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Abstract

Standard protection zones and uniform maintenance along linear infrastructure, especially
railways, do not reliably capture spatial variability in a real landscape matrix. A more
suitable approach is segment-based corridor evaluation grounded in local hazard and ex-
posure assessment. In a model railway corridor in Central Europe, a screening workflow is
developed to combine fuel and vertical structure, terrain-driven spread amplifiers, weather,
fuel-moisture conditions, and a provisional infrastructure exposure/sensitivity layer. In
addition to these environmental layers, geocoded fire and response records are used to
build an event layer for segment profiling and historical plausibility checking. The railway
corridor was divided into analytical segments, and an environmental and incident profile
was compiled for each segment. The pilot application shows observed concentrations of
fire incidents in short-track sections and provides a framework for segment typology based
on fuel, topography, moisture, weather, and operational factors. The analysis supports
targeted vegetation management, future detection-node planning, and a scalable decision
chain for other linear critical infrastructure elements. The proposed workflow should be
understood as a corridor-scale screening and prioritization framework, not as a statistically
validated hotspot model or a component-specific infrastructure risk score.

Keywords: wildfire; railway; risk factors

1. Introduction
Critical infrastructure, such as railways, power grids, pipelines, and telecommunica-

tions networks, is essential to services, human activities, and the economy; its disruption
has significant safety and socioeconomic consequences. Wildland fires increasingly threaten
these assets, particularly during periods of drought, high temperatures, and wind events
that elevate ignition risk and facilitate fire propagation [1,2]. Fires have led to service
disruptions, exemplified by the summer fires of 2025 and the week-long closure of the
Madrid–Galicia high-speed line [3]. Infrastructure corridors are susceptible: landscape fires
can jeopardize assets, and infrastructure itself can serve as a source of ignition [4]. Vege-
tation, land use, and landscape features influence ignition probabilities and fire behavior.
Trackside vegetation management affects fire risk: improper mowing practices or leaving
biomass can generate fuels conducive to rapid fire spread, as illustrated in Figure 1 [5].
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Given the variability in fuels, terrain, and weather conditions, broad management strate-
gies are difficult to justify; instead, targeted, segment-specific management approaches are
more appropriate, particularly where historical records indicate recurring concentrations of
incidents [6]. Utilizing a model railway system in Central Europe, this study investigates
the issue. It proposes spatial hazard and exposure assessments along railway lines to
facilitate targeted prevention during periods of elevated risk.

 

Figure 1. Prescribed vegetation-management zones along a railway corridor include a 60 m transition
zone, 20 m safety zone, and 6 m critical zone to ensure railway operability and safety. There is a
typical fuel cascade with vegetation in the transition zone, with tree inclination limited to 30–45◦ [7].

2. Materials and Methods
2.1. Wildfire Risk as an Interaction of Factors and GIS Segmentation

The study posits that wildfire risk within infrastructure corridors stems from exposure
to landscape fires and the likelihood of ignition from railway operations and land use,
resulting in spatial concentrations. It introduces three hypotheses: (H1) fire incidents along
railway lines may form candidate spatial concentrations [7]; (H2) these are affected by
factors such as fuel, terrain, weather, operational conditions, and track features [8]; and
(H3) uniform protection zones and maintenance strategies do not uniformly mitigate risk
across heterogeneous segments. Management approaches are tailored to specific segments,
reflecting the corridor’s heterogeneity. In the Czech Republic, vegetation varies from
the lowlands to the mountain regions [9,10]. leading to rapid changes in fuel conditions
(see Figure 2) [11]. The EFFIS [2] and CORINE datasets are used as contextual layers
because their low resolution is insufficient for detailed local analysis, as illustrated by
the comparison in Figure 3. A unified railway track centerline was integrated into a GIS
framework that incorporated elevation, geology, soil, water, settlement, water bodies,
roads, and habitat data, all harmonized to assign relevant attributes (Figure 4) [10,12–15].
The corridor comprises various vegetation zones and a 100 m buffer zone, segmented
into 500 m intervals with detailed attribute data. Field surveys further refined these
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segments, supported by habitat data, thereby forming the foundation for hazard and
exposure assessments.

Figure 2. The geomorphology of the Czech Republic delineates characteristic biotope transitions
along the gradient from lowlands to the border mountains [2].

