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Abstract: To mitigate unforeseen incidents, such as key block failure or tunnel collapse during
excavation, an appropriate support pattern that correlates with the geological conditions of the
rock mass at the tunnel face should be designed. Rock mass evaluations should be conducted
through geological face mapping during the construction phase, alongside predictions based on field
investigations during the design phase. When marked discrepancies are identified, it is customary
to convene an on-site evaluation involving a committee of experts. This study develops a digital
tunnel face mapping system that utilises mobile devices to facilitate online evaluations during the
construction phase. This system effectively replaces the traditional on-site field evaluation method.
Tunnel face mapping can be promptly accomplished using images captured at the excavation face,
enabling rapid analysis. In conjunction with the mapping capabilities, the developed system was
designed to digitally store geological information, which includes parameters such as rock strength
distribution, the spacing and length of discontinuities observed during the mapping process, as
well as data pertaining to weathering and the groundwater conditions of those discontinuities. This
information was then correlated with the rock mass rating sheet to automate the determination of
ratings for each parameter, ultimately leading to a conclusive classification of the rock mass quality.
By employing this system for tunnel face mapping and rock quality evaluation, we significantly
reduced the discrepancies in the evaluation results that often arise due to the subjective judgement of
geologists, as well as human errors that can occur throughout the rating process.

Keywords: digital tunnel face mapping; rock mass rating (RMR); Q-System; discontinuity properties;
groundwater inflow; mobile tunnel face mapping; automated rock mass classification system

1. Introduction

At the design stage of tunnel construction, the quality of the rock mass along the des-
ignated route is classified based on geological survey results. Subsequently, suitable rock
support patterns and reinforcement methods are determined according to the conditions of
the rock masses observed at the tunnel face. However, discrepancies may arise during ex-
cavation if the actual quality of the rock masses deviates from the preliminary assessments
conducted during the design phase. In such cases, it is essential to convene a rock quality
evaluation committee. This committee is responsible for assessing the geological condition
of the site and enacting subsequent amendments to the chosen support type or recommend-
ing additional reinforcement methods. This committee is tasked with performing an on-site
evaluation of the excavation face by utilising an array of information, such as the results
from tunnel face mapping, design documents, displacement monitoring data, and other
pertinent data generated during the excavation process, which are provided by the field
manager. However, such on-site rock mass evaluations are inherently time-consuming,
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as they necessitate the formation of a committee and a thorough assessment of the site’s
geological conditions, which invariably burdens the project team.

Traditionally, tunnel face mapping has been manually conducted by geological spe-
cialists or geologists employed by construction firms. As shown in Figure 1, geological
information on tunnel cross-sections is meticulously recorded, detailing the geometrical
configurations and filling conditions of joint surfaces, the strength characteristics of the rock
mass, and groundwater seepage conditions. This information is subsequently employed
to assess various parameters related to rock mass quality based on typical classification

systems in Table 1.
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Figure 1. Conventional tunnel face mapping using a geological sketch and RMR sheet.

In this context, the current study introduces the use of mobile devices, such as tablets,
for capturing images of the tunnel face, and the acquired image data are used for digital
mapping and rock quality rating [1]. Figure 2 illustrates the implementation of digital
mapping through image-based data. The digital data generated during the mapping and
rock mass rating are temporarily stored in the internal memory of the mobile device via a
proprietary application, thus allowing offline functionality. When an Internet connection
becomes available, the data are automatically uploaded to a centralised database. This
innovative approach enables tunnel face mapping and rock mass classification in areas

with limited or no cellular signal.
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Figure 2. Digital mapping system using the tunnel face photo.
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Table 1. Typical rock mass classification methods.

