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ABSTRACT—The inspection of railway tunnels
is essential to ensure the safety and operability
of transportation networks. Traditionally, these
inspections are conducted through on-site visual
assessments, which entails logistical challenges,
occupational hazards, and operational interrup-
tions. Although there have been technological
advances in infrastructure inspection, on-site
visual inspection remains predominant due to
the strong reliance on direct observation and
the value of the inspector’s field experience. In
this context, this study analyzes the efficiency
of railway tunnel inspections in virtual reality
(VR) environments as an alternative to tradition-
al methods. The research applies Design Science
Research Methodology (DSRM) to develop and
validate a VR-based inspection protocol, using as
a case study a detailed model generated from a
point cloud of a railway tunnel. The developed
protocol was evaluated and compared with the
traditional methodology using 5 key performance
indicators (KPIs). The results showed that VR
matches the accuracy of traditional inspections,
while increasing coverage, reducing operation-
al time, and minimizing service interruptions.
However, it also presents certain limitations such
as restricted graphical resolution and a learning
curve for new users. This study concludes that

the effective implementation of VR-based struc-
tural inspections represents a key opportunity
to significantly improve the management and
maintenance of critical infrastructure, providing
a safer, more precise, efficient, and operationally
sustainable approach.

Index Terms—Railway tunnels, remote inspection,
virtual reality (VR).
Thematic Axes—Thematic Area 5: Construction Processes
and New Technologies >
2. Virtual Design and Construction (VDC)

[. INTRODUCTION

A. Inspection and Maintenance of Railway Tunnels

Railway infrastructure plays a crucial role in
transportation systems and faces increasing main-
tenance demands similar to those observed across
the Architecture, Engineering, Construction, and
Operation (AECO) sector. In this context, railway
tunnels represent a critical component of the
network, especially in underground railway
systems and mountainous regions. However, these
structures are subject to deterioration processes
caused by continuous use, geotechnical condi-
tions, humidity, water infiltration, vibrations,
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and material aging, which may compromise their
structural integrity if not detected in time [1].

Therefore, the periodic inspection and main-
tenance of railway tunnels is a critical process for
ensuring their functional and structural integ-
rity. Effective inspection enables the detection
of damage such as cracks, leaks, or deformations,
which may lead to severe failures if not addressed
in a timely manner. The data gathered during
these inspections provide the foundation for
planning preventive or corrective maintenance
activities and for making operational decisions
that ensure the safety of the railway system [2].

In this regard, the traditional method of on-site
visual inspection, which requires inspectors to be
physically present inside the tunnels, remains the
most widely adopted approach [3]. Despite its
prevalence, this method poses significant chal-
lenges, including the need for temporary track
closures, the exposure of personnel to hazardous
environments, and a strong dependence on the
inspector’s experience and judgment. Although a
variety of technologies are now available, reliance
on on-site visual inspection is still substantial [4].

B. The Role of VR in Inspections

The adoption of emerging technologies, such
as VR, has begun to substantially transform
processes in the construction and infrastructure
maintenance sectors. In the specific domain of
structural inspection, VR facilitates the recon-
struction of highly detailed three-dimensional
(3D) environments that may be explored in real
time. This development creates new opportuni-
ties for remote, safe, and efficient assessment of
critical assets, such as railway tunnels [5].

VR enables users to interact with precise
digital models that accurately replicate the
geometric and material characteristics of real-
world structures. These models may be generated
by means of point clouds, photogrammetry, or
laser scanning, thereby enabling a realistic and
navigable representation of the inspected envi-
ronment [6]. By employing immersive devices,
inspectors may explore hard-to-access areas, simu-
late specific lighting or deterioration conditions,
and record observations without physical risk or
disruption to railway operations. Furthermore,
this technology enables repeated inspections by

multiple users, thereby enhancing traceability and
promoting standardization [7].

Among the primary advantages of applying VR
in infrastructure inspections is the reduction of risks
to inspectors by eliminating exposure to hazardous
environments. It also minimizes tunnel downtime
(TD), as data acquisition may be performed without
interference to railway operations [8]. In addition,
VR enables broader coverage of the infrastructure,
as entire areas may be virtually explored with
millimeter-level accuracy [9]. A permanent digital
record of the inspection may be kept, enabling
historical comparisons, audits, and training activ-
ities. Moreover, VR facilitates immersive training
experiences by providing realistic scenarios that
enable new inspectors to prepare without requiring
access to the actual site [10]. Finally, this approach
may optimize resources by reducing the logistical
and human costs typically associated with frequent
on-site inspections [11].