 

(a) 

Figure 3. Cont.
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(c) 

Figure 3. Cont.
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(d) 

Figure 3. The comparison local aerial imagery with broad reference layers for landscape interpre-
tation: (a) railway corridor aerial image; (b) EFFIS fuel classification; (c) CORINE land cover; and
(d) settlement layer. These overlays show that European products can misrepresent or oversimplify
fragmented landscapes. Therefore, these serve only as supporting context [12].

Figure 4. Three-dimensional visualization of the railway corridor and vegetation-management zones.
The dashed line represents the railway line, including its vegetation-management/protection zones,
running through the centre of the 3D scene. Green polygons in different shades represent areas with
different vegetation types. Yellow outlines indicate polygons with cascading fuel structures, while
red outlines indicate polygons with potential ladder fuels. Habitat labels were omitted from the
figure to improve legibility. However, all vegetation polygons are linked to the GIS attribute database,
which enables subsequent vegetation inventory, classification, and further spatial analysis.
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2.2. Meteorological Scenario, Fuel-Model Crosswalk, and Fuel-Moisture Characterization

The screening workflow was parameterized utilizing meteorological, index, fuel-
model, and moisture variables pertinent to ignition, spread, and exposure. Meteorological
inputs comprised CHMI wind, temperature, humidity, and precipitation data [16]; FireRisk
spread potential, moisture, and Fire Weather Index outputs [17]; and products from the In-
stitute of Atmospheric Physics describing local wind direction, frequency, and speed [16,18].
FireRisk was employed solely to identify the lowest dead fuel moisture episode, rather than
to reconstruct fire-weather conditions [17,18]. Atmospheric stability was preserved exclu-
sively to retain smoke and enhance visibility, and a high-risk “hypothetical day,” modeled
after adverse conditions in August 2025, served as a consolidated scenario input. Habitats
were translated into Scott & Burgan FBFM 40 fuel models through a field-verified interpre-
tative crosswalk refined by comparison between expected and modeled behavior [19,20].
Since fuel models characterize fuel-bed structure rather than vegetation taxonomy, poly-
gons were assessed based on dominant fuel layer, fuel-bed height, curing status, shrub
cover, litter, woody debris, and vertical continuity. Final selection criteria included struc-
tural dominance, depth, continuity, curing, and the presence of shrub or understory fuels.
The fuel distribution map [11,21], which assigned models to segments, supported spatial
fuel interpretation (see Figures 4 and 5). Moisture characterization integrated in situ soil
moisture, soil and air temperature measurements, laboratory moisture content assessments,
and FireRisk-derived Dead Fuel Moisture Content (DFMC). Live Fuel Moisture Content
(LFMC) was represented for grass (GR), grass-sedge (GR), and shrub (SH) fuels, and DFMC
for three dead fuel classes. Baseline LFMC ranges were established using Mediterranean
shrub data and Scott & Burgan scenarios, adjusted by measurements obtained from the
Ohře valley [22–25]; DFMC values were derived from the same “hypothetical day” sce-
nario [16,17]. Samples of Calamagrostis epigejos, Poa pratensis, Prunus spinosa, and mixed
forest litter were analyzed for moisture content, heat release, and heat of combustion. These
analyses did not serve as model inputs but supported the interpretation of fuel reactivity
and ignition propensity (Tables 1 and 2).

 
Figure 5. A three-dimensional view of the study area shows the railway corridor amid settlements,
farmland, the river corridor, and forested slopes [26].
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Table 1. The table presents humidity, heat release rates, and total heat release for vegetation fuels
from the railway corridor, measured using cone calorimetry.

Layer Humidity
[% MC]

Mean HRR
[kW·m−2]

Peak HRR
[kW·m−2]

THR
[MJ·m−2]

Dead Calamagrostis Epigejos 16 45.4 151.5 11.2
Live Calamagrostis Epigejos 62 17.6 28.3 12.2

Live Poa Pratensis 83 16.8 28.8 16.3
Live Prunus Spinosa 49 70.7 116.5 10.9
Mixed Forest Litter 44 15.5 24.8 12.5

Table 2. MARHE, ignition time, and heat of combustion for vegetation samples from the railway corridor.

