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Abstract: This research investigates a high-potential locomotive runaway incident that occurred during
underground metro tunnel construction in May 2024. The event involved a battery-powered tunnel
locomotive hauling loaded muck cars during a reverse movement near a launching shaft. Four loaded
muck cars were positioned on an approximately 4% gradient when braking effectiveness became
inadequate, resulting in uncontrolled reverse acceleration toward the Tunnel Boring Machine (TBM). The
locomotive and attached rolling stock ultimately collided with stored tunnel lining segments. No personnel
were injured because emergency communication and evacuation were effective, but the event produced
substantial equipment and productivity losses and exposed weaknesses in the transportation safety system.
The study adopts a systems-based case-study methodology supported by documentary evidence, incident
reconstruction, Root Cause Analysis (RCA), Heinrich's Domino Theory, Bird's Loss Causation Model, the
Swiss Cheese Model, Fault Tree Analysis (FTA), and Bow-Tie Analysis. The analysis demonstrates that the
event was not attributable to a single technical defect or individual action. Rather, it resulted from
interacting operational, engineering, environmental, human and organizational weaknesses. Key
contributors included improper parking on an incomplete track, reverse movement of a loaded locomotive,
gradient-induced gravitational loading, lack of braking continuity between locomotive and muck cars,
inadequate physical containment, and deficiencies in the existing HIRA/Safe Work Method (SWM) controls.
Post-incident controls were evaluated using the hierarchy of controls and defense-in-depth principles.
Major improvements included completion of both tracks, pneumatic air-hose connections to rolling stock,
flap stoppers, designated STOP ZONES, improved Manchester Gate arrangements, strengthened brake
inspection, revised HIRA/SWM, competency development and enhanced emergency communication. The
study culminates in a six-pillar Tunnel Haulage Safety Framework covering engineering safety,
operational safety, maintenance reliability, competency management, risk governance and emergency
preparedness.

The principal contribution is a practical, system-oriented model for preventing recurrence of uncontrolled
locomotive movement in underground construction environments while reducing dependence on individual
operator intervention.

Keywords: underground construction; tunnel locomotive; runaway movement; braking system; gradient;
Fault Tree Analysis; Bow-Tie Analysis; Root Cause Analysis; safety barriers; tunnel haulage
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L. INTRODUCTION

Rapid urbanization has increased demand for mass rapid transit, and underground metro construction is increasingly
used where surface space is constrained. Tunnel projects operate under confined conditions with restricted access and
egress, temporary infrastructure, limited visibility, continuous machinery movement and challenging emergency-
response conditions. Rail-mounted locomotives are therefore a critical part of underground logistics, transporting
excavated muck, tunnel segments, materials and maintenance equipment between the TBM and launching shaft.

The source project involved twin bored tunnels and associated underground works under a DMRC Phase-IV contract.
Tunnel haulage was supported by battery-powered locomotives, muck cars, segment cars, flat cars, temporary tracks,
Y-switch arrangements, Manchester Gates and communication systems. The May 2024 dangerous occurrence
demonstrated that routine haulage operations can become high-consequence events when several independent
safeguards fail simultaneously.

1.1 Problem Statement and Research Gap

Most published railway safety work addresses public railways, mainline systems or mining applications. The source
study identifies comparatively limited research focused specifically on locomotive transportation risks during metro
tunnel construction. The combination of temporary track geometry, gradients, high haulage loads, confined spaces and
rapidly changing work conditions creates a distinct safety problem that cannot be fully represented by conventional
railway risk models.

1.2 Aim and Objectives
e To reconstruct the sequence of events leading to the locomotive runaway.
e To identify immediate, contributing and root causes using a systems perspective.
e To evaluate locomotive design, braking, gradient, loading, procedures and supervisory controls.
e Tointegrate RCA, FTA, Bow-Tie and accident-causation models.
e To evaluate the effectiveness of corrective and preventive measures.
e To develop a practical tunnel haulage safety framework for future projects.

1.3 Scope

The study covers tunnel locomotive operations, muck transportation, track configuration, gradients, braking systems,
human factors, management systems, safety alerts, engineering modifications and risk-assessment practices. Detailed
financial valuation beyond the reported incident cost and unrelated TBM-system analysis are outside the scope.

II. LITERATURE REVIEW AND ACCIDENT-CAUSATION PERSPECTIVE
Underground haulage is a socio-technical system in which equipment, temporary infrastructure, workers, supervisors,
procedures and management controls interact continuously. Modern tunnel locomotives may include pneumatic
braking, emergency stopping, dead-man controls, monitoring and communication systems; however, the safety of the
complete convoy depends on the integrity and compatibility of all components.

2.1 Engineering and Human Factors

Gradient is a particularly important engineering parameter because gravitational force acts along the rail direction. As
the gradient increases, the braking system must provide greater retarding force. The source records indicate gradients of
approximately 2.8% to 4.02% in the relevant area. The incident configuration included five loaded muck cars,
increasing the mass, kinetic-energy potential and braking demand.