Classification Method Researcher Key Contents
. - Evaluation of rock load height for nine rock conditions
Rock load Terzaghi 1946 [2] - Selection of a rough support pattern for each rock load
. . . RQD = core length greater than 10 cm/total core length
RQD (rock quality designation) Deere 1988 [3] five levels of rock quality (very poor—excellent)
RSR (rock - Rock type and property, discontinuity properties

structure rating)

Wickham 1972 [4] - Construction parameters: tunnel size, direction of
drive, method of excavation

Five parameters: rock strength, RQD, joint spacing, joint

RMR Bieniawski 1973 [5] condition, groundwater inflow rate
Rating score: 0~100 (very poor—very favourable)
Six parameters: RQD, No. of joints set, joint roughness, joint
Q-System Barton 1974 [6] aperture, groundwater, insitu stress
Rating score: 0~100 (very poor—very favourable)
. Basic RMR x three coefficients by joint orientation
SMR (slope mass rating) Romana 2015 7] (F1-F3) + F4 (coefficient by excavation method)
GSI (Geological Strength Index) Hoek 2019 [3] Detailed classification of very poor rock masses with an

RMR value of 23 or below

Furthermore, geometric characteristics of the rock masses, including lithology and
discontinuities, as well as groundwater information collected during the digital mapping
process, are systematically stored in a database. This setup enables the rock masses to
be automatically evaluated by cross-referencing the collected information with the rock
mass rating table. Thus, the methodology significantly reduces the time and resources
required for geological face mapping and subsequent evaluations while minimising po-
tential errors associated with variability in the geologists’ skill levels during mapping
and evaluation tasks. This digital system enhances the overall reliability and efficiency of
rock mass classification, ultimately contributing to improved decision making in tunnel
construction management.

2. Literature Review and Case Study
2.1. Traditional Rock Mass Classification

Z. T. Bieniawski [9] originally introduced the well-established RMR classification
system, which is critical in the assessment of rock mass quality. The RMR value is computed
as the sum of five critical parameters: rock strength, rock quality designation (RQD), joint
spacing, the condition of joint surfaces, and groundwater outflow. Subsequently, the initial
RMR value is adjusted based on a correction factor that accounts for the orientation and
dip angle of the joints in relation to the tunnel axis, culminating in the final RMR value.
Figure 3 illustrates the methodology employed in selecting appropriate rock support types,
with the RMR chart as a reference for informed decision making in tunnel engineering.

Barton [10] proposed the Q-System, a well-regarded rock mass classification frame-
work that comprises six critical parameters. The Q-value is mathematically defined as

Q = (RQD/In)'(]r/]a)'(Iw/SRF) (1)

where RQD represents the rock quality designation, J,, denotes the number of joint sets, J;
refers to the roughness of the principal joint set, ], signifies the alteration of the primary
joint set, J is indicative of the groundwater outflow condition, and SRF represents the
stress reduction factor.
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Figure 3. Selecting the support type by RMR classification.

The RMR classification method assigns a numerical score between 0 and 100, informed
by five characteristics of rock mass quality. The survey and evaluation techniques associated
with the RMR are relatively straightforward, contributing to their widespread application
in tunnel and slope design, particularly in Korea.

In contrast, the rock mass classification method employing the Q-System evaluates
rock quality by multiplying values related to the distribution characteristics of joints and the
state of filling and roughness of joint surfaces, along with aspects regarding groundwater
conditions and local rock mass stress. The complexity of the investigation and assessment
of joint characteristics renders it a valuable reference material in domestic tunnel design
and promotes its active utilisation in tunnel and slope engineering across Europe and the
Middle East.

In the digital mapping system developed as part of this study, configurations were
established to facilitate rock quality evaluations and report generation by utilising both
the RMR and Q-System. This digital mapping system ensures applicability not only in
domestic tunnel projects in Korea but also in initiatives within the Middle East, Southeast
Asia, and Europe.

Prevalent tunnel digital mapping systems exhibit a notable limitation, as they require
the rock quality characteristics, such as joint surface conditions, overall rock quality, and
groundwater discharge rates, to be manually documented on the tunnel face. Subsequently,
the RMR rating or rock quality evaluation must be conducted again post-mapping.

