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Abstract. This study presents a deterministic analytic protocol for consequence-severity screening that focuses on
evaluating the behaviour of screening methods rather than on probabilistic risk estimation. The protocol represents
escalation potential using interpretable structural context descriptors and geospatial exposure proxies, and evaluates
screening outputs using rank-stability and screening-efficiency metrics. The analytic metrics include Spearman rank
correlation, top-k overlap (Jaccard similarity), grade reclassification rates, and candidate inflation to quantify how
modelling choices and baseline definitions expand or contract prioritised candidate sets. Corridor-scale decision
utility is reported using contiguous high-grade clusters rather than isolated section scores. The protocol is
demonstrated on the Gyeongbu High-Speed Line (Republic of Korea) under alternative segmentation resolutions
(500 m and 1 km) and grading variants. Results show that combined structural-exposure screening yields more
compact candidate sets than structural-only or exposure-only baselines while remaining robust to key analytical
choices. It is intended for prioritisation and does not estimate derailment probability, calibrate losses, or constitute a
full risk assessment.

Keywords: derailment consequences; geospatial proxies; high-speed rail; infrastructure vulnerability;
network screening; railway safety; risk management

1. Introduction

Railway derailments are relatively infrequent, yet their consequences can be severe and are
strongly conditioned by local infrastructure configuration and surrounding exposure [1-3]. Beyond
direct damage, major events may involve prolonged disruption and impacts to passengers and third
parties, keeping derailment risk management a continuing concern in railway safety engineering
and regulation [2-4].

Conventional safety assessment largely emphasises frequency- or probability-based indicators
[5], which are indispensable for understanding initiation and monitoring performance but provide
limited insight into consequence severity conditional on derailment. At network scale, this can
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obscure locations where likelihood appears low while escalation potential is elevated due to
confinement, structural interaction, or nearby exposure, consistent with risk perspectives that treat
likelihood and consequence as distinct decision-support dimensions [6-8].

A key practical requirement is that corridor-scale consequence assessment must remain
transparent, reproducible, and feasible under heterogeneous data availability. Detailed dynamic
simulation or calibrated loss estimation is rarely viable for routine network screening, and
externally imposed thresholds are difficult to justify consistently across jurisdictions and data
regimes [9-11]. A structured screening approach that preserves interpretable links to escalation
mechanisms while operating on routinely available geospatial information is therefore valuable
[12, 13].

This paper proposes a deterministic, consequence-oriented framework for network-level
screening of derailment severity potential. Using interpretable structural descriptors (e.g., tunnels
and bridges) and geospatial exposure proxies (e.g., built-up context, sensitive receptors, and
surface water proximity), the framework grades sections in relative terms to support prioritisation
as a complement to frequency-oriented assessment rather than a replacement for likelihood
modelling [2, 8]. The contribution is threefold: (i) a transparent deterministic grading structure for
corridor-scale escalation potential, (ii) an analytic protocol to evaluate screening behaviour under
key analytical choices (segmentation resolution, grading variant, and baseline definition) using
rank agreement, top-k overlap, grade reclassification, and candidate inflation metrics, and (iii)
decision-ready corridor outputs that summarise contiguous high-grade clusters for directing
follow-on investigations and interventions.

The remainder of the paper is organised as follows: Section 2 reviews related work; Section 3
presents the framework and grading logic; Section 4 describes the case study and data preparation;
Section 5 reports results; Section 6 discusses implications and limitations; and Section 7
concludes.

2. Background and related work
2.1 Likelihood-consequence separation in risk and reliability assessment

Risk and reliability science commonly treats likelihood and consequence as distinct analytical
dimensions because they support different decisions and rest on different evidence bases [6-9, 14,
15]. In early-stage screening, limited data and network heterogeneity often preclude consistent
probabilistic modelling, so consequence-focused characterisation can guide where detailed follow-
up should be concentrated without implying a full probabilistic risk estimate [10, 11]. At network
scale, probability-oriented models typically require strong and non-uniform assumptions about
exposure and transferability, introducing uncertainties that vary with purpose and evidence
availability [8, 11, 16]. For this reason, transparent and reproducible screening layers remain a
common preparatory step when scope and limitations are stated explicitly [8, 11].

2.2 Railway derailment assessment and frequency-oriented approaches
Derailment assessment has primarily focused on occurrence modelling and frequency

estimation using historical records, track-condition indicators, operating characteristics, and traffic
composition [1, 5, 17]. These methods are valuable for understanding initiation contributors and
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monitoring safety performance, and they are embedded in regulatory and industry practice [3, 18],
although broader reviews note persistent challenges due to heterogeneous data and reporting [19].

However, frequency-oriented indicators do not directly address consequence severity
conditional on derailment. For corridor prioritisation, this is limiting because sections with low
apparent frequency may still exhibit high escalation potential due to confinement, rigid-structure
interaction, or proximity to exposed receptors. Industry guidance recognises the need to consider
consequence-relevant context alongside likelihood, yet operationalising this consistently at
corridor scale remains challenging [2, 18]. Meanwhile, probabilistic derailment studies continue to
evolve for specific contexts (e.g., yards or hazardous materials transport), reinforcing the value of
keeping probability-oriented modelling separate from consequence-focused screening when
comparability and interpretability across sections are required [20-23].

2.3 Derailment consequences and escalation mechanisms

Evidence from derailment investigations and studies indicates that severity is often governed by
contextual escalation mechanisms rather than the initiating failure mode alone. Reported
contributors include confinement in tunnels and constrained alignments, interactions with rigid
structural elements (e.g., bridge structures and parapets), and proximity to population or
environmentally sensitive receptors [2, 12, 23]. These mechanisms imply that consequence
potential can vary systematically along a network and can be represented using infrastructure
context and surrounding exposure descriptors; this is also consistent with broader dynamics
literature on train-track-bridge interaction under abnormal conditions [24]. Quantifying
consequences in absolute terms (e.g., monetary loss, casualties, monetised environmental damage)
remains difficult due to transferability and valuation assumptions, sensitivity to local context, and
data completeness, which can undermine corridor-wide comparability without extensive
calibration [9, 10, 14]. Given additional disruption and indirect-cost components, relative grading
can therefore be a pragmatic option for early-stage network screening when the grading logic is
explicit and interpretable [25].

