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SHAPING THE FUTURE OF TUNNELLING

Innovation, Sustainability and Safety

Shaping the Future of Tunnelling — Innovation, Sustainability and Safety contains the contributions
presented at the ITA Awards & SETC-2025, held in Belgrade, Serbia, from 1 to 3 October 2025.

The papers cover a wide range of topics in the fields of tunnelling and underground engineering,
including:

Advanced construction techniques

Use of new materials and machinery

Geological investigation and prediction

Numerical modelling

Instrumentation and monitoring/testing and inspection

Digital and information technology in design and construction
Strategic planning

Operational safety

Impact of climate change on tunnel infrastructure
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Shaping the Future of Tunnelling — Innovation, Sustainability and Safety aims to provide a useful
resource for everyone engaged in tunnelling and underground engineering, from students and young

researchers to experienced professionals and engineers.






PREFACE

The ITA Tunnelling Awards and the Southeastern Europe Tunnelling Conference (SETC-2025) were held
from the 1st to the 3rd of October 2025 in Belgrade, Serbia.

The Serbian Association for Tunnels and Underground Structures (ITA Serbia) was honoured and proud
to host this outstanding event of the international tunnelling community. Bringing together hundreds
of distinguished experts, researchers, and industry leaders from across the globe, the event served as a
dynamic platform for sharing knowledge, presenting innovations, and advancing scientific and technical
excellence in the field of tunnelling and underground construction.

Serbia, with Belgrade as its dynamic capital, is experiencing a period of intensive infrastructure
development, particularly in the domain of underground construction and sustainable urban mobility.
Landmark projects such as the Belgrade Metro, tunnel connections, and urban underground infrastructure
systems are transforming the city’s transport network and enhancing its connectivity and sustainability.
These projects demonstrate Serbia’s growing expertise in modern tunnelling technologies, geotechnical
engineering, and integrated urban planning, positioning Belgrade as a regional hub for innovation and
progress in underground construction.

The conference proceedings encompass a diverse range of nine thematic areas, reflecting the
multidisciplinary nature and technological depth of modern tunnelling. Topics include advanced
construction techniques, the use of new materials and machinery, geological investigation and prediction,
numerical modelling, instrumentation, monitoring, testing and inspection, the application of digital and
information technologies in design and construction, strategic planning, operational safety, and the impact
of climate change on tunnel infrastructure. Together, these themes highlight the conference’s focus on
innovation, sustainability, and resilience in underground construction.

It is our sincere expectation that these proceedings will contribute meaningfully to the professional
and scientific community, providing valuable insights for engineers, researchers, and decision-makers
engaged in the development of underground infrastructure. The knowledge and experiences shared
during SETC-2025 aim to foster innovation, collaboration, and sustainable practices, encouraging the
continued advancement of tunnelling and underground construction in the years ahead.

Belgrade, October 2025
Prof. Dr Dejan Divac

Chair of the ITA Awards & SETC-2025 Organising and Scientific Committee
President of the ITA Serbia
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Gained Experience from the ongoing construction of the line-cross of the
Metrolines U2 x U5 and following considerations of the new designed U5
Extension in Vienna

Dietmar Bach®*, Helmut Schweiger®, Andreas Rohrmoser” and Dejan Eybl®

* IGT Geotechnik und Tunnelbau ZT GmbH; d.bach@igt-engineering.com
® Wiener Linien GmbH & Co KG; helmut.schweiger@wienerlinien.at

Abstract: The U2xUS5 line interchange (a new US5 line from Rathaus to Hernals and a U2 extension from Rathaus
southwards to the Wienerberg area) is identified as one of the priority projects for strengthening high-capacity public
transport services in Vienna within the Mobility Master Plan for STEP 2025.

In total, the U2xUS line interchange comprises approximately ten kilometers of subway tunnel and twelve new
stations. This will create six new high-capacity public transport hubs with transfer options to the subway or S-Bahn.

The U2xUS5 1st construction section is a foundational phase for Vienna's new subway lines. It involves crucial work
at Rathaus station (interchange for U2 and U5), the initial segment of the new U5 to Frankhplatz, and the conversion
of an existing U2 stretch to become the new automatic US. Concurrently, the U2 begins its southern extension with
stations like Neubaugasse and Pilgramgasse, laying the groundwork for the larger network.

Due to challenging, water-saturated ground, we developed an innovative tunneling concept: a pilot tunnel to pre-
dewater the ground for the main station tubes. Further optimizations included construction logistics and design,
including raising the station alignment for better lifecycle costs. In addition, the interaction between the applied
construction methods, the prevailling geotechnical and geological conditions, and the existing surface structure must
be systematically considered. This project underscores how crucial early, interdisciplinary planning is for success,
informing future U-Bahn expansions.

The second construction section (Frankhplatz-Hernals) heavily integrates lessons from earlier phases, particularly
the successful pilot tunnel method, which is crucial for stations like Michelbeuern and Elterleinplatz with
challenging ground. Line tunnels will feature both cyclic (using steel fiber inner shells where dry) and continuous
tunneling. Significant technical challenges include large cross-sections at Wihringer Giirtel (protected by a pre-
constructed jet-grouting arch to minimize settlement) and Leo-Slezak-Gasse. At Leo-Slezak-Gasse, where large
cross-sections are shallow, our strategy involves two pilot tunnels, micro-pile supports, a reinforced concrete outer
shell, and careful, partial-excavation tunneling with short ring closures for safe and low-settlement advancement
through the Miocene.

Keywords: Metro; urban area; soft soil; pilot tunnel; grouting

1. Line-Cross U2xU5

With the extension of U2 and the construction of U5, Vienna is currently realizing its largest and most
important public transport infrastructure project. It essentially comprises the extension of the U2 line
and the reconstruction and construction of the U5 line. Implementation is divided into two phases of
construction, with the currently ongoing first phase subdivided into three major sections.

The first section concerns the U2 main line between Karlsplatz and Rathaus, which is being
comprehensively modernized and prepared for fully automated operation. The second section covers

*Corresponding author: d.bach@jigt-engineering.com (D. Bach).
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the new US5 line: in its initial stage, it takes over the former U2 section between Karlsplatz and the new
interchange station Rathaus and will be extended to the temporary terminus at Frankhplatz. The third
and longest section involves the southern extension of U2 from Rathaus station to Matzleinsdorfer
Platz, built largely using a tunnel boring machine (TBM).

The second phase of construction connects to Frankhplatz station and extends to Hernals, with
intermediate stations at Arne-Karlsson-Park, Michelbeuern, Elterleinplatz, and Hernals, as well as three
technical structures and one depot facility. The longest tunnel section, from Hernals to the Wahringer
Giirtel technical structure, will be constructed with a TBM, while the section from Wahringer Giirtel to
the existing network will be excavated using the cyclic tunneling method. In total, about 4.5 km of new
metro tunnels will be built, creating high-capacity transfer opportunities to other metro lines, suburban
rail (S-Bahn), and tram lines.

O 7 Michelbevern--~ {f ~ ‘Arne-
=, Hernals AKH Karlsson-
Park

Elterleinplatz
/' Frankhplatz

Rathaus

Neubnugassg

Pilgramgasse ’

Reinprechtsdorfer _
StraRe

Matzleinsdorfer
Platz

GuBriegelstralie

Wienerberg

Fig. 1. Future routes of the U2 and U5 (Source: Stadt Wien, Generelle Planung, 2023).

Both in the planning process and during construction, optimization approaches are continuously
identified and integrated into project development in cooperation with Wiener Linien. For instance, the
tunnel lining of the running tunnels at U5/2 Frankhplatz station was built in steel fiber reinforced
concrete. At U2/21 Neubaugasse station, an innovative tunneling concept adapted to the complex inner-
city conditions was applied.

Both optimizations form essential elements of the second construction phase, which is already being
planned accordingly.

2. Geological Conditions

The alignment lies within the Vienna Basin. Miocene sediments of the Paratethys Sea (Pannonian,
Sarmatian) are overlain by Pleistocene terrace deposits and by recent alluvial gravels of the Alserbach
(both Quaternary sediments).

Below the Quaternary, the Miocene sediments of the Vienna Basin appear, primarily Pannonian
deposits dominated by silts and clays, transitioning into the sandy and locally gravelly sediments of the
Sarmatian.
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The following geological layers are expected along the relevant sections:

o Fill, topsoil

e Quaternary: recent deposits of the Alserbach

e Quaternary: deposits of the Pleistocene terraces (city terrace, slope, Arsenal terrace)
e Miocene: deposits of the Vienna Basin (Lower Pannonian, Sarmatian)

3. Station U5/2 Frankhplatz
3.1. Overview

The U5/2 Frankhplatz section connects to the existing U2 line after Rathaus station and runs 634 m
along Landesgerichtsstrale and Garnisongasse to the end of the construction lot.

US will be Vienna’s first fully automated metro line. Glass platform screen doors with automatically
controlled sliding and swing doors will ensure precise, safe boarding and alighting.

Fig. 2. General overview of the Frankhplatz station (Source: Wiener Linien).

3.2. Optimization of the tunnel lining with steel fiber reinforced concrete

As part of Vienna’s metro network expansion, Wiener Linien and the planners are pursuing measures
to improve sustainability and resource efficiency. One such step was the optimization of the tunnel
lining. By using steel fibers instead of conventional reinforcement steel, the total amount of steel
required can be reduced. This improves sustainability, increases cost-effectiveness, and reduces
construction time.

During the works of the first construction phase at U5/2 Frankhplatz, a suitable opportunity arose to
produce experimental tunnel lining blocks in steel fiber reinforced concrete, with and without
polypropylene fibers. Since the running tunnels in this section will serve only as emergency escape
routes until the extension of U5 (second construction phase), they are currently not in operational use.

The production of these blocks required intensive coordination between all project stakeholders during
construction. A comprehensive monitoring program accompanies the works to provide insights into
material behavior and realistic design parameters. These “test blocks” are therefore generating valuable
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experience and practical knowledge for durability and implementation, forming a sound basis for the
planning and tendering of the second construction phase.

Comparable linings had already been produced in steel fiber reinforced concrete during the construction
of the U3 Zippererstrafe station in 1999. Core samples and laboratory testing from that project have
provided important conclusions on long-term performance, useful for current and future planning.

4. Station U2/21 Neubaugasse

4.1. Overview

The future U2 station “Neubaugasse” will be one of the busiest transfer hubs in the Vienna metro
system, connecting the existing U3 line running longitudinally under Mariahilfer Strafle with the new
U2 line crossing it. Mariahilfer Strafe is one of Vienna’s most prominent shopping streets, featuring

major retail centers and very high pedestrian volumes in a densely built-up residential area.

\_’ A X or s % P sy = T

Fig. 3. General overview of the Neubaugasse station (Source: Wiener Linien).
4.2. Optimization of the tunneling concept

Based on a detailed 3D subsurface model prepared by MA29, it could not be ruled out during the design
phase that tunneling in the silty-clayey Miocene soils (Vienna Marl) would encounter sand lenses
extending several tens of meters, potentially containing groundwater.

As the U2/21 section lies within a very densely built urban area, full groundwater relief from the surface
using wells was not feasible. Consequently, an innovative tunneling concept was developed and
implemented for driving the two station tunnels.

Before excavation of the main station and running tunnels, pilot tunnels with an excavation area of
approximately 20 m? were driven in the crown zone. Their primary function was to provide controlled
groundwater relief within a smaller excavation profile compared to the station tunnels (~95 m?). At the
same time, the pilot tunnels offered additional significant advantages for subsequent tunneling in the
inner-city environment.

To ensure both rapid ring closure during excavation of the pilot tunnels and a controlled removal of
their primary lining when enlarging to the full station and running tunnels, steel fiber reinforced
shotcrete with a thickness of >15 cm was applied as support. This material provided the required
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strength and flexibility for advancing the tunnel cross-section. Excavation proceeded in full-face with
round lengths of 1.0-1.3 m. Where pre-support was required, lattice girders could be installed.

Only after completing appropriate drainage boreholes from the pilot tunnels was excavation of the full
cross-section of the station and running tunnels undertaken.

Fig. 4. Pilot tunnel within the excavation profile of the station tunnel (Source: IGT Geotechnik und Tunnelbau).

After completion of the pilot heading, radial drainage and vacuum wells were installed within its
standard cross-section to ensure reliable advance groundwater relief. To avoid interfering with the
excavation of the station and running tunnels, the supply and discharge of water from these drainage
boreholes was routed towards the Mariahilfer Strafle shaft.

Fig. 5. Radially arranged drainage measures in the pilot tunnel (Source: IGT Geotechnik und Tunnelbau).
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In addition to their primary function — providing safe groundwater relief through a smaller excavation
profile compared to the significantly larger station cross-section (~95 m?) — the pilot tunnels offered a
range of project-specific and technical advantages:

o Targeted and anticipatory groundwater relief and pre-drainage
e Reduced risk when encountering pressurized sand lenses

e Optimized excavation of the station tunnel

e Supplementary geological investigation

5. US5 second construction section
5.1. General

The second construction stage of Line U5 introduces five new stations: Frankhplatz, Arne-Karlsson-
Park, Michelbeuern, Elterleinplatz, and Hernals.

From Frankhplatz, the line runs northwest to Arne-Karlsson-Park, providing a major interchange with
seven tram lines. Skirting the General Hospital in a broad left curve, the alignment continues south to
Michelbeuern, connecting to the existing U6. Turning westward, the line reaches Elterleinplatz, serving
the district center of Hernals and connecting to tram services.

The final section runs beneath Hernalser Hauptstraf3e, terminating at Hernals station with interchange
to S-Bahn line S45, trams, and buses. An operations and stabling facility directly adjoins the station,
marking the end of this construction stage.
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Fig. 6. Overall Site Plan U5 second section (Source: IGT Geotechnik und Tunnelbau).
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5.2. Geotechnical Challenges

5.2.1. General

Experience from earlier sections will be applied, particularly at Michelbeuern and Elterleinplatz
stations. However, additional challenges arise, especially regarding Miocene groundwater management
in Sarmatian sands near Hernals, the 2.7 km TBM drive in variable geology, and cyclic tunneling for
large cross-sections at crossover structures.

5.2.2. Groundwater Management

Due to construction depths predominantly within Miocene layers, dewatering from the surface is
planned, as commonly applied in Vienna. Between Frankhplatz and Elterleinplatz, the Miocene is silt-
dominated; beyond Elterleinplatz toward Hernals, sandy deposits increasingly prevail.

In Hernals, sand layers up to 10 m thick are strongly water-bearing and pressurized. Lowering
groundwater below excavation level is therefore essential. Initial short pumping tests proved
insufficient, necessitating large-scale relief.

A long-term pumping test (July 2025, duration 11 weeks) with six wells and four monitoring points
investigated well design, screen sizes, filter gravels, and redundancy. Results indicated that sufficient
groundwater relief is possible with wells at 15-20 m spacing, large diameters, and total pumping rates
of ~10 I/s. Resulting settlements were only in the millimeter range and not structurally significant.

5.2.3. Closed-form construction — mechanized tunneling
Blocks and boulders:

In the area of the Kulmgasse operations building, sandy sediments from the Sarmatian era predominate;
during the detailed investigations at the base of the TBM drives, gravel and stones were also found.
Therefore, the density of the exploratory boreholes was increased from approx. 80 m to 40 m despite
structural limitations.

A specific horizon of blocks could not be proven, so an irregular occurrence must be assumed. Blocks
in the cross-section therefore cannot be ruled out; one such block was encountered about 10 m below
the invert. This finding must in any case be taken into account in the cutter head design.

Fig. 7. Block approx. 10 m below tunnel invert (Source: Porr Bau GmbH, 2021).
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Sticking Potential of the Miocene

Between the Elterleinplatz and Michelbeuern stations, the TBM alignment runs through Miocene
geological strata, which consist predominantly of clayey silt. Due to the higher plasticity, a certain
impact on the already very high sticking potential is to be expected.

Varying Ground Conditions

The alignment runs through varying ground conditions, particularly in the area between the Wéhringer
Giirtel operations building and the Michelbeuern station. This area is characterized by very
heterogeneous layers (from clayey silt to sandy gravel) as well as by fluctuating groundwater levels.
These changing geological conditions pose a challenge for tunneling in EPB mode, so conditioning
tests were carried out.

In conclusion, the tests showed that the extremely strong sticking tendencies of the "Vienna Clay" can
be reduced to a certain extent by using suitable conditioning agents in the closed EPB (Earth Pressure
Balance) mode. Furthermore, sufficiently stable and flowable earth paste masses can be produced in
the tests, confirming the fundamental suitability of the chosen tunneling machine (EPB shield).
However, achieving the required consistency sometimes necessitates considerable quantities of
additives, foaming agents, and the use of polymers.

5.2.4. Closed-form construction — conventional tunneling

Three track-changing facilities are planned for the second construction stage, two of which are located
mostly beneath existing buildings and will therefore be built using the closed-form construction
method. Each of these two track changes is combined with an emergency exit and an operations
building. The drives will be initiated from a shaft constructed using the open-cut method.

For this purpose, separate large-scale cross-sections will be excavated from the shafts. Due to the
required length of the track changes and the variable track spacing, several different cross-section types
are necessary. The resulting largest cross-section of the widened areas has an excavation area of
approximately 133 m?.

Conventionally excavated tunnels of this dimension in inner-city unconsolidated rock require special
solutions to both stabilize the cavity during tunneling and to minimize the impact on existing buildings.
The first track change passes under residential buildings, listed monuments, and a district heating
tunnel. The overburden in this area is between 9 m and 10 m. Special attention is being paid to the
district heating tunnel, whose invert at the critical point slightly intersects the crown of the cross-
section. Fig. 8 shows the existing surface buildings (green), the existing underground structures of the
district heating collector (blue), the planned shaft for the Wiahringer Giirtel operations building (purple),
and the subsequent jet-grouting arch of the cross-section (grey).

JerGrouting-Areh

Shaft Wihninger Glrtel

exsting bulldings

district heating colactor

Fig. 8. Overview of the Wahringer Giirtel area (Source: IGT Geotechnik und Tunnelbau).
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The geological strata projected for this area (alluvial fans and quartz gravel) are well-suited for the
creation of jet-grouting (DSV) columns. Furthermore, surface access is available over the entire length
of the track change, divided into several phases. These conditions allow for a jet-grouting arch to be
created in advance to secure the cavity of the track change before excavation work begins and to transfer
the resulting rock loads into the stiff quartz gravel. Calculations have shown that the chosen concept
can achieve a settlement-friendly and safe conventional tunneling of the track change cross-sections.

The second track change, which will also be built using the closed-form construction method, has an
overburden of about 13 m to the top of the ground (GOK), although some buildings directly above the
facility have basements with a depth of about 5 m below GOK. A particularly critical structure is one
built with a two-story underground garage and two upper floors. The remaining distance between the
outer crown edge of the large cross-section and the underside of the single foundations is about 3.8 m.
The entire conventionally excavated part of the track change will be driven in silty-clayey Miocene or
Sarmatian strata, using the innovative tunneling concept shown in Fig. 9.

Fig. 9. Tunneling concept cross-section Leo-Slezak-Gasse (Source: IGT Geotechnik und Tunnelbau).

Initially, two pilot tunnels (red) are driven along the haunches of the widened cross-sections. In these
tunnels, cast-in-place concrete slabs (green) are constructed, founded on micropiles (orange). The cast-
in-place concrete slabs serve as a support for the subsequently constructed crown and invert arch
(purple) and also provide longitudinal bracing. Calculations have also shown that the chosen concept
enables a geotechnically safe and robust construction of the large cross-section.

6. Conclusion

With the sections of the second construction stage currently under construction and in planning, the
Vienna subway network continues to grow and develop.

However, the completion of the U5 construction work does not mark the end of Vienna's subway
expansion. With the extension of the U2 by approximately 4.0 km and the Ul by approximately 2.5
km, further challenging projects are in the pipeline, where past and future experiences will play a
decisive role.
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Abstract: In the city of Moscow, the construction of the subway is proceeding at a high pace. Over the past few
years, almost 200 km of main line tunnels and more than 100 stations have been built. At the same time, it was
necessary to overcome many technological difficulties associated with the construction of cross passages both
between the main line tunnels and between them and the tunnel structures. The city of Moscow is located on a plain
of fluvioglacial genesis, characterized by a marmorate, steep, lenticular interlayer of sandy, water-saturated and clay
soils, as well as the presence of water-saturated fractured limestones. Main line tunnels and shafts are usually
arranged in a mechanized way, which ensures the required predictability and quality of work. Failures have to be
built in a mining way. In limestones saturated with cracks and cavities and water-saturated sandy soils, especially if
they have the property of quicksand, the breakdown device is possible only under the protection of an array of fixed
soil having the necessary strength and anti-filtration properties. At the same time, high-quality soil consolidation in
such geological and hydrogeological conditions is a significant difficulty, especially with short construction time.
During the construction process, various technologies were used to fix soils in Moscow: cementation, micro-cement
impregnation, jet grouting, impregnation with organic resins capable of polymerization, as well as soil freezing. At
the same time, radically different substances were used for fixation purposes. Each of the listed technologies has its
advantages and disadvantages both in the nomenclature of the soils to be fixed, and in the availability of the
equipment used, the availability of the substances used for fixing, the qualifications of the maintenance personnel,
the time required for the work on fixing and the subsequent set of necessary strength. All of these technologies were
applied in the production of construction works at different sites in accordance with the geological conditions and
advantages of each technology, the quality of the fixed soil, the size of the array compared with the design values,
and the manufacturability of the method were monitored. As a result, the limits of applicability of each technology
were confirmed, reliability and degree of risk were determined, and environmental aspects were identified. Based
on the experience of work in the construction of an array of fixed soil during the construction of buildings by mining,
preferences were revealed when choosing the method of fixing, materials, and the method with the least risks with
the best physical and mechanical characteristics of the fixed soil was recommended.

Keywords: antifiltration curtain; breakdowns; quicksand soils; soil anchoring; tunnel structures

1. Introduction

The construction of the Moscow metro is proceeding at a high pace — it is planned to open 3 stations in
2025, 11 stations in 2024, 14 stations in 2023, 69 stations in 2022, 12 stations in 2021, etc. Almost 200
km of subway tunnels have been built. Due to such a large volume of construction of metro facilities,
many organizational, technological and technical difficulties have been overcome. This publication
examines the technical and technological aspects related to the construction of cross passages, both
between tunnels and between tunnels and tunnel structures. The special features of these works are the
difficult soil and hydrogeological conditions.

The Moscow region is located on the Russian Plain of fluvioglacial genesis, far from mountain-forming
sites. The geological structure of the region is characterized by multiple layers of sedimentary rocks
formed by weathering and the transport of small particles over long distances or the separation of
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accumulated sedimentary rocks by watercourses. Thus, the geological section of the Moscow region is
represented by clay and sandy soils in a mottled interlayer. The underlying rocks are limestones of
varying degrees of weathering. The variegated layering of sandy and clay soils, together with the flat
nature of the terrain and regular rains, ensures the presence of groundwater at several horizons, which,
in turn, ensures the pressurized nature of groundwater in some water-bearing soils. But a special place
in the geological structure is occupied by the fragmentary presence of watered fine sands with clay
aggregate, the so-called ‘drift sand’. This type of soil is characterized by a special property —
liquefaction under the influence of vibration. In its natural state, the specified soil is dense, water-
saturated, and capable of successfully withstanding various types of loads, except for vibration. Under
the influence of vibration (or when a watercourse is formed from this soil, for example, with a hole in
the structure), this type of soil loses its structural strength and turns into a suspension under pressure in
the ground column. Another feature of the geological structure of the Moscow region, which is a
consequence of the rainy climate and the anthropological impact, are gullies filled with bulk soils. At
the same time, bulk soils often represent the buried remains of substandard building materials and/or
buried organic inclusions.

The ancient character of the fluvioglacial plain is emphasized by the presence of places where previous
sediments were washed away by water, as a result of which the soil layers become especially mottled,
precipitous, and lenticular (Fig. 1).

LRI

Fig. 1. Typical structure of the soil stratum of the Moscow region.

The described nature of the hydrogeological features of the ground conditions of the Moscow region
dictates the specifics of the difficulties of building the Moscow Metro. Most stations are designed and
built by subsurface method to allow the development of a relatively shallow excavation and,
consequently, reduce capital costs. This is also more convenient for passengers — there is no need to
spend extra time getting down/up from the surface to the platform. Usually, tunnels tend to be located
in layers of cohesive soil. But this does not always happen due to the periodic presence of volumes of
sandy soils along the tunnel route, usually shallow and water-saturated, i.e. having the properties of
quicksand. Tunnels are built by means of mechanized tunnelling complexes (TBM), their construction
is characterized by high speed and quality. In accordance with regulatory requirements, it is necessary
to periodically arrange cross passages and near tunnel structures between tunnels, where drainage and
ventilation installations are placed. Due to the fact that they require access to the surface, they must be
positioned along the tunnel route in such a way that they do not fall into the footprint of existing
buildings and have minimal impact on it. Thus, there is no rational choice of engineering, geological
and hydrogeological conditions.

Cross passages both between interstation tunnels and between tunnels and tunnel structures built in
vertical boots have to be arranged in a mining manner. This often occurs in water-saturated soils — fine
sandy, even with clay aggregate (i.e. in quicksand), or, less often, in fractured and porous limestones.
In any case, with a pressure level of groundwater, frequently several tens of meters. For the construction
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of buildings by mining in such geological conditions, it is imperative to arrange an array of fixed soil.
A typical tunnel structure is shown in Fig. 2.
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Fig. 2. A typical tunnel structure arranged in a vertical shaft traversed by a mechanized method (as well as main line
tunnels).
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The analysis of the possibility of solving the problem of soil consolidation consisted of a review of the
positive practices of such work by contractors and an analysis of literary sources. Thus, Sokolovich
(1980) described proven technologies for fixing soils using silicate solutions, organic resins, cement
and cement-clay compositions. Rzhanitsyn (1986) developed technological approaches to soil
consolidation and added the accumulated experience. Subsequently, when microcements appeared, soil
stabilisation using them was developed by Garkavi et al. (2020), Ibragimov et al. (2016) have brought
certainty to the limits of applicability. Guo et al. (2020) supplemented the description of methods for
stabilisation sandy soils with polymer solutions, Shuplik and Nikolaev (2016) contributed to the
introduction of artificial soil freezing.

2. Materials and methodology

When mining operations are carried out, as a rule, a borehole screen is first arranged to provide soil
support in the arched part of the mine. After that, the lining of the tunnel or vertical boot is opened, the
soil is worked out (usually first the upper ledge, then the lower one) and after each approach, temporary
lifting frames are installed with temporary lining of the exposed soil (usually boards). Then, the next
capture is developed and so, cyclically, the entire soil is extracted for the entire length of the stroke in
the breakdown. Thereafter, reinforcement frames, formwork, and concrete permanent lining of the fault
line are arranged.

All these works can be done only if:

o water supply in volumes that allow the work described earlier to be carried out with proper quality,
especially concreting (water supply in volumes up to 5 m3/hour);

o the strength of the soil must be sufficient to withstand the pressure of groundwater and mountain
pressure.

In the presence of rocky and semi-horizontal soils, for example, fractured aquiferous limestone, the
strength of the soil is sufficient for the development of traps. However, in the presence of sandy, water-
saturated soils, it is necessary to consolidate the surrounding soil mass.

The criterion for satisfactory fixation of the surrounding soil mass, both according to the established
practice of mining operations and according to the calculation justification, is mainly the strength of
the fixed soil of 5-7 MPa with a thickness of at least 2.5-3 m. It should be borne in mind that the
development of the soil is carried out with pneumatic jackhammers and the level of vibration loads at
the excavation site is quite high. It is also necessary to take into account the creation of anti-filtration
properties of a fixed ground mass, ideally not allowing groundwater to pass through completely or, in
real conditions, ensuring an influx of water into an open passage of no more than 5 m3/hour.

The comparison methodology was to identify the advantages and disadvantages of using certain
methods to create an array of fixed soil with antifiltration properties relative to the nomenclature of
soils to be fixed (fractured limestones, sands of various sizes, sands with clay filling), availability of
equipment and the fixed substance (scarcity, price), the qualifications of maintenance personnel, the
required time, the size of the anchoring array (actually achieved relative to the design values),
environmental aspects (residues of unreacted substances, the duration of the fixed array's existence).

However, technologies capable of creating an array of water-saturated soil that has the properties of
antifiltration protection and the necessary strength (at least 5 MPa) are limited in number. The set of
these technologies, as well as the advantages and disadvantages of each of them, are presented in
Table 1.
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Table 1. Advantages and disadvantages of the adopted technologies of soil fixation

Soil consolidation

technology

Advantages

Disadvantages

Grouting works

e Relative ease of work execution;

e Availability and simplicity of
equipment;

e Availability and low cost of
materials.

Can be used only in coarse and gravelly
sands without fine aggregate;

Can be used only in semi-horizontal
(rocky) soils with sufficient crack
opening width;

It takes time to gain strength;

Fixed array remains as such forever
(environmental interference)

Micro-cement

o The possibility of application in

Highly qualified staff is required,

impregnation gravelly, coarse, medium-sized and Complexity and non-proliferation of

small sands with fine (but not clay) equipment (pumps with strictly
aggregate; controlled pressure/volume supply);

o Possibility of application in semi- Often the presence of residual water
horizontal (rocky) soils, even with occurrences in the fixed soil;
very small crack opening width; It takes time to gain strength.

¢ Gentle method — there is no
physical impact on the surrounding
soil.

Jet grouting Physical mixing of the soil with the The risks of delamination of the soil —
hardening compound, higher concrete mixture and, as a result, the
uniformity and quality of the fixed risks of lowering the quality;
soil; Difficulties in organizing a pilot site for
Greater reliability of the fastening testing injection parameters;
process; The effect of high pressure on
The use of cheap general surrounding building structures;
construction cement; The complexity of application in rocky
The prevalence of equipment; (semi-horizontal) fractured soils;
High-quality fixing of the boundary There are great difficulties with the
of sandy and clay soils. uniformity of the fixed soil in

quicksand soils.

Impregnation The possibility of application in any Risks of non-reaction (polymerization

with organic
resins capable
of
polymerization

sandy soil without restrictions on the
size of its particles;

Greater reliability of the fastening
process;

Gentle method — there is no physical
impact on the surrounding soil;

The prevalence of equipment;
High-quality fixing of the boundary of
sandy and clay soils.

of not the entire volume of resin), with
a decrease in the quality of fixation;
Difficulties in organizing a pilot site for
testing injection parameters;

The use of expensive hardening
materials;

Ecological contamination of the fixed
soil with polymerization products and
organic resins.

Ground freezing

Guaranteed uniformity and continuity
of the fixed soil;

Gentle fixing of the soil without
changing the type and format of its
natural composition;

Absolute ecological cleanliness.

The time required for soil freezing is
long enough (30-40 days) for brine
freezing;

Limited number of enterprises
producing ‘dry ice’ and liquid nitrogen
on the required scale;

The construction site is cluttered with
equipment and pipelines for the entire
duration of the soil freezing work.

3. Results and discussion

It should be noted that cementation with ordinary cement is performed only in rocky and semi-rocky
soils, as a rule, in limestones with a sufficiently large crack opening width. For this purpose, ordinary
general construction cement with a grinding fineness of about 3000 ¢cm?/g is used, and 95 % of the
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grains of such cement should be less than 100 microns. If there are not only cracks in the rock, but also
cavities or hollows, then sand is added to the slurry to reduce cement consumption by up to 2/3 by
volume, depending on the absorption of the injection material by the cavity. Conversely, if the
fracturing of the rock is expressed by small cracks, then up to 10 % finely ground cement with a grinding
fineness of about 9,000 cm?/g is added to the cement slurry to seal even small cracks.

If the creation of an array of fixed soil is carried out using microcement, then impregnation technology
is used. Injection into the soil is carried out by a cement-water suspension, while water is a transport
system and its flow transports microcement particles into the pores of the soil at a distance of 0.3 to 0.6
m from the injector (depending on the type of sandy soil and the presence of clay aggregate).
Unfortunately, in the case of this technology, it is impossible to achieve complete waterproofness of
the fixed soil due to the heterogeneity of the natural composition of the soil and, as a result, the
deposition of more microcement grains in the volume of soil with relatively greater permeability. As a
result, when drilling a cross-passage in a body of such soil, there are almost always spot water
occurrences that form in a chaotic manner. The total water inflow from these water events is
nevertheless acceptable for failure concreting work.

In the past, at the initial stages of the construction of the Moscow Metro, jet grouting technology was
used to create blocks of fixed soil. After gaining relevant work experience, this technology, which was
quite common, was gradually abandoned due to the identification of numerous problems with its
implementation in quicksand soils (fine water-saturated sands with clay aggregate). The issues were
the lack of continuity of the solidified soil. Quicksand soil is characterized by almost instantaneous
liquefaction under the action of vibration. And the jet grouting erosion jet seems to create just such a
vibration, at least near the working body of the monitor. As a result, stable erosion does not occur, and
the soil is not secured in the required quality. It is necessary to combat this phenomenon by repeatedly
installing each jet element in the same place. Nevertheless, the creation of an block of stabilized soil
was carried out mainly from the daytime surface using: jet-1 (cement-water suspension only), jet-2 (air
jet and cement-water suspension), jet-3 (water jet, air jet and cement-water suspension jet). Sometimes
a preliminary washout was used. But, in addition, there was also the creation of a block of stabilized
soil horizontally from a tunnel or boot using jet-1. When working from the surface, where the geological
conditions were particularly difficult, jet grouting was used, followed by impregnation with
microcement. This increased the quality of the stabilized soil, reduced the heterogeneity of water
occurrences and increased the strength of the ground concrete. The impregnation was carried out
through injection tubes, which were lowered into the ground concrete immediately after the
manufacture of the jet element. Micro-cement impregnation was carried out after setting the soil-
concrete and gaining the necessary strength.

To a first approximation, the most technologically advanced and most reliable way would be to stabilize
the soil by impregnation with organic resins capable of polymerization. Indeed, these substances do not
have a solid fraction in their composition, which means that in the presence of a pressure gradient they
can easily penetrate even the smallest pores of sand with clay filler and, polymerizing, create high-
quality solidified soil blocks even at large distances from the injector. Unfortunately, objective reality
has made its own adjustments, and the use of organic resins has been reduced to a very small scale due
to their very high price and a rather poorly predictable percentage of polymerization under field
conditions with temperature variability, soil acidity, etc. In addition, both unreacted resin and
polymerization reaction products, decomposing over time, pollute the soil and groundwater for many
years.

The technology of soil freezing to create a block of stabilized soil was in demand at the very beginning
of the construction of the Moscow metro. In those days, only brine freezing with CaCl, aqueous brine
was used, pre-cooled in the heat exchanger of a refrigerating machine to minus 25 °C. Heat extraction
in this way from a soil mass saturated with water occurs rather slowly. In addition, the movement of
groundwater, which contributes to the constant removal of cold and the influx of heat, can further
prolong this process, and at different horizons in different ways. The use of ‘dry ice’ with a lower gas
formation temperature, up to minus 78 °C, significantly accelerates the process of soil freezing and
reduces the impact of groundwater movement. However, the CO: released in the case of improperly
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arranged ventilation and inappropriate attitude towards this phenomenon on the part of construction
workers can lead to death if it displaces oxygen to the surface on the lower marks of the shaft and the
opened cross passages. The use of a refrigerant, liquid nitrogen, with an even lower temperature, down
to minus 196 °C, can further accelerate the process of soil freezing. However, there is limited experience
in its use in the Moscow region due to technological difficulties.

4. Conclusion

Thus, numerous technologies in soil and hydrogeological conditions of varying degrees of complexity
have been tested for ground stabilization in the construction of buildings, including those with tunnel
structures, during the construction of the Moscow Metro. The limits of applicability of each technology
are revealed, reliability and degree of risk are determined, environmental aspects are revealed.

Based on the experience of constructing blocks of stabilized soil during the construction of cross-
passages by mining during the construction of the Moscow Metro, the following conclusions can be
drawn:

1. The installation of cross-passages is a very risky and particularly responsible stage in the
construction of the subway, excessive water leakage (as well as the release of quicksand
masses) in which it threatens the loss of both tunnel structures and sections of interstation
tunnels.

2. The making of a block of stabilized soil with anti-filtration protection properties around the
cross-passage under construction minimizes the risks of excessive water occurrence and their
consequences.

3. Currently, many technologies are known and tested in practice to create a block of stabilized
soil with anti-filtration protection properties. Their areas of applicability, advantages, and
disadvantages have been identified.

4. As the practice of the work shows (the authors tracked the effectiveness and reliability of
each individual technology for fixing the soil mass according to key indicators such as
guaranteed continuity, properties of anti-filtration protection, nomenclature of types of soil
to be stabilized, changes in natural composition, environmental aspects, compliance of the
actual size of the stabilization with design values), according to the authors, as well as a
combination of such fundamental characteristics as durability and overall reliability of
stabilization, the best method of stabilization soils in the construction of cross-passages is the
method of water-saturated soils freezing.
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Abstract: In the conventional application of the New Austrian Tunneling Method (NATM), the primary tunnel
support is designed as a composite system consisting of shotcrete, systematically installed rock bolts, and auxiliary
elements such as lattice girders and steel ribs. Official guidelines typically classify steel elements as temporary
supports, meant to stabilize the excavation face until the shotcrete and anchoring system become structurally active.
However, field experience shows that anchors in weak or heavily fractured ground conditions often fail to mobilize
their full capacity, particularly when their embedment does not extend beyond the plasticized zone around the
excavation. This paper analyzes the structural behavior of the primary NATM support system in cases where anchors
do not perform as intended. Using a shell-based numerical model with point support representation, the study
investigates how local ground-structure interaction changes when anchors lose stiffness and how structural
responsibility may shift toward steel ribs and lattice girders. Practical site observations are used to illustrate common
deviations from design assumptions such as the installation of multiple ribs without proper contact with the rock
mass or reliance on rigid steel elements in zones where shotcrete alone could suffice. Special attention is given to
the anchorage mechanism, the conditions under which steel ribs begin to act as primary load-bearing components,
and the consequences of poor shotcrete encapsulation (e.g., shadow zones). The study emphasizes that the structural
contribution of steel elements in NATM should be re-evaluated when anchors are compromised, and that this
redefinition must account for ground conditions, construction sequence, and time-dependent concrete performance.
The paper proposes practical guidelines for the rational integration of steel supports in NATM lining systems when
conventional anchoring is unreliable, aiming to improve both safety and efficiency in tunnel design and execution.

Keywords: lattice girders; steel ribs; NATM; primary lining; tunnel

1. Introduction

The New Austrian Tunneling Method (NATM) is founded on the principle that the surrounding ground
mass should actively participate in the overall load-bearing system, with controlled deformations
ensuring both stability and economy. In its conventional application, the primary lining typically
consists of shotcrete, systematically installed rock bolts, and auxiliary elements such as lattice girders
or steel ribs. Official guidelines, such as those of the Austrian Society for Geomechanics (2010) and
the U.S. Department of Transportation Federal Highway Administration (2009), generally classify
these steel elements as temporary supports intended to stabilize the excavation until the shotcrete and
anchoring system becomes fully effective.

However, practical tunneling experience has repeatedly shown that this assumption does not always
hold true. In weak or heavily fractured ground, rock bolts often fail to develop their full anchoring
capacity, particularly when their embedment remains within the plasticized zone around the excavation
(Nilsson and Holmgren, 1999). When this occurs, the intended composite support mechanism is
compromised, and structural responsibility may shift toward the shotcrete shell and the embedded steel
elements. Representative cases include the Boggo Road Busway tunnel in Brisbane (Nye and Alt,
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2010), where thick shotcrete and lattice girders were relied upon as both initial and permanent lining
due to settlement control requirements, and Collotta et al. (2010) study of steel ribs embedded in
shotcrete linings, which demonstrated sustained stress redistribution arising from creep and shrinkage
effects. Similar observations have been reported in urban tunneling projects in Central Europe, where
insufficient anchor mobilization led to premature reliance on rigid steel ribs for stability.

Despite these findings, the structural contribution of lattice girders and steel ribs in NATM linings
remains insufficiently quantified. Current design practice rarely accounts for their long-term stiffness
contribution, the effects of poor concrete encapsulation (e.g., shadow zones), or the influence of joint
behavior and spacing between elements. This research gap becomes particularly critical in cases where
anchors cannot be mobilized, such as when excavation is advanced under pipe umbrellas or in heavily
fractured rock masses.

The present study addresses this gap by analyzing the behavior of the NATM primary lining under
conditions of limited anchor capacity. Through numerical modeling, field observations, and
comparative laboratory testing of lattice girders and steel ribs, the study seeks to clarify the
circumstances under which these steel elements transition from temporary stabilizers into structurally
relevant components of the permanent support. By doing so, it aims to provide practical
recommendations for integrating lattice girders and steel ribs into the design of NATM support systems,
particularly in weak or fractured ground conditions where conventional anchoring is unreliable.

2. General principle of the New Austrian Tunneling Method (NATM)

The New Austrian Tunneling Method (NATM) is based on the fundamental concept that the
surrounding ground is not merely a source of loading but also acts as a structural component of the
tunnel support system. This method leverages the self-supporting capacity of the rock or soil mass,
aiming to mobilize the ground’s strength through controlled deformation and timely installation of
support measures (Figure 1 (a) (Chapman et al., 2010) and (b) (Australian Tunnelling Society, 2024)).
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Fig. 1. Principle of NATM ground-structure interaction (a) (Chapman et al., 2010); (b) (Australian Tunnelling
Society, 2024).

Unlike traditional tunneling methods that rely on rigid predesigned support systems, NATM
emphasizes a flexible, observational approach. Excavation and installation of support elements are
continuously adapted to in-situ ground conditions and project-specific requirements. Ground response
- primarily measured in the form of displacements of the initial lining is monitored in real time to verify
the stability of the opening and to optimize both the excavation sequence and the type and timing of
support installation.
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Typical NATM support systems consist of (Austrian society of geomechanics, 2010):

Shotcrete, Rock bolts or systematic anchors, with additional elements such as steel ribs and lattice
girders used to provide early structural integrity and to preserve the excavation geometry prior to full
shotcrete hardening.

For a long time, especially in the initial period, this procedure encountered resistance. The opponents
argued that a tiny layer of shotcrete and anchoring might counteract subsurface pressure. It was most
likely because the static analysis of shotcrete and anchors had to be performed in the same way as steel
and concrete structures at the time. By activating the load-bearing vault of soil or rock that encloses the
underground opening, it becomes part of the overall load-bearing system. This single approach is
essentially based on semi-empirical design, in-situ measurements, and corrections. The development of
NATM has substantially enhanced the cost efficiency of tunneling projects and had favorable effects
on infrastructure development as well. (Kovacevi¢, 2014). NATM is based on the concept that the
ground around the tunnel not only acts as a load but also as a load-bearing element. The typical support
elements in NATM are shotcrete and rock dowels. Steel ribs or lattice girders provide limited early
support prior to the shotcrete hardening and ensure proper profile geometry. If ground conditions
require support at or ahead of the excavation face, face dowels, shotcrete, spiles, or pipe canopies are
installed. The excavation cross-section is subdivided into the top heading, bench, and invert depending
on both ground conditions and logistical requirements (i.e. to facilitate the use of standard plant and
machinery). (Austrian society of geomechanics, 2010)

3. Lattice girders and Steel Ribs in NATM primary support

Lattice girders are structural elements made of steel reinforcing bars, interconnected into a three-
dimensional shape, most commonly triangular to achieve the desired stiffness and geometric stability.
They are pre-bent to match the tunnel profile and installed immediately behind the excavation face,
before the shotcrete has developed sufficient load-bearing capacity. According to the Technical Manual
for Design and Construction of Road Tunnels - Civil Elements (U.S. Department of Transportation),
although lattice girders have relatively small cross-sectional areas compared to the thickness of the
shotcrete lining and thus do not independently provide substantial bearing capacity, they fulfill several
essential support functions (U.S. Department of Transportation Federal Highway Administration,
2009):

Provide immediate support to unstable rock blocks that tend to fall out;

o Offer a precise geometric template for shotcrete application;
e Serve as carriers for welded mesh reinforcement, when used;
o Act as rigid anchors for preliminary support measures such as forepoling.

In the conventional application of the New Austrian Tunneling Method (NATM), lattice girders and
steel ribs are typically defined as temporary support elements, intended to provide early stabilization
immediately after excavation. According to the Austrian Society for Geomechanics (OGG), these
components serve a short-term role in controlling deformations and ensuring safety until the shotcrete
and systematic anchoring are fully activated. “Steel ribs and lattice girders are considered temporary
support elements within the NATM framework, aimed at immediate stabilization during early
excavation phases.” (based on OGG guidelines). This interpretation has been widely adopted in both
academic literature and engineering practice. Nevertheless, the extent to which these elements
contribute to the structural behavior of the primary lining system remains an ongoing subject of
discussion, particularly in contexts where they are retained in the final lining or assumed to contribute
to composite action with the surrounding shotcrete (Austrian Society of geomechanics, 2010).
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3.1. Opposite attitude

However, several recent studies and design approaches challenge this strict classification. For instance,
Nye and Alt (2010) report the use of steel ribs in combination with thick shotcrete layers (up to 350
mm) as part of a support system classified as both initial and permanent lining, especially in
geologically sensitive urban tunneling conditions. Similarly, Collotta et al. (2010) present a detailed
investigation into the long-term stress redistribution in shotcrete tunnel linings with embedded steel
ribs. The study models the ribs as integral parts of the composite lining, highlighting their sustained
structural interaction with the surrounding shotcrete due to creep and shrinkage effects and dominant
influence in the composite system (Collotta et al., 2010).

These findings indicate that, under certain conditions, lattice girders and steel ribs may contribute
beyond their originally intended temporary function. Nevertheless, the actual structural impact depends
on several critical factors: the mechanical connection of rib segments, the manner of their base support
(often acting as temporary foundations), the spacing between elements, and the quality of shotcrete
placement around the steel frame. These aspects are frequently neglected in simplified models, leading
to under or overestimation of the system’s stiffness and stability.

4. Research background and objectives

This research focuses on the application of lattice girders and steel ribs in tunnel construction,
particularly when using the New Austrian Tunneling Method (NATM). Although the technical
literature often defines these elements as temporary support components, in practice it is common to
see multiple lattice girders installed in a single excavation step, regardless of the rock stability. There
are also frequent cases where these elements are placed at large spacing intervals (as illustrated in Figure
2), clearly indicating that they are not functioning as temporary supports but rather as part of the
shotcrete lining.

A growing concern is the increasing use of steel ribs that are not properly included in structural analyses.
Key factors such as staged construction, ground-structure interaction, shotcrete confinement, and the
mechanical behavior of rib segment joints are often ignored. These ribs are sometimes modeled as part
of the reinforcement within the concrete lining, yet their spacing and influence on the overall load-
bearing capacity are rarely evaluated in detail.

The main goal of this research is to reliably determine the actual contribution of lattice girders and steel
ribs to the long-term structural performance of the primary tunnel support. The central question is:
under what conditions can these elements be considered relevant to the tunnel lining's permanent load-
bearing capacity, and how can their role be properly integrated into design analyses according to
specific geological conditions?

4.1. Practical challenges observed on construction sites

In recent years, tunneling practice has increasingly diverged from standard design assumptions. It is
becoming common to install multiple lattice girders within a single excavation step, regardless of actual
ground stability. In many cases, lattice girders and steel ribs are placed without proper contact or bearing
on the surrounding rock, effectively eliminating their intended structural function. Moreover, these
elements are often not included in structural calculations, with important factors such as joint detailing,
load transfer, and construction staging being overlooked. A critical issue is also the frequent
discontinuity in the shotcrete lining at the locations of large steel elements, where poor embedding and
lack of confinement reduce the composite action and compromise the support system’s stiffness.
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(2) (b)

Fig. 2. (a) Primary support without anchors and propiate temporary foundations; (b) Installing multiple steel ribs in
the stable ground with no stiff support on the ground.

4.2. Configuration examples and setup observations

As part of a broader investigation into the structural role of steel elements in NATM primary lining,
several configurations of lattice girders, steel ribs, and conventional reinforcement were prepared and
tested in order to illustrate typical integration approaches used in tunnel support systems. These
configurations were intended not only to demonstrate the geometric variability and potential
implications of steel elements embedded in shotcrete, especially in conditions where anchoring systems
underperform or cannot be fully mobilized due to poor ground quality, but also to directly compare
their structural efficiency.

Figures 3a, 3b, and 3¢ show representative stages of the preparation and testing process, including the
arrangement of lattice girders and steel ribs in moulds, shotcrete application, and subsequent laboratory
testing of full-scale specimens.

(@) (b) (©

Fig. 3. (a) Lattice girder, steel ribs and reinforcement in the moulds; (b) Shotcrete aplication; (c) Labaratory testing.

The experimental results indicated that specimens reinforced only with conventionally placed
reinforcement bars achieved the most favorable performance (Table 1), both in terms of stiffness and
ultimate load-bearing capacity. In contrast, configurations with large lattice girders or massive steel
ribs often exhibited reduced composite action due to incomplete shotcrete encapsulation and the
presence of shadow zones, as confirmed by visual inspection. These outcomes suggest that while lattice
girders and ribs can provide immediate stabilization and geometric control during construction, their
long-term contribution to the structural capacity of the lining is limited compared to well-detailed
conventional reinforcement.
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Table 1. Testing results of concrete beams with different types of reinforcing

Maximum force Deflection

Type heading Shape heading KN mm Sample collapse
T70-1 1-piece lat. girder 196 5.72 Yes
T70-2 2-piece lat. girder 110 4.38 Yes
T190-1 1-piece lat. girder 200 343 No
T190-2 2-piece lat. girder 199 17.46 No
HEB140-1 1-piece steel rib 197 4.56 No
HEB140-2 2-piece steel rib 120 11.93 Yes
HEA200-1 1-piece steel rib 196 4.44 No
HEA200-2 2-piece steel rib 83 11.69 Yes
RB-1 reinforcement bars-1-piece 200 3.89 No
RB-2 reinforcement bars-overlap 200 3.02 No

4.3. Visual inspection

Following the preparation and casting of concrete specimens with integrated steel components, a
detailed visual inspection was carried out on cross-sections of the hardened shotcrete. The objective
was to assess the quality of concrete placement and the degree of encapsulation around the steel
elements.

The inspection revealed that large-profile steel ribs, particularly those with closed geometries or dense
configurations, frequently acted as barriers to uniform shotcrete application. In several cross-sections,
unfilled zones were observed along the sides and beneath the horizontal flanges of the ribs, indicating
incomplete encapsulation of the steel elements by the shotcrete. These localized voids, commonly
referred to as shadow zones, compromise the composite behavior of the lining by reducing stiffness and
creating potential weak points in the support system.

By contrast, in specimens reinforced only with conventionally placed reinforcement bars, the shotcrete
demonstrated excellent continuity and full encapsulation of the reinforcement. The absence of shadow
zones resulted in more homogeneous stiffness across the section, which directly translated into higher
load-bearing capacity and better overall performance, as confirmed by laboratory testing.

This comparative outcome clearly explains why specimens with conventional reinforcement achieved
the best results, while those with lattice girders or heavy steel ribs underperformed due to difficulties
in ensuring proper shotcrete confinement and structural integration.

(a) (b)
Fig. 4. (a) Steel rib HEA 200 sample; (b) Reinforcement sample.

5. Numerical modeling of the primary lining concrete shell

To better understand the behavior of the composite tunnel lining system consisting of a reinforced
concrete shell supported by anchors, a detailed finite element model was developed using Autodesk
Robot Structural Analysis 2025. The primary lining was represented as a continuous shell structure,
simulating the shotcrete layer applied in NATM tunneling. This model was not intended as a direct
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complement to the experimental tests but rather served as an independent tool for illustrating the
structural interaction between the concrete shell and the anchoring system.

In the model, anchors were idealized as fixed point supports, assuming full load transfer and no relative
displacement with respect to the surrounding ground. This reflects the theoretical condition in which
the anchor heads are embedded deeply enough into the surrounding rock mass - beyond the plastic zone
to act as effective restraints for the lining. The geometry of the model was simplified and assumed an
idealized, smooth concrete shell without surface irregularities such as peaks or depressions. Anchors
were modeled as the only fixed support points to the shell structure, simulating full fixity and perfect
load transfer.

However, to achieve such an effect in real conditions, it is essential to define the extent of the plasticized
zone around the tunnel excavation, particularly in weak or fractured ground. Anchors must be designed
with sufficient length to extend beyond this plastic zone (see Figure 5), thus ensuring that the reactive
zone into which they transfer load has not lost its mechanical integrity. If anchors are embedded only
within the plastified ground, their stiffness and support capacity are significantly reduced, resulting in
deformation and loss of control over lining stability.

The deformation field of the shell under uniform ground loading is shown in Figure 5a. The results
indicate non-uniform displacement patterns, with pronounced local warping near anchorage points.
These deformation modes deviate significantly from the smooth, parabolic curvature assumed in
simplified arch models, and reveal the complex behavior of reinforced shotcrete linings under localized
support.

(a) (b)

Fig. 5. (a) Defomed shape of tunnel primary lining with anchors; (b) Bending moments of tunnel primary lining
with anchors.

These findings align with the observations of Nilsson and Holmgren (1999), who emphasized the
influence of anchor placement relative to surface geometry. When bolts are placed in depressions, the
system develops high tensile stresses and loses global stiffness due to localized deconfinement. In
contrast, bolts placed on geometric peaks lead to improved load transfer and higher overall capacity.
This effect is especially relevant in thinner linings where surface irregularities strongly influence
structural performance.

The bending moment distribution over the shell surface, shown in Figure 5b, further reveals stress
concentrations around anchorage zones. These peaks result from local stiffening effects introduced by
the concentrated support, and must be considered in design to avoid punching failure, excessive
cracking, or deterioration of the lining system over time.

In summary, although the presented numerical model assumes ideal conditions perfect fixity, smooth
surface geometry, and no anchorage deformation it provides important insight into stress behavior and
the need for realistic representation of ground—lining interaction. For anchors to serve as true structural
supports in NATM linings, their design must be based on geotechnical definition of the plasticized zone
and anchorage beyond this zone, ensuring proper load transfer and effective integration with the
concrete shell.
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Fig. 6. Determination of plastic zone by Plaxis 2D.

5.1. Time-Dependent Behavior of Shotcrete and its Structural Implications

While the numerical model considers the concrete shell as an already stiff structural body supported by
fully mobilized anchors, this assumption is only valid if shotcrete reaches sufficient strength within a
short time frame. According to EN 14487-1:2005+A1:2007, structural shotcrete must achieve 100% of
its design compressive strength within 24 hours when an appropriate accelerator is used.

Figure 7 shows a typical strength development curve of shotcrete (C25/30) with an alkali-free
accelerator. As can be seen, the concrete reaches approximately 70-80% of its design strength within
the first 8-12 hours. This rapid gain in stiffness implies that, unless the installation of steel ribs and
anchoring systems is completed in significantly less time, the shotcrete itself begins to act as the primary
structural element relatively early in the construction sequence.
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Fig. 7. Compressive strength development of C25/30 shotcrete with alkali-free accelerator over the first 24 hours
(adapted from EN 14487-1 and manufacturer data).

This finding is particularly relevant in cases where steel elements are intended to serve only as
temporary supports. If the shotcrete is properly applied and adequately reinforced, it can absorb and
redistribute loads efficiently even before full anchor mobilization, reducing the need for rigid steel
components in many situations.

6. Validation

To validate the findings of the numerical simulations, field monitoring from the Iriski Venac (Serbia)
tunnel was used, executed in a zone of severely fractured siltstones (alevrolites) and claystones,
characterized by unfavorable geotechnical conditions and very high deformation rates.

The monitoring results (Figure 8) show that even after the installation of two successive anchor series
(6 m and 8 m), the tunnel deformations continued almost linearly and could not be stabilized. The
anchors, although installed according to design specifications, did not provide sufficient restraint
capacity because their embedment remained within the plastified zone of the ground. Consequently, the
intended interaction between the shotcrete lining and the anchoring system was not achieved.

Convergence stabilization occurred only after the closure of the invert and the formation of a continuous
circular reinforced concrete lining that provided a rigid support ring to the entire tunnel contour. This
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observation is fully consistent with the numerical model assumptions: once the anchors lose
effectiveness in highly fractured ground, structural responsibility shifts to the concrete shell, and overall
stability is restored only when a closed ring effect is established.

It is important to emphasize that sufficiently stiff steel ribs or lattice girders, if properly connected into
a closed circular frame either immediately after excavation or with adequately secured temporary
footings can significantly enhance the load-bearing capacity of the primary support. In such cases, the
rigid ring action can be mobilized earlier, reducing deformation rates and providing a more reliable
transfer of loads to the surrounding ground. However, when ribs or girders are discontinuous, poorly
supported, or left without proper closure, their contribution remains marginal and deformation control
relies almost exclusively on the shotcrete shell.

Tunnel Comvergence measurements - Iribki Vienac
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Fig. 8. Time-Convergence diagram in the tunnel Iriski Venac (testing profile).

7. Conclusion

One of the persistent dilemmas in tunneling engineering concerns the true structural contribution of
lattice girders and steel ribs in NATM primary linings. The most recognized international guidelines
consistently classify these elements as temporary supports, intended to maintain excavation stability
only until the shotcrete lining and anchoring system has become structurally effective.

The Austrian Society for Geomechanics (2010) clearly states: “The typical support elements in NATM
are shotcrete and rock dowels. Steel ribs or lattice girders provide limited early support before the
shotcrete hardens and ensure correct profile geometry.”

Similarly, the U.S. Department of Transportation Federal Highway Administration (2009) notes that
while lattice girders have small cross-sectional areas relative to the shotcrete thickness, they fulfill
several essential functions:

e providing immediate support to unstable rock blocks prone to falling out,
e offering a precise geometric template for shotcrete application,

e serving as carriers for welded mesh reinforcement, and

e acting as rigid anchors for preliminary measures such as forepoling.

Finally, Wittke et al. (2002) emphasize the time-dependent interaction between steel ribs and shotcrete:
“Immediately after the steel set is installed and covered with shotcrete, when the shotcrete still has a
very low Young’s modulus, it is mostly the steel set that carries the loads resulting from rock mass
pressure. With the hardening of the shotcrete over time, the strength and bearing capacity of the
shotcrete membrane increases. Finally, when the shotcrete has fully hardened, the normal stiffness of
the steel sets can be neglected compared to that of the shotcrete membrane.”

These authoritative references consistently underline the temporary role of steel ribs and lattice girders.
Moreover, practical evidence often confirms that their presence may even reduce the effective stiffness
of the lining at the contact zones, as illustrated in Figure 4a, where massive steel ribs prevent proper
shotcrete encapsulation and create shadow zones.
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Yet, field experience and monitoring in extremely unfavorable ground conditions demonstrate that this
interpretation is not universally valid. When tunneling advances through severely fractured or
incoherent ground, the installation of sufficiently stiff steel ribs, arranged at short spacing and connected
into a closed circular frame, can significantly enhance stability. Under such circumstances, rigid frames
provide immediate load-bearing continuity around the excavation contour and may serve as the decisive
element preventing excessive deformations until the shotcrete gains sufficient strength.

The contrasting examples shown in Figures 2a and 2b further highlight this ambiguity: in one case
multiple ribs are installed in stable ground where they provide no structural benefit, while in another
case stiff ribs become essential in controlling deformation in weak rock. Similar contradictory findings
can be observed in many tunneling projects worldwide, underlining the necessity of case-specific
evaluation rather than universal classification.

This study, therefore, concludes that:

In standard NATM applications and competent ground conditions, lattice girders and steel ribs should
be regarded as temporary stabilizers, with negligible long-term contribution once the shotcrete shell has
hardened.

In exceptionally poor geological conditions, where anchors cannot mobilize their capacity and shotcrete
alone is insufficient, rigid and continuous steel frames may transition into elements of primary structural
relevance, particularly when integrated into a closed ring action.

e the decisive factors governing their effectiveness are:
e proper closure of the ring (invert included),

o adequate stiffness and joint continuity, and

e quality of shotcrete encapsulation.

Finally, this research underlines the need for systematic investigation to establish clear thresholds for
when lattice girders and steel ribs meaningfully contribute to the structural capacity of the lining. Only
through an integrated approach combining laboratory testing, numerical modeling, and field
observations can reliable criteria be developed for their rational use. Such criteria are essential to
eliminate current uncertainties in tunneling practice and to ensure reliable and economical NATM
designs.
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Abstract: Tunnelling in urban conditions is often met with demanding criteria for surface settlement control, the
limitation which is arising from the fact that most of the urban area is occupied by structures which are sensitive to
deformations, such as buildings, roads, communal infrastructure etc. Another important necessity in any project is
to deliver the project in shortest amount of time possible. Temporary occupation of public areas for construction
sites and traffic congestions alleviate social pressure which further emphasizes these requirements. If planned
correctly, TBM technology promises to deliver on these requirements more readily than conventional tunnelling
techniques. In this paper a Case study of Belgrade’s double tube traffic tunnels is presented, in which project design
went through significant conceptual transition, led by the designer’s idea to change the technology of excavation
from conventional to TBM, as well as to adjust the project in multiple ways to accommodate for this major turn of
tides. Most notable historic background of the project is presented. Geotechnical profile of tunnels and data are
shown and calculations for both TBM and conventional variants are presented and discussed.

Keywords: shield TBM; urban tunnelling; numerical modelling; sensitivity analysis; ground settlement; structural
response

1. Introduction

The construction of tunnels in urban areas is the only way to transfer traffic underground in order to
reduce congestion and pollution in cities that face increasing growth of population. Geological
conditions affect the behavior of the tunnel during construction, as well as the impact of construction
on surrounding structures and the environment. Major difficulty in urban tunneling is to minimize the
impact of construction on surrounding structures and the environment, to avoid damaging the buildings
and infrastructure. In modern tunnel construction, various structural and technological measures are
applied for ensuring safety of operations during tunnel construction and to reduce the ground
disturbance. Contractor, Designer and Investor get to choose between conventional construction
methods such as NATM or ADECO-RS, and Tunnel Boring Machine (TBM method). At an increasing
rate, especially in urban environments choice is made to use TBM method due to its undeniable
advantages over conventional construction methods as a more reliable option which allows for safer
operations and improved control over soil disturbance.

A project development of Belgrade traffic tunnels connecting Sava and Danube slope is examined and
discussed as an example of mutual influence of tunnelling technology choice and design solution. A
name “tunnel connection of Sava and Danube banks” describes the purpose of the project, which is to
relieve traffic on main streets (Kneza Milosa and Takovska) in the city core that currently serve as a
connection between New Belgrade, a major part of the city on the left bank of Sava river and Karaburma
and other city districts both South and North of the Danube river. Urban plans call for two tunnel tubes,
each with two traffic lanes. City core plan is shown from the orthophoto plan view in Fig. 1.

*Corresponding author: nikola.divac@jcerni.rs (N. Divac).
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Fig. 1. Belgrade city core disposition.

Currently, the project is in transitioning state, awaiting annex of the contract between Government of
Serbia and contractor PowerChina which would set up the project for both the new tunnel trajectory
and TBM tunnelling technology instead of existing contract which planned a solution based on
conventional tunnelling approach.

The sequence of events and prime motivators for this course change of the project are shown in
following order:

Project history — most notable moments in the long-lasting background of the project are described.
Geotechnical conditions — objectively most influential factor when deciding on tunnelling
technology.

o Conventional tunneling analysis showcase — detailed 3D FEM analysis of variant solutions that

greatly influenced the adoption of TBM solution.

e TBM proposal — derived from two most recent documents, a Study which formally initialized the
idea and set up an organizational pathway towards TBM-based solution agreement, and Technical
Design which serves as a baseline document for the forthcoming contract annex.

2. Project history

A substantial history can be traced back to the development of the idea of the traffic tunnel beneath the
heart of Belgrade in the era after World War 2. First geological investigations and even tunnel
excavation works took place in 1950s. This infamous tunneling attempt was stopped early after only a
few dozen meters had been breached, as observations on the surface indicated too much deformation
that threatened to collapse the existing buildings above the tunnel (Stepanovic and Peri¢, 1961).