Human and organizational factors were equally important. The decision to reposition the loaded locomotive occurred
after unloading difficulties at the shaft. The operator's action therefore occurred within a broader system of production
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pressure, incomplete infrastructure, supervisory direction and existing work practices. Post-incident controls focused
not only on worker behavior but also on design, maintenance, supervision and risk governance.

2.2 Heinrich's Domino Theory

HEINRICH’S DOMINO THEORY

An accident is the result of a series of causes. Remove or correct the
first cause and you break the chain of events, preventing the accident.

LACK OF

CONTROL > BASIC CAUSES___ _ > IMMEDIATE CAUSES _ _ INCIDENT INJURY Loss

> s ————>

SOCIAL FAULT OF UNSAFE ACT OR ACCIDENT INJURY DAMAGE
ENVIRONMENT PERSON CONDITION Contact or energy Physical or Property damage.
Lack of control by Personal faults, such as Unsafe acts or release mental harm loss of production,

management carelessness, attitude, mechanical / physical medical expenses,
lack of knowledge hazards lawsuits, etc.

KEY TAKEAWAY: By identifying and correcting the first domino (lack of

we can prevent the entire chain of evel and avoid accidents and losses.

Figure 1. Heinrich's Domino Theory as reproduced in the source document.
The incident can be interpreted as a progression from systemic conditions to human/operational decisions, unsafe acts
and conditions, loss of control, and property damage. The model is useful for explaining sequence, but it is limited
when deeper organizational and barrier interactions must be examined.

2.3 Bird's Loss Causation Model and Swiss Cheese Model

LOSS CAUSATION MODEL - INCIDENT ANALYSIS

1. LACK OF CONTROL

Insufficient procedural restrictions,
containment systems and operational controls

¥

2. BASIC CAUSES

Gradient, loading conditions,
operational pressures, supervision gaps

Reverse movement with loaded muck cars
on gradient section

4

4. INCIDENT

Loss of braking control and runaway locomotive

¥

Collision with tunnel segments and
high-potential injury event

@ Understanding causes at every level helps prevent recurrence
and strengthens barriers.

Figure 2. Bird's Loss Causation Model applied in the source study.
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Bird's model expands accident analysis from unsafe acts to management control. The sequence is Lack of Control —
Basic Causes — Immediate Causes — Incident — Loss. For the incident, weak operational restrictions and risk
controls represented lack of control; gradient, loading and planning conditions represented basic causes; reverse
movement and ineffective braking represented immediate causes; runaway movement was the incident; and
collision/property damage represented loss.

THE LOCOMOTIVE RUNAWAY ACCIDENT: SWISS CHEESE MODEL ANALYSIS

Layer 1: Layer 2: Layer 3: Layer 4: Layer 5:
ENGINEERING PROCEDURES SUPERVISION OPERATOR EMERGENCY
CONTROLS (No Restriction on (Non-routine RESPONSE RESPONSE

(Brake System / Loaded Reverse Movement (Unable to Arrest (Warning and Evacuation -
Manchester Gate) Movement) Approved) Runaway) STOPPED CONSEQUENCES)

Hazard:
Loaded

Locomotive

on Gradient Result:
Collision
Occurred,
Fatalities
Prevented

Barriers Block Runaway Trajectory 4'

Figure 3. Swiss Cheese analysis of the locomotive runaway incident.
Reason's Swiss Cheese Model explains why the event progressed despite the existence of several controls. Engineering
barriers, operating procedures, supervision and human intervention contained weaknesses. The emergency
communication and evacuation barrier, however, functioned effectively and prevented personnel exposure to the
runaway path.

2.4 Comparative Analytical Value

Method Primary question Value in this case
Heinrich Domino | What sequence led to the accident? E)l:sr.lﬁes progression from unsafe conditions to
Bird Loss | Which management/system weaknesses | Connects control failures with basic and
Causation enabled the event? immediate causes.

Swiss Cheese How did multiple defenses fail together? Shows alignment of latent and active failures.
FTA What exact combinations can create the top | Provides logical AND/OR relationships and
event? minimal-cut-set reasoning.

. What threats, barriers and consequences .
Bow-Tie Integrates preventive and recovery controls.
surround the top event?

III. PROJECT DESCRIPTION AND TUNNEL LOCOMOTIVE SYSTEM
The tunnel haulage system consisted of battery-powered locomotives operating on temporary rail tracks between the
launching shaft and TBM. Primary rolling stock included 17 m*® muck cars, segment cars and flat cars. A typical cycle
transported excavated muck toward the shaft and returned segments and other materials toward the TBM.

3.1 Braking and Rolling-Stock Configuration

The locomotive incorporated pneumatic braking, emergency stopping and a dead-man switch. A critical investigation
finding was that the locomotive was the only component with active braking capability during the incident
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configuration. The muck cars were not connected through air hoses, so the convoy's additional mass did not contribute
corresponding braking capacity. This created a mismatch between hauled mass and available braking force.