2.4 Network-level screening and positioning of the present study

Screening and classification are widely used in infrastructure risk management to prioritise
attention rather than to predict outcomes precisely, translating heterogeneous information into
ordered categories that support comparison and staged decision-making [8, 11]. In railways,
consequence-oriented screening has been developed less systematically than frequency-based
assessment, and practice often embeds consequence implicitly within composite indices or relies
on site-specific studies, limiting transparency and corridor-wide comparability [2, 18].

This study proposes a deterministic, consequence-oriented screening framework that makes the
consequence dimension explicit and operational at network level. Interpretable structural
descriptors (e.g., tunnels and bridges) and geospatial exposure proxies (e.g., built-up context,
sensitive receptors, surface water proximity) are used to support reproducible corridor-wide
grading. The framework is positioned as an early-stage prioritisation input: it does not estimate
derailment probability, simulate accident dynamics, or provide calibrated loss predictions; instead,
it supports transparent comparison of relative escalation potential and produces corridor-level
outputs suitable for directing subsequent detailed analyses and interventions [6, 8, 11].
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Figure 1. Position of the consequence-oriented screening framework within a reliability and risk assessment
workflow

3. Consequence-oriented screening framework
3.1 Framework overview and role within a reliability workflow

The proposed framework is a deterministic screening tool to characterise relative derailment
consequence potential at network scale. Its position within a reliability and risk assessment
workflow is shown in Fig. 1. The framework supports early-stage prioritisation by organising
corridor sections according to contextual escalation potential before occurrence modelling,
probabilistic reliability analysis, or dynamic simulation [6, 8, 11]. It does not estimate derailment
probability, reconstruct post-derailment dynamics, or provide calibrated loss estimates; instead, it
focuses on infrastructure and exposure contexts that may condition post-derailment severity,
enabling transparent comparison where data availability is uneven and calibration is typically
infeasible [9, 10].

3.2 Analytical units and network representation

For network-level screening, the corridor is represented using a single representative alignment
as the spatial reference for processing and aggregation. The alignment is segmented into fixed-
length analytical sections that serve as comparable units; two resolutions (500 m and 1 km) are
used to examine sensitivity to analytical scale within an otherwise consistent pipeline. Fixed-
length segmentation is adopted for reproducibility and corridor-wide consistency and is not
intended to represent the physical extent of derailment consequences. Where discrete structural
contexts are present (notably tunnels and bridges), segmentation is handled using minimum-split
processing to avoid diluting context across section boundaries and to preserve localised conditions
relevant to consequence escalation.

3.3 Infrastructure and environmental context descriptors

Consequence escalation potential is represented using a limited set of interpretable descriptors
capturing (i) structural context and (ii) surrounding exposure context. Structural context is
represented using binary indicators for tunnels and bridges: tunnel presence reflects a confined
setting in which post-derailment motion may be constrained and interaction with rigid boundaries
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Table 1. Context descriptors and proxy indicators used for consequence grading

Domain  Variable  Symbol  Type Section-level definition Role in grading
Tunnel . I, (s) = 1 if section s intersects a tunnel  Input to Scheme
Structural  Presence leu(5) Binary feature; else 0 A/B
Bridge 1,,(5) Bina I,-(s) = 1 if section s intersects a bridge  Input to Scheme
presence br ry feature; else 0 A/B
. - R,(S) = Apiag () /Apus(s), Where
Bu'(ltv\;iliﬁi:]atlo R,(s) Continuous Apiag (s) is total building footprint area  Defines built-up
buffer) b within the 500 m buffer of section s, and  high flag U(s)
Apyr (s) is the buffer area
Exposure coEr?tC?\E)vtict)izin N.(s) Count N,.(s) = number of selected receptor point Defines receptor-
buffer) r features within the 500 m buffer of section s high flag R(s)
I,,(s) = 1if mapped water features . 5
Surfacg water I,(s) Binary intersect the 500 m buffer of section s; else D_eflnes water
proximity 0 high flag W (s)
U(s) = 1[R,(s) = 1,], where t,, is the
Built-up high U(s) Bina corridor-internal percentile threshold (base Scheme B input
flag Y setting: 70th percentile), computed (via H(s))
separately for each segmentation resolution
. Receptor- . _ I Scheme B input
Derived high flag R(s) Binary  R(s) = 1[N, (s) = 1] (presence criterion) (via H(s))
Human/built . _ .
exposure H(s) Binary H(s) = U(s) VR(s) Scheme B input
Water : — _ i
exposure Q(s) Binary Q(s)=W(s) =1,(s) Scheme B input

The table summarises the structural descriptors (tunnel and bridge presence) and exposure proxies (built-up
context, sensitive receptors, and surface water proximity) used as inputs to the grading schemes (A and B).
Section-level proxy computation is described in Appendix A, while the derivation of binary flags and the
deterministic grading rules are detailed in Appendix B.

may be more likely, while bridge presence reflects elevated potential for structural interaction and
restricted lateral dispersion. These indicators describe context only and do not imply derailment
initiation mechanisms or causality [2]. Environmental context is represented using proxy
indicators derived from routinely available geospatial layers beyond the railway boundary,
characterising built-up context, sensitive receptors, and proximity to surface water; they support
relative comparison at screening scale and are not calibrated measures of damage magnitude or
impact [12]. Operational definitions, thresholds, and aggregation rules are specified in Section 4
and Appendix A to support reproducibility and to bound interpretation.