During 1960s more investigation works and more than one geotechnical study was conducted as an
attempt to restart the construction works. These studies often criticized results of the studies which
predated them, most likely due to severity in the atmosphere imposed by the failure of the first tunneling
attempt. One of the interesting notations from the critics in these reports emphasized importance to
reduce ground disturbance and even stated as the fact that the tunneling in most critical zones must be
done with the shield technology. Nevertheless, ambition to construct a single tunnel tube, soon to be
followed by another one, still existed. Moreover, the plans suggested that a third tunnel should be built

32



Southeastern Europe Tunnelling Conference (SETC-2025)

to accommodate tram traffic. None of these plans came to fruition and the project was abandoned during
the nation’s prosperous decades of 1970s and 1980s, likely as the result of common opinion between
the experts in the field of tunneling from the time, being that the project risk was too high. Succeeding
decade of 1990s was marked by wars and nation’s decline during which little infrastructure was
developed, while 2010s transitional years saw the idea of the tunnel only as a distant memory with no
real effort put into its materialization.

Fig. 2. Portal zone of the tunnel from 1950s (Source: Kaldrma, 2023).

In recent history of 2010s, the idea is brought back to the table by the City authorities, and with a fresh
start the decision was made in 2015 for the city planners to analyze the variant solutions of the tunnel
trajectory and portal position on the Danube slope side (Figure 3), with more or less fixed location of
the portal on the Sava slope side, which through further project development, proved to have become a
prerequisite governed by the trajectory of the new bridge connecting left and right bank of Sava river
(Krsti¢ and Mihajlovi¢, 2015).

Fig. 3. Tunnel variant solutions (Source: (Krsti¢ and Mihajlovi¢, 2015).

From eleven proposals, the solution was adopted which differentiated somewhat from the one proposed
several decades ago. For once, a portal on Danube slope side was put further away. Secondly, the tram
idea was put away and solutions called only for two tunnels, each with two traffic lanes.
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Conceptual Design was at first trusted to Ces-Cowi consortium (2016) and subsequently to GEOPUT
(2022). As an aftermath of the proposed technical solutions, a minor position adjustment of portal on
Sava slope was examined. A working group was formed and strategic decision was made which moved
the portal slightly closer to the river, thus avoiding substantial expropriation obligations and costs. The
secondary strategic move was to formally consider development of the project in conjunction with
another important project — namely replacement of old Sava Bridge that is of cruical importance in
connecting New Belgrade on one side of the river and the tunnel connection on the other side.

Based on the existing Conceptual Design and the strategic decisions made by the Working Group, a
contract between Government of Serbia and PowerChina corporation as a design and build type of
contract has been made.

Further development of the project, in the form of another Conceptual Design, is showcased more
closely in section 4 and latest advancements in section 5 as a Study and Technical project that pose to
adapt the design towards TBM construction.

3. Geotechnical conditions

Geotechnical investigation works were carried out on several occasions, dating back to 1950s attempt
at the project. Latest works were carried out as part of the active contract agreement between Serbia
Government and PowerChina Corporation (2023). Contractor assigned Jaroslav Cerni Water Institute
for execution of investigation works and delivery of geological study (JCWI, 2023). Geological study
consists of, among others, reports on geotechnical conditions from which some of the results will be
interpreted in this chapter.

Majority of soil is composed of uneven layers of marly sediments mostly in loose form with some of
the layers had hardened into marlstones. This implies to all possible tunnel trajectories, though
depending on proposed trajectories, appearance of very porous Miocene limestones may happen
sporadically on the tunnel path. Quaternary deposits occurrence is present only in portal zones. For
tunneling phase, the focus is set on marly-clayey soil type. Ranges of soil physical and mechanical
properties are shown in Table 1 and geotechnical profile in Figure 4. These properties come as the
interpretation of laboratory and in situ investigations published in the Geological Study. Mohr-Coulomb
failure criterion is used and Modulus of elasticity for both load and unload-reload stress path are
extracted to be further used in numerical analysis as main input data necessary to define Hardening Soil
constitutive model. All properties are for the drained conditions. Other parameters such as Poisson’s
ratio v, Coefficient of earth lateral pressure Ko, constitutive model specific parameters such as reference
pressure pret, stiffness/stress power factor m are also important for proper interpretation of the problem.
The scope of this work though, is mainly to present the most important influencing factors, results and
methodology that played part in decision making throughout the project.

Exit shaft
Sava slope

Entrance shaft
Danube slope

D 7 I Quaternary deposits

fa " Marly clay
¢ g —

Miocene limestone

Fig. 4. Simplified presentation of geotechnical profile for one of the solutions. The profile shown in the Figure
corresponds to the latest trajectory proposed for the TBM tunnel.
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Table 1. Range of mechanical properties for each type of soil in drained conditions.

Soil type Marly clay Quaternary deposits Limestone
¢ (kPa) 5-100 0-10 200-500
o) 18-30 30-35 30-35
E (kPa) 20-100 100-500 100-500
E. (kPa) 50-300 400-1500 300-1500
Permeability Low Medium-High High

4. Conventional tunnelling analysis showcase

A Conceptual Design (JCWI, 2023) mentioned in the last paragraph of chapter 2 took the existing
premises of conventional tunnelling approach. In this endeavour, 6 structural types (with additional
subtypes) were analysed in various soil conditions using 3D Finite Element Analysis. Each structural
type implied using different reinforcement type, excavation and reinforcement installation sequences.
All structural types and subtypes are shown in Fig. 5.

4.1. Finite element model

All structural types but type 6 were tested in multiple conditions that varied both mechanical
characteristics of the soil and overburden and water level above tunnel. Structural type 6 was analysed
after the fact, being the most complicated and rigorous tunnelling sequence, with the idea to analyse
the best-case scenario in terms of safety and surface settlement reduction regardless of efficiency of
excavation, which in case of sequential excavation of type 6 is quite poor.

Soil is modelled with Hardening Soil constitutive model. Terrain surface is simplified as flat.
Dimensions of the model are L x W x H(varied) = 140 x 100 x (70-100) m. One soil material is used
for the whole volume of the model, the one which mostly represents Marly-Clayey soil, though by
varying parameters in the analysis within the specified range does allow for perceiving a wide palette
of possible ground conditions and soil varieties.

Table 2. Varied parameters in numerical analysis of different structural types.

Varied Hardening Soil parameters

Modulus at
50% of peak O]\e/[d%mf ter Un%\(j[a(ii-Rleload Cohesion Friction angle
Parameter set  triaxial strength odutus odulus
Esof (kPa) Eoed™' (kPa) E,*' (kPa) C’rer (kPa) 9 ()
1 20 000 20 000 60 000 10 20
2 40 000 40 000 120 000 20 25
3 60 000 60 000 180 000 40 27
4 100 000 100 000 300 000 70 30

Varied overburden [water level] height measured from top of the tunnel (m)

1 10m overburden [-20, 7m water level over top of the tunnel]
2 25m overburden [-20, 13, 20m water level over top of the tunnel]
3 40m overburden [-20, 20, 33m water level over top of the tunnel]
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Type 1- Sprayed concrete 30cm, Steel braces IPB200 at 1m, Radial steel anchors d=32mm L=6m, Fiberglass anchors at the face L=12m. Used only for tunneling
in rock conditions.

Type 2— Sprayed concrete 30cm, Steel braces IPB200 at 1m, Grouted Steel pipe umbrella arch @114 (t=6mm) L=12m, Fiberglass anchors at the face L=12m.
Used only for tunneling in rock conditions.

Type 3 — Sprayed concrete with 30cm or 40 cm thickness, Temporary invert for upper bank excavation, Steel braces IPB200 at 1m, Grouted Steel pipe umbrella
arch @88 or @250 (=6mm) L=14m, Fiberglass anchors at the face L=12m

=
S

Type 4— Sprayed concrete 30cm or 40cm, Steel braces IPB200 at 1m, Grouted Steel pipe umbrella arch @300 or @600 (t=6mm) L=16m, Fiberglass anchors at the
face L=12m

Type 5 — Sprayed concrete 30cm or 40cm, Steel braces IPB200 at 1m, Grouted Steel pipe umbrella arch @300 or @600 ((=6mm) L=16m, Fiberglass anchors at the
face L=12m. Similar to Type 4, except that pipes encircle the excavation face completely and bigger piles of @600 are analyzed as well.

Type 6— Sprayed concrete 40cm, Steel braces IPB200 at 1m, Grouted Steel pipe umbrella arch @250 ((=6mm) L=12m, Fiberglass anchors at the face L=12m, 6
excavation steps in a sequence.

Fig. 5. Structural types parametrically analyzed in the design.
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Numerical models consider one tube and are mostly modelled as symmetrical models. Structural
elements are all modelled in following manner:

e Sprayed concrete — plate elements

o Fiberglass face anchors — linear beam elements

o Steel braces — linear beam elements

e Radial Anchors — linear beam elements

e Pipe umbrella — linear beam elements or combination of 3D elements (grouted pipe interior) and
plate elements (steel pipe wall)

Calculation steps are designed in a way that realistically represents sequencing of operations during
tunnelling, i.e. activation and deactivation of each structural element in conjunction with volume
excavation (deactivation). Analysis was done with Plaxis 3D software. Detailed modelling and
procedure will not be explained thoroughly since the purpose of the model showcasing in this article is
only to present results in a manner which gives better perspective on broader picture of project
development.

Fig. 6. 3D Numerical model of structural type 5 showing total deformations in the model.

4.2. Analysis results

In Table 3 the surface settlement and structural type dependency is shown for:

e Overburden height of 40m
e No groundwater
o Soil parameter set 2

37



Southeastern Europe Tunnelling Conference (SETC-2025)

Table 3. Settlement dependency on structural type used in calculations.

Maximum surface

Structural type settlement (mm)

3a

3b

4

Sa 44
5b 37
6 30

The most rigorous method of tunnelling show significantly increased the safety of excavation and
excavation volume loss, resulting in lesser surface settlements. One of the most influential factors on
surface settlement is of course strength of the soil. Results of settlements shown for parameter set 2 are

agreeable to a degree, given the proper choice of excavation sequence and structure.

In Table 4 is shown how different overburden and parameter set influences settlement, for a given

structural type (type 3a) and no groundwater conditions.

Table 4. Settlement dependency on parameter set and overburden used in calculations.

Parameter set Overburden (m) Maximum surface settlement (mm)
25
1 40
10
25 e
2 10 59
40 56
25 39
3 10 37
40 34
25 23
4 40 20
10 20

The results are further greatly influenced by groundwater level which has been considered in numerical
models through coupled seepage analysis with the assumption that steady state draining conditions are
formed on face surface of the tunnel. Surface settlement dependency on groundwater conditions is

shown through Table 5.

Table 5. Settlement dependency on groundwater conditions.

Parameter Water level height from top of Maximum surface settlement
Structural type
set the tunnel
20
) 13 5 (liner 40cm, pipes
300mm)
below tunnel
20
5 (liner 40cm, pipes
2 13 300mm)
below tunnel
20
3 13 5 (liner 40cm, pipes
600mm)
below tunnel
20 d
5 (liner 40cm, pipes
4 13 300mm)
below tunnel 18
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While resulting settlements vary greatly on adopted parameters, such parametrically generated models
give broad impression on project’s possible outcomes and are very representable for the whole project
in which soil material can mostly be generalized as one soil type with different ranges of mechanical
properties.

Ground movement has been used for this purpose as the main indicator for quality of tunneling solutions
in urban areas. In different conditions, i.e., where no threat exists to damage the urban infrastructure
such information provides little value. Considering the unsuccessful historical attempts, very dense
urban conditions along tunnel trajectories, complexity of proposed solutions and possible outcomes of
the analysis which suggest likeliness that significant further expenses and effort should be put in
ensuring that no damage is dealt to the existing infrastructure, the decisions and actions were made to
convert the tunneling technology to TBM.

5. TBM proposal and analysis showcase

Similar approach to NATM analysis was adopted for TBM. In this manner, soil parameters were
adopted and are shown in Table 6. It can be noted that parameter sets coincide with previously used
sets with addition of parameter set with even lower properties and exclusion of parameter set with
highest properties.

Table 6. Settlement dependency on groundwater conditions.

Varied Hardening Soil parameters

51\(;[00/0(1:)1?;)562:( Oedometer Unload-Reload Cohesion Friction angle
Parameter set  yiaxial strength Modulus Modulus
Eso" (kPa) Eoed™ (kPa) E.' (kPa) Crer (kPa) 0 (°)
1 10 000 10 000 30 000 1 20
2 20 000 20 000 60 000 10 20
3 40 000 40 000 120 000 20 25
4 60 000 60 000 180 000 40 27
Varied overburden [water level] height measured from top of the tunnel (m)
1 10m overburden [-20, 7m water level over top of the tunnel]
2

25m overburden [-20, 13, 20m water level over top of the tunnel]
40m overburden [-20, 20, 33m water level over top of the tunnel]

Pressure balance TBM technology relies on actively keeping soil in balance by exerting pressure both
on face of the excavation through pressure chamber of the cutterhead and by injecting grout inside the
annular gap between the erected concrete structure and soil surrounding the structure. Grouting
operation takes place immediately behind the shield, as the machine moves and “reveals” latest erected
segmental ring behind the steel shield of the machine. If needed, additional pressure can be applied
through holes on the shield with bentonite medium to further help in keeping the soil in balance and
reduce the volume loss of the excavation. These actions act in conjunction with other processes that
also need to be precisely controlled, such as torque application, hydraulic pistons advancement rate,
screw conveyer extraction rate etc.

Applying the right actions in right amount at the same time is the task of the TBM machine and TBM
operator, one that can be extremely complex and sensitive to error if soil conditions are challenging and
urban tunnelling requirements rigorous. If done properly though, TBM technology promises to achieve
better results in controlling volume loss during excavation and thus provide better alternative for
tunnelling in urban areas.

Numerical (or analytical, for that matter) modelling of such complex processes often requires certain
assumptions to be made. Depending on the required output of the analysis, these assumptions can lead
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to results which can be both conservative and non-conservative at the same time, i.e. calculations which
lead to overestimated volume loss often underestimate forces in the structure. As so, few modelling
assumptions have been made in an endeavour to simulate TBM tunnelling process for the design of this
project. It is shown how some of these assumptions can achieve results which represent somewhat
conservative application of TBM tunnelling from the standpoint of surface settlements. The model is
briefly described prior to presentation of the results in order to supplement the manner in which the
realistic problem of TBM tunnelling sequence is interpreted in the model.

Firstly, pressure on the face of the excavation is achieved with surface load. This parameter was varied
through parametric analysis and is always active on the face of the tunnel excavation, as shown on
Figure 7.

Secondly, gap between tail shield external diameter and excavation diameter is achieved by radial
contraction of the shield as the shield advances through sequences (each step being equal to length of
segmental ring). This is achieved with gradual application of tangential contraction on plate elements
that are used as shield structure (Figure 7). Interface elements are used on surface elements of the shield.
This allows for different displacements on nodes which coincide on both surface elements and soil
elements so that no bogus tension forces are induced, neither in shield nor in soil elements.

Lastly, grouting pressure is induced in a single step behind the tail of the shield as radial pressure. With
this, assumption is made that pressure as such has effect on surface settlements while it is in fluid form
and while pressure in fluid exists. This pressure is parametrically varied along with face pressure. As
soon as advancement is made and the next calculation step is started, the pressure is removed and it is
assumed that the grout has hardened enough so that its strength is greater than the properties of the soil,
which in the case of the project is very likely considering ranges of possible properties of the soil and
hardening time of two component grout.

Concrete nng
(salid elements)

Concrete ring
(plute cletments)

Fig. 7. TBM numerical model components.

All models, unlike in NATM analysis, consist of two tunnel tubes. Each tube advances for amount of
20 steps, which equals 40 meters in terms of length. This makes each calculation take 40 advancements
steps, since tunnels start one after the other rather than at the same time.

Presented as a chart on Figure 8 are maximum surface settlements for different soil conditions and
pressure/grout pressures. Results are shown for overburden of 40m and with no groundwater present
above tunnel. First three columns for each soil parameter set represent results of surface settlements for
conicity of the shield modelled as per manufacturers specification. Fourth, fifth and sixth column
represent results of surface settlements in which conicity is zero i.e. if no convergence is allowed to
happen either by the use of bentonite or actually designing the shield with zero conicity and no overcut.
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Machines are generally not designed with zero clearance since this clearance is necessary for the
machine to turn efficiently.

Settlement chart for 40m overburden
250

200 H 100 KPa
150 W 300 KPa
100 500 KPa
s i l . W 100 KPa No gap
W 300 KPa N
: b B e
1 2 3 4

500 KPa No gap

o

Surface settlement (mm)

Parameter set

Fig. 8. Surface settlements for different soil conditions and face/grouting pressure.

It can be observed that with pressure increase, the settlements decrease significantly, especially in the
case of very weak soil. However, for the case of models with specified conicity of the shield, at certain
point there is little improvement with increasing soil pressure as the settlement converges to
approximately 50 mm, which basically represents convergence that happens because of the shield
conicity and the fact that bentonite injection effect is not modelled and for this reason the soil collapses
onto the shield because it does not have enough bearing capacity. In real scenario such collapsing effect
should be controlled by allowing bentonite muck or clay shock material to be injected through
designated openings on the shield. If assumption is made so that the bentonite injection process is
achieved in full effect, results of models with no conicity would present a good simulation of the effect
and influence it has on surface settlements.

Results obtained from TBM analysis further influence the opinion that for the given conditions, the
TBM method is superior to conventional method of construction.

6. Conclusion

The design and construction of tunnels in urban areas is complex and requires detailed and studious
analysis that should define adequate technical solutions that will enable the safe and successful
implementation of the tunnel construction project.

Risks in urban tunneling are often governed by ground settlements. In order to minimize these risks,
TBM technology offers substantial advantages when dealing with weak soil conditions.

The development of the tunnel project presented in this paper began more than several decades ago.
The project underwent a large number of changes that primarily related to the traffic solutions of the
route and access zones and fitting into the traffic solution of the City of Belgrade. However, the essential
issue with this project is the construction technology, which was obviously wrongly selected and
considered in previous studies and analyses. This was to be expected at the time when the development
of the project began, because the knowledge and construction practice at that time in Serbia did not
recognize the application of mechanized TBM methods in the construction of tunnels. Nowadays, the
advantage of TBM technology is undeniable and the further realization of the project will take place
using TBM. It is expected that by the end of 2025 works on the construction of the launch shaft will
begin and that the beginning of the construction of the tunnel should start at the beginning of 2027. The
tunnel connection project is one of the largest infrastructure projects in the City of Belgrade.
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Abstract: For the Russian holding company Mosinzhproekt JSC, which is equipped with highly qualified personnel,
an appropriate scientific and technical base and performs the functions of a general contractor and customer for the
construction of the Moscow Metro, innovative marketing as a methodological basis for the development and
implementation of innovations is a significant part of its activities. This is evidenced by the experience of the
holding's team of authors, who, based on an innovative marketing study of the Moscow Metro construction market,
identified a target market segment and a construction system with the potential for innovative segment development
if the system is equipped with the missing reliable and maintainable external waterproofing. To solve this problem,
an innovation strategy was developed based on the modernization method of the target construction system, which
is characterized by relatively low financial costs in developing and promoting innovations to the construction market
and, as a result, an original waterproofing system with double-sided adhesion, adapted to the specific conditions of
construction and operation of the construction system to be modernized, for the device reliable and maintainable
external waterproofing under specified conditions. The industrial testing of the upgraded innovative construction
system was carried out at the Moscow Metro facility under construction. The results of the work carried out can be
considered an example of creating an effective model for the development and promotion of marketing innovations
in the construction market, with low financial and time costs.

Keywords: innovative marketing; subway; target market segment; wall in the ground; pit hollows; waterproofing

1. Introduction

The article considers the solution of a set of problems that arise in the development and market
promotion of innovations in the field of waterproofing of underground structures built of monolithic
reinforced concrete in cut-and-cover and semi-closed pits. These issues include:

o the absence of a waterproofing system that provides the required adhesive bond to the external
insulated surface of the structural parts of the lining of these structures, characterized by the lack of
access to perform waterproofing work using traditional waterproofing materials;

o the absence of regulations and requirements in the regulatory framework governing the use of
waterproofing of this type in the construction of tunnels and subways;

e the lack of information in the technical literature on the use of waterproofing materials of this type
in the construction of tunnels and subways in cut-and-cover and semi-closed excavation pits;

e difficulties associated with overcoming barriers that arise in the development and promotion of
innovations in the construction market due to:

e inertia of the construction industry and, in particular, the conservatism of construction and design
organizations;

e high financial costs associated with the development and promotion of innovations in the
construction market;

e the lack of a methodological basis for conducting work that helps to overcome problems that arise
at the stages of development and entry of innovations into the construction market.

*Corresponding author: gidrotehnik@inbox.ru (T. Kobidze).
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The problems outlined in the first two paragraphs arose due to the lack of the ability of traditional
waterproofing materials to provide continuous adhesive bond to concrete poured on the surface of the
waterproofing coating pre-laid on the concrete base (secondary adhesion). This leads to a lack of
adhesive bond of the waterproofing to the outer surface of the moulded tray structures and walls without
hollows for backfilling the soil, in violation of regulatory requirements (Organization standard, 2013;
Code specification, 2022; Code specification, 2023), leading to a loss of reliability, waterproofness, and
maintainability of waterproofing and protected structures. Therefore, in order to eliminate this long-
standing issue, the authors had to solve the problem of finding, developing and justifying the
effectiveness of waterproofing materials that were free from this disadvantage of traditional materials.

A review of domestic and foreign scientific, technical and regulatory literature revealed only one
scientifically sound source (Holter, 2015), indicating the presence of the desired type of waterproofing
material produced on the basis of sprayed ethylene vinyl acetate polymer used in the construction of
transport tunnels built by mining (closed) method. Studies conducted by the authors (Kobidze, et al.,
2016) in order to adapt this material to the construction of underground structures in cut-and-cover and
semi-closed pits have shown that the material is of high quality and capable of adhesive bond both to a
pre-prepared concrete base and to the surface of concrete poured onto the surface of the waterproofing
coating (double-sided adhesion) with a tear-off strength of more than 0.5 MPa, according to the
requirements (Code specification, 2022). As a result, a reliable three-layer composite waterproof
enclosing structure of the ‘sandwich’ type is formed (Shilin et al., 2003), consisting of two layers of
monolithic concrete and a waterproofing layer.

This type of enclosing structure is formed during the construction of the wall parts of the lining of
underground structures in an open excavation pit without hollows for backfilling the soil, characterized
by a tendency to mutual displacement of two layers of concrete structures, which are a diaphragm wall
and a wall structure built close to it. At the same time, the amount of precipitation of the structure under
certain operating conditions can be 5 cm (Code specification, 2019). The results of laboratory tests of
the shear patterns of these structures at the specified parameters showed the inability of the
waterproofing layer made of ethylene vinyl acetate with a hardness of 80 on the Shore A scale and an
elongation of 80-140 % to maintain integrity and adhesive bond to both layers of the concrete structure.
This pointed to:

o the unsuitability of the material for the construction of such structures and the limited use of it in
the construction of underground structures in cut-and-cover and semi-closed pits;

o the need to continue work to develop a waterproofing material with double-sided adhesion, devoid
of this drawback (Kobidze and Konyukhov, 2021).

2. Methods and materials

In the methodological justification of the planned work, the choice fell on an infrequently used separate
area in modern marketing related to the development and promotion of innovations (innovative
marketing), the object of which is not the market of goods, but the innovation market with subjects, one
of which is the state. Therefore, the use of this method is particularly effective in the context of the
activities of state-owned companies, for example, Mosinzhproekt Holding, which performs the function
of managing the construction of the Moscow Metro in the implementation of the priorities of the state
innovation program. These factors, supported by the relevant competence and administrative resources
of the company, create favourable conditions for successfully overcoming the inertia of the construction
industry and financial barriers in the development and promotion of innovations in the metro
construction market.

As a result of the conducted marketing research, it has been established that the construction of subway
station and pier structures from monolithic reinforced concrete of shallow laying is a promising target
segment of the increased capacity of the innovative metro construction market, which is characterized
by the presence of a competitive environment due to the distinctive features of building systems used
for the construction of underground structures (Fig. 1).
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Fig. 1. Types of methods for the construction of underground structures made of monolithic reinforced concrete: (a)
— cut-and-cover method with hollows for backfilling the soil; (b) — cut-and-cover method without hollows for
backfilling the soil; (c) semi-closed construction method with a load-bearing diaphragm wall; 1 — tray (foundation)
plate; 2 —load—bearing wall; 3 — pressure wall; 4 — excavation enclosure; 5 — coating plate; 6 —hollows for backfilling
the soil; 7 — plane of mutual displacement of the walls; 8 — concrete preparation.

The construction of structures in the target segment is carried out in a cut-and-cover or semi-closed
excavation. Construction in a cut-and-cover pit involves the installation of external waterproofing for
structures under construction. This ensures the required waterproofing and anticorrosive protection of
the enclosing structures from the effects of groundwater and reliable operation of the waterproofing
coating in the ‘on-hold” mode. Therefore, the method of constructing underground structures in a semi-
enclosed excavation, where the load-bearing wall structure ‘diaphragm wall’ is protected by
waterproofing from the inside, was identified as an unpromising object for innovative research.

Underground structures in a cut-and-cover pit are built regardless of the presence or absence of hollows
for backfilling the soil. In the case of hollows, waterproofing is applied directly to the outer surface of
the permanent wall structure, and in the absence of hollows, to the inner surface of the temporary
diaphragm wall structure, which in this case acts as a protective layer of waterproofing. All other things
being equal, the hollows construction method has undoubted technical, economic and competitive
advantages due to (Table 1):
o the absence of labour-intensive and resource-intensive excavation work related to excavation,
transportation to the dump and backfilling of soil into the hollows;
o there is no need to install a protective layer of waterproofing against damage when performing
backfilling work;
e reducing the construction time of an underground structure in the absence of listed works in the
construction chain.

In addition to the above, after the completion of backfilling work, expensive diaphragm walls structures
used as temporary geotechnical structures for fencing the excavation pit lose their original function,
turning into a useless structure buried in the ground. At the same time, the diaphragm wall also acquires
a negative function, becoming an enclosing structure of stagnant wall drainage with increased
hydrostatic pressure, formed as a result of filling the hollows with compacted sand and its saturation
with groundwater and topsoil, which, as a rule, contains pollutants that increase the aggressiveness of
the backfilling soil.

Under the given conditions, the possibility of direct contact of contaminated groundwater with
overpressure and waterproofing coating of walls increases the risk of reducing the durability of the
material and, in case of damage, the corrosion resistance of reinforced concrete of the protected
structure and the occurrence of active (pressure) leaks in transport structures. As a result, the operational
reliability of structures decreases and the operating costs for eliminating these defects increase.
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Table 1. Comparison of the cost of additional work during the construction of an enclosing wall structure of an
underground structure erected in an open pit with pit hollows and without pit hollows.

The cost of the work according to the
estimate, in the price level for March

Name of the works 2023, in rubles
A pit with pit A pit without pit
hollows hollows
E?icavatlon of the ground in the excavation with relocation and 2 587.94 408,04
disposal
Installation of the leveling wall of the excavation enclosure
. 397730
(diaphragm walls)
Waterproofing protection with extruded polystyrene foam boards 1394,16
Backfilling of pit hollows at the walls of the excavation 4 513,56
Total 8 495,66 438534
— 2
Saving for every 1 m? of wall erected without pit hollows %j%f/’é&zt 385,34=4110,32 py6./m
— 0

Currently, contrary to the above analysis, the dominant application in the practice of metro construction
is a cut-and-cover method with hollows for backfilling the soil.

Such an illogical situation is based on an unresolved long-standing technical problem, in particular, the
main condition for the installation of traditional waterproofing materials (bitumen polymer surfaced
rolls, polymer compositions based on polyurea and methyl methacrylate resin) used in accordance with
regulatory standards in the field of metro engineering (Code specification, 2022; Code specification,
2023; Organization standard, 2013), is the availability of access to the insulated surface of the protected
structure. This condition exists only when waterproofing the external insulated surface of walls with
hollows for backfilling the soil and coating plates, and is absent when waterproofing tray plates and
walls erected without hollows for backfilling the soil (see Fig. 1).

In the absence of hollows, the wall structure of the underground structure is built close to the diaphragm
wall (enclosure of the excavation). Therefore, for the external insulated surface of the erected wall, as
well as for the tray plate, there is no access to perform waterproofing work. As a result, under these
conditions, traditional materials are adhesive fixed to the accessible surface of the excavation fence
(diaphragm walls) before the walls of the structure are erected and for concrete preparation — before
concreting the tray plate.

The lack of adhesion to the wall and to the tray plate deprives waterproofing of reliability and
maintainability, and the method of constructing structures without hollows for backfilling loses market
competitiveness, since in the case of even single local damage to the waterproofing, uncontrolled
migration of water occurs under the entire area of the waterproofing coating, in violation of the
requirement (Code specification, 2022), leading to flooding the protected wall and the tray plate, to the
loss of waterproofing and anti-corrosion protection by the structures, the restoration of which is
achieved by a device behind the wall and a tray plate of unacceptably expensive veil waterproofing
using injectable polymer compounds. Therefore, the elimination of the described problem is an urgent
problem that needs to be solved.

3. Discussion
The results of the marketing analysis revealed the following:

1. A potentially promising object for the development of an innovative marketing construction product
of the target segment, competitive in the innovative metro construction market, is a construction system
based on the construction of underground structures in an open pit without hollows for backfilling,
which differs from the competitive construction systems of the segment by better technical and
economic indicators and short construction time.
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2. The reasons for the low competitiveness of the specified construction system of the target market
segment at the time of the innovation work were:

e lack of technology for reliable and maintainable external waterproofing for constructed structures;
e lack of a regulatory framework for the installation of reliable and maintainable waterproofing for
structures of the type in question.

These reasons created an insurmountable barrier to the advancement of the construction system to the
market.

Based on the above, a strategy for innovative work has been developed, including solving the following
tasks:

1. Organization of scientific research on a conceptual basis, according to which the waterproofing
coating should exhibit:

¢ adhesive bond not only to the accessible surface of the excavation fence and concrete preparation
(concrete base), but also to the inaccessible surface of the monolithic wall of the structure, erected
close to the waterproofing coating of the excavation fence and the tray plate (the ability of
waterproofing to double-sided adhesive bond);

e resistance to abrasion and loss of integrity of the waterproofing layer and its adhesive bond to both
structures under the conditions of the expected mutual displacement of the excavation fence and the
wall structure with a draft of the structure from 2-2.5 cm (established by the results of long-term
observations) to the possible permissible maximum values of 5 cm (Code specification, 2019).

2. Amendments to the regulatory framework in the field of metro construction, fixing the requirements
for the rules of design and installation of reliable and maintainable waterproofing for structures erected
in an open pit without hollows for backfilling.

4. Results

The implementation of innovative research and development activities has yielded the following results.
The most effective type of waterproofing material suitable for solving the tasks has been selected and
modified. These are sprayable compositions based on a thermoplastic elastomer with double-sided
adhesion, modified by fibre reinforcement of the front layer of the coating (2 mm) from a non-woven
geotextile fabric with a density of 250 g/m?, impregnated with a sprayable waterproofing compound.
It is confirmed that the material in question, applied, like traditional technology, to a concrete base and
a diaphragm by a high-performance mechanical method of airless spraying, according to the conceptual
version, provides adhesive adhesion (at least 0.5 MPa) according to the requirements (Code
specification, 2022; Organization standard, 2013), not only with a concrete base, but also with an
inaccessible outer surface of the tray plate and wall, erected without hollows for backfilling the soil,
laid on waterproofing by monolithic concreting. As a result, particularly reliable, three-layer waterproof
sandwich-type enclosing structures are formed (Shilin, et al., 2003), consisting of a protective layer of
waterproofing in the form of concrete preparation and a diaphragm wall, a layer of protected structure
(tray, permanent load-bearing wall) and a waterproofing membrane located between them with double-
sided adhesion to reinforced front layer (Fig. 2 and Fig. 3) (Kobidze et al., 2016; Kobidze et al., 2023).
The operational reliability of these structures in conditions of high hydrostatic pressure is ensured by
the joint operation of three components of the following structures:

e reliable protective waterproofing layers made of reinforced concrete, located on the side of the
impact of groundwater, sensing the hydrostatic pressure of the waters, ensuring the operation of the
waterproofing layer in a favourable ‘pressure’ mode;

e protected structures as pressure structures designed to withstand expected hydrostatic pressures
(Code specification, 2022);

e awaterproofing layer trapped between two concrete structures, due to its two-way adhesion, ensures
the solidity, water resistance and reliable functioning of the entire structure.

In the case of residual high humidity of the concrete base, they are coated with a thin (3 mm) protective
waterproof and anti-corrosion layer of polymer cement composition.
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The test results confirmed the high elasticity of the specified material and its ability to develop
reversible elastic deformations under tension with a recovery coefficient of at least 90 % of the original
length of the sample and a relaxation time of 15 minutes after the cessation of external forces (Table
2).

Fig. 2. Monolithic wall structure, erected without hollows for backfilling the soil, with external waterproofing with
double-sided adhesion: 1 — a diaphragm wall (enclosure of the excavation); 2 — levelling layer (reinforced fine-
grained concrete, monolithic reinforced concrete); 3 — sprayed seamless waterproofing made of thermoplastic
elastomer 6-8 mm with a front layer of 2 mm reinforced with geotextile cloth; 4 — tunnel lining wall made of
monolithic reinforced concrete, erected without hollows for backfilling the soil.

Fig. 3. Tray plate with external waterproofing with double-sided adhesion: 1 — reinforced concrete preparation; 2 —
sprayable seamless waterproofing made of thermoplastic elastomer 6-8 mm with a front layer of 2 mm reinforced
with geotextile cloth; 3 — tray plate.

The ability to double-sided adhesive adhesion of the specified type of waterproofing material has been
confirmed (above the regulatory requirement of at least 0.5 MPa) both with a concrete base (primary
adhesion) and with the surface of concrete laid by monolithic concreting on a ready-made waterproofing
coating (secondary adhesion).

The test results confirmed the high elasticity of the material and its ability to develop reversible elastic
deformations under tension with a recovery coefficient of at least 90% and a relaxation time of 15

minutes after the cessation of external forces (Table 2).

Table 2. Elongation and elastic deformations of thermoplastic elastomer waterproofing material.

Relative lengthening,
0,

No Parameters % Boccranosnenue
0

1 Before the trials 1900 >90

2 After thermal aging (T=+70 °C) 1970 >90
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The high resistance of the 6-8 mm thick waterproofing layer to deformation loads (while maintaining
integrity and double-sided adhesion) was confirmed when the concrete layer of the sample imitating
the wall structure of the structure was shifted by the maximum allowable value for testing equipment
of 8.3 cm (Fig. 4).

CYOMHA I L2

)

Fig. 4. Testing of a layer of sprayed waterproofing with double-sided adhesion, laid between two wall structures,
for shear resistance: (a) Sample during shear tests; (b) Sample after testing.

As can be seen from Table 3 and Fig. 4, the pressure value when the sample is shifted by the specified
8.3 cmis only 0.020 MPa with a waterproofing layer with double-sided adhesion of more than 0.5 MPa.
This contributed to the fact that the plane of deformation of the waterproofing layer during the shear
load passed through the middle of the waterproofing coating, which at the same time retained its
integrity, bilateral adhesion and thickness in the uncoated area between adjacent concrete layers of the
test sample.

Table 3. Testing of a sample of a wall structure with a waterproofing layer with double-sided shear adhesion (the
test surface area of the sample is 24200 mm?).

Ne Load time, s Load, N . Deformation Shear pressure, MPa
(displacement), mm

1 31 207 5.0 0.008262037
2 61 257 10.0 0.010257698
3 121 318 20.0 0.012692405
4 181 378 30.0 0.015087198
5 241 442 40.0 0.017641645
6 301 487 50.0 0.01943774
7 361 503 60.0 0.020076351
8 421 505 70.0 0.020156178
9 480 507 80.0 0.020236004
10 494 513 83.0 0.020475483

According to the ratio of the Shore hardness scale A, due to the reinforcement of the 2-millimeter face
layer of the waterproofing coating with a non-woven geotextile cloth with a density of 200-250 g/m2,
the material of the initially soft category acquires an average hardness, which makes it possible to
seamlessly perform general construction work on concreting the foundation plate under construction
site conditions.

The national standard regulating the rules of work during the construction of the subway (Code
specification, 2022), at the suggestion of the authors, has been amended to include requirements for the
rules of design and installation of reliable and maintainable waterproofing for structures erected in an
cut-and-cover pit without hollows for backfilling (Kobidze and Konyukhov, 2022).
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5. Conclusion

As aresult of the conducted research:

e by modifying the initial thermoplastic sprayed composition, a type of innovative waterproofing
materials with double-sided adhesion has been developed, eliminating the contradiction between
the regulatory rules for the design and installation of waterproofing for underground structures
erected in an cut-and-cover pit. On this basis, the national standard for metro construction (Code
specification, 2022) has been amended accordingly;

e a simple, technological and innovative method and design solution have been developed based on
the use of sprayed waterproofing with double-sided adhesion for reliable waterproofing of structural
parts of monolithic reinforced concrete lining of underground structures characterized by lack of
access to an external insulated surface for waterproofing work.

Through marketing research:

o the area of construction of underground structures made of monolithic reinforced concrete in an
open pit has been established as a target segment of increased capacity for the innovative metro
construction market;

o the choice of an open method of constructing underground structures without hollows for backfilling
soil as an object for innovative development from among the target segment's construction systems
based on modernization, characterized by reduced capital and indirect financial costs at the stages
of development and promotion of innovations in the construction market.

A marketing innovation has been developed in the form of an open-pit construction system for
backfilling the soil, created on the basis of system modernization by replacing unreliable traditional
waterproofing systems with one-sided adhesion with a developed sprayable waterproofing with two-
sided adhesion, fully adapted to the specific conditions of construction and operation of these structures,
which gave them an undoubted competitive advantage over others the construction systems of the target
segment.

The effectiveness of a model for the development and promotion of marketing innovations in the
construction market with low financial and time resources has been tested and demonstrated,
implemented under the auspices of a state-owned construction company focused on addressing the
priorities of the state program for the innovative development of the country's construction industry.

For the first time, pilot industrial application of innovative structural and technological solutions for the
construction of sandwich-type multilayer enclosing composite structures with a waterproofing layer
with double-sided adhesion was carried out at the Moscow Metro facility, where structures were built
in an open pit with and without hollows for backfilling the soil (Fig. 5).

(a) (b)

Fig. 5. General view of the work during the installation of sprayed waterproofing with double-sided adhesion: (a)
installation of a metal frame on waterproofing laid on diaphragm walls and on concrete preparation, before
concreting wall structures without hollows for backfilling the soil and a tray plate; (b) installation on a primed
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waterproofing base of geotextile canvases intended for subsequent spraying with a waterproofing compound to form
a fibre-reinforced 2-millimeter front layer.

An inspection of the premises of the waterproofing structures after 2.5 years of operation showed that
the enclosing structures are in a dry state, confirming the reliability and operability of the operated
waterproofing system under specified operating conditions over the past period.

To date, the developed innovative structural and technological solutions based on sprayed
waterproofing with double-sided adhesion have found application in the construction of four
underground facilities of the Moscow and St. Petersburg subways with structures erected without
hollows for backfilling the soil. In order to further promote innovation in the construction market, work
is underway to expand the raw materials and regulatory framework of the developed waterproofing
system; with the organization of events to attract potential consumers of innovations (seminars on the
basis of Mosinzhproekt, field technical meetings). This purpose is also served by participation in
scientific and technical conferences, publications in specialized journals, etc.

The experience of performing waterproofing works in construction conditions has shown that the
customer needs to ensure stable quality indicators of the laid waterproofing coating:

e on a contractual basis, link the manufacturer of the product (supplier) and the contractor of
waterproofing works as a collective responsible subject for the quality of the supplied products and
the waterproofing work performed at a specific facility;

e organize strict control over the production process;

e oblige the contractor construction company to organize measures to ensure that the specified heat
and humidity conditions are met, as well as to protect the waterproofing during the laying and
hardening period from the ‘human factor’, precipitation and groundwater.

References

Code specification, 2019. SP 474.1325800.2019. Subways. The rules of inspection and monitoring of underground
structures constructions. Appendix A, p. 9. https://docs.cntd.ru/document/564543321.

Code specification, 2022. SP 120.13330-2022. Subways. https://docs.cntd.ru/document/1300886470 .

Code specification, 2023. SP 122.13330.2023 Railways and highway tunnels.
https://docs.cntd.ru/document/1304138944.

Holter K.G., 2015. Properties of waterproof sprayed concrete tunnel linings. A study of EVA-based sprayed
membranes for waterproofing of rail and road tunnels in hard rock and cold climate. Thesis for the degree of
Philosophiae Doctor. Trondheim, December 2015. Norwegian University of Science and Technology Faculty
of Engineering Science and Technology. Department of Geology and Mineral Resources Engine.

Kobidze T.E., Kolobaev D.A., and Potapov G.V., 2016. Waterproofing systems for underground transportation
facilities built using the diaphragm wall technology. Metro and Tunnels, No. 1, pp. 19-21.

Kobidze T.E., Merkin V.E., Seslavinsky A.S., Pukhov A.V., and Potapov G.V., 2016. Russian Patent 162638.
Underground construction.

Kobidze T.E., and Konyukhov D.S., 2021. The causes of flooding of tunnel structures and innovative ‘pre-installed’
waterproofing systems to eliminate it. Metro and Tunnels, No. 1, pp. 18-22.

Kobidze, T.E., and Konyukhov D.S., 2022. Features of designing and installing reliable and maintainable
waterproofing for underground transportation facilities. Metro and Tunnels, No. 3, pp. 24-27.

Kobidze, T.E., and Konyukhov D.S., 2023. Russian Patent 218662 The tray part of underground and buried
structures built in an cut-and-cover manner.

Organization standard, 2013. STO NOSTROI 2.27.123.2013. Development of underground space. Waterproofing
of transport tunnels and subways constructed by open method (Rules for design, production and acceptance of
works). https://docs.cntd.ru/document/1200127364 .

Shilin A.A., Zaitsev M.V., Zolotarev I.A., and Lyapidevskaya O.B., 2003. Waterproofing of underground and buried
structures during construction and repair. Publishing house ‘Russian trademark’: Tver, Russia, pp. 1-23.

51






Southeastern Europe Tunnelling Conference (SETC-2025) =% @ o
1-3 October 2025, Belgrade, Serbia

SETC—-2025
DOL. 10.5937/SETC25006G

Overcoming TBM Launch Challenges in Doha’s WWDT Project
K. Gaurav Singh®*, H. Vigil Fernandez’, J.B. Stypulkowski¢ and K. Saif Al-Khayareen®

* Parsons International, Doha, Qatar; kumargaurav.singh@parsons.com
® PORR-HBK-MIDMAC-JV, Doha, Qatar; hernan.vigil@porr.qa
¢ Public Works Authority (ASHGHAL), Doha, Qatar; jstypulkowski@ashghal.gov.qa

Abstract: Over the past two decades, Doha has experienced rapid growth, putting considerable pressure on the city's
infrastructure, particularly its aging sewer system and wastewater treatment facilities. To address these challenges,
the Public Works Authority ASHGHAL has initiated several projects involving both shallow and deep sewer tunnels,
alongside the construction of new treatment plants to accommodate the demands for Doha’s expanding population
in the future. The scope of the Wakrah and Wukair Drainage Tunnel (WWDT) project includes a 13.3 km bored and
lined tunnel, using two 5.85-meter diameter EPB TBMs, eight shafts, adits for future connections, and hydraulic
structures. Due to project constraints and the delivery schedule of the TBMs on site concerning Covid-19 pandemic
restrictions, the contractor had to launch a 148-meter-long Tunnel Boring Machine (TBM) inside a 15-meter
diameter shaft located at a depth of 59.4 meters. This paper details how the contractor successfully managed these
challenges and launched both TBMs. The TBM launch and commissioning were contractual key milestones. The
approach involved partially excavating a Stub Adit/Logistics tunnel using a Sequential Excavation Method (SEM)
to create space for multiple TBM sections at the base of the shaft, while some TBM gantries operated simultaneously
by situating on the surface and connected via umbilical lines to the cutterhead and main shield of the TBM for
commencement of the tunnelling operations.

Keywords: sewer tunnel; EPB TBM; launching challenges; tunnelling

1. Introduction

ASHGHAL is a Public Works Department (PWA) for the country and has launched several schemes in response
to the growth and rapid expansion of the population, which has strained the country’s infrastructure including
sewerage system and treatment facilities. The PWA developed strategic plans utilizing shallow and deep sewer
tunnels and new treatment works to serve the growing population in the years to come.

The Wakrah Wukair Drainage Tunnel (WWDT) project (C853/2) is primarily located within the
western and southern utility corridors, an assigned buffer zone between the two utility corridors, and
inside the Al Wakrah and Al Wukair Sewage Treatment Plant (STP).

The Project comprises the design, construction, testing, commissioning, and handover of the Drainage
Tunnel. The Drainage Tunnel (DT) is approximately 13.3-km long with four temporary work shafts for
TBMs launch and/or reception — WS07, WS08, WS09 and WS10 and four additional temporary shafts
for the construction of permanent access shafts in between the TBM work shafts — AS08, AS09, AS10
and AS11 which shall all be converted to permanent access shafts.

The DT final inner diameter is 4.5 m. The lining concept consists of primary lining, which is a 300 mm
thick fiber reinforced segmental concrete (C50/60), and a Secondary Corrosion Protection Lining (CPL)
of 250 mm thick concrete (C35/45) with a 2.5 mm thick HDPE protective membrane. For additional
information about concrete used please refer to Bernardeau et al. (2018).

*Corresponding author: kumargaurav.singh@parsons.com (K.G. Singh).
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WWDT project sites are in an undeveloped area, and the ground surface levels along the approximately
13.3 km-long alignment range from approximately +5 to +25 m above the Qatar National Height Datum
95 (QNHD95). The sites are surrounded by Qatar Petroleum (QP) pipelines, overhead high-voltage
transmission lines, other utility services, as well as expressways. There are no existing permanent roads
to many parts of the sites. Please refer to Stypulkowski et al (2023, 2024) for omitted details.

2. Project Tunnelling Plan

The tunnelling for WWDT project has been planned for TBM 1 to start at WS10 and pass AS11 and
WSO09. After passing WS09, the TBM stopped at about 150m before (in flow direction) the shaft.
During the interruption of tunneling, the Site Installation for TBM 1 was shifted from WS10 to WS09.
After reinstallation of the tunnelling logistics, TBM 1 was launched again from WS09, passed AS10
and was received finally at AS09. AS09 was constructed as TBM Launch and Reception Shaft for TBM
2, which drove through WS08 and consecutively through AS08 and was than received at WS07.

3. Geology general overview

The project area is geologically a part of the Arabian Gulf Basin as described in detail by Cavelier et
al. (1970) and Sadiq and Nasir (2002). The post Cretaceous sedimentation is a sequence of shallow
marine limestone with occasional shale and evaporates in a shallow basin. The formations encountered
in the Doha region comprise of Quaternary marine, acolian and sabkha deposits. The Simsima
Limestone is subdivided into four geological units in the project area: the Highly Weathered Simsima
Limestone (HWSL), Weathered Simsima Limestone (WSL), Simsima Limestone (SL) and Basal
Simsima Limestone (BSL). The underlying lower geological units, which include the Midra Shale
(MSH), Khor Limestone (KLS), Rus Calcareous (RUS) and Rus Gypsum (RUSGYP), lay below the
SL formation (Karagkounis et al. 2016).

Based on the available information, PHM-JV interpreted the geology as presented in Figure 1 and
summarised below.
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Fig 1. Interpreted geology (PHM-JV, 2022c¢).

4. Surface Enabling Works and Rock Grouting (Shafts)

The experience accumulated from other projects in the state of Qatar by the contractor, suggested that
rock grouting (or permeation grouting) is the best option to reduce the active karstification/voids of
rock formation and thus the water inflow towards the excavation, see Fig.2. Rock grouting was
performed ahead of excavation using a down-the-hole hammer with a diameter of 115mm and a Tube-
a-Manchete system. The mix design used was a combination of Ordinary Portland cement (OPC)
between 320 kg and 420 kg, bentonite between 30 to 60 kg, and water from 800 to 900 1.

In shaft WS10, two drilling schemes were used: full-length primary-secondary grouting around the
shaft perimeter, and a base plug grouted only in the last 10 m to block bottom water inflow.
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Fig 2. Rock grouting drill pattern.

For shaft AS09, only the base-plug rock grouting was required. Perimeter grouting had been completed
by a previous contractor (2016-2018); after that contract was cancelled, the shaft was backfilled with
lean concrete (2018). On taking over the shaft under the WWDT contract, the contractor confirmed the
existing rock grouting was still fit for purpose.

A total number of 30 primary and secondary and 23 center bore holes have been drilled in WS10 with
a grout consumption of 574.5 m3, while in AS09, only 24 center bore holes have been drilled with a
grout quantity of 22.3 m’>.

5. Surface Enabling Works and Rock Grouting (Launching chamber and Logistic
Tunnels)

The excavation method for the TBM launching chambers and logistics tunnel is based on NATM, thus
considering the groundwater conditions, the rock grouting block containing the tunnel lining inside is
necessary in a similar way, as it has been described previously.

In WS10, 297 primary and secondary bore holes were drilled with a grout consumption of 1458 m3,
while in AS09, 190 bore holes were drilled with a grout quantity of 590 m>.

6. Dewatering

To mitigate the effect of water inflow in the shaft, a complementary action to the rock grouting, an
integrated dewatering system consisting of dewatering wells with effective slotted casing diameter of
315 mm and French-drainage of 1 m by 1m and sump pits, permanent and temporary, was deployed in
the launching shafts (WS10 and AS09), as shown in Fig. 3.
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Fig 3. De-watering design and construction in shaft WS10.

The water collected from the dewatering system in each shaft was discharged into a main internal
discharge line via a lay-flat hose and HDPE pipes. Extracted groundwater was discharged to the
recharge wells at a depth of 450 m via a break tank through internal HDPE pipes, after maintaining the
parameters stipulated in the relevant permits. During excavation of the shafts, the amount of dewatering
was around 40 m?/h, while during the TBM activities, it was around 20 m3/h. As WS10 and AS09 shafts
are two TBM launching shafts, each site has its own deep recharge wells and its associated surface
facilities, in order to maintain the quality of discharge water and not to exceed the daily capacity of the
recharge wells.

7. Shaft Excavation

The shaft construction consisted of excavation works and application of SCL primary support. The
excavation was carried out by using conventional excavators (with more than one excavator) working
in the shaft at the time, a drum cutter and hydraulic hammer. The primary support was sprayed wet
shotcrete C25 distributed in a single layer of 100 mm thickness or 300 mm distributed in a double layer,
reinforced with a single or double layer of wire-mesh (200 X 200 X 8mm), and installation of spot rock
bolts.

8. Tunnel Excavation (NATM)

The excavation of the launching tunnel and logistics tunnel has been done by the New Austrian
Tunneling Method (NATM) also known as Sequential Excavation Method (SEM). Ground conditions
and geotechnical loads considered in the design of the Non TBM-Tunnel were calculated based on the
data provided in the Preliminary Geotechnical Interpretative Report which showed as Strata — Rus
Gypsum, Y [MPa] = 22.5 and Erm [MPa] = 4363.

Horizontal probe drilling along with Face mapping has been systematically done to assess the rock
mass condition and its support which was based on the shotcrete (C25) with thickness between 100mm
to 250mm, reinforced with two layers of wire-mesh (200 X 200 X 8mm) and rock bolts of 3m length
in a pattern of 2m X 2m. Excavation was done as full circle in launch adits and by heading & benching
manner in logistics tunnels, see Fig.4 and Table 1.
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Fig 4. Launching and logistics tunnel cross sections.

Table 1. Summary of NATM tunnels.

ROCK BOLTS,

T285mm

Excavati Support Water Maximum
on rate class inflow deformation
(m/day) (m%/hr) (+mm)

Location

Simplified geology

AS09-Logistic Tunnel 0.9 1&2 0.6 32
AS09-Launching Tunnel 0.3 1 0.2 2.9

Rus Gypsum
Rus Gypsum

WS10-Logistic Tunnel 0.5 1&2 0.4 2.85 Rus and Rus Gypsum
WS10-Launching Tunnel 0.7 2 0.2 2 Rus and Rus Gypsum

9. Temporary slab and thrust frame reaction installation

Once the shaft excavation was completed, the permanent drainage and waterproofing installed, the
permanent slab has been poured. On top of the permanent slab, the temporary slab, which contains the

cradle and base support of the thrust reaction frame, was built.

10. TBM related surface facilities

While the above-described works continued inside the shafts, at the same time, the contractor was busy
installing and / or constructing the facilities at ground also, which are essential to perform tunneling

works:

Grout batching plant — cement, bentonite, retarder chemical and sodium silicate.
Water Tanks and Cooling tower.

Tunnel Ventilation system.

Muck-pit and De-mucking unit.

Power Plant (Substation) and diesel tanks.

Passenger Hoist — Passenger Hoist was installed for access and egress.
Wastewater treatment Plant.

Gantry crane capacity 60 ton.
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11. TBM Umbilical launching at Shaft AS09

The TBM was launched in the shaft AS09 by using an umbilical system. Thus, after the related enabling
works described in the previous sections were completed, the assembly of the TBM started with the
preassembly of the drive motor, reducers, thrust cylinders, shields, segment erector and screw conveyor
among other front and rear parts, Fig. 5.

The Figure below shows the assembly of the TBM parts in the shaft. Once the shield was assembled, it
was pushed into the launching tunnel.

Fig 5. Assembly of the TBM in the shaft.

The following parts from backup gantry 1 and B were removed placed in shaft bottom, temporarily, for
the umbilical launch. Among others, operator cabin, foam generators, B- component tank and pumps.

Water, air, and electrical connections were laid down from the surface to backup gantry 7. All the hoses
between gantries 2 to 7 were connected.

Thrust reaction frame was installed, fixed and surveyed, see Fig.6.

Launching Shaly

Tunnel Logistics Tunnel

TBM Backup (gantries)

Fig 6. Final configuration of the umbilical launching shaft AS09.

Upon the installation of Thrust frame, TBM launching/initial drive started and the TBM shield
advanced 90m, see Fig.7.

Fig 7. TBM and umbilical support. Rolling stock configuration.
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Completion of 90 m of TBM shield advance, with umbilical, marks the end of contractually required
phase 1 of the lowering and assembly works of TBM, in the shaft bottom/tunnel, see Fig.8.

TBM continued mining until there was sufficient space to install the remaining gantries until full
assembly at the TBM bottom/tunnel.

Launching
Regular Tunnel Tunnel Shaft |
| I i
Logistics
Tunnel

— (T —

Fig 8. TBM after mining 90 m.

12. TBM super umbilical launching at Shaft WS10

The Shaft WS10 presented a specific challenge based on the geometry and site constraints, where the
launching tunnel was not in the same alignment as the logistic tunnel where the backup was to be
installed. In addition, the length of the logistics tunnel was not long enough to accommodate the TBM
backup in one go. In this case, the logistic tunnel was 40 m out of 70 m, which was required.

After several configuration considerations, it was decided to use an unconventional umbilical
configuration to assemble and launch the TBM in shaft WS10.

The TBM and its backup were split into three parts; the TBM shield in the launching tunnel, backup
gantries 2 and 3 in the logistic tunnel, and backup gantries 4 to 7 connected at the surface, see Fig.9.

Super-umbilical Launching

TBM Backup (gantries on the ground surface

Shaft

e ——

Distance between surface
and tunnel level is 58.1 m

Umbilical
Cable

Launching Tunnel | Logistics Tunmel

TBM Shicld TEM Backup (2 gantries only)

Fig 9. Super umbilical configuration in the shaft and surface.
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The following assembly of the TBM and the gantries was followed:

o Lowering and assembling the TBM shield in the shaft and sliding into the launch tunnel.

o Lowering and assembling of gantry 3 and gantry 2 in the logistics tunnel.

e Lowering and assembly of the thrust frame.

o Connecting gantries 2 and 3 to the TBM shield through umbilical pipes and power cables. All other
TBM backups were located at the surface level using extended power cables and hydraulic pipes
running down the shaft to the TBM to be launched, see Fig.10.

Fig 10. Supraumbilical support and logistics configuration in the tunnel.

TBM was launched and mined until it reached a length of 90 m, see Fig.11. After completing 90m of
tunnelling, mining stopped, all the umbilical connections were disconnected, and the thrust frame was
removed from the shaft. All umbilicals were disconnected and removed from the shaft and the logistic
tunnel:

e Gantry 1 and bridge were lowered from the surface, and all components for the initial drive were
reinstalled towards the main machine, and also gantry 2 and gantry 3 from the logistics tunnel.

e All the backup gantries from 4 to 7 were lowered and pulled towards the TBM shield, and
connections were made for the next 80 m of tunnel advance, see Fig.12. However, gantries 8 to 11
with rescue chamber and cable extensions were not connected to the main TBM, which was not
essential for the initial drive.

_ Umbilicals

| TBM Shield

Launching:
Regular Tunnel tunnel |

. Logistics [Tunnel
e e .

TBM Backup | —

Fig 12. Removal of the umbilical and connection of the backup gantries with the TBM shield.
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At this stage, see Fig.13, the excavation of the logistics tunnel to reach the final configuration with a
length of 70 m restarted. Once the excavation was done, the remaining gantries were lowered and
installed, considering the TBM full assembly.

Other enabling works, like the temporary concrete fill in the tunnel invert for locomotive logistics, and
California switches were installed to allow the TBM to start regular mining activities.

Fig 13. Installation of California switches and final arrangement for TBM regular mining activities.

Table 2. Key dates for TBM-1.

. Productivi
TBM-1 - WS10-AS09 St Fnsh TOW  Working  Length  TpRRERY
Duration days (m) .

rings
Lowered on 6-Jan-22 4-Feb-22 29
Initial Drive Started 5-Feb-22  2-Mar-22 25
WS10-AS09 26-Apr-22  5-Oct-23 542 453 7200 10.1
Best Day (Rings/Meters) 19-Jun-22 (22 /35.2m)
Best Week (Rings/Meters) 18 to 23-Jun-22 (113 / 181m)
Best Month (Rings/Meters) June 2022 (377 / 604.3m)

Table 3. Key dates for TBM-2.
. Productivity
TBM-2 - AS09-WS07 Start Finish Total — Working  Length  “po q) i
Duration days (m) .

rings
Lowered on 2-Jan-22  27-Feb-22 56
Initial Drive Started 28-Feb-22  22-Mar-22 22
AS09-WS07 9-Apr-22  6-May-23 390 329 5879 11.23
Best Day (Rings/Meters) 25-Feb-23 (20 /31.7m)
Best Week (Rings/Meters) 22 to 27-Apr-23 (105 / 168.3m)
Best Month (Rings/Meters) March 2023 (356 / 569.0m)

13. Conclusion

Constraints faced by the contractor were unprecedented. The delivery schedule of the TBMs was
disturbed with Covid-19 pandemic restrictions in place. There was lack of skilled manpower
availability, prolonged visa processes to enter the country were just a few of them. At the same time
the contractual accountability to achieve key dates milestones were enforced. All of it pushed the
contractor to develop and adopt a customized but efficient plan to launch a 148-meter-long Tunnel
Boring Machine (TBM) inside a 15-meter diameter shaft located at a depth of 59.4 meters. Successful
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TBM launching and completion of tunnelling works without significant delays are the testament that
Umbilical launch method can be adopted as a feasible alternative. Despite having some safety concerns
related to numerous pressurized hydraulic pipelines and cables hanging 60m down vertically, Umbilical
Launch method is an impressive technique to launch TBMs in a confined space having limited time.
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Abstract: The paper presents a new class of readily biodegradable foaming agents specifically engineered for EPB
TBM applications. These advanced formulations incorporate enhanced biodegradable chemistries beyond traditional
raw materials, delivering superior foamability, increased stability over time, and improved control of the excavated
soil's rheology. Crucially, these properties are achieved without increasing the Foam Injection Rate (FIR), thereby
reducing overall chemical consumption. An important advantage of this Next Generation Technology is the ability
to develop a reliable Soil Conditioning Plan early in the project; this includes accurately forecasting the volume of
foaming agent required per geological section, which supports effective planning and real-time consumption control
throughout the excavation process. This Next Generation Technology of foaming agents offers a robust,
environmentally conscious solution tailored to the demands of modern EPB TBM tunneling. It facilitates greater
process control, reduces waste, improves safety, and enhances the reliability of tunnel excavation through all types
of ground conditions.

Keywords: EPB TBM; foaming agents; soil conditioning; biodegradability

1. Introduction

1.1. Why is the Next Generation Technology of foaming agents needed

The application of Earth Pressure Balance Tunnel Boring Machines (EPB TBMs) has expanded
significantly in recent years, particularly in projects involving cohesionless soils located below the
groundwater table. Under these geotechnical conditions, the use of foaming agents with superior
stability is critical to maintain chamber pressure, improve face support, and enable controlled and
continuous spoil removal.

To meet these demands, foaming agents must demonstrate enhanced rheological control of the soil over
time while minimizing overall foam consumption. Temporal stability of the foam has emerged as a key
parameter in soil conditioning: extended foam life directly contributes to improved excavation
efficiency and reduced resource utilization.

Recent developments in foam chemistry have introduced a Next Generation Technology of readily
biodegradable foaming agents specifically engineered to address these challenges. These formulations
exhibit increased surface tension and improved bubble stability, allowing the foam to remain functional
over longer periods within the excavation chamber. This sustained performance not only enhances soil
conditioning quality but also contributes to a measurable reduction in total foam volume required
compared to conventional products.

As a result, higher Foam Expansion Ratios (FER) can be achieved in conjunction with lower Foam
Injection Ratios (FIR), without compromising the mechanical behavior of the conditioned ground. The
implementation of this Next Generation Technology contributes to a more stable and efficient

*Corresponding author: sposetti.mike@ch.sika.com (M. Sposato).
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excavation process, enabling optimization of the TBM mining cycle and supporting adherence to
project schedules in complex tunneling environments.

2. Basics of soil conditioning — Old Technology
2.1. Foam generation

A soil conditioner is a chemical product which is added to a soil, together with water, to improve soil
physical and mechanical properties. Soil conditioning is the process to achieve this, and heavily depends
from the generation of foam and the quality of the foaming system used.

The generation of foam, whether done in laboratory or in TBM, is divisible in two separate steps:

o Step 1: the surfactant is mixed with water at a certain concentration rate (Cf), creating the foaming
agent.
e Step 2: the foaming agent is then mixed with air to create the foam.

The standard foams in the TBM industry are based on a surfactant, or tensioactive, called Sodium
Lauryl Ether Sulfate (commercial name is SLES). As per Fig. 1, SLES is an ionic tensioactive that,
when enters in contact with water, its molecules work like an emulsifier, bonding the water with its
chemical structure.

Air Bubble

Jeswasnewmh

Air Bubble

SenuCuas

. Thick adsorption layer |,

Fig. 1. Thick adsorption layers of SLES mixed with water, acting on air bubbles (Source: Peng et al., 2020).

SLES works on the surface of the bubbles favoring the stabilization of the air-liquid interface by
developing the surface tension that allows the air bubbles to be generated. Initially once the foam is
generated, bubbles are in small size but, with the passing of time, these tend to increase in their size in
a simultaneous effect with the reduction of the surface tension applied on the external layer of the air
bubbles.

The reduction of the surface tension on the external layer of the air bubble results at a certain point in
the air bubble to implode, which effect is detrimental to the stability of the foam and its ability to work
when mixed with a soil.