Layer MARHE
[kW/m2]

Time to Ignition
[s]

Heat of Combustion
[MJ/kg]

Dead Calamagrostis Epigejos 102.4 7 15.9
Live Calamagrostis Epigejos 18.1 did not burn 11.3

Live Poa Pratensis 16.8 did not burn -
Live Prunus Spinosa 32.7 213 14.7
Mixed Forest Litter 15.6 It glowed, did not burn 16.4

2.3. Modeling and Validation

Surface fire spread was modeled using the Rothermel model within BehavePlus for
selected 500 m railway segments, employing the prepared segment database [5,19]. Each
segment was characterized by parameters including terrain (Figure 6), soil, hydrology,
settlement, infrastructure, habitat, fuel model (Figure 7), live and dead fuel moisture,
wind conditions, and the conservative high-danger meteorological scenario described
above [9,10,16,17,19]. The workflow yielded comparable outputs—spread direction, rate
of spread, fire geometry, fire area, flame length, and spotting distance—as indicators of
potential exposure under consistent assumptions [5,19] and for assessing the effects of fuel,
terrain, moisture, and wind. Validation was conducted as a screening-level plausibility
check. The geocoded incident layer was utilized to identify observed concentrations of
railway fires along short corridor sections [7,8], while the Ostrov case study compared mod-
eling assumptions with recorded occurrences, seasonality, ignition information, response
records, and fire-size categories [7]. This approach supports the scenario envelope, rather
than the exact geometry or timing of modeled fire fronts.

(a) (b) 

Figure 6. Characteristic terrain profiles of selected assessed track sections, showing elevation changes
over a distance of approximately 400 m [12]. (a) shows the cross-section at the beginning of the 500 m
section, while (b) shows the cross-section at its end.
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Figure 7. The map shows the distribution of fire-behavior fuel models along the railway corri-
dor. Green polygons represent expected fuel models. The dashed line indicates the railway, with
surrounding-colored bands showing vegetation management zones. South-facing slopes and protec-
tion zones highlight biotope areas where fuel continuity, slope, and proximity to the railway may
increase fire risk. Some overlaps are due to GIS layer integration and do not affect interpretation, as
polygon attributes were evaluated in the GIS database.

3. Results
3.1. Landscape Setting, Soil Pattern, and Hydrology

The examined section near Jakubov, situated between Ostrov nad Ohří and Klášterec
nad Ohří within the Ohře River valley of the southern Ore Mountains, is located at an
elevation of 330–370 m above sea level. Railway No. 140 runs beneath the slope, near
the river, traversing a mosaic of settlements, roads, meadows, farms, and forested higher
ground (Figure 8). Infrastructure, including roads and bridges, facilitates access but also
concentrates human activity and ignition sources. Slopes pertinent to fire hazards descend
toward the railway over several hundred meters, with an elevation difference of 10–40 m
and predominantly west-to-northwest aspects, which promote afternoon heating, sub-
sequent fuel drying, and an increased potential for fire spread. Soils correspond to the
valley–slope gradient. Haplic Fluvisols (FLm) dominate the floodplain and valley bottom,
retaining moisture, reflecting groundwater influence, and supporting slower-drying herba-
ceous fuels. Near Jakubov, Vojkovice, and at slope transitions, Stagnic Cambisols (KAg)
and locally Eutric Stagnic Cambisols (KAgb′) suggest temporary stagnation, particularly
within hydrological group D. Broader slopes feature Haplic Cambisols (KAm) and Eutric
Cambisols (KAb′), characterized by moderate to high water retention but rapid drying.
Steeper or erosion-prone slopes include types such as KAy, KAsb′, LIb′, and RNtb′, which
exhibit low retention capacity, rapid drainage, and high tendencies toward drying. Soil
groups A and B are predominant in agricultural and sloped terrains, while group D indi-
cates poorer drainage conditions. Water retention is high in floodplain and lower slopes
(~200–300 mm), but may decrease to below 100 mm in shallow skeletal soils and Leptosols.
Soil moisture content ranged from 28 to 38% in Cambisols and 35–40% in alluvial soils. The
Ohře River is the primary hydrological axis near the railway, with a channel width of at
least 35–40 m, typically 40–70 m, and locally up to 80–100 m. Tributaries, drainage lines,
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ponds, oxbow-like depressions, and flooded areas generate wetter zones and may disrupt
the continuity of fine fuels.