3.4 Deterministic grading logic and scoring variants

At corridor scale, screening requires a grading structure that is transparent and reproducible
under heterogeneous data availability. The present study therefore adopts deterministic grading
logic rather than calibrated loss models or scenario-based dynamic simulation, avoiding numerical
weights that would require external calibration and may not transfer consistently across the
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Table 2. Deterministic grading rules for Scheme B based on structural and exposure context indicators

thge Structural condition Exposure condition Assgpae(;je(GB ) Interpretation
_ _ Any exposure state Compound structural context
L I =1AND L =1 " 0y e 0,12 Grade 4 (tunnel + bridge)
2 I,=1ANDI,, =0 H=1ANDQ=1 Grade 4 Tunnel with both exposure

dimensions present
Tunnel with a single exposure
dimension present
Bridge with both exposure
dimensions present
Bridge with a single exposure
dimension present
Open track with both exposure
dimensions present
Low consequence context under
screening assumptions

I, and I, denote tunnel and bridge presence indicators, respectively. H is the human/built exposure flag
and Q is the water exposure flag (definitions in Table 1/Appendix A-B).

3 I,=1ANDI, =0 (H Q)€ {(1,0),(0,1)}  Grade3
4 I,=0ANDI, =1 H=1ANDQ=1 Grade 3
5 I,=0ANDI, =1 (H Q)€ {(1,0),(0,)}  Grade2
6 1,=0ANDI, =0 H=1ANDQ=1 Grade 2

7 Otherwise Otherwise Grade 1

corridor [11, 14].

Two grading variants are used:

e Scheme A (matrix score): an ordinal/continuous score derived from combinations of
structural and exposure descriptors, used for ranking and rank-based robustness checks.

e Scheme B (rule-based grade): a deterministic rule set that maps descriptor combinations to
discrete consequence grades, used for decision-facing screening and prioritisation.

In Scheme B, grades are assigned from the structural context indicators {I.,, I, } and exposure
context indicators {H, Q} defined in Sections 3.3 and 4.3. The fixed mapping used in this study is
summarised in Table 2 and applied uniformly across the corridor.

Scheme B is intentionally conservative for screening under heterogeneous—and potentially
incomplete—proxy layers; in particular, the tunnel-bridge combination is treated as a worst-case
structural context (Rule 1) irrespective of exposure flags, because the absence of mapped exposure
proxies does not necessarily imply the absence of exposure. The influence of conditioning this rule
on exposure is examined via the limited what-if check reported in Section 6.2 (Table 8).

Both outputs are interpreted as relative indicators within the analysed network rather than
absolute severity levels.

3.5 Interpretation of screening outputs

The screening outputs are a ranked ordering (Scheme A) and/or discrete grades (Scheme B)
assigned to predefined analytical sections (Fig. 2). The outputs represent relative consequence
escalation potential within the analysed corridor and should not be interpreted as expected loss
estimates or as evidence that derailments will occur at the identified locations [8].

For corridor-level prioritisation, decision-making typically concerns continuous stretches rather
than isolated points; accordingly, elevated sections should be interpreted with their spatial
continuity, and downstream analyses—such as probabilistic occurrence modelling, dynamic
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Structural context Scheme A output
* T: tunnel * Matrix score
* B:bridge (for ranking)
Combine descriptors

k=T+B+H+Q

Exposure context Scheme B output
* H: built/ receptor * * Discrete grade
*  Q: water proximity Gp € {1,2,3,4}

Figure 2. Schematic illustration of consequence grade assignment from combined structural and exposure
descriptors

simulation, or site-specific engineering assessment—can be directed to prioritised segments.

4. Case study and data preparation
4.1 Case study overview

The case study considers the Gyeongbu High-Speed Line as a corridor-scale testbed for
consequence-oriented screening. For network-level processing, the line is represented using a
single representative alignment that serves as a consistent spatial reference for all spatial
aggregation and comparison steps. The representation is intentionally simplified for screening
purposes and does not seek to reproduce fine-scale track geometry or operational variation.

The representative alignment is segmented into fixed-length analytical sections that form the
basic units of comparison. Two segmentation resolutions are considered: 500 m and 1 km. These
resolutions are used to examine sensitivity to analytical scale while maintaining an otherwise
consistent processing pipeline across the corridor. Section lengths are defined for analytical
convenience and interpretability, rather than to represent derailment extents or accident-specific
impact zones.

To preserve discrete structural contexts, segmentation is combined with a minimum-split
handling. Where tunnel or bridge features intersect the representative alignment, section
boundaries are adjusted to avoid artificial fragmentation of such features across multiple analytical
sections. Detailed preprocessing procedures are provided in Appendix A.

4.2 Infrastructure data and structural classification

Infrastructure configuration is characterised using binary structural context indicators for
tunnels and bridges. For each analytical section s, tunnel presence is represented by I.,,(s) € {0,1},
and bridge presence is represented by I,,,-(s) € {0,1}, assigned by spatial intersection between the
section geometry and the corresponding infrastructure layers.

Tunnel presence is treated as a confinement context in which post-derailment motion may be
constrained and interaction with rigid boundaries may be more likely. Bridge presence is treated as
a context with elevated potential for structural interaction and restricted lateral dispersion [2].
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These indicators are used solely to characterise contextual escalation potential at screening stage;
they do not imply derailment initiation mechanisms, failure causes, or dynamic behaviours.

4.3 Environmental exposure proxies

Environmental context is characterised using spatial proxy indicators intended to represent
exposure beyond the railway boundary. A fixed buffer distance of 500 m is applied to each
analytical section, and environmental features within the buffer are aggregated to the section level
using consistent rules applied uniformly across the corridor. The 500-m buffer is used as a
pragmatic working scale for corridor-level screening, balancing spatial resolution and
interpretability against the granularity of the available proxy layers. The selected distance is not
intended to represent the physical extent of derailment consequences. It is used to define a
consistent neighbourhood for comparative prioritisation along the corridor.