Therefore, the concept of time, which until now has not been properly addressed by the industry, is now
a vital parameter that must be taken in consideration when we condition a soil in a TBM.
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2.2. Foam parameters

Foams are generated and used through the control of these three essential parameters:

o Concentration (Cf), expressed in percentage as the rate of tenside inside the foaming agent; the
higher the Cf, the stronger the foam from the chemical and mechanical point of view.

e Foam Expansion Rate (FER), as the ratio between the volume of air and liquid; the higher the FER,
the drier the foam; FER is the indication of quality of the foam and the indication of how much air
is trapped inside the bubbles; as a matter of example, a foaming agent foamed at FER 10 means that
it expands its volume ten times.

. . i:ER =20

Fig. 2. Example of one foam at same Cf expanded at three different FER (Source: Sposetti, 2023).

e Foam Injection Rate (FIR), expressed in percentage as the ratio between the volume of the foam
and the volume of the soil; the higher the FIR, the higher the volume of the foam injected into
the ground and, therefore, higher the consumption.

Fig. 3. Example of FIR 30%. The total volume in play is 1300 liters (Source: Sposetti, 2023).

3. Quality control

Historically, soil conditioning in Earth Pressure Balance (EPB) Tunnel Boring Machine (TBM)
operations has been performed using foaming agents composed primarily of sodium lauryl ether sulfate
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(SLES) and water, commonly referred to as the conventional or Old Technology. While these
formulations were initially effective under basic tunneling conditions, their limitations have become
increasingly apparent in modern tunneling applications, particularly those involving heterogeneous soft
ground strata with variable permeability profiles.

When operating EPB TBMs through such complex geological environments, maintaining control over
soil rtheology and face pressure becomes critical. Under these conditions, conventional SLES-based
foams demonstrate a performance plateau when the Foam Expansion Ratio (FER) exceeds
approximately 10. Beyond this threshold, the foam tends to lose structural stability, leading to reduced
control over conditioned soil behavior. To compensate, contractors are often required to significantly
increase foam injection rates, resulting in higher material consumption and suboptimal operational
efficiency.

This degradation in foam performance has been quantitatively verified through standardized laboratory
tests. One such test, the Half-Life Time (HLT) test, is defined by the Specification and Guidelines for
the Use of Specialist Products for Mechanized Tunnelling (TBM) in Soft Ground and Hard Rock
(EFNARC, 2005). The test assesses foam drainage stability under controlled conditions by measuring
the time required for 80 grams of foam, generated at a specific foaming agent concentration (Cf) and
FER, to drain 40 mL of liquid through a synthetic fleece into a graduated cylinder. The foam is
generated using a laboratory foam gun calibrated to replicate those used in TBM operations. A
schematic representation of the HLT test is shown in Figure 4.

80 g foam

Synthetic fleece

- 40mL
volume|

Fig. 4. Schematic diagram of the Half-Life Time test (EFNARC, 2005).

In typical tests of conventional SLES-based foaming agents, the recorded Half-Life Time ranges from
5 to 7 minutes. This limited drainage stability illustrates the inability of the Old Technology to maintain
foam integrity at high FER values, reinforcing its inadequacy for advanced tunneling applications. As
a result, foam utilization is constrained to a narrow operational window, limiting both its technical
effectiveness and economic efficiency.

In addition to HLT testing, the Mechanical Resistance Test offers further insights into foam
performance, particularly its structural resilience over time. Although not yet standardized, this test
provides a practical evaluation of foam strength by measuring the time required for a water-filled ping-
pong ball (approximately 18 grams) to descend vertically through a column of foam placed inside a
transparent plastic cylinder. As with the HLT test, the foam is generated using a representative TBM
foam gun. A schematic of the setup is shown in Figure 5.

The duration of the ball’s descent serves as a proxy for the foam's internal resistance to deformation. A
longer penetration time indicates a stronger foam matrix capable of better supporting the conditioned
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soil. Comparative data between conventional and Next-Generation foaming technologies, presented in
Figures 6 and 7, respectively, clearly illustrate the performance gap in both drainage stability and
mechanical resistance.

Fig. 5. Schematic diagram of the unstandardized Mechanical Resistance test (Source: Sposetti, 2023).

In summary, while SLES-based soil conditioners remain in widespread use, their limitations in modern
EPB TBM operations are well-documented. Their inability to maintain stability and performance
beyond FER 10 restricts their applicability in complex geologies, increases operational costs, and limits
tunneling efficiency. These challenges underscore the need for advanced soil conditioning technologies
capable of meeting contemporary performance standards.

4. Next Generation Technology — Sika Stabilizer-1215, 1219, 1515 TBM

Recent innovations in soil conditioning foaming agents have enabled a significant advancement in EPB
TBM operations: the ability to consistently produce stable foam above the previously limiting Foam
Expansion Ratio (FER) threshold of 10. This development marks the removal of what was long
considered a practical upper limit, and introduces new flexibility in foam generation and management,
resulting in more effective and efficient soil conditioning in varied ground conditions.

e The Next Generation Technology represents a new class of high-performance, readily
biodegradable foaming agents, fully compliant with OECD biodegradability standards. These
formulations offer substantially improved stability and foaming capacity while maintaining
compatibility with standard TBM foaming systems. Using identical procedures for foam generation
and standard operating parameters, including foaming agent concentration (Cf), FER, and Foam
Injection Ratio (FIR), these agents are capable of producing highly stable foams at FER values
significantly exceeding 10, without compromising performance or operational safety.

e Enhanced foam stability correlates with improved performance during TBM operation. As FER
increases, the air bubbles formed within the foam exhibit a reinforced surface tension at their outer
layer, maintaining structural integrity over extended periods. This prolonged stability ensures
improved rheological control of the conditioned soil, enhancing face support and optimizing
pressure management in the excavation chamber.

4.1. Technical and operational advantages

e Compared to conventional SLES-based foaming agents (Old Technology), the Next Generation
Technology offers a broad spectrum of technical and operational benefits:

e Improved Drainage Stability: Significantly prolonged Half-Life Time (HLT) enhances foam
durability during extended excavation cycles.

e High FER Compatibility: High foaming capacity enables operation at elevated FER levels without
foam collapse, overcoming a key limitation of conventional agents.
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Optimized FIR Utilization: Lower FIR values can be employed to achieve desired soil rheology,
reducing overall chemical consumption.

Sustained Face Support: The high foam stability contributes to the maintenance of EPB chamber
pressure, enhancing excavation control and reducing the likelihood of over-excavation or surface
settlement.

Enhanced Soil Conditioning:

- Improved plastic deformation properties and cohesion of the excavated soil.

- Reduced permeability, supporting better pressurization and spoil extraction.

- Improved behavior in fine-grained soils, with reduced stickiness and clogging potential.
Reduced Cutterhead Wear and Shield Friction: Lower internal friction and abrasiveness of the
conditioned ground contributes to prolonged tool life and reduced energy consumption.

These advantages translate into improved machine performance, reduced downtime, and lower
environmental and operational costs. The enhanced rheological control, combined with the agent’s
biodegradable formulation, positions the Next Generation Technology as a significant step forward
in the sustainable and efficient execution of mechanized tunneling projects.
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5. Interpretation of results

To provide a robust and scientifically sound interpretation of laboratory test results—specifically the
Half-Life Time (HLT) and Mechanical Resistance performance of Next Generation foaming agents, a
comparative benchmarking framework was developed. This high-level technical evaluation includes a
broad spectrum of commercially available foaming agents currently in use in the TBM industry,
enabling a direct and rigorous assessment of relative performance.

This benchmarking exercise offers critical validation of the superior properties of the Next Generation
Technology and underscores the growing performance gap between modern formulations and
traditional SLES-based (Old Technology) foaming agents.

In 2020, the Department of Structural and Geotechnical Engineering and the Department of Chemical
Engineering, Materials and Environment at La Sapienza University of Rome (Italy) introduced a novel
classification system for foaming agents based on foam stability (Sebastiani et al., 2019). This system
organizes foaming products into five classes, where Class I represents the highest level of performance
in terms of foam durability and stability, and Class V denotes the weakest performing formulations.

The classification was established using HLT data at a foaming agent concentration of 2% (Cf) and a
Foam Expansion Ratio (FER) of 10. In this work, traditional SLES-based foaming agents were plotted
using HLT (Y-axis) versus FER (X-axis), as shown in Figure 8 (dark dots). These agents were
predominantly clustered within Classes III to V, indicating limited drainage stability and durability.

In 2024, the same departments incorporated results from newly developed products—Sika Stabilizer-
1215 TBM, Sika Stabilizer-1219 TBM, and Sika Stabilizer-1515 TBM—which belong to the Next
Generation Technology. These products demonstrated significantly higher HLT values under the same
testing conditions and were represented by star markers in Figure 8. Due to their distinctly superior
performance, these foaming agents could not be placed within the pre-existing classification system,
prompting the creation of a new, superior class beyond Class 1.

It is also noteworthy that the earlier-generation Sika Stabilizer-1113 TBM, based on Old Technology,
is included in the classification and falls into Class I11, labeled as “Considerable Stability.”
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Fig. 8. Foaming products classification based on the stability of the generated foam.
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To further reinforce the classification results, a second benchmarking analysis was conducted
comparing HLT and Mechanical Resistance performance across four products: the Next Generation
Technology (orange), Old Technology (blue), and two other commercially available foaming agents
(red). Results were evaluated at three concentration levels (Cf = 1%, 2%, and 3%) with FER fixed at
10. The outcomes are presented in Figures 9 and 10, showing a clear and consistent performance
advantage of the Next Generation foaming agents in both stability and mechanical integrity. Figure 9
illustrates HLT benchmarks, demonstrating significantly extended foam stability for Next Generation
products at all tested concentrations. Figure 10 presents Mechanical Resistance test results, with longer
penetration times indicating superior foam structural strength and cohesion.
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5.1. Conclusions from benchmarking

The benchmarking and classification studies lead to the following key conclusions:

e The Next Generation Technology exhibits markedly higher drainage stability than all other tested
foaming agents.

e Foam stability increases with FER, a behavior not observed in traditional products, which tend to
destabilize beyond FER 10.

e No other foaming agents currently available in the TBM industry demonstrate comparable
performance across both drainage and mechanical stability metrics.

These findings provide compelling scientific validation of the enhanced performance of Next
Generation foaming agents and support their application in advanced EPB TBM operations requiring
high reliability, extended stability, and optimized soil conditioning.

6. Conclusions

This study has presented and validated the performance of a newly developed class of soil conditioning
agents, referred to as the Next Generation Technology, specifically engineered for use in EPB TBM
operations. These advanced foaming agents represent a significant departure from traditional SLES-
based formulations (Old Technology), offering substantial improvements in foam stability, rheological
control, and environmental performance.

The Next Generation of foaming agents enables extended control over soil rheology, reducing the need
for frequent reinjection of low-stability foams into the excavation chamber. This enhancement results
in a measurable reduction in foam consumption, yielding both economic benefits and improved
operational efficiency. The benefits are particularly pronounced in heterogeneous soils with variable
permeability and in large-diameter TBMs (> 9 meters), where the excavation volume and stabilization
demands are significantly higher.

The improved foam stability contributes to a more consistent excavation cycle, with enhanced control
of face pressure, reduced risk of surface settlements, and minimized operational downtime.
Additionally, the reduced quantity of active chemical agents in the excavated spoil, due to the high
efficiency and lower required dosage of the Next Generation foams, represents a clear environmental
advantage.

These technological improvements are especially relevant in the context of modern tunneling projects,
which are trending toward increased tunnel diameters and longer excavation cycles. In such scenarios,
the time factor becomes critical, as the ability of the foam to maintain stability over extended periods
directly supports face pressure regulation and soil plasticity throughout the mining and ring-building
phases.

From a practical perspective, the adoption of Next Generation Technology enables more predictable
planning and control of the soil conditioning process. Contractors can now operate at higher Foam
Expansion Ratios (FER) and lower Foam Injection Ratios (FIR), allowing for optimized foam usage
and better forecasting of total conditioning costs.

In summary, the Next Generation foaming agents offer a comprehensive improvement over
conventional products, supporting more sustainable, efficient, and cost-effective EPB TBM tunneling
across a wide range of geological conditions.
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Abstract: The construction industry is a major producer of CO, emissions. The significant impact of the construction
industry largely arises from the embodied carbon in the primary construction materials, cement and steel. In a
tunnelling project, it is generally considered that 60% to 70% of embodied carbon is contained in the concrete linings
of the shafts and tunnels. It is paramount, therefore that the tunnelling industry should pro-mote sustainable design.
Fiber reinforcement plays a vital role in reinforcing concrete linings in underground structures and tunnels. This
paper will explain how High-performance steel fiber reinforcement over rebar, combined with structural design
optimization and the utilization of Supplementary Cementitious Materials (SCM) concrete mixture, the embodied
carbon in the segmental lining and permanent spray concrete lining can be reduced by nearly 50%.

Over the past years the use of Fiber Reinforced Concrete (FRC) for finagling has increased dramatically. One aspect
allows the boosting the use of FRC was the publication of guideline for FRC design: in 2012, the international
Federation for structural concrete (fib) presented Model Code 2010 which include specification section on FRC. the
Mode code 2020 just published has led to a successful and now widespread use of FRC in the final lining tunnelling
with considerable benefits to owners, designers, and contractors. This paper will describe design principle and detail
carbon counting from recent project around the world in Europe, Australia, North America and middle east.

Keywords: carbon counting; fibre-reinforced concrete

1. Introduction

Underground space plays a vital role in sustainable urban planning as it provides a solution to the
limited surface area available. In terms of transportation, underground networks enable efficient and
rapid mass transit, helping alleviate congestion and reduce carbon emissions. Moreover, underground
space is essential for the infrastructure required to sustain cities, such as dense networks of pipes for
delivering fresh water and sewers for wastewater treatment. Additionally, it accommodates the
extensive network of cables and service stations necessary for modern communication systems. By
utilizing underground space, cities can optimize their resource management and minimize their
environmental impact, contributing to a more sustainable urban future. For a sustainable use of
structural concrete, environmental and mechanical performances of concrete structures must have the
same importance. By means of sufficiently high mechanical performances, the structural safety of a
construction is ensured.

In a tunnelling project, it is generally considered that 60% to 70% of embodied carbon is contained in
the concrete linings of the shafts and tunnels (Allen, 2021). It is paramount, therefore that the tunnelling
industry does its utmost to significantly reduce or eliminate its use of cement in all applications —
segmental linings, in-situ linings, sprayed concrete, and annulus grouts.

This is the reason why a great challenge for the coming years will be to develop solutions for low carbon
lining.

*Corresponding author: benoit.derivaz@bekaert.com (Benoit de Rivaz).
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Mechanical excavated tunnels (tunnels excavated with a TBM — Tunnel Boring Machine) are more and
more used in Civil Engineering. In these tunnels, the lining is made by assembling precast segments
used by the TBM as reacting elements in the excavation process.

The use of Fibre-Reinforced Concrete (FRC) allows to reduce or eliminate the traditional reinforcement
in the precast segment production. Over the last twenty years, the use of this technology has increased.
The use of Fibre Reinforced Concrete (FRC) allows several advantages, compared with traditional steel
mesh or steel bar reinforcement according to fib bulletin 83 and all main recommendations published
as:

Cracking control during construction phases

e Higher impact resistance

¢ Durability advantages at final stage
e Reduction of costs

o Sustainability advantages

¢ Boosting of the production process

Recent projects have demonstrated that structural ductility, durability, and sustainability are going
hand in hand.

This holistic approach will be clearly a new booster for FRC tunnel lining. This paper will provide the
start of the art on this issue, the key design principal and detail recent cases studies showing impact in
carbon calculation saving in France, Middle East, and Australia.

2. Sustainability and Structural Requirement

For a sustainable use of structural concrete, environmental and mechanical performance of concrete
structures must have the same importance. By means of sufficiently high mechanical performances, the
structural safety of a construction is ensured. At the same time, a low environmental impact guarantees
sustainable development, which is, in accordance with the definition by the Brundtland Commission of
the United Nations, a "development that "meets the needs of the present without compromising the
ability of future generations to meet their own needs" (Brundtland Commission, 1987).

FRC acts on the tensile behaviour of cracked concrete and imparts ductility to fragile material. FRC's
excellent properties which overcome cracking as well as its improved durability over reinforced
concrete are why we continue to develop that material and explain its economic success. Life Cycle
Assessment (LCA) is a methodology for assessing environmental impacts associated with all the stages
of the life cycle of a product or process. It quantifies a material impact on the environment over its
entire existence, from extraction of the raw materials required for its production up to its end of life.
This approach, combined with research into a low-carbon solution, will give new momentum to FRC.

3. Basic FRC Behaviour

A minimum tensile (strength) strength > 2200 MPa is recommended for final lining application
considering the performance required and concrete classes.

The hooked ends ensure the desired fiber pull-out. This is the mechanism that generates the renowned
concrete ductility and post-crack strength.

The tensile strength of a steel fiber has to increase in parallel with the strength of its anchorage. Only
in this way can the fiber resist the forces acting upon it. Otherwise, it would snap, causing the concrete
to become brittle. On the other hand, a stronger wire cannot be fully utilized with an ordinary anchor
design. Therefore, the tensile strength of a fiber has to be perfectly aligned with its anchorage system
and its diameter.
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Wire ductility and concrete ductility are two different aspects. Dramix® 4D steel fibers create concrete
ductility by the slow deformation of the hook during the pull-out process, and not by the ductility of
the wire itself. The network provides by the fibre get a fundamental importance. Recommended
diameter is 0.75mm and 1/D= 80 to ensure a network > 10km/m? with 40kg/m>. This network will play
a key role in cracking control, structural ductility and allow low dispersion in the result.

Table 1. Influence of the I/D ratio on the network effect.

I/D 80/60 65/60 45/50
Length (mm) 60 60 50
Diameter (mm) 0.75 0.90 1.05
Aspect Ratio 80 65 45
Network (m/kg) 276 200 147

4. Design Principle

Model Code 2010 is the most comprehensive code on concrete structures. It covers their complete life
cycle from conceptual design, dimensioning, construction, and conservation through to dismantlement.
It is edited by fib Model Code 2010 and was produced through the exceptional efforts of participants
in 44 countries from five continents. The fib bulletin 83 document aims to support designers,
contractors and clients with guidance for the use of steel fibre-reinforced concrete, known as FRC, in
precast segmental lining tunnels constructed using tunnel boring machines (TBMs) The document is
intended to complement the fib Model Code 2010 (MC2010), which presents a section on the design
of FRC, with the Model Code 2010 being considered as the reference basis for the design of FRC
segmental lining.

DESIGN VALUES

Satety factor, factors taking into account
voiume, scale effects, fibre orientation

CONSTITUTIVE LAWS

Material characteristic

Fig. 1. Design process.

The tensile behavior of the materials was characterized by performing bending tests on a notched beam.
The tests were performed according to the EN 14651 European code, which is the reference standard
for the CE label of steel and for ISO certification.

The compressive strength of the materials was measured by a testing cube with a side of 150 mm. For
every cast made to produce every single segment, three beams were produced. In agreement with EN
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14651, nominal strengths corresponding to four different crack mouth opening displacement (CMOD),
namely 0.5, 1.5, 2.5 and 3.5 mm, were evaluated.
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Fig. 2. Curve Load -deflection of the beam bending tests according to EN 14651. (Roma University Report).

Figure 2 and Table 2 shows a typical result of the beam tests considering 40KG fibre type Dramix®
4D 80/60BGP with significant strength values. FL is peak force, fR1 and fR3 are the stresses related
to CMODs equal to 0.5 and 2.5 mm respectively. These values are the reference ones for final lining
design performed according to the fib Model Code 2010 prescriptions

Table 2. Results of the beam bending tests according to EN 14651 mean and characteristic value (Roma
University Report).

f,  [Mpa]  fg, [MPa] fra [MPa] fr; [MPa] frs [MPa]

Beam 01 4.68 6.70 7.86 7.69 7.47
Beam 02 4.90 6.28 8.49 8.20 7.58
Beam 03 4.78 6.45 8.41 8.42 8.04
Beam 04 5.15 6.56 9.04 8.64 7.44
Beam 05 572 733 8.95 8.75 8.19
Beam 06 5.03 6.27 8.60 9.23 8.45
Beam 07 5.63 775 10.2 8.99 8.54
Beam 08 4.60 6.28 8.16 9.25 8.40
Beam 09 543 6.18 8.03 8.50 8.33
Average 5.10 6.64 8.64 8.63 8.05
Characteristic 4.30 5.58 7.26 7.65 7.19

To dimension a steel fiber-reinforced concrete segment, a reference test methodology needs to be
adopted for the characterization of performance. In addition to the mechanical performance, various
properties of the FRC can be specified.
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Since brittleness must be avoided in structural behavior, fiber reinforcement can be used as substitution
(even partially) of conventional reinforcement (at ULS), only if both the following relationships are
fulfilled:

o fR1k/fLk> 0.4
o fR3k/fR1k>0.5

Where fLk is the characteristic value of the nominal strength, corresponding to the peak load (or the
highest load value in the interval 0 — 0.05 mm), determined from the EN 14651 beam test.

It is recommended to realize 12 beams per dosage and concrete mix formula.

If fibres are used as the only reinforcement for final lining, hardening post-crack behavior at section
level (beam test) is allowed immediately:

e Cracking control at SLS
o Structural ductility (ULS)

The figure 2 how the typical expected result considering FRC only as reinforcement. The performance
class according to Model Code 2010 in this example is C40/50 Se FRC material, which means,

e Frlk>5MPA
e Fr3k/frlk> 1,3

Indeed, materials with fR1k ranging from 4.0 MPa mini to 6.0 MPa are commonly used for precast
tunnel segments without any bar reinforcement, combine with a fR3k / fR1k ratio in the ranges 1.1 <
fR3k / fR1k < 1.3 orl.3 < fR3k / fR1k < (class d and e respectively, according to the Model Code 2010
definition).

5. Carbon Counting

Among various construction processes, tunnel construction results in a significant amount of CO2
emissions because almost all tunnels are lined with rein-forced concrete and utilize various high energy
consuming equipment for excavation. Embodied carbon and high energy consumption can be
minimized through three distinctive ways. Two main complementary approaches can be adopted to
mitigate embodied carbon and reduce high energy consumption. The first method includes decreasing
the overall quantity of reinforced concrete utilized through design optimization. The second approach
is lowering the embodied carbon within each unit volume of the reinforced concrete by reducing the
usage of Portland cement and steel rebar. This can be established by substituting Portland cement in the
concrete mix low carbon binder and rebars by steel fibre. Indeed, the total mass of C02eq is what we
want to minimize from environmental product declaration and by decreasing the total mass of material.

Table 3. CO, eq Factors from EPDs For Each Mix Design Component.

Mix Design Portland Slag Fly Silica . Steel
Components Cement (GGBS) Ash Fume Admixture  Aggregate  Rebar Fiber
COx¢q Factor

(kg COnq) 0.92 0.1466 0.093 0.014 1.67 0.06 1.85 0.7

An Environmental Product Declaration (EPD) is a document that transparently communicates the key
environmental performance indicators of a product over its lifetime.

A third-party verification ensures that data relating to environmental aspects of Dramix® has been
validated by an external organization.

This declaration is the Type III Environmental Product Declaration (EPD) based on EN
15804:2012+A1 and verified according to ISO 14025 by an ex-ternal auditor. It contains information
on the impact of the declared construction materials on the environment. Their aspects were verified by
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the independent body according to ISO 14025. Basically, a comparison or evaluation of EPD data is
possible only if all the compared data were created according to EN 15804:2012+A1.

The environmental impact of Dramix® product (cradle to gate with options) is largely dependent on
the energy intensive production of steel (half product) on which the manufacturer has only a limited
influence. The carbon impact of steel production (Wire Rods) in the product stage A1 is as high as 85%.
The impact of the production line largely depends on the amount of electricity consumed by
manufacturing plant (0.34 kWh/kg of product). There are no significant emissions or environmental
impacts in the A3 production processes alone (partly gas combustion). The production process itself
does not have significant environmental impacts in the life cycle.

6. Low Carbon Precast Segment Case Studies
6.1. Grand Paris

The use of steel to replace all or a part of conventional reinforcement has been demonstrated to lower
the embodied CO: of the segmental lining. While it is possible to significantly reduce the embodied
COz of a concrete mixture for segment production by replacing a portion of its cement content with
alternative cementitious materials, there is little or no difference between the cementitious blends and
contents required to produce fiber reinforced or conventionally reinforced concrete segments for tunnel
linings.

Figure 3 shows an example reduction in CO2 emissions on a project made possible by modification of
the concrete and further reduction by being able to replace the rebar with steel fibers in a dosage that
satisfied all the design requirements. On a per pound (kg) basis the embodied CO2 of conventional rebar
and steel fibers is assumed to be the same. This is a generalization assuming the wire rod that the fiber
is produced from, and the rebar has similar % recycled material content and similar steel production
methods. In a precast segment the reduction in carbon footprint is due to the steel fibers being more
efficient in reinforcing the element. In this example the elimination of the right binder and steels fibre
could conduct to a reduction of 70%.

Fig. 3. Project jobsite Grand Paris, photo credit by Eiffage Génie Civil.
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The recent project for the Grand Paris Linea 16.1 has shown the following:

o From the saving in the ratio of fibers compared with steel reinforcement bars, leading to a significant
reduction in COz2 emissions during transportation. If we compare 85kg/m3 for steel reinforcement
bars with the 40kg/m? for fibers, we get a saving on materials of more than 50%.

o By the benefit of better optimized loading for the fibers. 22 big bags of 1,100/kg per truck = 24.2
tons per load for the delivery of the fibers in comparison with 60 equivalent segments per truck =
17.85 T for the de-livery of the concrete reinforcement bars.

o From the small diameter of the fibers which helps to further limit toxic emissions from the primary
steel industry, due to primary coils which do not exceed 1 mm of wire diameter. The drawing
technology is low emission.

o Fewer trucks on the road and optimized waste management in a large city like Paris is an important
element to take into account. From an ecological point of view, the carbon balance is therefore very
positive. In this respect, Bekaert has recently obtained its EPD (Environmental Product Declaration)
Type LI ITB certificate number 215/2021.

e The concrete chosen for Line 16 Lot 1 fibre reinforced segments has a low carbon footprint of 170kg
CO7 equivalent/m? and reduces the carbon weight of the steel in the segments by 90kg equivalent
CO2/m? or nearly 11,000 tons equivalent CO2 per 10km.

In terms of concrete, there will be a before and after Grand Paris Express. Until now, to design the
segments, we used reinforced concrete, that is to say concrete poured around cages of massive metal
reinforcements.

The graph hereunder illustrates the main impact gain in terms of carbon emission for typical precast
segment ring used for a Metro tunnel.

Carbon Emission Indicative Calculation in kgCO2e

6000 6,000
5,227
5000 5,000
1634
4000 4,000
3,239
3000 3,000
1634 1,896
2000 2,000
1000 1,000
0 121 121 114 -

Traditional Design CEM I Traditional Design CEM III  Dramix Design CEM III

H Other Materials ™ Cement Rebar  ® Dramix® Total

Fig. 4. Typical metro project, precast segment carbon emission counting.

This example, Fig. 4 is based on the following assumption.

e Using CEM III vs CEMI improves the COz score significantly.

o As we use 60% less reinforcement (100kg rebar vs 40 kg Dramix®) and also average rebar EPD is
higher than Dramix® EPD, we end up with this difference with reinforcement.

e Using FRC allows thickness reduction by 2cm mini which results in additional savings in concrete.

e Thickness 38 cm.
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6.2. Middle East Journey

A paper by consultant COWI Denmark entitled ‘Consultant’s view of durable and sustainable concrete
tunnel constructions in the Middle East” WTC 2018 Dubai provides this example how much CO2
emission saving was reached by replacing traditional concrete and steel-reinforced with steel fiber
reinforcement and adding GBBS/FA to the concrete mix. provides an example of reduction of concrete
and further reduction by being able to replace the rebar with steel fibres in a dosage that satisfied all the
design requirements.

os
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Fig. 5. Evolution of Precast segment lining (Cowi /C.Edvarsen publication WTC 2018).

This project as Doha Metro Green line has been designed with FRC using Dramix® fibre based on
MC2010 to meet some specific condition:

e Very high chloride content: 10,000 - 50,000 mg/1
o High sulphate content: 100 — 5,500 mg/1
o High soil temperature: 28 - 32°C

Main advantages

« Increased resistance to chloride-induced corrosion
o Eliminated risk of stray current-induced corrosion
o Easier production/handling

o Simplified segment precasting process

This return of experience in Middle East demonstrates that by using FRC in-creased resistance to
chloride-induced corrosion and reduced carbon footprint. Durability and sustainability go hand in hand.

6.3. The Montreal Metro Blue Line Extension Project

The Montreal Metro Blue Line Extension Project consists of construction of 6 kilometers of tunnel, as
well as five new underground stations. This represents a good example showing that durability and
sustainability goes hand in hand. Indeed, the reduction in segment thickness achieved with fibers can
be primarily attributed to the concrete cover requirements of 60-75 mm on both intrados and extrados
rebar to ensure the durability against corrosion when designing according to Canadian code CSA
A23.1:19 (2019). In contrast, when subjected to chloride exposure, corrosion in steel fiber reinforced
concrete is limited to just a few millimeters from the surface, and nonetheless, does not lead to spalling
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cracks and is not regarded as a durability issue. COz savings in the segments are realized by replacing
rebar with steel fibers as the quantity of steel required is 50% less per m3 of concrete with fibers (40
kg/m? vs 80 kg/m?). Additionally, the CO2 equivalent factor for rebar is reported to be 1.85 vs 0.88 for
fibers. The fiber reinforced segments can be reduced in thickness due to no requirement for cover like
rebar. This quantity of concrete savings also lowers the carbon footprint.

The owners’ design engineer, AECOM, as part of a commitment to integrating sustainability best
practices, performed a study utilizing the Envision framework to evaluate alternatives to achieve a most
sustainable infrastructure project. Based on the results of this study the TBM bored tunnel sections will
be lined with steel fiber reinforced precast concrete segments using low-carbon Supplementary
Cementitious Materials (SCM) concrete.

In the TBM tunnel sections lined with pre-cast concrete segments, high performance Dramix® steel
fiber 4D80/60BGP with a dosage of 40 kg/m3 is designed as standalone reinforcement.

See the table below summarizing the results of the evaluation showing a reduction in total CO2
equivalent by nearly 50% using SFRC with an optimized SCM concrete mix design.

Table 4. Embodied carbon in unit volume for the baseline and the optimized final mix designs.

Baseline Concrete Mixture (OPC) Optimized SCM Concrete Mixture

with Rebar with Steel Fiber
Mix Design co Mass co o Mass Cco %
2eq 2eq Repl t 2eq Replacement
3 1 placemen 3 3 eplaceme
Component Factor (kg/m’)  (kg/m’) by Mass (kg/m’) (kg/m’) by Mass
Portland 0.92 475 437 3468 319056
Cement
Slag 0.1466 0 - 0% 104.5 15.3 22%
Fly Ash 0.093 0 - 0% 0 0 0%
Silica Fume 0.014 0 - 0% 23.8 0.3 5%
Admixtures 1.67 4.5 7.5 1% 45 7.5 1%
Aggregate 0.006 1430 8.6 1430 8.6
Steel bar 1.85 80 148 - -
Steel Fiber 0.92 - - 40 36.8
Total Total 601.1 Total 387.6
Table 5. Embodied carbon in unit volume for the baseline and the optimized final mix designs.
. . Total CO;y/1
R.mg Tunnel Dex Din Ring concrete  COpq/m’ m Total
width length Volume COseq
(m) (m) (m) (m) (m’) volume (kg) tunnel (ton)
(m%) (ton)
40 cm
Thick 1.8 6000 9.4 8.6 20.4 67858 601.1 6.8 40,79
Segments
35cm
Thick
Segments 1.8 6000 9.3 8.6 17.7 59046 387.6 3.8 22,886
SCM w/
Fiber
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6.4. The Forrestfield Airport Link

“The Forrestfield airport link is a “design and construct” type of project; it will deliver an 8.5 km
extension of the existing PTA urban rail network in Perth, Western Australia, connecting the Midland
Line, just past Bayswater Station, to Forrestfield. The twin-bored tunnels will travel underneath the
Swan River, Ton-kin Highway and Perth Airport. The project will include three new stations; Recliffe
Station (located underground in Redcliffe), Airport Central Station (located underground at Perth
Airport to service both domestic and international terminals) and Forrestfield Station. The tunnel
excavation diameter is 7,100 mm; the segmental lining has an inside diameter of 6,170 mm, and
thickness of segment is 300 mm with an average length of 1,600 mm”.

The segmental lining was designed to meet the project’s concrete requirements of 120-year service life
with a minimum water/binder ratio of 0.35. This article draws its attention to the specific concrete mix
design from the design up to the construction phases of the precast segmental linings.

Several trials were performed with cast concrete beams according to standard BS EN 14651 (single
trial was made with #9 concrete beams) with 35 kg/. The characteristic values of these results were
more than the serviceability state 5.08 MPa at CMODI1 and 5.28 MPa at CMOD3. The results have
confirmed the assumptions for the quantity reduction and the mix with 35 kg/m3 of Dramix® 4D
80/60BGP steel fibres content was adopted in project work.

LCA Assessment per m3 of segment lining in kgCO2e

1,200 1,031 1,200
1,000 1,000
800 556 800
600 493 600
400 150 400

476
200 309 200
Dramix Solution Traditional Solution

Concrete  ® Reinf Dramix Reinf Rebar

Fig. 6. One Click LCA calculation.

7. Conclusion

There has been a trend in the last years that concrete tunnel linings have increased material
consumption, cost, and environmental loads. Nowadays develop and/or improve tunnel construction
methodology to choose the optimal tunnel lining, including environmental footprint and cost-
effectiveness. Create required knowledge to produce final lining to meet new large infra-structure
projects with modern demands to functionality incl. 100-year service life and environmental impact.

The use of steel fibre reinforced concrete will highly participate in meeting low carbon lining by
concrete consumption and steel reinforcement saving. If ductility-ty and durability have been the key
words in the last 40 years, sustainability will be the key driver for further FRC lining development in
the coming years.

Indeed, a new generation of binder combined with FRC allows new achievement:
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e Provide excellent long-term durability performance exceeding that of Portland cement-based
concrete.

e Excellent long-term durability performance exceeding that of Portland cement-based concretes.
Extremely low embodied carbon footprint compared to conventional concretes on Port-land cement.

e Compared to reinforced concrete, fiber-reinforced concrete notably rep-resents savings of around
5,000 tons of steel for 10 kilometers of tunnels (Typical Metro Tunnel).

We all believe that tunnels should use smart and sustainable construction materials. The future of
tunnelling is choosing these materials today. High Performance steel fibre could play an important role
in this final lining sustainable journey.
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Abstract: This paper takes the earth pressure balance tunnel boring machine (EPB TBM) used in the Palermo-
Catania (PA-CT) high-speed rail tunnel project in Sicily, Italy, as an example to analyze the numerous challenges
encountered during deep-overburden and long-distance tunnelling. It conducts an in-depth analysis of key aspects
such as cutter head overcutting, main drive lifting, shield structure and high thrust designs, as well as synchronous
invert casting. Various innovative designs are proposed to address issues such as high ground pressure, TBM
jamming due to ground convergence, wear during long-distance tunnelling, and construction efficiency. It is aimed
to enhance the reliability and efficiency of EPB TBMs in deep-overburden and long-distance tunnelling, offering
valuable insights for the design selection and construction of future projects.

Keywords: EPB TBM; deep-overburden and long-distance tunnel; overcutting; main drive lifting; synchronous
invert casting

1. Introduction

With the growing demand for intercity transportation, regional economic development and resource
exploitation in mountainous areas, the tunnel construction has gradually expanded from urban metros
to intercity high-speed railways and mountain tunnels, bringing an increasing number of deep-
overburden and long-distance tunnelling projects. As a commonly used underground tunnelling
equipment, the EPB TBM (earth pressure balance tunnel boring machine) plays a crucial role in such
projects. However, deep-overburden and long-distance tunnelling presents numerous challenges, such
as high ground pressure, TBM (tunnel boring machine) jamming due to ground convergence and cutter
head wear. Therefore, this raises the design requirements for the EPB TBM.

Taking the tunnel projects in Italy as an example, many tunnels have overburdens of over 100m, with
some exceeding 400m, and lengths of more than 6km. These conditions require consideration of
underground pressure, geological conditions, safety and excavation efficiency to ensure that the TBMs
can construct safely and efficiently in deep-overburden tunnel projects (Amadini et al., 2021). This
paper takes the Palermo-Catania high-speed rail tunnel project in Sicily, Italy (hereinafter referred to
as “PA-CT project”) as a case study and provides a detailed discussion on the design of the EPB TBM
for deep-overburden and long-distance tunnelling from aspects including cutter head design, main drive
lifting technology, shield structure design, thrust system design and synchronous invert casting system.

The PA-CT (Palermo-Catania) project is a twin-tube double-track high-speed rail tunnel located at the
northwestern end of Sicily, Italy. In the future, it will connect three major cities, namely, Messina,
Catania and Palermo. In this project, the longest section is approximately 15km, the overburden ranges
from 10m to 400m, the minimum turning radius is 500m and the segment is 9000 in O.D. (outer

*Corresponding author: chenling@crectbm.com (Chen Ling); yinyuefeng@crectbm.com (Yin Yuefeng).

87



Southeastern Europe Tunnelling Conference (SETC-2025)

diameter) and 8000 in I.D. (inner diameter), 1800mm in width and adopts the 7+0 arrangement. The
tunnel geology consists of clayey silt, sand layers, sandstone, argillaceous siltstone and quartzitic
sandstone. The uniaxial compressive strength reaches up to 80MPa, while the geological strength index
(GSI) of the rock is below 60. The maximum static ground and water pressure reaches 15bar, and during
construction, the TBM faces risks such as convergence in soft rock strata (Zhu et al., 2016).

2. Targeted Designs
2.1. Special Design of the Cutter Head

2.1.1. Cutter head overcutting

For the deep-overburden and long-distance tunnel excavation, the cutter head overcutting function
design is critical to accommodate various geological conditions. The combined method of heightening
gauge disc cutters and reserved overcutting cutter housings is adopted to realize the flexible cutter head
overcutting function. During normal excavation, the cutter head advances at its originally designed
excavation diameter. When the overcutting is required, the installation height of the gauge disc cutters
can be adjusted to move them outward. At the same time, additional cutters can be installed in the three
reserved empty cutter housings, increasing the excavation diameter. The maximum radial overcutting
range can reach up to 150mm. Furthermore, two additional hard rock copy cutters are included in the
design to meet short-distance overcutting requirements in specific strata. As shown in Figure 1, the blue
areas indicate the positions of the three reserved cutter housings and the pink areas represent the two
hard rock copy cutters. For long-distance tunnelling, the overcutting is achieved by heightening the disc
cutters and installing additional cutters in the reserved housings. This design not only enhances the
adaptability of the cutter head but also ensures efficient excavation performance under varying
geological conditions.

Cutter housing

Fig. 1. Cutters for overcutting.
2.1.2. Cutter configuration and wear resistance

Based on the geological conditions, appropriate cutter types and arrangements are selected. This project
involves hard rock and composite strata with upper-soft and lower-hard layers. Therefore, wear-
resistant disc cutters are used and the cutter arrangement and spacing are optimized to improve rock-
breaking efficiency and cutter lifespan. The dual-layer cutting structure is formed by adopting disc
cutters with the cutter space of 90mm and cutter height of 185mm, and replaceable rippers with the
same track and 25mm height lower than the disc cutter height. When the disc cutters are worn to a
certain extent, the rippers can continue to bore, thus extending the overall cutter change interval,
reducing the frequency of cutter changes, and improving construction efficiency and cost-effectiveness.
In soft soil strata, the disc cutters at the front can be replaced with rippers and the number of replaceable
ripper bits at the front can be adjusted according to the geological conditions of the project.
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Disc cutter tracks

Scraper tracks

Fig. 2. Cutter track.

Fig. 3. Replaceable ripper bit.

2.2. Main Drive Lifting Design

To prevent TBM jamming caused by ground convergence at the tunnel crown during excavation, it is
common to adopt the main drive lifting technology to achieve overcutting at the top of the cutter head.
This also helps to avoid overcutting at the bottom of the cutter head, which can lead to the TBM “nosing
down”. While this main drive lifting technology is relatively mature in hard rock TBMs, its application
in deep-overburden EPB TBMs remains undeveloped.

Unlike hard rock TBMs, the EPB TBMs advances with the excavation chamber under pressure, making
the sealing between the lifting structure and the shield structure critically important. Inadequate sealing
may allow the muck and slurry to flow from the excavation chamber into the inside of the shield
structure, potentially leading to equipment failure and increased construction risks. Therefore, based on
complying with the main drive lifting’s basic functions, this project has also incorporated special
sealing designs for the main drive lifting structure. Additionally, pre-reinforcement of the tunnel face
is mandatory before lifting operations to create a relatively safe working environment and prevent large
volumes of groundwater from entering the TBM through gaps during lifting, thereby mitigating
unforeseen consequences.
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Fig. 4. Main drive lifting during overcutting.
2.3. Special Design of the Shield Structure

2.3.1. Step design of the shield structure

In deep-overburden strata, increasing the step between various parts of the shield structure (front shield,
middle shield and tail shield) can help to alleviate TBM jamming caused by ground convergence. In
the design of these steps, those factors such as strata characteristics, TBM dimensions and tunnelling
parameters must be comprehensively considered to ensure their rationality and effectiveness. For
conventional TBMs of similar diameter, the shield structure step is normally designed to be 30-35mm.
After enlargement, the shield structure step can reach up to 100mm. In deep-buried strata, prolonged
stoppage is not recommended, and the thrust speed should be maintained at no less than 10mm/min.
For the specific construction process, the convergence rate of the strata and the minimum TBM thrust
speed need to be determined based on calculations by geotechnical engineers to prevent the shield
structure from jamming. In summary, a well-designed stepped configuration can significantly reduce
friction between the shield structure and the strata, thus lowering the risk of TBM jamming and ensuring
smooth advancement of the TBM. Additionally, the step design must be determined after considering
factors such as support from the strata at the bottom of the TBM, prevention measures of backflow
during tail shield grouting and TBM attitude control.

- 1E0
Shield conicity

=T 140mm
§ TMUmm

Front shield Middie shield Ta|lgn|ﬂql Segment 0.0,
P9.44m @9.36m | |09.28m ©9.0m

Excavation dia. ®9.48m

Fig. 5. Step arrangement of the shield structure.
2.3.2. Anti-roll design of the shield structure

When the shield structure has a large step and the cutter head needs to overcut, the contact area between
the shield structure and the strata is reduced, which lowers the confining force exerted by the strata on
the shield structure. This increases the risk of shield structure rolling. In addition to the conventional
method of cutter head CW (clockwise) and CCW (anticlockwise) rotation, the fin stabilizer is also
equipped to correct the rolling. This stabilizer consists of a driving component and a stabilizing
component located inside the shield structure. One end of the stabilizing component is hinged to the
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shield structure, and the other end is hinged to the driving component. The driving component uses a
direct-drive mechanism to rotate and extend the stabilizer outward from the shield structure. The
stabilizing component that contacts the strata is capable of penetrating into the earth, anchoring itself
to stabilize the shield structure and thereby preventing rolling.

Ground

Fig. 6. Fin stabilizer.
2.3.3. Shield structure strength design

For deep-overburden tunnels, the shield structure must withstand significant strata pressure, water
pressure and various loads during excavation. Therefore, it must have sufficient strength and rigidity to
ensure operational stability and safety. Given that the front shield has abundant stiffeners and support
structures inside it, while the tail shield is typically a circular structure without internal supports to
accommodate segment erection, high-strength steel and rational structural configurations, such as
sandwich structures or additional reinforcement plates, can be adopted to enhance its load-bearing
capacity (DAUB, 2005). Considering that the maximum strata pressure encountered in this project may
reach 15bar, a stress analysis of the tail shield under different scenarios is carried out based on the
geotechnical parameters of the project. It is concluded that reinforcement steel bars are to be added
inside the tail shield to meet the potential maximum earth and water pressure as well as any abnormal
squeezing conditions.

(a) (b) Case 1 (c¢) Case 2 (d) Case 3

Fig. 8. Stress analysis of tail shield with reinforcement plates. (a) Reinforcement schematic of the tail shield; (b)
Tail shield stress analysis; (c) Tail shield stress analysis; (d) Tail shield stress analysis.
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According to the stress analysis in the Fig. 8, it can be seen that the stress cloud map for case 1 shows
a maximum calculated stress of 304MPa; for case 2, the maximum stress is 277MPa; and for case 3, it
is 295MPa. In all cases, the maximum stress occurs at the junction between the reinforcement plates and
the rear bulkhead. The plate thickness is 70mm, with a corresponding minimum yield strength of
325MPa. Therefore, the structural strength meets the requirements.

2.3.4. High-pressure breakout design of the shield structure

To prevent unexpected TBM jamming, the EPB TBM for this project is equipped with a sufficiently
powerful thrust system, which can provide a thrust of 118,692kN. In addition, the machine features a
high-pressure breakout capability of 550bar, which can generate a maximum thrust of 163,201kN to
assist in breakout. Five rows with a total of 39 DN80 high-pressure water ports are reserved around the
shield structure. The rock around the shield structure is continuously flushed by 1,000bar high-pressure
water to being broken or loosened, creating an appropriate space for solving TBM jamming. This
technique was first successfully applied by Seli Overseas on the Cociv Ramimero Project in Italy and
has demonstrated good results.

Table 1. Configuration of the thrust system.

Item Parameter Unit
Cylinder specification ®300/240 mm
Cylinder quantity 42 pes
Rated working pressure 400 bar
Rated thrust 118692 kN
Working pressure for breakout 550 bar
Thrust for breakout 163201 kN
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Fig. 9. Distribution of high-pressure water ports on the shield structure.
2.4. Back-up Synchronous Invert Casting System

In the traditional construction method of invert bridge casting, it is necessary to separately set up a track
area, a concrete transport passage and a working platform. For tunnels with the inner diameter of being
equal or greater than 8m, the height of the bridge structure usually occupies more than one-third of the
tunnel’s clear space, resulting in interference between material transportation and TBM advance.
Moreover, invert casting can only proceed in sections after the tunnel face has been bored forwards a
certain distance, leading to a non-continuous “excavation—waiting—casting” workflow. Statistics show
that in traditional methods, invert construction typically is behind the tunnel face by 200-300m and
requires dedicated mobile steel structures, which adds significantly to overall costs.
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For long-distance tunnels with an inner diameter greater than 8m, a synchronous invert casting system
based on an integrated back-up design can replace the traditional invert bridge system by using the
“structural sharing + process coupling” approach. Due to the configuration of such TBMs, the back-up
gantry is usually nearly 100m long, enabling the integration of the invert casting equipment directly
onto the TBM back-up platform, which can satisfy the constraints of casting time and construction
efficiency.

This system uses intelligent control to achieve precise coordination between excavation and casting,
enabling accurate adjustment of concrete placing speed and levelling quality. It synchronously
completes invert casting, levelling and curing operations, allowing excavation and casting to proceed
at the same time. This reduces worksite interference, ensures timely formation of the invert structure,
shortens construction periods, lowers costs and aligns with green construction principles. There are
designated zones for casting cleaning, concrete placing, concrete levelling, concrete demoulding and
mould transfer, concrete curing and concrete transfer on the back-up system. By optimizing the
workflow, the system minimizes construction interruptions and significantly enhances the overall
efficiency of both tunnel excavation and invert casting.

Fig. 10. Schematic diagram of simultaneous invert casting. 1-Cleaning area for concrete placing area; 2-Concrete
placing area; 3-Concrete leveling area; 4-Demoulding and mould transfer area; 5-Concrete curing area; 6-Concrete
transfer area.

Taking a ©9.48m EPB TBM as an example, and assuming an average thrust speed of 60mm/min, the
construction data for the system can be calculated as the following table.

Table 2. Construction data.

Item Parameter Item Parameter
TBM thrust speed 60mm/min Invert casting area 24m
Segment length 1800mm Actual concrete placing section 6m
Segment erection 30min/ring Embedded pipeline 6m
TBM advance speed per hour 1.8m/h

It is evident that this synchronous invert casting system can theoretically match the TBM maximum
daily advance speed of 36m, which is essentially its optimal performance, indicating that the casting
efficiency can fully keep pace with advance speed and it is an efficient and cost-effective construction
solution.

3. Conclusion

This paper takes the EPB TBM used in the PA-CT high-speed rail tunnel project in Sicily, Italy, as the
research object. It focuses on addressing key challenges encountered during deep-overburden and long-
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distance tunnelling, such as high ground pressure, TBM jamming, cutter head wear and low
construction efficiency, and carries out innovative design and in-depth research in terms of cutter head,
main drive, shield structure, back-up system and other aspects, forming a tailored EPB TBM solution
suitable for complex deep-overburden and long-distance strata. The cutter head adopts designs such as
heightening gauge disc cutters and reserved cutter housings, enabling flexible overcutting. The dual-
layer cutter configuration extends the lifespan. The main drive lifting technology, together with sealing
and advanced ground reinforcement, fills a technological gap in deep-overburden EPB TBM
construction. The shield structure is optimized through stepped configuration, anti-roll design,
enhanced structural strength, and high-pressure breakout capabilities to improve adaptability and safety.
The back-up synchronous invert casting system enables the excavation and concrete placing can be
implemented at the same time, significantly improving construction efficiency and reducing costs. The
relevant design concepts and methods provide valuable references for TBM selection and construction
in similar projects and offer important engineering application value and theoretical guidance for the
advancement of deep-overburden and long-distance tunnel engineering. Future work may further
integrate intelligent and information technologies to optimize system monitoring, fault diagnosis, and
prediction of the TBM, thereby achieving safer and more efficient tunnel construction.
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Abstract: Tunnels are a necessary transportation infrastructure element but substantially contribute to CO; eq.
(Carbon) emissions and energy consumption. This paper is a gentle but fervent step towards minimization and better
usage of resources that are the main “sustainable drivers” towards CO, eq. (Carbon) emission. An analysis of the
carbon footprint was performed for drill and blast tunnelling near the Mratinje Dam in Montenegro. The life-cycle
assessment (LCA) technique is employed to assess the environmental impacts associated with CO, emissions
directly related to the materials production and tunnel construction activities. Two different alternatives were
evaluated to identify where efforts should be focused to reduce the carbon footprint of the tunnel construction
process. Different materials and approaches are examined to maximize sustainable opportunities. These
examinations may help practitioners think differently and create new habits

Keywords: sustainability; tunnelling; carbon emission; resources, materials; drill and blast

1. Introduction

In 2020, the famous fictional Doomsday Clock was set to 100 seconds to midnight, and in 2023, it was
set to 90 seconds to midnight (Bulletin of the Atomic Scientists, 2024). This is primarily but not
exclusively due to the increased risk of nuclear escalation, but it is also influenced by continuing threats
posed by the climate crisis and the breakdown of global norms and institutions needed to mitigate risks
associated with advancing technologies and biological threats such as COVID-19 (Bulletin of the
Atomic Scientists, 2024).

Almost 80% of global warming gas emissions by volume are carbon dioxide (CO2). Of that 80%,
approximately a third arises from sectors relevant to transportation infrastructure, including transport,
cement and steel manufacture, and commercial energy consumption (Sun and Park, 2020; Hunziker,
2024). Therefore, the construction sector is responsible for 38 % of global greenhouse gas (GHG)
emissions (United Nations Environment Program, 2020). There are six greenhouse gases to be
accounted for: COz (carbon dioxide), CH4 (methane), N2O (nitrous oxide), HFCs (hydrofluorocarbons),
SF6 (sulphur hexafluoride), PFCs (perfluorocarbons) and NF3 (Masson-Delmotte et al., 2021). Tunnels
are a vital part of transportation infrastructure and our modern societies. However, since they utilize
various high energy-consuming equipment, they also substantially contribute to CO2 eq. emissions and
energy consumption, highlighting the importance of our work in reducing their environmental impact.
Some research shows that more than 80% of the CO2 emissions in the construction phase of a tunnel
are attributable to the construction materials cement and steel (Nasri et al., 2023), however the COz eq.
emissions and energy consumption aspects concerning tunnelling are very complex, and many factors
must be considered.

This study employs the life-cycle assessment (LCA) technique to assess the environmental impacts of
COz eq. emissions directly related to the materials production and tunnel construction activities in a
specific project. Two alternatives were evaluated to identify where efforts should be focused to reduce

*Corresponding author: srdjan.s@geotunnelkonsult.co (S. Spasojevic).
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the tunnel construction process's carbon footprint. Different materials and approaches are examined to
maximize sustainable opportunities and optimization potentials

2. CO: emission calculations
2.1. CO; emissions concerning the entire construction life cycle

Construction materials and activities in tunnel construction are significant sources of tunnel CO2
emissions. The life-cycle assessment (LCA) technique is used to assess the environmental impacts of
COzeq. emissions related to all stages of a product’s life (US Environmental Protection Agency, 2018).
The life-cycle assessment (LCA) technique is defined by SRPS ISO 14040 (Institute of Standardization
of Serbia, 2008) and SRPS ISO 14044 (Institute of Standardization of Serbia, 2009). CO2 emissions are
calculated by estimating the fuel consumed by machinery and transport equipment (diesel, electrical
energy) and raw materials and then using the conversion factors to get kg COz eq.

Transport and machinery equipment includes a wheel loader, waste dump truck, concrete mixer,
concrete pump, lining trolley, shotcrete spraying machine, grouting pumps, drilling jumbos, power
supply units, and axial flow fan.

Construction raw materials used in such analysis include cement, steel, sand, coarse aggregate,
polyethene, silica fume, accelerators, plasticizers, polypropylene or steel fibers, polyester resin, etc.

The carbon emission factors are obtained from government organizations (Official Gazette of the RS,
2023), relevant international institutions (International Energy Agency (IEA), 2023), and literature.
They mean the greenhouse gas emission per unit input expressed in kilograms of carbon dioxide
equivalent (kg CO2 eq).

The construction work and resource consumption analysis are done for a 1.0 m tunnel and can be
applied to the entire tunnel length. The study includes and is limited to resource consumption for the
following construction sequence: pre-grouting, excavation (i.e. drilling, loading, and blasting),
ventilation, dewatering, scaling, spoil removal, installation of the initial lining (primary support — bolts,
steel support or mesh and shotcrete), waterproofing, final (secondary) lining, and built-in parts, such as
backfilling concrete, side-walk, kerbs, etc. Carriageway and subgrade works are not considered in this
study.
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Fig. 1. Stages of a tunnel construction life-cycle according to SRSP EN 15978:2016 (Source: Institute of
Standardization of Serbia, 2016), highlighting of phases considered in LCA calculations in this study.
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The study is limited to the following life cycle phases: production stage (A1-A3), transportation (A4),
and construction (A5) process stage, Fig. 1. The analysis does not consider the life cycle phase during
usage of the object, repairing and managing (B1-B7), and the end-of-life (C1-C4), i.e., tunnel recovery
or demolishing and removing materials to be recycled. The author of the final design gathered and
estimated the input data for the LCA study from the basic design documentation and other working
estimations from similar tunneling projects. No records were collected during construction since there
were a couple of delays in executing the tunneling work. However, the actual results should be further
refined as the project progresses.

2.1.1. Tunneling cross-section and load-bearing systems

The subject of this study is the tunnel No. 10 on the road from PluZine to S¢epan Polje in the Republic
of Montenegro (Spasojevic, 2022, 2025). The tunnel is part of the road designed to extend straight into
the mountain after the Mratinje Dam. The tunnel structure is a single-tube double-track tunnel with an
approximate cross-section of 56,40 m? for the road infrastructure (the theoretically useful area) and a
minimum service life of 50 years. The tunnel excavation is designed to be executed using the drill and
blast technique.

The LCA tunnel study deals with two fundamentally different solutions for hard rock tunneling:

o two-layer tunnel lining
e single-layer load—bearing system,

A two-layer tunnel lining is designed as a double shell system. First, the outer layer is placed—the
initial tunnel lining (rock support system). The initial tunnel lining consists of shotcrete, reinforcing
steel wire mesh, and rock bolts (Spasojevic, 2022, 2025), Fig. 2. It is installed after the excavation and
designed to provide controlled stress release and redistribution in the surrounding rock. After the initial
lining is completed, the final (secondary) lining is executed. The final lining (inner layer) is made from
cast-in-place reinforced concrete (Spasojevic, 2022, 2025), Fig. 3. The secondary lining is load-bearing
for long-term loads.
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Fig. 2. Typical cross-section of the initial lining (rock support system) for a two-layer tunnel lining (Source:
Spasojevic, 2022, 2025).
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Fig. 3. Typical cross-section of the final (secondary) lining for a two-layer tunnel lining (Source: Spasojevic, 2022,
2025)

Single-layer load-bearing is similar to the initial lining of a double-shell lining, Fig. 4 and Fig. 5. The
most significant difference is solving or reducing the presence of groundwater around the tunnel.
Groundwater is the most important factor that leads to the decomposition of load-bearing elements of
the initial rock support system in the case of a double shell system. This is solved by limiting
groundwater inflow by pre-grouting the rock mass, Fig. 6. Further differences are the quality of the
material properties for shotcrete and bolts. The quality of the shotcrete properties and bolts is much
better. The compressive strength and durability of shotcrete are higher than those of the double-shell
system. This is achieved by utilizing micro-reinforcement (fibers) and silica fumes. The rock bolts are
characterized by a double protection system against corrosion, with a plastic tube and cement mortar
(Spasojevic, 2022, 2025). In exceptional cases, an additional "protective" layer of shotcrete is designed
to cover a single load-bearing system. This layer is not part of the load-bearing structure. It is designed
with high compressive strength of C32/40 and includes polypropylene monofilament fibers (PP) to
provide the required fire resistance and anti-spalling behaviour during fire or explosion accidents, Fig.
4.

Fig. 4. Typical cross-section of the "protective" layer for the tunnel with the single-layer load-bearing lining (Source:
Spasojevic, 2022, 2025).
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Fig. 5. Typical cross-section of the "protective" layer for the tunnel with the single-layer load-bearing lining (Source:
Spasojevic, 2022, 2025).

Fig. 6. Typical pre-grouting layout for the tunnel with the single-layer load-bearing lining (Source: Spasojevic, 2022,
2025).
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3. Results and conclusion

The LCA tunnel study is divided into two main construction processes related to tunneling load-bearing
systems or linings. The first process is related to constructing the load-bearing elements and rock
support, which provide sufficient stability for the tunnel excavation. This is the initial tunnel lining for
a two-lining tunnel system and rock support in the single-layer load-bearing system.

The second process is related to constructing the final (secondary) lining in a two-lining tunnel system
and an additional "protective" layer of shotcrete in a single-layer load-bearing system. Fig. 7 and Fig.
8 shows CO: emission (kg CO: eq.) due to resource and raw material consumption for each defined
construction process for the life cycle phases A1-AS.
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Fig. 7. Carbon emission (kg CO, eq) contributes to life cycle modules Al - A3, A4, and AS due to constructing the
initial lining (primary support) in the two-lining tunnel system.
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Fig. 8. Carbon emission (kg CO, eq) contributes to life cycle modules Al - A3, A4, and AS due to the construction
of rock support in the single-layer load—bearing system.

Fig. 7, shows COz emission due to the construction of the initial lining (primary support) for the case
of a two-lining tunnel system. Fig. 8 shows CO2 emission due to the construction of rock support in the
single-layer load-bearing system.

The total CO2 emission during the construction of the rock support in the single-layer load—bearing
system is 4,329 kg COz2 eq. The total CO2 emission during the construction of the rock support in the
initial lining (primary support) for the case of a two-lining tunnel system is 3,851kg CO2 eq. According
to the estimates, the total CO2 emission during the construction of the rock support in the single-layer
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load-bearing is 12.4 % higher compared to the initial lining (primary support) for the case of a two-
lining tunnel system.

Fig. 9 shows COz emission due to the construction of the final (secondary) lining for the case of a two-
lining tunnel system.
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Fig. 9. Carbon emission (kg CO, eq) contributes to life cycle modules Al - A3, A4, and AS due to the construction
of the final (secondary) lining for the case of a two-lining tunnel system.

Fig. 10 shows CO2 emission due to constructing the "protective" layer for the tunnel with the single-
layer load-bearing lining.
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Fig. 10. Carbon emission (kg CO, eq) contributes to life cycle modules Al - A3, A4, and A5 by constructing the
"protective" layer of the single-layer load-bearing lining.

The total CO2 emission during the construction of the final (secondary) lining for the case of a two-
lining tunnel system is 10,086 kg CO: eq. The total CO2 emission during construction of the
"protective" layer for the tunnel with the single-layer load-bearing lining is 7,217 kg CO2 eq. According
to the estimates, the total CO2 emission during the construction of the final (secondary) lining for the
case of a two-lining tunnel system is 39.8 % higher compared to the case of a tunnel with a single-layer
load-bearing lining. Collecting all estimations from Fig. 7 to Fig. 10, the total initial CO2 emission of
the construction of the two-lining tunnel system is 13,938 kg COz eq, and for the single-layer load—
bearing system is 11,546 kg CO:z eq. The construction of the two-lining system produces 20.7 % more
COz emission than the single-layer load—bearing system. In rock conditions where a "protective"
shotcrete layer is not required or pre-grouting works are insignificant, the total CO2 emission drops to
8,066 kg CO2 eq for the single-layer load-bearing lining. This is 30 % less. In this case, constructing
the two-lining system produces 73 % more CO2 emission than the single-layer load—bearing system.

101



Southeastern Europe Tunnelling Conference (SETC-2025)

The CO: emission distribution for the life cycle phases production stage (A1-A3), transport (A4), and
construction (A5) process stage is shown below on Fig. 11.
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Fig. 11. The distribution of carbon emissions (in %) for life cycle phases production stage (A1-A3), transport (A4),
and construction (A5) process stage related to tunnel lining systems.

The impact of life cycle phase A1-A3 dominates nearly all resource consumption in the CO2 emission.
According to Fig. 11, the carbon emission CO2 from raw material input accounts for about 55.4-69.7%.
The carbon emission CO:z in life cycle phase A4 includes transporting all materials and products from
producers and manufacturers to the construction site (Sun and Park, 2020). This phase generates similar
share distributions for both tunnel lining systems. The life cycle phase "Construction” (AS5) has a
slightly higher impact for the single-layer load-bearing lining, 31%. This is due to increased resource
consumption and activities necessary to construct an additional "protective" layer of shotcrete to cover
a load-bearing system.

4. Conclusion

This paper compares the two fundamentally different tunnel lining solutions in hard rock tunnelling
from a carbon footprint emission perspective.

The single-layer tunnel lining is operationally effective (time-effective) and results in cost savings
(cost-effective) (Spasojevic, 2022, 2025).

Given the findings in this paper, it can be concluded that the carbon footprint emission can be reduced
by at least 20.7% using single-layer load-bearing tunnel lining.

The study also reveals a very high carbon emission for a few materials and a very high contribution of
the production stage (A1-A3) to all life cycle phases. Phases A1-A3 have a total share of 55-70 % of
carbon footprint emissions. The influence of transport is comparable to other studies (Hopf et al. 2022).
It follows that improvements in the production of raw materials are key to improving the life cycle
assessment of tunnel structures. The usage of raw materials should be minimized by revising
assumptions which are often conservative. Significant COz reduction can be achieved by optimizing
concrete mix design. This way, low-carbon or ultra-low concrete (or shotcrete) emissions of < 120 -
220 kg CO2 eq./m® could be achieved. Reducing carbon related to steel is replacing steel bar
reinforcement completely with structural fibers. The reduction in carbon related to grout could be by
switching from a two-component system to a single-component grout with lower cement content where
possible. To a certain extent, efforts should be made to equipment operation by considering and
optimizing energy consumption.