To alleviate the inefficiencies associated with this duplicative process, this study pro-
poses a solution that involves recording the parameters essential for rock quality evaluation
during mapping. These data points can then be leveraged to automate the scoring of
the RMR value during subsequent rock quality evaluations, thus enhancing operational
efficiency and reducing the need for repetitive tasks.

2.2. New Techniques of Rock Masses Classification

Apart from the regular RMR system in Korea, which treats the upper and lower
benches of the tunnel face as equal in weight of their RMR values, there are new attempts
to apply the Weight (W)-RMR classification system, which is illustrated in Figure 4. The
W-RMR categorises RMR values into two distinct groups based on associated levels of
risk. To obtain the weighted RMR of the entire tunnel section in this W-RMR system, it is
concluded that 80% weightage is reasonable for the upper section of the tunnel, whereas
the lower section has the remaining 20% weightage, according to the site demonstrations
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carried out by Korea Express Corporation [11]. This differential weighting approach allows
the engineers to have a more nuanced understanding of the structural integrity and risk
factors present in different sections of the tunnel face. This approach is justified as the rock
quality of the upper-half section has a much greater impact on the stability of the tunnel.

RQD Rating Ground water flow Rating

|

{ |
1Ground water(wet) ",

] - “ \
| | )
R —

Ground water(Dry)

LL

RMR General:61 | Weighted:50 | RMR General:61 | Weighted:45

Figure 4. Implementation case of weighted RMR.

Furthermore, Hoek [8] proposed the Geological Strength Index (GSI) rock classifica-
tion method, which emphasises the assessment of joint set numbers and the conditions of
discontinuities, and Table 2 indicates the correlation between RMR}, and GSI values [12,13].
Unlike the RMR method, which is primarily qualitative, the GSI enables a detailed clas-
sification of rock masses that exhibit very poor quality. Specifically, the RMR system is
incapable of further differentiating rock masses with an RMR value of 23 or below. In
contrast, the GSI classification method allows for a more refined delineation of support
patterns for these poor-quality rock masses, thus enhancing the effectiveness of engineering
interventions (Figure 5).
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Figure 5. Classification of support patterns using GSI under extremely poor rock quality.
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Table 2. Rock mass classification by RMR and GSI.
Division RMRy, (1989) GSI Remark
Uniaxial
Strength 15 0
Mechanical 40 50 . RQD
Structure Joint space
Discontinuities
Condition 30 >0
Groundwater
Condition 15 0

2.3. New Technologies Related to Digital Mapping of the Tunnel Face

Table 3 presents a concise summary of emerging technologies related to digital map-
ping and rock mass characterisation. These advanced techniques represent significant
improvements over conventional methods, with advantages in enhanced accuracy, effi-
ciency, and safety in geological assessments.

Table 3. New technologies related to digital mapping and rock mass characterisation.

System Country Main Function
(Company)
Four-dimensional super NATM Japan A tunnel displacement prediction technique
measurement system (Toda corp.) using a 3D laser scanner.
Shape-Matrix Austria Three-dimensional tunnel modelling and

geological digital tunnel mapping using several

3D program (3GSM GmbH) [14] types of image data and a laser scanner.
Turmel program Greece} Tunnel pr(:)}ecthn mapping (tunnel face
by 3D laser (Seraphim mapping using a laser scanner).
y Amvrazis) [15] Forecasting the progress of excavation.
Tunnel digital Korea Digital mapping of the tunnel face on
mapping system (KICT) [16] a tunnel photo image.
Extraction of discontinuities Kore? (Seoul Extracting joint sets using a laser scanner and
University) [17-19] deep learning.
Rock classification prediction in Korea Rock quality classification using a convolutional
tunnel excavation using CNN (Samsung E&C) [20] neural network (CNN).
Automated extraction fracture trace China (Jiayao Chen, Extracting fracture and analysing rock structures
maps from tunnel face images Tongji University) [21] using a CNN.