Three exposure categories are considered: surrounding built-up context derived from building
footprints, sensitive receptors represented by selected points of interest, and proximity to surface
water bodies represented by mapped water features. The proxy layers are derived from openly
available geospatial sources. The proxies are used as relative descriptors for comparative
screening; they are not calibrated measures of damage magnitude and do not imply causal impact.

Built-up context for section s is represented by the building-area ratio within the buffer,

Apiag(s)
Apys(s)’ @)

where Ap;q4(s) is the total building footprint area within the section buffer and A, (s) is the
buffer area. A high built-up condition is defined using a network-internal percentile threshold to
avoid externally imposed cut-offs. Specifically, U(s) =1 if R,(s) =1, is set to the 70th
percentile of the corridor-wide R;, distribution. The percentile is computed separately for each
segmentation resolution to account for scale-dependent aggregation effects. Sensitivity to plausible
threshold variation is examined in Appendix A.

Sensitive receptors are represented by the receptor count within the buffer, N,.(s), defined as
the number of receptor point features within the section buffer. Receptor points correspond to
predefined point-of-interest categories associated with third-party presence; the category definition
and tag mapping are reported in Appendix A. A receptor-high condition is defined using a
presence criterion, R(s) = 1 if N,(s) = 1. The effect of alternative receptor thresholds is assessed
in Appendix A.

Surface water proximity is represented by a binary intersection indicator I,,(s) € {0,1}, where
I,(s) = 1 indicates that mapped water features intersect the section buffer. For grading, the water
exposure flag is defined as W (s) = I,,,(s). Following common practice in open geospatial data
use, the proxy definitions are explicitly tested for threshold sensitivity to bound dependence on
operational choices [26].

For downstream grading, the exposure context indicators are defined as

H(s) = U(s) VR(s), )
Q(s) =W(s), (3)

where H(s) represents third-party exposure context and Q(s) represents water-related escalation
context. This separation preserves interpretability of distinct exposure mechanisms while keeping

Ry(s) =
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Table 3. Operational definitions of environmental exposure proxies used for section-level screening
(buffer=500 m)

Threshold  Threshold

Operational definition Unit  Type  used (500 m used (1 km

Proxy/indicator Symbol (buffer=500 m)

seg.) seg.)
Ry(s) = Abldg (S)/Abuf(s)
Built-up ratio R, (s) (total building footprint area within - Continuous - -
buffer / buffer area)
U(s) = 1[R,(s) = 1p] ,
ilt- i (tp = Go70{Rp}
Bu.”t up high U(s) (corridor-internal 70th percentile; - Binary 0.002560  0.003835
indicator
computed separately by
segmentation resolution)
Sensitive N,.(s) = count of selected receptor ) i
receptors count N (s) POI points within buffer count Count
Receptor
presence R(s) R(s) = 1[N,(s) = 1] - Binary 1 1
indicator
Surface water I, (s) = 1 if mapped water features . ) i
intersection flag Ly (s) intersect buffer; else 0 Binary
Water exposure _ i . ) i
indicator W(s) W(s) =1,(s) Binary
Composite
human/built H(s) H(s) =U(s)VR(s) - Binary - -
exposure
Water exposure .
o Q(s) Q(s) = W(s) - Binary - :

(grading input)
The table defines R, (s), N,.(s), and I, (s), together with the corresponding binary flags U(s), R(s), and
W (s), and shows how they are combined into the exposure context indicators H(s) and Q(s).

the screening logic minimal. Operational definitions and threshold values for the exposure proxies
are summarised in Table 3.

4.4 Data integration and preparation for screening

Structural context indicators {I;,(s),I,-(s)} and environmental exposure proxies
{R,(s),N,(s),1,,(s)} are integrated at the analytical section level along the representative
alignment. For each section, the resulting attribute set combines segmentation identifiers,
structural indicators, and exposure proxies to form the inputs to the deterministic grading
described in Section 3.

All preprocessing and integration steps are applied uniformly across the corridor without
section-specific calibration, weighting, or manual adjustment. This ensures that spatial variation in
screening outputs reflects contextual differences in the underlying descriptors rather than
methodological artefacts.

For comparative evaluation in Section 5, two simplified baselines are defined from the same
section-level attributes. A structural-only baseline uses {I;,(s), I,-(s)} only, and an exposure-only
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baseline uses {H(s),Q(s)} only. These baselines are used to quantify the incremental
discrimination provided by the combined grading relative to single-domain screening.

5. Results
5.1 Overview of screening outcomes

Screening outputs are reported for both segmentation resolutions (500 m and 1 km) and for
both grading variants (Scheme A and Scheme B). Unless otherwise stated, corridor-level
prioritisation outputs are presented using the 500 m segmentation because it provides finer
localisation of contiguous high-grade segments without changing the underlying proxy
construction rules. Scheme B is used for decision-facing grade summaries, while Scheme A is
used to support rank-based comparisons.