3.2 Track Arrangement and Gradient

25800
LAUNCHING SHAFT

)
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e Tunnel: 7
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Incomplete
(5m short)
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is track was

o Track 2/Right Track

SHAFT PORTION

Figure 4. Tunnel track/launching-shaft arrangement from the source project documentation.
The launching shaft contained two tracks. The right-side track was complete and suitable for unloading, whereas the
left-side track was approximately five metres short of completion. The loaded locomotive was parked on the
incomplete track during the day shift, which later created unloading difficulties and contributed to the decision to
reposition the convoy.
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Figure 5. Engineering drawing/blueprint from the source file showing the track and gate arrangement.
The Manchester Gate was intended to provide physical containment. The investigation found that the gate was not
locked during the incident and that its pre-incident location was not optimal for arresting a runaway after the gradient
section.

Copyright to IJARSCT DOI: 10.48175/IJARSCT-38134 268

www.ijarsct.co.in ISSN \

| 2581-9429 |}




.(I IJARSCT

Xx International Journal of Advanced Research in Science, Communication and Technology \

IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal £
ISSN: 2581-9429 Volume 6, Issue 2, August 2026 Impact Factor: 8.2

IV. RESEARCH METHODOLOGY
The research uses a pragmatic, systems-based safety engineering philosophy. The incident is treated as a
multidimensional socio-technical event rather than as a single-cause equipment failure. A case-study design was
selected because the event involved a high-potential dangerous occurrence, extensive investigation documentation,
multiple post-incident controls and direct lessons for future tunnel projects.

Incident
Occurrence

4
Data
Collection

+

Document
Review

+

Event
Reconstruction

+

|
| |
| |
| |
| o |
| |
| |
| |
| |

Cause Analysis
+
FTA

Analysis

3
Bow-Tie
Analysis

3

Evaluation
of Controls

+

Recommendations

Figure 6. Overall research framework from the source study.

4.1 Data Sources
e Dangerous Occurrence Investigation Presentation and event-line records.
e  DMRC safety-alert communications and revised operational restrictions.
e L&T compliance reports documenting corrective and preventive measures.
e Locomotive OEM inspection reports and third-party inspection certificates.
e  Manchester Gate engineering drawings and modification records.
e Tunnel gradient surveys and track geometry records.
e Rolling-stock inspection and maintenance records.
e Updated HIRA and Safe Work Method documentation.

4.2 Analytical Procedure

Stage Activity Output

1 Document collection and evidence review Verified incident evidence base

2 Event reconstruction Chronology and decision points

3 RCA Immediate, contributing and root causes

4 FTA Logical failure combinations and minimal cut set
5 Bow-Tie Threats, barriers, top event and consequences

6 Corrective-action evaluation Effectiveness by hierarchy of controls

7 Framework development Six-pillar tunnel haulage safety model

Reliability was strengthened through triangulation across multiple project documents. The study is intentionally
evidence-based and does not attempt to assign personal blame; its purpose is system learning and prevention.
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V.INCIDENT RECONSTRUCTION AND EVENT CHRONOLOGY
The incident developed through a chain of interconnected operational decisions and conditions rather than occurring
without warning. Mining of Ring No. 331 was completed at approximately 7:30 PM. The loaded locomotive and five
muck cars were subsequently parked on the incomplete left-side track. After the night shift began, unloading
difficulties were encountered, leading to a decision to change tracks by reversing the loaded convoy.

Time Event Safety significance

07:30 PM Mining of Ring No. 331 completed Loaded haulage cycle initiated
07:45 PM Loaded locomotive parked on left track Incomplete-track condition introduced
08:00 PM Night shift commenced Shift handover context

08:35 PM Operator and foreman reached shaft Unloading operation

08:55 PM One muck bucket unloaded Initial operation successful

09:06 PM Further unloading difficulty Operational problem develops
09:07 PM Instruction to change track Critical decision point

09:07 PM Reverse movement initiated Loaded reverse movement begins
09:10 PM Last muck car crossed Manchester Gate Convoy enters critical section
09:10 PM Locomotive halted on ~4% gradient High braking demand

09:10 PM Brake effectiveness lost Runaway begins

09:11 PM Emergency warning transmitted Recovery barrier activated

09:11 PM Worker evacuation initiated Personnel exposure reduced
09:13 PM Collision with stored segments Loss event

06:30 AM next day | Muck buckets recovered Recovery operation

05:30 PM next day | Recovery completed Operational restoration

The chronology shows that the decisive transition occurred when a loaded convoy was reversed, crossed the gate and
stopped on the gradient. Once braking effectiveness became inadequate, gravity became the dominant driving force.
Root Cause Analysis was used to distinguish visible immediate causes from deeper system conditions. The
investigation established that the event was a transportation-system failure involving human decisions, engineering
configuration, workplace conditions, barrier design and risk-management deficiencies.

VI. IMMEDIATE CAUSES FACTORS
6.1 Immediate Causes
Reverse movement of a loaded locomotive/muck-car convoy.
Locomotive stopped on an approximately 4% gradient.
Braking effectiveness became inadequate.
Available physical containment did not arrest the runaway.

6.2 Human and Supervisory Factors

Unsafe task performance associated with a non-routine reverse maneuver.
Supervisory decision to change tracks while the convoy remained loaded.
Failure to challenge or stop an unsafe instruction.

Insufficient formal authorization for abnormal locomotive movement.