The geological conditions in Japan often present significant challenges for tunnel
excavation. Consequently, the development and implementation of digital tunnel mapping
techniques involving the optical analysis of tunnel faces have become essential tools in
the field. These digital mapping techniques are complemented by stability management
practices that leverage the data obtained from such analyses to enhance excavation safety
and efficacy.

In Europe, particularly in Austria, extensive research is being conducted on the auto-
matic extraction of discontinuities with the aid of photographic imagery and laser-scanning
technologies. This research encompasses the creation of three-dimensional (3D) image
models, geological mapping, and tunnel stability analysis, all of which are integral to
conventional tunnelling techniques. The advancing methodologies aim to optimise tunnel
excavation processes and improve the overall safety and reliability of tunnel infrastructures.

In South Korea, research and development efforts related to digital tunnel mapping
commenced in 2017 and have since been integrated into various tunnelling projects. Current
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initiatives are focused on using laser scanners in conjunction with deep-learning algorithms
to detect rock joints automatically. These advancements also include the calculation of
safety factors for critical rock blocks, thereby enhancing the analysis of tunnel stability and
addressing the unique geological challenges faced in the region.

3. Automated Rock Quality Classification Using Digital Tunnel Face Mapping
3.1. Digital Tunnel Face Mapping

The ventilation and installation of support systems must be executed promptly fol-
lowing blasting operations, which imposes considerable constraints on the temporal and
spatial flexibility of tunnel face mapping. Hence, there is a pressing need for efficient
methodologies in this context.

The digital tunnel mapping software v. 1.0 developed in this study significantly
reduces the time required for tunnel face mapping and reliable rock mass quality evaluation.
This is achieved by enabling rapid image capture, allowing subsequent analysis to be
conducted remotely from a safe location, thereby minimising interference with ongoing
construction activities.

Captured images facilitate the extraction of crucial geological information, including
the distribution of rock masses classified by strength and groundwater outflow characteris-
tics, as well as the density, spacing, length, roughness, and infill materials of discontinuities.
Additionally, the degree of weathering of adjacent rock masses and the strike and dip
directions of the discontinuities relative to the excavation direction can be derived from the
images to automate the assignment of rock quality ratings.

In scenarios where Internet connectivity is unavailable, a mobile application designed
for tablets and smartphones can be used to capture photos, conduct digital mapping at each
excavation face, and complete rock quality assessments. These data can be temporarily
stored in the internal memory of the device until they can be uploaded to a central server
when an Internet connection becomes available.

Figure 6 illustrates the overall configuration of the system, showcasing both the
mobile application and web-based versions developed for this study. Figure 7 provides a
detailed diagram of the system architecture. Additionally, Table 4 enumerates the hardware
components integral to the tunnel digital mapping system, whereas Figures 8-10 present
the main menu, face mapping methodologies, and detailed features of the digital mapping
system based on image data, respectively.

’ User ‘ \ touch point/ data storage web serve ‘ ‘ WAS serve ‘ resource
= Apache Amazon
Canvas Ul G i
g 7 I ] I k:l - 'I\-ﬁ Tomcat -’ RDS
Personel computer ?;'?s?m'ﬁ’g}f I Local storage | IAmazon cloud servel IAmazon cloud serve I Data Storage |
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) - S s i 2\ ~
A | — m - N Reset " wmp ;- APIResEl)) == g s3
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Digital mapping Reset APl
| Tablet user | basad on web. IMoDIIe sturagel | based on retroﬂtzl I Reset API | | Flle Storage |

Figure 6. System configuration for the tunnel digital face mapping.