5.2 Distribution of consequence grades

For corridor prioritisation, sections with elevated consequence escalation potential are
interpreted in terms of spatial continuity. Contiguous clusters are formed by grouping adjacent
sections that meet a chosen grade criterion. In this study, a high-grade segment is defined as
Gg(s) = 3 under Scheme B at 500 m resolution, where Gz (s) is the discrete consequence grade
assigned to section s. Cluster length is computed as the number of consecutive high-grade sections
multiplied by the section length (500 m). Fig. 3 shows the empirical distribution of contiguous
high-grade cluster lengths, and Table 4 summarises the corresponding corridor-level statistics for
prioritisation.

e For Gg(s) =3, 111 clusters are identified with a combined length of 137.0 km,

corresponding to 34.4% of the analysed corridor length (398.0 km). Cluster lengths are
short-to-moderate (median 1.0 km, 90th percentile 2.5 km), with a maximum of 8.0 km.

n=111
354 median=1.0 km
o max=8.0 km

0 1 2 3 1 5 6 7 8
Cluster length (km)

Figure 3. Distribution of contiguous high-grade cluster lengths along the corridor (Scheme B, 500 m)
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Table 4. Summary of contiguous high-grade clusters (Scheme B, 500 m; criterion G > 3)

Metric Value
High-grade length (km) 137.004
High-grade share of corridor length (%) 34.423
Number of contiguous high-grade clusters 111
Median cluster length (km) 1.0
P90 cluster length (km) 25
Max cluster length (km) 8.0

Clusters are contiguous runs of adjacent sections satisfying Gy (s) = 3(Grades 3-4). Cluster length is the
sum of constituent section lengths (500 m per section).

Table 5. Baseline screening comparison against combined grading (Scheme B, 500 m; criterion Gz (s) = 3)

Method High set N(%) Inflation Spearman (p) Top-80 overlap (n) Top-80 Jaccard
Combined (Scheme B) 275 (34.504) 1.000 1.000 80 1.000
Structural-only 536 (67.252) 1.949 0.436 25 0.185
Exposure-only 631 (79.172) 2.295 0.780 26 0.194

Top-80 denotes the top 10% of sections (k =[0.10N]; k =80 for N =797); ties are broken
deterministically by chainage/section index. Jaccard=|A n B|/|A U B]. for the baseline vs. combined Top-
80 sets. Candidate inflation= |Hygse1ine |/ | Heombinea |» Where Heompinea = {5: Gg(s) = 3} and Hpgserine 1S
defined by the corresponding baseline rule (structural-only: I,,, or I,,.; exposure-only: H or Q).

e ForGg(s) = 4, 30 clusters are identified with a combined length of 25.0 km (6.3% of the
corridor). These clusters are typically shorter (median 0.5 km), with a maximum of 3.0
km.

These outputs are directly usable as corridor-level decision inputs because they provide the
extent and continuity of high-grade segments rather than isolated section-level scores.

5.3 Baseline comparisons: structural-only and exposure-only screening

To quantify what the combined grading adds beyond single-domain screening, two simplified
baselines are constructed from the same section-level attributes (Section 4):

(i) a structural-only baseline using {I;,, (s), I»(s)} only, and

(ii) an exposure-only baseline using {H(s), Q(s)} only.

The combined output is represented by Scheme B high-grade sections Gg(s) = 3 (500 m).
Candidate inflation is defined as the ratio of baseline-selected candidates to combined high-grade
sections.

Table 5 summarises the baseline comparison results against the combined grading, including
candidate inflation, rank agreement, and Top-k set overlap.

e The combined grading identifies 275 sections (34.5%) as high-grade (Gz(s) = 3).

e The structural-only baseline selects 536 sections (67.3%), inflating the candidate set by
1.95x relative to the combined high-grade set. Regardless of overlap structure, at least
48.7% of structural-only candidates are not high-grade under the combined grading (lower
bound (536 — 275)/536), i.e., they fall to Gz (s) < 2.



840 J. Lim et al.

e The exposure-only baseline selects 631 sections (79.2%), inflating the candidate set by
2.29%. Similarly, at least 56.4% of exposure-only candidates are not high-grade under the
combined grading (lower bound (631 — 275)/631). In addition, because Scheme B high
grades can be driven by structural context, exposure-only screening may omit a subset of
combined high-grade sections when H = 0 and Q = 0.

To characterise re-ordering, rank agreement is evaluated between a baseline severity score
(simple additive score from the baseline indicators) and the combined Scheme B ranking. Rank
correspondence is limited for the structural-only baseline (Spearman p = 0.436), while the
exposure-only baseline shows higher rank association (p = 0.780) but still produces substantial
candidate inflation. Top-k agreement at the decision-relevant tail is low for both baselines, where
k =10.10 N] (500 m: k =80). The baseline and combined top-k sets show limited overlap
(structural-only: |An B| =25, Jaccard=0.185; exposure-only: |AN B| =26, Jaccard=0.194),
indicating that combined grading materially reorders prioritisation beyond single-domain
screening.

5.4 Plausibility and internal consistency checks using representative high-grade cases

Because the study is positioned as consequence-oriented screening rather than empirical
validation, plausibility is assessed through internal consistency checks: whether the highest grades
concentrate where structural context and exposure context co-occur in a manner consistent with
the intended interpretation of descriptors [2, 12]. Representative cases are selected from high-
grade clusters and reported using chainage along the representative alignment. Fig. 4 visualises the
selected representative high-grade clusters and their local context indicators, while Table 6
summarises the corresponding cluster attributes and proxy evidence used for plausibility checking.

