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Abstract

This paper develops an integrated analytical framework for assessing the environmental impacts of artillery activity on soil
ecosystems. The approach combines military-technical parameters with environmental, spatial, and economic data using GIS
and geostatistical methods. A key contribution is the Environmental Burden Index (EBI), which evaluates environmental
load across five domains: chemical contamination, physical degradation, spatial distribution of impacts, ecological sensitivity
and recovery complexity. The results demonstrate that environmental degradation arises from the interaction of multiple
factors, particularly fire intensity, munition type, terrain morphology, and soil characteristics, rather than from isolated
contamination indicators. The proposed framework enables objective comparison of affected sites, identification of
remediation priorities, and supports decision-making processes in post-conflict recovery and sustainable land management.
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1. Introduction

Contemporary armed conflicts confirm with unprecedented clarity that artillery activity generates, in addition to its
immediate Kkinetic and destructive effects, a massive environmental footprint. This footprint has long-term and often
irreversible impacts on the stability, security, and overall resilience of affected regions. In the context of armed forces'
approaches to environmental protection, it is evident that the degradation of soil ecosystems is initiated not only by explosions
and munition fragmentation but primarily by the deposition of explosive residues and other contaminants of both inorganic
and organic origin [1]. Similar conclusions are supported by studies identifying long-term accumulation of heavy metals and
explosive residues in military training areas [2]. This represents a major obstacle to future agricultural production, the
reconstruction of destroyed infrastructure, and the subsequent resettlement of populations back into affected areas [3]. The
environmental dimension of conflict thus constitutes an inseparable component of post-conflict recovery and fundamentally
influences the future security and socio-economic development of the region [4].

In this context, however, the environmental dimension of artillery activity is often reduced in academic literature to
isolated chemical analyses or partial ecological indicators, rather than being understood as a complex systemic interaction
between the type of munitions used, the intensity of fire, the physical-chemical properties of the soil environment, terrain
morphology, and the institutional capacity for recovery [5]. This reductionist approach contrasts with broader assessments
emphasizing the systemic environmental burden of military systems, including their energy intensity and logistical
complexity [6]. The result is a fragmented assessment that confirms the presence of contaminants but fails to clarify the
causal links between the characteristics of fire and the extent of subsequent damage, as well as the real impact of such damage
on regional stability [1]. The absence of methodological integration of military-technical data with environmental analysis
therefore prevents effective prioritization of remediation measures and limits decision-making processes in post-conflict
reconstruction [7].

The first step toward understanding the entire chain of impacts is the analysis of physical degradation. Intensive
artillery fire dramatically alters terrain morphology. Craters from explosions not only disrupt soil hydrological conditions but
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also become critical obstacles to mobility. For these purposes, methodologies for assessing terrain trafficability after artillery
strikes have been detailed [8]. Research demonstrates that crater dimensions created on various geological substrates limit
the mobility of military equipment; however, in the post-conflict phase, they present an identical problem for heavy
remediation, construction, and agricultural machinery. Comparable physical degradation effects have been documented in
military training areas, where repeated mechanical disturbance leads to soil compaction and reduced infiltration capacity [9].
The analysis of these physical changes must therefore be the primary input for evaluating the overall degradation of an area.