102



Southeastern Europe Tunnelling Conference (SETC-2025)

This study can provide a reference for calculating carbon emissions throughout the life cycle of other
tunnelling projects in hard rocks. The greatest hope is that it may help practitioners think differently
and create new habits.
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Abstract: This paper presents a comprehensive analysis of EPB TBM torque calculations, focusing on the
evaluation of eight torque components and conducting a sensitivity analysis for Mashhad Metro Line 3. The
significance of accurate torque assessments in optimizing Tunnel Boring Machine (TBM) operations is highlighted.
By examining the contributions of various torque components—such as those arising from soil resistance and
frictional forces—the most influential parameters affecting overall cutterhead torque are identified. The findings
provide insights into mitigation measures aimed at reducing TBM torque, ultimately enhancing operational
efficiency during tunnelling projects. This research contributes to the understanding of cutterhead performance and
offers practical recommendations for improving TBM operations.

Keywords: EPB TBM; cutterhead torque; soil mechanics; tunnelling efficiency; Mashhad Metro

1. Introduction

The construction of urban metro systems increasingly relies on mechanized tunneling methods, with
EPB TBMs being a preferred choice due to their adaptability in soft-ground conditions (Farrokh and
Lotfi, 2025). However, excessive cutterhead torque remains a critical challenge, leading to machine
wear, delays, and increased costs. The increasing complexity of urban tunneling projects demands
precise understanding of machine-ground interactions, particularly regarding cutterhead torque
dynamics (Farrokh and Rouhani, 2022). Mashhad Metro Line 3 presents a unique case study where two
parallel tunnels excavated with identical EPB TBMs exhibited markedly different torque behavior
despite comparable machine specifications. The western tunnel segment, traversing coarse-grained
soils, recorded cutterhead torque values approaching 10 MN-m—approximately 2.5 times higher than
those observed in the fine-grained eastern section. This discrepancy, coupled with the uniformity of
TBM specifications and operational protocols, provides a controlled setting to isolate the influence of
ground conditions on torque generation. The unusually high torque values observed in the western
tunnel segment led to reduced advance rates, increased cutter wear, and operational difficulties, thereby
justifying a comprehensive analysis of torque components. The study is thus motivated not only by the
torque difference itself but by its broader implications for TBM performance and the potential to
optimize tunneling operations through targeted maitigation strategies.

While foundational models for torque estimation have been proposed (Zhang et al., 2016; Godinez et
al., 2015; Zhou et al., 2018), most rely on theoretical assumptions or laboratory-scale simulations,
limiting their applicability to field conditions. Recent studies have begun to bridge this gap by
integrating machine learning and hybrid modeling approaches. Koohsari et al. (2023) demonstrated
improved torque prediction by incorporating thrust force and geotechnical parameters. Hong et al.
(2021) introduced a stage-based regression framework using LSTM networks to distinguish startup and
steady-state torque behavior. Fu et al. (2022) developed a transfer learning model (TRLS-SVR) to

*Corresponding author: e.farrokh@aut.ac.ir (E. Farrokh).

105



Southeastern Europe Tunnelling Conference (SETC-2025)

enhance torque prediction across varying geological contexts. These studies underscore the complexity
of torque behavior and the need for field-based validation to complement predictive models.

This research advances current knowledge by systematically evaluating eight torque components in
EPB TBM operations using high-resolution field data from the Mashhad Metro Line 3. The consistent
TBM specifications across tunnel sections allow for controlled comparison, while detailed geological
and operational records enable correlation of torque fluctuations with soil properties and machine
parameters. A sensitivity analysis identifies the most influential factors affecting torque demand,
providing insight into the underlying mechanics of cutterhead resistance.

In addition to diagnostic insights, the study proposes targeted mitigation strategies to optimize TBM
performance, including adjustments to cutterhead design, soil conditioning protocols, and control
parameters. These findings contribute to a more granular understanding of torque mechanics and offer
practical guidance for improving tunneling efficiency, reliability, and cost-effectiveness.

2. Project Overview: Mashhad Metro Line 3

Mashhad Metro Line 3 represents a critical infrastructure development in Iran's second-largest
metropolitan area, comprising a 24-station alignment, 23.6 km route connecting Elahieh district in the
northwest to Abuzar township in the southeast. (Fig. 1.).

Tunnel construction commenced in 2016 utilizing two identical Earth Pressure Balance Tunnel Boring
Machines (EPB TBMs) with 9.4-meter diameters - among the largest TBMs deployed in Iran's urban
tunnelling history. In the following sections, the geotechnical characteristics of the soil layers in the
study area between chainage 4+700 and 5+700 for both western and eastern tunnels are explained.
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Fig. 1. Mashhad metro lines.

106



Southeastern Europe Tunnelling Conference (SETC-2025)

2.1. Western Tunnel

The western tunnel extends approximately 11,480 meters, with an overburden depth of 15-20 meters.
Groundwater levels in the region range between 30—80 meters, placing the tunnel above the water table.
Dominant soil unit comprises SM (Sandy Silt, often mixed with other soil types including GM (Silty
Gravel). Standard Penetration Test (SPT) values are above 50 indicating very dense soil conditions.
Key geotechnical properties are summarized in Table 1.

Table 1. Geotechnical data of soil units along the western tunnel route (Chainage 4700 to 5700).

Borehole A%[;Ir;ignate Geological P(?;Zl.nzgo? Pag\s]l;l.g“% Frictiog Cohesion
ge Units Sieve) Sieve) Angle (°) (kPa)
GB-31 4733 SM-GM 15-20 29-66 35 0
GB-30 5325 SM 19.1 >66 37 5
GB-29 5651 GM-SM 12.8-21.5 55-75 40 4

2.2. Eastern Tunnel

The eastern tunnel, approximately 13,800 meters long, traverses finer-grained soils with distinct
geotechnical characteristics. Based on the geological cross-section, fine-grained soil units—including
CL (clay) and ML (silt)—alternate with coarser-grained soils along the alignment. Toward the end of
the tunnel, the proportion of CL (clayey soil) progressively increases. Key geotechnical properties are
summarized in Table 2. In general, the soils encountered in the eastern tunnel are finer-grained
compared to those in the western tunnel. The groundwater table is predominantly situated below the
tunnel invert.

Table 2. Geotechnical data of soil units along the eastern tunnel route.

Borehole Approximate Geological Passing % Passing % Friction Cohesion
Chainage Units (No. 200 (No. 4 Angle (°) (kPa)
Sieve) Sieve)
QB-85 6048 ML-CL >75 100 15-18 20-40
QB-86 5994 CL >57 100 - -
QT-87 5960 ML >56 100 - -

3. Analysis of cutterhead torque components based on operational data

In estimating the cutterhead torque (T) of EPB and Slurry TBMs under face pressure, eight key
components are typically considered (Table 3 and Eq. 1).

Table 3. Cutterhead Torque Components.

Torque Component Description

T1 Torque required for soil excavation

T2 Frictional torque on the cutterhead’s front face

T3 Frictional torque on the cutterhead’s rear face

T4 Frictional torque on the cutterhead’s peripheral surface

T5 Reactive torque from cutterhead structure rotation

T6 Torqpe due to soil shear resistance against cutterhead
openings

T7 Torque from mixing rods and cutterhead pedestals

T8 Frictional torque from the main bearing seal system
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Fig. 2 presents an example of the torque calculation methodology for the cutterhead.

T1: Cutting torque

R 46 m tunnel radius

p 0.013 m/rev max penetration depth

qu 1 MPa The compressive strength of soil

Fc 9811 kN Net cutting force

Y] 0.1 friction coef

Tt 2306 kNm Torque at the tip of the cutting tools

Tc 138 kNm crushing torque

T1 2443.1 KNm Cutting torque

T2: Cutterhead front face friction torque

within the slurry or earth mud

R 46 m tunnel radius

A 66.5 m? tunnel area

n 0.33 opening ratio

Ps 207 kPa effective horizontal earth pressure at cutterhead center
T2 2827.3 kNm Resisting torque from earth mud in front of TBM
T3: Friction torque from cutterhead reverse side

T3 1414 kNm

T4: Circumferencial Torque

R 4.6 m tunnel radius

W 0.7 m Cutterhead width

V] 0.1 friction coef btw soil and steel

Pr 207 kPa average effective radial pressure

T4 1925.5 kNm Circumferencial Torque

T5: main bearing rotation counter torque of cutterhead dead weight

G 1350.0 kN cutterhead dead weight

R1 1.4 kN/m main bearing rolling radius

Mg 0.004 coefficient of rolling friction

Pt 8802 kN axial load

T5 57 kNm Resisting torque of main bearing sealing

T6: resisting torque across the cutterhead openings

R 4.6 m

T 20.7 kPa Muck shear strength

A 66.5 m2 CH area

n 0.33 opening ratio

T6 1393 kNm resisting torque across the cutterhead openings
T7: The torque required to rotate the mixing bars and cutterhead frame pedestals (struts)
Rb 26 m the distances btw the mixing bar and shield centerline
Rp 14 m the di btw ped and shield

Db 0.1m the transverse dimensions of mixing bar

Dp 0.5 m the t i ions of p

Lb 0.5m bar length

Lp 09 m pedestal’s length

nb 4.0 number of bar

np 4.0 number of pedestals

p1 0.15 friction coefficient between the bars/pedestals and muck
s' 167 kPa Effective face support pressure

T7 520 kNm The torque required to rotate the mixing bars and cutterhead frame (struts)
T8: Sealing device friction torque

um 0.2 friction coefficient between sealing and steel

Fm 1.5 kPa sealing pressing force

ni 7.0 Seal number

Ri 1.1 Sealing installation radius

T8 16

T 10595 kNm Sum

Fig. 2. Cutterhead torque calculation considering component breakdown.

T1 (excavation torque) is typically calculated based on the effort required to overcome the soil's
unconfined compressive strength (qu), as illustrated in Fig. 3. This component generally results in a
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relatively low torque value. However, another contributor to the excavation torque—often
overlooked—is the frictional force (Ff) acting on the tip surface of the cutters. This additional torque
is referred to as Tt in this paper, also depicted in Fig. 3.

L
-.: F fﬂ \|/ Fc Cutter

SEEERE TI=TtTe
.'._:_'.'._::.'_.::-'.-_'-'.'.:-: Tt: To_qu}e at the cutter tip due to
L rky frictional force (Ff)

'-_':'-:'-_':'-_':'-_': Tc: Cutting torque due to soil crushing

FRERR O g
Fe=p. w.qu
w: cutter width
qu: compressive strength

Fig. 3. Schematic of excavation force calculation for the evaluation of excavation torque.

The study of relationship between cutterhead torque and machine thrust force shows, there is a direct
correlation between these two parameters (Fig. 4). Part of this direct correlation stems from frictional
interaction between cutting tools’ front face and high-friction tunnel face - a factor often overlooked in
conventional torque estimation models. To account for this effect, the net thrust force applied to the
cutting tools must first be calculated. Subsequently, the torque transferred from the cutting tools to the
cutterhead can be determined by applying an appropriate dynamic friction coefficient.
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Fig. 4. Thrust-torque relationship in Mahhad metro line 3.

The surface friction torque components (T2, T3, T4, T6) are functions of both the normal pressure
acting on the cutterhead surfaces and the soil-steel interface friction coefficient. While the granular
soils encountered in Mashhad Line 3 would normally exhibit high friction coefficients, soil
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conditioning with foam additives may substantially lower these values. Quantitative data on this
reduction effect remains limited. Regarding the friction coefficients between soil and steel or soil and
soil, in a study conducted by Godinez et al. (2015) to calculate the dynamic friction coefficient, they
concluded that the dynamic friction coefficient can be obtained from the following equation:

u = tan(ag") 2

where:

p: Dynamic friction coefficient between conditioned soil and the cutterhead surfaces,
¢': Effective internal friction angle of the in-situ soil

a: Correction factor to consider the shape of the surfaces in contact with the soil and the effect of soil
conditioning

Based on the results of the studies by Godinez et al. (2015), the correction factor for clay, silt, and sandy
soils is 0.15, 0.15, and 0.35, respectively. The internal friction angles for the soils in the tunnel studied
by Godinez et al. (2015) were 33, 37, and 39 degrees, respectively, hence the dynamic friction
coefficient for these three soil types was obtained as 0.087, 0.097, and 0.2, respectively. The clay and
silty soil in the project studied by Godinez et al. (2015) have friction angles and adhesion values similar
to the sandy and gravelly soils of Line 3 of the Mashhad Metro tunnels. Hence, the correction factor of
0.1 is considered suitable for the dynamic friction coefficient between the soil and the cutterhead
surfaces in the Mashhad Metro Line 3 project.

Table 4 presents the calculated torque components and their percentage distributions (Fig. 5) for
cutterheads in both eastern and western tunnel sections near the tunnel faces (chainage 4800 in the
western tunnel and chainage 8000 in the eastern tunnel), along with an in-situ cutterhead rotation test
conducted in the western tunnel. One note to consider is that the center cutterhead face pressure was
used to calculate the torque components.

Table 4. Calculated Cutterhead Torque Components for Western & Eastern Tunnels.

Western Rotation Test Avg. Avg. Avg.

Parameter Tunnel Eastern Tunnel (Western Rotation Western Eastern
Tunnel) Test (%)  Tunnel (%) Tunnel (%)

Face Pressure 4 31 13 028 0278 027 0.265 05 - - -
(bar)
Thrust Force
(kN) 34174 32085 8756 10054 12095 12457 - - - -
Torque (kN-m) 8662 7903 2489 2943 1882 4523 2000 - - -
E‘(%Thmt 11973 10023 4369 5667 1125 8094 0 - - -
Penetration
Rate (mm/rev) 169 17.5 16.7 1732 17 17 0 - - -
T1 2993 2541 1203 1515 444 1499 0 0 33 47
T2 1736 1723 368 368 358 351 663 31 21 16
T3 868 861 184 184 179 176 331 16 10 8
T4 1567 1555 332 332 323 317 598 28 19 15
TS5 39 39 14 14 14 14 19 1 0 1
T6 935 928 198 198 193 189 357 17 11 9
T7 390 387 83 83 80 79 149 7 5 4
T8 16 16 16 16 16 16 16 1 0 1
Total Torque
(Tt) (KN-m) 8543 8048 2399 2711 1607 2640 2133 100 100 100
Deviation from
Actual (%) 1 2 4 8 15 42 7 - - -
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Fig. 5. Percentage distribution of the values of the cutterhead torque components in the eastern and western
tunnels.

A comparative analysis of cutterhead torque in the eastern and western tunnels (Table 4 and Fig. 5)
reveals:

e The western tunnel exhibits approximately 1 bar higher face pressure than the eastern tunnel (1—
1.3 bar vs. 0.3 bar), resulting in increased thrust force requirements (29000—-35000 kN vs. 8500—
12500 kN).

e Even when comparing net thrust forces, the western tunnel requires significantly higher values.
This is attributed to the presence of coarser-grained and more compact soils in the western
alignment, which demand greater thrust to facilitate tool penetration and shield dragging.

e Torque-to-Thrust Ratio: 0.25-0.3 (Western) vs. 0.16—0.36 (Eastern).

e Dominant Torque Sources:

— Excavation tools (T1 : 30—60% of total torque).
— Friction on cutterhead surfaces (T2, T3, T4 : 40-75%).

4. Methodology

To evaluate the influence of cutterhead torque components on total torque, a sensitivity analysis was
conducted. The baseline parameters in Table 5 are derived from average values observed in the western
tunnel, with consideration given to adjustable parameters in cutterhead design.

Fig. 6 illustrates the percentage variation in cutterhead torque relative to the baseline under different
sensitivity scenarios.

Table 5. Baseline Parameters for Sensitivity Analysis.

Parameter Baseline Value
Face Pressure (bar) 1.3
Contact Force (Net Thrust Force) (kN) 11,000
Penetration Rate (mm/rev) 17
Friction Coefficient (1) 0.1
Cutterhead Opening Ratio (%) 35

Key findings from sensitivity analysis are as follows:

e Most Influential Parameters (Descending Order):

— Friction Coefficient (i) — Highest impact on torque variation

— Face Pressure — Directly affects frictional resistance

— Net Thrust Force — Influences cutting and muck flow

— Penetration Rate — Moderate effect due to soil-tool interaction

— Cutterhead Opening Ratio — Least impact (but affects muck flow efficiency)
e Practical Implications:
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— Reducing p (e.g., via foam conditioning) significantly lowers torque.
— Optimizing face pressure minimizes unnecessary frictional losses.
— Higher opening ratios marginally improve performance but are less critical.

120%

115%

110% —a— Face pressure (bar)

105% —o— Contact force (kN)
100% — Penetration rate (mm/rev.)
—@— Friction coef.

8- Opening ratio (%)
90%

85%

Torque with respect to base case

80%

-20% -10% Base +10% +20%
Sensitivity analysis cases

Fig. 6. Sensitivity analysis of the parameters of the cutterhead torque components.

5. Discussion

The analysis confirms that dynamic friction (i) and face pressure dominate torque fluctuations, while
mechanical parameters (thrust, penetration rate) play secondary roles. This aligns with empirical
observations in EPB tunneling, where soil-conditioning efficacy directly governs torque demands. For
this reason, to optimize the operation and to reduce the total torque it is recommended to prioritize
friction reduction (e.g., enhanced foam injection) for torque control. To reduce the coefficient of friction
between the surfaces of the cutterhead and the excavated soil mixed with foam, the following can be
considered:

¢ Optimizing the foam injection parameters (type of foam or injection material, FIR, FER,
percentage of foam concentration, arrangement of foam injection points in front of the cutterhead
and near its periphery and inside the chamber, ...)

e Using coatings on the cutterhead surfaces with a lower coefficient of friction and less likelihood
of adhesion.

e Using water jets in places where the likelihood of material accumulation is higher (center of the
cutterhead and center of the chamber and the entrance to the screw conveyor)

e Lowering face pressure can reduce the total cutterhead torque. Adjustments to face pressure are
evaluated against geotechnical stability criteria using limit state analyses. Both ultimate and
service limit states should be considered to ensure that reductions in face pressure would not
compromise tunnel face stability or induce ground settlement. The proposed torque reduction
strategies involving face pressure optimization are contingent upon satisfying these safety
thresholds and are intended to be implemented within the permissible range defined by
geotechnical design standards.

o Increasing the percentage of cutterhead opening can facilitate the muck flow, reduce clogging, and
lower total torque. In addition, increasing the opening area reduces the frictional forces applied to
the cutterhead. Some of these factors are included in the torque calculation formulas and some are
not. For example, reducing the effect of mud clogging leads to better performance of the cutting
tool, the effect of which is not considered in the torque components.

Although the variation in soil composition between the eastern and western tunnel segments is a
primary factor influencing cutterhead torque, other elements such as tunnel alignment, cutterhead
geometry, and operational parameters also contribute. In this study, the uniformity of TBM
specifications and cutting tools across both segments allowed for a controlled comparison. Operational
parameters—including thrust force, penetration rate, and face pressure—were integrated into the torque
component calculations and sensitivity analysis. These factors were monitored and found to be
consistent, supporting the conclusion that soil contrast is the dominant driver of torque variation, while
operational conditions modulate its magnitude.
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6. Conclusion

The comprehensive analysis of cutterhead torque components in Mashhad Metro Line 3's eastern and
western tunnels has yielded valuable insights into TBM performance across varying geotechnical
conditions. Excavation torque (T1) emerged as the dominant component, accounting for 30-60% of
total torque demand—particularly in the coarse, denser soils of the western tunnel. Frictional torques
(T2-T4) collectively contributed 40-75%, with their magnitude strongly influenced by soil-steel
friction coefficients and face pressure.

A clear linear correlation was observed between thrust force and torque, with the western tunnel
requiring approximately 2.5 times higher thrust than the eastern alignment. This disparity was primarily
driven by differences in soil composition and elevated face pressures. Sensitivity analysis identified
friction coefficient and face pressure as the most influential parameters, with torque reductions of up to
20% achievable through targeted optimization. Recommended strategies include enhanced soil
conditioning protocols, cutterhead design improvements to facilitate muck flow, and continuous
monitoring of operational parameters to balance performance and tool wear.

While the study focuses on a 1 km section of Mashhad Metro Line 3, the findings are broadly
transferable to EPB tunneling in similar geotechnical contexts. The torque component framework and
sensitivity analysis are rooted in fundamental soil-tool interaction principles, making them applicable
across projects involving both coarse- and fine-grained soils. The results reaffirm that dynamic friction
and face pressure are the primary drivers of torque fluctuations, with thrust and penetration rate playing
secondary roles. This aligns with established EPB tunneling practices, where soil conditioning—
especially foam injection—directly governs torque demand. Accordingly, the proposed mitigation
strategies are not only grounded in field data but also adaptable to site-specific conditions, offering
practical guidance for optimizing cutterhead performance and excavation efficiency.

Key limitations include uncertainties in friction coefficient estimation due to reliance on back-analysis,
and significant torque variability stemming from geotechnical heterogeneity. These findings underscore
the critical interplay between soil properties, machine parameters, and torque demand in EPB
tunnelling. For Mashhad Line 3 and similar projects, prioritizing friction reduction and adaptive face
pressure control will be essential for maximizing TBM efficiency. Future research should focus on
deploying real-time torque monitoring systems to refine predictive models and enhance operational
decision-making.
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Abstract: Hard rock tunnelling is a unique endeavour that requires close collaboration among various disciplines,
including civil engineering, geotechnics, geology, and geophysics. In modern tunnelling projects, diverse types of
data are continuously collected by instruments and personnel across these fields. Typically, these datasets are
analysed within each discipline separately, and due to time constraints, comprehensive interdisciplinary evaluations
are rarely conducted. Beyond standard descriptive parameters—such as those provided by rock mass classification
systems and convergence measurements—seismic velocities obtained from Tunnel Seismic Prediction methods are
of particular interest. Tunnel seismic is carried out during the excavation phase by placing seismic sensors and
generating waves in boreholes using small explosive charges near the tunnel face. From the estimated wave
velocities, geomechanical parameters such as the dynamic Young’s modulus can be derived. These seismic surveys
typically allow predictions up to 150 meters ahead of the tunnel face. In this work, results from approximately twenty
seismic surveys conducted at the longest road tunnel ever constructed in Latin America are validated using
geological face mapping. Subsequently, a detailed evaluation of the geomechanical parameters and convergence
measurements collected along the same segments as the seismic data revealed breakthrough correlations between
the datasets. Based on these analyses, unique look-up tables, helpful for future surveys and for risk management,
were developed that integrate rock support types, elastic modulus, and maximum accumulated deformation.

Keywords: Geological uncertainty; tunnel seismic; deformation; geomechanical parameters

1. Introduction

Thanks to advancements in excavation techniques over the past two decades, hard rock tunneling
projects are now executed at greater depths and involve increasingly longer tunnel alignments.
Simultaneously, the proliferation of sensors, monitoring technologies, exploration methods, and digital
data storage has enabled the collection of a wide variety of multi-source datasets (Apoji et al., 2023).

Among the diverse datasets typically collected across various disciplines are geological data such as
face logs, probe drill logs, and discontinuity mapping; geotechnical data including deformation
monitoring, convergence measurements, and both in-situ and laboratory-based strength data;
geophysical data comprising tunnel seismic surveys, resistivity measurements, and borehole ground-
penetrating radar (GPR); and excavation-related data such as Measurements While Drilling (MWD)
and Tunnel Boring Machine (TBM) performance parameters.

During excavation, geological and geotechnical data are evaluated by site geologists and geotechnical
engineers. While these analyses may often be conducted independently, in the best scenario at least one
project member has interdisciplinary knowledge or background bridging both domains. A key output
of this process is the rock mass classification, typically updated after each production cycle and
integrated into the evolving geological model. Furthermore, monitoring networks for deformation and
convergence of the tunnel surface or lining are increasingly implemented in tunnelling projects. These
systems enable the collection of time-dependent data, which reflect the rock mass's response to

*Corresponding author: geosolutions@hechtm.de (J. Hecht-Méndez).
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excavation. Such data serve as valuable indicators of rock mass behaviour and stress redistribution due
to material removal, as well as the interaction between ground and support structures (Kaiser and
Korpach, 1986).

Tunnel Seismic Prediction (TSP) is a geophysical technique specifically developed for hard rock
tunnelling which helps to minimise the risks associated to poor rock mass conditions (Dickmann and
Krueger, 2014). By using 4 sensors installed into the tunnel walls, seismic waves generated using
explosives charges or an impact source are recorded and evaluated. The technology aims at detecting
geological structures such as: fault and shear zones, fractures/jointed zones, presence of cavities, etc.
It stands out due to its rapidness for data acquisition and processing, achievable prediction range (up to
150 metres or more) and high accuracy.

Each of the aforementioned techniques provides critical information for the tunnel engineer’s decision-
making process in areas such as excavation performance, support design, and alignment adjustments.
More importantly, this geo-information is vital for mitigating geological risks. However, a common
shortcoming is the limited interdisciplinary evaluation of these datasets, a gap that can be attributed to
the time-consuming nature of data integration and analysis across domains.

In this work, we present an integrated analysis of geological face mappings, convergence
measurements, and tunnel seismic data collected from a road tunnel project in the Colombian Andes.
At the moment of this study, approximately 2,590 meters of tunnel were covered by 20 seismic
campaigns. Seismic predictions were carefully compared against Rock Mass Rating (RMR) values and
convergence measurements, with the aim of evaluating the consistency and predictive value of the
seismic data. Moreover, despite the differing nature of the data sources, and assuming that each dataset
directly or indirectly reflects the physical properties of the rock mass, an important objective of this
study was to explore potential correlations between them.

2. Fundamentals
2.1. Convergence in tunneling

Convergence in tunneling refers to the radial closure of the tunnel section in time due to the stresses
excerpt by the surrounding rock mass and the excavation itself. Depending on the rock mass type and
condition, tunnel convergence may result in either reduction of the section or collapses (Kontogianni
and Stiros, 2003). Commonly, tunnel convergence occurs near the excavation face and it can be
interpreted as a response of the ground due to the gradual rearrangement of stress around the opening.
Generally, it can be inferred that convergence in weak rock masses with low compressive strength tends
to be greater than in competent rock masses with higher compressive strength. Moreover, the presence
of large fault and intense jointing or fracturing may influence the degree of deformation (Kim et al,
2005). Consequently, it can be assumed that the elastic modulus should be rather low at zones prone to
high deformation.

In modern tunneling, convergence measurements can be considered as a standard. Hence, there are a
number of instruments and methods for measuring tunnel deformation, tape extensometers being the
most traditional common one. Tape extensometers measure relative displacement of the tunnel
periphery at fixed point locations. The main importance of measuring tunnel convergence is that it helps
on understanding the rock mass behavior at the predefined geotechnical units throughout the tunnel
alignment. Therefore, it contributes to the decision-making process for the most suitable and economic
rock support to be used at each section.

2.2. Tunnel Seismic Prediction
TSP is a method widely used in hard rock tunneling. It relies on reflection seismic and allows to estimate

the velocity of the P-waves (longitudinal waves) and S-waves (shear waves) directly from data recorded
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behind the tunnel face. In its standard application 24 shot holes (or shot point when using impact
sources) are prepared and blasted using small explosive charges. The shot holes are placed as close as
possible to the tunnel face (Fig. 1).

RCP: receptor de 3 componentes

Fig. 1. Standard layout when using the TSP 303 technology consisting of an array of 24 shot points and four 3-
component receivers are installed as close as possible to the tunnel face.

The downtime needed for data recording can be as short as 15 to 30 minutes and results can be delivered
within few hours after data acquisition. The processing involves a number of steps for preparing and
evaluating the seismic data, i.e. the seismic traces, before going into a numerical modeling. By
meanings of 3D velocity analyses and depth migration, zones featuring high reflections ahead of the
face are illuminated (located) in space resulting in so-called reflectors. The most significant reflectors
are automatically extracted by the software accompanying the system. According to their spatial
position along each velocity field, each reflector has velocity values for P- and S-waves and the
corresponding elastic or geomechancial parameters. The parameters dynamic Young’s modulus (Edyn),
Poisson ratio (v), shear modulus () and Bulk modulus (K) are calculated from the estimated seismic
velocities assuming a representative density value for typical rock types.

Variations in the velocity values and the geomechanical parameters between consecutive reflectors
form the basis for drawing conclusions about the changes in rock mass conditions ahead of the face.
For instance, decreasing the value of Edyn is a good indicator of decreased rock stiffness due to the
presence of a weakness zone. As the spatial position and orientation of each reflector is estimated, these
changes are projected onto the tunnel axis. The latter is also an input to the system's software, which
uses the same project coordinates. The prediction of the rock mass state is thus included in the metrics
used in the project.

3. Project location and description

The Guillermo Gaviria Echeverri Tunnel and its access roads Megaproject is a road project located at
the western part of the Antioquia Department, Colombia (Fig. 2). Along with several other structures,
it comprises the construction of the 9.7 km tunnel, also referred to as the Toyo Tunnel. The project
belongs to the Proyecto Autopistas de la Prosperidad which is part of the National Government Program
Fourth Generation Roads 4G and it is executed as a public work led by the regional government. The
project will connect two other key road projects, the concessions Mar 1 (Medellin — Santa Fé de
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Antioquia) and Mar 2 (Cafasgordas — El Tigre), all of them aiming at connecting production centres
located within the Antioquia Department, the country middle region and the Pacific and Atlantic coasts.
The tunnel was built by the Antioquia al Mar Joint Venture (CAM). It comprises the excavation of a
main tunnel and an escape gallery being excavated with two opposite headings (Entry and Exit Portals).

Santa fe de
Mtooula @ hode

Bolombolo @
La Pintads @
L

g @ tespuer

Fig. 2. Location of the Megaproject Guillermo Gaviria Echeverri Tunnel and its access roads (right: Modified from
FCC Construction).

3.1. Local Geology

Local geology along the tunnel alignment comprises sedimentary and igneous rocks of two formations:
Penderisco and Barroso. The first formation includes thin layers of shales, siltstone, mudstone and
lydite occasionally interbedded by volcanic rock packages (basalt and diabase) while the second
comprises basalts, gabbro, diabase, andesites and volcanic tuff. According to the geological forecast, a
number of fault zones and intrusions are expected along the transect (Fig. 3). Likewise, predicted RMR
values range between 20 and 80 indicating a high variability of the rock mass condition along the almost
10 km transept to be crossed. The overburden varies from a few meters around portal area up to about
900 m in the middle of the tunnel.

The geology after excavation along the areas where tunnel seismic results were available present two
different rock mass conditions. Along the Entry Portal (EP), the Barroso Formation is found while at
the Exit Portal (OP) the Penderisco Formation dominates, the boundary of both formations is located
approximately at the middle of the tunnel alignment. At the EP, the geology is predominantly diabase
rocks (dolerite) and basalts of moderate to high strength with moderate fracturing. At the OP, lithology
is dominated by a sequence of sedimentary (siltstone, mudstone, shales) and volcanic rock (basalt).
According to site geologists and face mappings, predominantly sequences of siltstone and shale are
present characterised by low to moderate strength, moderate alteration, tectonised, high degree of
fractures and folding evidence.

4. Methodology
4.1. Data collection

Seismic and geological results were collected in separated databases. Results coming from 17 seismic
campaigns, 10 and 7 at the EP and OP, respectively, were analysed. Geological information is available
in form of spreadsheet. Inputs of the spreadsheets contain information gathered from the geological
face mappings after each blast. Deformation measurements were performed using 5 convergence points
placed about every 15 metres along most of the alignment, only at weakness zones, e.g. rock type 4 and
5, distance was in average 5 metres. The measuring points were situated symmetrically as shown in
Fig. 4. After a given blast, recordings of deformation were done daily at stations near the face. For the
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remainder stations, the recordings were either weekly, biweekly or monthly, depending on the response
of the rock mass to the rock support. The stop criterion was when deformations were at maximum 2
mm/d. The recordings are available in spreadsheets. Table 1 shows the main parameters obtained from
each investigation method. Table 2 shows basic descriptive values of the parameter used for the
validation and further analyses. All TSP related parameters are calculated as well as the RMR. The
accumulated deformations were measured.
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Fig. 3. Geological longitudinal section showing the main two type of rock formations: Barroso and Penderisco, pink
and yellow, respectively. The tunnel sections covered by the seismic campaigns analysed in this study till 2021 are
indicated by the grey box upon the tunnel alignment. Headings directions are also indicated, upper corresponding to
the Entry Portal (EP) and bottom to the Exit Portal (OP).

Fig. 4. Schema showing the strings measured for monitoring the tunnel convergences. In this study the strings H1
and H2 were used.
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Table 1. List of parameters obtained by each investigation method.

Extensometers
TM: Tunnelmeter [m]
D et Accumulated
deformation [cm]

TSP
TM: Tunnelmeter [m]
V,:  P-wave velocity [m/s]
Vi:  S-wave velocity [m/s]

Face mapping
TM: Tunnelmeter [m]
RQD: Rock Quality Design
RMR: Rock Mass Rating

Method
Parameter

v Poisson coefficient [-] RS:  Rock Support
Egq: Static Young’s mod. [GPa]  Lit:  Lithology
E4n: Dyn. Young’s mod. [GPa] FD: Fracturing degree

o Shear mod. [GPa]
K: Bulk mod. [GPa]

WP:  Water presence
WA: Weathering/Alteration

Table 2. Relevant parameter values as used for the analyses.

Entry Portal Exit Portal
Parameter Samples  Minimum Maximum  Median Samples  Minimum Maximum  Median
v, 3,170 5,675 4,605 3,440 5,500 4,225
Vs 161 1,900 3,160 2,660 119 1,840 2,770 2,420
Edyn 20 70 45 21 50 32
RMR 341 18 74 45 299 16 56 37
Dyee 114 0.53 41.10 5.71 95 0.87 48.53 12.23

4.2. Data preparation

The spatial location of each parameter was referred to Tunnelmeter (chainage) of the project.
Parameters laying within a range of 2 m from each other were used for each evaluation. Tunnel seismic
results were carefully validated according to both the Rock Mass Rating (RMR) estimated at a given
position and the geological description as presented in the face mappings for that location. In this
qualitative evaluation, the closest values to a given position were compared considering the overall
trends within a section.

In general, most of the seismic results were in good agreement with the RMR trends and the rock mass
condition experienced along the prediction range. In only 2 cases, a reprocessing of seismic data was
necessary, mostly due to campaigns performed at zones where the seismic layout was laying along
weakness zones posing a challenge for estimating important reference parameters. After calibrating the
processing parameters (mostly initial velocity for the seismic modeling), seismic results along zones of
concern were in good to very good agreement with the geological parameters. Once the validation of
the seismic results was finished, each individual parameter coming from the seismic was plotted against
the maximum accumulated deformation. Again, the closest sample position was selected. Final results
are presented as graphs unveiling important correlations between them.

5. Results

Fig. 5 shows Edyn calculated from seismic data versus RMR values for EP. The top graph shows the
rock support as build, being 1: very light rock support to 5: very heavy rock support. Edyn curves from
each individual TSP campaign can be easily identify since there was no overlap between campaigns.
Some gaps were due to lack of seismic results. Special care must be taken when comparing Edyn and
RMR values. Considering the nature of each data, a one-to-one comparison or analysis using simple
statistics must be misleading. Instead, it is recommended to perform a qualitative analysis by observing
overall trends and value changes within and between campaigns.

As can be seen, similar trends between Edyn and RMR are present in each campaign and throughout
the investigated tunnel transept. Increasing Edyn values are in very good agreement with high RMR
and vice versa with values ranging between 20 GPa and about 70 GPa (average 43 GPa). The estimated
values indicated a moderate rock mass condition along most of the investigated area with high
variability, showing good rock mass conditions at some areas, ¢.g. TSP#6, and poor rock mass at other
locations, e.g. TSP#9 and TSP#10. For zones having low RMR (M 24+510 to 24+570, TM 29+990 to
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30+060 and TM 30+330 to 30+470), the seismic results are either at the far end of the predictions or
there isn’t value since no seismic measurement was performed. Nevertheless, the Edyn towards the end
of the prediction of campaigns TSP#3, TSP#7 and TSP#8, and those of the following campaigns
(TSP#4, TSP#7, TSP#8, TSP#9 and TSP#10), resemble the low RMR or less competent rock mass
conditions along these zones. In term of geological structures, the first zone with low Edyn and RMR
corresponds to a highly fracture zone which actually represented the fault observed in the geological
model, expected ahead of the actual location (See Fig. 3). The second zone with low values towards the
end of the evaluated area, are due to the presence of a dioritic intrusion and the contacts with the diabase
formation.
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Fig. 5. Edyn vs RMR values for the Entry Portal (EP). The top figure shows the type of rock support employed (1:
light rock support for favorable rock mass, 5: heavy rock support for very poor rock mass).

Selection and changes of the rock support while excavation was supported by the geological
characterization (RMR values obtained) and also by the results of the convergence measurements near
the face. Notice that at sections were low RMR values were estimated, rock support was changed to 4
and 5. It is important to mention that around TM 29+520 and TM 29+560, the highest accumulated
deformations were measured, leading to an immediate change in the rock support (from 2 to 4, personal
communication from site geologists). Similar situation occurred from TM 30+400 onwards. Regarding
the elastic parameters, it can be observed that at sections where rock support 2 and 3 were used, the
values for Edyn were > 50 GPa and Edyn > 40, respectively. At sections were rock support 4 and 5 was
applied, decreasing Edyn values or lowest Edyn were estimated.

Fig. 6 shows Edyn calculated from seismic data versus RMR values for OP. The top graph shows the
rock support as build. As in the opposite portal, Edyn curves from each individual TSP campaign can
be easily identify since there was no overlap between campaigns.

As can be seen, similar trends between Edyn and RMR are present in each campaign and along the
investigated transept. Increasing Edyn values are also in very good agreement with high RMR and vice
versa with values ranging between 21 GPa and 50 GPa (average 34 GPa). In most campaigns, Edyn
values follow to good precision local changes within short sections. Contrary to the result at PE, all
parameters showed lower values at this heading as expected due to the predominant rock types of the
Penderisco Formation. In addition, the rock mass condition itself was very poor to poor since the
beginning of excavation at this portal.

At sections with RMR ranging between 40 and 60 (Edyn within 35 and 50), rock support 3 was applied
(most of the section). Rock support 4 and 5 were employed at sections with lower RMR or high
deformation, TM 33+580 to TM 33+660, TM 33+860 to TM 33+870, TM 33+900 to TM 33+915 and
from TM 34+210 to TM 34+400. Along most of these weaker sections, Edyn values lower than 25 GPa
were estimated. Only at TSP#4, those changes could not be identified by any reflector, likely due to a
spatial resolution limitation.
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Fig. 6. Edyn vs RMR values for the Exit Portal (OP). The top figure shows the type of rock support employed (1:
light rock support for favorable rock mass, 5: heavy rock support for very poor rock mass).

In addition to the above-mentioned validation and evaluation of seismic, Edyn values were plotted
against maximum accumulated deformation as measured along the tunnel transept using tape
extensometers (Fig. 7). Only the upper string (H1) was used since it showed the larger convergence
values and variability compared to H2. The figures allow a simple verification of the Edyn areas for
which a certain deformation is to be expected. By adding the type of support, additional conclusions
can be drawn about the relationship between Edyn, the accumulated deformation and the selected
support.

It is important to mention that prior to the elaboration of these figures, the relationship between
overburden and deformation was scrutinized. For both headings, a positive correlation, i.e. larger
convergence due to increasing overburden was not clearly identified. In EP, the largest convergences
were measured at zones with lowest overburden or at sections where the overburden has a negative
gradient. Similarly, in OP heading, even a negative correlation is observed, i.e. convergences were
slightly higher as the overburden increased. Based on the correlations, the following main conclusions
can be drawn per portal:

Entry Portal (EP)

e Edyn range: 20 — 30. Highest deformation possible, up to ca. 30 cm. RS 4 is used predominantly.
RS 5 in punctual cases to control instantaneous deformations > 10 cm.

e Edyn range: 30 — 40. Low deformations, < 10 cm. RS 4 is used predominantly.

e Edyn range: 40 — 50. Low to high deformations, up to around 30 cm. RS 3 is used predominantly.
RS 4 and 5 used in punctual cases to control instantaneous deformations > 10 cm.

e Edyn range: 50 — 70. Very low deformations, < 6 cm. Rock support 2 is used predominantly

Exit Portal (OP)

e Edyn range: 20 — 30. Highest deformation possible, up to around 50 cm.

Edyn <26, RS 5 is used predominantly, otherwise RS 4.

Edyn range: 30 — 40. Still high deformation possible, up to around 40 cm.

Edyn <35, RS 4 is used predominantly, otherwise RS 3.

Edyn range: 40 — 50. Moderate deformations, up to around 20 cm.

RS 3 is used predominantly. RS 4 only in punctual cases to control instantaneous deformations >
10 cm.
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Fig. 7. Plots of Edyn versus maximum accumulated deformation including primary rock support as built. Left: Exit
Portal, right: Entry Portal.

Table 3 and 4 present basic statistics for data shown in Figure 7. The data were classified in 4 different
Eayn ranges. Occurrences refers to the number of times a value lay within a given range. Additionally,
they can also be interpreted as a probability, since the number of occurrences was divided by the total
number of samples for each case. By looking at these results as a forecast tool, the probability of using
a given type of rock support can be deviated from seismic results of future campaigns. For instance, if
a campaign is done at the EP and along 50 m within the prediction range, Edyn values are between 30
and 40 GPa, the chance of applying rock support type 3 along this section is 83%. Moreover, inferences
about the expected deformation can also be done, in this case, the minimum and maximum Dacc will be
about 1.3 and 5.3 cm, respectively.

Table 3. Statistical analysis for the Entry Portal. Occurrence is expressed in percentage, Mean D, is in cm.
Highest value for each group are highlighted in light blue and yellow, respectively.

Rock Support (occurrence)

Eu. Occurrence Mean D, 2 3 4 5
20-30 27 12.96 + 6.44 0 10 77 13
30-40 11 327+1.99 0 83 17 0
40-50 45 6.90 £ 1.00 16 65 12 8
>50 20 4,54 £2.37* 60 35 5 0

*One sample (outlier) was not included in this calculation

Table 4. Statistical analysis of data shown in Figure 7 for the Exit Portal. Occurrence is expressed in percentage,
Mean D, is in cm. Highest value for each group are highlighted in light blue and yellow, respectively.

Rock Support (occurrence)

Ein Occurrence Mean Dacc 2 3 4 5
20-30 39 21.45+11.09 0 0 59 41
30-40 33 15.27 +£10.74 0 52 48 0
40-50 28 9.41+7.30 0 85 15 0
>50 0 0.00 +0.00 0 0 0 0

6. Conclusion

The TSP results and their comparison with the excavated geology and the estimated RMR values
allowed for a detailed validation of the seismic results. In general, the seismic predictions matched very
well the rock mass condition experienced while excavation. The seismic method proved its accuracy
and benefit to the job site showing that it is an efficient and reliable tool to obtain geological information
up to 150 m or more ahead of the face. Furthermore, by analysing data from different sources, such as
geological information, rock classification and convergence measurements, additional useful
information was obtained, which greatly supports the decision-making process for the appropriate
support class during tunnelling.
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A positive correlation between the parameters obtained from the in-situ seismic measurements and
convergences was found, despite the transient nature of the tunnel deformation near the face. This
important finding needs to be further studied and corroborated by performing similar evaluations in
other job sites. Such reference works can be used as a tool for the interpretation of seismic data. They
contribute to a more detailed prediction that includes information about the expected deformation and
the rock support to be used. In addition, the reliability of the information obtained from the deformation-
elastic modulus graphs is likely to increase considerably with the integration of further data to be
collected. The results presented in this work were further employed for the following seismic
measurements performed at the project. More than 60 seismic campaigns were performed. The tunnel
excavation was completed in 2023.
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Abstract: Groundwater represents one of the most important resources for water supply, industrial production, and
ecosystem preservation, which is why its sustainable use and protection from pollution are of paramount importance.
Modern challenges such as rapid urbanization, climate change, and increasingly stringent legal regulations demand
precise hydrodynamic analyses of groundwater flow regimes that often exceed the capabilities of traditional
methodologies. In this context, the development and application of specialized software tools and platforms
represent a key step forward in the modernization of the hydrogeological profession.

This paper presents experiences in the development and application of software systems designed for the preparation,
analysis, and interpretation of hydrogeological data; execution of a large number of parallel numerical simulations,
including simulation of the tunnel lining within the schematized layers of the mathematical model; automatic
generation of results and reports; and data archiving. The importance of these tools is emphasized in the analysis of
complex hydrogeological systems, particularly in the context of hydrodynamic modelling of spatially heterogeneous
aquifers and the simulation of various exploitation or contamination scenarios.

The presented software tools enable high operational efficiency, reduce the risk of human error, and significantly
shorten the time required for the preparation of technical studies, factors that are particularly important in decision-
making and water resource management planning as it is illustrated on the example of the Belgrade Metro project.
Process automation and the ability to conduct scenario-based analyses contribute to improved risk assessment,
optimization, and timely response in emergency situations. In addition to technical advantages, the tools also offer
centralized data management and support for collaborative work among multiple experts on the same project,
thereby enhancing the quality and transparency of professional practice.

The application of modern software platforms in the field of hydrodynamic groundwater flow analysis represents an
indispensable tool for achieving sustainable management of this valuable resource, as well as for further

advancement of professional practice and scientific research in this domain.

Keywords: groundwater; hydrodynamic analysis; collaborative platform

1. Introduction

Groundwater is one of the most important natural resources, both in terms of providing drinking water
and in the context of industrial, agricultural, and ecological sustainability. Managing this resource is
becoming increasingly complex due to rising water consumption, climate change, urbanization, and
industrial development - all of which affect the quantity and quality of groundwater (Foster et al., 2008;
Howard, 2007). In this context, accurate hydrodynamic analysis of groundwater flow is essential for
effective exploitation planning, aquifer protection from contamination, and the preparation of technical
studies and environmental impact assessments (Bear, J., 1979; Domenico and Schwartz, 1998).

Traditional methods of hydrogeological analysis, while still valuable for certain aspects, are often
insufficient to meet the demands of modern practice, which involve processing large volumes of data,

*Corresponding author: vladimir.lukic@jcerni.rs (V. Lukic).
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modelling complex geological structures, and performing numerous computational variants for various
exploitation or contamination scenarios (Anderson et al., 2015; Zheng and Bennett, 2021). Under such
circumstances, the development of software tools and platforms for hydrodynamic modelling represents
one of the most significant advances in the modernization of hydrogeological practice. These tools
enable process automation, enhance the accuracy of analyses, and significantly reduce the time required
to carry out complex calculations.

Software tools developed for this purpose encompass a wide range of functionalities, starting from the
preparation, analysis, and interpretation of input data, through the execution of numerical simulations
of groundwater flow, to the visualization of results, report generation, and data archiving. A key feature
is the ability to perform a large number of calculations in parallel, which enables experts to quickly
evaluate various scenario alternatives whether related to planning extraction activities, assessing the
impact of infrastructure projects on groundwater regimes, or analysing remediation measures in cases
of contamination.

The implementation of such tools significantly contributes to reducing the risk of human error,
standardizing procedures, and increasing transparency, thereby enhancing the confidence of investors,
regulatory authorities, and the broader professional community in the results of the analyses. In
addition, modern software systems enable centralized data management, collaborative work among
multiple experts on the same projects, as well as seamless integration with field monitoring or other
databases.

The aim of this paper is to provide a concise overview of the development and application of software
tools and platforms specialized in hydrodynamic analysis of groundwater flow, with a focus on the
benefits they offer in terms of efficiency, accuracy, and reliability of calculations. By presenting the
functionalities of these systems, the paper highlights their potential to enhance professional practice,
accelerate decision-making, and improve management of this valuable natural resource, thereby
creating the conditions necessary for sustainable use and protection of groundwater under contemporary
challenges.

2. Challenges of Metro and Groundwater Interaction (Tunnels and Stations)

The construction of the Belgrade metro is based on the light metro concept (light rail transit), which
prioritizes lower construction costs compared to a traditional heavy metro system.

Given the complex geomorphological and geological conditions of the Belgrade area, the construction
methods for the metro are primarily limited to three approaches:

e Deep excavation (Deep Tunnel), which utilizes specialized boring machines known as tunnel
boring machines (TBMs) or "moles."

o Shallow excavation (Cut and Cover), where the soil is first excavated, necessary infrastructure is
installed, and then the area is backfilled, allowing for further construction of other structures on top.

e At-grade construction, where instead of backfilling, the excavation remains open. This approach,
in addition to reducing construction costs, can offer other advantages.

The Belgrade metro study (JCWI, 2022) covers a network of three light metro lines, which can be
upgraded to a high-capacity metro system:

e Line 1 has a total length of 21.3 km, of which 11.3 km are in deep excavation (TBM tunneling), 7.7
km in shallow excavation (Cut & Cover), and 2.3 km at-grade. Along this route, 23 metro stations
are planned (13 in deep excavation, 7 in shallow excavation, and 3 at-grade).

e Line 2 spans 19.2 km, with 9.8 km in deep excavation (TBM) and 9.4 km in shallow excavation
(Cut & Cover). This line includes 20 metro stations (9 in deep excavation and 11 in shallow
excavation).

e Line 3 covers the southeastern and southwestern parts of the city.
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The constructed metro tunnel alignment and station structures are isolated from the surrounding
environment by a waterproof concrete lining, thereby protecting them from direct contact with
groundwater. The interaction between the metro system and groundwater can be considered from the
perspective of potential resulting issues, depending on:

o whether the metro is in the construction or operational phase,

o whether the focus is on the tunnel route or the station site (zone),
e the excavation methods used,

e geological conditions,

¢ and the existing infrastructure along the route.

In general, it can be considered that an operational metro does not have direct contact points with
groundwater. Such contact may occur only in cases of accidental infiltration, either as water ingress
into the metro structures or as the leakage of fluids (often contaminated) into the surrounding
groundwater.

Unlike the operational phase, the construction phase of the metro is subject to much more demanding
conditions. Shallow excavation (Cut & Cover) is carried out under dry conditions. Station construction
is particularly challenging, as it takes longer and often requires extensive dewatering measures. When
using the deep excavation method (TBM), in addition to conventional dewatering techniques, new
waterproofing technologies are also applied (e.g., special concrete).

A characteristic feature of the Belgrade metro is that its route passes through rock masses with diverse
and complex hydrogeological conditions. The rocks are sedimentary, Quaternary, and pre-Quaternary
in age (Tertiary and partially Mesozoic).

The issue of metro and groundwater interaction in Belgrade should also be viewed in the context of
various existing interactions between groundwater and urban infrastructure, as well as land use. It is
important to highlight the following:

e Dense urban zones, which often require (and implement) management of groundwater regimes
through various drainage measures for structures.

e Peripheral, less densely populated urban zones, with or without established sewage systems.

e Green belts (forests and parks).

e Planned and developing settlements within urban areas, both with and without prior land filling
(e.g., planned settlement construction in the Makis field, and the initiated development of the EXPO
settlement on the left bank of the Sava River). Land filling significantly alters the natural conditions
for groundwater existence and its regime.

e Utility, transport, and industrial infrastructure (e.g., the marshalling yard in the Makis field, located
adjacent to Line 1, poses a potential risk of groundwater contamination).

e Groundwater sources - Belgrade’s water supply is significantly dependent on wells with horizontal
drains installed along the banks of the Sava River (99 wells in total, with over 60 located in the
central urban core). The well capacity is determined by inflow (infiltration) from the river as well
as from the alluvial aquifer (from the hinterland).

e Agriculture — agricultural production is developed on the outskirts of the city. In the alluvial zone
of'the flat terrain (Makis field), there is a drainage system consisting of canals and a pumping station
used to regulate the groundwater regime.

For the analysis of the interaction between the Belgrade metro and groundwater, it is necessary to
understand the current natural and artificial (anthropogenic) conditions of the groundwater regime.
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3. Methodological Approach to Hydrodynamic Analyses (Studies and Design
Support)

The methodological approach to analysing the interaction between the Belgrade metro and groundwater
stems from the established objectives and guiding criteria. The foundation for this approach included
defining and elaborating primary and secondary goals of the hydrodynamic analysis, selecting and
presenting output results, as well as addressing other requirements such as a unified data repository,
maximum automation of certain processes, reliability, and efficiency in problem-solving.

The core component of the analysis lies in the application of mathematical modelling methods of
groundwater flow regimes, the development of hydrodynamic models, and the flexibility of their use
under different conditions.

The primary objectives of the hydrodynamic analysis were to determine the impact of metro
construction on the existing groundwater regime both during and after the construction phase. In this
context, it was necessary to identify and quantify changes in the existing groundwater regime caused
by the construction and operation of the metro, specifically to define potential changes in groundwater
levels, identify locations of possible groundwater infiltration into ongoing works and completed
structures, quantify the inflow volume, and establish protective measures against groundwater
intrusion. Additionally, based on the results of the conducted analysis, a monitoring project was planned
as part of the system to protect groundwater from contamination originating from the metro as a
potential source.

As secondary objectives of the analysis, assessments of the metro’s impact on existing and future land
users within the immediate and broader network zones were emphasized. Among these, the most
significant are the impacts on dense urban areas (buildings), municipal, transport, and industrial
infrastructure, and especially the city’s groundwater source located along the banks of the Sava River.

The characteristics of hydrodynamic models are directly dependent on the properties of the porous
media through which the metro construction is planned, with permeability being the most significant
factor. The metro route passes through genetically, lithologically, and hydrogeologically diverse
formations, predominantly composed of sedimentary rocks, which can be broadly categorized as:

o Alluvial (Quaternary) sediments of the Sava and Danube rivers, and
e Neogene and older sediments of the hinterland alluvium and the Belgrade uplands.

The alluvial sediments of the Sava and Danube rivers consist of unconsolidated rocks, characterized
by typical intergranular porosity and pronounced continuous layering, predominantly extending
horizontally. Sediments along parts of the metro route in the hinterland of the Sava and Danube rivers
are primarily composed of limestones, marls, sandstones, and conglomerates. These rocks belong to the
category of consolidated formations and are often tectonically disturbed, exhibiting fault and erosional
discordant structures. The porosity of these rocks is fracture or fracture-cavernous (in the case of
limestones), with hydraulic conductivity being very low or negligible, except for locally highly
permeable zones.

As an example, the results of the analysis and categorization of the hydraulic conductivity of the rock
masses (porous media) along the planned route of Line 1 of the Belgrade metro are presented, based on
filtration coefficient values (Fig. 1). The majority of Line 1’s route passes through practically
impermeable (Kf < 107® m/s) or poorly permeable (1x107® < Kf < 1x107¢ m/s) rock masses. This
primarily applies to the entire Section 5, nearly the entire Sections 3 and 6, as well as the marginal parts
of Section 4.

Moderately permeable rocks (1x107¢ <Kf < 1x10™* m/s) dominate Section 4 and are also locally present
within Section 3. Considering the structure of the rocks found here (both consolidated and
unconsolidated), all the aforementioned types of porosity are encountered.

Highly permeable rocks (1x10™* < Kf < 1x1072 m/s) are present along Sections 1 and 2 of the route
(Makis field), as shown in Fig. 1.
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Fig. 1. Zoning of rock masses along Line 1 of the metro route by degree of permeability (based on filtration
coefficient values), schematic representation.

Based on the analysis of the presented results, the selection of the number and characteristics of
groundwater models was carried out. Groundwater regime analyses were performed using larger
(regional) models both with and without the inclusion of the metro route, while on local (detailed)
station models, the mutual impacts of their construction and surrounding groundwater were examined.

In the process of comparative analysis of the groundwater regime before and after metro construction,
multiple variant calculations were performed. The calculations covered a long-term period (1/1/2005-
12/31/2014), enabling a multi-parameter analysis of groundwater levels under varying hydrological
conditions.

The calculation results are presented as differences in groundwater levels between the computed values
before and after metro construction, shown for minimum and maximum piezometric levels within the
historical hydrological record, as well as under extreme conditions (1% probability). Comparison of the
results for both scenarios indicated whether mutual interaction exists and, if so, the extent to which it
is manifested.

To efficiently and rationally address such a large and complex task, it was necessary to introduce
innovation throughout the process. This involved thorough advance planning of all phases and steps, as
well as the optimal use of available expert and personnel resources, which resulted in the creation of a
dedicated project document. This document, allowing necessary adjustments and variations during the
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work, formed the foundation for the entire project’s execution. Maximum software utilization,
automation, and centralized management of data and results were applied.

The major benefits of this approach included increased efficiency (speed, resource savings, cost
reduction), versatility (variety of design alternatives), solution consistency (all derived from the same
initial data source), and more.

4. Collaborative Platform (Process Workflow)

The hydrodynamic analysis involved the initial development of “macro” models (along the metro route)
aimed at analysing groundwater interaction before and after metro construction. These macro models
were created using the Modflow software package. Subsequently, “local” models for metro stations
were developed to analyse their interaction with groundwater during construction. The local models
were developed using the Plaxis3D software package.

The task required an integrated approach, logically connecting all phases of the solution and executing
them efficiently. Several major steps in this process can be distinguished.

4.1. Step 1 - Task Analysis, Site Assessment, and Preparation of Materials

After analyzing the tasks to be performed, the process begins with identifying the main stakeholders
affected by the changes in the groundwater regime (urban facilities, city infrastructure, municipal
groundwater source, etc.). Their requirements regarding the maintenance of the groundwater regime
under the new conditions (post-metro construction) are then defined.

Data are collected and entered into newly developed databases: HGIS (Hydrogeological Information
System), HTO (HydroTechnical Database), HIS (Hydraulic Information System), and GIS (Geographic
Information System). These systems (HGIS, HTO and HIS) are relatively new and have the specific
purpose of storing and managing data necessary for the development of hydrodynamic, geomechanical,
hydraulic, and hydrological models.

In the HGIS (Fig. 2) database, data on boreholes (drilling results and laboratory analyses of samples)
are entered and subsequently transformed into a form and format suitable for direct import into
numerical hydrodynamic and geomechanical models. This process provides initial information about
the geological environment of the groundwater model and the boundary conditions required for
calculations.

[l At 2a unce hicrogesioskin podataka

Fig. 2. Map from HGIS showing the objects.
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Additionally, data and input layers for the altered-state models are prepared, including elements such
as the metro route alignment, planned land filling, urbanization, changes in land use, and other relevant
modifications.

4.2. Step 2 - Analysis of Requirements, Site Conditions, and Preparation of Input Data

To assist users in schematizing hydrogeological layers, which are later used for developing numerical
groundwater models, a custom-built tool called the 'Hydrogeological Layer Schematization Tool' has
been developed. This tool enables both automatic and semi-automatic extraction of typical
hydrogeological layers. Based on the filtration coefficients of each lithological layer and the desired
number of schematized layers, the algorithm assigns each lithological unit to one of the predefined
schematized layers. This ensures horizontal continuity of the layers while maximizing the homogeneity
of material properties within each individual layer.

Within the Clustering tab, a graphical representation is displayed to the user (Fig. 3). Each vertical line
on the graph represents a single lithological unit of the object, with the values on the y-axis indicating
the depth of the mapped interval, and the values on the x-axis representing the filtration coefficient
defined for that interval. Lines of the same colour represent intervals that the algorithm has identified
as belonging to the same layer.
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Fig. 3. Application interface after data upload, selection of the number of schematized layers, and basic settings
configuration.

The primary objective of groundwater model calibration is to obtain representative characteristics of
the schematized layers. For comparison, the model results (groundwater levels and balance
components) are evaluated against corresponding measured data in the form of time series.
Unfortunately, under local conditions, measured data are often affected by errors of various origins. A
Time Series Correction Tool is used for comparative validation and adjustment of these data. Only after
thorough analysis and necessary corrections are the time series used in the calibration process (Fig. 4).

The boundary conditions of the model are derived based on the analysis of natural conditions and
available data and are stored in the corresponding databases (HIS, HTO and GIS). The shapefile (shp)
format contains data on the spatial, physical, and hydraulic characteristics of the boundary conditions,
as well as the associated time series (Fig. 5), all in formats suitable for the development of numerical
models.
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Fig. 5. Site image showing the model and boundary conditions (Source: QGIS).

Hydrodynamic calculations are performed using the MODFLOW platform under transient conditions,
with grid generation based on the finite difference method. The initial version of the model is developed
using a professional (commercial) user application, specifically GW Vistas (GWV) by importing
shapefiles (shp) from the GIS platform.

Existing features of the GW Vistas (GWYV) application, such as sensitivity analysis and PEST
(Parameter ESTimation) are used for model calibration. The progress of model calibration is monitored
using the proprietary application "PiezoFlow" developed by Jaroslav Cerni Water Institute (JCWI).
This software is designed to display the spatial distribution of calibration objects (piezometers, wells,
etc.) on a map, along with measured and calculated parameter values presented as time series
(piezometric levels, flows, etc.).

On the graphical display (diagram) it is possible to select one or multiple time series (objects) for
simultaneous viewing (Fig. 6). The tool also allows importing and displaying multiple consecutive
results from successive calibration calculations.
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Fig. 6. PiezoFlow interface showing interaction between tabular, spatial (map), and temporal (diagram) views.
4.3. Step 3 - Hydrodynamic Analysis

Upon completion of groundwater model calibration, based on the simulation of groundwater flow under
existing conditions, necessary updates and modifications are introduced into the model to support the
analysis of the interaction between structures (tunnels, metro, underground and above-ground facilities)
and groundwater.

As a concrete example of hydrodynamic analysis, the metro route will be presented. The metro route is
simulated by adding an additional layer to the established model. The waterproof tunnel lining is
represented by a “No Flow” boundary condition. By incorporating the metro route, the initial 5-layer
model (Fig. 7a) is subdivided into 14 new layers; in other words, the model geometry is refined into
smaller segments within the layers where the tunnel lining passes through (Fig.7b). This results in a
reconfiguration of the model that enables simulation of groundwater flow under conditions specified
by the project. The process is fully automated, according to the original algorithm of JCWI.

a) 5 layers — without metro

S

b) 14 layers — with the metro incorporated

Tunnel lining — “No flow”

Fig. 7. Simulation of the tunnel lining within the schematized layers of the mathematical model.

For the analysis of groundwater flow in the metro station zones, detailed models with customized spatial
schematization are used. Three-dimensional finite element (MKE) models for the considered stations
were developed using the Plaxis 3D software package. This commercial software provides solutions
for both stress-strain and flow (filtration) analyses by employing the finite element method.
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For generating the model and performing groundwater regime calculations, a Hydrogeological Analysis
Support Platform has been developed. Based on the previously established parameters of the calibrated
model and the “reconfigured” model incorporating the metro route and current conditions from the GIS
database, the Platform creates the groundwater model and executes the corresponding calculations.

The information necessary for creating groundwater models comes from various sources and can be
grouped into three categories:

1. Hydrodynamic inputs: These include information about the model geometry, material
properties of the soil and riverbeds (of the Sava and Danube Rivers), recharge from the
hinterland, infiltration, and groundwater evaporation for the observed analysis period, among
others. These data originate from the process of creating and calibrating groundwater models
and may have multiple versions.

2. Hydraulic inputs: These consist of data on river profiles and water levels, which define the
boundary conditions within the groundwater model. They are derived from the corresponding
hydraulic calculations and may also exist in multiple versions.

3. Hydrotechnical and other structures and their operating regimes: This category includes
the positions and geometric characteristics of hydrotechnical structures that must be
considered for the given conditions, as well as their operating regimes. Positions and
geometric data are obtained from the GIS database, while operating regimes are defined
through the Platform.

For each completed calculation, it is possible within the Platform to generate appendices containing the
calculation results in a predefined format according to the project requirements.

4.4. Step 4 - Final Processing and Storage of Results

For each calculation performed within the Platform for Supporting Hydrogeological Analyses, it is
possible to generate appendices displaying the obtained results as specified by the project requirements.
The Appendix Generation Tool was developed specifically to produce reports presenting the calculation
outcomes.

Models, their inputs and components are stored in the so-called Project Repository (DAP), which is
organized/divided into sections based on jobs (contracts or tasks being executed). The repository has
two main purposes:

1. Storage of calibrated models, and
2. Storage of predictive calculation models defined by the Project assignment being addressed.