 

Figure 8. A field view of a railway corridor in the Ohre River valley shows the close relationships
between the railway, the river corridor, the slope, and the biotopes. The scene depicts a typical
fuel cascade.

3.2. Meteorology

Wind conditions in the Jakubov–Vojkovice corridor were assessed at two points at
10 m height. Both locations exhibited similar wind regimes, with mean speeds of 2.37 and
2.34 m·s−1, respectively. Winds below 4 m·s−1 dominated, exceeding 90% of cases, while
4–8 m·s−1 winds accounted for about 9%, and winds above 8 m·s−1 were rare. The dom-
inant directions were approximately 60◦ and 240◦, with higher speeds mainly from the
240–270◦ sector. Weibull parameters were similar at both points, with a scale of about
2.65 m·s−1 and a shape of about 1.97. Although atmospheric stability was not used as a
direct BehavePlus input, it helps interpret smoke retention and visibility: day-time con-
ditions from May to September were dominated by unstable classes A–C, whereas stable
night-time classes E–F prevailed. The local climate is warm, with an average temperature
of 10.1 ◦C, summer maxima up to 36.3 ◦C, 55 summer days above 25 ◦C, and 14.4 tropical
days above 30 ◦C. Annual precipitation is about 457.9 mm, concentrated mainly from May
to September but unevenly distributed, leaving frequent dry periods that can support
fine-fuel drying and fire spread.

3.3. Vegetation

Vegetation polygons cover 154.76 ha and form a heterogeneous sequence from the
Ohře valley bottom to the slope above the railway. Major biotopes over 5 ha include
woody vegetation outside forests (31.16 ha), watercourse macrophytes (21.87 ha), mesic
Arrhenatherum meadows T1.1 (19.46 ha), Hercynian oak-hornbeam forests L3.1 (17.44 ha),
beech forests L5.1 (15.99 ha), ash-alder alluvial forests L2.2 (12.15 ha), managed meadows
X5 (10.23 ha), urban areas X1 (9.26 ha), and mesic and xeric scrub K3 (8.66 ha); smaller
biotopes cover 8.54 ha. Fuel models were assigned at the biotope level: grasslands mainly
to GR6 and locally GR4, ruderal and tall-herb vegetation to GR6, wet meadows to GR5,
riverine reeds M1.4 to GR9, scrub and woody vegetation outside forests to SH8, wet willow
and rocky scrub to SH6, broadleaf forests mainly to TL4, ravine forests to TL2 or TL4, and
ash-alder alluvial forests to TU2. Watercourse habitats and urban areas were treated as
non-burnable. The main vertical sequence runs from grass and meadow fuels (~60–90 cm),
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through shrub fuels (~160 cm), to forest and timber–shrub fuels of 8–20 m with canopy
layers of 3–16 m; yellow-framed polygons indicate cascading fuel-bed structures that may
support upslope spread. Effective fuel-bed depth is about 0.5 m for GR5–GR6, 0.6 m for
GR4, 1.5 m for GR9, 0.6–0.9 m for SH6–SH8, and 0.1–0.3 m for TL2, TL4 and TU2. Fuel
moisture and fire-technical properties are summarized in Tables 1 and 2; they were not
direct model inputs but supported the interpretation of fuel reactivity and ignition behavior.
Cone-calorimeter tests showed no sustained ignition of live Calamagrostis epigejos or Poa
pratensis, and mixed forest litter showed glowing without sustained flaming.