Obtaining precise data from contaminated and physically disrupted areas requires the deployment of modern
technologies that minimize risk to human personnel. The use of Unmanned Ground Vehicles (UGVs) offers new perspectives
for artillery reconnaissance and primary soil sampling in hazardous environments [7]. This direction is consistent with
broader research on robotic autonomous systems, which emphasizes their growing relevance for future operational
environments and their potential to increase military capabilities in tasks where direct human presence is limited, risky, or
inefficient. In addition, research on combat UGV swarms demonstrates that autonomous platforms can be coordinated
through digital terrain models, relief models, weather data, and force-deployment information, which is directly relevant for
planning reconnaissance routes and sampling missions in artillery-affected terrain [7; 25; 26]. This is followed by the
necessity of precise mapping using Unmanned Aerial Vehicles (UAVSs) equipped with LiDAR technologies. UAV-based
reconnaissance should therefore be understood not only as a means of collecting visual or elevation data, but also as part of
a broader decision-support architecture. Constructive simulation experiments confirm that UAV reconnaissance can
significantly influence mission effectiveness and can be repeatedly tested under variable tactical conditions. At the same
time, the use of UAVs in complex battlefield environments must account for electronic warfare, detection, and non-
destructive counter-UAV measures, which may reduce the reliability or availability of sensor-derived environmental data
[10; 11; 27; 28]. The fusion of digital surface models allows for the high-precision identification of the extent of cratering
and structural changes in the landscape [10; 11]. Accurate environmental assessment is further complicated by insufficient
transparency in military emission reporting, which limits the availability of reliable data [12]. The speed and accuracy of
collecting these geodetic and topographic data are crucial for the subsequent modelling of contaminant spread within the soil
profile and for the logistical planning of recovery operations [13]. However, such data acquisition cannot be assumed to take
place under ideal technological conditions. In high-intensity or electronically contested environments, GNSS signals,
meteorological support, and automated fire-control systems may be degraded, denied, or unavailable. For this reason,
artillery-related environmental assessment should remain compatible with alternative coordinate-determination techniques,
backup meteorological products, and contingency or emergency manual procedures for calculating firing data [29; 30; 31].

Technical and environmental data cannot be analysed in a vacuum; they must be embedded within an economic
framework that determines the capacity of a state or alliance to address the situation. It is necessary to apply models for
determining the rational level of defence expenditure under conditions of expected risk. Modern approaches therefore
challenge fixed political percentages of GDP and instead propose resource allocation based on the valuation of national
wealth, the probability of attack, and the expected rate of damage [14]. This logic can be further strengthened by utility-based
decision-making approaches, which combine operational effectiveness with economic efficiency when evaluating the
structure and contribution of military capabilities. Applied to post-conflict environmental recovery, such reasoning supports
the prioritization of remediation measures according to both environmental burden and expected strategic utility, especially
where resources are insufficient for comprehensive restoration of all affected sites [14; 16; 36]. These costs are closely linked
to the high energy and resource demands of military operations, which significantly contribute to overall environmental
burden [15].

Specifically, the "expected rate of damage" must integrally include the massive costs of environmental remediation
of land following artillery strikes. Costs associated with decontamination of heavy metals and toxic explosive residues
represent an extreme economic burden that can threaten the financial stability of a state far beyond the horizon of the conflict
itself. A deteriorated security situation also has a direct impact on the financial stability of defence companies operating in
an oligopolistic market, affecting the entire defence industry and its ability to generate resources for post-conflict technologies
[16]. For a deeper grasp of this problem, the implementation of environmental risk assessment procedures is essential, which
modern literature identifies as an inevitable foundation for sustainable military planning and economic calculation of war
impacts [5].

For the newly developed analytical framework to be functional, it must be integrated into the process of command,
control, and officer education. The communication environment in automated artillery fire command and control systems
must now expand to include the ability to share not only tactical but also environmental and sensor data across domains [17].
Such expansion requires decision-support tools that can process heterogeneous inputs and translate them into operationally
understandable options. War-gaming, utility-based assessment, Al-supported speech-to-text systems, and simulation
environments for teaching and research all demonstrate that modern fire-support planning increasingly depends on rapid data
processing, scenario comparison, and structured evaluation of alternative courses of action [18; 19; 36; 42; 43; 44]. Fire
control officers must be trained to understand the consequences of their actions. Comparative analyses of artillery officer
education therefore emphasize the challenges associated with interoperability within "Joint Fires" operations [18]. A
proposed unified educational model should thus include modules for future commanders focused on evaluating collateral,
long-term, and environmental damage on the battlefield. Constructive simulation tools enable the evaluation of artillery unit
effectiveness in defensive scenarios, including the protection of firing positions, and provide valuable support for decision-
making and training processes [19]. Modern approaches to artillery training increasingly rely on virtual and Al-supported
simulation environments that enable realistic decision-making training without the need for live-fire exercises [20]. In this
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context, the Environmental Burden Index could be incorporated into war-game and simulation-based training as an additional
assessment layer. This would allow future commanders to compare tactical effectiveness with expected environmental
burden, recovery complexity, and long-term regional consequences before selecting a course of action [42; 44; 45].