6.3 Technical and Environmental Factors
Only the locomotive provided active braking effort; muck cars lacked air-hose brake continuity.
Gradient-induced acceleration increased the retarding-force requirement.
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Track arrangement was incomplete and created the operational problem that triggered repositioning.
Manchester Gate was not locked and its location did not provide effective runaway arrest after the gradient.

6.4 Risk-Management and Design Factors

Existing HIRA/SWM did not adequately address brake failure during reverse movement on a gradient.
Control measures were not sufficiently detailed for the specific runaway scenario.

Physical safety barriers were not designed around the worst-case hazard pathway.

Temporary infrastructure changes were not fully integrated into dynamic risk assessment.

CONSOLIDATED
ROOT CAUSE HIERARCHY

COLLISION caused due to
RUNAWAY
LOCOMOTIVE

4 REASONS

m TECHNICAL m ORGANIZATIONAL

I

« Failure to + Multiple 4% Gradient « HIRA Deficiency
challenge brake Failure
Foreman o Manchester gate| | « SWM Deficiency
instruction » Braking location and
continuity not locking « Risk Not
* Supervisory the gate Identified
decision

« Stopping on
gradient

« Incomplete
track

Figure 9. Root-cause hierarchy from the source study.
The central root-cause conclusion is that the incident resulted from alignment of several system weaknesses rather than

from a single isolated error.
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6.5 Integrated Root-Cause Model
FISHBONE DIAGRAM - CONSOLIDATED ROOT CAUSE ANALYSIS

TECHNICAL

Failure to challenge
Foreman instruction

n i Multiple brake Failure ———»
Supervisory decision ——»

Stopping on gradient ————————> Braking continuity ————»
petetmeK \ COLLISION
caused due to
RUNAWAY
HIRA Deficiency ———————», LOCOMOTIVE
4% Gradient

SWM Deficiency ——— >,

Manchester gate location

and not locking the gate Risk Not Identified ———»,

Figure 8. Fishbone/Ishikawa root-cause diagram reproduced from the source study.
The fishbone analysis organizes the contributing factors into engineering, human, environmental, organizational and
design dimensions. This is important because tunnel haulage safety is inherently interdisciplinary: the braking system
cannot be assessed independently of the mass being hauled, the gradient cannot be separated from parking rules, and a
physical gate cannot be evaluated without considering its location relative to the hazard trajectory.

Cause category | Key findings Prevention implication
Engi . Braking continuity absent; braking demand | Design the complete convoy braking system
ngineerin . . . .
& g increased by gradient/load and verify worst-case stopping performance
H Reverse movement decision; limited challenge | Formal authorization and competency-based
uman . . .. .
of unsafe instruction decision making
. Complete infrastructure before use; designate
Workplace Incomplete track and gradient exposure
P P g P level STOP ZONES
. . .. Locate physical barriers after hazard-generatin
Barrier design Gate not locked and poorly positioned . Py 8 &
gradients
. Use dynamic risk assessment and management-
Management HIRA/SWM scenario gap i g
of-change controls
L . Maintain  redundant communication and
Emergency Communication and evacuation worked

practiced evacuation

The analysis supports a defense-in-depth strategy: the safest system is one in which a single operational deviation
cannot create an uncontrolled-energy event because independent engineering barriers remain effective.

VII. FAULT TREE ANALYSIS (FTA)
FTA was adopted as the principal engineering analysis tool. The top event was defined as 'Uncontrolled Runaway of
Locomotive Toward TBM Area'. The top event requires both the development of uncontrolled movement and failure of
the systems intended to arrest or control that movement.
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’—LEVEL-1 FAULT TREE
TOP EVENT

UNCONTROLLED RUNAWAY
OF LOCOMOTIVE TOWARD TBM

! }

UNCONTROLLED MOVEMENT ’ FAILURE TO ARREST / ’

OF LOCOMOTIVE / MUCK CARS CONTROL MOVEMENT

Figure 9. Level-1 Fault Tree for the top event.
BRANCH 1: UNCONTROLLED MOVEMENT OF LOCOMOTIVE / MUCK CARS

UNCONTROLLED MOVEMENT
OF LOCOMOTIVE / MUCK CARS

OPERATIONAL
EXPOSURE

GRAVITY-INDUCED
DOWNHILL FORCE

I-1a: GRAVITY-INDUCED
DOWNHILL FORCE

I-1b: OPERATIONAL EXPOSURE
TO RUNAWAY CONDITION

GRAVITY-INDUCED
FORCE

OPERATIONAL
EXPOSURE

IMPROPER/
INCOMPLETE
LEFT-SIDE
TRACK
CONDITION

LOADED
LOCOMOTIVE 1 MOVEMENT
WITH MUCK CARS | | INITIATED

REVERSE

MOVEMENT
WITH LOADED

MUCK BUCKETS

REVERSE

LOCOMOTIVE

4% GRADIENT

HALTED ON
GRADIENT

Figure 10. Branch 1: uncontrolled movement of locomotive/muck cars.
Branch 1 required two conditions: (i) gravity-induced downhill force, represented by an approximately 4% gradient
together with a loaded locomotive; and (ii) operational exposure to a runaway condition through reverse movement,
loaded muck cars, incomplete track and stopping on the gradient.
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BRANCH 2: FAILURE TO ARREST / CONTROL MOVEMENT