Figure 8 presents the main interface of the mobile digital mapping system devel-
oped in this study. Upon loading an image of the tunnel surface, the dimensions are
adjusted to correspond with the sketched tunnel image file. A pull-down menu facili-
tates the input of various parameters, including rock quality, joint characteristics, and
groundwater conditions.
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Figure 7. The system diagram for the tunnel digital face mapping.
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Table 4. Hardware lists of tunnel face mapping system.
Division Serve Cloud 0os Version TPMC/Core Core MEM DISC SW_WAS
. Amazon . . . .
Web Serve AWS Linux/ Linux 35,490.93 5 Virtualization  Virtualization Tomecat 8.5
UNIX (t2.]arge) Management = Management
2/42.17
. Amazon . L . -
Operation WAS AWS Linux/ Linux 35,490.93 2 Virtualization  Virtualization Tomcat 8.5
UNIX 2/42.17 (t2.]arge) Management = Management
. Amazon . o . N
DB Serve AWS Linux/ Lintx 35,490.93 5 Virtualization ~ Virtualization Mysql5.6
UNIX (t2.]arge) Management  Management
2/4.217
Linux/ Ubuntu
Web Serve - UNIX 20.04 - 4 32G IT Tomcat 8.5
Linux/ Ubuntu
Development WAS - UNIX 20.04 - 4 32G IT Tomcat 8.5
Linux/ Ubuntu
DB Serve - UNIX 20.04 - 4 32G IT Mysql5.6

Reference

Igneous
Rock

Figure 10. Reference window for selecting the rock type.

Figure 9 illustrates a pop-up window that enables users to input critical geometric
characteristics of the joint orientations, as well as spacing and length. This feature allows
the joint surface properties to be comprehensively described, which is essential for accurate
geological assessments.

Since it is impossible to estimate the strike and dip direction based solely on photo-
graphic images, the strike and dip direction of joints should be measured using devices
such as a clinometer, and then the user should input those values to the mapping screen.

A pop-up window displaying photographs of seven representative rock types of
granite, sedimentary rock, and metamorphic rock is presented in Figure 10. This visual
reference assists users in accurately identifying and specifying the rock type encountered
during mapping.

Figure 11 delineates the strength characteristics of the rock alongside the properties
of the joints. Additionally, the groundwater condition was categorised into distinct areas,
with the user interface designed to represent these conditions across five stages, ranging
from dry to flowing states. This structured representation enhances the clarity and usability
of the geological data collected using the mapping system.
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Figure 11. Reference window for selecting the groundwater condition.

3.2. Automated Rock Mass Classification System

The construction field manager is a key player in reporting tunnel face mapping and
rock mass quality rating results to stakeholders, including clients and upper management.
This process is significantly optimised by utilising the developed software system, which
facilitates effective communication and data management.

During the digital mapping of each tunnel section, geological information and quan-
titative data are systematically stored in a digital format on a dedicated server. Utilising
an automatic rock quality evaluation program, the stored digital information is aligned
with parameter grades contained in RMR or Q-value rating sheets, thereby enabling the
automatic computation of the final rock mass quality score.

The software automatically calculates geometric information, such as the average
spacing and length of joints, using computational formulas. The strike and dip direc-
tions are also displayed as numerical data and subsequently stored in the database for
future reference. This integration of geometric data enhances the precision of the rock
mass evaluations.

The average roughness of joint surfaces visible on the excavation face is classified
into five distinct categories, ranging from ‘very rough’ to ‘slickenside’. This classification
is visually represented using varying line thicknesses corresponding to each joint set,
providing a clear indication of joint characteristics.

The composition and thickness of fill material within the joints are denoted by colours:
black indicates no fill material, red indicates hard fill material with a thickness greater than
5 mm, orange denotes hard fill material of 5 mm thickness or less, purple signifies soft fill
material exceeding 5 mm, and green represents soft fill material with a thickness of 5 mm
or less.

The weathering of the wall rock adjacent to the joints is represented by different line
types. For instance, a double solid line signifies unweathered wall rock, a solid line indicates
slight weathering, a single dashed line represents moderate weathering, a double dashed
line indicates high weathering, and a dotted line signifies completely weathered rock.