Across the reported cases, high grades are consistently associated with the co-occurrence of at
least one structural context indicator and elevated exposure context. Importantly, the cases include

Table 6. Representative contiguous high-grade clusters for plausibility checking (Scheme B, 500 m; criterion
Gg(s) =3)

Cluster Chainage range Length Peak Composition ~ Dominant Proxy evidence
ID (km) (km) (Gg) (G4/G3) context (representative values)
109 384.5-392.5 8.0 4 6/10 T+H+Q Nf”: :0?\}8;5?;1
1 2.0-7.0 5.0 4 6/4 THH+Q M ey
2 8.0-12.0 40 3 e T+H N a0
17 61.0-65.0 40 3 0/8 T+0Q N o watere
58 188.5-192.0 35 3 0r7 B+H+0Q N’fb: 28,0\'/8;2:3:’1

“Dominant context” summarises the prevailing (T, B, H, Q) configuration within each cluster. Proxy
evidence reports representative values of the built-up ratio R,, receptor count N,, and surface-water
intersection flag (water) to support plausibility checks. All symbols and indicator definitions follow Tables
1-5 and Appendix A-B. High grades may still occur with low receptor-proxy counts because the rule set
treats certain structural contexts conservatively under specific descriptor combinations.
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Figure 4. Representative high-grade clusters and local context indicators (Scheme B, 500 m) (a) corridor

chainage view (b) overview (c)-(g) selected cluster examples (h) legend. Basemap data © OpenStreetMap
contributors (ODbL 1.0)

both configurations with Q(s) = 1 (water-related context present) and configurations where high
grades arise primarily through H(s) (third-party exposure context) in combination with
tunnel/bridge presence. This pattern supports the intended interpretation that grades are not driven
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Table 7. Robustness and sensitivity across segmentation resolution and grading schemes
Spearman Top-k Top-k Grade

Test Units N )
p Jaccard reclass.  mismatch
Segmentation sensitivity (Scheme A) 1km 399 0.786 0.739 0.030 0.180
Segmentation sensitivity (Scheme B) 1km 399 0.873 0.481 0.070 0.185
Scheme sensitivity (A vs B) 500 m 797 0.527 0.212 0.130 -
Scheme sensitivity (A vs B) 1km 399 0.597 0.159 0.145 -

Top-k refers to the top 10% of units (500 m: k = 80; 1 km: k = 40); ties are broken deterministically by
chainage/section index. For segmentation sensitivity (500 m—21 km), each 1 km unit is mapped to the
maximum grade (Scheme A) or maximum Scheme-B rank key among its constituent 500 m sections. For
Scheme B, p, Jaccard, and reclassification are computed on the rank key, whereas the grade mismatch is
computed on discrete grades G after the same mapping.

by a single proxy category alone but reflect combined structural-exposure context at screening
scale.

5.5 Robustness to segmentation resolution and grading variants

Robustness is quantified in terms of (i) top-k overlap, (ii) rank correlation, and (iii) grade
reclassification. Top-k is defined as the top 10% of sections under the relevant score/rank. Top-k
overlap is reported as Jaccard similarity between top-k sets. Spearman p is computed for rank
agreement, and grade reclassification rate is computed as the proportion of sections whose discrete
grade differs between the compared settings. For 500 m versus 1 km comparisons, 500 m sections
are mapped to their parent 1 km segment by spatial containment to enable consistent comparison.
Table 7 summarises robustness metrics across segmentation resolution (500 m vs 1 km) and
grading variants (Scheme A vs Scheme B), including rank agreement, top-k overlap,
reclassification, and grade mismatch.

Key observations are as follows:

e Segmentation sensitivity (500 m vs 1 km): rank agreement remains moderate to high
(Spearman p = 0.75), while discrete grades show non-negligible reclassification (16.8%
under Scheme A; 25.5% under Scheme B), reflecting the effect of aggregation and
minimume-split handling on discrete boundary assignments.

e Variant sensitivity (Scheme A vs Scheme B): rank correlation is moderate (p = 0.527 at
500 m; p = 0.597 at 1 km), while top-k overlap is low (Jaccard 0.212 at 500 m; 0.159 at 1
km) and grade reclassification is higher (=37%), consistent with the fact that the two
variants encode different aggregation and decision thresholds rather than representing
minor perturbations of the same scale.

5.6 Sensitivity of proxy operational definitions

Dependence on operational thresholds is assessed through a limited sensitivity check around
the built-up and receptor definitions. Results are reported in Appendix A using threshold variation
ranges that preserve interpretability at screening stage. In brief, varying the built-up threshold
within a plausible percentile range and tightening the receptor presence criterion produces limited
reclassification and preserves substantial top-k overlap relative to the base settings. These results
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bound dependence on a single cut-off choice and support the use of percentile-based
operationalisation under heterogeneous corridor conditions [26].

6. Discussion
6.1 Interpretation of corridor-scale screening outputs

This study introduces a consequence-oriented screening layer that organises corridor sections
by relative escalation potential, rather than estimating derailment probability or calibrated loss.
The grades should therefore be interpreted as network-internal prioritisation signals derived from
the co-occurrence of structural context {I;,, I,-} and exposure context {H, @}, not as predictions of
event occurrence. Two outputs are retained for distinct roles: Scheme A supports rank-based
comparisons, while Scheme B provides an interpretable discrete grading for operational screening
[8, 11].

6.2 Decision utility at corridor scale

Prioritisation actions are typically applied over continuous stretches rather than isolated points.
The contiguous high-grade clusters (Fig. 3; Table 4) provide corridor-level decision inputs by
summarising the extent and continuity of elevated grades, while section-level grades retain within-
cluster detail for targeted follow-up.

To assess whether corridor-scale prioritisation is unduly driven by Scheme B’s tunnel-bridge
hard rule, a limited what-if condition was applied in which tunnel-bridge segments receive Grade 4
only when H=1 and Q=1 (otherwise Grade 3). Under this stricter condition, Grade 4 500-m
segments decreased from 51 to 47, while the high-grade candidate set (Grades 3-4) remained 275
and rankings were essentially unchanged (top-50 overlap=0.94; Spearman p=0.9994; Table 8); no
tunnel-bridge cases occurred at 1-km aggregation.

6.3 Added discrimination beyond single-domain screening

Baseline comparisons (Table 5) indicate that structural-only and exposure-only screening
inflate the candidate set substantially, weakening prioritisation by diluting attention. The combined
grading reduces candidate inflation and materially reorders the prioritisation list beyond single-
domain screening, consistent with the intended role of integrating structural and exposure contexts
without calibrated weighting or external valuation assumptions [9, 10, 14].