In summary, VR is not merely an alternative
to conventional inspection methods; it represents
a strategic opportunity to transform the manage-
ment, maintenance, and inspection of underground
railway infrastructure while enhancing both safety
and operational efficiency [12].

C. Research Gap and Objectives

Despite the growing advancement of technol-
ogies for infrastructure inspection, on-site visual
inspection remains the predominant methodology
[6], [13]. This is primarily attributed to the value
of the inspector’s direct observation, which allows
the identification of subtle structural conditions
that are often difficult to detect through auto-
mated means [7], [14]. However, this reliance
on human perception constrains the adoption
of advanced solutions, many of which introduce
novel approaches for data acquisition and analysis
but face challenges related to data management
and the absence of validated, standardized proto-
cols for efficient implementation [5], [15].

In this context, immersive technologies
such as VR represent a promising opportunity
to redefine inspection processes in a structured,
quantifiable, and safe manner. This study aims
to evaluate the operational efficiency of railway
tunnel inspections performed in VR environments
as an alternative to conventional visual methods.
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TABLE I
EXPERT PANEL DESCRIPTION
Profession Area Experience (years)
Mining engineer Infrastructure inspection >8
Electrical and electronics engineer  Infrastructure inspection >10
Transportation engineer Infrastructure inspection >15
Transportation engineer Infrastructure inspection >12
Electronics engineer Infrastructure inspection >6

To achieve this objective, a specific inspection
protocol was developed and validated using a
3D model generated from a railway tunnel point
cloud, enabling a detailed and immersive evalua-
tion of structural conditions.

D. Article Structure

The article is organized into three main sections.
The first section introduces the methodological
framework and the formulation of the inspection
protocol within VR environments, describing the
adopted approach, the selection of technological
tools, and the definition of performance indicators.
The second section details the implementation of
the protocol in a real case study, encompassing the
generation of the 3D model, the construction of the
virtual environment, and the implementation of the
inspection process. Finally, the third section pres-
ents the results and provides a comparative analysis
between the conventional inspection methodology
and the VR-based approach, assessing its effective-
ness, benefits, and limitations.

II. RESEARCH METHODOLOGY

For this research, the Design Science Research
Methodology (DSRM) was used because of its
suitability for the creation and evaluation of
technological artifacts, thereby enabling the
research process to be represented in a struc-
tured manner. The process was divided into five
stages: (I) problem and motivation identification,
(I objective definition for a potential solution,
(111) design and development, (IV) demonstration,
and (V) evaluation.

In the first stage, the available literature was
reviewed based on the Web of Science database.
Additionally, possible methodologies for tunnel

inspection in VR environments were explored
using the same source. Based on this research, the
second stage focused on defining the objectives
of a potential solution, proposing that the use of
a VR environment may enhance the efficiency of
tunnel inspections.

The third stage designed and developed an
inspection protocol for a VR environment. To this
end, the standard tunnel inspection methodology
established in the technical guidelines of the
Chilean National Railway Company (EFE Trenes
de Chile) was adopted. Key inspection tasks,
such as the identification and mapping of defects
including cracks, water ingress, and spalling,
were translated into the VR environment to
identify areas where VR may enhance efficiency.
This process involved incorporating steps for
photogrammetric data acquisition and 3D model
generation prior to the virtual inspection phase.

The fourth stage formulated the protocol in a
case study. The case study was first reconstructed
as a 3D model using Autodesk Revit software. A
photographic survey of the tunnel was subsequently
performed and integrated into the 3D model. Once
the model was complete, the VR environment was
tested according to the protocol established in the
previous stage, and the results were recorded. For
the testing phase, a group of experts specializing
in railway tunnel inspection was selected. Five
experts were appointed, each with more than five
years of experience in inspection processes for
the company that owns the infrastructure under
study. Table I summarizes the characteristics of the
experts. Finally, in the fifth stage, the results of the
virtual inspection were evaluated and compared
with those obtained from a standardized inspec-
tion of the case study. Performance indicators were
reviewed, and improvements were proposed for
both inspection methods.
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Fig. 2. General diagram of the proposed workflow.

IT1I. DESIGN AND DEVELOPMENT

A. Case Study Description

The case study focuses on a critical section for
regional connectivity within a railway tunnel in
Vifa del Mar (Chile), used for both passenger and
freight transportation. The section selected for
the study spans approximately 65 m. The tunnel
infrastructure has a straight, horseshoe-shaped
geometry, designed to optimize structural stability
and load distribution. The distance between the
side walls is 7.936 m, and the height from the
track platform to the vault is 5.850 m. The tunnel
was constructed using the cut-and-cover tech-
nique, with reinforced concrete as the primary
material, providing durability under operational

and environmental conditions. Fig. 1 depicts a
photograph of the study area.