Groundwater characteristics at the excavation face are quantified by translating the
observed outflow into measurable values that are stored in the database. This quantitative
representation aids in the assessment of rock mass parameters for subsequent evaluations.
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The orientation of the major joint is recorded numerically during mapping by assessing
the angle between the tunnel excavation direction and the major joint. These orientation
data serve as a reference for automated rock mass evaluations, contributing to the accu-
racy of the calculations. The resultant correction value is integrated into the final rock
mass rating.

Figure 12 delineates the procedure for deriving the ultimate rating value by correlat-
ing the geometric and physical characteristic values generated during the tunnel digital
mapping process with the RMR or Q-value classification tables.
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Figure 12. Rating parameters by matching the digital mapping to the RMR value table. (a) Rating
R1 (rock strength) and R2 (drill core quality) parameters. (b) Ratings R3 (joint spacing), R4-1 (joint
length), and R4-2 (joint aperture). (c) Ratings R4-3 (joint roughness), R4-4 (joint filling), and R4-5
(joint alteration). (d) Rating R5 (groundwater condition).
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The rock mass strength at the tunnel excavation face is quantified using various
parameters: R1 represents the rock mass strength, R2 denotes the joint density score, R3
signifies the joint spacing score, R4-1 corresponds to the average length score of the joints,
R4-2 indicates the average void size score of the joints, R4-3 reflects the average roughness
score of the joint surface, R4-4 represents the filling material score of the joint surface, R4-5
corresponds to the weathering degree score of the wall rock adjacent to the joints, and
RS5 signifies the groundwater outflow score on the excavation surface. These values are
summed, and the final RMR rating is computed by subtracting a correction value (R6),
which is based on the orientation of the main joint set relative to the tunnel axis.

Figure 13 illustrates the final RMR report, which is automatically generated by select-
ing the evaluated parameter values obtained through the tunnel digital mapping process
from the corresponding RMR classification table. This automation significantly improves
both the efficiency and accuracy of documenting rock mass assessments.
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Figure 13. An RMR report using an automated rock mass classification system.

4. Tunnel Digital-Mapping-Based Online Rock Mass Evaluation
4.1. Challenges

Manual tunnel face mapping often yields rock mass information with low reliability
relative to the time and effort invested. The variability in results can be considerable, largely
depending on the individual skills and preferences of the geologist, which complicates the
attainment of accurate and consistent evaluations of rock mass quality. This inconsistency
underscores the need for more standardised methodologies in rock mass assessment.
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Digital tunnel mapping can mitigate these challenges by allowing geologists to capture
images of the tunnel excavation face using devices such as tablets or mobile phones.
Thereafter, the geologists relocate to a position that does not obstruct subsequent work
activities. The recently developed system enables geologists to input geological information
directly onto the excavation face image within minutes, thereby streamlining the mapping
process and facilitating the automatic generation of rock mass evaluation reports.

The transition to a digitised approach minimises the errors and inaccuracies often as-
sociated with subjective differences in the skills and opinions of geologists during mapping
and assessment. This process enhances the efficiency and accuracy of mapping, report
writing, and information delivery.

While the current system markedly improves the mapping process, the biases and
skill disparities among geologists cannot be entirely eliminated without implementing
methods that incorporate automatic geological information assignment through deep-
learning techniques. The integration of such advanced analytical methods will represent
the next steps in the development of more robust geological evaluation systems.

4.2. Discussion

Currently, the assessment of rock mass quality at the tunnel excavation face is only
conducted when the support pattern requires modification or additional reinforcement
is needed due to alterations in the rock mass conditions relative to the parameters used
during the tunnel’s design phase. In such instances, upon solicitation from the construc-
tion manager, the contractor, along with the responsible supervisor and pertinent tunnel
experts, performs an on-site inspection of the tunnel face. This team reviews the materials
present at the site to determine the requisite modifications to rock support patterns and the
incorporation of additional reinforcements.