The difference between the mentioned types of models lies in the fact that calibrated models are based
on real, measured data, whereas predictive models contain elements that are modified to a greater or
lesser extent in accordance with the tasks being addressed. These modified elements essentially
represent the assumptions or scenarios defined by the task setter.

5. Conclusion

The development of modern software tools and platforms for data preparation, analysis, and correction,
as well as for simultaneous execution of numerous complex calculations, represents a significant
contribution to the modernization and digitalization of processes across various engineering disciplines.
This is especially evident in the field of hydrodynamic analyses of groundwater flow, where the
complexity of natural systems and variability of hydrogeological parameters demand increasingly
advanced computational methods and the processing of large volumes of data.

The implementation of the presented tools has enabled significantly more efficient handling of spatial
and temporal data sets, their precise analysis and correction, as well as automation of processes that
were previously highly demanding and prone to human error. The parallel execution of numerous
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complex numerical simulations allows for the analysis of varying field conditions and their impacts on
the groundwater regime, as well as the assessment of aquifer contamination risks. This substantially
reduces the time required for the preparation of studies and expert evaluations, which is particularly
important in the context of increasingly stringent regulatory requirements and the need for rapid
response in crisis situations.

Generating results and reports through such platforms provides a high level of transparency and enables
both experts and decision-makers easy access to key information for further planning and management
of water resources. Particularly valuable is the capability for systematic archiving of all computational
data, results, and analysis variants, which facilitates monitoring long-term changes in the groundwater
regime, evaluating previous analyses, and simplifying the reuse of data in future projects.

The implementation of these solutions significantly contributes to improving the quality of
hydrogeological studies and enables an interdisciplinary approach to addressing complex issues related
to groundwater protection and exploitation as it is illustrated on the example of the Belgrade Metro
project. Besides the technical advantages, such tools enhance collaboration among different
professional profiles within teams, facilitating centralized work, faster information exchange, and
synchronized decision-making.

Further development of software platforms in this field, particularly toward integration with real-time
field data collection systems, the use of artificial intelligence for predictive modeling and advanced
analyses, as well as improvements in result visualization, opens new possibilities for even more reliable
and faster solutions. It is believed that such tools will play a key role in the future management and
protection of groundwater, both in engineering practice and scientific research, where high-quality
analysis and prediction of groundwater regimes are crucial for the sustainable use of this valuable
resource.
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Abstract: This study presents a methodological framework for assessing the hydraulic behavior and
hydrogeological sensitivity to pressure regimes induced by the operation of a pressurized tunnel at the Hydroelectric
Power Plant Pirot. By integrating total-loss tests, structural assessments, and high-frequency monitoring of pore
pressure, temperature, and electrical conductivity, along with hydrochemical analyses, a comprehensive
understanding of flow mechanisms between the tunnel and surrounding rock mass, hydraulic connectivity, and water
origins across different lithological zones has been provided. Total-loss tests quantified cumulative leakage, while
sensors in the surge tank tracked key parameters, facilitating analysis of solute and thermal transport. Internal
piezometers monitored transient pore pressures, revealing the hydraulic connections between the tunnel and its
surrounding environment. Results show varying reactivity among hydrogeological units; highly fractured systems
exhibited rapid pressure fluctuations in sync with tunnel operations, indicating direct connectivity, whereas others
showed minimal response due to low permeability or isolation. Notably, significant lining cracks did not consistently
correlate with leakage, suggesting that lining conditions alone are insufficient for evaluating hydraulic performance.
Hydrochemical analyses confirmed interactions between the tunnel and groundwater, particularly in sensitive areas.
Findings indicate that the hydraulic reactivity of the rock mass is primarily influenced by the geometry of pore
spaces and proximity to the surge tank, with tunnel lining condition having a minor role in overall sensitivity. This
methodological approach enhances understanding of the interplay between the performance of the concrete lining-
grout-rock interface and the surrounding hydrogeological environment under different pressure loads, underscoring
the importance of high-resolution hydrogeological monitoring in assessing the hydraulic response of the rock mass,
detecting potential leakage, and identifying hydraulically critical zones along the tunnel and defining priorities for
rehabilitation works.

Keywords: hydraulic tunnel; concrete lining; cracks; hydrogeological monitoring; hydrochemical indicators;
tunnel-groundwater interaction

1. Introduction

Hydraulic tunnels are essential components of hydroelectric power plants (HPPs), enabling the
conveyance of pressurized water across geologically diverse terrains. However, their construction and
operational integrity are challenged by intersecting zones of heterogeneous lithology and structural
complexity, resulting in spatially variable hydraulic behavior along the tunnel alignment. Different
types of linings, such as cast-in-place concrete, precast segmental lining, or shotcrete, are often used to
address ground conditions, but also introduce complexity in pressure transfer and inflow—leakage
behavior. Concrete linings combined with grouting are designed to reduce permeability (Schleiss,
1997); however, operational pressure fluctuations often induce tensile stresses that can lead to cracking,
particularly under transient flow conditions (Karami et al., 2019). In faulted or fractured rock, such
cracks may create leakage paths that undermine the hydraulic isolation of the lining, making the
achievement of complete watertightness challenging. The reduced water resistance of the tunnel,

*Corresponding author: dusan.mikavica@jcerni.rs (D. Mikavica).
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combined with the initiation and propagation of cracks in the lining caused by operational pressure
cycles, creates interconnected flow paths that alter the surrounding hydrogeological regime.

Considering the sustained influence of tunnel operation over time, the interaction between internal
hydraulic loads and the surrounding rock environment becomes increasingly important. Water ingress
and leakage through the lining—rock interface can alter local pore pressure regimes and cause
mechanical-hydraulic coupling, which impacts the overall stability and function of the hydrogeological
system (Liu and Li, 2022). These processes are strongly influenced by the type of tunnel lining.
Segmentally lined tunnels tend to exhibit increased permeability through joints and connections, which
elevates seepage velocities and affects stress distributions (Shin et al., 2012). In contrast, cast-in-place
concrete linings are more prone to progressive crack development and connectivity, resulting in
increased permeability over time (Yi et al., 2011; Gao et al., 2019).

Conventional monitoring methods, such as structural assessments and cumulative water loss
measurements, provide valuable insights into performance and watertightness (Andjelkovi¢ et al.,
2013), but offer limited information on lining leakage points and transient behavior. In contrast, visual
inspections can identify localized damage and quantify zones of water leakage but frequently fail to
detect dynamic processes under actual conditions and are limited by low frequency and high costs.
Recent studies have highlighted the benefits of high-frequency pore-pressure monitoring using internal
piezometers in detecting transient hydraulic events and enhancing the characterization of aquifer
response (Neupane, 2021; Jemcov et al., 2024). Additionally, hydrochemical indicators offer
complementary insights into groundwater—tunnel interactions, particularly under variable pressure
regimes (Cuk et al., 2020).

This study presents advanced methods for investigating the pressurized headrace tunnel of the HPP
Pirot in Serbia, situated in a complex hydrogeological environment with variable permeability. By
integrating tunnel lining condition mapping data, high-frequency measurements of pore pressure,
temperature, and electrical conductivity with hydrochemical analyses and total water loss testing, the
study aims to identify zones prone to leakage and evaluate the hydraulic sensitivity of the rock mass.
The primary objective is to develop a comprehensive methodological framework that elucidates flow
mechanisms across different geological units, detects hydraulically weakened zones in tunnels, and
evaluates the mutual interactions between the tunnel lining, the grout-rock contact zone, and the
surrounding hydrogeological environment under variable pressure regimes.

1.1. Case study

The studied tunnel is part of a hydroelectric power plant (HPP) in southeastern Serbia. It conveys water
from the Zavoj Reservoir (568—615 ma.s.l.) to a surge tank and penstock before discharging into the
compensation basin. The pressurized tunnel is 8672 m long, circular in cross-section (4.5 m diameter),
with a longitudinal slope of 3%.. Surge suppression is managed through a side surge tank, with
measured transient levels reaching up to 630.4ma.s.l. (Ili¢ et al., 2019). The tunnel lining is
predominantly cast-in-place unreinforced concrete (CIP), except between stations 3+156 and 7+061,
where precast segmental lining (PSL) was installed using a tunnel boring machine. The surrounding
rock mass was treated with pressure and consolidation grouting to enhance structural stability and
reduce permeability under internal pressure.

Geologically, the alignment crosses two major tectonic units of the Carpatho-Balkan system, the Getic
and Danubian, separated by the east-vergent Vidli¢ thrust (Krautner and Krsti¢, 2002). The Getic unit
comprises Permo-Devonian clastics and Triassic—Jurassic carbonates, while the Danubian unit includes
Triassic clastics and massive Jurassic—Cretaceous platform limestones (Fig. 1). Structurally, the tunnel
alignment intersects a regional sub-vertical strike-slip fault and numerous secondary oblique faults
(Krstekani¢ et al., 2022), which strongly control groundwater flow. Five hydrogeological systems were
identified through earlier investigations, ranging from shallow karstic and fissured aquifers to deeper
fault-controlled systems with thermal water discharge, reflecting the litho-structural heterogeneity of
the terrain (Cuk et al., 2020).
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Fig. 1. (A) Geological sketch map of the study area (Andelkovi¢ et al., 1975); (B) Schematic representation of the
Pirot HPP tunnel.

2. Applied methods
2.1. Measurements of the tunnel total water loss

To evaluate the watertightness of the concrete-lined tunnel and detect cumulative leakage, a multi-step
total-loss measurement has been implemented as a standard procedure. The methodology was adapted
from established hydraulic loss assessment protocols (Andjelkovi¢ et al., 2013, Radovanovi¢ et al.,
2022) and tailored to the site's geometry and operational conditions. Total-loss testing has been
conducted by isolating the tunnel and monitoring water-level decline in the vertical inlet shaft (IN) with
a five-step drawdown procedure. Each step consisted of a controlled discharge period followed by
stabilization and an observation interval. The total leakage has been quantified by calculating volume
loss over time. The test mentioned above provides a general evaluation of the hydraulic tightness of the
tunnels. Therefore, the pressure lowering in the tunnel with each step results in a reduction in the total
loss. A significant limitation of the implemented approach is the inability to detect water inflow from
the surrounding geological environment, resulting from the induced reduction in water pressure within
the tunnel. To overcome this problem, high-frequency multi-probes (measuring pressure, temperature,
and electrical conductivity) have been installed in the water intake and surge tank to characterize water
ingress when external groundwater pressure prevailed.

2.2. High-frequency pore pressure monitoring in the tunnel and internal piezometers

To examine the hydraulic interaction between the surrounding hydrogeological environment and tunnel
pressure, an advanced monitoring system has been implemented. This system includes internal
piezometers, which are situated within the tunnel and extend into the surrounding rock mass, ensuring
they are completely isolated from the tunnel's water pressure. High-frequency probes have been
installed in these internal piezometers to investigate the transient pressure propagation from the tunnel
into the hydrogeological environment during HPP operations. While probes equipped with data loggers
are effective for monitoring transient pressure, regardless of their distance from the tunnel access, they
have a limited storage capacity for temporal data and require access to the tunnel for data retrieval.
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Nine internal piezometers (up to 3 m deep into the rock mass) with probes, with minute logging
intervals, were installed within the tunnel at points chosen based on seepage, lining damage, geological
structures, and hydrochemical anomalies (Fig. 1). Additionally, internal hydraulic conditions in the
tunnel and pressure fluctuations within the karst system connected directly to the tunnel were monitored
by installing a pressure sensor (TU) at the open end of a karst conduit encased in a pipe within the
tunnel. Furthermore, identical probes were installed in external piezometers, situated approximately 15
m from the tunnel line.

2.3. Evaluating tunnel lining damage and water leakage

To evaluate the structural condition and hydraulic performance of the tunnel lining, a combination of
detailed tunnel mapping and flow assessment methods was applied to identify structural damage and
spatially characterize water ingress in the depressurized tunnel. Detailed mapping of the tunnel lining
is carried out on a base that incorporates the results of the previous phases. During mapping, the
positions and characteristics of all fractures and water leakage events are recorded, which involves
assessing or measuring their abundance. This method of collecting data on the condition of the tunnel
lining provides a good database for analyzing the development of cracking over time, in relation to the
geological and hydrogeological framework. A crack index (CI) was calculated and spatially correlated
with inflow intensity and lithological features. Leakage was categorized into four classes (dry, wetting,
dripping/seepage, leakage). To support the assessment of leakage through the lining, inflow
measurements were taken at four measuring points within the tunnel: at the beginning (near the entrance
structure), at two locations where the lining type changes, and finally at the tunnel exit (representing
the cumulative inflow). To focus on sections of significant leakage through the tunnel, supplemental
flow measurements are needed through a dense network of gauging sectors at zones where there is a
considerable flow difference. Based on this approach, it is possible to detect hydraulically weakened
zones, regardless of the tunnel lining. Starting from the need to perform measurements on a larger
number of profiles, one possible rapid technique is the use of a flow meter that employs the tracer (salt)
dilution method, which measures water flow based on the tracer concentration as a function of flow
rate. The advantage of this technique lies in its simplicity and the ability to perform quick calculations,
but a drawback is the potential variability in water conductivity within the measured section.

2.4. Hydrochemical analysis

A comprehensive hydrochemical monitoring campaign has been carried out, covering sampling sites
within and surrounding the tunnel structure (key leakage points in the tunnel, internal and external
piezometers, karst springs, and the reservoir) under different HPP operational statuses. Within an empty
tunnel, successive in situ measurements of physicochemical parameters, pH, electrical conductivity
(EC), redox potential (ORP), temperature, and dissolved oxygen (DO), were conducted at each leakage
point to indicate possible changes in water chemistry and to select samples for chemical analyses. Water
samples were analyzed for major cations (Ca?*, Mg?*, Na*, K*) and anions (HCO,~, SO.>, CI-, NO,").
In addition to standard hydrochemical parameters, special attention was given to the determination of
Sr, Li, and H.S, to identify the presence of deep hydrogeological systems, and better understand their
hydraulic interaction with the tunnel. Although carefully planned, sampling was limited to discrete
points, preventing continuous tracking of hydrochemical changes during transient events. To address
this, the sampling network needs to expand to under-monitored areas.

3. Results and Discussion
3.1. Total-loss measurements and pore pressure reactions

Total water loss measurements were conducted under pressurized conditions at a reservoir level,
involving incremental reductions of the water level within the inlet shaft with stabilization periods
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maintained between steps. Losses were quantified at five distinct water levels (Fig.2A). Initially, at the
first step, losses reached 13.10 L-s!, followed by 12.63 L-s'at the next step, and a further reduction to
5.18 L-s!. At the fourth step, the measured loss was 0.84 L-s”!, indicating minimal leakage. At the final
measurement (the fifth step), a slight inflow of —0.40 L-s”! was observed, indicating a reversal in the
hydraulic gradient. Contrary to the detected inflow into the tunnel in only the fifth step, the changes in
electrical conductivity indicated that water was inflowing from a specific part much earlier, thereby
reducing the total losses from the tunnel (Fig. 2A). The measured total losses demonstrated that the
tunnel’s water retention capacity remained within long-term safe thresholds, with stepwise-measured
losses maintained within controlled limits, indicating that no concerning hydraulic changes occurred
within the system. The descending trend with decreasing water level confirms that the high pressure
contributes most to leakage. Considering that highly mineralized waters have been identified in Zone 3
(Table 1), increased electrical conductivity suggests potential inflow in the zone of incomplete sealing
of the segmental lining related to the anticline structure.
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Fig. 2. (A) The results of total loss measurements (B), Pore pressures in the internal piezometers during total loss
measurements.

Piezometric responses to controlled depressurization provided insights into the hydraulic conductivity
of distinct hydrogeological sections along the tunnel, particularly in the vicinity of the surge tank, where
important tunnel-rock mass interaction was observed (Fig. 2B). Pressure declines patterns reflected the
influence of lithology, indicating zones of reduced impermeability and compromised sealing within the
tunnel lining. A comparative analysis of internal pore pressure data and water level fluctuations in the
inlet shaft during total loss measurements emphasized the heterogeneous connectivity and influence of
natural groundwater conditions along the tunnel alignment.

High-frequency monitoring of tunnel pressure during HPP operation cycles revealed notable pore
pressure responses to unsteady hydraulic phenomena (significant pressure variations caused by
hydraulic transients during turbine operation changes). These fluctuations exhibited clear spatial
patterns, with pronounced pressure oscillations observed due to the surge tanks' influence, which further
attenuate toward the reservoir, indicating variations in pressure magnitude and transmission. Analysis
of piezometric data identified four characteristic types of hydrogeological response shown on Fig. 3:
(1) non-responsive zones, such as piezometeres P8 and P2, where stable pressures without oscillations
indicated hydraulically isolated conditions; (2) attenuated responses, as seen in P5, P7, and P9, where
small to moderate oscillations suggested limited but synchronous pressure transmission within the rock
mass; (3) highly responsive zones, embodied by P1 and TU, which recorded large, rapid pressure
fluctuations (15-20 m) that closely mirrored tunnel pressure variations, confirming direct hydraulic
connectivity with the karst aquifer conduits and open fault zone; and (4) a unique response at P3, which
displayed moderate pressure variations (~3 m), manifested by gradual pore pressure changes, without
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a sharp drops caused turbine-start events, implying a well-structured karst aquifer acting over a broader
scale as indicated with groundwater level response of external piezometer PP3.
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Fig. 3. Pore pressure transient during operational regimes of HPPP.

3.2. Qualitative evaluation of tunnel lining integrity and hydraulic behavior under
depressurized conditions

The results of the structural and hydraulic integrity assessment of the tunnel lining under depressurized
conditions identified five distinct zones (Jemcov et al. 2024.), which were further interpreted in relation
to the geological and hydrogeological context (Table 1, Fig. 4).

Table 1. Summary of zonal classification based on field observations of structural and hydraulic integrity of
tunnel lining across geological zones.

Zon.e Dominant lithology and structural features Lining Groundwater inflow, crack pattern, and leakage Piezometer
Station (m) type
Zone 1 Triassic limestone, dolostone, and shale; Relatively uniform moderate cracking lining (CI 0.13).
thin-layered. Fault zone near 0+240-0+330. CIP Leakage has a diffuse distribution, with the highest rates P9 0+370
0+000 — 0+650 e - - . .
Low karstified — partially fissured near the fault intersection.
P8 0+840
Lower and Middle Jurassic conglf)merat_e, Cracking related to the fault zone (C1 0.19). P7 1+360
Zone 2 shale, marl, and sandstone, tectonized with cIp Low-intensity. diff i high PP1 1+400
0+650 — 2+775 reverse faults (faulted interval 1+357— ow-mae]:lsilfe};, l—; ;Zeulsi?ﬁgi‘;mtfme‘fbl_epressme P6 1+480
1+440). High-pressure aquifer system. 4 e Y P . P5 1+500
P4 14540
CIP-type of lining (CI 0.26) with diffuse seepage along the
Cretaceous marl, marly limestone, and fractures. The PSL-type lining had a low crack index
! ar, many i . PP3 44210
Zone 3 limestone, with a prominent anticline CIP (mean CI'=0.01) and ex.hlblt.ec} good hydraulic P3 4+230
24775 - 54200  (4+230-4+280). Divided from the 2" zone PSL  performance, only localized joint leakage connected to the
by reverse faults karstified anticline core (4+230).
Segmental lining had a low crack index (mean CI 0.01).
. L . . Leakage increased in several zones, particularly around
Zone 4 Autochthon in the vicinity of the Getic station 6++100 and 6+700, where the expansion of P2 6+390
thrust: marl, shale, silicified limestone, and PSL N . s
5+200 — 7+031 . . preferential pathways within the faulted fracture zone P1 6+715
sandstone intersected by multiple faults. o . N X
facilitated drainage from a deep karst aquifer with
subthermal waters, notably higher diffuse inflow.
Increased cracking (mean CI 0.19) and significant
Zone 5 Getic allochthonous limestone and cIp pressurized leakage occurred near the Getic thrust zone, TU 74350
7+031 — 8+900 sandstone, intensively folded. especially around chainage 7+355. Karst conduit flow (5—

10 Ls") through the tube directly into the tunnel (7+355).

The comprehensive leakage assessment identified that 353 m (4%) of the tunnel displays intense
leakage, 2.7 km of diffuse seepage, 2.1 km of low-permeability sections with wetting, and 3.7 km of
effectively impermeable sections. Cast-in-place lining is more prone to cracking and leakage, exhibits
a higher crack index (mean CI 0.19), and diffuse seepage concentrated in faulted zones. Segmental
precast lining exhibits very low cracking (mean CI 0.01) and improved watertightness, with elevated
hydraulic sensitivity attributed to compromised gasket performance at segmental joints, resulting in
localized zones of high inflow.

Inflow measurements in the dewatered tunnel were carried out in two phases: the first was conducted
immediately after the tunnel was emptied, and the second measurement was carried out immediately
before the tunnel was closed and placed into operational use. The temporal measurement design
captures two distinct hydrogeological conditions of surrounding rock mass: one with residual
pressurized tunnel water and another reflecting sustained leakage after drainage. The difference
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between measurements is commonly observed, and when analyzed alongside groundwater level data
and results from tunnel mapping allowed identification of leakage characteristics in sections of the
tunnel that have different types of lining between the measurement profiles.

3

Surge tank

00 {Hp 500
o \ : i L Naers
o0 GagoD T e 24000 34000 14000 54000 B+000 74000 B+000
"1IN PO ] P7 P& P5 P4 P3 Pz P1 Tu
I Zone 1 | Zone 2 | Zone 3 f Zone 4 | Zone 5 |
| r o i "’W il Immmﬂ"’m T : | o B o (RS I U L | L Ll i
na“ l I
'”_;"n,s '
I | |
204 | -\ n'f' PMI\ | | | )
i I&I g M W T t il
5 TR I e T LR L R T P PR LY
© D; w‘;\j‘m Lﬁ""\ ‘l||“ \“l\'l\"ww‘] M" J 'ﬂ' M‘J ﬁﬂ'\- 'l m. o M h ¥ o \\"‘UVM“JJLI’l’}lﬂh\Alrrw‘i
cast 3s

o
stin-place concrete lining pre-cast segmental lining [ castin-place concrete lining

wetting === dripping/seepage === active leakage

Fig. 4. Spatial distribution of quantified crack index and corresponding qualitative assessment of water leakage
through the lining (legend as in Fig. 1). Hp1-4 hydraulic profiles for inflow measurements.

A more straightforward interpretation of the hydraulic responses in the hydrogeological environment
and a deeper understanding of hydraulic sensitivity were achieved by correlating the results with the
qualitative assessment of tunnel leakage. The structurally complex zones with significant cracking
within Triassic and Jurassic limestones (Zones 4 and 5) acted as preferential pathways for the most
persistent inflows of pressurized groundwater and subthermal karst water, with discharge rates reaching
up to 10 L-s!. In contrast, sections that traversed fine-grained marl and shale units, such as those of the
Danubian formations, showed localized cracking but low leakage. This reveals an important insight:
structural damage, as observed visually, is not a reliable indicator of hydraulic behavior. A quantitative
assessment using the crack index highlighted these differences, with values ranging from 0.01 in
segmental lining sections to 0.52 in cast-in-place concrete segments located in the fault zones. While
segmental linings generally showed lower crack densities and surface damage, localized leakage was
still observed at joints installed in transmissive formations, particularly in structurally significant areas
like the anticline at station 4+230.

3.3. Hydrochemical analysis of groundwater—tunnel interaction

Spring and surface water samples remained hydrochemically stable over time, suggesting minimal
impact from tunnel operations, likely due to their shallow occurrence and limited hydraulic connection
with the deeper groundwater systems. In contrast, hydrochemical analysis confirms that the pressurized
tunnel has a significant impact on the surrounding hydrogeological environment, as evidenced by
notable changes in the tunnel's water chemistry. During the depressurization phase, significant
hydrochemical variability occurred across different zones, indicating active interactions between the
tunnel and the aquifer. Zone 3 (Station 4+230 m) exhibited the highest electrical conductivity (up to
10,200 puS/cm) with noticeable dilution due to the influence of the tunnel. External piezometer PP3
located near Zone 3, recorded increases in chloride and sulfate concentrations during depressurization,
pointing to rapid hydraulic response and showing that the tunnel influence extends beyond its
immediate vicinity. This zone also displayed elevated strontium and lithium levels, consistent with
inflow from deep karst aquifers. Zone 2 showed increased pH and bicarbonate levels, alongside the
presence of hydrogen sulfide, suggesting active sulfate reduction processes. In Zones 4 and 5,
characterized by tectonic activity, hydrochemical fluctuations were more pronounced, with higher
temperatures and complex compositions indicative of mixing between thermal and tunnel waters.
Hydrochemical fingerprints provided validation of inferred flow paths and revealed permeability
contrasts that were undetectable using hydraulic data alone.
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4. Conclusion

An integrated methodological approach to pressurized tunnel hydrogeology in complex geological
settings is crucial, as the interaction between the tunnel, lining, and rock mass is inherently geologically
dependent and requires multi-parameter monitoring. Effective evaluation of tunnel-groundwater
interaction were achieved through the integration of multiple complementary methods: (1) total-loss
measurements quantified cumulative tunnel water losses; (2) pore pressure data captured pressure
redistribution and revealed tunnel-rock mass hydraulic conductivity; (3) transient hydraulic analysis
characterized connectivity; (4) structural surveys indicated lining damage and hydraulic behavior in
depressurized conditions; and (5) hydrochemical data traced flow origins and mixing processes.
Significant spatial variability in pore pressure responses was noted, influenced by geological conditions
and lining types, with lining cracks producing varied leakage patterns. Monitoring demonstrated that
hydroelectric power plant operations can rapidly redistribute pressure within the tunnel system,
especially in zones under strong influence of the surge tank, with structurally complex or hydraulically
sensitive conditions. Hydrochemical methods helped identify zones of interaction between groundwater
and tunnel water, aligning observed changes with hydraulic signals, and highlighting the importance of
a multidisciplinary approach to tunnel monitoring in geologically sensitive areas. Findings derived
within this study indicate that pressure transmission to the hydrogeological environment and its
behavior are primarily governed by the geological and structural features of the rock mass, rather than
by the visible integrity of the concrete lining. A comprehensive approach is recommended for future
tunnel surveillance and maintenance, especially in zones affected by faulting, karstification, or dynamic
transient pressure changes, all of which necessitate continuous monitoring. This framework facilitates
the early identification of hydrogeological risks and can help define priority zones for effective grouting
interventions, thereby promoting the long-term safety and operational efficiency of tunnel infrastructure
in complex geological and hydraulic settings.
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Abstract: The deep tunnels under construction in the tectonically active Himalayan terrain endure high magnitudes
of field stresses, causing brittle failure. The instability caused by the tunneling media is manifested in the form of
spalling and rock bursts. This paper focuses on determining the yielding capacity of the stressed rock strata through
RMR-14 employing elastic behaviour index (ICE) and stress factor (Fs). The ratio of far-field maximum stress to
compressive strength is used to evaluate tunnel stability. The rock-bursting potential is determined from the
tangential stress components in the roof and side walls of the tunnel. The competency factor (C,) for the brittle
quartzite is also estimated. The results are validated for a 1.2 km stretch of the 31.56 km long head race tunnel of
the Parbati 2 hydroelectric project. An innovative chart-based technique is developed for field recording of stress-
induced incidents based on their severity, duration, periodicity, and impact on the tunnel profile. The back analysis
indicates those reaches that witnessed frequent incidents of violent rock bursting and faced difficulty providing rock
support have a ratio of maximum boundary stress (o) and compressive strength (o) greater than 0.5, C, less than
1.0, and ICE <I15. Results indicate that ICE is a handy tool for predicting the stress-deformation characteristics.

Keywords: rock burst; elastic behaviour index; competency factor; compressive strength

1. Introduction

The young and dynamic Himalayas present unusually challenging ground conditions during the
construction of deep-seated transport and hydro tunnels. A prudent and thorough understanding of the
expected geology, along with an unambiguous prediction of the stress-deformation characteristics of
the rock mass, is crucial to the success of these tunneling projects. Failures in deep tunnels are a function
of intact rock strength, joint distribution, and the magnitude and direction of in-situ stresses. Stress-
induced fractures developed around the excavation boundary are termed as brittle failure (Hoek et al.,
1995). When a deep-seated tunnel passing through hard and brittle rocks intercepts regions of high field
stresses, localized brittle failures accompanied by the sudden release of elastic strain energy are
observed (Palmstrom, 1995; Feng, 2017; Cai and Kaiser, 2018; Askaripour et al., 2022). Such failures
are manifested as rock spalling, slabbing, and rock bursting (Ortlepp and Stacey, 1994). Several
researchers have attempted to predict the phenomenon of rock bursting in deep mines and hydro tunnels
through various techniques, such as empirical methods (Russenes, 1974; Barton et al., 1974;
Palmstrom, 1995; Diederichs, 2007; Russo, 2014; Farhadian, 2021), machine learning and artificial
neural network techniques (Zhang et al., 2020; Zhao et al., 2021), micro seismic monitoring (Jenkins
et al., 1990; Kasier and Maloney, 1997; Urbancic et al., 2000; Shen et al., 2008; Ma et al., 2021) and
numerical modelling techniques (Miranda, 1972; Hart, 1980; Zubelewicz and Mroz, 1983; Jing and
Hudson, 2002; Cai et al., 2007; Wang and Cai, 2017; Gao, 2019). Numerical methods generally have
limitations in considering factors and criteria. Micro seismic monitoring faces issues like elastic wave
signal overlap, quantifying indicator sensitivity, and unreliable warning time. Machine learning
methods exhibit good predictive ability but are limited by the quality of input indicators, the size of
sample datasets, and data processing issues. On the other hand, accurate measurement of in situ field
stresses is very cumbersome, as stress is a tensor quantity that varies in magnitude and direction in

*Corresponding author: rahul@nhpc.nic.in (R. Khanna).

149



Southeastern Europe Tunnelling Conference (SETC-2025)

three-dimensional space. Moreover, the complexity, discontinuity, and inhomogeneity of the rock mass
also limit the possibility of its accurate measurement (Amadei et al., 1997). Experience with in-situ
tests also suggests an inconsistency in results and variations within proximity (Dev, 2019). Moreover,
in the ongoing construction projects, due to very hard-pressing schedules, it is not possible to carry out
field tests as they are expensive and require dedicated, undisturbed space. Alternatively, understanding
the instability of tunnels due to in-situ stress-deformation behavior and the reliable prediction of rock
bursting through empirical relations offers a convenient and straightforward approach. This paper
predicts stress-deformation behaviour for a 1.2 km reach of the 31.5 km long head race tunnel of the
Parbati 2 hydroelectric project. Additionally, a chart-based technique devised for recording stress-
induced conditions during tunneling is also presented.

2. About the project layout and geology

The Parbati 2 hydroelectric project, with an installed capacity of 800 MW, falls in the Kullu district of
Himachal Pradesh, India. This project of national importance is owned by NHPC Ltd., a Government
of India undertaking. It involves inter-basin transfer of water from Parbati to the Sainj River (Fig. 1).
A gross head of 862.5m is utilized for the generation of 3124.6 GWH of annual energy in a 90%
dependable year. Commercial operation commenced after the commissioning of all four 200 MW units
each during March and April 2025. The head race tunnel is a pressurized tunnel with maximum and
minimum static water heads of 1.07 bars and 7.9 bars at the downstream and upstream ends,
respectively. The 31.56 km long and 6m diameter tunnel has a gradient of 1:461.6 carrying a design
discharge of 116 m*/sec with an average velocity of 4.10 m/sec. The maximum and minimum vertical
cover above the tunnel are 1683 m and 123 m, respectively. About 5.7 km of the tunnel, which is
excavated using an open shield Tunnel Boring Machine (TBM)), is circular, while the remaining portion,
excavated by the conventional drilling and blasting method, is horseshoe-shaped.

Hi hal Pradesh
Jigrai Nalla imachal Prades

Adit 02

Adit 04 Agit 05 YSurface

Fig. 1. Project layout showing head race tunnel alignment.

The project is located within the “Kullu Window” of the Lesser Himalayas, comprising crystalline and
metasedimentary rocks of the Kullu and Rampur Groups, including granitic gneiss, mica gneiss, biotite
and quartzite schist, quartzite, slate, phyllite, and dolomite. A major fault system structurally bounds
the area, specifically the Main Central Thrust (MCT), and has undergone intense deformation, resulting
in the formation of several faults, folds, shear zones, and intense jointing of the rock strata. The 5608
m tunnel section along the downstream face-03 discussed here was excavated from adit 01, starting
from chainage 6364 m to 11385 m. The rock types encountered were biotite mica schist with quartzite,
phyllite with carbonaceous phyllite, quartzite with bands of schists, and chlorite schists (Fig. 2). A
faulted contact was intercepted around chainage 9684 m between carbonaceous phyllites and quartzites.

150



Southeastern Europe Tunnelling Conference (SETC-2025)

3700

HRT FACE 03

3200

EL(m)

2700

2200
RD (m)

Rock Class

Encountered Rock Classes Index

Class I E

Class Il
Class IV
Fig. 2. Geological L-Section along head race tunnel (face 03) and encountered rock classes.
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3. Prediction of stress-deformation characteristics through empirical methods

The deformation and rock burst potential in a deep tunnel can be predicted through a profound
understanding of stress conditions and compressive strength of the rock mass using empirical
correlations. Quantitative rock mass characterization systems such as RSR (Wickham et al., 1972),
RMR (Bieniawski, 1973, 1989), Q-system (Barton et al., 1974), and RMi (Palmstrom, 1995) have been
empirically developed utilizing rock mass data from various civil engineering projects with an attempt
to incorporate most of the engineering geological parameters (Hoek, 2004). However, each system has
its limitations in defining the holistic behavior of rock mass, considering that only limited input data
sets have been utilized. RSR and RMRso systems do not offer any means to evaluate the stress
conditions of the rock mass.

3.1. Elastic Behavior Index (ICE)

Celada et al. (2014), based on 2,298 case histories, updated the most widely used RMR89 and came out
with an improvised RMR14 system having five basic parameters and three adjustment factors,
including stress factor (Fs) to consider stress-deformation behavior of the rock mass by employing
“Indice de Comportamiento Eldstico” referred to as ICE (Bieniawski et al., 2011) or Elastic Behavior
Index, which is defined as:

RMR-100
Ko<I:ICE = 2%%e = . p (M
(3—Ko)*H
RMR-100
. 2
Ko=1:ICE = 327 =, p @
(3Ko-1)+H

Where o. is the uniaxial compressive strength of the intact rock in MPa; Ko is the ratio of horizontal to
vertical stresses; H is the tunnel depth in m, and F is the shape coefficient, considered as 1 for a 6 m
diameter horseshoe-shaped tunnel. RMR above is corrected for discontinuity orientation. From ICE,
the stress-deformation behavior of the tunnel is determined (Table 1). Excavation having an ICE < 70
exhibits stress-induced conditions. The stress factor (Fs) aims to account for the declining impact of
yielding in the tunnel and is estimated from ICE (Mateus et al., 2023). Celada et al. (2014) showed that
stress factor (Fs) ranged between 0 to 1.3. Fs is 1 for ICE>70 and 1.3 for ICE<15. The Fs values for the
1.2 km tunnel reach from Adit-1 plotted on the ICE-Fs curve (Fig. 3) indicate the stress-deformation
condition, which has been predicted as mostly yielding to moderately yielding (ICE<50).
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Fig. 3. Stress Factor (Fs) estimated for the 1.2km HRT reach plotted on the ICE-Fs of Celada et al. (2014).

Table 1. Stress-deformation behaviour as a function of ICE (Celada et al., 2014).

ICE Stress-deformation behavior
>130 Completely elastic

70-130 Elastic with incipient yielding
40-69 Moderate yielding

15-39 Intensive yielding

<15 Mostly yielding

3.2. Hoek and Brown stability classes

Intact rock uniaxial compressive strength (oc) used in this study is measured in the field using an N-
type Schmidt hammer. The rebound numbers (RN) are collected in the field according to the procedure

outlined in the “ISRM Suggested Method” (Aydin, 2009). The UCS is estimated using the empirical
equation (Bolla and Paronuzzi, 2021):

Oc = 5.225] % o(0.0449RN) (3)

Fig. 4. RD-wise plot of compressive strength (o.) and stress ratio (Ko).
The vertical stress (ov) is calculated in MPa from the relation given by Hoek and Brown (1980)
ov=0.027%z )

Where z is the depth of the overburden. The horizontal-to-vertical stress ratio (KO0) is considered as a
function of the Poisson’s ratio (i) estimated from the tunnel seismic prediction using primary and shear
wave velocities Vp and Vs using the expression Vp2-2Vs2/2(Vp2-Vs2). An RD-wise plot of KOfor
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Face 03 is shown in Fig. 4. The maximum and minimum horizontal field stresses (o1 and 63) are
estimated using relations proposed by Stephansson (1993) for z<1000m.

o1 =on=28+148 *oy 5)
o3=on=22+0.89 *ov 6)

The tangential stresses around the tunnel opening are estimated using the relation (Hoek and
Brown,1980):

For the tunnel roof: oor = (Ax Ko -1) *ov )
For side walls: oow = (B - Ko) * ov ®)

Where A and B are excavation geometry factors whose values are 3.2 and 2.3, respectively, for
horseshoe-shaped tunnels. Hoek and Brown (1980) based on the observations made in South African
mines suggested that for a stress environment where the ratio of maximum to minimum far-field stress
(Ko) is equal to 0.5, the stability of underground excavations could be determined from the ratio of far-
field maximum stress (1) and uniaxial compressive strength of intact rock (oc). The stability classes
are shown in Table 2.

Table 2. Hoek and Brown (1980) stability classification.

61/ G¢ Stress Condition Support required
<0.2 Stable Unsupported
0.2-0.3 Minor spalling Light support
0.3-0.4 Severe spalling Moderate support
0.4-0.5 Rock bursting Heavy support
>0.5 Heavy/violent rock bursting Difficult to support

Tunnel stability prediction (Hoek and Brown, 1980), as shown in Fig. 5, indicates that almost the entire
tunnel reach beyond RD 4975m is prone to rock bursting.

Heavy rock bursting

6,/0,
g

Stable

RD(m)

Fig. 5. RD-wise plot of (6)/c,) ratio along the tunnel.

3.3. Competency Factor (Cg)

RMi (Palmstrom, 1995) defines the “Competency Factor” (Cg) as the ratio of compressive strength and
tangential stress to ascertain the rock-bursting potential:
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Fig. 6. The plot of the competency factor for tunnel roof and side walls.

For Cg > 2.5: No rock stress-induced instability; Cg =2.5-1.0: High stress, slightly loosening; C¢=1.0-
0.5: Light rock burst or spalling, and Cg< 0.5: Heavy rock burst. The Competency factor (Cg) for the
tunnel roof and side walls separately has been plotted for the head race tunnel under study (Fig. 6). The
plot indicates that most of the tunnel reach beyond RD +4975m has been predicted as prone to light to
heavy rock bursting or rock spalling. The above prediction for stress-induced stability performed
through various empirical methods has been validated with the actual incidents of rock bursting
witnessed in the 1.2 km reach of HRT face 03.

4. Incidents of Rock-bursting at Parbati Hydroelectric Power Project, Stage-2

In this study, a 1.2 km horseshoe-shaped reach of HRT from the Adit-1 side, excavated through
complexly jointed, hard, and brittle quartzite with bands of quartzite schist/mica-schist, is examined.
The superincumbent cover varied from 1182m to 724m. A few rock bursts are discussed below, where
significant time was consumed for providing stabilization measures. Two violent rock bursts occurred
around RD +5072m, followed by the ingress of a large quantity of muck (~800 m?) and groundwater
(~300 I/min), resulting in the formation of a cavity. Ingressed muck/slush spread into the tunnel up to
+60m behind the face, burying the drill-jumbo (Fig. 7). The cavity was negotiated by carrying out
extensive cement grouting, channelizing seepage through drainage holes, and by providing two sets of
pipe roofing umbrellas beside forepoling, etc.

Exposed rock anchors Flow of muck/slush Buried Drill Jumbo
Cavity area

——

~

(a) (b) (©)

Fig. 7. (a) Formation of cavity due to rock bursts; (b) The flow of muck, slush, and groundwater ingress from the
cavity; (c) Filling of the tunnel by muck and slush and burial of the drill jumbo.
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Incessant rock spalling occurred between RD 5090m to 5106m during the mechanical removal of
undercut when the muck suddenly erupted from the left wall and invert, followed by violent rock
bursting from the face. Episodes of violent rock bursting continued after the blast taken at face, causing
a sudden eruption of rock fragments from the crown and exposing all fore poles (Fig. 8a). Multiple
violent rock bursts took place from the face and left crown at RD £5240m just after completion of face
drilling. The incident started with minor popping sounds followed by sudden rock bursts, resulting in
spalling of rock fragments up to 6-8m. Later on, intermittent rock bursting continued about 15 to 18m
behind the face from the left wall and invert, resulting in the eruption of rock fragments and detachment
of rock anchors and shotcrete already applied (Fig. 8b).

On several occasions, already installed support has been disrupted due to severe rock bursts. As the
tunnel got further excavated, two more major incidents of violent rock bursts happened around RD
+5284m and RD +5297m towards the right wall and crown just after the face blast in the supported
area. The incidents started with minor popping, followed by a heavy blast-like sound and spalling of
rock fragments all over the area. The rock anchors got exposed while SFRS was detached from the
tunnel surface due to rockfall (Fig. 9a). Recurring rock bursts around RD +5352m resulted in rockfall
and detachment of shotcrete and rock anchors. The rock bursts were so severe that fragments around
0.5 to >1.0m in size were thrown away from the face up to the operator’s chamber of the drill jumbo.
The above incidents resulted in the enlargement of the tunnel section (Fig. 9b).

Rock burst Rock burst are towards left wall

area

Erupted
muck

(@) (b)

Fig. 8. (a) Impact of intermittent and violent bursts at face around RD 5106m; (b) Multiple rock bursting from 18-
15m behind the face around RD 5240m.

B+

x Rock burst area
N " '
e/

N\l

Detached fore poles

anchors

Fig. 9. (a) Rock spalling resulted in detachment of shotcrete and rock anchors around RD +5284m; (b) Fore poles
detached and hanged after multiple episodes of rock bursts at the face and crown around RD £5352m.
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5. Stabilization and Support Measures

Normal rock support such as rock anchors, shotcrete with wire mesh, and steel rib sets with pre-cast
concrete laggings, were provided depending on the rock class. In order to arrest the persistent rock
bursting, support measures were required to be provided timely such that significant time is not lost.
Therefore additional support measures were implemented for rock burst reaches. The layer-wise
application of steel fiber reinforced shotcrete (SFRS) has been very useful. For stabilizing the face,
SFRS, as well as normal shotcrete of thickness up to 100 mm, has been applied using a CIFA shotcrete
spraying machine (Fig. 10a), besides keeping the face idle for redistribution of stresses.

SRH-01

S

Shotereting through CIFA

Fig. 10. (a) Application of normal shotcrete and SFRS layer-wise on tunnel face, crown, and side walls; (b) Drilling
of stress relief holes (SRH) at the face using a double boom drill jumbo.

When the rock fall has been arrested, rock anchors were installed. Stress relief holes (SRH) were drilled
to destress the rock mass. Two to six SRH have been drilled, having 76 mm diameter and a length up
to 6m on the face after every blast in the above tunnel reach (Fig. 10b). Cumulatively, about 4388m of
drilling for SRH has been undertaken. To ensure the safety of men and machinery, it was felt prudent
to provide steel ribs with steel lagging in rock-bursting reaches after spraying shotcrete. The drilling
jumbo was retrofitted with a protective wire mesh screen to prevent the drilling crew from being hurt.

The influence of providing appropriate stabilization measures is evident through a comparative analysis
of excavation cycle time (Fig. 11). The cycle time has significantly reduced from more than 72 hrs. to
15-20 hrs. in the tunnel reaches affected by incidents of violent rock bursting. Beyond RD 5250 m, the
SRHs were provided on a progressive basis by making them part of the excavation cycle. The quantity
of explosives during the face blasting was also controlled such that the pull is limited only up to
2-2.5m. These efforts have affected the intensity and frequency of the rock bursting to a greater extent.
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Fig. 11. RD-wise plot of cycle time and pull along head race tunnel face 03.
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6. Validation and back analysis

Based on the Norwegian rule of thumb, a tunnel is likely to experience stress-induced rock bursts once
the superincumbent cover exceeds 500m, and the severity of such incidents increases if the tunnel runs
parallel to the valley side with a slope angle exceeding 25 degrees (Selmer-Olsen, 1965). Almost the
entire head race tunnel reach considered in this study exceeds the above-mentioned threshold.
Therefore, it is necessary to evaluate the stress-induced condition using more advanced empirical
methods. For this purpose, the latest version of the rock mass rating system (RMR14) developed by
Celada et al. (2014) has been considered. It is an update of RMRso (Bieniawski, 1989). An excellent
correlation has been worked out between RMRso and RMR14 for a 1226m stretch for the head race
tunnel along the face 03, based on about 152 data points for 20 <RMRso <80 (Fig. 12).

RMRi4 = 1.22 RMRso +2 (10)

The above expression has a value of determination coefficient (R?) as 0.97 and a correlation coefficient
(R) equal to 0.985, thus indicating a strong correlation. The above relation shall be further implemented

for the other portion of the head race tunnel as well in future studies.
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Fig. 12. The plot showing RMRg-RMR 4 correlation developed for the head race tunnel along face-03.

RMR 14 incorporates a stress factor (Fs) and Elastic Behavior Index (ICE) for the assessment of the
stress-deformation behavior of rock mass. For ICE<70, substantial deformation in the rock mass is
expected. For ICE< 15, the excavated rock mass is prone to brittle failures (Bieniawski and Celada,
2011). For the entire 1.2 km tunnel reach, RMR-14, Fs, and ICE values are estimated. The RD-wise
plot of ICE along with rock cover (Fig. 13) shows that most of the rock bursting incidents fall in the
intensive to mostly yielding zones with a higher possibility of rock bursting. From RD +5025m onwards
in the detoured part of HRT, the ICE value drops invariably below 15, thus indicating an increased
possibility of stress-induced incidents.
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Fig. 13. The RD-wise plot of ICE and rock cover(h).
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Further, all the major rock-bursting incidents discussed above are plotted (SC-4 to SC-5 category as
per observational stress conditions) in the ICE curve coincides with lower ICE values (ICE<15),
indicating high rock-bursting potential (Table 3).

Table 3. Assessment of rock-bursting potential (Celada et al., 2014).

RD (m) Ko ICE RMR-14 Deformation Behavior SCop
5069-5074 035 1212 53.30 Mostly yielding SC-4
5090-5106 043 0892 41.60 Mostly yielding SC-4
5225-5240 033 13.83 61.25 Mostly yielding SC-5
5280-5284 037 10.85 58.50 Mostly yielding SC-5
5297-5310 037 29.88 72.19 Intensely yielding SC-4
5349-5352 033  09.76 52.00 Mostly yielding SC-5
5394-5396 041 10.90 54.60 Mostly yielding SC-5

Further, the conventional methodology proposed by Hoek and Brown (1980) for determining the
stability of underground excavations using the ratio of far-field maximum stress (c1) and uniaxial
compressive strength of intact rock (oc) is also applied for validating the tunnel reaches that witnessed
heavy to violent rock burst tunnel (Fig. 14). It is evident that for all the major incidents of rock bursting,
the o1/cc ratio is higher than 0.5 thus indicating severe to very severe rock bursting potential (Table 4).
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Fig. 14. The o;-0, plot shows the stability classes of Hoek and Brown (1980). The values for HRT are plotted. The
triangles shown are violent rock-bursting reaches.

Table 4. Assessment of rock-bursting potential (Hoek and Brown, 1980).

RD (m) 6. O [ o3 o1/ 6. Risk of violent rapture
5069-5074 63 437 276 268 0.69 Very severe
5090-5106 62 41.6 262 255 0.67 Very severe
5225-5240 66 384 242 237 059  Very severe
5280-5284 54 37.6 235 2311 0.70  Very severe
5297-5310 85 37.0 23.1 228 044  Severe

5349-5352 55 344 212 212 0.63  Very severe
5394-5396 70 33.6 20.8 20.7 048 Severe
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7. Observation-based recording of rock bursts

In tunneling projects, stress-induced deformations are monitored using geotechnical instrumentation.
Besides, systematic recording of stress-induced incidents in deep tunnels that happen abruptly is also
very useful. This information not only helps during back analysis and validation of the prediction but
also assists in timely decision-making for undertaking appropriate stabilizing measures for safe
excavation. With the above intent, an innovative chart-based technique is developed in this study for
field recording, where the stress-induced conditions are categorized into five types: SC-1, SC-2, SC-3,
SC-4, and SC-5. This categorization is based on the observed intensity, duration of occurrence,
periodicity, sounds produced, and instability caused by the failure of the rock mass and its location
(Table 1). Based on the above five stress-induced conditions, an assessment of their impact on the
tunnel profile is also documented from the observational experience in tunnels (Table 5).

Table 5. Description of observation-based stress conditions in the head race tunnel.

Type Intensity Duration (Periodicity) Sounds Rock spalling/ Rockfall
SC-1 Very Mild A few seconds (once or twice) Popping Nil
SC-2 Mild Frpm a few s_econds up to one Popping Nil
minute (continuous) /rapture
From a few seconds up to more ~ Popping/ One, two or more
SC-3 Moderate than one minute (once, twice, rapture/ incidents of minor rock
intermittent) mild blast spalling.
Moderate to More than one minute Rapture/ Multiple 1pc1dents of
SC-4 . - . rock spalling/rockfall
Violent (intermittent) heavy blast .
from several locations.
Rapture/ Incessant rock burst/
Violent to One minute to more than five -ap rock fall/ shooting rock
SC-5 violent

intensely Violent minutes (continuous) fragments from several

blast .
locations.

Based on the above five stress-induced conditions, an assessment of their impact on the tunnel profile
is also documented from the observational experience in tunnels (Table 6). SC-1 type incidents are
very mild and have no impact on the tunnel profile. In contrast, SC-5 type incidents are characterized
by heavy and violent rock bursting, resulting in rockfalls and enlargement of tunnel sections. The above
technique has been extensively applied during the construction of the 1.2km stretch of the head race
tunnel of the Parbati hydroelectric project, stage II excavated by the drilling-blasting method (DBM).
Progressive recording of all stress-induced incidents, activity-wise, daily during each shift, has been
made. More than 250 stress-induced incidents, ranging from mild popping to violent rock bursting,
have been recorded during the excavation. An observation chart is prepared wherein each incident
defined in Table 5 above has been recorded activity-wise (face drilling, loading, blasting, defuming,
mucking, scaling, drilling of pressure relief holes, rock anchoring, shotcreting, and other support
installation) throughout the cycle time in each shift. The rock mass rating (RMR) and location of the
incident (left wall, crown, and right wall) are also indicated.

Table 6. Impact of stress condition on profile.

Type Impact on the Tunnel profile

SC-1 None

SC-2 None to minor overbreak during scaling due to loosening/ opening of joints

SC-3 A few rock blocks may detach, causing a minor overbreak in the crown

SC-4 Detachment of blocks along joints, resulting in the enlargement of the tunnel section in the crown;

minor to moderate overbreak towards the side walls
Significant overbreak in crown and side walls.

8¢5 Rockfall/ spalling from the tunnel face may lead to face collapse.
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Based on the above recording, all stress-induced incidents are plotted activity-wise (Fig. 15). The
following inferences are drawn from the above plot:

1. Most incidents occurred when the face was disturbed, i.e., either during drilling of blast holes
or pressure relief holes, or scaling and undercut removal.

2. Several mild to moderate incidents (SC-1 to SC-4) have occurred in Class-IV rock mass

(RMR<40). This is contrary to the belief that such failures occur only in good-quality rock.

The majority of stress-induced incidents have occurred towards the left wall and crown.

4. A significant number of incidents have occurred during the installation of rock supports. This
has extended the cycle time of tunnel excavation.

w
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Fig. 15. Chart-based recording of stress-induced condition for a 1.25 km long stretch of HRT Face 03.

8. Conclusions

The prediction of stress-deformation behaviour for a selected portion of the HRT Face 03 from the
Parbati 2 hydroelectric project suggests that a significant tunnel reach exhibits ICE<40, indicating
brittle failure. The back calculation of ICE for rock burst areas ranged between 9.76 to 13.83, indicating
a very high potential. The (c1/cc) ratio ranges between 0.44 to 0.69, indicating severe to very severe
risk of violent rock bursting and extremely difficult conditions for support installation. The competency
factor (Cg) ranges between 0.49 to 0.85 for tunnel crown and 0.69 to 1.03 for side walls, predicting the
possibility of moderate to heavy rock bursting. In deep tunnels, the scientific recording of rock bursts
is significantly important. This study proposes an observation-based method that considers activity-
wise recording of stress-induced conditions based on their intensity, duration, periodicity, sound, and
nature of rockfall. Their impact on the tunnel profile is also discussed. The recorded data suggests that
most rock-bursting incidents occurred when the face was disturbed during face drilling, scaling,
undercut removal, etc. It is also inferred that some severe incidents occurred not only in hard and brittle
quartzites but also in low-quality schistose quartzite/mica schist with RMR<40. Keeping the face idle
for some time, followed by drilling stress relief holes and the layer-wise application of SFRS, has helped
control rock bursting. The application of the prediction and recording methodology suggested in this
study shall help in keeping advanced provisions in contracts of future tunnelling projects for
stabilization measures to arrest stress-induced spalling and rock bursts. Finite element and discrete
numerical modelling techniques shall also be applied in future studies to validate the rock bursting
potential of deep tunnels.
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Abstract: In everyday engineering practice, the ground surrounding tunnel structures consists of rock masses with
discontinuitie. The falling and sliding of rock wedges during tunnel construction is common and mainly depends on
the geometry and roughness of the discontinuities. Discontinuous surfaces with varying characteristics largely
determine the quality of the rock mass, so knowledge of their behavior is extremely important. Due to various factors,
local (and sometimes global) instabilities of rock blocks occur precisely on discontinuous surfaces. For this reason,
analyzing and researching the strength parameters of discontinuities is crucial for developing rheological models of
rock mass behavior. This paper presents research on discontinuity parameters in soft rock masses (marly limestone),
conducted under laboratory conditions at the Faculty of Civil Engineering in Podgorica. The research was conducted
as part of the authors’ scientific work, with emphasis on time-dependent deformations of the rock mass. The
uniqueness of the testing apparatus lies in the atypical dimensions of the samples used for this type of testing.
Samples measuring 30 x 15 x 15 cm were cut from marly limestone taken from the coal mine basin in Pljevlja,
Montenegro. A natural discontinuity was simulated by artificially creating one at half the height of each sample,
after which the two halves were placed into a purpose-built steel apparatus. The samples were tested in the
laboratory, using the existing equipment with necessary modifications and newly designed equipment to enable the
proper execution of the experiment. The samples were placed in three frame constructions with three different
constant values of normal loads. The horizontal load was applied using hydraulic cylinder simultaneously for all
three frames, during which the increase in displacement and change in shear stresses were measured. Previously
developed roughness models (in Agisoft software) serve as the basis for establishing the mathematical relationship
between the roughness of discontinuous surfaces and their shear characteristics, used to generate roughness profiles
for correlation analysis. Given the limited number of experimental studies on time-dependent deformations of soft
rocks along discontinuities worldwide, this paper aims to contribute to the scientific literature by presenting initial
results based on specific experimental data.

Keywords: soft rock; time-dependent deformations; experiment; discontinuity; roughness

1. Introduction

In engineering geology and geotechnics, rock mass fracturing is a key factor affecting the behaviour of
rock material, especially in tunnel zones. Rock masses are rarely homogeneous and continuous; instead,
they are typically intersected by discontinuities—joints, bedding planes, shear zones, and fractures—
that determine their mechanical stability and deformation behavior.

Recent studies have increasingly emphasized the role of discontinuity roughness in determining the
shear strength and overall stability of rock masses (e.g., Zhang et al., 2021; Wang et al., 2022; Dong et
al., 2023). However, soft rocks—especially marly limestones—remain underrepresented in
experimental datasets. While hard rock discontinuities have been extensively studied, the time-
dependent deformation characteristics of soft rock discontinuities have received limited attention.

A significant research gap exists in understanding how discontinuity geometry, surface roughness, and
time-dependent deformation interact in soft rocks under realistic loading conditions. This gap is
particularly relevant in tunnelling projects, where insufficient experimental characterization of soft rock
discontinuities has contributed to stability problems. For example, inadequate shear strength estimation
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in weak sedimentary formations has led to wedge failures during excavation and premature degradation
of support systems in several case studies reported in Southeastern Europe and Asia.

The present study addresses this gap by experimentally quantifying the relationship between roughness
profiles and shear strength parameters for soft rock discontinuities, with particular focus on time-
dependent deformation.

Discontinuities, as natural planes of weakness, have a dominant effect on stress redistribution, load
transfer, water flow, and deformation within the rock mass. Their properties—orientation, spacing,
length, roughness, cohesion, friction, aperture, infill, and continuity—determine whether the rock mass
behaves as a solid body or as a collection of interacting blocks.

In tunnel zones, the importance of discontinuities becomes pronounced due to stress redistribution from
excavation, rock block instability potential (sliding, overturning, or falling), and increased water inflow
along discontinuities.

Precise identification and characterization of discontinuities is essential for accurate geotechnical
modelling and tunnel design. Without knowing their properties, any rock mass stability analysis
remains unreliable. Without such analysis, rock mass models would be unrealistic and would not reflect
actual resistance to destabilization caused by tunnel excavation.

The stability of rock blocks in tunnel zones largely depends on the mechanical properties of
discontinuities, particularly their surface roughness and shear strength. Discontinuities are natural
planes of weakness along which relative movement of rock blocks can occur, making their surface and
mechanical characteristics crucial for stability analysis.

Discontinuity roughness determines the interlocking capacity of rock surfaces, while shear strength
defines the resistance to sliding along these planes. The combination of these factors sets the limit of
stability—if the driving forces acting on a block exceed the resistance provided by the contact surface,
failure may occur in the form of sliding, toppling, or falling. Falling and sliding are most common in
tunnels. Another important parameter is the time after excavation required for the rock block to fall out.

Accurate determination of roughness (e.g., via profilometry or 3D scanning) and shear strength
(through laboratory and in-situ testing) enables realistic estimation of stability factors, selection of
appropriate support systems, and prevention of instabilities during tunnel excavation and operation.

2. The necessity of experimental research
2.1. Importance of Experimental Investigation of Discontinuous Soft Rock Masses

Experimental investigation of discontinuous soft rock masses is crucial for developing reliable
rheological models that accurately describe rock mass behavior under long-term loading. Due to the
pronounced heterogeneity and complex behavior along discontinuities, theoretical models alone are
often insufficient to capture all relevant mechanisms of deformation and shear. Through
experimentation, it is possible to quantify time-dependent deformations, identify dominant
displacement mechanisms, and determine the parameters required for mathematical modeling of
rheological behaviour. Based on such results, realistic models of rock mass behavior can be formulated
and applied in engineering practice, especially in the design of underground structures such as tunnels
and shafts.

2.2. Complexity of Experimental Investigation of Soft Rock Masses and Its Importance

Experimental investigation of soft rock masses is challenging due to their sensitivity to changes in stress
conditions, moisture, and time. Specific challenges arise in securing representative samples, preserving
their structure and discontinuity geometry during preparation and testing. Furthermore, because of time-
dependent deformations, experiments are often lengthy and require precise control of testing conditions.
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Nevertheless, such investigations are of great importance as they enable a deeper understanding of rock
mass behavior, particularly in zones dominated by plastic and viscous behavior. The results serve as a
basis for developing numerical and analytical models, thereby improving the safety and efficiency of
engineering solutions.

2.3. Validation and Comparison of Numerical and Experimental Results

The numerically estimated shear strengths derived from roughness profiles will be validated against
direct shear test results for the same samples. The comparison allows assessment of the model’s
predictive capability while considering variations in surface roughness, humidity, and temperature.
Differences are expected due to simplifications in the numerical model, but trends and relative
variations among samples can be reliably captured. This approach provides a practical framework for
integrating surface characterization with rheological modeling, ensuring that environmental factors
such as moisture and temperature are incorporated into the analysis.

3. Experimental research on real samples
3.1. Sample’s formating and equipment preparation

A block of approximately 3.5 tons was extracted from the open-pit mine at a depth of approximately
25 m, measured from the ground surface (Fig. 1). Immediately upon excavation, the material was loaded
on transport equipment and transported from Pljevlja to Podgorica (approx. 180km). During unloading,
precautions were taken to prevent any damage to the rock mass, ensuring that the block’s natural
orientation was maintained so that its geometry remained unchanged for processing.

Material used for testing has been sampled from the open pit “Potrlica” of the coal mine Pljevlja.

(a) (b)

(a) (b)

Fig. 2. (a, b) Samples processed to target dimensions 30x15x15 cm.
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A specialised plant for processing of stone was used to process material and form cuboid (prism) shaped
samples with dimensions 30x15x15 cm (Fig. 2). During sample preparation, due to the highly
demanding processing (with samples often splitting during cutting) of the irregularly shaped natural
soft rock mass into the desired sample dimensions, the processing success rate was approximately 50%.

Simultaneously, a semi-quantitative analysis of samples was conducted the results of which confirmed
the samples are marly limestone, dominantly composed (93.0%) of calcium carbonate (CaCO3), while
the remaining 7% includes the following components: quartz 4.80% (Si02), siderite 1.10% (FeCO2),
muscovite 1.10% (KAI3Si30100H2).

3.2. Crack’s formation

An artificial crack (Fig. 3) was created in the laboratory by splitting specimens into two halves. In order
for the planes of discontinuity to have a regular shape, linear groove (Fig. 3(b)) was cut along the
sample, after which a splitting force was applied at half its height (approximately 7.5 cm). At the cut
grooves (Fig. 3c), using a cylinder to apply loading at a controlled rate, the samples were divided into
two, approximately equal halves, followed by forming of discontinuity planes of different roughness.
Upon defining discontinuity planes, all samples were wrapped in foil. Previously, after the geometry
had been formed, all the samples were paraffin-coated to preserve their natural moisture content.

(@) (b)

Fig. 3. (a) Cutting a groove at the sample center; (b) forming of discontinuity.

3.3. Defining research equipment

When the samples have been prepared, the next step was to design new and modify the existing
equipment to be used for uniaxial and triaxial creep testing of the intact rock samples. The trial series
included testing three samples with different roughness levels. For this purpose, existing frames were
specifically prepared at the laboratory of the Faculty of Civil Engineering. The frame operates on the
principle of lever arm and deadweight.

The new equipment elements were designed by the authors with the aim of conducting an experiment
that replicates natural rock mass conditions as closely as possible.

First, steel molds were formed, which serve to position the formed halves of the samples. Considering
that the height of the half-sample is approximately 7.5 cm, the internal height of the mold was set to 5
cm to allow for undisturbed shear behavior along the discontinuity planes. Thickness of walls and
bottom of the steel mold is 1em. The samples are fixed using a factory produced mortar for casting and
grouting, which takes several hours to set after have been poured to fill the voids between the sample
and the mold, making the sample immovable in the mold. When securing both halves, efforts were
made to fit them tightly to better simulate naturally closely spaced cracks.
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In order to overcome friction that occurs in the apparatus, the experiment provided for adjustment of
movable parts to fit over the cylinder-shaped steel elements. In addition to the samples, frames, benches
and rollers, key components of the equipment are elements for measurement of change in stress and
strain. For this purpose, steel rings (dynamometers) were developed with a base plate on which gauges
for measurement of normal and shear displacements were mounted. The steel rings are of the same
diameter but different thickness due to a different order of magnitude (forces) occurring in the normal
and shear direction respectively, which are the subject of measurement by dynamometers (Fig. 4).

ﬂl‘iﬁd -t

(@) (b)
Fig. 4. Rings with gauges for normal stress: (a) Rings no: 1, 2, 3, d =2 cm; (b) Rings no: L, I, III, d = 6 cm.

3.4. Sample testing

After equipment was finalized, samples were ready for testing. During testing, numerical analysis of
defining roughness model has been performed (detailed in part 3.5).