B. Workflow

The development of the VR environment for
tunnel inspection followed a structured work-
flow, as shown in Fig. 2, enabling the physical
conditions of the infrastructure to be accurately
replicated.

The process began with the capture of
high-resolution, on-site images during the photo-
grammetric survey phase (Fig. 3(a)). The images
were processed using Bentley’s iTwin software,
enabling the generation of a detailed 3D model of
the tunnel in .las and .obj formats. These formats
were adopted for their ability to optimize the
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(@)

Fig. 3. Developed workflow tasks. (a) On-site photo capture. (b) Point cloud
model. (c) Global view of the tunnel in VR. (d) View of tunnel side elements in VR.

geometric and visual representation of the infra-
structure. The .obj format was preferred over the
Jlas format for its more efficient use of computa-
tional resources, ensuring optimal performance
in the VR environment (Fig. 3(b)). Subsequently,
the VR environment was set up in Unreal Engine,
as shown in Fig. 3(c) and 3(d), integrating the
generated models with interactive tools that
facilitated navigation and virtual inspection. The
environment included options for horizontal and
aerial movement, as well as lighting adjustments
to enhance the visualization of structural details.
In addition, specific digital tools were incorpo-
rated, including rulers for crack measurement and
marking systems for damage identification.

Upon completion of the virtual environment
development, as shown in Fig. 4, preliminary tests
were conducted by the research team to ensure its
functionality and accuracy. These tests focused on
verifying interaction with the models, the clarity
of these models within the VR environment, and
the overall system usability. These aspects were
evaluated prior to testing with expert users.

IV. IMPLEMENTATION AND RESULTS

A. Expert Testing

The VR environment developed for tunnel
inspection was validated with the participation of
a panel of five experts selected for their experience
in railway infrastructure inspection. The evaluation
process consisted of three main stages, as shown
in Fig. 5.

In the first stage, the experts became familiar
with the system, including the use of VR head-
sets and associated controls, as illustrated in
Fig. 6(a). This phase was essential to ensure that
participants fully understood the available tools
and could interact efficiently within the virtual
environment. During the second stage, a virtual
inspection session was conducted, during which
the experts evaluated the system’s capability to
identify structural damage—such as cracks and
leaks—present in the 3D model, as shown in
Fig. 6(b). This analysis included both the identi-
fication of critical elements and the interaction
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Fig. 4. General view of the tunnel in the study area in a VR environment.
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Health J Defect Detection Rate (TDD) ]
Virtual reality
testing Technological Level ] Inspection Coverage Index (ICT) j
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Fig. 5. General view of the tunnel in the study area in a VR environment.

Fig. 6. Experts interacting with the VR tool. (a) Expert familiarizing himself with his environment.
(b) Expert looking for damage in the environment.
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with the virtual tools integrated into the inspec-
tion protocol. Finally, in the third stage, experts
were asked to provide their feedback of the
developed environment through structured ques-
tionnaires that evaluated aspects such as usability,
level of immersion, and the accuracy of the tools
compared with traditional inspection methods.

B. Results

The following presents the results of the
experts’ feedback regarding the system workflow,
associated physical symptoms, level of techno-
logical expertise, and key performance indicators
(KPIs) for specific tunnel inspection tasks.

1) Workflow: (1) The analysis of the workflow
within the VR environment yielded highly
positive results. Four of the five experts
rated the workflow as very efficient, while
the remaining expert rated it as efficient.
This perception highlights that the imple-
mented digital tools, such as the measuring
devices and marking systems, significantly
optimize the inspection process, enabling
a more agile and accurate performance
compared with traditional methods.
Additionally, the immersive environment
was praised for its ability to maintain focus
on the assigned tasks. Three out of five
participants reported an extremely high
level of immersion, while the remaining
two rated it as high. However, some users
reported minor challenges when navigating
the environment, particularly with lighting
adjustments and the visualization of struc-
tural details, which suggested the need for
improvements in these technical aspects.

2) Health: In terms of physical well-being,
most participants reported mild or no
symptoms during the use of the system.
Two out of five experts reported no
discomfort, while a similar percentage
mentioned low levels of visual fatigue and
slight dizziness. However, one out of five
experts experienced a moderate cognitive
load, attributed to the need to perform
multiple tasks simultaneously, such as
inspecting structural elements and navi-
gating through the virtual environment.

The levels of visual fatigue were mainly
related to the system’s graphical resolu-
tion and lighting, which were identified
as priority areas for future improvements.
Moreover, balance and orientation
remained stable for most users, although
pre-training sessions were recommended
for those with less experience in immer-
sive technologies.