3.4. Modeling Results and Plausibility Validation

The priority segment on railway line 140 lies between km 162.00 and 162.50, where
the railway meets the slope below the hilltop. The railway is a potential ignition source,
while the steep, partly protected, and poorly accessible slope above promotes upslope
spread and complicates suppression from the Ohře valley, railway infrastructure, and river
corridor. Adverse factors overlap: a solar-exposed sector of 135–215◦, shallow skeletal
Eutric Cambisol mainly in HSG B, fine GR5–GR6 herbaceous fuels near the railway, and
an upslope transition to SH8 shrub and TL6/TU2 forest surface fuels. Fires starting at
the railway edge may therefore spread rapidly through fine fuels before reaching deeper,
less accessible shrubs and forest fuels. Under baseline TU2, fire behavior remains mod-
erate at 11 km·h−1: rate of spread 2.6–2.8 m·min−1, flame length 0.9 m, fireline intensity
185–196 kW·m−1, 39–41 m head spread in 15 min and about 0.1 ha. At 29 km·h−1, TU2
increases to 9.8 m·min−1, flame length 1.6 m, fireline intensity 695 kW·m−1, 147.1 m head
spread, and 0.6 ha. The comparative GR5 scenario represents a possible railway-edge
fine-fuel strip, not reclassification of the whole L2.2 polygon. At 11 km·h−1, GR5 reaches
5.1–5.4 m·min−1, flame length 1.6 m, fireline intensity 719–759 kW·m−1, 76.7–81.0 m head
spread, and 0.3 ha. At 29 km·h−1, it reaches 18.6 m·min−1, flame length 2.9 m, fireline
intensity 2612 kW·m−1, 278.6 m head spread, and 2.0 ha. All runs are wind-driven. Wind
factors exceed slope factors: 8.4/33.8 versus 0.5 for TU2 and 11.9/44.9 versus 0.6 for GR5
at 11/29 km·h−1. Maximum spread is about 57–59◦ for wind from 240◦ and 242–243◦ for
wind from 60◦. The results, therefore, mainly indicate sensitivity to continuous fine fuel at
the railway edge, which requires field verification.

BehavePlus results were compared with empirical railway-fire data for line 140. The
Ostrov mean spread rate is 1.5 m·min−1 for fires > 100 m2, with an overall mean of
1.35 m·min−1. Baseline TU2 is of the same order, whereas high-wind TU2 and GR5
represent adverse wind-driven cases. Because empirical rates use simplified circular or
sector geometries, while BehavePlus produces elliptical wind-driven growth, and many
railway fires occurred in spring under residual-grass conditions, the results support the
plausibility of the scenario envelope but not the exact geometry, timing, or impact of
historical fires.

4. Discussion
Wildfire risk along the assessed railway corridor is spatially uneven because exposure

to surrounding landscape fires and ignition probability from railway operation, main-
tenance, and trackside land use vary over short distances. Fuel type, distribution, and
continuity; slope, aspect, and wind exposure; and railway alignment differ between seg-
ments [27,28]. The workflow assigns hydrology, soil, fuel, vegetation, terrain, weather,
firebreaks, accessibility, and infrastructure layers to 500 m segments aligned with railway
stationing. Static inputs, including relief, soil type, hydrology, corridor configuration,
alignment, and infrastructure location, are combined with dynamic inputs, including me-
teorology, fire-danger indices, LFMC/DFMC, fine-fuel curing, precipitation deficit, and
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post-maintenance fuel condition. BehavePlus was used in the Rothermel framework to test
how segment configuration affects fire behavior. In the priority segment, TU2 was the base-
line fuel model for the mapped L2.2 ash-alder alluvial forest, whereas GR5 tested a possible
continuous fine-herbaceous strip along the railway edge. GR5 does not replace TU2 or
reclassify the polygon; it tests whether the railway contact zone can form a fine-fuel bridge
toward upslope shrub and forest fuels. BehavePlus outputs describe expected fire behavior
as a source term, not direct infrastructure loading. Since all runs are wind-driven, exposure
depends on the burned area, the front orientation relative to the railway, the exposed track
length, the distance to sensitive elements, and the exposure duration. A fixed buffer is
insufficient unless linked to exposure mechanisms. The high-danger scenario supports
comparison under adverse assumptions but is not a historical reconstruction. Validation is
limited to plausibility: empirical data confirm incident concentration, seasonality, ignition
context, response time, and fire-size classes, but not modeled front geometry or timing.
Formal weighting was not required because the analyzed segment was deliberately selected
to ensure that hazard, exposure, and operational constraints overlapped. Wider application
requires defensible weighting or separate sub-indices for ignition, spread, suppression,
exposure, and consequences. Translating modeled fire behavior into infrastructure expo-
sure also remains unresolved: BehavePlus outputs describe fire behavior, but not loads on
cable ducts, signaling cabinets, sleepers, traction components, bridges, or nearby build-
ings [29–31]. EEF and CEF are therefore introduced as intermediate exposure concepts, not
spread models, final risk values, or validated operational limits; the radiative component is
expressed only by a screening formulation:

q′′
inc(t) = E · Fv

(
t, L f , W f , D, φ, α

)
· τ (1)

where E is the effective radiant power of the flame, Fv is the view factor, τ is atmospheric
transmissivity, D is distance, Lf and Wf are characteristic flame or front dimensions, α is
slope, and φ is the horizontal orientation of the target relative to the fireline.