Experimental test was performed using frames such as shown in Fig. 5. First, trial test with 3 samples
was performed. After that, in five series with three samples in each one was performed as a part of main
experiment. The experiment included testing of samples of different roughness.

For all three foregoing discontinuity planes, the testing was performed under three different constant
levels of normal stress. Normal stresses of 0.1 MPa, 0.2 MPa and 0.4 MPa were applied.

The horizontal load was applied to the sample via a hydraulic press horizontally positioned and
connected to a large hydraulic cylinder positioned vertically in an additional frame with deadweight.
The preferred hydraulic oil pressure was controlled by the weight of the deadweight on the frame’s
lever arm, which transferred a multiplied load onto the cylinder pivot. By means of the oil supply system
from the large cylinder (principle of communicating vessels) and all smaller vessels on the shear
apparatus (positioned horizontally), the shear force was applied to the lower half of the sample (lower
fixed mould), as illustrated in Fig. 5.

Value of displacement of the lower mold, meaning differential displacement of the lower and upper
half of the sample along discontinuity was recorded by the mechanical device for displacement
measurement (Fig. 5).

As previously mentioned, the lower mold and the ring to which vertical loading is applied are placed
on rollers to eliminate friction during the experiment duration. During the testing, it is required to
maintain vertical loading constant, as it tends to change as the result of the vertical movement over the
rough surfaces and changes in shear stress and strain.
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(a) (b)
Fig. 5. (a) Equipment’s elements for testing; (b) frame for testing with equipment.

The main characteristic of such an experiment is the creep phenomenon during discontinuity shearing.
Time-dependent deformations were obtained under constant stress. The creep period of the samples
varied from several days to several months, depending on the level of normal stress, sample roughness,
temperature, and other factors. Bearing this in mind, we worked on numerical modeling and analysis
of sample roughness while the laboratory tests were in progress.

4. Determination of sample’s roughness by numerical methods
4.1. Creating of roughness model

For a long time, the very simple use of traditional methods with satisfactory accuracy had a justified
primacy in relation to demanding and time-consuming mathematical calculations. Nowadays, with the
development of modern computer aids, it is possible to develop models that are based on the mentioned
mathematical formulations, but which solve the problem of the roughness of discontinuities in a much
shorter time. In order to numerically describe the roughness of discontinuous surfaces, it is necessary
to obtain a roughness model. Agisoft software was used for these purposes. The model creation process
is based on importing photographs that capture the actual surface condition of the samples from multiple
angles. The number of photographs depends on the need to capture the entire surface from several
angles, based on which the software generates the model. The quality of the model depends on the
quality of the photos. After creating the model, it is possible to export the non-continuous surface into
a dwg file. This approach allows for deriving a mathematical formulation of the curvature for each
generated profile, and, based on established theories of discontinuity roughness, determining the
mathematical relationship between roughness and shear strength.
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4.2. Production of photos for model

To create a quality model of the discontinuity plane with roughness, it is necessary to prepare high-
quality photographs. For all 20 specimens analyzed in the experimental research, several photographs
of each roughness plane were taken. A professional photographer took photos from different positions
(Fig. 6), ensuring that the photographed surfaces overlapped.

(@) (b)
Fig. 6. (a) Making photos of discontinuity plane; (b) photo of sample plane.

4.3. Making roughness model

Photos of discontinuity surface for all samples were made in high quality resolution (300 dpi). This is
a primary requirement for creating a high-quality model of the discontinuity plane with roughness. All
photos have been used for importing in software and making sample’s model.

Agisoft software package is used to create roughness models of the samples. The program works on the
principle of importing photos on the basis of which the model is created. In order for the model to be
used as an output data, it is necessary to ensure the matching of the size of the samples in the model
and in the export file (cad file). In this regard, each sample was marked with red points along half its
length and width before photography; these were later used in the model as reference points for
adjusting the scale in the CAD file. The quality of the model also depends on the density of the points
that form it. Through an iterative process, the number of points that produced a high-quality model
without requiring excessive processing time was determined. The model shown in Fig. 7 is ready to be
exported to a CAD file. After scaling to real dimensions, it could be analyzed in the next stage. In cad
file, we could see surface with lines that define roughness surface (Fig. 8).

As mentioned above, the plan is to use five 2D profiles obtained from the 3D surface to develop
numerical equations based on the shear strength of each small triangular segment along each line of
discontinuity. Following mentioned, it’s planning to use five 2D profiles obtained by 3D surface, that
could be used for develop numerical equations based on shear strength of each small triangle entire
each line of discontinuity.

After that, correlating the roughness and shear strength of each of the five profiles could provide insight
into the surface behavior.
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Fig. 8. Roughness surface of sample export from Agisoft.

5. Numerical Relationship Between Roughness and Shear Strength

The discontinuity surface profile is typically obtained as a series of X—Z coordinates exported from
AutoCAD or similar software tools. These coordinates represent the actual uneven surface of the joint.

To quantify the roughness, several numerical descriptors are used. A common one is the root mean
square (RMS) slope, Z2:

Z> = N(I/L [o* (dz/dx)? dx) = \(1/n Y. (Az/4x;)?) )
Where:

Az; = vertical difference between consecutive points,
AX; = horizontal difference,

L = total profile length,

n = number of segments.

The Joint Roughness Coefficient (JRC) can be estimated empirically based on Z.. One commonly cited
relation is:

170



Southeastern Europe Tunnelling Conference (SETC-2025)

JRC = a X (Z:)™b )
Barton and Choubey (1977) proposed an empirical model to estimate shear strength along rough joints:
7 =0, x tan[JRC x logi(JCS/ 6,) + v] 3)
Where:

o 1 = shear strength,
® o, = normal stress,

e JCS = joint compressive strength,
e @b = basic friction angle.

Combining all the above steps, the final functional relationship is:

=0, X tanf(a x Z:"b) % logi(JCS /0,) + @s] )

This allows the estimation of shear strength directly from surface geometry (Z2), which is crucial for
rock block stability analysis and classification of rock masses.

The application of Barton’s empirical shear strength equation to numerically derived roughness profiles
assumes that surface geometry fully captures the mechanical interlocking effects. However, scale
effects, progressive surface degradation, and lithological variability may influence results, and
laboratory-prepared discontinuities might not fully reproduce the complexity of natural joints.

Experimental constraints prevented repeated tests at multiple normal stress levels on the same sample,
leading to separate specimens for each stress level. Sample moisture, varying from completely dry to
fully saturated, significantly affects shear strength, and fluctuating laboratory temperature (14-35 °C)
and relative humidity (40-100%) during the long testing period may have influenced creep
measurements. Variations in surface roughness further contribute to data variability.

Despite these limitations, the derived JRC values provide a useful quantitative measure of surface
roughness for each specimen. These values can be applied to evaluate shear strength trends, compare
samples, and support further modeling, while acknowledging the influence of moisture content, surface
degradation, and environmental variability on the results

6. Conclusions

This paper presented the research of discontinuity parameters on examples of soft rock mass (marly
limestone) carried out in experimental laboratory conditions at the Faculty of Civil Engineering in
Podgorica.

The samples were tested in the laboratory, using the existing equipment with necessary modifications
and newly designed equipment to provide for proper conducting of the experiment.

Previously developed roughness models (in Agisoft software) form the basis for establishing the
mathematical relationship between the roughness of discontinuous surfaces and their shear
characteristics, enabling the creation of roughness profiles for correlation analysis.

Finally, a closer determination of the discontinuity characteristics will enable a better understanding of
the entire rock mass. Therefore, experimental research is invaluable for obtaining concrete, applicable
data on which models of rock mass behavior can be based.

The formation of rheological models along discontinuities involves the assessment of time-dependent
deformations (e.g., creep) under constant normal and shear stresses. These models are usually based on
combinations of idealized rheological elements such as Hookean (elastic), Newtonian (viscous), and
composite systems like Kelvin—Voigt or Burgers models.
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In engineering practice, rheological models enable prediction of displacement along weak planes over
time, which is essential for the design of tunnel structures, underground structures, slope stability
assessment, and barrier performance in mining or hydropower systems.

Experimentally, long-duration shear tests under constant normal stress provide data for calibrating
rheological models and determining parameters such as viscosity coefficient, relaxation time, and
limiting strain. Also, data processing follows, which should introduce a time component into the
rheological model of discontinuity sliding.

Bearing the above in mind, future research will define a rheological model for specific experimental
testing, using the obtained data to more precisely determine the behavior of discontinuous soft rocks in
practical engineering applications, including tunnel construction.

The correlations established between roughness profiles and shear strength parameters provide a
practical tool for preliminary stability assessment in tunnelling designs involving soft rock masses. By
integrating these correlations into rheological models, engineers can better predict time-dependent
displacement along discontinuities and design more effective long-term support systems.

For tunnel design, this means improved estimation of stability factors under both short-term excavation
loads and long-term operational stresses. In stability assessment, the method offers a means to evaluate
potential wedge or block failures in cases where direct shear testing is impractical. In long-term support
strategies, the time-dependent component of the model can inform the scheduling of maintenance and
reconstractions.
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Abstract: After decades of tunnelling scarcity, Romania has restarted its major infrastructure projects, resulting in
a significant increase in tunnel design and construction. One of the challenges in designing the conventional tunnels
for Motorway A8 Targu Neamt-Iasi-Ungheni is the determination of the deconfinement effect of in-situ stresses due
to tunnel excavation and support sequencing. A 3-step approach is analysed, using the analytical Convergence-
Confinement Method (Marc Panet), a 2D Axisymmetrical Finite Element Model, and a 3D Finite Element Model.
The first two methods simulate the 3D effects generated by the construction sequence in a 2D model, whilst the third
method models the tunnelling steps in 3D. This paper aims to compare the three methods, outline the difference in
results, and calibrate the 3D effects in the 2D model, thus adding more clarity to the ground deconfinement
determination process for conventional tunnels in soft ground conditions.
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1. Project Background
1.1. Location

The proposed A8 Motorway Targu Neamt-lasi-Ungheni crosses the Moldavian Hills per-pendicularly,
in the East of Romania (see Fig. 1), generating a series of small to medium cover motorway tunnels.
Based on a preliminary geotechnical study, the geology of the Moldavian Hills generally comprises of
a combination of granular and cohesive deposits, predominantly with weak clays and thin sand layers.
The groundwater table typically re-sides in the sand layers, varying in depth, and is recorded to be
absent at locations where boreholes indicate the existance of clay only.

Ukraine

- — e S )
e ~5T, e o () Moldova

[ AB MOTORWAY

Bulgaria

Fig. 1. Map of Romania illustrating the motorway system, including the A8 Motorway project.

*Corresponding author: dragos.dumitrascuta@consitrans.ro (D. Dumitragcuta).
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1.2. Moimesti Tunnel overview

The Moimesti Tunnel is a proposed twin-tunnel located on Section 3 of the A8 Motorway, between km
724960 — 73+480, and accommodating 2 lanes of traffic (see Fig. 2). The tunnel underpasses
agricultural lands and has a total underground length of 470 m, a maximum cover of 36 m and an
approximate 140 m? excavated tunnel cross-sectional area. The cross-section of the Moimesti Tunnel
is presented in the figure below, illustrating one of the two tunnel tubes and the internal dimensions of
the tunnel. The Moimesti Tunnel is currently in tender for construction.

10.00

8.50

11.20

Fig. 2. Cross-section of the Moimesti Tunnel Tube 1 with internal dimensions in meters.

Due to its relatively short length, the tunnel is proposed to be excavated conventionally, using the
Sequential Excavation Method (SEM), in a series of excavation steps (top heading, bench, invert) and
supported by a 350 mm thick primary sprayed concrete lining (SCL). Additional ground support
measures such as pipe umbrella for the low cover, forepoling and radial bolts are included in the design.
A waterproofing membrane is installed prior to the construction of a cast in situ secondary reinforced
concrete lining.

The geotechnical investigation conducted for the Moimesti Tunnel included 5 boreholes reaching below
the tunnel invert, geophysics, in-situ and lab testing. The results of the investigations showed that the
geology is generally homogenous and tunnel passes predominantly through a thick layer of clay,
characterised as firm or stiff, with a fairly low Modulus of Elasticity (12-15MPa) and the groundwater
table is reported to be below the tunnel invert. The geotechnical parameters are presented in Figure 3
of the following chapters. Unexpected, local variability of the geology (i.e. the presence of sand lenses)
could result in local face instability, producing higher deformations and therefore increasing the ground
relaxation; this paper however, focuses on the determination of the ground relaxation parameter for the
predominant clay layer, following the results of the geotechnical study.

174



Southeastern Europe Tunnelling Conference (SETC-2025)

2. The ground relaxation parameter

One of the governing factors in the design of tunnel primary linings is the deconfinement of the ground,
also known as the ground relaxation, which accounts for the stress redistribution in the ground after the
excavation and before the installation of the tunnel support system. The deconfinement factor therefore
plays a crucial role in the two-dimensional simulation of the three-dimensional effects generated by the
excavation of the tunnel.

In order to determine the deconfinement factor for the Moimesti Tunnel, a number of analyses were
undertaken, considering the 350 mm thick SCL primary lining, without taking into account the effects
of any additional ground support measures. This methodology was chosen to ease the comparison
between the different ground relaxation analysis methods.

The deconfinement factor obtained is introduced in finite element models using Plaxis 2D and the
results are compared at the end of the paper.

3. Method 1: the convergence-confinement method (Marc Panet)
3.1. Methodology

The first method used to determine the deconfinement factor is the well-known Convergence-
Confinement Method (CCM) developed by Marc Panet. The CCM is based on the analysis of a circular
tunnel in homogeneous ground and on the assumptions that the tunnel is deep and the stresses in the
ground are isotropic. A deconfinement factor (A) be-tween 0 and 1 is determined using the unsupported
advance length and the tunnel radius as presented in the empirical equation provided below (Panet,
2001):

0.75R ]2

Ag=1-0.75 [0.75R+d

6]
where d = Unsupported tunnel length from working face; R = Radius of circular tunnel;
Ad = Deconfinement at distance d from working face.

Once the deconfinement of the ground is calculated, the stresses in the lining can be obtained by
multiplying the deconfinement factor with the initial stresses in the ground, as shown in the equation
below (Jones, 2022):

a=(1-A)c0 )

o = lining stress; A = Ground deconfinement; 6o = initial ground stress.
3.2. Application to Moimesti Tunnel

The application of the CCM to the Moimesti Tunnel is considered to be partial, as the 3-diameter tunnel
cover is not considered deep enough and the SEM tunnel shape isn’t circular. However, the calculations
can be performed using an equivalent tunnel radius to determine the ground deconfinement and then
compare it against the other results to assess the suitability of the CCM for medium cover SEM tunnels.
As the shape of the Top Heading-Bench-Invert is too different from a circular shape, the full face
deconfinement factor will be used throughout the calculation.

A deconfinement factor of A=0.48 is obtained using the CCM for a Im advance and a 6.7 m equivalent
tunnel radius for the 140 m2 excavated tunnel area. The deconfinement factor is introduced in the
numerical analysis using Plaxis 2D as (1- A) for the top heading, bench, and invert sequences. Because
of the early ring closure, the deconfinement factor remains unchanged while progressing through the
excavation phases.

175



Southeastern Europe Tunnelling Conference (SETC-2025)

Fig. 3. Extract of Moimesti Tunnel in Plaxis 2D showing the geotechnical parameters.
3.3. Method 1 Results

The results of the numerical analysis using the deconfinement factor obtained through the CCM for the
Moimesti Tunnel are listed in Table 1 below. The calculation results indicate high bending moments
and deformations, which are primarily associated with the low stiffness of the ground.

Table 1. Method 1 CCM 2D Finite Element results for Moimesti Tunnel for Im advance.

Horizontal Vertical Max. Max.
Deconfinement orizonta ertica Axial Bending
Method Deformation  Deformation
factor (A) U, (om) u, (cm) Force Moment
* Y (kN) (kNm)
2D SEM Tunnel Tunnel with
deconfinment from CCM 0.48 7.88 25.75 2236.00 313.70

(panet-full face)

4. Method 2: the axisymmetric finite element model method
4.1. Methodology

A second analysis is carried out using the method of axisymmetry with fixed field stress conditions.
Two Plaxis models are created in 2D to calibrate the deconfinement factor. The first model is created
using a circular tunnel, similarly to the CCM conditions, while the second model is created with
axisymmetric conditions, vertical, similarly to a shaft, thus the model conditions, including the field
stress, are effectively rotated, in order to allow for the simulation of the tunnel advance effects in 2D.
The deconfinement is determined once the two models are calibrated, when the hoop force and the
deformation is similar in both models. Finally, a third 2D model is created using the SEM tunnel shape
and the excavation steps, using the deconfinement factor determined previously. Similarly to the CCM,
the deconfinement factor is calculated only for the full cross-section of the tunnel.

4.2. Application to Moimesti Tunnel

The first Plaxis 2D model is created, assuming a circular tunnel with 6.7 m radius, homogenuous ground
conditions and fully fixed boundaries in all directions. Then, a field stress is assigned to the ground,
with a vertical stress 61v=yh=760 kPa, and a 52=523 kPa, corresponding to ko=0.7.

A second, axisymmetric model is created in Plaxis 2D, with the same tunnel radius, the tunnel is
modelled vertically, with 1m advances and simulating the strength gaining of the shotcrete at 1 days, 3
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days, and 7 days (see Figure 4). The ground is assigned a field stress, inverse to the first 2D model,
with 61=523 kPa and 62=760 kPa. Thus, the model conditions are effectively rotated in order to allow
for the simulation of the tunnel advance effects in 2D. The sequential advances are modelled for the
first 20 m, then a “wished-in-place” tunnel is created, independent of the sequential advances. This is
done by creating a new Phase linked straight to the Initial Phase, where the primary lining is activated
first, then a second Phase is created and the ground is deactivated, thus not allowing any confinement
loss in the ground.

Field Stress:
760 kN/m*

Field Stress:

o1=-523 KN/m®
o= -760 kN/m*
o3 = =760 kN/m?®

Fig. 4. Plaxis 2D FE of (a) circular and (b) axisymmetric models with field stress conditions.

Further on, the deconfinement factor is determined using two methods: A) the average hoop force of
the 7 days strength SCL is divided by the hoop force of the “wished-in-place” SCL (also 7 days
strength), then the deconfinement (L) is equal to 1 minus the hoop force ratio (see Figures 5 and 6
below); B) the horizontal deformation in the axisymmetric model at the tunnel face is used as a reference
for the 2D SEM model, then a deconfinement factor is determined in the 2D SEM model by trial and
error, until the vertical crown deformation obtained in the 2D SEM model is similar to its correspondent
in the axisymmetric model. The hoop force or deformation near the boundary are not considered.

Hoop forces N, (scaled up 2.00°10°5 bmec)
Maimum valug = 47.16 dNjm (Slenent  at Hoda 213)
Mrimum valle = 3345 kNim (Elervant 2 3t Mnde 483)

Woop forces N, (scaled up 1.00%10°3 times)
Mo value = -158,0 ki [Berent & ot Nede 213)
Medmom valas = 7470 BN/in (Elemvnt 20 3t Node 2356)

Fig 5. Method 2A showing the (a) sequential (left) and (b) “wished-in-place” (right) Hoop Force results.
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Total displacements uy (scaled up 10.0 times)
. = \
Maximum value = 0,000 m (Element 1 at Node 213) Maximum value = 0.1530 m (Element 12 at Node 5530)

. Minimum value = -0.1397 m (Element 24 at Node 4107)
Minimurm value = -0.1869 m (Element 11 at Node 1032)

Fig 6. Vertical crown displacement at the front in the (a) 2D Axisymmetric and (b) circular models after
calibration with A=0.64.

4.3. Method 2 Results

A deconfinement factor of A=0.64 is obtained using the Hoop Force ratio (method A), and a
deconfinement factor of 2=0.49 is obtained using the Tunnel Crown Deformation (method B). The
results are presented in Tables 2 and 3 below.

Table 2. Determination of Deconfinement using the Hoop Force ratio and the Vertical Crown Deformation.

Determination of Deconfinement factor using the Hoop Force ratio (method A)

Sequential Wished- in-
. Tunnel | Advance | Face . .
Analysis Cross- Length arca Equivalent Excavation place Deconfinement
Method section | (m) = (m?) Radius (m) Hoop Force Hoop Force (%)
(kN) average (kN)
Axisymmetric | Full 100 | 139.93 6.67 1752.5 4890 64.16
Determination of Deconfinement factor using the Vertical Crown Deformation at tunnel face (Method B)
Axisymmetric SEM Tunnel Deconfinement
0,
Analysis Tunnel | Advance Face Equivalent (r:nodel énodel %)
y Cross- Length area quiv rown rown
Method section (m) (m?) Radius (m) deformation at deformation
the face - ux at the face -
(cm) uy (cm)
Axisymmetric Full
model face 1.00 139.93 6.67 17.80 17.50 49.00

The two deconfinement factors are used in two different 2D models of the SEM tunnel, obtaining the
results presented in Table 3 below. The Hoop Force ratio (method A) results in higher deformations
and lower bending moments than the Tunnel Crown Deformation (method B), because of the higher
deconfinement factor. The high bending moments and deformations are also due to the relatively low
cover of the tunnel and the reported low ground stiffness.
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Table 3. Method 2 FE results for Moimesti Tunnel using the Axisymmetric method with 1m advance.

Deconfine Horizontal Vertical X[;X'l BM?i)'(.

Method ment factor ~ Deformation  Deformation 1a ending

) (cm) (cm) Force Moment

e U (KN) (kNm)

2D SEM Tunnel Tunnel with
deconfinement from
Axisymmetric Model (Axial force 0.64 22.74 35.14 2033 259.60
derivation-Method 2A)
2D SEM Tunnel Tunnel with
deconfinement from 0.49 8.40 26.79 2220 309.10

Axisymmetric Model (Axial force
derivation-Method 2B)

5. Method 3: THE full 3d finite element model method
5.1. Methodology and application to Moimesti Tunnel

A full-scale 3D model is created in Plaxis 3D, modelling a 50 m long stretch of the SEM tunnel, with
Im sequential advances of top heading, bench, and invert, using the progressive 1 day, 3 days, and 7
days SCL strength gain (see Figure 7). The ground conditions are the same as for the 2D SEM models
and the groundwater table is below the tunnel. After the sequential stages are modelled, an independent
stage is created, modelling the “wished-in-place” tunnel conditions, as described previously.

Fig 7. 3D model of Moimesti Tunnel showing the sequential excavation with top heading, bench, and invert.

The deconfinement factor is determined using the same methods as used in the axisymmetric analysis:
A) the average axial force of the 7 days strength SCL is divided by the axial force of the “wished-in-
place” lining (also 7 days strength), then the deconfinement (1) is equal to 1 minus the axial force ratio.
B) the vertical crown deformation at the front of the tunnel is used as a reference for the 2D SEM model,
then a deconfinement factor is determined by trial and error, until the vertical crown deformation
obtained in the 2D SEM model is similar to the one in the 3D model. The forces or deformations at the
boundary are not considered.
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5.2. Method 3 Results

The results of the 3D analysis are presented in the table and figures below. A deconfinement factor of
2=0.40 is obtained using the Axial Force ratio (method A), and a deconfinement factor of A=0.50 is
calculated using the Vertical Crown Deformation (method B) of the fresh (1day strength) SCL at the
front of the tunnel. These two factors are used in two different 2D models of the SEM tunnel, and the
results are included in the table below. The results are summarised in Table 4 and Figure 8 below.

Table 4. Finite Element results for the Moimesti Tunnel using the 3D model with 1m sequential advance.

Deconfine Horizontal Vertical Xlal);l Blg/rll'{:i)i&r.l
Method ment factor  Deformation = Deformatio X g
o u, (cm) nu, (cm) Force Moment
x y (kN) (KNm)
3D Model N/A 7.60 23.30 2578 271.6
2D SEM Tunnel Tunnel with
deconfinement from 0.40 4,61 19,16 2617 358.30
Axisymmetric Model (Axial force
derivation-Method 3A)
2D SEM Tunnel Tunnel with
deconfinement from 0.50 9,55 27,89 2204 304.80

Axisymmetric Model (Axial force
derivation-Method 3B)

Jssusssusssnsusi w18t i the e

crown at the excavation face

—— -

Total displacements u, (scaled up 10.0 times;
Total displacements u, (scaled up 5.00 times) " ¥ ( r )
Maximum value = -2.665"10°3 m (Element 19 at Node 974)
Maximum value = 0.1644 m
Minimum value = -0,1820 m (Element 11 at Node 2175)
Minimum value = -0.5309 m i i i

Fig. 8. Vertical crown displacement at the front in the 2D and 3Ds models after calibration with A=0.50.

6. The three method deconfinement results comparison

The three methods utilised for the determination of the deconfinement factor (1) have resulted in a range
of results between 0.40 to 0.62, confirming that high deconfinement factors result in high deformations
and lower support pressures. In the absence of real-life monitoring data, the 3D model created is
considered to be the reference for the effects of the stresses in the ground acting on the primary lining,
in the form of deformation, axial force, and bending moments. Table 5 below summarises the results
obtained using the deconfinement factor (A) resulted from each method (CCM, Axisymmetric, and 3D
derivations).
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Table 5. Summary table of the 2D and 3D Finite Element Analysis results for the Moimesti Tunnel.

Vertical Max. Max.
Deconfinement . Axial Bending
Method Deformation
factor (\) (cm) Force Moment
Uy e (kN) (kNm)
2D SEM Tunnel with deconfinement from 0.48 25.75 2236 313.70

CCM (Panet-full face)

2D SEM Tunnel with deconfinement from
Axisymmetric Model (Axial Forces 0.64 55.14 2033 259.60
derivation-Method 2A)

2D SEM Tunnel with deconfinement from
Axisymmetric Model (Deformation 0.49 26.79 2220 309.10
derivation-Method 2B)

2D SEM Tunnel with deconfinement from

3D Model (Axial Forces derivation-Method 0.40 19.16 2617 358.30
3A)

2D SEM Tunnel with deconfinement from

3D Model (Deformation derivation-Method 0.50 27.89 2204 304.80
3B)

—— N/A 23.30 2578 271.60

It is observed that all three methods have generally obtained similar results, with the exception of the
case when the deconfinement factor was determined using the Axial Forces ratio, referred to as method
A, which resulted in higher deformations (55 cm) and bending moments (358 kNm) compared to the
3D model results. On the other hand, when the deconfinement factor was obtained using the CCM and
the Axisymmetric and 3D models with the Vertical Crown Deformation (method B) as reference, the
axial forces, bending moments, and deformations are consistently closer to the 3D model,
corresponding to a deconfinement of approximately 50%.

7. Conclusion and further development

The aim of this paper was to present a three-step methodology for the determination of the
deconfinement factor in soft ground, necessary for tunnel design. The methodology was applied to the
proposed Moimesti Tunnel, part of the A8 Targu Neamt-lasi-Ungheni Motorway project in Romania,
which will be constructed using the sequencial excavation method. The three-step methodology
comprised of using the Convergence-Confinement Method, a 2D Axisymmetric model, and a 3D
model, each of them obtaining different deconfinement factors, that were in turn introduced in a 2D
model, corresponding to each method.

The first two methods can be used successfully in early-stage or tender design, to reduce the duration
of the evaluation and then confirmed by 3D numerical analysis and further one, compared and validated
by convergence monitoring during construction. A back analysis should be conducted during
construction to determine the real ground relaxation parameter.

The results, presented in the previous chapter, indicated that the CCM can be reliable for a 3 diameter
cover SEM tunnel in soft ground conditions, and can be used at least as a tool for preliminary design
stages. The axisymmetric method is also reliable, particularly when the deconfinement factor is
determined by trial and error, using the fresh SCL vertical crown deformation near the tunnel front.

Finally, the analysis that used the deconfinement factor obtained from the 3D model, also using the
fresh SCL vertical deformation near the tunnel front, has also provided results similar to those of the
3D model. This proved that the 2D and 3D models were calibrated successfully.

In conclusion, the results showed that the three-dimensional effects of the tunnel excavation can be
successfully simulated in a two-dimensional analysis, using the Convergence-Confinement, 2D

181



Southeastern Europe Tunnelling Conference (SETC-2025)

Axisymmetric, and 3D numerical methods, and it is recommended to be done so, in order to check the
accuracy and consistency of the deconfinement calibration.

It is acknowledged that although the analysis was successful, the results still indicate high deformations
and bending moments, which is primarily due to the low stiffness of the ground. Therefore, additional
geotechnical investigation is required to confirm the geotechnical parameters, particularly the Elastic
Modulus. A further development step in the analysis is to determine the effects of the additional ground
support in the form of bolts, spiles, lattice girders, in the determination of the ground deconfinement
factor. Another further development step is to carry out the assessment in more competent ground, with
longer advances and different deconfinement factors for the excavation sequences.
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Abstract: Portal design in extremely weak rock conditions is one of the most challenging tasks in tunnel
construction. Because deformations experienced after the start of tunnel excavation, failures in the support system
and surface subsidence are generally related to portal design. Therefore, the most suitable location is preferred for
portal location. However, in structures such as High Speed Trains, which have various route design restrictions,
sometimes the portal location cannot be chosen, a mandatory portal location is determined. In such cases, the most
suitable portal design must be developed considering the adverse in-situ conditions. This study focuses on the T1
tunnel entrance portal located approximately 120 m away from the North Anatolian Fault (NAF), one of the most
important active tectonic environments in the world. The T1 Tunnel Portal, located 1.5 km South East of Sapanca
Station in the Ankara-Istanbul High Speed Train Project, had to be designed within the intercalation of loosely
gravel, sandy gravel, sand and silt and the landslide formed in this unit. For the purpose of portal design, landslide
geometry was determined with surface observations, drillings and in-situ experiments, and soil parameters were
determined by back analysis in the 2D limit equilibrium method. In order to provide landslide rehabilitation and
tunnel stability, an approach based on the combined use of bored piles in different patterns and cut-and-cover tunnel
structures were designed. The design was controlled using 2D and 3D finite element methods and the most
appropriate solution was obtained. As a result, T1 Tunnel Portal construction was completed without any problems
in July 2023.

Keywords: Tunnel portal design; Landslide; North Anatolian fault; Bored pile; Numerical analysis; Back analysis

1. Introduction

Due to the design constraints of high-standard railways, tunnels are frequently used (Posluk and
Korkang, 2018; Aygar and Gokgeoglu, 2021; Posluk, 2022; Posluk et al., 2025). In tunnel construction,
a tunnel portal structure is built for reasons such as optimizing the tunnel length, reducing aerodynamic
effects at the tunnel entrance, and ensuring tunnel excavation. In regions where portal structures are
located, the overburden thickness is generally low, weathering is high, highly jointed and weak rock
masses exist (Fei et al., 2012). Construction of a portal in such environments can disrupt the balance
and stability of the original slope and cause landslides or failures. In regions where seismic activity is
high, tunnel portal stability under dynamic conditions is essential (Wang, 2023). Seismic damage
studies of tunnels under multiple strong earthquakes show that tunnel portals are the most vulnerable
areas to earthquake damage (Yu et al., 2013), and portal section supports are the weakest points
(Dowding and Rozan, 1978). The Bolu Mountain highway tunnel portal was damaged in the Kaynasli,
Turkey (7.2) earthquake on November 12, 1999. Similarly, in the study conducted in fifty-seven tunnels
in the seismic region after the 1999 Chichi earthquake, it was stated that most of the tunnel portal
damage was caused by lining damage and slope collapse (Wang et al., 2021). During the 2004 Niigata
earthquake, a landslide occurred in the weak rock at the Kizawa tunnel portal, resulting in serious cracks
in the tunnel portal (Asakura et al., 2000, Konagai et al., 2009). In the February 6, 2023 Kahramanmaras
earthquakes, cracks occurred in the portal of the Erkenek highway tunnel (Apostolaki et al., 2024). A

*Corresponding author: candan.gokceoglu@kapadokya.edu.tr (C. Gokgeoglu).
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landslide occurred in the Asik Mahsuni Serif tunnel portal in Kahramanmarasg, but this landslide did
not affect transportation. Following the same earthquake, the T3 and T7 conventional railway tunnel
portals were damaged and a landslide occurred in the T3 tunnel portal (Karahan et al. 2025). Therefore,
it is imperative that the factors affecting the portal be well studied and examined under dynamic loads
during tunnel design. If this is not performed, the tunnel may be damaged and transportation networks
may be closed. This is the last thing you want during a disaster. Consequently, the present study focuses
on the T1 Tunnel Portal design, which is constructed within an active landslide and 150 m away from
the Dokurcun active fault segment of the North Anatolian Fault Zone (NAF) (Fig. 1a), one of the most
active tectonic environments throughout the world. The study is an interesting case study in terms of
presenting new approaches in terms of portal design that includes both earthquake and landslide effects.

2. T1 Tunnel Setting

T1 Tunnel is located on the 530 km long Ankara-Istanbul High Speed Railway Project, 1.5 km east of
Sapanca station (Fig. 1b). The T1 tunnel in the north-western part of Tiirkiye lies between km:
124+ 660-127 + 548 of the Ankara-Istanbul high-speed train project, with a total length of 2888 m
(Aygar et al., 2023), and it is a 12.5 m wide and 8.1 m high double-track single-tube high-speed railway
tunnel (Fig. 2). Approximately 60 m of the Entrance Portal area of the tunnel (km: 124+600 to 124+660)
is within the active landslide (Fig. 1b).
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Fig. 1. (a) Tectonic outline of Turkey and eastern Mediterranean area. MS: Marmara Sea. NAFZ: North Anatolian
Fault Zone. EAFZ: East Anatolian Fault Zone. DSFZ: Dead Sea Fault Zone. NEAFZ: North East Anatolian Fault
Zone (Giirbiiz and Giiler, 2008) (b) Geological map of the study area (Fugro-Sial, 2020).
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Fig. 2. Typical cross section of the T1 tunnel (units are in cm).
2.1. Geological setting

The Tunnel 1 entrance portal passes through terrestrial clastic sediment units. These units, called the
Orencik Formation, are Pliocene-Quaternary in age (Aydin et al., 1987). In the tunnel portal, the units
are beige, poorly consolidated, completely disintegrated and crushed claystone, sandstone units are
observed to be intercalated due to atmospheric conditions and tectonic movements (Fig. 3a). Towards
the T1 Tunnel route, where the overburden thickness increases, the gray-colored, medium-dense to very
dense clayey sandstone, sandstone, fine conglomerate intercalation units are completely disintegrated
and extremely weak (Fig. 3b).

There is an alluvial plain area starting from the region where the Tunnel 1 Entrance Portal is located
and reaching up to Lake Sapanca (Koba, 2017). According to the MTA (2025) study, there is an active
(> 2mm/year) landslide on this alluvial plain area, moved towards the NW with a width of 55 m and a
length of around 230 m (MTA, 2025). The tunnel base is approximately 10 m below this alluvial plain.
Therefore, the tunnel and this section remain within the landslide.

Fig. 3. (a) T1 Tunnel entrance general view, (b) gravel level general view.

2.2, Seismicity

The region where the T1 Tunnel Portal is located is within the North Anatolian Fault Zone (NAFZ).
The NAFZ is one of the best known strike-slip faults in the world because of its remarkable seismic
activity, extremely well-developed surface expression and importance from the tectonics of the eastern
Mediterranean region (Ketin, 1968, 1969; Ambraseys, 1969; McKenzie, 1972; Bozkurt, 2001; Giirbiiz
and Giirer, 2008; Fig. 1a). This fault zone is a 1600 km-long, dextral strike-slip active transform fault
running through northern Turkey in an E-W direction.

185



Southeastern Europe Tunnelling Conference (SETC-2025)

Ikeda et al. (1989a, 1989b) have presented some lines of evidence indicating that the NAFZ branches
westward into two active fault zones from 30°E: the northern branch called the Izmit-Sapanca fault
zone (Ikeda, 1988), and the southern branch called the Iznik-Mekece fault (Sipahioglu and Matsuda,
1986). These branch faults are synthetic faults, being developed at a low angle to the master fault,
mainly in the contractional quadrant, but occasionally in the dilational quadrant (Kim and Sanderson,
2006; Fig 3a). These faults have produced devastating earthquakes in recent history. The largest of
these earthquakes are the 17.08.1999 Marmara Earthquake (7.4), 12.11.1999 Diizce Earthquake (7.2)
and 26.05.1957 Abant (7.1) Earthquake. As a result of these earthquakes, the region where the T1
Tunnel portal is located is in a region affected by very high earthquake accelerations, and according to
the Turkish Earthquake Code (2018), the earthquake accelerations affecting the Portal are given in
Table 1.

IBTANBUL
o

Fig. 4. Active faults around T1 Tunnel (a: Active fault map (Emre et al., 2011), b: Active fault satellite image of
the tunnel portal area, (MTA, 2025), c: Fault map showing the location, magnitude and rupture zones of historical
earthquakes around Sapanca Lake (Emre et al., 2013).

Table 1. Earthquake accelerations affecting the T1 Tunnel Portal (AFAD, 2025).

PGA (g) PGV (cm/s) Ss S,
DDI 1,147 94,583 2,921 0,837
DD2 0,687 56,392 1,687 0,464
DD3 0,296 17,663 0,681 0,164
DD4 0,156 8,434 0,355 0,081

DD1: spectral magnitudes have a 2% probability of being exceeded in 50 years and the corresponding recurrence
period is 2475 years; DD2: spectral magnitudes have a 10% probability of being exceeded in 50 years and the
corresponding recurrence period is 475 years; DD3: spectral magnitudes have a 50% probability of being exceeded
in 50 years and the corresponding recurrence period is 72 years; DD4: spectral magnitudes have a 68% probability
of being exceeded in 50 years (50% probability of being exceeded in 30 years) and the corresponding recurrence
period is 43 years; PGA: Peak ground acceleration; PGV: Peak ground velocity; SS: spectral acceleration
coefficient for short period; S1: spectral acceleration coefficient for 1.0 s period.

3. Engineering Geology

A series of engineering geology studies were performed starting from field observations for design
purposes in T1 Tunnel Portal and its close surroundings. In this context, borehole locations were
determined on the general geology map prepared by field observations, and laboratory studies were
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carried out after drilling and in-situ tests. In the last stage, material parameters were determined using
the back analysis method for the landslide material employing the determined landslide geometry.

3.1. Borehole investigations

Nine drillings with a total length of 645 m were performed in the T1 Tunnel portal and its vicinity (Fig.
1b). The results obtained from the drillings showed that the groundwater level varied between 2.2 m
and 8 m. Of these drillings, YTSK-1 and YHSK-3 were applied in order to determine the landslide
failure surface depth. In the YTSK-1 drilling, landslide material is observed up to 14 m from the surface
(Fig. 5a and Fig. 6). Then, Orencik Formation units (gravel clay, sand, silty clay) were cut. In the
YHSK-3 drilling, on the surface, silty gravel-block sized alluvium with low clay content was passed up
to 5 m, then silty clay (Tpl6-2) up to 10 m, and landslide material was encountered 16.5 m (Fig. 5b).
Starting from this depth, Orencik Formation (gravel clay, sand, silty clay) units were cut in the drilling.

Fig. 5. Photographs of core boxes from the drillings at the T1 Tunnel Portal entrance (a: YTSK-1; b: YHSK-3
drillings, the area within the yellow lines shows the landslide material; Fugro-Sial, 2020).
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Fig. 6. Geological cross-section of the T1 Tunnel and T1 Tunnel Cut and Cover (modified after Fugro-Sial, 2020).
3.2. Laboratory tests

In the 9 drillings carried out in the T1 Entrance portal, in addition to landslide material, alluvium,
gravelly clay and sand, clayey sand and silty clay units were observed. The results of the experiments
carried out on the specimens taken from these units are summarized in Table 2. Accordingly, although
the units were defined differently, the shear strength parameters were obtained quite close.
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Table 2. Material parameters obtained from laboratory tests (Fugro-Sial, 2020).

Description g (kN/m®) ¢ (kPa)* Y]
Alluvium 20.5 1 27
Gravelly clay and sand 21.1 1 30
Clayey sand 20 1 28
Silty clay 21.9 1 26

*The value ¢’ is a mandatory value entered into the program.
3.3. Landslide model and back analyses

In order to determine the T1 Tunnel entrance portal landslide material parameters, first, Km: 124+600
(Fig. 1, B-B’ section) was selected as the critical slope. Using the drillings performed in the region, 6
different unit boundaries were determined and the possible landslide model and slope geometry were
determined (Fig. 7). In this slide model, the back analysis method was used for the parameter
determination of the landslide material. The back analysis method covers the process of determining
the conditions of a slope at the moment of movement (Un and Yildiz, 2021, Posluk et al., 2025). When
a landslide occurs, it is assumed that the safety factor (FS) in the slope is equal to or below one.
Therefore, the slope model at the moment of movement of a slope can be estimated in a way close to
reality (Posluk et al., 2025). The ground parameters obtained as a result of the calculations are the
weighted average shear strength parameters on the sliding surface and the c: cohesion, ¢: internal
friction angle data pairs that provide the FS=1 condition are determined by trial and error (Un and
Yildiz, 2021).

T1 Tunnel portal were analyzed using the Plaxis V10 computer program using the Finite Element
Method using the back analysis method. According to the analysis results, the shear strength parameters
of the failure surface were determined as ¢’=1 kPa; ¢ =8.50° and as a result of this analysis, the factor
of safety was calculated as 0.99 (Fig. 8).
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Fig. 7. Landslide model for the tunnel portal (section B-B’, modified from Fugro-Sial, 2020).
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Fig. 8. Back analysis results for T1 Tunnel portal km: 124+600 (a: landslide model in the first case, b: analysis
results in the last (current) sliding case; Fugro-Sial, 2020).
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4. Slope Stability Analyses

The stability analyses of the T1 Tunnel were carried out in two stages. In the first stage, the required
resistance force to ensure stability in the landslide model (Km: 124+600) was found, then the support
model was created and the support model was searched using 2 and 3-dimensional finite analysis
methods. The factor of safety for the stability of the slope should always be greater than “1” and should
be at least “1.3” in short term and at least “1.5” in long-term stabilities (Posluk et al., 2018). Therefore,
in order to produce the optimum engineering solution, a support model was created that first included
short-term conditions with bored piles and then long-term conditions with an cut-and-cover structure
(Fig. 9). In order to create a temporary structure in a non-earthquake situation, the required resistance
structure for a factor of safety of 1.3 was investigated. In this case, the required resultant resistance
force was calculated as 1809 kN/m (Fig. 10).
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Fig. 10. Required bearing force determined by short-term slope analysis (Fugro-SIAL, 2020).
4.1. Pile retaining structure analysis

In the analyses performed for the safe construction of the cut and cover structure, the soil response was
represented by spring coefficients. A vertical spring coefficient of k=200,000 kN/m3 was defined at the
pile base. The lateral bearing coefficient was taken from the elasticity module as kn=19,000 kN/m3 for
a 1.50 m pile spacing, and k»=29,000 kN/m3 for a 1.40 m pile spacing. The pile system was modeled
in 3D in order not to overlook the effects that the geometric differences in plan and profile would create
on the 3rd dimension. Plaxis 3D software, which allows analysis with the finite element method, was
used in the analyses.
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Fig. 11. 3D numerical analysis results for the T1 Tunnel portal landslide support model (a: model, b: analysis result,
Fugro-Sial, 2020).

4.2. Analysis for Cut and cover structure

In the bored pile support system proposed in the T1 Tunnel entrance portal section, after the completion
of the piles, cut-and-cover structure analyses were carried out in order to ensure seismic and long-term
portal stability. Analyses were carried out using the previous material parameters in the critical sections
of Km: 1244600 using 2D Plaxis V10 finite element software. For this purpose, excavation and support
were divided into 8 stages, piles were placed in the first 3 stages, excavation was made for cut-and-
cover in the 4th and 5th stages, cut-and-cover structure was constructed in the 6th stage, 2 m fill was
performed on the cut-and-cover structure in the 7th stage and earthquake acceleration according to the
DD2 condition (Table 1) was added to the analyses in the 8th stage. In the 7th stage, the factor of safety
was determined as 1.56 and 8th stage 1.12 in the seismic (DD2) condition. Construction works started
in 2021 and were completed in June 2023 (Fig. 12). To monitoring movement in the cut-and-cover
structure during and after construction, seven inclonometer pipes were installed in the bored piles. Three
convergence measurement points were determined at the midpoint of every 12 m of slab within the
reinforced concrete cut-and-cover structure. Measurements were taken over 13 months, including the
rainy season. According to the measurement results, the highest inclinometer readings were 0.7 mm
and the highest convergence readings were 3 mm. These measurement results are negligible.

Fig. 12. T1 Tunnel portal construction stages (a: completion of bored pile construction, b: cut-and - cover
construction and backfilling stage, c: T1 Tunnel portal completed status).
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5. Conclusions

As a result of the technical standards and geometric restrictions required in high standard railways,
tunnels sometimes that must be constructed in shallow and weak rocks/soils may inevitably need to be
passed. In tunnels in such regions, the most challenging parts are the tunnel portal regions. Because the
problems in these regions directly affect the tunnel excavation and cause cost and time loss. Therefore,
the problems in the tunnel portal section should be solved before starting the tunnel excavation. The T1
Tunnel entrance portal in the Ankara-Istanbul High Speed Train Project, which is the subject of this
study, is one of the best examples of portal structures constructed under difficult conditions. The T1
Tunnel portal is located in gravelly clay, sand, clayey sand, silty clay units and also passes through an
active landslide. In addition to these, it is 150 m away from the Dokurcun active fault segment, which
is one of the segments of the NAF. With these features, it requires quite challenging engineering
solutions. In order to provide landslide rehabilitation and create a tunnel portal, the landslide geometry
was tried to be understood with field observations and drillings, and then the material parameters were
determined using in-situ tests, laboratory tests and back analysis method. The planned bearing and cut-
and-cover structure was analyzed with 3D and 2D numerical analysis methods, considering the
earthquake conditions, and the construction was completed in July 2023. It was concluded that the
structure, which was evaluated with the measurements made in the structure, showed a successful
performance. It was concluded that the research and application procedures proposed within the scope
of the study are guiding for similar structures to be built in the future.
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Abstract: Silvan Dam constructed by State Water Affairs of Tiirkiye (DSI), the largest irrigation dam in the
Southeastern Anatolia Project after the Atatiirk Dam, was planned to have a reservoir volume of 7 billion cubic
meters. The dam will provide agricultural water to an area of 235 thousand hectares. The height of the dam was
174.5 m while its crest length was 440 m. The irrigation water will be transmitted with Babakaya tunnels. The portal
of the Babakaya tunnels is located on a slope with a height of 300 m, approximately 700 m northwest of the dam
body in the reservoir. A water intake structure and two shafts will also be constructed in the portal area. The upper
levels of the slope consist of high strength limestones, while the lower levels consist of weak and practically
impermeable mudstone-claystone lithologies. Between these two lithologies, there is a transition unit with a
thickness of approximately 15 m with weak strength. This lithological sequence has caused a very steep slope angle
at the upper levels of the slope and lower slope angle at the lower levels. The project site is located in a region with
high seismic activity. From this perspective, three basic engineering problems have emerged. These are: (a) rockfall
problems, (b) slope stability and deterioration problems of the transition zone, and (c) stability problems and rapid
dropdown problems of slopes that will remain under the dam water. In the present study, these problems are
described clearly, and the necessary engineering measures are described and analyzed in detail. Consequently, an
extremely complex engineering structure was defined in terms of both engineering geology and construction, and
its possible measures are presented through analysis and interpreted with engineering principles.

Keywords: portal; rockfall; slope stability; clay-bearing rock mass; rapid dropdown condition

1. Introduction

According to Aygar and Gokceoglu (2021), portal excavation is one of the most crucial steps in
tunnelling because a failure that may occur during portal excavation will completely interrupt the whole
tunnel excavation. For this reason, tunnel portal designs were the subject of various scientific studies
in addition to their special importance (Alija et al., 2014; Taromi et al., 2018; Khan et al., 2019;
Ayoublou et al., 2019; Can et al., 2022). Sometimes, due to compelling reasons, tunnel portals are
designed in locations with extreme difficult geological-geotechnical conditions. The purpose of the
present study is to present the design of a complex portal of the Babakaya water transmission tunnels.
The Babakaya transmission tunnels are the part of the Silvan Dam. The Silvan Dam, one of the largest
irrigation investments in Tiirkiye, which is located in Diyarbakir (Fig. 1), is the second-largest dam
after the Atatiirk Dam in the Southeastern Anatolia Project, which aims to increase the productivity of
agricultural lands in the southeastern region of the country. The project aims to increase agricultural
activity in the region by 2 to 3 times (DSI, 2025).

*Corresponding author: candan.gokceoglu@kapadokya.edu.tr (C. Gokceoglu).
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Fig. 1. Location Map of Project Site.

When the dam is completed, it will enable the irrigation of a total area of 235,000 hectares in the left-
bank plains of the Tigris River. The project aims to provide employment for 308,000 people, and its
annual contribution to the national economy is expected to be approximately 1 billion dollars (DSI,
2025). The dam has a reservoir capacity of 7 billion cubic meters, a dam height of 174.5 meters, and a
crest length of 440 meters. In addition to the dam structure, the project includes two tunnels and one
open canal.

Water will be transported from the right bank of the dam through the 5,280-meter-long Babakaya
Tunnels to the open canal and then distributed to the irrigation areas via the 13,500-meter-long Silvan
Tunnel. The Babakaya Tunnel is designed as a twin-tube TBM tunnel with an internal diameter of 7.0
meters, while the Silvan Tunnel is a single-tube TBM tunnel with an internal diameter of 10.0 meters.
The upstream portal of the Babakaya Tunnel, located 700 meters northwest of the dam body, stands out
as a critical area due to its complex structural and geological conditions (Fig. 2). The portal excavation
will be carried out on a 300-meter-high slope, where twin-tube irrigation tunnels and one gate shaft per
tube are planned. Moreover, for maintenance purposes there is an access tunnel at the shaft elevation

(Fig. 3).

Consequently, the study presents a complex portal design of a transmission tunnel twin in the difficult
geological and geotechnical conditions.
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Fig. 3. 3D view of the general structures of the portal area.

2. Geological and Geotechnical Conditions

The portal considered in the study is located in the reservoir of the Silvan dam and toe of a high slope.
General geological setting of the study area is represented by Paleocene Gercils Formation overlain
conformably by middle Eocene Midyat formation. Gerciis formation is mostly composed of reddish
colored claystone, sandstone, mudstone and conglomerate alternation. Mudstone is red, brown color,
generally composed of sandy mudstone and shows vertical and horizontal transitions with claystone
levels. Midyat formation is represented by cream, gray and white colored limestone, clayey and chalky
limestone unit. Between Gerciis and Midyat formations, there is a weak transition unit with a thickness
of approximately 15 m (Fig. 4).

According to exploratory studies, Gerclis Formation generally comprises reddish brown - red colored,
moderately - occasionally slightly weathered, competent mudstone, sandstone, conglomerate, claystone
units. Discontinuities are inclined into the slope with ~ 5° - 15° and are clay infilled.

Geomechanical properties revealed after exploration studies regarding Gerciis Formation are
summarized below.

Total Core Recovery : 70% < TCR <100%
Rock Quality Designation : 40% <RQD < 84%
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Uniaxial Compressive Strength : 9.85 MPa < UCS < 49.33 MPa
Unit Weight : 2.24 gr/cm’® <y < 2.46 gr/cm’

Limestone

Transition Unite

Mudstone-Claystone

Fig. 4. Close view of the lithologies encountered in the Babakaya tunnel upstream portal area.

The transition zone between the two major formations is represented by claystone and clayey limestone
levels. These units are generally yellowish brown - beige - yellow colored, highly weathered and weak.
RQD values obtained in boreholes are generally below % 25.

The uppermost sequence belongs to Midyat formation which is basically composed of gray - white -
beige colored, hard, moderately weathered and resistant limestone, clayey limestone levels, for which
geomechanical properties are summarized below.

Total Core Recovery : 67% < TCR < 100%

Rock Quality Designation : 10% < RQD < 68%

Uniaxial Compressive Strength : 20.6 MPa < UCS <71.5 MPa
Unit Weight : 2.18 gr/cm® <y < 2.47 gr/cm?

In scope of subsurface investigation, groundwater level is measured 12.00m — 54.00m below the
surface. Groundwater circulation is probable through discontinuity systems in the Midyat formation
whereas, Gerclis formation is considered practically impermeable proven by lugeon tests having Lu<2.

Apart from the geomechanical characteristics of lithologies, seismicity is another major component in
the design. The portal area is located 12 km from the Kozluk Segment of the Southeastern Anatolia
Thrust Fault Zone, posing additional geotechnical and structural challenges for design and construction.
According to site specific seismic risk analysis, 475 year PGA = 0.27g is adopted in relevant
engineering assessments. A horizontal seismic acceleration coefficient of kn=0.162g was used for the
pseudo-static analysis of slopes considering the data obtained from the site-specific seismic hazard
assessment report.

The Midyat formation comprising limestone is more resistant to weathering compared to underlying
the Gerclis formation where mudstone is the dominant lithology. Thus, upper levels are stable in natural
slope whereas, lower levels are easily weathered causing instability problems in limestones. Although
the Midyat limestone is stable in general, rock fall problem requires to be handled before construction
stage. When morphology, lithological aspects of limestone unit, discontinuity character, seismicity etc.
are considered, rock fall is an expected risk.

Engineering slopes will mostly be established in lower levels in the Gerciis formation which is mostly
prone to degradation against groundwater. Although groundwater can be modelled in slope stability
calculations, long-term deformability of clay bearing lithologies needs to be considered in design.
Disintegration of the clay bearing lithologies in the Gerciis formation under cyclic wetting and drying
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process shows that geomechanical strength will diminish when in contact with groundwater, a critical
scenario for the engineering slopes under dam water.

3. Slope Stability Assessments

Slope stability analyses were performed considering the geomechanical properties of the formations
and different scenarios that may occur during the service life of the structure. The design principals
considered in the present study are summarized as follows.

The slopes were planned to be formed with a geometry of 1/2 (H/V) in the Gerciis formation. Limit-
equilibrium based analyses were performed with the SLIDE2 (ver. 9.036) software and the
GLE/Morgenstern—Price method. Circular failure modes were employed considering the highly jointed
and weathered condition of the layers. During the analyses, the Hoek-Brown material model was used
for rock masses. A disturbed zone of approximately 6.0 m is considered in the analyses taking into
account the disturbance due to excavations and wetting/drying process during the design of the slopes.
The target safety factors were selected as 1.30, 1.50 and 1.0 for temporary static, permanent static and
extreme cases (such as seismic conditions, rapid drawdown etc.), respectively. A support pattern was
selected which satisfies all the factor of safety presented above. As a general guideline for the internal
stability of the support elements, such as pull out, tensile capacity etc., FHWA Soil Nail Walls
Reference Manual (2003) was considered. In addition to geotechnical properties, four different
groundwater configuration was considered in the design. These are (a) actual groundwater level; (b) the
groundwater level is at the minimum water level of the dam; (c) the groundwater level is at the
maximum water level of the dam; and (d) the rapid drawdown case (the water level is at the minimum
level of the dam while the slope is under saturated condition due to the very low permeability of the
rock mass. Self-drilling rock bolts were planned to use in order to maintain the stability of the drilled
hole.

The stability analyses were performed considering all the design principles described above and the
support properties are determined according to the most critical case which governs the design. It was
found that the most critical case is the case with groundwater level configuration that represents the
rapid drawdown and the design earthquake loading is applied simultaneously. In general, it is not a
straightforward method to combine two different extreme events (such as rapid drawdown and seismic
condition). On the other hand, it was found necessary to combine these effects since, these events may
occur at the same time considering the operational scenarios. A sample analysis result is given in Fig.
5 which represents the most critical case which resulted in a factor of safety value just above unity.
Material and support properties are given in Table 1 and 2.

Table 1. Material properties for the analysis

. Unit Weight UCS (intact) .
Material (kN/m?) Strength Type (kPa) GSI mi D
Tm 25 Generalized Hoek 40000 48 D 0

Brown B

Ter - df=0 235 Generalized Hoek 30000 3% 8 0
Brown

Ter (wet) -df=0 245 Generalized Hock 18000 31 60
Brown

Tg_r (transition) - a1 Generalized Hoek 10000 16 5 03

df=0 Brown

Tgr - df=0.3 235 Generalized Hock 30000 3 8 03
Brown

Ter (wet) — df=0.3 245 Generalized Hock 18000 31 6 03

Brown
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According to the analysis results, the following support pattern was designed:

o Self drilling rock bolt type - IBO R38 N

e Length of the rock bolts, L=15.0 m

o Horizontal and vertical spacing, sh=sv = 2.0 m

e Wall facing: Shotcrete t=20 cm + double layer of wire mesh (2x Q443/443)

Table 2. Support properties for the analysis

Support Out of Plane Tensile Capacity Plate Capacity Bond Strength
u .
PP Spacing (m) (kN) (kN) (kN/m)
IBO — R38N -
2 277.8 277.8 47.73
f5,=400 kPa
81 | Material Name | Color | Unit Weight (kN/m3) Strength Type UCS (intact) (kPa) | GSI [ mi] D
Tm 25 Generalized Hoek-Brown 40000 48 |12] 0 0162
] Ter_df=0 235 Generalized Hoek-Brown 30000 36 o} N |‘
Ter(islak)=df=0 245 Generalized Hoek-Brown 18000 31 0
2] Tgr(gecis) 21 Generalized Hoek-Brown 10000 16
Tgr_df=0.3 235 Generalized Hoek-Brown 30000 36
- | Terlislak)_df=0.3 245 Generalized Hoek-Brown 18000 31
o Force OutOf | Tensile | Plate Bond
2 Support Name | Color [ Type Plane Capacity | Capacity | Strength

Application

Spacing (m. (kN) (kN) (kN/m)
IBO-R38N 76 mm

Soil Passive
- fsult=400 . . 2 370.4 370.4 63.63
Nail | (Method B
kPa_dp_sh2 ail | (Method B)

750 800 850 900 950

Fig. 5. Limit-equilibrium analysis result for the most critical case.

4. Rockfall Assessments

General geological — geotechnical conditions and accompanying engineering problems are introduced
previously. As stated, one of the main problems in the portal area is rockfall on upper levels (Fig. 6).
Limestone unit belonging to the Midyat formation is associated with rockfall problem evident by
morphology, and weathered discontinuity conditions. Considering the stabilization or removal of blocks
that have the potential to fall on the slope surface of the portal, analyses were conducted by modeling
potentially falling blocks from the source area behind the slope crest. As a result of rock fall analysis,
2000 kJ barrier with a height of 6.00 m was confirmed to be sufficient to prevent rockfall hazard to
jeopardize construction of shafts and relevant structures.

Initially, 2D rockfall analyses are conducted for the critical cross section adopting various size rock
groups having potential rock fall risk (Fig. 8). The maximum total kinetic energy in the shaft location
is determined as 1850 kJ (Fig.9a). Bounce height of free blocks in the same area is determined as 18m
(Fig. 9b).
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Fig. 6. General view of the portal area under rockfall hazard.
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Fig. 7. Tunnel geological cross-section.
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. Density
Material Name | Color || Rock Name (Color Mass Shal
(kg) (ke/m3) pes
Mormal MNormal Triangle,
Mean: 2.7 Mean: 2600 | Square,
m l:l Group 1 . Std Dev: 0 Std Dev: 0 |Pentagon,
Rel. Min: 0 Rel.Min:0 |Hexagon,
Rel. Max:0 [Rel.Max:0 [Octagon...
P Marmal Mormal Triangle,
£ Ter (Gecip Zonu Mean: 195  [Mean: 2600 | Sguare
Propo shaft J e (Gesip Zonu) | [[] ; quare,
Group 2 I:‘ Std Dev: 0 Std Dev: 0 |Pentagon,
ocation (+823.00m} Rel. Min: 0 Rel. Min: 0 [Hexagon,
location {+823.00m} Rel.Max:0 | Rel. Max:0 |Octagon
Ter . MNarmal MNormal Triangle,
= Mean: 14625 (Mean: 2600 | Square,
4 Goup3 |l | stdDevo | SidDev0 |Pentagon,
j Rel. Min: 0 Rel. Min: 0 [Hexagon,
4 Rel. Max:0 [Rel.Max:0 [Octagon...
Beton ([ Normal Normal | Triangle,
Mean: 5850 |Mean: 2600 | Square,
Group 4 I:‘ Std Dev: O Std Dev: 0 |Pentagon,
Rel. Min: 0 Rel.Min:0 |Hexagon,
Rel. Max: 0 Rel. Max: 0 |Octagon...
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Fig. 8. Result of the rockfall analysis on the most critical section.
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Fig. 9. Graphs showing the results of the rockfall analysis on the most critical section: (a) total kinetic energy and

(b) bounce height.

Rockfall barriers are proposed to eliminate rockfall problems on the slope which is a practical and
economical solution. Based on rockfall analyses, optimum dimension and setting of rockfall barriers

are determined (Fig. 10).
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As a result of rock fall analysis, 2000 kj barrier with a height of 6.00 m was confirmed to be sufficient
to prevent rockfall hazard to jeopardize construction of shafts and relevant structures.

Material Mame |Color || Rock Name |Color Mass (kg) (?;;f:; Shapes

Normal MNormal Triangle,

2OOOkJ ROCk _f..a..ll Mean: 27 Mean: 2600 | Square,
Tm D Group 1 . Std Dev: 0 Std Dev:0 |Pentagon,

barrier (H: 6.00m)

\

Rel. Min: 0 Rel.Min: 0 [Hexagon,
Rel. Max:0 |Rel.Max:0 |Ocagon

Normal Normal Triangle,
Ter (Gegip Zonu) D Mean: 195 Mean: 2600 | Square,
Group 2 D Std Dev: 0 Std Dev: 0 |Pentagon,
Rel. Min: 0 Rel.Min: 0 |[Hexagon,
Rel. Max:0 |Rel.Max:0 |Octagon

Ter . Normal MNormal Triangle,
Mean: 1462.5 [Mean: 2600 | Square,
Group 3 . Std Dev: 0 Std Dev:0  |Pentagon,
Rel. Min: 0 Rel. Min: 0 |[Hexagon,
Rel. Max:0 |Rel.Max:0 |Octagon

Beton (| Normal Mormal | Triangle,
Mean: 5850 (Mean: 2600 | Square,
Group 4 I:‘ Std Dev: 0 Std Dev:0 |Pentagon,
Rel. Min: 0 Rel.Min: 0 [Hexagon,
Rel. Max:0 |Rel.Max:0 |Ocagon

Fig. 10. Result of the rockfall analysis on the critical section with barrier.

5. Conclusion

Dams planned in mountainous regions with high seismic activity provide serious benefits, as well as
challenging projects for engineers due to the serious geological and geotechnical problems they pose.
In this study, it is aimed to discuss the geological-geotechnical problems of the reservoir portals of the
Silvan Dam water transmission tunnels in the seismically active Southeastern Anatolian thrust zone and
to present the engineering measures against to the possible problems described in the study.

The slopes will be constructed in weak-medium quality, clay-bearing rock masses. This situation may
cause additional weakening in the rock mass during the service life of the dam. In addition, rapid
dropdown conditions will cause additional water pressures and result in a serious decrease in the factor
of safety. The design was performed by taking these issues into consideration. Since the planned slopes
will remain under water after the dam is filled, the consequences of any failure will be very difficult to
compensate. In addition, another important natural hazard is rockfall. Necessary analyses were applied
for rockfall hazard and engineering measures were proposed.

Another important issue is that the portal area contains many engineering structures such as water intake
structures, tunnels and shafts. It is very important to perform 3D numerical analyses to understand the
interaction of all these structures with each other and with the natural environment. These analyses
should be performed and their results should be assessed in future studies.

Acknowledgements
The authors would like to express the gratitude to officers of Irrigation Department Directorate of State
Hydraulic Affairs of Tiirkiye and the site crew of Kalyon Construction J.S.C. for their supports.