3) Technological Level: The evaluation of the
technological level revealed that prior
knowledge of advanced technologies
significantly influences the perception of
the system’s ease of use and utility. Three
out of five participants reported that
their prior experience with technological
tools had a high or very high influence on
their ability to interact with the virtual
environment. On the other hand, two of
the five participants with moderate or
low familiarity with these tools reported
a steeper learning curve, although they
considered it manageable with appro-
priate guidance. Regarding specific
experience with VR, two out of five indi-
cated they had not previously used this
technology in professional applications.
Nevertheless, all participants were able
to adapt to the system, demonstrating its
accessibility even for users with limited
prior experience. This adaptability rein-
forces the importance of integrating
interactive tutorials and training sessions
when deploying immersive technologies
in new operational contexts.

4) Tunnel Inspection Indicators: The evalua-
tion of the KPIs between traditional
inspection methodologies—using data
provided by the maintenance company
for the same inspection process—and the
VR-based methodology. These indicators
were designed to measure operational
efficiency, coverage, and accuracy, provi-
ding a comprehensive assessment of the
strengths and areas for improvement in the
VR-based approach.

The Defect Detection Rate (DDR) quanti-
fies the number of defects identified per unit of
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TABLE II
COMPARATIVE TABLE OF DDR BETWEEN THE TRADITIONAL AND VR METHODOLOGY

Method Number of Detected Defects Inspected Area (m?) DDR (Defects/m?)
Traditional 21 28.69 0.73
VR 21 31.96 0.66

TABLE III
COMPARATIVE TABLE OF ICI BETWEEN THE TRADITIONAL AND VR METHODOLOGY
Method Inspected Area (m?) Total Tunnel Area (m?) ICI (%)
Traditional 28.11 31.96 88
VR 31.96 31.96 100

TABLE IV
COMPARATIVE TABLE OF ITUL BETWEEN THE TRADITIONAL AND VR METHODOLOGY

Method Total Inspection Time (min) Inspected Tunnel Length ITUL (min/m)
(m)
Traditional 90 64.76 1.39
VR 60 64.76 0.93

TABLE V
COMPARATIVE TABLE OF TD BETWEEN THE TRADITIONAL AND VR METHODOLOGY
Method Total TD (h) Total Inspection Time (h) TD (h)
Traditional 5 5 1.00
VR 3.5 4.5 0.78

inspected area. This metric is critical for assessing
the effectiveness of each inspection methodology
in detecting critical structural damage. In this
case, the results showed similar values between
the two methods, with 0.73 defects/m? for the
traditional approach and 0.66 defects/m?* for the
VR-based approach, as shown in Table II. While
the accuracy was comparable, the VR-based
approach provided additional advantages in terms
of traceability and digital defect recording.

The Inspection Coverage Index (ICI) represents
the percentage of the tunnel’s total area that was
inspected. Results indicated that the VR-based
methodology achieved full coverage (100%), while
the traditional method reached 88%, as shown in
Table III. This difference reflects the capability of
the VR-based approach to evaluate hard-to-reach

areas, thereby minimizing the risk of overlooking
critical zones.

The Inspection Time per Unit Length (ITUL)
was used to measure the time efficiency of each
methodology. VR showed a significant advantage,
reducing the required time from 1.39 to 0.93 min
per inspected meter, as shown in Table IV. This
improvement reflects the elimination of external
interruptions such as weather conditions or oper-
ational constraints.

The TD metric assesses the operational
impact of inspections on railway service. The
VR-based approach reduced this time from 5 to
3.5 h, demonstrating its capability to perform
comprehensive evaluations with minimal disrup-
tion to operations, as shown in Table V.
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TABLE VI
COMPARATIVE TABLE OF DFT BETWEEN THE TRADITIONAL AND VR METHODOLOGY

Method Structural Water defects Total DFT DFT
concrete defects defects concrete (%) water (%)
Traditional 5 16 21 24 76
VR 5 16 21 24 76

The Defect Frequency by Type (DFT) metric
enabled the categorization of detected damages,
supporting a more detailed analysis of mainte-
nance needs. Both methods identified similar
patterns, with 76% of defects associated with
water infiltration and 24% associated with struc-
tural concrete issues, as shown in Table VI.

V. DISCUSSIONS

A. General Discussions

The implementation of VR in the inspection
of railway tunnels has proven to be a significant
advancement in the optimization of critical main-
tenance processes. The results obtained through
KPIs confirm the feasibility of the proposed meth-
odology, demonstrating its capability to achieve
accuracy comparable to that of traditional inspec-
tions while improving coverage and reducing
operational times. The DDR values were compa-
rable between both methodologies, indicating
that VR can effectively replicate established detec-
tion standards.