FAILURE TO ARREST /
CONTROL MOVEMENT

c

EMERGENCY /
SAFETY
FAILURE

BRAKING
SYSTEM
FAILURE

NO BlRAKE \

1-2a: BRAKING SYSTEM INEFFECTIVE I-2b: NO BRAKE CONTINUITY I-2c: EMERGENCY / SAFETY ,

PROTECTION FAILURE |

\
1
|
|

BRAKING SYSTEM
INEFFECTIVE

NO BRAKE

CONTINUITY EMERGENCY / SAFETY

PROTECTION FAILURE

AIR HOSES WERE NOT
CONNECTED BETWEEN
THE LOCOMOTIVE AND
MUCK CARS

PNEUMATIC BRAKINGFORCE | | BRAKESYSTEM | |
BRAKE INSUFFICIENT MAINTENANCE/

|| INEFFECTIVE | | TO'STOP CONVOY SETTING
INADEQUATE

DEAD-MAN
SWITCH
INEFFECTIVE

INEFFECTIVE OR
NOT ACTIVATED

i
I

i

i

! mﬁ
| EMERGENCY STOP
i

i

i

i

=

Figure 11. Branch 2: failure to arrest/control movement.
Branch 2 identified three independent pathways: ineffective braking, lack of brake continuity between locomotive and
muck cars, and failure of emergency/safety protection. Because any one of these pathways could defeat stopping
capability, they were represented through an OR relationship.

7.1 Boolean Logic, Minimal Cut Set and Bow-Tie Assessment
TOP EVENT = [(B1 AND B2) AND (B3 AND B4 AND B5 AND B6)] AND [(B7 OR B8 OR B9 OR B10 OR B11

OR B12)]
Code Failure/condition
B1 Approximately 4% gradient present
B2 Loaded locomotive with muck cars
B3 Reverse movement initiated
B4 Reverse movement with loaded muck buckets
B5 Improper/incomplete track
B6 Halt/stop on gradient
B7 Pneumatic brake ineffective
B8 Braking force insufficient
B9 Brake maintenance/setting inadequate
B10 Air hoses not connected
B11 Emergency stop ineffective/not activated
B12 Dead-man switch ineffective

The principal minimal cut-set interpretation is that the runaway required the movement-enabling conditions B1-B6
together with at least one stopping/barrier failure from B7-B12. Therefore, removing any mandatory movement
condition or ensuring the effectiveness of braking/safety barriers would interrupt the accident sequence.
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BOW-TIE ASSESSMENT

Bow-Tie Structure

m PREVENTIVE RECOVERY CONSEQUENCES
S i

R BARRIERS BARRIERS /
Equipment B L Injury or
Failure SN L . 2 Fatality
b L
Human / Environmental

Error Damage

Process
Upset

Asset
Damage

External / \ Reputation

Events e Impact
\_l/ An undesired event N

Material or that could lead to Financial

Shibetanes / consequences. L6ss

Issues S
N
— . / . —

~.

Recovery barriers are controls put
in place to minimize or mitigate the
consequences if the top event occurs.

in place to prevent threats from

Preventive barriers are controls put
leading to the top event.

Figure 12. Bow-Tie structure used to connect threats, barriers, top event and consequences.
Bow-Tie analysis complements FTA by placing preventive barriers on the threat side and recovery barriers on the
consequence side. The case is especially instructive because preventive barriers were defeated while communication
and evacuation operated successfully as recovery barriers.
8. Corrective and Preventive Measures
Post-incident actions were evaluated against the identified root causes and the hierarchy of controls. The source study
emphasizes that elimination and engineering controls provide more robust risk reduction than administrative controls

alone.
Measure Control level Reported effectiveness | Primary risk addressed
Prohibit t with S . . .
lor:del dlmur;: irasres movement wi Elimination High Unsafe operating practice
Complete both 1 hing-shaft . . . .
omprete © aunciing-sha Engineering High Infrastructure constraint
tracks
C t air h t k . . . o
ca(;zzz(l:lingasl'fock oses o e Engineering Very High Brake continuity
Install flap stoppers Engineering High Runaway containment
Establish STOP ZONES Engineering High Gradient exposure
Relocate/strength Manchest L . . . .
Gthca c/strengthen anchester Engineering + admin | Very High Physical containment
Daily/joint brake inspections Maintenance High Brake degradation
E /dead- functi . . . .
rergencyrdead-man URCHOM ) \aintenance High Safety-device failure
checks
Revise HIRA and SWM Administrative High Risk-assessment gap
Bank: d te-locki e . H d d t
anxsman an Eate-loCKINg | A dministrative Moderate—High uI‘{lan cpendence 4
controls barriers
Job- ifi traini d .. L .
ob-specttic faiing an Training Moderate Decision/skill gaps
competency
C icati d ti . .
. OmmUIICation —and  evacuation Recovery High Consequence reduction
improvements
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Relationship Between
Root Causes and Corrective Actions

ROOT CAUSES

Identify underlying reasons
that lead to the problem.

¥

CORRECTIVE ACTIONS

Implement actions to address
and fix the identified causes.