6.4 Plausibility and internal consistency checks

As the study is positioned as screening rather than empirical validation, plausibility is assessed
through internal consistency: whether the highest grades concentrate where structural and exposure
contexts co-occur in @ manner consistent with the grading logic. The representative cases (Fig. 4;
Table 6) show repeated configurations in which high grades arise from combined structural
context and elevated exposure context, including cases driven primarily by H and cases involving
Q. This supports interpretation consistency, while not constituting predictive validation of realised
consequences [2, 12].
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Table 8. Limited what-if check on Scheme B Rule 1 (tunnel-bridge) and ranking stability
High-grade count  Top-50

Resolution Scenario Grade 4 count (Grades 3-4) overlap Spearman p
500 m Baseline Scheme B 51 275 N/A N/A
What-if: tunnel-bridge requires
500 m H=1and Q = 1 for Grade 4 47 275 0.94 (47/50) 0.9994
1 km Baseline / What-if unchanged unchanged N/A N/A

6.5 Robustness to analytical choices and proxy uncertainty

Robustness results (Table 7) show moderate-to-high rank agreement across segmentation
resolutions, with non-negligible discrete reclassification reflecting aggregation and boundary
handling effects. Differences between Scheme A and Scheme B should be interpreted as
consequences of different aggregation and thresholding rather than instability under small
perturbations. Proxy threshold sensitivity (Appendix Table Al) bounds dependence on operational
cut-offs, but limitations of open geospatial data remain; prioritised clusters should therefore trigger
local verification where decisions are high-stakes [26].

6.6 Scope, limitations, and recommended use

The framework does not model derailment probability, simulate post-derailment dynamics, or
produce calibrated loss estimates. It is recommended as an upstream screening layer to direct
follow-on analyses—such as occurrence modelling, dynamic simulation, or site-specific
engineering review—towards contiguous high-grade clusters identified at corridor scale [8, 11,
18]. The proxy layers used here are derived from OpenStreetMap (OSM) and therefore inherit
completeness and attribution uncertainties, including missing or uneven POI tagging and spatial
variability in bridge/tunnel and water-feature mapping [27]. The outputs should accordingly be
interpreted as screening priorities conditional on the available OSM layers, rather than as
definitive exposure inventories.

7. Conclusions

This paper presents a deterministic framework for consequence-oriented screening of railway
derailment severity at the network level. The framework was designed to organise contextual
information related to derailment escalation potential and to support comparative prioritisation
across large and heterogeneous networks. By focusing on infrastructure configuration and
surrounding environmental context, the approach differentiates between network sections without
relying on probabilistic modelling or scenario simulation.

Applying the framework to the Gyeongbu High-Speed Line illustrates that relative
consequence potentials are unevenly distributed along the corridor. Sections associated with
elevated grades are concentrated within limited spatial segments, rather than being uniformly
dispersed. These patterns remain broadly consistent across alternative segmentation resolutions,
while discrete grade assignments exhibit expected aggregation effects (Table 7).

The proposed framework is an early-stage screening tool within a layered reliability and risk
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assessment process. It is not intended to predict accident outcomes or provide absolute measures
of consequence magnitude, and it does not estimate derailment probability or calibrate losses. The
grades should therefore be interpreted as screening priorities conditional on the available proxy
layers rather than as probabilistic risk or loss estimates. Instead, it supports transparent and
reproducible prioritisation by identifying contiguous segments where contextual conditions may
plausibly amplify derailment consequences and where more detailed analysis may therefore be
most effectively directed (Fig. 3).

Within its defined scope, the framework complements frequency-oriented indicators and
detailed analytical methods by explicitly addressing consequence-related considerations at the
network level. Its deterministic structure and reliance on interpretable descriptors enable the use of
routinely available geospatial sources, while sensitivity checks bound dependence on operational
assumptions (Appendix Table Al).

Future work can extend the framework by applying it to other corridors and by exploring
alternative contextual descriptors and data sources. Such extensions would clarify how
consequence-oriented screening can be systematically combined with likelihood modelling within
layered railway safety decision processes.
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Appendix A. Data, network representation, and preprocessing

This appendix summarises the geospatial inputs and preprocessing used to derive section-level
structural descriptors and exposure proxies for deterministic grading (Appendix B).

A.1 Data sources and layers

All contextual layers are derived from OpenStreetMap (OSM) [27], including the corridor
alignment, tunnels/bridges, buildings, sensitive receptor POIs, and surface-water features. Layers
are processed from a single snapshot in a metric projected coordinate system.

Sensitive receptor POIs are defined using a fixed tag list applied uniformly across the corridor;
the full tag list is provided in the Supplementary material/scripts.

A.2 Network representation and segmentation

A single representative alignment is used as the spatial reference for all processing. The
alignment is segmented into fixed-length analytical sections at two resolutions for sensitivity
checks: 500 m (N = 797) and 1 km (N = 399), covering a total corridor length of 398.004 km.
To minimise boundary artefacts, section boundaries are aligned to tunnel/bridge endpoints
(minimum-split) so that each analytical section has internally consistent structural indicators I, (s)
and I,-(s). Chainage (start/end position along the alignment) is stored for each section and is used
for deterministic ordering and tie-breaking where required.

A.3 Structural descriptors

Two binary structural indicators are computed by spatial intersection between each section and
the corresponding OSM structural feature layer:
e [,,(s) = 1[section s intersects an OSM tunnel feature],
e I,,(s) = 1[section s intersects an OSM bridge feature].
These indicators are used directly as deterministic inputs in Appendix B.