References

Alija, S., Torrijo, F.J., Quinta-Ferreira, M., 2014. Study of the unexpected collapse of Ampurdan tunnel (Spain)
using finite element model. Bull Eng Geol Environ, 73, 451-463. https://doi.org/10.1007/s10064-013-0534-z

Aygar, E.B., Gokceoglu, C., 2021. Effects of Portal Failure on Tunnel Support Systems in a Highway Tunnel.
Geotech Geol Eng, 39, 5707-5726. https://doi.org/10.1007/s10706-021-01859-z

201



Southeastern Europe Tunnelling Conference (SETC-2025)

Ayoublou, F., Taromi, M., Eftekhari, A., 2019. Tunnel portal instability in landslide area and remedial solution: a
case study. Acta Polytech, 59(5), 435—-447.

Can, A., Baskose, Y., Gokceoglu, C., 2022. Stability assessments of a triple-tunnel portal with numerical analysis
(south of Turkey). Geotechnical Research, 9 (2), 116-128. https://doi.org/10.1680/jgere.21.00028

DSI (State Hydraulic Affairs of Tiirkiye), 2025. Silvan Barajinda Caligmalar Araliksiz Devam Ediyor.
https://www.dsi.gov.tr/Haber/Detay/8912 (accessed on April 5, 2025)

Geotechnical Engineering Circular No. 7 Soil Nail Walls, 2003, Federal Highway Administration

Khan, R M.A., Mad, Z., Jo, B., 2019. Tunnel portal construction using sequential excavation method: a case study.
MATEC Conferences 138, 04002.

Slide2 User Guide, https://www.rocscience.com/help/slide2/overview (accessed on April 5, 2025)

Taromi, M., Eftekhari, A., Hamidi, J.K., Aalianvari, A., 2017. A discrepancy between observed and predicted
NATM tunnel behaviors and updating: a case study of the Sabzkuh tunnel. Bull Eng Geol Environ, 76(2),713—
729.

202



Southeastern Europe Tunnelling Conference (SETC-2025) =% @ o
1-3 October 2025, Belgrade, Serbia

SETC—-2025
DOI: 10.5937/SETC25020L

TBM Tunneling in geotechnically and structurally sensitive Metropolitan
Areas

Lars Langmaack**

* MC-Bauchemie, Bottrop, Germany; lars.langmaack@mc-bauchemie.de

Abstract: Frankfurt, one of the most densely populated capitals in Germany, needed an extension of its Metro Line
US from the main railway station towards the newly created district ‘Europaviertel’ which is part of an urban
rehabilitation plan affecting over 30.000 people.

For the first time in Frankfurt, TBMs were used for metro construction. Driving in full EPB mode at up to 3,2 bar
in clay and sand/clay mixed face geology with sensitive surface construction as well as the connection to the existing
tunnel system from the 1970s makes this project unique.

Apart from the 2k annulus grout — first time implemented in Germany for a city tunnel project, EPB startup with a
prefilled working chamber has been used very successfully together with highly ecologic tail sealants and soil

conditioning system with minimum impact on the excavated soil.

Keywords: TBM; Soil Conditioning; Foam; Polymer; Tail Sealant

1. Introduction

In the city center of Frankfurt, the Joint Venture U5 Europaviertel consisting of the companies Porr and
Stump, builds a dual tube tunnel on behalf of Stadtbahn Europaviertel Projektbaugesellschaft (SBEV
GmbH). The extension the of the existing metro line U5 will connect the new ‘Europaviertel’ district
with the central railway station. The Europaviertel is an urban rehabilitation project for the area of the
old railway freight terminal.

Fig. 1 illustrates well the inner-city center situation of the jobsite as well as the fact that the TBM is
underpassing numerous buildings and other critical infrastructure. In addition, the project is in very
close distance to the river Main.

‘ Tunnel | Connection

=

Ramp ‘ Open Construction ‘ Tunnel

ﬁi
M= 2 ~ . 1 (5] Ll : S 3
AL P ‘ % <5 0 0 SOADN A\ B
- e 1 L B i—‘ N i o 2 7 AN ,’ A 3 7 SR v
¥ et e e Pl 2 P N iy s \
- RN P O e Al L S i ~ | Station Guterplatz ! o0 Maih‘Station\

Fig. 1. Project overview, situation 2018.

*Corresponding author: lars.langmaack@mc-bauchemie.de (L. Langmaack).
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The paper focuses on the identification of sensitive environments like inner city launching shafts and
spans the spectrum from examination of soil samples in the laboratory, proposing suitable solutions for
the jobsite, implementing these solutions at site and optimizing them — all for one goal: safe and secure
tunneling through highly populated urban areas without disturbance and technical difficulties.

2. Project Description
2.1. Project location

The project includes the construction of the inner-city metro extension of the metro line U5 and the
underground connection to the existing metro network at Platz der Republik. Fig. 2 shows the Platz der
Republik close to the Center Railway Station from 1888 (mid right), the worldwide known Frankfurt
Fair buildings (center) and the new Europaviertel on the left side.

Fig. 2. Frankfurt City Center with river Main, the new Europaviertel district and the U5 extension line.

The metro extension will be build as a 186 m open construction section followed by a 2x830 m TBM
section with two 7.10m outer diameter tunnels. For the connection to the existing metro tunnel, the
TBMs will drive into a ground freezing area at Platz der Republik where they will be underground
dismantled. The connection itself will be carried out conventionally by excavator under compressed air
conditions supported by injections.

2.2. Geology

The geology in the metropolitan area of Frankfurt is generally characterized by cohesive soils with a
high proportion of clay or silt and low permeability. Most of the project runs through “Frankfurter
Clay” which is overlaid by 2 - 10m thick quaternary top layers of limestone and gravel, which is in the
area of the excavation pit. Occasionally, sandstone formations up to 240 MPa can penetrate into the
clay layer and also appear further along the planned TBM route, details are shown in Fig. 3.

Principally, the TBM drive can be divided into 3 main areas:

1. Start shaft to Station Giiterplatz: mixed face conditions clay, sand, limestone
2. Station Giiterplatz: 180m full face Frankfurt Clay, protected by sealing wall
3. Station Giiterplatz to Frankfurt Main Station: full face Frankfurt Clay with Limestone layers
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sisikt

—< &

[PPTSPENTR S

Fig. 3. US Extension geology: Frankfurt clay (purple) being dominant; sandstone, sand and gravel (yellow and grey).

2.3. TBM details

The U5 Extension project used a tunnel boring machine with earth pressure support (EPB TBM) which
has been selected as ideal tunneling method for Frankfurt's Europaviertel. The TBM was baptized
‘EVA’ standing for “Europa-Viertel-Anbindung”. The TBM has been already used in Doha (Qatar) for
the Green Line Metro project and was refurbished and adjusted specifically for the U5 project in
Frankfurt.

Due to the inner-city tunneling, very high demands were put into practice to minimize settlements. The
support pressure of the shield machine had to be secured at any time according to the existing subsoil
pressure as well as according to the existing loads to avoid settlement and the resulting damage of
existing structures. Fig. 4 illustrates the used TBM cutterhead design and mentions further detailed
TBM parameters.

5 ; v 5% ¥ Manufacturer Herrenknecht (S-1127)
32 = R TBM type EPB

G i : ‘ 2 L Nominal diameter 7.1m
& \ é Installed power 960 kW
K i /1| Cutterhead torque 4133 kKNm
Sl % 3| Max. push force 36’500 kN

AR A 5 TBM length total 84.0 m
- 7 = 5 : g Weight 580 tons

N . 5 5. % 3 5

Fig. 4. TBM cutterhead schematics and TBM details.

3. Flying TBM start — EPB pressure on the run
3.1. Startup situation
To drive the TBM into the ground, it had to drill first through a 1.20m thick trench wall as well as tough

a 1.10m thick sealing block. The EPB design pressure for the untreated ground was 1.4-1,6 bar at the
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crown — mandatory to be reached already during blind ring No. 4 drilling through the sealing lamella.
Fig. 5 describes the technical startup situation in the TBM launching shaft.

7 | of ¥
NS IOTHOT ST St e S A |

Fig. 5. (left) TBM start: cutterhead touching trench wall with blind ring No. 2; (right) TBM start: cutterhead touching
untreated ground with blind ring No. 4.

3.2. Flying EPB start with ArtSoil™ technology

The aim of the Artificial Soil is to drive in a pressurized EPB mode through the remaining trench wall
and sealing block into the ground. Just adding water and foam will not work and the addition of only
Bentonite Slurry is not productive: The obtained rheology will be far to liquid to be handled on EPB
machines, especially under pressure.

Therefore, MC proposed the use of an Artificial Soil based on HDSL Slurry together with the addition
of a specialized MC Polymer (see Fig. 6):

HDSL Slurry Higermann Slump Higermann Spread
+ separate addition of

MC-Polymer Homogeneous paste with plastic  160mm

behavior

Fig. 6. Artificial Soil in different stages.

The HDSL was produced above ground with the existing grout plant and then pumped down to the
TBM. Ideally, the Polymer will be mixed into the HDSL via Y-connector directly before running into
the TBM working chamber.

3.3. Site use

The filling of the working chamber with artificial soil started with blind ring No. 3, reaching the top
level and got pressurized on 2" September 2019 early morning as shown in Fig. 7. During excavation
of blind ring No. 4, the EPB pressure was rising to 1,5 bar crown pressure until end of the day. Pressure
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drops are a result of releasing the air with was remaining in the working chamber as well as releasing

water — until no air bubble was left and the muck showed a homogeneous consistency.

1. Vartisls (11.06.201% 1 115.00 - 05.09.2019 11:22.00)
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Fig. 7. Filling the TBM chamber and start of the 1% drive (pressure in bar over time / rings).

This procedure worked out very well and could guarantee a safe and secure full EPB start of the TBM
out of the station into the challenging heterogeneous ground. This technology was used subsequently
for all startup situations in Frankfurt as well as London City for example.

4. Soil conditioning — from laboratory to reality

As indicated already, the Frankfurt Clay is the predominant geology for the project. Especially the
startup phase shows mixed face conditions of Frankfurt Clay, sand and gravel up to 25%.

Aims of the laboratory trials were

Choice of the right foam type
Determining the clogging risk

4.1. Laboratory trials for full face Frankfurt Clay at Giiterplatz

Determining the amount of additional water if necessary
Determining the best starting parameters concerning FER and FIR

The Giiterplatz area and the final drive towards the existing tunnel is characterized by full face Frankfurt

Clay as shown in Fig. 8.

|

Fig. 8. Frankfurt Clay at Giiterplatz, freshly hand-excavated.
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Fig. 9. Frankfurt Clay at Giiterplatz, freshly hand-excavated

Atterberg Limits of Frankfurt Clay (according to DIN 18122; samples taken from d-walls Bldv. Ost
2017 and Giiterplatz 2020):

o Natural humidity Giiterplatz : 34-45%, approx. weighted average 35-39%
o Plastic Limit (wP) : 25-56%, approx. weighted average 27-39%
e Liquid Limit (wL) : 74-108%, approx. weighted average 74-91%

The Atterberg Limits indicate a quite high clogging risk for this type of geology. In consequence, the
aim of the soil conditioning is to reduce the clogging risk in general, particularly keeping the cutterhead
openings free, allow the muck flow through the cutterhead into the working chamber and allow a
consistent TBM advance speed.

To achieve these goals, the anti-clay soil conditioning foam MC-Montan Drive FL04 was used in a
higher concentration and higher FIR than necessary for soil 4b, also the addition of water was found to
be beneficial.

Again, the tasks of the laboratory tests are to find the correct starting parameters for the TBM. Once
the clay clogging occurs on the cutterhead and in the working chamber, it can in most cases only be
cleaned by intervention. Therefore, the TBM startup should be realized with an exceeding soil
conditioning avoiding any kind of problem.

Proposal for TBM parameters after laboratory test results with MC-Montan Drive FLO04:

e cF 2-4%

e FER 10

e FIR 80-120 - approx 1501/ring of foam concentration
e WIR 5-7% - approx 4.8-6.5m’/ring additional water

4.2. Jobsite soil conditioning results

Since the Frankfurt Clay is the predominant geology, the following site examples are taken from the
Giiterbahnhof section, the TBM advancing full face in Frankfurt Clay.

Because the TBM is operating in semi-automatic mode, the laboratory soil conditioning results from
chapter 4.1 need to be translated into flow rates for 2 different TBM target speeds.
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Quantity range in I/min at 20 mm/min TBM speed

Foam Water from the foam Additional water Foam FL 04

800-964 76-92 68 3,2-43

Quantity range in I/min at 25 mm/min TBM speed

Foam Water from the foam Additional water Foam FL 04

1.005-1.205 96-115 85 4,0-5,4

The following Figures 10 and 11 illustrate the Foam and Water consumption of the TBM starting out
of the Giiterplatz Station over 100 rings and puts them in relation to the TBM speed.
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Fig. 10. TBM speed (green, mm/min) vs Foam consumption (blue, l/ring) Ring No. 199-294.

B N )

Fig. 11. Water addition (liters / ring), Ring No. 199-294.
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On site optimization of the soil conditioning parameters result in speeding up the TBM to 20-22,5
mm/min and reducing the soil conditioner quantity by optimizing its efficiency. After some 20 rings,
the TBM speed was subsequently increased to 25-30mm/min since the machine was running fine,
reducing simultaneously the soil conditioner use from 200 1/Ring to 100-150 I/Ring.

The findings from the laboratory testing were confirmed and the TBM was driving steadily with
excellent advance rates without any problem.

The TBM steady speed of 25-30 mm/min in Frankfurt Clay could be easily maintained even with TBM
crown pressures of around 2 bar. Also the pressure level itself could be easily maintained, no air bubble
in the crown level could be detected. The water injection was initially set to 6m® per Ring to start on
the safe side. It could be further reduced due to the smooth TBM operation to around 4m? per Ring, the
lower end of the laboratory findings (see Fig. 11).

). L T

Fig. 12. Conditioned Frankfurt Clay at station surface, June 2020.

The soil could be easily excavated and transported by muck cars, the muck car emptying process was
without any difficulties. The further manipulation with excavators and truck loading, truck transport
and transfer to barge carriers was smooth and without any problems (see Fig. 12).

4.3. Muck analysis

For environmental and disposal reasons, the excavated and conditioned muck underwent a
environmental screening process. The test results given in Fig. 13 describe the effects of the soil
conditioning, comparing values for the unconditioned soil with conditioned soil after 1 day as well as
4 days.

Soil conditioning parameters used for the following muck analysis:

MC-Montan Drive FL 04, cF=2.5%, FER=10, FIR=80, WIR=6.5%
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Fig. 13. (left) Solid content test results (excerpt) of conditioned Frankfurt Clay; (right) Eluate test results (excerpt).

None of the results show a significant change due to the soil conditioning, no metals were mobilized
and even the TOC in the solid content test did not change really.

The Eluate results show only an increased Na content due to the soil conditioner used. The Sulfate
values vary a lot even in the untreated soil, an indicator for geogenic soil contamination (see also chapter
5. annulus grout). The conductivity results are influenced accordingly.

5. 2-k Annulus Grout
For the first time in in a German inner city project, 2k annulus grout has been used.

5.1. Requirements & Formulation

The concerns on durability, lifetime and on ecologic aspects were high. Therefore, a sulfate resistant
CEM III has been used for the annulus grout.

Formulation

Cement (CEM III/A 52,5N-HS/NA) 200 kg/m?

Bentonite 40 kg/m’

Water 883 kg/m?

Plasticizer Grout 02 10 kg/m3

Accelerator 103 kg/m?

Gel time: 10-15 sec

Bleeding: < 3% after 24h

Shear strength: 2h:98 kPa*s; 4h: 120 kPa*s; 6h: 185 kPa*s
Compr. strength: 24h: 1.5 N/mm?; 7d: 1.8 N/mm?; 28d: 3.1 N/mm?

5.2. Ultrasonic fault detection

Various tests were carried out to check if the annular gap was completely filled with 2-component grout.
Because of the high groundwater pressure and in order not to damage the segments, the use of control
drillings was minimized.

An ultrasonic measuring device was used as an equivalent measuring method. This device was
calibrated before each measurement on a sample segment (width 1.2m, thickness 0.45m). It was taken
3 measurements per ring and on over 150 rings per tube.

211



Southeastern Europe Tunnelling Conference (SETC-2025)
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Fig. 14. (left) Ultrasonic reference measurement; (right) Ultrasonic site measurement of ring No. 80.

The reference measurement in Fig. 14 left shows well the segment concrete material (dark area from 0-
0.45m), the gap (red area at around 0.45m) as well as the different material from 0.50m onwards. The
site measurement of ring No. 80 (Fig. 14 right) indicates well again presence of the 3 different materials
(segment, annulus grout, soil) without detection of any gap area which would be colored in red.

6. Tail Sealants

The US extension project used the highly ecologic MC-Montan Seal ST11 tail sealant, based on
renewable oils and exempt of plastic fibers to protect the environment as best as possible.

Furthermore, HDT 200 T press plate pumps were plug and play installed on the gantry to ensure an
almost revision free pumping (see Fig. 15). For the whole project, the sealing sets had to be replaced
only once for the total of the 2 drives.

iy

Fig. 15. HDT 200 T press plate pump installed on Herrenknecht gantry.
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Fig. 16. Tail Sealant consumption in kg/m2 over the project rings.

The ST11 tail sealant worked very well with prefect consumptions rates (see Fig. 16) compared to the
industry benchmark — despite relatively high EPB pressures and relatively liquid 2k annulus grout used.
Over the whole project, the medium consumption reached 1.6 kg/m? segment surface.

7. Conclusion

The flying EPB start with artificial soil was as easy as efficient. It has been successfully repeated already
at other jobsites.

The laboratory soil conditioning proposal with respect to the TBM parameters gave perfect and safe
starting conditions for each main geology, avoiding clogging from the beginning. Only small scale-up
adaption was realized on site — reducing the proposed foam and water consumption. The decision to
drive the TBM with a steady speed especially within the clay section was definitely the right one,
cutterhead and working chamber blockage was very successfully avoided even under high EPB
pressures throughout the whole project by using adapted anti-clay foam. That illustrates quite well that
detailed laboratory testing prior to the project execution saves time and money and also increases
significantly the safety of tunneling.

The used 2k grout worked perfectly in inner-city conditions, the use of sulfate resistant cement — which
has never been used before for such a project - did not lead to any difficulties.

The tail sealant pumps worked well under all conditions with just 1 service; and the highly ecologic tail
sealant was as efficient as the industry standard, with bonus points for using renewable raw materials
and easy acceptance from the authorities — similar than for the soil conditioning chemicals.
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Abstract: The stability of the north walls of the Kokhav Hayarden Pumped Storage Plant powerhouse (PH) and
transformer hall (TH) caverns was numerically analyzed. To achieve a calibrated model, this study includes a back-
analysis of the displacements recorded by the extensometers in the north walls of the PH and TH caverns, as well as
the recorded forces for the instrumented tendons and bar anchors in the same walls throughout the excavation of the
caverns. The calibrated model is then used to assess the overall safety margin of the caverns’ north wall. The factor
of safety (FoS), determined by reducing strength parameters of different geological units, was selected as a simple
and reasonable measure of the safety margin to failure. The analyses in these studies were conducted using three-
dimensional models in the continuum code FLAC3D, a computationally efficient, state-of-the-art numerical code
for modeling the deformation and damage of geo-materials. A few relevant discontinuities are explicitly represented
in the model. The model was calibrated for the cavern designs in terms of wall geometry, ground support, and
geological information by comparing with the monitoring data (extensometers, prisms, and stress cells) at different
locations and throughout the entire excavation history, including the final state of the excavation. In addition to
deformation and stability of the excavated caverns, the model predicts the loading (forces) in the ground support
(tendons and bar anchors), which is explicitly represented as installed during excavation. The FoS of the north walls
of the caverns after complete excavation is greater than 1.5. The forces in five of the tendons and bar anchors in the
PH are predicted in the model to slightly exceed their allowable working limit in the final stage of excavation, which
is not a concern because the current force measurements for all tendons and bar anchors are within the allowable
working limits.

Keywords: pumped storage; powerhouse; excavation stability; tendons; bar anchors; numerical modeling

1. Introduction

Kokhav Hayarden (Fig. 1), Israel's largest pumped storage power project, officially began commercial
operation on February 21, 2025. Located near the northern Israeli city of Beit She’an, the facility is the
lowest-altitude power plant of its kind in the world. The station features an upper reservoir, a water
conveyance system, an underground powerhouse (PH), a lower reservoir, and a central
building/switchyard. At its core, the underground powerhouse houses two 172-MW reversible
hydroelectric generating units, contributing to a total installed capacity of 344 MW. These units play a
vital role in enhancing the security and stability of Israel’s power grid. The reservoirs have a total
capacity of 3.16 million m®. During peak demand hours, the station will generate electricity by
discharging water from the upper reservoir to the lower one and accumulating it by pumping water back
into the upper reservoir. The capacity of the new pumped storage power plant will exceed that of the
existing hydroelectric power plants in Israel, increasing from the current 306 MW to 650 MW. Solar
panels are the primary source of “clean” energy in the country, with their capacity reaching 2.6 GW in
2021.

The PH was excavated in benches, starting with Bench I in the crown. An apparent non-convergent
movement was observed for the north wall of the PH after excavation of Bench II exposed the
pyroclastic layer on that wall. Installing four pre-tensioned tendons reduced the movement rate, and the
wall stabilized further with the installation of an additional three pre-tensioned tendons. After the

*Corresponding author: branko@oneitasca.com (B. Damjanac).
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excavation of Bench III was completed, all monitoring data indicated that the north wall had been
stabilized.

Fig. 1. An aerial photo of the lower reservoir of Kokhav Hayarden pumped storage power plant.

As the excavations of the PH and adjacent Transformer Hall (TH) continued, the ground support and
stability of the excavations were analyzed using a continuously calibrated numerical model. After the
excavation of the PH and TH was completed, the monitoring data indicated that the north walls
remained stable. The calibrated model was then used to assess the overall safety margin of the north
walls of the PH and TH caverns. The factor of safety (FoS), determined by reducing strength parameters
of different geological units, was selected as a simple and reasonable measure of the safety margin to
failure of the north walls of the caverns. To achieve a calibrated model, this study includes a back-
analysis of the displacements recorded by the extensometers in the north walls of the PH and TH
caverns, as well as the recorded forces for the instrumented tendons and bar anchors in the same walls
throughout the excavation of the PH and TH caverns. Thus, the model is calibrated using all available
readings at the end of the excavation, including the tendon and bar anchor forces, as well as
displacement information for the north walls. Expansion of the calibration database is crucial for
increasing confidence in the calibrated model for FoS assessment.

Hoek (2013) discusses several examples of PH cavern stability and support analyses. The innovative
methods for numerical modeling of cavern stability, including efficient and automatic model calibration
and sensitivity analyses, are, for example, published by Behnia and Seifabad (2018), Ghorbani and
Sharifzadeh (2009), Li et al. (2022), Li et al. (2025), and Zhu et al. (2010). The numerical code FLAC3D
(ITASCA, 2019) was used in this study. The preliminary analyses have shown that potential failure
mechanisms include failure through the rock mass and sliding on pre-existing structures. A few relevant
discontinuities are explicitly represented in the model.

This paper describes the model construction and calibration, as well as input properties used for the
numerical analysis, and it provides a summary of the modeling results.

2. Methodology and Model Description
2.1. Model Geometry and Initial Conditions

The three-dimensional model includes the PH and TH caverns as well as the connecting Busbar tunnel
between them. The model geometry is shown in Fig. 2. The PH cavern is 82.2 m long, 43 m high, and
has a span of 18 m. The cavern axes (y-axis) have orientation N30°W. Fig. 2 also depicts the lithologies
that are explicitly represented in the model. Fault F16, the influence zone of Fault F16—including basalt
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(bs)-weak Class V (very degraded) material and bs-weak material (above the pyroclastic layer)—as
well as the weak pyroclastic layer (Pyr9), are explicitly simulated as zones of finite thickness.
Compared to Fault F16, Faults F18 and F22 have a smaller thickness and are not part of the failure
mechanism observed in the north wall. Therefore, they are modeled as explicit, discrete features using
interfaces (i.e., elements with zero thickness). The preliminary analyses indicate that including a finite
thickness for Fault F16 in the model improves the match of the failure mechanism. Ubiquitous joints
(i.e., closely spaced fractures) are assumed in the vicinity of the north walls of the PH and TH, where
plastic deformation was expected.

FLAC3D 7.00

©2021 itasca Consulting Group, Inc

Zone Group Slot Geology
bs_strong
bs_strong_fol
bs_weak

ClassV
Pyr9

(@)

FLAC3D 7.00

©2021 Rasca Consultng Group, Inc,

Zone Group Slot Geology
bs_strong
bs_strong_fol

L bs_weak
ClassV

Pyr9
Zone Group Slot Geology
Classiv
ClassV
F16
Interface Node Group Any

(b)

Fig. 2. (a) Lithologies intersecting the north wall of the PH and TH. (b) Model representation of fault F16, bs-weak
Class V material and bs-weak Class IV material (above the pyroclastic layer) in the vicinity of the north wall of the
PH and TH.

The in-situ stresses were initialized in the model based on the field measurements. The vertical stress
at the PH depth was initialized to 10 MPa (for an approximate depth of 400 m). Ky and K_h of 1.5 and
0.7 were assumed, respectively, with oy oriented at N11°W.

The excavation stages are shown in Fig. 3. Note that the excavation of the Busbar tunnel is completed
concurrently with the excavation of Bench II and the completion of the excavation of the TH.
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Fig. 3. Excavation stages of the PH.

2.2. Calibrated Rock Mass Properties

The joint set with dip/dip direction of 83°/335°, believed to be the most critical joint set contributing to
the wall movement, is represented as ubiquitous joints in the model. The other two joint sets are
implicitly represented in the rock mass model, contributing to the calibrated rock mass properties. The
volume of the rock mass encompassing the northern section of the caverns (shown in dark blue in Fig. 2)
is represented with the SUBI constitutive model, which combines the ubiquitous joints and strain-
softening behavior for the rock mass.

The calibrated properties using the observations and monitoring data from the north walls of the caverns
are listed in Table 1. The interface properties for F18 and F22 are summarized in Table 2.

Table 1. Rock Mass Properties

Cohesion Friction Tensile Dilation
. Constitutive E ucCs oSt angle strength Critical angle
Lithology v (residual) . . . .
model [GPa] [MPa] [MPa] (residual) (residual) strain (residual)
[l [MPa] [
Basalt Strain 0.06 0.03
strong softening 1125 025 137 27(0.1) 47 (47) ©0.06) [0.014] 5(5)
0.06 0.03
Basalt 2.7(0.1) 47 (47) ©0.06) [0.014] 56)
strong Subi 11.25 0.25 - UB: 0.45 UB: 31 UB" 0.0 UB: UB: 5 (5)
with UB (0.05) 31) ) 0.03 ;
: 0.014]
Basalt Strain 0.03 0.03
weak softening 7.1 0.25 9.0 2.05 (0.1) 41 (41) (0.03) [0.014] 5(5)
Mohr-
Faults Coulomb 1.8 0.25 0.3 0.1(0.1) 23 (23) 0(0) - 5(5)
Mohr-
Pyroclas. Coulomb 1.2 025 20 0.7 (0.7) 20 (20) 0 (0) - 5(5)
Basalt Mohr- 0.76
Classy Coulomb 097 025 23 ©0.76) 23 (23) 0 (0) - 5(5)
Table 2. Properties Used for F18 and F22 Faults
Contact Constitutive Kn Ks Cohesion Friction angle Tensile strength
model [GPa/m] [GPa/m] (residual) [MPa] (residual) [°] (residual) [MPa]
Fi8 Coulomb
and . 15.0 7.5 0.1 (0) 23 (23) 0(0)
F22 slip
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The strain-softening response is assumed only for the cohesive component of rock mass strengths. The
friction angle is assumed to remain constant irrespective of plastic deformation. This is an assumption
frequently used in modeling and seems logical from a mechanistic perspective. The damage and plastic
deformation create fractures, degrading the cohesive strength of the rock. At the same time, friction is
a property of surface contacts and their roughness, and it would not typically decrease with deformation.
The discussion of rock mass post-peak behavior and strength softening, including justification of the
non-softening frictional behavior, is provided in several publications, such as Kaiser (2019) and Lorig
et al. (2020). In any case, the assumption of non-softening friction does not mean that the model is non-
conservative, because the model (with constant friction angle, independent of the shear strain and plastic
deformation) is calibrated with actual field data and observations.

The calibrated model was able to match the following field observations:

o PH north wall extensometer data.

e Measured forces in the tendons and bar anchors in the north wall throughout the excavation of the
PH (this inherently also means matching the wall displacement magnitude).

o The overall deformation of the north wall of the TH.

These comparisons, performed as part of the calibration effort, are discussed in Section 3.
2.3. Ground Support

The typical ground support in the cross-section is shown in Fig. 5(a). The ground support (tendons and
bar anchors) designed for the north walls of the PH and TH, in addition to the shotcrete and rock bolts,
was installed in the model following the excavation and installation sequences of the caverns.

The additional ground support includes the following:

1. Seven initial tendons (or strand anchors) installed to stop the non-convergent movement that
was observed for the north wall after excavation of Bench II. The collar locations of the
tendons on the north wall, as represented in the model, are shown in Fig. 4. The tendons are
pre-tensioned.

2. Bar anchors that were installed before excavation of Bench III-1, most of which were
pretensioned and instrumented with load cells.

3. Additional ground support designed to provide the necessary stability of the north wall and
to prevent excessive loads in the previously installed tendons and bar anchors.
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Fig. 4. Collar location of the seven initial tendons in the north wall of the PH.
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Fig. 5(b) shows a layout of all the tendons and bar anchors in the north wall of the PH, sidewall, and
floor of the adit tunnel in the crown of the PH, installed in addition to the shotcrete and rock bolts at
various stages of excavation.

The analysis of the north walls of the PH and the TH includes tendons and bar anchors as the only
ground support. Other types of ground support, such as bolts and shotcrete, which do not significantly
affect global stability, are not explicitly represented in the model. This approximation is also
conservative.
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Fig. 5. (a) Typical ground support of PH and TH caverns. (b) Layout of the tendons and bar anchors in the north
wall of the PH, sidewall, and floor of adit PT1. (The cable element is used to represent both tendons and anchor bars
in the model. Colors indicate cable material number, and numbers indicate cable ID for instrumented cables).

In the current model, the tendons and bar anchors behave elastically at forces below their ultimate force
capacity, with a subsequent drop to their residual force capacity upon further straining. After softening
to residual force, the cables behave as perfectly plastic until reaching the ultimate deformation limit. In
the absence of any information regarding the post-failure softening rate for the cables, a brittle response
is conservatively considered for the transition from ultimate force capacity to residual force.

Based on the pull-out test in the field, the ultimate force capacity of the tendons was set as 1800 kN in
the models, similar to the axial force capacity of the bar anchors. The residual force capacity of the
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tendons and bar anchors is set to 750 kN. The allowable working force is 900 kN in the tendons and
800 kN in the bar anchors.

3. Model Calibration

Estimation of some rock mass properties (i.e., model input data), including dilation angle, residual
friction angle, and critical strain, with limited laboratory and field data and field observations is
challenging. Experience and engineering judgment are part of the model calibration procedure. It should
be noted that the solution to the calibration process is usually not unique. Multiple sets of properties
can potentially satisfy the calibration criteria.

3.1. Extensometer Data from the North Wall of the PH

The displacements measured by the three extensometers installed on the north wall of the PH are shown
in Fig. 6. The most important observation from these plots is that the north wall is equilibrated after
installation of seven tendons. The depths of the moving ground inferred from the extensometer data are
similar to what the model predicts for the same locations (see Fig. 7), which increases confidence in the
calibrated model. Note that the goal of the calibration effort was not to exactly match the displacements
in the model with those measured by the field extensometers but rather to capture the correct
displacement trend and depth of movement in the model.
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Fig. 6. Displacement data from the extensometers in the north wall of the PH.
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Fig. 7. Displacement data from the numerical model at approximate locations of extensometers in the north wall of
the PH after excavation of Bench IL
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The exact magnitude of displacements measured in the field can differ from those estimated by the
model for a multitude of reasons, such as:

o Inability to replicate the exact installation time of the extensometers in the model. The displacements
in the model were zeroed after excavation of Bench I; therefore, the displacements reported in Fig.
7 are the model response to excavation of Bench II.

e The extensometers are measuring the displacement of different sections along the hole relative to
their anchor points. In contrast, in the model, the absolute values of deformation at different depths
in the north wall are reported.

3.2. Load Cell Data

The calculated forces for all tendons and bar anchors in the north wall after complete excavation of the
PH are listed in Table 3 and compared to the measured forces at the site (for instrumented tendons and
bar anchors). In general, it is observed that the forces calculated by the numerical model are in good
agreement with the load cell data. The forces in five (137, 140, 142, 143, and 210) of the tendons and
bar anchors in the PH are predicted in the model to slightly exceed their allowable working limit in the
final stage of excavation.

Table 3. Comparison of Forces (t) Measured in the Field and Calculated by the Calibrated Model for Tendons and
Bar Anchors after Complete Excavation of the PH.

ID# Measured Simulated ID# Measured Simulated
137 83 103 197 21 16
138 28 75 199 31 31
140 75 92 202 36 39
142 58 89 206 30 14
143 62 84 207 21 18
167 21 54 208 39 34
175 19 36 209 34 53
177 28 30 210 78 91
185 24 20 211 31 56
188 26 18 212 24 50
190 24 17

4. Factor of Safety Analyses

Once the model was calibrated to the monitoring data and other field observations, it was used to
demonstrate that the north walls of the PH and TH have sufficient overall FoS with respect to a major
failure. For permanent excavations, the FoS should be equal to or greater than 1.5.

The FoS analysis was performed by applying the Strength Reduction Factor (SRF) method to both the
rock mass and the strength properties of the faults. It was found that reducing the friction angle of the
faults, Class V, and the pyroclastic layer below their nominal values as listed in Table 1 caused them
to yield under in-situ stress conditions (far from the excavation), which suggests that either the
estimated in-situ stress or the properties of those materials as represented in the model are too
conservative. It is most likely that the friction angles of 20-23° for those units are underestimated.
Therefore, in the FoS analysis, the SRF is not applied to the friction angle of the materials mentioned
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above because it is physically inconsistent that rock mass yields under in-situ equilibrium stress
conditions.

In the FoS calculations, the response of ground support, including tendons and bar anchors, is
represented by a realistic force-displacement curve, including the ultimate force and rupture strain or
pull-out displacement (when the support can be assumed to carry no load). During FoS calculations,
limiting the response of the ground support to a linearly elastic range would be too conservative because
that would result in application of FoS twice, i.e., to the response of the ground support and to the
overall response of the supported excavation.

A maximum axial displacement criterion of 0.4 m was used to eliminate the cables from the model
based on in-situ pull-out tests. The 0.4 m axial displacement threshold accounts for a minimum of 0.1 m
elastic deformation in the unbonded portion of the support at its ultimate force capacity and 0.3 m
plastic deformation combined in the unbonded steel and grouted portion of the cable (elastic
deformation in the grouted length of the cable is conservatively disregarded). This value is a
conservative approximation of the overall cable displacement limit before its load-bearing capacity is
drastically reduced based on full-scale pull-out tests performed on anchors ranging between 14 m to
29 m in length with 4 m bonded length (Liu et al., 2017). The bonded sections of the anchors studied
by Liu et al. (2017) sustained 0.3—0.4 m of movement, while in this study, and conservatively, the
elongation of the cables at their head/collar is limited to 0.4 m (which means smaller movements at
their bonded portions). A schematic representation of tendon/bar anchor behavior in the model is shown
in Fig. 8. (The representation was selected as a good approximation of the field data and as
recommended by Liu et al. (2017).) During the pull-out test, tendon #138 was pulled 10 cm at a constant
peak force of 1900 kN without rupture.

Ultimate force
capacity = 1800 kN

Force (kN)

Allowable working force for
tendons = 900 kN

Allowable working force for

bar anchors = 800 kN \ Residual force
iy capacity = 750 kN

i
E
! Axial displacement (m)
i >

Elastic elongation of Elongation tolerance

tendons/baranchors for25 ~ measured at the cable

m of unbonded cable = head=0.4m

0.13-0.15m

Fig. 8. A schematic representation of tendon/bar anchor behavior in the model.

For FoS analysis, a strength reduction factor (SRF) of 1.5 was applied to the model after complete
excavation of the PH and TH. The model reaches equilibrium without signs of instability or non-
convergent movement for the north walls of both caverns. The calculated axial forces for the support
elements are shown in Fig. 9. Only Tendon 141 (with its collar installed in the pyroclastic layer) reaches
1800 kN, the ultimate force capacity for the tendons, which results in reducing its load capacity to a
residual level of 750 kN. The results also indicate that the demand for a FoS of 1.5 in terms of axial
displacement of the tendons and bar anchors is well within their 0.4 m displacement tolerance (i.e., the
elongation tolerance measured at the head/collar).
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Fig. 9. Contours of axial forces (N) calculated for the support elements after complete excavation of the PH and TH
(SRF applied for FoS = 1.5).

5. Conclusion

The detailed model of deformation and stability of the north wall of the PH and TH was developed
because of observations of apparent non-convergent deformation in that wall after excavation of Bench
II. The seven tendons installed in the north wall of the PH have stabilized it before the excavation of
Bench III. The monitoring data indicate that the north wall of the PH remained stable after subsequent
excavations, including the final cavern geometry. The additional bar anchors installed on the north wall,
as well as the floor and sidewall of the adit tunnel, ensured the required FoS for the final configuration.
The calibrated model, in addition to deformation and stability of the excavated cavern, predicts the
loading (forces) in the ground support (tendons and bar anchors), which is explicitly represented as
installed during excavation. It was also used to evaluate the stability margin expressed by FoS for the
north walls of the caverns.

The analysis has shown that the FoS of the north walls of both the PH and TH after complete excavation
is greater than 1.5. The forces in five of the tendons and bar anchors in the PH are predicted in the
model to slightly exceed their allowable working limit in the final stage of excavation, which is not a
concern because the current force measurements for all tendons and bar anchors are within the
allowable working limits.

Only one tendon in the PH is predicted to exceed the ultimate force capacity during the FoS calculation.
The model reaches equilibrium, and the tendon elongation remains smaller than the pullout tolerance
after the force in that tendon is decreased to the residual value.

The conclusions are based on the numerical results. Although a significant effort has been made to
calibrate the model to the available field observations, there will always be uncertainties associated
with numerical predictions. Monitoring the field response, such as displacements of critical points, and
the performance of the installed support, including forces or stresses in the tendons and bar anchors,
throughout the operation of the cavern was recommended to ensure that stability conditions do not
change.
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Abstract: In the scope of Phase I of Line 1 of the Belgrade Metro project, a large laboratory and in-situ testing
database of the soils and rock masses of Belgrade was used for determining the parameters of the hardening soil
model with small strain stiffness (HSS). Due to the complexity of parameter determination of the HSS model based
on conventional laboratory testing results, an optimization approach coupling finite element analyses and genetic
algorithms was taken in the parameter determination process with the goal of defining a framework for full, reliable,
and unified implementation of the HSS model in all necessary numerical analyses. For the selected geotechnical soil
layer, each of the available laboratory tests (direct shear test and CD triaxial test) and in-situ tests (pressuremeter)
were numerically simulated and the HSS parameters were calibrated so that each individual simulated test, consisting
of multiple test specimens, could achieve its respective experimental recordings as best as possible by minimizing
the value of the applied criterion function. The resulting parameters from the calibration process, alongside the
analytically derived parameters for laboratory results, were compared and analyzed, and it is realized that while
analytically derived parameters provide a reasonable first estimate, numerical calibration is essential for accurately
capturing soil stiffness behavior and stress dependency and therefore creating reliable design solutions based on
realistic soil properties.

Keywords: hardening soil model; optimization; genetic algorithms; direct shear; triaxial; pressuremeter

1. Introduction
1.1. Context and focus of the research

Within the upcoming infrastructural development of the City of Belgrade, a large number of
underground construction projects of varying purposes have been planned. Among these, in terms of
scale, complexity, importance, and current relevance, the most prominent are the Tunnel Connection
Project from Karadordeva Street to the Danube Slope and Phase I of Line 1 of the Belgrade Metro
project. In the near future, additional underground infrastructure projects are also planned, such as the
Interceptor Project, the Topcider Tunnel, and others.

The planned tunnel projects traverse geologically complex environments along their alignments,
characterized by varying lithological compositions, mechanical properties, the presence of
groundwater, and other influencing factors. For the purpose of defining the geotechnical properties of
the soils and rock masses in which the subject infrastructure will be constructed and considering the
high degree of urbanization of the project area, extensive geological investigations have already been
carried out, with additional investigations planned for the forthcoming period. Accordingly, there arises
a need to systematize the large volume of results from experimental geotechnical tests and to enable
their application in the development of reliable and robust technical solutions.

* Corresponding author: jovan.saponjic@jcerni.rs (J. Saponji¢).
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The specific requirements of designing and constructing underground facilities — which are in complex
interaction with both the surrounding ground and the groundwater regime — necessitate the use of
numerical models based on the finite element method (FEM). In the development of such models, a
key role is played by the selected constitutive material model used to describe the behavior of the
geological medium in which construction is carried out. Consequently, the reliability of determining
the parameters of the chosen material model is of critical importance for adequately simulating
construction conditions and thereby ensuring the validity of reached conclusions and proposed designs.

Ever since the formulation of the Hardening Soil (HS) material model (Schanz et al., 1999) and its
modification to take into consideration the small-strain stiffness of soils (Benz, 2007), the Hardening
Soil with Small-Strain stiffness (HSS) material model has been widely used for numerical modelling
and design of geotechnical structures. The approach to parameter calibration of the HSS model based
on laboratory and/or in-situ test results has been covered by only a few authors. Surarak et al. (2012)
calibrated the stiffness and strength parameters of the HSS model of Bangkok clays based on oedometer
tests and standard undrained and drained triaxial tests (without an unload-reload loop) while
Govindasamy et al. (2019) used discrete FEM models of standard triaxial and pressuremeter tests to
calibrate some of the HSS parameters of the Kenny Hill formation by applying regression analysis.
Tazakka and Tirta (2024) used a direct field curve fitting method to develop a correlation between SPT
tests and stiffness parameters of the HS model, while analytically deriving the strength parameters from
triaxial tests. The implementation of genetic algorithms was used by Mendez et al. (2021) for calibrating
a hypoplastic sand model based on oedometer and drained triaxial tests, and related work was also done
by Mahacek et al. (2022) that implemented Differential Evolution and Particle Swarm Optimization
methods.

The planned underground infrastructure development in Belgrade emphasizes the need for dependable
numerical analyses supported by accurate constitutive modeling. Although the HSS model is widely
applied in geotechnical engineering, existing studies on its parameter calibration during the design
phase of a project are relatively limited and often focused on singular test specimens or simplified
procedures. Advanced optimization techniques show encouraging potential opportunities, however,
comprehensive approaches that integrate multiple laboratory and in-situ tests remain insufficiently
explored, indicating opportunities for further development in this area.

1.2. Overview of the Hardening Soil with Small-Strain Stiffness material model

In contrast to ideally elastoplastic models, the Hardening Soil (HS) model accounts for the increase in
shear strength (hardening) under dominant deviatoric stresses, as well as the increase in compressive
strength under uniaxial and isotropic stress states during plastic behavior of the material. The main
characteristics of the HS constitutive model are:

o The failure surface corresponds to the Mohr—Coulomb failure criterion (parameters c, @, y);

e Plastic deformations develop due to primary compression (parameter Eoed™") and primary deviatoric
loading (parameter Eso™f);

e An increase in stiffness occurs during elastic unloading and reloading (parameter Eu"f).

Beyond the advantages provided by the HS constitutive model, the Hardening Soil with Small-Strain
Stiffness (HSS) model introduces a nonlinear variation of stiffness at very small strains. Consequently,
this model provides an improved description of characteristic shear deformations in the vicinity of
geotechnical structures, as well as a more accurate representation of deformations in laboratory tests.

In addition to the parameters required for defining the HS model, the HSS model requires two additional
parameters that describe small-strain behavior: the initial small-strain shear modulus Go'' and the shear
strain threshold yo.7. Below, all parameters necessary for defining the HSS model are presented, under
the assumption that the tensile strength of the soil is o= 0, that no increase in soil cohesion with depth
is considered (cinc = 0), and that parameters are defined for the reference stress prer = 100 kPa.
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Table 1. Relevant parameters for defining the HSS model.

Parameter Description Parameter Description

Exponent governing stress dependency

¢ (kN/m?) Soil cohesion m (-) of stiffness

Poisson’s ratio corresponding to the

Undrained shear strength (relevant unloading-reloading branch of the

Su (KN/im) only for undrained tests) Var () stress—strain curve
(default v,, = 0.2)
Coefficient of earth pressure at rest
o (°) Angle of internal friction Ko™ (-) (for normally consolidated soils,
default Ko™ =1 -sin @)
v (°) Dilatancy angle Re(-) Failure ratio q¢/q, (default Ry=0.9)
Eood™ (KN/m?) Tangent stiffness for primary Goref Initial shear modulus at very small
oc oedometer loading (kN/m?) strains (£<10)
Secant stiffness corresponding to a
o™ (kKN/m?) deviatoric stress equal to 50% of ) Shear strain threshold at which shear
30 the failure deviatoric stress in a Yo stiffness is redefined as G&= 0.722 Go*f

drained triaxial compression test

E.f (kN/m?) Unloading/reloading stiffness

2. Methodology
2.1. General approach to parameter determination

For practical design purposes, the tunnel alignment must be subdivided into a number of geotechnical
macro-zones, each characterized by the general behavior of the soil, the physical and mechanical
properties of the soil and rock layers, hydrogeological conditions, the thickness of the overburden
relative to the structure, and the potential occurrence of faults or other geotechnical hazards. Individual
underground structures along the tunnel alignment should then be classified within the corresponding
macro-zones according to their location. Subsequently, all relevant stress-strain analyses must be
performed for each of the defined macro-zones in order to establish safe and robust engineering
solutions for the tunnel and associated underground structures.

Within each geotechnical macro-zone, it is necessary to determine a consistent set of design parameters
for every geotechnical layer present in that zone. The parameters thus established are then applied in
all required stress-strain analyses of the structures (or structural segments) located within the given
macro-zone. The procedure for defining these parameters is illustrated schematically in the following
figure and is described in detail in the subsequent text.

For the considered macro-zone, the number of characteristic geotechnical layers is first established. For
each geotechnical layer within the macro-zone, the available soil samples belonging to that layer are
identified, i.e., the laboratory and field tests that best describe the behavior of each geotechnical layer
are determined.

Since the tests are performed on individual test specimens (TS), these specimens are grouped according
to the type of test conducted. For each test type within a given geotechnical layer, a test specific
calibration procedure is performed. This results in determining a single — unified set of parameters of
the HSS model for which the numerical simulation of the entire test (encompassing simultaneously all
the test specimens that make up the test) provides the best overall correlation with the corresponding
laboratory results.
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Fig. 1. Workflow for parameter calibration of a specific geotechnical layer in a defined macro-zone.

The correlation between the numerical simulation and the laboratory records is evaluated on the basis
of the criterion function defined in Section 2.5, by optimizing it to its minimum value. The parameter
sets obtained from the test specific calibration of each test type are then compared with each other and

with the analytically derived parameters from the laboratory records.

2.2. Assessed laboratory and in-situ tests

For the purposes of the analysis presented in this study, the macro-zone in the vicinity of the Bele Vode
metro station is considered, located on the margin of the Makis Field area between chainages km 4+070
and km 44250 of Phase I of Line 1 of the Belgrade Metro project. This macro-zone is of particular
significance as it represents the launching zone for the TBM excavation of the tunnel section extending

from the Bele Vode station to the Sajam station, with a total excavation length of 5760 m.

Fig. 2. Analyzed macrozone in the vicinity of metro station Bele Vode with indicated position of boreholes (BVZK

and BK).
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Within the considered macro-zone, the geotechnical layer of overlapping Neogene limestone—marl
sediments, denoted as M3KL, is analyzed. This layer consists of silty to clayey marlstones/limestones
with a heterogeneous carbonate content and exhibits layered textures with irregular thicknesses. This
geotechnical layer is of particular importance as its depth extends through the zone of the tunnel,
exerting the greatest influence on the stress-strain behavior of the tunnel lining, as well as on the stress-
strain response of the diaphragm walls of the Bele Vode metro station during TBM breakthrough.

The following laboratory and in-situ tests are available, which can be reliably attributed to the same
analyzed geotechnical layer within the considered macro-zone:

e Drained direct shear test
— Borehole BVZK-05, sample depth 28.10-28.40 m; Specimen TS 1 (oc = 100 kPa)
— Borehole BVZK-05, sample depth 28.10-28.40 m; Specimen TS 2 (oc = 200 kPa)
— Borehole BVZK-05, sample depth 28.10-28.40 m; Specimen TS 3 (oc = 400 kPa)
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Fig. 3. Test results of the drained direct shear test on test specimens from borehole BVZK-05 (28.10 — 28.40 m).

e Consolidated drained (CD) triaxial compression test
— Borehole BK-02, sample depth 29.10 — 29.45 m; Specimen TS 1 (cc = 100 kPa)
— Borehole BK-02, sample depth 29.10 — 29.45 m; Specimen TS 2 (cc = 200 kPa)
— Borehole BK-02, sample depth 29.10 — 29.45 m; Specimen TS 3 (cc = 400 kPa)
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Fig. 4. Test results of the CD triaxial test on test specimens from borehole BK-02 (29.10 — 29.45 m).

e Pressuremeter test
— Borehole BK-02, sample depth 29.12 — 29.58 m
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Fig. 5. Test results of the pressuremeter test conducted on test specimen from borehole BK-02 (29.12 —29.58 m).

It should be noted that the analyzed triaxial compression tests and the pressuremeter test were conducted
to include a cycle of unloading and reloading up to failure, and as such, do not represent the “standard”
testing procedures for these tests. These tests were intentionally performed in this manner to increase
their practical value for defining the parameters of the HSS model, particularly with regard to the
unloading-reloading stiffness, which is characterized by the parameter Eu ™’

2.3. Analytical determination of HSS parameters

Certain parameters of the HSS model can be determined analytically from the available laboratory and
in-situ tests, while others cannot be determined analytically but can be somewhat reliably estimated for
preliminary assessments and the development of basic engineering solutions according to the literature
and recommendations of numerical software (e.g., Plaxis). Among these parameters are, for example,
the Poisson’s ratio, which for elastic states can be assumed as vur = 0.2, the coefficient of earth pressure
at rest for normally consolidated soils Ko™ = 1-sin¢, the failure ratio Rr= 0.9 and others.

For the purposes of this study, the calibrated parameter sets are compared with each other and with
analytically derived parameters based on laboratory test results. The analytical determination of
parameters from laboratory records follows standard practice, with only certain parameters being
reliably derived from specific laboratory and in-situ tests.

From the drained direct shear test, the parameters ¢, @, Eso™f and m can be somewhat reliably
determined analytically. From the CD triaxial test, conducted with an unloading—reloading cycle, the
parameters ¢, @, Eso™f, Eu"f, m, Ry, and Go™ can be determined analytically with relative reliability.
From the pressuremeter test, no parameter can be analytically determined, but the pressuremeter
modulus and unload-reload modulus can be used for an approximate estimation of the material stiffness
parameters.

2.4. Finite element numerical simulations

All numerical simulations of the laboratory tests will be conducted using Plaxis’ SoilTest tool. This
tool functions as a virtual laboratory, allowing numerical simulation of laboratory tests on single test
specimens without the need to create a complete finite element model.

Within the SoilTest tool, the predefined module for the drained direct shear test is used. In this module,
the HSS model parameters are calibrated to achieve the best possible correlation between the yxy — Txy

234



Southeastern Europe Tunnelling Conference (SETC-2025)

curve (shear strain — shear stress) from the numerical simulation and the corresponding curve obtained
from laboratory records.

Due to the specific nature of the CD triaxial compression test, which includes an unloading-reloading
cycle, the predefined module for this laboratory test cannot be used for numerical simulation. Instead,
the test is simulated using the General module. In this case, the curve analyzed to assess the quality of
HSS parameter calibration is the €1 — q curve (axial strain — deviatoric stress).

Unlike laboratory tests, the in-situ pressuremeter test cannot be numerically simulated using Plaxis’
SoilTest tool. For this test, a two-dimensional axisymmetric finite element model must be developed,
taking into account all specific conditions of the given test — depth, geotechnical layers, groundwater
level, drainage etc. In this approach, the model domain is approximated as a single material layer
corresponding to the material in which the test was performed, while the overlying layers above the test
location are approximated by adjusting the intensity of the vertical load applied to the top of the model.
Both drained and undrained conditions are analyzed. The model simulates all phases of the test in
sequence: initial phase, excavation and lining of the investigative borehole, borehole excavation for the
pressuremeter, and staged application of pressure steps (test execution).

The curve analyzed for the pressuremeter test in the assessment of parameter calibration quality is the
p — V curve (pressure — volume), taking into account the membrane stiffness compensation, probe
deformability, and water column between the probe and the instrument pump. Additionally, since a
certain amount of pressure must be applied to the probe before it achieves contact with the borehole
walls, the calibration of parameters is performed only for the portion of the p — V curve from the step
of the test when the probe membrane achieves full contact with the borehole wall to the final step of
the test.

2.5. Quality assessment of the calibrated parameter set — application of genetic algorithms

The soil material model parameters were estimated using the JARE optimization service (Ivanovic et
al., 2015), which applies a Genetic Algorithm (GA) to fit simulation results to experimental curves. The
optimization process relied on evolutionary operators to explore the parameter space efficiently, while
the Fréchet distance method (Alt and Godau, 1995) was employed as the goal function to evaluate the
similarity between simulated and experimental responses. By minimizing this metric, the service
successfully identified parameter sets that ensured close agreement between the model predictions and
the experimental data.

The criterion for overall quality assessment is defined as a function of the difference (error) between
the numerical and experimental results for all tests incorporated in the calibration process, with the
objective of minimizing the value of this criterion function. In general form, taking into consideration
all possible test types, the criterion function is defined as follows:

Noea Nasa Nasu Ncp Ncy
K= (Z Woed,i + Z Wasa,i + Z Wasu,i + Z Wep,i + Z Weu,i
i=1 i=1 i=1 i=1 i=1
Nyuy Npres -1
+ Z Wyu,i + Z Wpres,i)
i=1 i=1

Noed Ndsa Nasu 1
. (Z Woed,iKoea,i + Z ) Wasa,iKasa,i + Z ) Wasu,iKasu,i M
= =

i=1
Ncp Ncu Nyuy

+ E ~ WepiKepi + E - WeyiKeyi + E - Wyy,iKyy,;
i=1 =1 i=1

Npres
+ Z Wpres,iKpres,i)
i=1

In the above formula, the suffixes of the notations used refer to the type of laboratory or in-situ tests,
as specified in the following table.
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Table 2. Criterion function suffix definitions.

Notation Test type Notation Test type
oed Oedometer test CD Consolidated drained triaxial
test
dsd Drained direct shear test CU Consolidated undrained
triaxial test
dsu Undrained direct shear test uu Unconsolidated undrained

triaxial test
pres Pressuremeter test

The notations in the criterion function refer to:

e K — partial criterion function for a specific test type,

e N — number of tests of a specific test type,

o w — weighting factor representing the reliability of the results of tests of a specific test type (for the
purposes of this study, w = 1 for all test types)

3. Results and discussion

3.1. Drained direct shear test

For the drained direct shear test, based on a previously conducted sensitivity analyses it was determined
that the parameters of greatest significance on the resulting numerical simulation curve are the cohesion
¢, internal friction angle @, and secant stiffness Eso™'. A relatively good correlation between curves of
the laboratory recordings and numerical simulations of all consolidation pressure levels is achieved for
the calibrated parameter set (as can be seen in Fig. 6). This is indicated by the low criterion function
value of K = 0.041, and by visual verification of the resulting curves. The resulting calibrated
parameters are given in Table 4, alongside the values of parameters that can be analytically derived
from this type of test.
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Fig. 6. Comparison of test curves (blue), numerical simulations with calibrated parameter values (green) and
numerical simulations with analytical + default parameter values (yellow) for the drained direct shear test.

236



Southeastern Europe Tunnelling Conference (SETC-2025)

For comparison, a numerical simulation was also run with a parameter set consisting of the analytically
derived parameters, and the default or recommended values of the remaining parameters according to
the literature and software recommendations (yellow curves in Fig. 6). This simulation resulted in a
lower level of correlation with the laboratory results, indicated by a higher criterion value K = 0.074,
but with an increasing discrepancy with increasing consolidation stresses.

The small-strain behavior is well captured with the calibrated numerical simulations, and the peak
values of the effective strength parameters — soil cohesion ¢ and angle of internal friction ¢ is in good
accordance with the analytically derived values from the laboratory results. The secant stiffness
parameter Eso™ and exponent m are slightly underestimated via analytical derivation although it should
be kept in mind that these parameters are primarily determined based on drained triaxial compression
tests, and their analytical derivation based on direct shear tests is for preliminary estimation purposes
only.

Table 3. Comparison of calibrated parameters and analytically derived parameters for the drained direct shear test.

Parameter Analytical derivation (K=0.074) Test specific calibration
(K =0.041)

¢ (kN/m?)* 28.0 23.1

o (°)* 27.3 27.0

v () - 9.89
Eoed™ (KN/m?) - 16521
Eso™f (kN/m?)* 3223 6666

m (-) 0.405 0.576
Vur () - 0.358
Ko™ (-) 0.542 0.544
R: () - 0.803

G (kN/m?) - 54040
Yo1 () - 0.0008

* Parameters with greatest influence on resulting numerical curve
3.2. Consolidated drained triaxial test

According to previously conducted sensitivity analyses it was determined that for CD triaxial tests
conducted with this testing procedure the parameters of cohesion c, internal friction angle ¢, secant
stiffness Eso™", unload-reload stiffness Eu"' and failure ratio Ry are of the greatest significance on the
resulting numerical simulation curve. For the CD triaxial test, the resulting criterion function value K
= 0.050 is obtained for the calibrated parameter set (Table 5) — indicating a relatively good correlation
between curves of the laboratory recordings and numerical simulations, although with a visible greater
discrepancy for the higher consolidation stresses (Fig. 7). In order to attain a relevant K value, it should
be noted that the criterion function was calculated only up to the final point of the numerical simulation
or laboratory test (whichever came first), which is justified since the failure deviatoric stress was
reached in each simulation.

A numerical simulation was also run with a parameter set consisting of the analytically derived
parameters, and the default or recommended values of the remaining parameters according to the
literature and software recommendations (yellow curves in Fig. 7). This simulation resulted in a
comparable level of correlation with the laboratory results, indicated by the criterion value K = 0.124,
with the majority of the “error” originating from the lowest consolidation stress, i.e. test specimen TS1.
The similarity between the analytically derived parameters and calibrated parameters is to be somewhat
expected considering that the HSS material models parameter derivation is based on this type of triaxial
test specifically. Samples with even more test specimens could show an even greater similarity between
these parameter sets.

Like in the case of the direct shear test, the peak values of the effective strength parameters are in good
accordance with the analytically derived values from the laboratory results while the stiffness
parameters are slightly less correlated, especially the initial shear modulus Go™. The differences
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between the calibrated parameter sets of the direct shear test and the CD triaxial test, especially the
cohesion ¢ and initial shear modulus Go™', indicate that the analyzed geotechnical layer exhibits a
certain level of heterogeneity depending on the relation of marl and limestone in the engineering-
geological complex.
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Fig. 7. Comparison of test curves (blue), numerical simulations with calibrated parameter values (green) and
numerical simulations with analytical + default parameter values (yellow) for the CD triaxial test.

Table 4. Comparison of calibrated parameters and analytically derived parameters for CD triaxial tests.

Parameter Analytical derivation (K=0.124) Test specific calibration
(K =0.050)
¢ (kN/m?)* 72.0 80.2
¢ (°)* 229 23.0
v () - 9.43
Eoed™ (KN/m?) - 28945
Eso™f (kN/m?)* 12307 11618
B (kN/m?)* 66716 121869
m(-) 0.813 0.968
Vur () - 0.222
Ko™ (-) 0.611 0.477
Re(-)* 0.865 0.987
Go™f (kN/m?) 8788 122733
Yo () - 0.00001

* Parameters with greatest influence on resulting numerical curve

238



Southeastern Europe Tunnelling Conference (SETC-2025)

3.3. Pressuremeter test

Due to the fact that the pressuremeter test represents an in-situ test, the specificities of each testing
procedure and the conditions it is executed in have a great influence on the setup of the numerical model
with which it is simulated, and in turn, a great influence on the resulting test curves. One of the major
effects to consider when calibrating HSS parameters based on the pressuremeter test is the drainage
conditions. Depending on the soil medium in which the test is executed, specifically its permeability,
but also depending on the time component of the testing procedure, a case-by-case assessment is to be
made if the test subjected to numerical simulation is conducted under drained or undrained conditions.

A calibration procedure was carried out on the analyzed pressuremeter test with two approaches — as a
drained analysis and as an undrained analysis. The undrained analysis corresponds to the Plaxis’
“Undrained B” analysis in which the stiffness parameters are defined with their effective values, and
the strength is defined as the undrained shear strength. The corresponding resulting curves are shown
in Fig. 8, and the values of the calibrated parameter set for both conditions are summarized in Table 6.
As can be seen based on the values of the criterion function K, a fairly similar estimate is obtained
for the two numerically simulated curves. However, the resulting parameters are quite diverse.

The drained analysis results in a calibrated parameter set consisting of significantly larger values of the
internal friction angle ¢ and the stiffness parameters Eso™, Eoed® and Euw'® in comparison with the
values obtained in the calibration process of the CD triaxial test sample from the same borehole and
sample depth (Table 5). The undrained analysis results in a numerical curve with a slightly lower
criterion function value K, but with significantly lower stiffness parameters Eso™ and Eoea™!. These
attained parameters better correspond to the analytically derived pressuremeter moduli, but it should be
kept in mind that the pressuremeter moduli do not represent the actual HSS material model parameters
and their physical meaning.
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Fig. 8. Comparison of test curve and numerical simulation of pressuremeter tests with calibrated parameter values.
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Table 5. Comparison of calibrated parameters and analytically derived parameters for the pressuremeter test.

Analytical derivation Test specific calibration Test specific calibration
Parameter Drained analysis Undrained analysis
(K=10.067) (K =10.063)

¢ (kN/m?) - 76.6 /

¢ (°) - 43.6 /

vy (°) - 6.1 /

su (KN/m?) - / 2616

Eoed™ (KN/m?) 183667* 334775 100622

Eso™! (kN/m?) 291386 85424

B (kN/m?) 774951%* 1098971 700560

m(-) - 0.635 0.401

Vur () - 0.190 0.327

Ko™ (-) - 0.383 0.435

Re(-) - 0.892 0.760

Go™" (kN/m?) - 671723 564532

Yo1 () - 0.00032 0.00067

* Values refer to the pressuremeter moduli, not the specific HSS parameter

4. Conclusions

The conducted calibration of the HSS material model parameters based on drained direct shear,
consolidated drained triaxial, and pressuremeter tests has shown that reliable parameter identification
requires an approach encompassing a combination of multiple laboratory and in-situ tests. Besides that,
careful consideration of the numerical modeling procedure including boundary conditions and drainage
assumptions is instrumental in achieving realistic simulations that adequately capture soil behavior
under varying stress conditions.

For both the direct shear and triaxial tests, the peak strength parameters — cohesion ¢ and internal friction
angle @ — were consistently well reproduced by the calibrated numerical simulations showing good
agreement with the analytically derived values from laboratory results. The stiffness-related parameters
(Eso™f, Euf, m, Go™f) were less consistently matched, with some discrepancy between analytically
derived and calibrated values. Besides underlining the importance of correct grouping of soil samples
according to their originating soil layer, this highlights the inherent limitation of deriving stiffness
parameters solely from singular laboratory test specimens.