¥

PREVENTIVE MEASURES

Introduce measures Lo prevent
recurrence of the problem.

i

BARRIER STRENGTHENING
Strengthen existing barriers
to reduce potential failures.

b

REDUCED RISK

Stronger controls lead to
lower risk and better outcomes.

Figure 13. Relationship between root causes and corrective actions.
The combined effect was a shift from a system dependent on operator control toward a defense-in-depth system with
independent engineering, administrative and recovery barriers.

8.1 Economic Impact and Hierarchy of Controls

Although the dangerous occurrence caused no reported personnel injury, the source investigation records a direct
financial impact of approximately X1.01 crore. Equipment damage/replacement was approximately ¥97.6 lakh, while
productivity and disruption losses were approximately X3.4 lakh.

Reported Direct Financial Impact of the Incident

100 +

80

60 -

Cost (X lakh)

40 1

20 1

Equipment / replacement Productivity / disruption

Figure 14. Reported incident cost breakdown derived directly from the source study values.
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Hierarchy level | Examples from the case Relative robustness
Elimination Prohibit reverse movement with loaded muck cars Highest
Engineering Air hqses, flap stoppers, STOP ZONES, track completion, gate High
relocation
Administrative HIRA/SWM revision, SOPs, inspections, banksman Moderate
Training Job-specific training, competency awareness Supporting
Recovery Communication, evacuation, head count Consequence reduction

The economic evidence reinforces the strategic value of prevention. The dominant cost component was
equipment/replacement loss, while the potential human consequence was substantially more severe than the realized
outcome. Investment in physical controls is therefore justified not only from a safety perspective but also from project
continuity and business-resilience perspectives.

IX. DISCUSSION AND DEVELOPMENT OF THE TUNNEL HAULAGE SAFETY FRAMEWORK
The investigation demonstrates that tunnel locomotive safety must be managed as a complete transportation system.
The most important technical lesson is that braking capability must be evaluated across the locomotive and connected
rolling stock, under the actual gradient, load and operating configuration.

TUNNEL HAULAGE SAFETY
FRAMEWORK

MANAGEMENT LEADERSHIP

ENGINEERING
CONTROLS

OPERATIONAL
CONTROLS

MAINTENANCE COMPETENCY

RELIABILITY MANAGEMENT

Establish safe
work processes
and procedures

Design safe
infrastructure
and systems

Ensure equipment
availability and
system reliability

Develop skills,
training and
awareness

Apply engineering

) Ensure effective Prevent failures Ensure personnel
solutions to implementation through planned competence for
eliminate or and supervision maintenance and safe performance
reduce risks inspection

RISK GOVERNANCE

Identify, assess and control risks through effective governance

EMERGENCY RESPONSE

Prepare for and respond effectively to emergencies

CONTINUOUS IMPROVEMENT

Learn from experience and drive ongoing enhancement
of safety performance

Figure 15. Tunnel Haulage Safety Framework developed in the source study.

9.1 Six Integrated Safety Pillars

Pillar Core controls
Fail-safe braking; brake continuity; flap stoppers; runaway protection; gate placement;
STOP ZONES; gradient management
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1. Engineering Safety
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2. Operational Safety

No loaded reverse movement; defined parking; track-change protocols; banksman;
movement authorization; shift handover

3. Maintenance Reliability

Daily brake verification; air-hose inspection; emergency-stop/dead-man testing;
pneumatic-system inspection; OEM audits

4. Competency
Management

Locomotive operation; gradient awareness; risk perception; emergency drills; SWM
implementation; abnormal decision-making

5. Risk Governance

Periodic HIRA review; dynamic risk assessment, management audits; control-
effectiveness review; near-miss learning; leadership involvement

6. Emergency Preparedness

Walkie-talkies; backup communication; evacuation plans; drills; assembly; head-count
protocols

The framework is intended to
produce loss of control.

create multiple independent barriers so that failure of one control does not immediately

9.2 Reliability, Risk Governance and Emergency Response

o)
Q.

Inspection

RELIABILITY-BASED
MAINTENANCE MODEL

@
Ca

Detection of
Defect

Reduced Failure
Probability

D
o~

Corrective
Action

improved
Reliability

Figure 16. Reliability-based maintenance model from the source study.
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Figure 17. Risk governance cycle from the source study.
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—— EMERGENCY RESPONSE FRAMEWORK ——

P A S 7 N /S
/
¢ \ .
\_/
INCIDENT WARNING INCIDENT
COMMUNICATION sl EVACUATION HEAD COUNT
DETECTED ISSUED CONTROL
L g Bl el gl
Identify and confirm Immediately inform Issue warnings to Evacuate all Conduct head count Take appropriate
the incident as soon relevant personnel all personnel in personnel to at assembly points actions to control
as possible. and control center affected areas designated to ensure everyone the incident and
using proper through alarms assembly points is accounted for. prevent further
channels. and public address using safe routes. escalation.
systems.