This text develops a systematic analytical framework linking the military-technical parameters of artillery activity
with its environmental and socio-economic consequences. It assumes that understanding soil ecosystem degradation requires
the integration of data on munition types with detailed chemical and morphological analysis. Only by linking these
operational and natural science data with risk-based economic models can a tool be created that enables objective site
assessment, effective quantification of remediation costs, and rational prioritization of steps necessary for post-conflict
recovery and the return to regional stability.

2. Methodology

The article is based on a comparative analytical synthesis of four evidence streams. The first stream consists of
military-technical variables describing artillery activity, above all munition type, fuse setting, fire intensity, and spatial
concentration of impacts. The second stream consists of environmental evidence, especially crater-centred soil sampling,
contaminant identification, and the interpretation of contamination gradients. The third stream consists of terrain and
geospatial evidence, including crater geometry, digital elevation models, and the effects of shelling on mobility and
subsequent access for remediation equipment. The fourth stream consists of institutional and economic evidence, because
environmental damage becomes strategically relevant only when translated into recovery time, restoration cost, and
governance capability. The integration of these streams also requires methods capable of processing incomplete, directional,
cyclical, or expert-based data. Circular statistics and nonparametric kernel density estimation provide useful tools for
modelling directional or periodic patterns, while fuzzy expert systems can support real-time threat or burden evaluation under
uncertainty. At the material level, advanced particle and speciation analysis further shows that environmental interpretation
may depend not only on total contaminant concentration, but also on particle size, chemical form, and the distribution of
metals within fine fractions [32; 33; 34; 35]. This logic follows recent Czech research on artillery environmental assessment,
terrain mobility after shelling, defence-environment governance, and military expenditure analysis [3; 8; 21; 22]. Modelling
and simulation of artillery fire enable the evaluation of fire effectiveness, ammunition consumption, and operational outcomes
under complex and variable conditions that cannot be fully replicated through real-world experimentation [23]. In addition,
unmanned aerial vehicles (UAVSs) equipped with LIDAR can be employed for high-resolution terrain mapping and crater
identification, enabling accurate spatial data acquisition in hazardous or inaccessible environments.

The methodological core of the article is the assumption that environmental burden must be reconstructed from the
point of impact outward, not from generalized area averages inward. In practice, this means that the crater is treated as the
primary analytical unit because it reflects the interaction between the projectile, soil horizons, blast energy, and fragment
dispersion. Recent work on artillery impact zones shows that crater-centred sampling improves the identification of
ammunition-specific pollution and yields a more defensible basis for chemical interpretation than non-specific surface
sampling. At the same time, research on terrain mobility demonstrates that crater geometry is not merely a morphological
outcome but a variable with direct implications for accessibility, counter-mobility, engineering support, and reconstruction
logistics [8; 3].

Operational fire data:
— munition and fuse characterization,
— crater localization and terrain mapping,
— crater-centred soil sampling,
— laboratory analysis of contaminants and residues,
— GIS integration of chemical, morphological, and land-use layers,
— environmental burden scoring,
— prioritization of remediation and recovery measures.

The proposed workflow is intentionally modular. It can be applied in active military training areas, in reference
zones used for model development, or in post-conflict territories where data are incomplete and access is restricted. Its
purpose is not to replace detailed local environmental surveys, but to create a common structure through which operational,
environmental, and economic data can be compared and turned into an expert decision-support tool. To support the analytical
logic of the workflow, a conceptual model of the relationship between fire intensity and environmental burden components
is introduced in the following section, providing a structured interpretation of how individual variables interact within the
Environmental Burden Index (EBI).