The External Exposure/Intensity Factor (EEF) quantifies cumulative radiative expo-
sure as a function of incident heat flux, view factor or distance, fire-front geometry, target
orientation, and exposure time. For linear infrastructure, target orientation relative to the
fireline is important because the projected radiating surface is greatest when the front is
approximately normal to the target; EEF therefore distinguishes scenarios with similar peak
heat flux but different exposure durations.

Hrad =
∫

q′′
inc (t) dt (2)

This formulation keeps EEF auditable by separating physical exposure from compo-
nent vulnerability. CEF represents cumulative convective exposure during the fire-front
approach and passage, distinguishing no flame contact, hot-gas or smoke exposure, and
flame impingement. EEF and CEF therefore structure exposure, but they do not quantify
damage or operational consequences without asset-specific thresholds. Cables, signaling
cabinets, sleepers, traction equipment, bridges, culverts, access routes, and nearby build-
ings may respond differently to radiation, hot gases, smoke, flame contact, and firebrands.
The classification in Table 3 is therefore a provisional screening layer, not a validated oper-
ational limit system. Wider application requires defensible weighting, derivation of EEF
and CEF from BehavePlus outputs, fragility or limit functions for railway components, and
validation separating occurrence, escalation, suppression difficulty, and infrastructure im-
pact. Only then can the workflow support segment prioritization, vegetation management,
sensor placement, tactical planning, and transfer to other linear infrastructure.
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Table 3. Proposed preliminary exposure classes for EEF and CEF used to classify radiative and
convective exposure of railway infrastructure during vegetation-fire scenarios. EEF is based on
incident radiant heat flux, while CEF describes the dominant convective regime.

Layer Class/Regime Screening Meaning

EEF-1 <7 kW·m−2 Low radiative load; relevant for people and sensitive details
EEF-2 7–12.5 kW·m−2 Operationally relevant radiation; lower structurally relevant band
EEF-3 12.5–19 kW·m−2 Sensitive elements require screening
EEF-4 19–29 kW·m−2 High thermal loading
EEF-5 29–40 kW·m−2 Very high exposure; mitigation needed
EEF-6 >40 kW·m−2 Extreme exposure; detailed analysis required
CEF-1 No flame contact Radiation and hot particles dominate—no relevant convection
CEF-2 Hot gas or smoke No direct flame contact—operationally relevant convection, mitigation needed
CEF-3 Flame contact Flame impingement—Extreme exposure—detailed analysis needed

The results support the assumptions unevenly. H1 is supported by observed incident
concentrations, but formal hotspot definition, temporal stability, and segmentation sen-
sitivity remain unresolved. H2 is supported mechanistically by segment differences in
fuel, terrain, wind exposure, and track configuration, but still requires weighting and sensi-
tivity analysis. H3 is conceptually supported by corridor heterogeneity; segment-specific
management remains a working hypothesis requiring future testing.

5. Conclusions
This study presents a corridor-based workflow for wildfire hazard and exposure as-

sessment along railways. The line is divided into 500 m segments linked to GIS data on
terrain, soil, hydrology, settlements, infrastructure, biotopes, access, and fuel structure,
supplemented by field checks. The pilot shows that neighboring segments differ in fire-
relevant conditions, so railway wildfire risk cannot be represented by a uniform buffer.
BehavePlus provides scenario estimates, not historical reconstructions: spread rates range
from 1.1 to 6.6 m·min−1 at about 3 m·s−1 wind and 14.5–17.1 m·min−1 at 6–7 m·s−1, with
fire areas of 0.1–1.9 ha, flame lengths of 0.6–3.1 m, and spotting distances of 0.1–0.5 km.
Structural fuel transitions influence surface-fire development and potential exposure even
without a crown-fire transition. Validation supports plausibility but not exact front geome-
try. Remaining issues are the weighting of interdependent variables and the translation of
fire-behavior outputs into EEF/CEF exposure classes and component-specific thresholds
before operational risk scoring.
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