their personnel are in danger zones. Thanks
to this modern technology, firefighters can reach water and fire faster, and the chances of
containing a spreading forest fire when it is still in its infancy are increased. Launching a
helicopter with a Bambi bag, firefighters install ponds and pump water directly to the fire.
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Abbreviations

The following abbreviations are used in this manuscript:

CAS Tanker fire trucks with syringe.

CDS Climate Data Store.

CEMS Copernicus Emergency Management Service.
EFFIS European Forest Fire Information System.

FDMM Forced Decision Matrix Method.

FTA Fault Tree Analysis.

FWI Fire Weather Index.

MCDMTs Multi-criteria decision-making techniques.

MVSR Ministry of Internal Affairs of the Slovak Republic.
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