CONTINUOUS REVIEW AND IMPROVEMENT J

Figure 19. Emergency response framework from the source study.
Reliability-based maintenance should treat braking and safety devices as critical functions. Trend analysis of inspection
findings, verification of pneumatic continuity and periodic OEM audits provide a stronger basis than reactive repair
alone. Risk governance should ensure that HIRA and SWM remain dynamic as temporary track geometry, gradients,

equipment configuration and work methods change.

9.3 Safety Performance Indicators

Leading indicators Lagging indicators
Brake inspections completed Locomotive derailments
Locomotive movements audited | Brake failures

HIRA reviews completed Runaway events
Training attendance Lost-time injuries

Competency certification status Property-damage incidents

Near-miss reports Emergency-response performance

The framework should be monitored using both leading and lagging indicators. Leading indicators provide early
warning of barrier degradation, while lagging indicators demonstrate actual safety outcomes.

X. KEY FINDINGS AND TECHNICAL INTERPRETATION
10.1 Finding 1 — The Incident Was a System Failure
10.2 Finding 2 — Gradient Converted Brake Deficiency into Runaway
The approximately 4% gradient was a critical severity amplifier. Once braking capability became inadequate,
gravitational force accelerated the loaded convoy toward the TBM. Gradient management must therefore be integrated
into loading limits, parking locations, movement rules and emergency planning.
10.3 Finding 3 — Convoy Braking Must Be Treated as a System
The lack of pneumatic continuity meant that the locomotive alone was responsible for controlling the convoy. The
corrective air-hose connection directly addresses this vulnerability and is one of the strongest technical improvements.
10.4 Finding 4 — Physical Barriers Must Follow Hazard Pathways
A barrier is only effective when its location, locking status and design correspond to the worst-case hazard trajectory.
The Manchester Gate experience demonstrates that barrier presence alone does not guarantee barrier effectiveness.
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10.5 Finding 5 — Emergency Communication Prevented Injury

The emergency warning and evacuation actions were successful recovery barriers. The event therefore provides a
positive lesson: redundant communication and practiced evacuation can prevent injuries even after preventive barriers
fail.

10.6 Finding 6 — Dynamic HIRA is Essential

The original HIRA/SWM did not adequately address brake failure during reverse movement on a gradient. Temporary
tunnel infrastructure changes can rapidly invalidate static assumptions; risk assessment must therefore be linked to
management of change and operational authorization.

XI. RECOMMENDATIONS FOR FUTURE TUNNEL PROJECTS
Based on the integrated findings, the following recommendations are proposed for underground metro and tunnel
construction projects using rail-based haulage:
Adopt fail-safe braking that automatically moves the system toward a safe state after loss of power, pressure or operator
control.
Provide pneumatic braking continuity across locomotives and connected rolling stock and verify it before each
operational shift.
Prohibit reverse movement of loaded muck locomotives except where an engineered, formally authorized method
specifically demonstrates equivalent safety.
Complete and inspect temporary track infrastructure before operational use; prevent workarounds created by
incomplete track.
Locate parking and switching arrangements on level sections wherever practicable and establish engineered STOP
ZONES outside gradients.
Use independent physical runaway-arrest devices such as flap stoppers and correctly positioned Manchester Gates.
Require formal authorization and dynamic risk assessment for non-routine locomotive movements.
Implement joint brake inspections involving operations, mechanical maintenance and EHS personnel, with traceable
records.
Test emergency stops, dead-man switches, pneumatic pressure and air-hose continuity as critical safety functions.
Strengthen competency assessment for operators, foremen, engineers and banksmen, with periodic revalidation rather
than one-time training.
Integrate temporary track changes, gradients and haulage configurations into HIRA/SWM through management-of-
change controls.
Maintain redundant communication, evacuation drills, assembly procedures and head-count protocols.
Use leading indicators to detect weakening barriers before a runaway or collision occurs.
Conduct periodic independent audits of the complete haulage system, including engineering design, operations,
maintenance and risk governance.

11.1 Future Research

Future studies may extend this case using quantitative braking-force and stopping-distance models with complete mass
distribution, real-time speed/pressure data and detailed gradient profiles. Multi-project datasets could also be used to
compare tunnel haulage incidents and develop probabilistic reliability models for braking, containment and human-
intervention barriers.

XII. CONCLUSIONS
The May 2024 locomotive runaway was a high-potential dangerous occurrence produced by the interaction of
technical, operational, environmental, human and organizational weaknesses. The initiating operational decision was
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reverse movement of a loaded locomotive to resolve an unloading/track-arrangement problem. This placed the convoy
on a gradient under conditions where braking demand was high.

FTA showed that the top event required a combination of movement-enabling conditions and failure of at least one
stopping or safety barrier. This is significant because it demonstrates that the accident was preventable through multiple
intervention points. Bow-Tie analysis further showed that preventive barriers were inadequate while emergency
communication and evacuation successfully limited the consequences.

The most important engineering improvements were completion of the track arrangement, establishment of braking
continuity through air hoses, installation of flap stoppers and STOP ZONES, and relocation/strengthening of
Manchester Gate controls. Administrative and competency measures complemented these engineering controls through
revised HIRA/SWM, inspections, supervision and training.

The study therefore concludes that tunnel haulage safety should be managed using a defense-in-depth philosophy
supported by six integrated pillars: engineering safety, operational safety, maintenance reliability, competency
management, risk governance and emergency preparedness.