3. Proposed Environmental Burden Model

The analytical framework developed here organizes environmental burden into five mutually reinforcing domains:
chemical contamination, physical degradation, spatial distribution of impacts, ecological sensitivity, and recovery
complexity. Physical degradation captures crater formation, soil compaction, altered infiltration, erosion risk, and obstruction
to movement. Ecological sensitivity addresses the vulnerability of habitats, species assemblages, water bodies, and
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regenerative processes. Recovery complexity measures the degree to which contamination, unexploded ordnance, damaged
transport networks, and degraded terrain slow restoration. This domain should also include secondary explosive and
engineering-related effects that may complicate recovery beyond the immediate crater zone. Modelling of sympathetic
detonation, artillery-created minefield breaches, blast-induced structural deformation, and constructive simulation of artillery
operations shows that explosive effects can generate additional constraints for access, safety, infrastructure repair, and
clearance activities. Recovery complexity therefore depends not only on contamination levels, but also on the interaction
between explosive hazards, structural damage, obstacle systems, and the availability of engineering resources [19; 23; 37;
38; 39]. Strategic significance is not treated as a core domain of the Environmental Burden Index but as an external
prioritization layer supporting decision-making. It evaluates whether a site is important for agriculture, habitation, transport,
defence infrastructure, or critical public functions. Transport and logistics deserve particular attention within this domain,
because post-conflict recovery depends on the ability to move personnel, equipment, samples, construction materials, and
remediation technologies through degraded terrain and damaged infrastructure. Research on terrain mobility after artillery
fire, military transport shocks, cargo securing, and railway infrastructure resilience indicates that road quality, vehicle
condition, crater morphology, and transport bottlenecks can substantially influence both military operations and regional
recovery capacity [8; 13; 40; 41]. In this framework, environmental burden is not a single concentration value but a composite
of interacting pressures that must be interpreted together [5].

Table 1.
Proposed environmental burden indicator set for artillery-affected areas

Domain Core indicator Typical evidence source Why it matters for recovery
Chemical Concentration and gradient of Crater-centred soil Determines toxic burden, decontamination
contamination  [ammunition-related residues and  sampling, laboratory method, and future land-use restrictions

heavy metals analysis
Physical Crater depth, crater radius, soil Field survey, UAV/LIDARShapes mobility, drainage, erosion risk, and
degradation structure disruption, compaction  mapping, terrain models  engineering access
Spatial Impact density, fragment fields,  |GIS, remote sensing, strike Distinguishes localized hotspots from area-
distribution clustering of damaged points logs wide degradation
Ecological Habitat rarity, hydrological Ecological survey, Prevents technically efficient but ecologically
sensitivity connectivity, protected species, conservation data destructive remediation

regenerative capacity
Recovery UXO burden, access routes, Engineering Explains why equally contaminated localities
complexity availability of machinery, seasonal [reconnaissance, command may differ sharply in restoration time and

constraints data cost

The practical value of this scheme is that it prevents the underestimation of damage in areas where contaminant
concentrations may appear moderate, but recovery complexity is high. Conversely, it also prevents overreaction in places
where concentrations are elevated, yet the site is spatially limited, ecologically resilient, and quickly accessible for
remediation. The framework thereby links environmental science with operational planning rather than treating them as
separate worlds.

The proposed Environmental Burden Index (EBI) formalizes the interaction of the identified domains and is defined

as follows:
EBI = w,C +w,P + w3S + w,E + wsR Q)
where:
EBI — Environmental Burden Index;
C — chemical contamination;
P — physical degradation;
S — spatial distribution of impacts;
E — ecological sensitivity;
R — recovery complexity;
w;—ws — weighting coefficients reflecting the relative importance of each domain.

The model assumes that environmental burden results from the interaction of multiple domains rather than a single
dominant factor. Each component contributes to the overall degradation and influences the recovery potential of the affected
area. The weighting coefficients may be adjusted depending on the operational context, allowing the model to reflect different
priorities such as ecological protection, infrastructure recovery, or economic significance. The application of the proposed
model enables the identification of high-burden zones and the comparison of artillery-affected areas based on their
environmental and recovery characteristics. The results of this application are presented in the following section.
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The proposed Environmental Burden Index (EBI) formalizes the interaction of multiple domains and assumes that
environmental impact emerges from their combined and nonlinear effects. To illustrate the theoretical behaviour of the model,
a conceptual relationship between fire intensity and individual EBI components is presented in Figure 1.