Additionally, the ICI metric demonstrated
a significant advantage for the VR approach,
achieving 100% coverage compared to 88% for
the traditional method. This aspect is particu-
larly relevant in complex environments, where
traditional inspections may face logistical limita-
tions. Moreover, the reduction in ITUL and TD
underscores the operational efficiency of the
virtual-based approach, minimizing disruptions
and improving resource planning. These find-
ings suggest VR has potential for integration into
standard tunnel inspection workflows, providing
quantifiable benefits beyond those achievable
with traditional methods.

However, some technical challenges remain.
Participants with less experience in immersive
technologies reported moderate difficulties in
visualizing specific details, primarily due to issues
with graphical resolution and lighting adjust-
ments. These findings highlight the importance of
technical improvements and the incorporation of
training programs to optimize user experience.

B. Limitations

Although the VR-based methodology demon-
strated high potential, the development and
implementation of the model faced several limita-
tions that must be considered:

+ Logistical challenges for tunnel access:
Obtaining the necessary Weekly Work
Permit (PST) posed significant challenges,
particularly in complying with strict railway
safety regulations related to high-voltage
catenaries. The requirement for specific
licenses, such as the P6 permit, and the
need for coordination with multiple entities
delayed the initial data collection process.

+ Limitations of photographic equipment:
Relying on a standard camera for visual
surveying-imposed restrictions on captu-
ring complex geometric details. Although
a 90% image overlap ensured sufficient
coverage, the use of advanced tools—such
as LiDAR cameras or specialized drones—
could have further improved the quality of
data capture.

- Computational constraints: Rendering
the detailed 3D model using software like
Unreal Engine and iTwin required inten-
sive computational resources. This led
to extended model generation times and
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occasional navigation difficulties within
the virtual environment, especially on
mid- to low-range devices. These findings
highlight the need to optimize rendering
and visualization algorithms to facilitate
broader adoption across various opera-
tional contexts.

C. Future Research Directions

This study opens multiple opportunities to
expand and enhance the application of VR in
structural inspections. Key directions for future
research include:

-+ Integration of interactive tools: Developing
new functionalities within the virtual
environment—such as tools for measu-
ring cracks directly on the 3D model or for
marking damaged areas in real time—could
enhance inspection accuracy and traceabi-
lity. These tools would also facilitate the
generation of automated reports.

- Improvements in data capture: The inte-
gration of advanced technologies, such as
LiDAR cameras or drones equipped with
multispectral sensors could improve the
quality and precision of initial surveys,
overcoming limitations associated with
conventional photographic equipment.

- Computational optimization: Research
aimed at reducing computational demands
for rendering and navigating virtual envi-
ronments could significantly increase
accessibility. This includes the implemen-
tation of more efficient algorithms, 3D
model compression, and adaptive visuali-
zation techniques.

- Validation in  different  scenarios:
Expanding the application of VR to other
infrastructure types, such as bridges or
underground stations, would provide
a broader comparative framework to
evaluate its applicability under diverse
structural and operational conditions.

VI. CONCLUSIONS

This study demonstrates that the implemen-
tation of VR environments in railway tunnel

inspections is not only feasible but also highly
effective in terms of efficiency, safety, and accu-
racy. The results demonstrate that VR maintains
a DDR comparable to traditional inspections,
while offering additional benefits in key areas
such as the ICI, which reached 100%, significantly
surpassing the 88% achieved with conventional
methodologies. This level of coverage ensures a
comprehensive evaluation, reducing the likeli-
hood of overlooking critical areas.

In addition, VR optimizes operational times,
reducing the ITUL from 1.39 to 0.93 min/m, and
decreasing the TD from 5 to 3.5 h. These results
reinforce the capability of this technology to
conduct inspections more efficiently, minimizing
operational disruptions and associated costs.

Nevertheless, challenges remain that must
be addressed to maximize the adoption of this
technology. Among them are the need to improve
technical aspects of the system, such as graphical
resolution and lighting, and to provide adequate
training to reduce the learning curve for inspec-
tors with limited experience in advanced VR tools.
Additionally, further research should prioritize
the validation of the developed protocol and its
replicability in other infrastructure contexts.

Overall, this study contributes to the existing
body of knowledge by establishing a standardized
protocol for railway tunnel inspection using VR,
demonstrating its advantages over traditional meth-
odologies. These findings underscore the potential of
VR not only to transform maintenance processes in
railway infrastructure but also to be applied across
other areas of civil engineering, promoting safer,
more efficient, and sustainable practices.
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