Implementing digital excavation face mapping enhances efficiency and the stream-
lining of production, management, transmission, and reporting of mapping results. This
digital approach can substantially reduce the time frame required for critical decision-
making processes, such as rock quality evaluation and adjustments to support patterns.
Utilising face mapping derived from image data is a promising opportunity to transition
from the traditional offline rock quality evaluation to an online platform, thus enabling
more realistic and timely data to be obtained.

To effectively establish an online rock mass quality assessment system, it is impera-
tive to provide comprehensive 3D geological profiles, 3D models of the tunnel face, and
pertinent monitoring data and information on design and construction materials. This
integration is vital for facilitating accurate evaluations of rock mass quality, thus allowing
assessment committee members to engage with the rock mass characteristics remotely, even
in the absence of physical site visits.

Consequently, there is a need to establish a digital platform that serves as a repository
for digital face mapping materials alongside essential data from the design and construction
phases. This platform should be designed to enable remote access by assessment committee
members, thereby equipping them with the necessary information for informed decision
making regarding rock mass quality assessment, as illustrated in Figure 14.

In future research, we will enhance the current system by integrating a three-dimensional
geological profile map. Additionally, we plan to incorporate wedge analysis and imple-
ment an automated extraction system for identifying joints from photographs of tunnel
faces using artificial intelligence techniques, including deep learning. These advancements
are intended to improve the accuracy and efficiency of geological assessments within
tunnel environments.
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Figure 14. A diagram of an online rock mass rating system using digital mapping.

5. Conclusions

Conventional manual tunnel face mapping relies heavily on the geologist’s direct vi-
sual observation, which often presents challenges in accurately assessing tunnel conditions.
Factors such as inadequate lighting and ventilation, along with the limited time available
for investigation, particularly when subsequent construction activities are imminent, can
hinder the evaluation. Therefore, this approach may not consistently yield reliable results.

In contrast, adopting digital mapping techniques allows for the excavation face to be
documented using mobile devices, such as tablets. Geologists can subsequently enhance
captured images by adding geological information related to rock quality, joint conditions,
and groundwater presence after relocating to a safe distance from the construction site.
This methodology not only facilitates the rapid and accurate documentation of geological
information but also minimises interference with ongoing construction processes. Further-
more, in regions where real-time communication is unavailable, mapping and rating can
be executed using mobile applications, with data temporarily stored on the mobile device.
Upon regaining connectivity, a hybrid system can be employed to automatically upload
data to a centralised server.

During the digital mapping of the tunnel excavation face, critical information regard-
ing rock strength, geometric characteristics of joints, and groundwater inflow is stored as
digital data within the database of the system. The software subsequently aligns these
data with the RMR classification table to ascertain the quality grade based on predefined
parameters to calculate the corresponding rating value. Consequently, by capturing images
and performing digital mapping, the RMR sheet is automatically generated, resulting in
the efficient production of report files. This enhances the convenience of data storage,
preservation, and reporting.

The use of high-precision equipment, such as laser scanners, is becoming common-
place for the automatic extraction of joints from the tunnel excavation face and for assessing
joint directionality and roughness with improved accuracy. Concurrently, efforts are under-
way to develop three-dimensional models of discontinuities for tunnel stability analysis,
including key block analysis. Artificial intelligence methodologies, especially machine
learning, are being explored for automating joint extraction and evaluating rock quality.
However, it is important to note that while deep learning can generate geometric infor-
mation regarding joints from image or scanner data, it struggles to accurately interpret
physical properties, such as rock strength, joint filling states, and groundwater conditions.
Therefore, there is an imperative need to develop integrative solutions that combine qualita-
tive rock quality insights from direct geologist surveys with digital information to enhance
the overall rock quality evaluation process.

Beyond the digital mapping of tunnel faces, further investigation into three-dimensional
geological mapping is necessary. This includes predicting fault zone developments,
analysing tunnel stability, and implementing automatic rock quality evaluations that lever-
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age images integrated with artificial intelligence, virtual reality, and augmented reality
technologies. Such advancements can greatly enhance the accuracy and efficiency of
geological assessments in tunnel engineering.
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