XIII. RESEARCH CONTRIBUTION
The principal contribution of the study is the integration of accident-causation theory with engineering safety analysis
to produce a practical Tunnel Haulage Safety Framework. The framework converts lessons from a single dangerous
occurrence into a structured prevention model that can be adapted to future underground metro construction projects.

XIV. LIMITATIONS
The study is based on a single incident and documentary evidence. Complete real-time operational data, full weight
distribution and detailed quantitative braking calculations were not available. Accordingly, the findings are intended as
an evidence-based safety case and framework rather than a probabilistic prediction for every tunnel project.

REFERENCES AND SOURCE BASIS
The research paper is based primarily on the attached source document and the references contained within it. The
following references are selected from that source to support the analytical framework.
[1] BS 16191:2014. Railway Applications — Braking Systems for Rail Vehicles — Requirements and Test Methods.
[2] BS 6164:2019. Code of Practice for Health and Safety in Tunnelling in the Construction Industry.
[31 EN 50126. Railway Applications — The Specification and Demonstration of Reliability, Availability,
Maintainability and Safety (RAMYS).
[4] ISO 12100:2010. Safety of Machinery — General Principles for Design — Risk Assessment and Risk Reduction.
[5] ISO 31000:2018. Risk Management — Guidelines.
[6] International Tunnelling and Underground Space Association (ITA-AITES). (2017). Guidelines for Safe and
Reliable Tunnelling.
[7] Rail Safety and Standards Board (RSSB). (2016). Guidance on Managing Train Movement Risk.
[8] International Union of Railways (UIC). (2019). Railway Safety Principles and Guidance for Risk Management.
[9] National Institute for Occupational Safety and Health (NIOSH). (2015). Hierarchy of Controls.
[10] Aven, T. (2015). Risk Analysis. Wiley.
[11] Bird, F. E., & Germain, G. L. (1996). Practical Loss Control Leadership. Det Norske Veritas.
[12] Dekker, S. (2011). Drift into Failure: From Hunting Broken Components to Understanding Complex Systems.
Ashgate.
[13] Vesely, W. E., Goldberg, F. F., Roberts, N. H., & Haasl, D. F. (1981). Fault Tree Handbook. U.S. Nuclear
Regulatory Commission.
[14] Stanton, N., Salmon, P., Walker, G., Baber, C., & Jenkins, D. (2013). Human Factors Methods: A Practical Guide
for Engineering and Design. Ashgate.

Copyright to IJARSCT E 281

0| DOI: 10.48175/IJARSCT-38134
www.ijarsct.co.in -

| 2581-9429 |8
t\ 1JARSCT /3
& <

7
=



-(I IJARSCT

/ 1
Xx International Journal of Advanced Research in Science, Communication and Technology l\

IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal ,E,, ot
ISSN: 2581-9429 Volume 6, Issue 2, August 2026 Impact Factor: 8.2

[15] de Ruijter, A., & Guldenmund, F. W. (2016). The Bowtie Method: A Review. Safety Science, 88, 211-218.

[16] Choi, S., & Park, J. (2019). Safety Assessment of Tunnel Construction Projects: Risks and Preventive Strategies.
Tunnelling and Underground Space Technology, 83, 128-136.

[17] Sklet, S. (2004). Safety Barriers: Definition, Classification and Performance. Journal of Loss Prevention in the
Process Industries, 17(6), 494-506.

[18] Zhang, H., Li, Y., & Chen, X. (2018). Human and Organizational Factors in Railway Accidents: A Case Study of
System Interactions. Accident Analysis & Prevention, 118, 244-253.

[19] CCPS. (2018). Bow Ties in Risk Management: A Concept Book for Process Safety. Wiley.

[20] Larsen & Toubro Construction. (2024). Incident Investigation Report: Locomotive Runaway Incident, May 2024.
[21] Delhi Metro Rail Corporation (DMRC). (2024). Safety Alert: Safety During Locomotive Operations.

[22] Larsen & Toubro Construction. (2024). Compliance Report Ref. No. 3093-F: Corrective and Preventive Measures
Following Locomotive Runaway Incident.

[23] CREG. (2024). OEM Inspection and Acceptance Records for Tunnel Locomotive System.

[24] Larsen & Toubro Construction. (2024). Tunnel Gradient Survey Records and Track Geometry Assessment.

[25] Larsen & Toubro Construction. (2024). Manchester Gate Engineering Drawings and Design Modification
Records.

[26] Delhi Metro Rail Corporation (DMRC). (2024). Locomotive Brake Inspection and Maintenance Records.

[27] Larsen & Toubro Construction. (2024). Updated EHS Risk Assessment and Risk Register for Rolling Stock
Operations.

[28] Larsen & Toubro Construction. (2024). Safe Work Method Statement for Rolling Stock Operations, Ref.
DC09/SWM/014, Revised May 2024.

Copyright to IJARSCT

282
, . =]
www.ijarsct.co.in F

0| DOI: 10.48175/IJARSCT-38134

| 2581-9429 |8
t\ 1JARSCT /3
& <