Table Al. OSM layers and tag filters used for structural and exposure proxy extraction

Category Feature type Category-level OSM tags ~ Geometry Used to derive
Corridor Representative Corridor alignment extracted Line Section segmentation,
reference alignment as a polyline reference chainage
Tunnel featur tunnel=* Line/Relation I
Structural u. el features u. e . e/ ea.o w(S)
Bridge features bridge=* Line/Relation I (5)
Building footprints building=* Polygon  Apiag (), Rp(s), U(s)
- Fixed tag list .
Exposure Sensitive receptor POls (Supplementary) Point N,.(s), R(s)
natural=water, water=>*, .
Surface water features Waterway=* Line/Polygon 1, (s), Q(s)

OSM features were extracted from a single snapshot and processed consistently along the corridor
(download date: 2026-01-20). Category-level tags are reported for concision; the full sensitive receptor POI
tag list is provided in the Supplementary material (or processing scripts).
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A.4 Exposure proxies within a fixed buffer

A fixed-radius buffer of 500 m is generated around each section. Within this buffer, three
exposure proxies are computed and then converted into binary flags for Scheme B (Table 3).
Unless stated otherwise, polygon- and line-based features are evaluated using standard intersection
operations against the buffer polygon.

Built-up context is represented by the ratio of building footprint area to buffer area. Let
Apyr(s) be the buffer area and Apq4(s) be the sum of intersection areas of OSM building
footprint polygons with the buffer polygon. The built-up ratio is:

Aplag (s)
Abuf(s)

A built-up high flag is defined using a corridor-internal percentile threshold, computed
separately for each segmentation resolution:

Ry(s) = (A.1)

U(s) = 1[Ry(s) = Tp], Tp = qo.70{Rp} (A.2)

Sensitive receptors are represented by the count of selected OSM POls within the buffer:
N, (s) =# {selected receptor POIs within s — buffer} (A.3)
R(s) = 1[N,(s) = 1] (A.4)

Surface water proximity is represented by a buffer-intersection flag using OSM hydrographic
features:

I,,(s) = 1[OSM surface water features intersect s — buffer] (A.5)
Q(s) = L (s) (A.6)

For Scheme B, the composite human/built exposure flag is defined as:
H(s) =U(s) V R(s) (A7)

A.5 Integrated section-level inputs and scope

For each segmentation resolution, the section-level dataset integrates {I;,(s),I,-(s)} with
{Rp(5),N,(5),1,,(s),U(s),R(s),H(s),Q(s)} . These inputs are subsequently mapped to
deterministic grades and rank keys in Appendix B and summarised for prioritisation in the main
text.

The resulting indicators are proxies intended for corridor-scale screening. They are not
calibrated to external loss metrics and are subject to completeness and attribution uncertainties in
OSM tagging and feature coverage.

Appendix B. Deterministic consequence grading

This appendix defines deterministic rules used to assign ordinal consequence screening grades
to each section for corridor-internal prioritisation (conditional on derailment occurrence).
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B.1 Indicator set

Four binary indicators (Appendix A) are used: tunnel, bridge, human/built exposure, and
surface-water exposure.

k(s) = Ity(s) + Ipr (s) + H(s) + Q(s) € {0,1,2,3,4} (B.1)
B.2 Scheme A (matrix score) for rank-based comparisons
Scheme A produces an ordinal matrix score G4(s) by combining a structural grade and an

exposure grade.
The structural grade is defined deterministically from (T, B):

4, T=1AB=1
)3, T=1AB=0
S(S)_<2,T=0/\B=1 (B.2)
1, T=0AB=0
The exposure grade is defined from whether any exposure pathway is present:
(2, H=1vQ@=1
E(s) = 1 H=0AQ =0 (B.3)
The Scheme A matrix score is then:
G4(s) = 10S(s) + E(s) (B.4)
so that higher values indicate higher screening severity in the matrix sense (e.g.,

42>32>22>12>11).
For rank-based outputs, sections are ordered by decreasing G, (s). Where ties occur, ordering is
made deterministic using chainage/section index.

B.3 Scheme B (rule-based discrete grades) for decision-facing screening

Scheme B maps (T, B, H, Q) to a four-level discrete grade Gg(s) € {1,2,3,4} using the fixed
rule set summarised in Table 2 and reproduced here for completeness:
4, T=1AB=1
4, T=1AB=0AH=1AQ =1
3, T=1AB=0A(H0Q) € {(1,0),(0,1)}
Gg(s) =<3, T=0AB=1AH=1AQ=1 (B.5)
2, T=0AB=1A(H,Q) € {(1,0),(0,1)}
2, T=0AB=0AH=1AQ =1
\1. otherwise.

The “high-grade” set used for corridor screening and prioritisation is defined as Gg(s) = 3.
B.4 Scheme B rank key for total ordering

Some analyses require a strict total ordering rather than only discrete grades (e.g., Spearman
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rank correlation and Top-k overlap metrics). A Scheme B rank key is therefore defined to provide
deterministic ordering within and across grades.
Ordering precedence is defined as follows (higher first at each step):
1. Gg(s) (primary),
2. Built-up ratio Ry (s),
3. Receptor count N,.(s),
4. Water intersection flag I,,(s),
5. Chainage/section index (final deterministic tie-break)
In implementation, this precedence may be encoded into a single scalar key Gg ,qni(s) for
convenience, but the ordering rule is fully determined by the precedence above (i.e., Gp rqnik (S) is
used only as a consistent representation of the same lexicographic order).

B.5 Cross-resolution mapping used in sensitivity checks
For segmentation sensitivity checks (500 m—1 km), each 1 km unit is compared against the

most severe constituent 500 m section under a conservative screening interpretation. For a 1 km
segment S composed of 500 m sections s € S, the mapped values are:

G4"* (s) = max Ga(s) (B.6)
Ggfggnk (S) = Tgsx GB,rank (S) (B.7)
G5 (s) = max Gg(s) (B.8)

This mapping avoids dilution of localised high-grade contexts when aggregating to a coarser
resolution and supports like-for-like comparisons between segmentation settings.