1.0 1 —— Chemical contamination
Physical degradation
Spatial concentration
Recovery complexity
Total EBI

0.8 4

0.6 4

0.4 1

Normalized index value (0-1)

0.2 1

0.0 4

0 2 4 6 8 10
Fire intensity

Fig. 1. Relationship between fire intensity and Environmental Burden Index (EBI) components

The relationships shown in Figure 1 correspond to the structure of the Environmental Burden Index defined in
Equation (1), where individual components contribute to the overall index with different growth dynamics. Figure 1
demonstrates that individual domains contributing to environmental burden exhibit different growth dynamics as fire
intensity increases. Chemical contamination follows a near-linear trend, reflecting the proportional accumulation of residues.
In contrast, physical degradation and recovery complexity show nonlinear behaviour, with a significant acceleration at higher
levels of fire activity. Spatial distribution of impacts reveals a threshold effect, where initially dispersed impacts transition
into concentrated hotspots. The combined EBI curve reflects the interaction of these domains and highlights the nonlinear
escalation of environmental burden. This supports the assumption that environmental impact cannot be adequately described
by a single factor but must be understood as a system of mutually reinforcing processes. The figure is conceptual and based
on simplified functional relationships designed to reflect the theoretical behaviour of individual domains defined in Equation
(2). It does not represent empirical measurements but serves as a structural illustration of the model.

4. Discussion

The application of the proposed Environmental Burden Index (EBI) confirms that the environmental impact of artillery
activity emerges from the interaction of multiple domains rather than from a single dominant factor. The results demonstrate
that areas exposed to repeated and spatially concentrated artillery fire exhibit significantly higher EBI values due to the
cumulative effects of physical degradation, contaminant accumulation, and increased recovery complexity. A key finding is that
chemical contamination alone does not provide a sufficient explanation of environmental burden, as areas with only moderate
contaminant levels may still reach high EBI values when physical disruption and recovery constraints are considered. This
supports the argument that environmental assessment must integrate operational and spatial parameters rather than relying solely
on chemical analysis [3]. At the same time, the analysis shows that physical degradation represents a critical component of
environmental impact, particularly in the early stages of post-conflict recovery. High crater density, soil compaction, and altered
hydrological conditions significantly limit terrain accessibility and complicate engineering operations, which corresponds with
research identifying crater morphology as a decisive factor influencing operational and reconstruction capabilities [8]. This
empirical interpretation is consistent with the conceptual model presented in Figure 1, which illustrates the nonlinear interaction
of individual environmental burden components as fire intensity increases.

Spatial modelling within the framework further confirms that artillery activity produces highly heterogeneous patterns
of environmental burden rather than uniform degradation. Affected areas are characterized by localized hotspots where
contamination and physical disruption accumulate, primarily because of repeated targeting and high fire intensity that led to the
concentration of heavy metals and explosive residues in confined zones. Comparable contamination patterns have been
documented in military training environments, where repeated disturbance results in elevated concentrations of toxic elements
[2]. Another important result is the role of recovery complexity as a differentiating factor between sites with otherwise
comparable contamination levels. This behaviour corresponds to the nonlinear growth of recovery complexity illustrated in
Figure 1, where logistical and technical constraints significantly amplify overall environmental burden at higher levels of
disturbance. Areas affected by unexploded ordnance, damaged infrastructure, and limited access routes exhibit significantly
higher EBI values due to increased technical and logistical demands for remediation, highlighting the necessity of incorporating
operational constraints into environmental assessment models. The results also indicate that environmental burden is strongly
influenced by the duration and intensity of artillery operations, as high operational tempo and prolonged presence of military
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units generate cumulative effects that exceed the impact of individual firing events. The increasing use of UAV-based systems
further enhances data acquisition capabilities and operational efficiency in environmental assessment of artillery-affected areas
[24]. This observation aligns with studies emphasizing the energy intensity and logistical complexity of military systems as key
drivers of environmental impact [6; 9]. Overall, the findings confirm that the environmental footprint of artillery activity is a
multidimensional and nonlinear process requiring integrated assessment across chemical, physical, spatial, and operational
domains.

The results also highlight that effective post-conflict soil ecosystem recovery cannot be achieved solely through isolated
military or environmental interventions but requires coordinated regional cooperation across multiple institutional domains. This
includes the integration of armed forces, civil administration, environmental agencies, transport authorities, and scientific
institutions within a shared data and decision-support framework. The proposed Environmental Burden Index (EBI) provides a
common analytical language that can facilitate this cooperation by enabling standardized assessment, prioritization, and
communication of environmental risks and recovery needs across actors. Such coordination is essential for ensuring
interoperability of data, efficient allocation of limited resources, and alignment between environmental remediation,
infrastructure restoration, and regional development strategies.

5. Conclusions

The findings of this study highlight the need to reconsider how the environmental impacts of artillery activity are
conceptualized within both military and environmental analytical frameworks. Rather than being treated as a secondary
consequence or a set of isolated indicators, environmental degradation emerges as an inherent and structurally embedded
outcome of operational processes, shaped by the interaction of tactical decisions, technological parameters, and
environmental conditions. This perspective aligns with established understanding that military activities generate complex
and long-term environmental effects that cannot be reduced to single-factor analysis. The conceptual representation of the
Environmental Burden Index further supports this perspective by demonstrating that environmental impact emerges from the
interaction of multiple domains with distinct growth dynamics, rather than from a single dominant factor.

At the same time, the proposed framework demonstrates the importance of overcoming the fragmentation that
typically characterizes the relationship between military analysis, environmental science, and economic planning. By
providing a unified structure for interpreting environmental burden, it enables the integration of diverse data streams into a
coherent analytical logic that can be applied across different phases of conflict and recovery. This approach reflects
contemporary developments in environmental risk assessment, where integrated and multidimensional models are considered
essential. Its relevance is particularly evident in post-conflict environments, where effective recovery depends not only on
identifying damage, but also on aligning environmental priorities with operational feasibility and resource constraints.

The broader implications of the study indicate that the environmental consequences of artillery activity must be
understood in relation to long-term system resilience rather than short-term damage alone. Environmental degradation
directly affects land usability, infrastructure restoration, and the potential for population return, thereby influencing the socio-
economic trajectory of affected regions. These interdependencies highlight the link between environmental degradation and
broader security and economic stability.

From an applied perspective, the model establishes a conceptual and methodological basis for expanding the role of
environmental data within military command and control structures. Its structured approach creates conditions for
incorporating environmental indicators into planning and decision-support systems, enabling more informed and adaptive
responses in complex operational environments. At the same time, its implementation requires a shift in professional military
education, particularly in the context of interoperability and modern joint operations. This shift is reflected in the adoption
of Al-driven training systems enabling continuous performance evaluation and individualized training.

Future research should focus on the empirical validation and calibration of the proposed Environmental Burden
Index (EBI) across diverse operational and environmental conditions. This includes testing the model using real-world
datasets from both military training areas and post-conflict zones, as well as conducting sensitivity analyses of the weighting
coefficients to assess their influence on the overall index. Further work is also needed to compare the EBI with existing
environmental assessment methodologies to evaluate its robustness, transferability, and practical applicability. In addition,
future research should examine the potential of UAV-based sensing technologies for automated data acquisition and real-
time monitoring of artillery-affected areas, reflecting the broader trend of increasing integration of UAV-based sensing
technologies across complex operational environments. However, the effectiveness and reliability of UAV-derived data for
these purposes must be systematically validated, particularly in relation to their ability to capture relevant environmental
indicators and support integrated modelling approaches.

At the same time, artillery capabilities may also have selected dual-use applications in crisis management, as
demonstrated by research on the potential use of specialized artillery-delivered fire-suppressant munitions in wildfire
response. In a broader strategic context, the study contributes to the evolving discourse on environmental security by
demonstrating that the environmental footprint of military activity should be understood as an intrinsic dimension of
contemporary conflict dynamics. This does not reduce the environmental risks associated with artillery activity, but it shows
that future civil-military cooperation should assess both the environmental burden of military systems and their possible
contribution to emergency response, regional resilience, and protection of critical natural assets [22; 46].
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