The pressuremeter calibration further emphasized the complexity of parameter derivation, especially
regarding drainage conditions. Both drained and undrained analyses yielded similarly acceptable levels
of correlation with the experimental curve, but the resulting calibrated parameter sets were markedly
different. The drained calibration led to unrealistically high stiffness and strength values compared to
triaxial test results on specimens of the same borehole and depth, while the undrained calibration
produced lower stiffness moduli more consistent with derived values from pressuremeter results —
though these do not directly correspond to HSS input parameters. In general, this calls attention to the
careful consideration of the drainage conditions of each specific pressuremeter test sample when
calibrating parameter values for further design.

The discrepancies of calibration results observed between test types also suggest a degree of material
heterogeneity in the analyzed geotechnical layer. This necessitates future research which should focus
on calibration strategies that encompass even more specimens and different test types simultaneously.

Overall, the research demonstrates that while analytically derived parameters provide a useful starting
point for preliminary design, calibration against numerical simulations is essential for capturing the
realistic stress-dependent stiffness behavior of soils and weak rocks, especially for use cases like urban
tunnel design where soil deformations play a critical role in the development of technical design
solutions. Together with the successful application of genetic algorithms, this research demonstrates
the potential of optimization-based calibration methods to enhance the reliability and efficiency of
geotechnical numerical modeling.
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Abstract: Empirical methods for characterizing rock exposures, drill core, and tunnels under construction, such as
RMR and Q, have developed from 50+ years of experience and case records. Both methods continue to be routinely
used for the selection of ground support for tunnels, caverns and in underground mines around the world. Through
progressive improvements in computing capability and availability of software over the last two decades, numerical
modelling techniques such as finite element analysis have increased in popularity in recent years. Initially, numerical
methods were applied by experts with significant experience in computing, geomechanics, and the design and
construction of underground excavation; however, in recent years with generational change, a higher demand for
numerical modelling and reducing number of geotechnical experts, numerical modelling in many cases is being
more frequently undertaken by engineers with very limited field and operational experience. When used thoughtfully
and appropriately in terms of representing engineering geological and geotechnical conditions, numerical models
are powerful tools for predicting ground behaviour and the effectiveness of support measures. However, when
applied thoughtlessly or misused, numerical model outputs often present incorrect and inappropriate results with
‘perceived confidence’ to project managers and directors. This paper uses case studies to demonstrate appropriate
and inappropriate numerical methods for different rock masses using continuum, discontinuum and hybrid
approaches to assist engineers to improve the reliability and usefulness of their models.

Keywords: underground excavations; numerical methods; continuum; discontinuum; hybrid

1. Introduction

Fifty years ago and beyond, rules-of-thumb and empirical methods formed the basis of underground
excavation and ground support design.

Empirically-derived rock mass classification systems such as Rock Mass Rating, RMR (Bieniawski,
1973; 1989) and the Q-system (Barton et al. 1974; 2024), were developed to assess rock mass quality
from drill core and face mapping for predicting or updating support requirements for underground
excavations.

Erharter et al (2024) undertook a global study on the use of 37 rock mass classification systems and
identified that the most used systems for tunnels, caverns and underground mines were the Q-system,
RMR and Geological Strength Index, GSI (Hoek and Brown, 1997; Marinos, 2019).

GSlI is a key component of the Hoek-Brown Failure Criterion (Hoek and Brown, 1980; 2019), which is
used for estimating rock mass strength and stiffness characterization in various numerical models. The
Hoek-Brown failure criterion for intact rock is based on a strong set of empirical data. GSI offers an
intuitive classification of rock mass quality that uses nomographs and can also be derived from RMR
and Q. Limitations of GSI and the Hoek-Brown Failure Criterion include, but are not limited to:

e The Hoek-Brown failure criterion requires that the rock mass behave isotropically and that failure
does not follow a preferred direction imposed by the orientation of a specific discontinuity or a

*Corresponding author: neil@geckogeotech.com (N. Bar).
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combination of two or three discontinuities. In these cases, the use of GSI is meaningless as the
failure is governed by the shear strength of these discontinuities and not of the rock mass (Marinos
et al. 2005).

e The GSI system should not be applied to those rock masses in which there is a clearly defined
dominant structural orientation (Marinos et al. 2005).

e It is inappropriate to assign GSI values to excavated faces in strong hard rock with a few
discontinuities spaced at distances of similar magnitude to the dimensions of the tunnel (Marinos et
al. 2005).

o The GSI system assumes that, because the rock mass is made up of a sufficiently large number of
joint sets and randomly oriented discontinuities, it can be treated as a homogeneous and isotropic
mass of interlocking blocks (Hoek and Brown, 2019).

Numerical simulations or models can be used to overcome limitations of kinematic and limit
equilibrium analyses. Numerical simulations can be completed in 2D or 3D and have the capability to
calculate stresses, deformation (strain) and pore pressure using a variety of constitutive relationships.
In many cases, linear-elastic analysis is adequate; however, non-linear constitutive relationships should
be applied if the focus of the analysis is deformation, not stress distribution (Duncan, 1996).

As conceptualized in Figure 1, numerical models can divide the rock mass into finite or discrete
elements. Each element is assigned an idealized stress-strain relation and properties that describe how
each material behaves. These elements are connected in a continuum model (e.g. boundary element,
BEM; finite element or finite difference elements, FDM/FLAC), separated by discontinuities in a
discontinuum model (discrete elements or discrete fracture networks), or hybrid models (e.g. combined
finite-discrete elements, DEM/UDEC). Jing (2003) and Stead and Coggan (2012) provide detailed
descriptions of continuum and discontinuum methods and Mahabadi et al. (2012) discusses a type of
hybrid finite-discrete element (FDEM) approach.

Pseudo-continuum Discontinuum Continuum
using continuum y:J > approach L~—J—1 > approach
approach
AL :
7 2 .L\ )

T T

Q=01 Q=100
T T
FEMFLAC i UDEC/3DEC s FEM/BEM l

Fig. 1. Conceptual Rock Masses separated by broadly appropriate modelling techniques, approximately 90% of
which are likely to require discontinuum treatment (Barton, 2025).

Continuum models assume materials behave isotropically as a continuous body. Large discontinuities
such as faults are explicitly modelled as interfaces; however, persistent joints, bedding or foliation and
other smaller scale discontinuities are implicitly modelled by user defined ubiquitous joint models or
directional shear strengths. In continuum models, no actual failure surface is formed; however, an
estimation of slip surface location and shape can be inferred from the concentration of shear strains (or
sometimes, stresses) in the model. Deformation (strain) in a continuum model is represented as a
continuous displacement field, which may not be realistic for large slope deformations (Sjoberg, 1999).

Discontinuum models represent the rock mass as an assemblage of discrete blocks, and discontinuities
are treated as boundary conditions between blocks (Gigli et al. 2012). The discrete blocks can be rigid
or deformable. A termination criterion is required to stipulate whether a discontinuity terminates in the
rock mass or against other discontinuities and is fundamental for providing the rock mass with strength
derived from intact rock bridges. However, it is practically impossible to represent every discontinuity
within a rock mass, so simplifications are required. Holistically, in a practical problem, site
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investigations and geological uncertainty are a key limitation in precisely representing the geometry
and geomechanical characteristics of individual intact rock blocks and discontinuities.

Irrespective of the modelling method applied, several simplifications are necessary (Sjoberg, 1999) and
include but are not limited to the mechanics of the predicted failure mechanism, slope geometry, loads
acting on the slope, geology and complexity of geological structure. Model calibration is required to
ensure that numerical simulations, including many or all of the aforementioned simplifications, produce
results that represent actual ground behaviour.

Numerical models in 3D require significantly more computational time and computing power compared
to 2D. In this paper, only 2D numerical models are examined. It should be noted from the outset that
simplifying to two-dimensional cross-sections inherently creates significant limitations, particularly
when anisotropic or faulted rock masses are under consideration.

2. Predicting the Behaviour of Underground Excavations

As part of an underground excavation design procedure (Figure 2), three key steps are usually followed
(Schubert et al., 2003):
1. Determining rock mass types (i.e. assessing engineering geological conditions and
geotechnically relevant key parameters for each ground type).
2. Determining actual rock mass behaviour types (i.e. observing excavations for signs of
excessive stress, deformation patterns and failure mechanisms).
3. Determining excavation and ground support criteria and verifying system behaviour.

Rock Mass Type - RMT Behavior Type - BT System Behavior - SB

Relevant parameters RMT Factors of influence BT RQ E&S SB

spiles, girder,
rock bolt

13m,

length | Round length

Cataclastic zones <30 cm
No weathering
<30m
No water
Foliation paralle! to tunnel axis

Spacing of foliation 2-20 cm
Clay coated follation planes
Block size 6-20 cm
Partially open joints

Slickensides 1-3 m

UCS 20-50 MPa

i

Fig. 2. Example of the underground excavation design procedure (Schubert et al. 2003).

Pyllite

When determining behaviour types for each rock mass, consideration must be given to local influencing
factors including the relative orientation of discontinuities to the excavation, groundwater conditions,
stress situation, etc.

The behaviour of underground excavations should be evaluated for the full excavation without
considering any excavation method or sequence and support or other auxiliary stabilization measures.
Table 1 summarizes eleven general categories that most-commonly occur. Such can be conceptualized
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using sketches as shown in Figure 2, and later evaluated using numerical methods, which can then form
the basis for determining excavation requirements and ground support systems.

Table 1. General Underground Excavation Behaviours and Potential Failure Mechanisms
(after Schubert et al. 2003; Oke et al. 2013).

Description of Potential Failure Mechanisms during

Behaviour Types (BT) Excavation of the Unsupported Ground

Stable ground with the potential of small, local, gravity-induced falling
Stable 1 L
or sliding of blocks.
. L _+  Voluminous discontinuity-controlled, gravity-induced fall and sliding of
Discontinuity- 7\ . . . .
controlled block 2 i\ b!ocks (or wedge falllgres') with the occasional local shear failure on
fall wg discontinuities. Stability is controlled by the geometrical and

mechanical characteristics of the discontinuities.

Shallow stress-induced failure in combination with discontinuity- and

Shallow failure 3 gravity-controlled failure.

Voluminous stress 4 ’,\r \\ Stress-induced failure involving large ground volumes and large
induced failure ! deformation (i.e. squeezing ground).

Sudden and violent failure of the rock mass, caused by highly stressed,
brittle rocks, and the sudden release of accumulated strain energy.
Brittle failure and rock bursting typically occurs at depth.

==

Rock burst 5 Br

Buckling and anisotropic strain of rocks with a narrowly-spaced

Buckling 6 discontinuity set, frequently associated with shear failure.
. ‘ Voluminous overbreak in the crown with progressive shear failure (also
Crown failure 7 ch . .

termed chimney type failure).

Ravelling ground 3 ] Rave_llmg of dry or m91st, intensely fractured, poorly interlocked rocks
or soil with low cohesion.

Flowing ground 9 ;3 Flow of intensely fractured, poorly interlocked rocks or soil with high
water content.

Time dependent volume increase of the ground caused by physical-
chemical reaction of the ground and water in combination with stress
relief.

Swelling ground 10

©

Combination of several behaviours with strong local variations of

F(:rl:g:eirlrfly 1 N/A stresses and deformations over long sections due to heterogeneous
beha \%iougr ground (e.g. in heterogeneous fault zones; block-in-matrix rock, tectonic

melanges, etc).

Hoek and Brown (1980) presented concepts, which have been developed over 40+ years to relate intact
rock strength (UCS or o.) and the maximum principal stress (c1) using the stress versus strength ratio
and GSI (formerly RMR7) to indicate potential failure modes of underground excavations (Figure 3).
Barton et al. (1974; 2024) provide similar stress versus strength ratios (Stress Reduction Factor B,
SRFb) to provide insights into potential stress-related rock mass damage.
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Massive Moderately fractured Highly fractured
(GSI >75) (50<GSI<75) (GSI<50)
L “v"
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te PR | -
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29 %
5 ot -
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= S A0 g S
3S T | &
= Linear elastic respons Falling or sliding of Unrave'ling of blocks from
blocks and wedges the excavaton surface
L
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w ~ e
27 : 3
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22 AN P
5 i B o
ES !‘.“““‘ X 9
2 Brittle fallure adjacent | Localized britte faiiurs of | Localized brittle fatureof | =
= to excavation boundary. | intact rock and movement | intact rock and unravelling | ©
of blocks, along discontinuities.
Faiure Zone
U4
b
L ~
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; Brittie failure of intact rock Squeezing and swelling
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Fig. 3. Potential Failure Modes based on the Ratio of In-Situ Stress and Intact Rock Strength and GSI (after
Askaripour et al. 2002; Castro et al. 2012; Hoek and Brown, 1980; Martin et al. 1998).

The continued use of rock mass classifications, such as RMR or the Q-system, for assessing excavation
stability and ground support requirements remains invaluable, particularly for validating the
appropriateness of numerical modelling outputs prior to the commencement of excavations (i.e. when
validation will be possible).

3. Numerical Methods for Assessing Underground Excavation Stability

Case studies are presented to demonstrate the effects of different numerical methods including:

o Continuum assuming homogeneous and isotropic conditions using GSI and the Hoek-Brown Failure
Criterion with 2D Finite Element Method (FEM) software, RS2 by Rocscience Inc.

e Hybrid-continuum using the Hoek-Brown Failure Criterion for intact rock and a network of
discontinuities to enable heterogeneity and anisotropy with 2D FEM software, RS2.

e Hybrid-discontinuum using 2D Finite-Distinct Element Method (FDEM) software, PROROCK by
Scientia.

e Discontinuum using 2D Distinct Element Method (DEM) software, UDEC, by Itasca Inc.

Over the last 20 years, the use of 2D continuum models assuming homogenous and isotropic rock mass
conditions by adopting the Hoek-Brown failure criterion and GSI has become very common for tunnel
and underground excavation design studies. Barton (2023) indicated that a generational change,
persuaded by the ease of software use, has promoted the use of such 2D continuum modelling.
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3.1. Case Study I: Drainage Tunnel in Papua New Guinea

Case study I involves the development of a 5Sm x 5m drainage tunnel in Papua New Guinea (Bar and
Baczynski, 2018). As shown in Figure 4, the siltstone rock mass is blocky to very blocky, and has sub-
horizontal bedding with two to three sets of sub-perpendicular joints. Bedding and joint conditions are
generally fair with smooth and slightly altered joint walls. Q values range from 1 to 4, and GSI typically
ranges from 40 to 55.

In-situ stresses are low with the tunnel depth not exceeding 300 m (61/6:<0.12), and intact rock strength,
¢, is in the order of 70 MPa.

Potential failure modes are generally expected to involve discontinuity-controlled block falls
(considering Fig. 3), which have also been observed in an existing exploration tunnel.

Fig. 4. Very blocky siltstone. Left: fresh siltstone in existing exploration tunnel (3 m wide x 3.5 m high). Right:
Slightly weathered siltstone outcrop (approx. 2m high).

Numerical methods were used to assess drainage tunnel behaviour using two approaches using 2D FEM
software, RS2, with a summary of material properties shown in Table 2:

o Continuum assuming homogeneous and isotropic conditions (CHI) using the estimated GSI and the
Hoek-Brown Failure Criterion. Young’s Modulus (Em) for the rock mass was estimated to be 9 GPa
based on the approach by Hoek and Diederichs (2006). Hoek-Brown Damage Factor, D, was set to
zero (note: this significantly improves strength and stiffness, i.e. reduces modelled displacements).

e Hybrid-continuum (HC) using the Hoek-Brown Failure Criterion for intact rock (GSI set to 100)
and a network of discontinuities to enable heterogeneity and anisotropy with 2D FEM software,
RS2. Em was estimated using Hoek and Diederichs (2006) to be 40 GPa (i.e. equal to the intact rock
modulus, E;).

Table 2. Material Properties for Drainage Tunnel Numerical Models.

. UCS ‘ E; En Joint Stiffness (MPa/m)
Numerical Method (MPa) m; GSI D (GPa)  (GPa) v K, K
CHI 70 10 45 0 40 9 0.26 N/A N/A
HC 70 10 100 0 40 40 0.26 100,000 10,000

Elastic numerical modelling outputs are shown in Figure 5 and indicated vastly different results between
the CHI and HC numerical methods:

o Behaviour type predicted by CHI was a potential for voluminous stress induced failure (BT 4, Sq.)
whilst HC predicted discontinuity-controlled block falls (BT 2, Wg.).

o CHI predicts a modelled ‘plastic zone’ (o1 negative to zero) that is approximately five times deeper
around the tunnel perimeter compared to the HC model.
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e CHI models displacements up to ten times greater on the tunnel perimeter compared to the HC
model. Similarly, at a depth of approximately 1 m behind the side walls and below the floor, CHI
models at least five times higher displacements compared wo the HC model.

Displacement

m
0.0000

0.0020

0.0040

0.00&80

Fig. 5. Drainage Tunnel (5 m wide x 5.5 m high) 2D FEM Model Results. Top Row: Maximum Principal Stress
(o1). Bottom Row: Total Displacement. Left: CHI (continuum, homogeneous and isotropic) model outputs showing
yielded zone with depth of 2-3 m around the tunnel perimeter. Modelled behaviour type: potential for voluminous
stress induced failure (BT 4, Sq.) with over 20 mm displacements up to a depth of approx. 1 m behind side walls
and below floor. Right: HC (hybrid-continuum) model outputs showing minimal yielded zone of less than 0.5 m on
side walls and locally unstable blocks at the tunnel shoulder. Modelled behaviour type: discontinuity-controlled
block fall (BT 2, Wg.) with less than 3 mm displacements at a depth of approx. 1 m behind side walls and roof.

Ground support requirements based on the CHI model (combination of shotcrete, mesh and bolting)
would be significantly higher than predicted by the HC model, which indicates only a need for spot
bolting. Based on the observed excavation performance in the existing exploration tunnel (Fig. 4), the
HC model outputs are significantly more realistic than the CHI model.

3.2. Case Study I1: Mine Stope in Australia

Case study II involves an unsupported mine stope in an Australian gold mine. As shown in Figure 6,
the stope has experienced local block falls from the metasandstone within the hanging wall. The rock
mass is generally blocky with the foliation dipping at approximately 45 degrees (i.e., shallower than
the ore body and stope dip), typically with two orthogonal joint sets. GSI is normally in the range of 60
to 70. Ground support and stope sizes are typically designed using Q’, which range from 10 to 40.
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The stope is located 500 m below surface with regional horizontal stresses approximately twice the
vertical stress (61/6c=0.26), and o. is in the order of 100 MPa. The development drives are 5.5 m wide
x 5 m high, and the distance between the top and bottom (extraction) drives is 40 m (stope height).

Potential failure modes are generally expected to involve localized brittle failure of intact rock and
movement of blocks (discontinuity-controlled block falls), which have been observed.

Fig. 6. Blocky metasandstone on extraction level. Block falls observed from hanging wall of unsupported stope.

In a similar manner to Case Study I, CHI and HC models were used; however, plastic numerical
modelling was undertaken with shear strength reduction (SSR) to estimate Factor of Safety (SRFcritical).
The plastic modelling outputs in Figure 7 have vastly different results:

e CHI model predicts crown failure, i.e. Factor of Safety less than one for large span on the hanging
wall of the stope.

e HC model predicts a marginally stable hanging wall with a Factor of Safety of 1.1. The potential
for discontinuity-controlled block fall for kinematically unstable blocks exists.

Extraction Level

SRF 00 = 0.70 - 0 s SRF ica=1-11 ¥

Fig. 7. Unsupported Mine Stope 2D FEM Model Results showing Total Displacement. Left: CHI (continuum,
homogeneous and isotropic) model outputs show a large volume overbreak in the crown, i.e. crown failure (BT 7,
Ch.), which may be a result of chimneying or progressive shear failure with a Factor of Safety of 0.7 (i.e. unstable).
Right: HC (hybrid-continuum) model outputs show an exaggerated mesh distortion to illustrate discontinuity-
controlled block fall (BT 2, Wg.) potential in the hanging wall; however, with the exception of kinematically
unstable blocks, the hanging wall appears to be marginally stable with a Factor of Safety of 1.1.

If the stope were designed with CHI, the stope span, and therefore, height between development drives,
would need to be significantly reduced to achieve stable conditions. Reduced distance between
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development drives incurs significant additional costs and may result in an uneconomical mine design.
The HC model appeared to be more realistic and was validated with actual stope performance (Fig. 6).

3.3. Case Study I1I: Cavern in Norway

Case study III reviews a 62 m span cavern excavated at Gjovik in Norway that was initially analysed
with a discontinuum approach using UDEC and model outputs were later validated with monitored
displacements from extensometers (MPBX) which were installed from surface into the roof of the
cavern (Barton et al. 1994). This modelling included sequenced excavation and support installation.

The cavern was constructed near surface within a gneiss rock mass that is typically blocky with Q
values ranging from 1 to 30, with a weighted mean of about 9, i.e. fair quality rock. Based on available
data, GSI is likely be in the range of 70 to 80. Stresses are very low and intact rock strength is high.
Based on Figure 3, expected ground behaviour is discontinuity-controlled block falls.

Figure 8 shows modelled displacements replicating the UDEC models of Barton et al (1994) using
elastic continuum and hybrid-continuum approaches using RS2 and FDEM or hybrid-discontinuum
using PROROCK software.

{ Continuum - RS2 with Hoek-Brown & GSI
Maximum Displacement: 8.8 mm

\ b | e
Discontinuum = UDEC (Barton et al. 1994) Hybrid-Discontinuum - PROROCK
Maximum Displacement: 4.8 mm ' Maximum Displacement: 4.2 mm

Fig. 8. Gjovik Cavern (62m Span) 2D FEM, FDEM and DEM Elastic Model Results showing Total Displacement
or Displacement Vectors. CHI (continuum, homogeneous and isotropic) model outputs show a significantly larger
zone of displacement than the HC, FDEM and DEM models.

In a similar manner to Case Studies I and II, the CHI (continuum, homogenous and isotropic) model
outputs show a significantly larger zone of displacement than the HC, FDEM and DEM models. The
HC (hybrid-continuum) also shows a slightly larger zone of displacements compared to the FDEM and
DEM models. In terms of absolute, modelled displacements, CHI predicted approximately twice the
displacements of HC, FDEM and DEM models, which all had quite similar results.
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4. Discussion and Key Findings

The number of experienced rock engineers appears to be decreasing over the last decade with a
significant drop in university graduates from the discipline. The demand for rock engineering projects
requiring numerical methods is increasing, which means less experienced engineers with more projects
around the world. At the same time, access to easy-to-use numerical modelling software has become
ever more abundant, i.e. more engineers are applying numerical methods, and often they have less
experience than their predecessors.

Continuum modelling approaches offer a simple and fast means of predicting ground behaviour. By
way of example, in three case studies presented, the homogeneous, isotropic, continuum models using
the Hoek-Brown failure criterion presented in this paper each took less than one hour to develop and a
few seconds to compute results. The hybrid continuum and FDEM models to several hours to develop,
and perhaps a few minutes to compute.

When applying continuum approaches and the Hoek-Brown Failure Criterion, an engineer or
practitioner should be considerate of:

e Limitations of GSI and the Hoek-Brown Failure Criterion as described by Marinos et al (2005) and
Hoek and Brown (2019).

o The simplification of engineering geological characteristics of the rock mass such as the complex
assemblage of bedding, foliation, joints and other discontinuities is simplified into a single number
(GSI), which assumes homogeneous and isotropic strength and stiffness. As demonstrated in the
three case studies, this simplification often results in:

— Model predicting an incorrect behaviour type or inappropriate failure mechanism.

— Over-estimating the depth of yielding and over-estimating total displacements (potential
requirement for additional support, and therefore, additional cost).

— Under-estimating Factor of Safety (potential requirement for additional support and reduced
excavation spans, and therefore, additional cost).

¢ GSI and Damage Factor, D, have a profound effect on the estimated rock mass modulus, Em, when
applying the approach by Hoek and Diederichs (2006). Estimation of Em using different empirical
methods yields vastly different and variable results (Bar and Schubert, 2023).

e Limitations in continuum approaches for modelling absolute displacements since it is represented
as a continuous displacement field (Sjoberg, 1999) in which ‘detachment’ cannot occur. As such,
continuum models often predict ‘larger zones of displacement’.

e The above limitations are also applicable to Mohr-Coulomb and other failure criteria.

Discontinuum approaches including hybrid continuum, FDEM and DEM, offer a more comprehensive
representation of engineering geological conditions and generally provide more realistic outputs in
terms of modelling ground behaviour, failure mechanisms and predicting displacements. However,
each model provides results for only a single assemblage of discontinuities, i.e. several iterations of
possible assemblages should be modelled to ensure ground behaviour is adequately assessed.

With limitations in site investigations and inherent uncertainty in ground conditions, practitioners
should always remember that all models are ultimately wrong, but some are useful, and that wherever
possible, calibration or validation with actual ground behaviour should be a key point of focus.
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Abstract: Precise control of face pressure is essential in shield TBM tunneling to limit surface settlements and
ensure the stability of surrounding structures, particularly in densely built-up urban environments. This study focuses
on determining the optimal shield TBM face pressure for the specific geotechnical conditions of Phase 1, Line 1 of
the Belgrade Metro, along the section from Bele Vode Station to Trgovacka Station. Three-dimensional numerical
models, developed using a staged construction approach, realistically simulate sequential excavation, shield
advancement, and segment installation, while incorporating representative ground properties and structural
characteristics. A sensitivity analysis is conducted by systematically varying face pressure values to assess their
influence on the magnitude and distribution of surface settlements. The results identify an optimal face pressure
range that minimizes surface settlements while maintaining excavation stability. These findings provide practical
guidance for shield TBM operation in urban tunneling, contributing to more effective settlement control and
improved risk mitigation in shallow urban tunnel construction.

Keywords: shield TBM; face pressure; surface settlement; numerical modelling; sensitivity analysis; urban tunneling

1. Introduction

The rapid growth of urban areas has increased the demand for infrastructure solutions that are both
sustainable and space-efficient, leading to a greater reliance on underground construction. With surface
space becoming increasingly limited, metro and other subsurface transit systems offer an effective way
to reduce congestion and meet rising transportation needs. Mechanized tunneling, and in particular the
use of shield tunnel boring machines (shield TBMs), enables excavation with minimal disruption to
surface activities while maintaining high safety standards in densely populated environments.

In shield TBM tunneling, face pressure is one of the most critical parameters influencing ground
stability. Inadequate control of this parameter can cause excessive surface settlements, posing serious
risks to buildings, utilities, and other surface infrastructure. Establishing the optimal face pressure is
therefore a key requirement for ensuring excavation stability and controlling ground movements,
especially in shallow tunnels and geologically variable conditions. In addition, maintaining appropriate
confinement pressure around the shield, ensuring face stability, and controlling the annular overcut
while continuously backfilling the tail void are recognized as critical factors for effective ground
control. Real-time monitoring of these operational parameters is essential for minimizing volume losses
and surface settlements, further highlighting their significance in shield TBM tunneling (, 2018).
Previous research has investigated settlement mechanisms, employed numerical modeling techniques,
and evaluated shield TBM operational parameters to manage ground deformation. Building on this
foundation, the present study concentrates on determining the optimal face pressure for shield TBMs
under the specific geotechnical and urban conditions of the Belgrade Metro. This is achieved through
detailed three-dimensional numerical simulations and sensitivity analysis, applied to the site-specific
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conditions of Phase 1, Line 1, along the section from Bele Vode Station to Trgovacka Station.

Extensive studies have examined how key operational and geotechnical factors influence ground
behavior during shield tunneling. Fargnoli et al. (2013) investigated how face pressure, grouting
pressure, and machine thrust affect settlement patterns in earth pressure balance (EPB) tunneling
through coarse-grained soils, and introduced a translated Gaussian cumulative curve to more accurately
describe subsidence trough development. Do et al. (2021) demonstrated that face pressure, grouting
pressure, and shield geometry significantly influence settlements, and identified critical parameter
values for the Hanoi Metro case. Similarly, Ter-Martirosyan et al. (2022) found a strong correlation
between TBM face pressure and increased surface settlement during EPB tunneling in the Moscow
Metro. Beghoul and Demagh (2019) used 3D numerical modeling to show that moderate face pressure,
shield conicity, and tail grouting pressure can effectively control settlement and prevent face instability
in soft ground. Similarly, Kavvadas et al. (2017) confirmed through 3D finite element analysis that
while moderate face pressure reduces ground loss, cutterhead overcut and shield geometry significantly
affect surface settlement, which can be further minimized with optimized tail grouting.

Advanced numerical models are widely used to simulate TBM-ground interaction and optimize
excavation parameters. Ring and Comulada (2018) employed a 3D iterative model to simulate TBM
face and grouting pressures, achieving results that closely matched field data from Rio de Janeiro’s
Line 4 tunneling project. Luo et al. (2023) studied surface settlement from shield tunneling using grey
relational analysis and numerical simulations, identifying thrust force, grouting pressure, earth pressure,
and soil elastic modulus as the key factors influencing ground deformation during metro tunnel
construction. Numerous studies have used numerical modeling to examine factors influencing ground
and structural responses during TBM tunneling. Comodromos et al. (2014) employed a 3D numerical
model to evaluate ground and building movements during TBM-EPB tunneling, demonstrating the
effects of face pressure, gap grouting, and slurry on settlement, with findings validated on the
Thessaloniki metro. Alsirawan et al. (2023) created a numerical model to evaluate TBM-induced
settlements, highlighting tunnel diameter, eccentricity, and overburden depth as key factors, and
proposed a validated equation to predict maximum structural settlement.

Accurate prediction of ground settlement has been a central focus of previous research, aiming to enhance
tunnel design and tailor excavation parameters to site and geometric conditions. Kim et al. (2020) found
modest statistical correlations between surface settlement and various geotechnical, geometrical, and
operational factors, concluding that settlements result from the combined effect of multiple parameters.
Zhu and Li (2017) improved settlement prediction by incorporating six operational and soil parameters
into a modified gap parameter model, validated on the Xi’an Metro project. Bogusz et al. (2021)
investigated the empirical variability of settlement trough parameters in EPB tunneling, highlighting the
importance of deriving these values from data under similar ground and operational conditions.

Numerous studies have also examined the influence of soil types and time-dependent behaviors on
settlement during mechanized tunneling. Ayasrah et al. (2020) found that slurry shield tunneling in
granular soils usually produces maximum transverse settlements within a zone about 2.6 times the
tunnel diameter. For sandy soils, Chen et al. (2022) developed a new analytical method that accounts
for soil arching to predict subsurface settlement along the tunnel centerline. In clayey soils, Hashimoto
et al. (1999) proposed a two-phase deformation model for shield tunneling, separating immediate
deformations during shield passage from later, delayed deformations. Building on this, Meng et al.
(2022) applied 3D finite element analysis to examine soil disturbance in various clays, identifying
characteristic disturbance zones influenced by soil properties and cover-to-depth ratios.

Effective control of shield TBM tunneling-induced settlements requires an integrated approach
combining realistic operational parameters, advanced soil models, and numerical methods. When
supported by analytical assessment, these tools enable accurate simulation of soil behavior, TBM
mechanics, and tunnel lining response, which is essential for safe urban tunneling. The most important
factor, however, is ensuring proper control of machine performance through an experienced team
supported by a comprehensive monitoring program. Equally important is the selection of an
experienced contractor and an appropriate machine type. In this context, the primary goal of this study
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is to develop and validate a methodology based on staged 3D numerical simulations and sensitivity
analysis of face pressure for controlling surface settlements. The proposed framework provides
practical guidance for managing shield TBM operations, enhancing ground stability, and minimizing
risks to adjacent and overlying structures, streets and underground utilities.

In addition to the introductory Chapter 1, the paper includes four further chapters. Chapter 2 provides
a technical overview of Belgrade Metro - Phase 1, Line 1. Chapter 3 presents the proposed
methodology, including the development of numerical models and the calculation procedures. Chapter
4 details the results of the numerical simulations and provides a discussion of them. Chapter 5
summarizes the main findings and presents the conclusions.

2. Technical Overview of Belgrade Metro - Phase 1, Line 1

Belgrade, the capital of Serbia, is experiencing rapid urbanization and population growth, which is
placing significant strain on its public transportation network. This has underscored the need for a high-
capacity and sustainable mass transit system. To address this, the city has initiated the construction of
a modern metro as part of its long-term urban mobility plan, starting with Phase 1 of Line 1.

This chapter presents a comprehensive overview of the route alignment, subsurface and geotechnical
conditions, tunnel design characteristics, shield TBM specifications, constructability and risk
management considerations for Phase 1 of Line 1 of the Belgrade Metro. These aspects form the basis
for the numerical modeling and optimization methodology described in the subsequent section.

2.1. Route alignment

Route of Phase 1, Line 1 of the Belgrade Metro covers about 15.4 km, extending from Zeleznik Station
in the south to Pan¢evacki Most Station in the north (Fig. 1). Along the route, there are 15 metro stations
and 10 ventilation and evacuation shafts.

J _ =

A Belgrade Metro - Phase 1, Line 1 S

Lagend

e 1- Al Geade Section

v 2-Cut and Cover Section
s 3-TBM Section

@ - Meto Station

Fig. 1. Route of Phase 1, Line 1 of the Belgrade Metro, showing sections and stations.

Approximately 11.3 km of Phase 1 of Line 1 (from km. 4+174.98 to km. 15+441.15) will be constructed
using shield TBMs, divided into southern (Bele Vode Station to Sajam Station) and northern
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(Karaburma Launching Shaft to Sajam Station) sections. The remaining sections will use cut and cover
(from km. 2+066.45 to km. 4+174.98) and at grade construction (from km. 0+000 to km. 2+066.45).

The geometric parameters of the route alignment are carefully defined to optimize construction and
operational performance. A minimum horizontal curve radius of 350 m is adopted on mainline tracks
to ensure consistent shield TBM performance during tunnel excavation. The vertical alignment includes
a minimum curve radius of 2500 m, while the maximum longitudinal gradient is set at 4.5% (Figure 2).
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Fig. 2. Vertical alignment of Phase 1, Line 1 of the Belgrade Metro.

2.2. Subsurface and geotechnical conditions

The TBM tunnel alignment traverses a geologically complex urban corridor characterized by
alternating soil and rock units, tectonic discontinuities, and variable groundwater conditions, all of
which significantly influence tunneling performance.

The shield TBM excavating the southern section begins at Bele Vode Station and advances toward
Sajam Station. From Bele Vode to Trgovacka, the alignment includes 150 m of shallow, water-saturated
fluvial deposits, then passes through compact interbedded marls, limestones, sandstones, and claystones
with weathered rock and cavernous fractures. From Trgovacka to Pozeska, it crosses tectonically
deformed, highly permeable Cretaceous rocks with karstification and multiple discontinuities. From
Pozeska to Park Banovo Brdo, geology consists of coarse conglomerates, breccias, and fractured porous
karstified limestones. From Park Banovo Brdo to Ada Ciganlija, the tunnel passes layered
conglomerates, breccias, fractured reef limestones, and tectonized clays and marls. From Ada Ciganlija
to Sajam, it crosses clay deposits, gravelly sands, marls, friable clays, and karstified limestones.

The northern section excavated by the shield TBM starts at Karaburma Launching Shaft and progresses
toward Sajam Station. Initial excavation passes through porous, karstified limestones and firm to semi-
firm marls. From Panéevacki most to Dunav Station, the alignment includes marl-limestone sediments,
compressible clays, and silty sands, with fossil landslide deposits near Dunav Station. Between
Skadarlija and Savski Trg, the TBM advances through gravelly sands, silty and marly clays, and
laminated limestones. From Savski Trg to Mostar and Sajam, it passes fractured karstified limestones,
coarse sandstones, gravelly sands, local marls and clays, with faults and stabilized landslide zones.

Based on the geological assessment conducted through investigative works along the metro alignment,
distinct macro-zones were identified within the TBM excavation (Figure 3). The analysis focuses on
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macro-zones Bl and B2, along the section from Bele Vode to Trgovacka Station, which will be
constructed first, with the experience used to adapt excavation for the remaining sections.
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Fig. 3. Macro-zone distribution along the TBM section of Phase 1, Line 1 of the Belgrade Metro.

The stratigraphic distribution and corresponding geotechnical parameters for macro-zone B1 and B2
are presented in Table 1, providing essential data for tunnel design and construction planning.

Table 1. Stratigraphic distribution of ground layers by macro-zones B1 and B2 of Phase 1, Line 1 of the Belgrade
Metro, along the section from Bele Vode Station to Trgovacka Station.

Macro-zone Geotechnical parameters
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2.3. Tunnel design characteristics

The TBM tunnel has a nominal internal diameter of 8.55 m and a minimum functional diameter of
8.35 m. The segmental lining is 40 cm thick, with each tunnel ring consisting of seven segments and
having a ring width of 1.6 m. Figure 4 illustrates a typical cross-section of the TBM tunnel, showing
the tracks, the structure gauge based on rolling stock clearance requirements, and the arrangement of
tunnel equipment.
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Fig. 4. Typical cross-section of the TBM tunnel on the main line (Alstom, 2025).

2.4. Shield TBM specifications

The TBM used for this project is an EPB machine with a total system length of approximately 100 m,
while the main body, which includes the cutterhead and screw conveyor, measures around 12.3 m (Fig.
5). It is engineered to navigate horizontal curves with a minimum turning radius of 300 m and to manage
vertical gradients of up to 5.0%, ensuring adaptability to complex tunnel alignments.

The cutterhead features a robust structure designed for balanced load distribution and efficient
excavation. With a diameter of 9.6 m, an overall opening rate of 38%, and a center opening rate of 32%,
it facilitates effective soil removal and stable face pressure. Its main components are fabricated from

high-strength Q355 steel, providing the necessary durability for challenging urban tunneling
environments.

260



Southeastern Europe Tunnelling Conference (SETC-2025)

The shield structure is optimized for excavation in mixed ground conditions, with the front shield
featuring an outer diameter of 9550 mm and a plate thickness of 70 mm, while the tail shield measures
9520 mm in diameter with 60 mm thick plating. The average shield diameter is 9535 mm, and the entire
structure is fabricated from high-strength Q355 steel to ensure durability and rigidity. The TBM features
a synchronous bi-component grouting system with 8+8 tail shield pipes for precise annular gap filling,
alongside a probe drilling and injection unit for targeted pre-excavation grouting, enhancing ground
stability in challenging geology.
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Fig. 5. Longitudinal section of the EPB TBM (main machine only) (CRCHI, 2025).

The propulsion system comprises 38 thrust cylinders (©300/260-2600 mm), delivering a maximum
thrust force of 94,012 kN at 350 bar and a propulsion speed of up to 80 mm/min. This configuration
ensures reliable advance through varying geological formations.

Material removal is handled by a screw conveyor with a 1120 mm internal cylinder diameter and a
maximum discharge capacity of 900 m3/h. The excavated material is then transferred to a belt conveyor
system featuring a 1000 mm wide belt and an approximate length of 70 m, enabling spoil transport at
rates of up to 1000 m*/h.

2.5. Constructability and risk management considerations

The construction of Phase 1 of Line 1 of the Belgrade Metro presents a complex engineering challenge
due to its integration into an urban environment characterized by diverse subsurface and geological
conditions, dense infrastructure, and a high population density. To ensure the project's success, a
comprehensive approach to constructability and risk management is essential.

The alignment crosses karstified limestones, fractured rocks, and water-saturated deposits, necessitating
thorough geotechnical investigations to inform tunnel design and TBM selection. The southern section
of route is relatively favorable for TBM excavation, while the northern section presents greater
challenges due to complex geology. Macro-zones B1 and B2 are suitable, whereas other zones are less
optimal. In some segments, the overburden is only around 10 m, complicating surface settlement
control, while the high groundwater level presents a significant engineering challenge.

For the approximately 11.3 km TBM tunnel section, feasibility is challenged by a minimum horizontal
curve radius of 350 m and a maximum longitudinal gradient of 4.5 %. Although the TBM can navigate
curves as tight as 300 m and gradients up to 5.0 %, these conditions approach its design limits and may
require careful management in demanding sections.
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Furthermore, while the conceptual design for the TBM-driven tunnel follows standard practices for
double-track metro tunnels, issues related to emergency evacuation, fire safety, and smoke management
in a single-bore bi-directional tunnel remain crucial importance. These aspects will need to be carefully
addressed through detailed analysis by specialized teams and integrated into the overall tunnel safety
and emergency planning framework.

Advanced technologies are key to managing constructability and risks in Phase 1 of Line 1. Digital
tools such as Building Information Modeling (BIM) and Geographic Information Systems (GIS)
support detailed planning and help identify potential conflicts before construction. Real-time
monitoring systems track ground movements, structural integrity, and environmental conditions to
enable proactive management of anomalies.

Managing risks during tunnel excavation with a shield TBM requires both qualitative and quantitative
assessments. Identifying potential hazards, such as ground instability, water ingress, or equipment
failure, allows for prioritizing mitigation measures. The following risk assessment scale (Table 2)
provides a framework to evaluate risk severity and guide appropriate actions before excavation begins.

Table 2. Risk assessment level with corresponding scores and descriptions.

Score  Level Description
No immediate action needed; risks should still be monitored, and

! Isifgstiont procedures for the construction phase must be in place.

5 i (e Work may proceed; rlsl.(s sl}ould be monitored, and construction phase
procedures must be maintained.

3 oyt (o ot Work cal}not begin until risk.s are mitigated; resolution may require
minor adjustments to the project.

4 U e Work cannot begin until risks are mitigated; resolution requires

significant project changes.

From a quantitative analysis perspective, the preliminary design of Phase 1 of Line 1 of the Belgrade
Metro evaluates the sensitivity of existing structures, classifying them into six categories, with Category
F covering infrastructure. Example thresholds (e.g., 10 mm settlement) are provided, but actual
allowable limits must be set by the asset owner. Applying a single settlement value to all structures is
oversimplified and ignores risk analysis, which is essential in modern tunnelling design. Strict
adherence to low thresholds would slow TBM progress and increase costs, whereas risk-based
assessments indicate that higher settlements (up to 20 mm) may be acceptable for some buildings.

Lake et al. (1996) associated slope values and maximum absolute settlement in structures with defined
categories of damage, thereby providing a framework for assessing the potential impact of ground
movements on the structural integrity of buildings. This classification, summarized in Table 3, serves
as a practical guideline for engineers to evaluate the severity of tunnelling-induced deformations in
urban environments.

Table 3. Damage classifications with typical values of maximum building slope and settlement for risk assessment
(Lake et al., 1996).

Risk Maximum Maximum building Risk descrintion

category  building slope  settlement [mm] P

1 <1/500 <10 Negligible: Superficial damage is unlikely.

I 1/500 - 1/200 10 - 50 Slight: Superficial damage is possible but unlikely to

have structural significance.
Moderate: Superficial damage is expected, with
11 1/200 - 1/50 50-75 possible structural damage to buildings and potential
damage to relatively rigid pipelines.
High: Structural damage to buildings and rigid
v > 1/50 >75 pipelines is expected, with possible damage to other
types of pipelines.
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3. Methodology

This chapter presents the methodology for simulating sequential excavation, shield advancement, and
segment installation of the Belgrade Metro Phase 1, Line 1. The approach enables systematic evaluation
of face pressure variations and their effects on the surrounding ground, providing a basis for defining
optimal operational parameters to ensure safe tunnel construction and effective control of surface
settlements.

3.1. Numerical modeling of shield TBM excavation

Three-dimensional Finite Element Models (FEMs) were developed using Midas GTS NX (2025),
including the shield TBM, tunnel segmental lining, and surrounding soil and rock mass (Figure 6). The
rock and soil mass were represented by solid elements defined according to the macro-zones described
in the previous chapter, enabling realistic simulation of ground settlements and stress-strain behavior
during tunnel excavation. The constitutive behavior of the rock mass was modeled using the Mohr-
Coulomb model, which has been adopted as the initial framework for this study. In subsequent design
phases, and as required by the results of additional geological investigations, the model may be adjusted
or replaced with other suitable models, depending on the geological conditions along the tunnel
alignment.

(a) (b)

Fig. 6. Three-dimensional FEMs with macro-zones B2 (a) and B1 (b) for Phase 1, Line 1 of the Belgrade Metro,
along the section from Bele Vode Station to Trgovacka Station.

The finite element mesh was generated from the model geometry in accordance with the TBM
construction method. Excavation was simulated in phases, with each step representing a separate stage
of tunnel advancement. A hybrid mesh was employed, resulting in models with approximately 25,000
elements and 155,000 nodes for Profile 1 (B2), and about 26,000 elements and 165,000 nodes for Profile
2 (B1). Figure 7 shows the basic elements of the models, including the overburden layer, which ranges
in thickness from 10 m at Profile 1 (B2) to 22 m at Profile 2 (B1).
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Fig. 7. Vertical cross-section of the model elements.

The steel shield of the TBM, 6.5 cm thick, together with the injection grout of equal thickness, is
modeled as a surface element, while the segmental concrete lining, 40 cm thick and 1.60 m wide, is
modeled as a volumetric element. All components are represented using linear elastic material models

(Figure 8).

L.

(a) (b)
Fig. 8. Shield / injection grout (a) and segmental lining (b) in the model.

Displacement boundary conditions are defined such that displacements are fully restrained at the bottom
boundary of the rock mass, while at the lateral boundaries, displacement is restricted in the direction
perpendicular to the model plane (Figure 9). This setup ensures a realistic representation of rock mass
behavior and its deformation under self-weight. The groundwater level is 1.0 m below the ground
surface at Profile 1 (B2) and 2.0 m below the ground surface at Profile 2 (B1).
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Fig. 9. Applied boundary conditions of the model.

The shield of the TBM in the model has a length of 12.8 m and a diameter of 9.35 m. The machine
advances through the model in increments of 1.6 m, corresponding to the length of one concrete ring.
Shield movement is simulated by sequentially activating elements at the front and deactivating elements
behind the shield. During the analysis, the load due to self-weight is automatically generated in the
FEM model based on the adopted geometry of the structure and surrounding soil. Self-weight is
considered the initial load, establishing the initial stress state of the model.

A key feature of excavation with an EPB TBM is the continuous application of pressure on the tunnel
face (Figure 10(a)). The pressure is controlled within the cutterhead chamber and depends on the design
profile, including the mechanical properties of the ground, pore pressure, and overburden height. Face
pressures were varied within a range of 75.0 - 350.0 kPa for Profile 1 (B2) and 200.0 - 750.0 kPa for
Profile 2 (B1) to evaluate their influence on ground surface settlements.

In addition to face pressure, the model included the following loads: thrust pressure from the thrust
cylinders acting on the surface of each concrete ring (4500.0 kPa, see Figure 10(b)), and the combined
effect of grouting pressure at the interface between the ground and the concrete lining together with
ground pressure acting directly on the lining (1000.0 kPa). A volume loss of 0.35% was also included
in the numerical model to account for ground deformation associated with tunnel excavation, ensuring
a more realistic representation of soil-structure interaction.

(a) (b)
Fig. 10. Shield TBM loads: excavation face pressure (a) and thrust pressure (b).

Stress-strain analyses were performed for the design scenario corresponding to the tunnel construction
phase. The analysis is steady-state and encompasses all excavation and concreting stages occurring
during the construction process. The first calculation phase represents the initial state. After computing
stresses and deformations, displacements are reset. From the second phase onward, tunnel lining
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excavation is carried out in 45 steps over a total length of 48.0 m. The excavation sequence is simulated
through the sequential activation and deactivation of model elements, representing the TBM advancing
through defined quasi-homogeneous zones. Tables 4 and 5 present the construction stages of the tunnel
using the shield TBM, showing the activation/deactivation of model elements as well as the applied
loads and boundary conditions.

Table 4. Activation and deactivation of model elements during construction stages.

Construction Excavation / Element removal Element installation
stage Internal circle  External ring Shield Shield Segment Grout
0 - - - Ground, Internal circle 1-30, External ring 1-30
1 1 1 - 1 - -
2 2 2 - 2 - -
3 3 3 - 3 - -
4 4 4 - 4 - -
5 5 5 - 5 - -
6 6 6 - 6 - -
7 7 7 - 7 - -
8 8 8 - 8 1 -
9 9 9 1 9 2 -
10 10 10 2 10 3 -
11 11 11 3 11 4 -
12 12 12 4 12 5 -
13 13 13 5 13 6 -
14 14 14 6 14 7 -
15 15 15 7 15 8 -
16 16 16 8 16 9 1
17 17 17 9 17 10 2
18 18 18 10 18 11 3
19 19 19 11 19 12 4
20 20 20 12 20 13 5
21 21 21 13 21 14 6
22 22 22 14 22 15 7
23 23 23 15 23 16 8
24 24 24 16 24 17 9
25 25 25 17 25 18 10
26 26 26 18 26 19 11
27 27 27 19 27 20 12
28 28 28 20 28 21 13
29 29 29 21 29 22 14
30 30 30 22 30 23 15
31 - - 23 - 24 16
32 - - 24 - 25 17
33 - - 25 - 26 18
34 - - 26 - 27 19
35 - - 27 - 28 20
36 - - 28 - 29 21
37 - - 29 - 30 22
38 - - 30 - - 23
39 - - - - - 24
40 - - - - - 25
41 - - - - - 26
42 - - - - - 27
43 - - - - - 28
44 - - - - - 29
45 - - - - - 30
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Table 5. Application and removal of loads and boundary conditions during construction stages.

Load application Load removal Boundary condition
Construction ., o Shield  Segment  Thrust  Shield  Thrust - Shield Change  Change
stage pressure  pressure  pressure  pressure  pressure  pressure Displacement contraction  ScEment grout
property property
Foundation
0 - - - - - - displacement - - -
constraint
1 HP 1 S1 - - - - - Cl1 - -
2 HP 2 S2 - - - - - C2 - -
3 HP 3 S3 - - - - - C3 - -
4 HP 4 S4 - - - - - C4 - -
5 HP 5 S5 - - - - - C5 - -
6 HP 6 S6 - - - - - Co6 - -
7 HP 7 S7 - - - - - Cc7 - -
8 HP 8 S8 E1l J1 - - - C8 1 -
9 HP 9 S9 E2 J2 S1 J1 - Cc9 2 -
10 HP 10 S 10 E3 J3 S2 J2 - C 10 3 -
11 HP 11 S11 E4 Ja S3 J3 - C11 4 -
12 HP 12 S12 ES JS S4 J4 - C12 5 -
13 HP 13 S13 E6 J6 S5 J5 - C13 6 -
14 HP 14 S 14 E7 J7 S6 J6 - Cl14 7 -
15 HP 15 S 15 E8 J8 S7 17 - C15 8 -
16 HP 16 S 16 E9 J9 S8 I8 - C16 9 1
17 HP 17 S 17 E10 J10 S9 J9 - Cc17 10 2
18 HP 18 S18 E 11 J11 S 10 J10 - C18 11 3
19 HP 19 S 19 E12 J12 S11 J11 - c19 12 4
20 HP 20 S 20 E13 J13 S12 J12 - C20 13 5
21 HP 21 S21 E 14 J14 S13 J13 - Cc21 14 6
22 HP 22 S22 E15 J15 S 14 J14 - C22 15 7
23 HP 23 S 23 E 16 J16 S 15 J15 - Cc23 16 8
24 HP 24 S24 E17 J17 S 16 J16 - C24 17 9
25 HP 25 S 25 E 18 J18 S 17 J17 - C25 18 10
26 HP 26 S 26 E 19 J19 S 18 J18 - C26 19 11
27 HP 27 S 27 E20 J20 S 19 J19 - Cc27 20 12
28 HP 28 S28 E21 121 S 20 J20 - C28 21 13
29 HP 29 S 29 E22 J22 S21 J21 - Cc29 22 14
30 - S 30 E 23 123 S22 122 - C30 23 15
31 - - E 24 J24 S23 J23 - - 24 16
32 - - E 25 125 S 24 J24 - - 25 17
33 - - E 26 J26 S 25 J25 - - 26 18
34 - - E 27 127 S 26 126 - - 27 19
35 - - E 28 J28 S 27 127 - - 28 20
36 - - E 29 129 S 28 J28 - - 29 21
37 - - E 30 - S29 J29 - - 30 22
38 - - - - S 30 - - - - 23

w
©

'

'

'

'
[N]
FN

I
o

'

'

'

'
Y
[

o

'

'

'

'
[N]
=N

o
)

'

'

'

'
]
2

o
@

'

'

'

'
]
>

&
i

'

'

'

'
)
=)

o~
[y

'

'

'

'
w
S

3.2. Analytical assessment of optimal shield TBM face pressure

Analytical approaches for determining the optimal shield TBM face pressure are mainly based on limit
equilibrium and limit state methods, both aimed at evaluating the critical conditions for tunnel face
stability.

Limit equilibrium methods assume a predefined kinematic failure mechanism at the tunnel face,
commonly represented as a sliding wedge subjected to the weight of the overlying soil and surcharge,
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which acts as destabilizing forces. These forces are counteracted by stabilizing contributions from the
applied face pressure and the shear resistance along the boundaries of the wedge. The classical concept,
introduced by Horn (1961), was later extended to mechanized tunneling by Anagnostou and Kovari
(1994) and Jancsecz and Steiner (1994).

Limit state methods, derived from plasticity theory, define two reference values for tunnel face stability:
an upper bound (kinematic) and a lower bound (static). The upper bound represents an optimistic,
theoretically unsafe estimate, as it predicts a lower face pressure than what is actually required to prevent
collapse. In contrast, the lower bound provides a conservative, safe estimate, yielding a higher value of the
necessary support pressure. In practice, the tunnel face is stable if the applied pressure exceeds the lower
bound, will collapse if it falls below the upper bound, and may be conditionally stable if the applied pressure
lies between these two limits. This framework allows engineers to assess face stability under varying
geotechnical conditions while providing a clear understanding of the safe and unsafe operating ranges.

In summary, analytical methods therefore provide a theoretical basis for estimating optimal face
pressures, offering insight into safe and unsafe conditions, and can be further refined and validated
through detailed numerical simulations under site-specific geotechnical conditions.

Table 6 presents the values calculated using selected analytical approaches, illustrating the range of
face pressures estimated through different methodologies. These results provide a reference for
comparison with numerical simulations and help evaluate the reliability and applicability of the
analytical methods under varying geotechnical conditions.

Table 6. Face pressures for shield TBM calculated using selected analytical approaches.

. Profile 1 (B2 Profile 2 (B1
Analytical approach (B2) Face pressurc [kPa] (B1)
Cone of bearing 183 230
Jancsecz and Steiner 139 210
DIN 4085 (2017) 62 235
Blow out limit pressure 410 1150

4. Results and Discussion

Figures 11 and 12 present the vertical displacement results obtained from the developed numerical
models at Phase 28. Two representative cases are illustrated: Profile 1 (B2), simulated with a face
pressure of 250.0 kPa, and Profile 2 (B1), simulated with a face pressure of 450.0 kPa. For Profile 1
(B2), face pressures were varied within the range of 75.0 - 350.0 kPa, while for Profile 2 (B1) they were
varied within 200.0 - 750.0 kPa, in order to evaluate their influence on ground surface settlements. The
comparison between profiles highlights the sensitivity of surface and subsurface displacements to the
applied face pressure, emphasizing the importance of careful pressure control in shield TBM tunneling.
In the presented results, negative displacement values indicate ground settlement, whereas positive
values correspond to ground heave.

From the presented diagrams, it can be seen that along the ground surface cross-section following the
shield TBM excavation axis, ground heave occurs at the tunnel face and along the shield, partially
counteracting the settlement induced by volume loss. For Profile 1 (B2), the maximum heave reaches
0.17 mm, whereas for Profile 2 (B1), the settlement is reduced to -1.64 mm. In contrast, ground
settlement occurs in the zone of the installed concrete lining, with a minimum settlement of -4.86 mm
for Profile 1 (B2) and -3.38 mm for Profile 2 (B1).

In the ground surface cross-section perpendicular to the shield TBM excavation axis, settlement occurs
above the tunnel crown zone, with minimum values of -1.08 mm for Profile 1 (B2) and -2.78 mm for
Profile 2 (B1). Meanwhile, ground heave is observed outside the tunnel crown zone, reaching a
maximum of 0.47 mm for Profile 1 (B2) and without heave for Profile 2 (B1).
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Fig. 11. Vertical displacement (Tz, mm) of Profile 1 (B2) at Phase 28.
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Fig. 12. Vertical displacement (Tz, mm) of Profile 2 (B1) at Phase 28.

It is also evident that settlement at the tunnel crown is significantly greater than surface settlement. For
Profile 1 (B2), the crown settlement reaches -11.34 mm, compared to a surface settlement of -1.16 mm.
For Profile 2 (B1), crown settlement reaches -13.67 mm, whereas the surface settlement is only -3.09
mm. This difference clearly indicates that the maximum ground deformations are concentrated in the
immediate vicinity of the tunnel, while the effects transmitted to the surface are considerably smaller.
Such behavior is consistent with the stress redistribution around the excavation and highlights the
importance of accurate modeling of tunnel-soil interaction when predicting surface impacts in urban

environments.

Figures 13-16 show the vertical displacements at the ground surface for each phase of the calculation
models, considering all analyzed face pressure scenarios. These diagrams allow a detailed comparison
of settlement and heave along the tunnel alignment, highlighting how variations in face pressure
influence both the magnitude and spatial distribution of ground movements. Systematic examination of
the results helps identify deformation trends and evaluate the effectiveness of different shield TBM face
pressures in controlling settlements.
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Fig. 13. Minimum ground surface vertical displacements for each calculation model phase of Profile 1 (B2).
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Fig. 14. Maximum ground surface vertical displacements for each calculation model phase of Profile 1 (B2).
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Fig. 16. Maximum ground surface vertical displacements for each calculation model phase of Profile 2 (B1).

Tables 7 and 8 present the ground surface vertical displacement values corresponding to the different
face pressure scenarios analyzed in the study. These results provide a quantitative basis for evaluating
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the influence of face pressure on settlement and heave behavior, offering insights into the optimal
operational range for minimizing ground displacements during shield TBM tunneling.

Table 7. Ground surface vertical displacements for Profile 1 (B2).

Face pressure [kPa] 75.0 100.0 150.0 200.0 250.0 300.0 350.0
Surface vertical Minimum -5.10 -4.95 -4.86 -4.86 -4.87 -4.88 -4.89
displacement [mm] Maximum 0.46 0.49 0.56 0.64 0.70 0.77 0.84

Table 8. Ground surface vertical displacements for Profile 2 (B1).

Face pressure [kPa] 200.0 250.0 350.0 450.0 550.0 650.0 750.0
Surface vertical Minumum -3.44 -3.34 -3.39 -3.48 -3.55 -3.62 -3.69
displacement [mm] Maximum 0.03 0.07 0.17 0.29 043 0.57 0.71

Tables 9 and 10 present the vertical displacements at the tunnel crown obtained from the numerical
models for the full range of considered face pressures, providing a direct measure of the deformation
around the tunnel excavation, where the crown represents the most critical point in terms of settlement
and structural response. These results highlight the sensitivity of crown displacements to variations in
face pressure and can be used to guide TBM operational strategies for minimizing excessive ground
movements and ensuring tunnel stability.

Table 9. Vertical displacements at the tunnel crown for Profile 1 (B2).

Face pressure [kPa] 75.0 100.0 150.0 200.0 250.0 300.0 350.0
Crown vertical Minimum -12.23 -11.76 -11.45 -11.52 -11.53 -11.53 -11.50
displacement [mm] Maximum 0.47 0.51 0.60 0.68 0.76 0.84 0.93

Table 10. Vertical displacements at the tunnel crown for Profile 2 (B1).

Face pressure [kPa] 200.0 250.0 350.0 450.0 550.0 650.0 750.0
Crown vertical Minimum -17.19 -15.56 -14.30 -14.08 -14.02 -14.00 -13.99
displacement [mm] Maximum 0.04 0.08 0.18 0.30 0.46 0.67 091

5. Conclusion

The present study focused on assessing the optimal face pressure for shield TBM tunneling along Phase
1, Line 1 of the Belgrade Metro using staged three-dimensional numerical simulations. The results
indicate that both surface and subsurface vertical displacements show limited sensitivity to the applied
face pressure. For Profiles 1 (B2) and 2 (B1), maximum vertical displacements were observed in the
immediate vicinity of the tunnel crown, while surface vertical displacements remained significantly
smaller. The analysis also showed that surface ground heave develops at the tunnel face and along the
shield, whereas settlements are primarily concentrated in areas with installed concrete lining.
Furthermore, the observed differences between Profiles 1 (B2) and 2 (B1) reflect the influence of
varying geotechnical conditions and overburden thickness along the alignment, underlining the
importance of site-specific analysis for reliable shield TBM operation.

The numerical results indicate optimal face pressure ranges that minimize both crown and surface
vertical displacements, providing practical guidance for shield TBM operation (Tables 7-10).
Compared to analytical methods proposed by various authors, the numerical approach offers several
advantages: it accounts for complex ground-structure interaction, simulates sequential excavation
stages, and allows detailed sensitivity analyses under varying operational parameters. Unlike analytical
methods, which provide single-value estimations, numerical modeling can capture the spatial and
temporal distribution of deformations, offering a more reliable and risk-informed basis for operational
decisions. The obtained results indicate that the analyzed calculation profiles (macro-zones) are located
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within relatively competent limestone and conglomerate formations, which exhibit limited sensitivity
to variations in applied face pressure, suggesting favorable conditions for shield TBM tunneling.

Future research will cover all calculation profiles (macro-zones) along the entire alignment of Phase 1,
Line 1 of the Belgrade Metro, with particular focus on zones characterized by less favorable ground
conditions. A more comprehensive sensitivity analysis will be conducted using Midas GTS NX in
conjunction with PEST++ (2025), incorporating not only face pressure but also other key shield TBM
operational parameters. While contact elements between the tunnel lining and the surrounding ground
were not included in the current numerical models, they could be implemented in future, more detailed
studies to account for soil-structure interaction. In Midas GTS NX, interface elements with defined
frictional behavior can be used to model the interaction between lining segments and the surrounding
soil or rock. Incorporating such elements would allow for more accurate predictions of lining stresses,
deformation patterns, and load transfer mechanisms during tunnel excavation. This methodology will
enable a detailed evaluation of the combined effects of multiple operational variables on both surface
and subsurface settlements, thereby supporting the development of robust risk mitigation strategies and
providing enhanced operational guidance for shield TBM tunneling in complex urban environments.
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Abstract: The study analyses the excavation of a repository chamber in a radioactive waste storage facility in
Hungary, using three-dimensional numerical modelling to assess tunnel deformations. The project's comprehensive
field mapping and monitoring system made it possible to compare the results of numerical calculations based on
field and laboratory measurements with the real behaviour of the tunnel. During excavation, tunnel displacements
were continuously recorded using extensometers and two types of convergence measurements, which allowed a
comparison of the deformations of the real and modelled environment. The displacements between the measuring
points defined in the model during the convergence measurement were investigated. A mechanically realistic but
simple 3D model was developed, based on extensive field and laboratory data, which reproduced tunnel
displacements of the same order of magnitude as observed in monitoring measurements.

Keywords: tunnel deformation; granite; extensometers; convergence measurements; 3D numerical modelling

1. Introduction

Tunnelling in fractured rock masses presents a complex geomechanical challenge due to the
heterogeneous and anisotropic nature of the subsurface environment. Accurate prediction of rock
deformation during tunnel excavation is essential for ensuring construction safety, optimising support
design, and decreasing project costs. 3D numerical models provide a comprehensive framework for
simulating the interaction between tunnel structures and the surrounding geological media, especially
if appropriate field observations and monitoring data are available.

The construction phases of a tunnel are particularly critical, as the excavation process alters the in-situ
stress field and initiates time-dependent deformations. Capturing these transient effects requires
advanced numerical techniques and an accurate representation of fracture mechanics and rock mass
behaviour at various scales. These models facilitate predictive analysis of deformation zones, potential
failure mechanisms, and support system performance under realistic geological conditions.

At the Hungarian National Radioactive Waste Repository (NRWR), repository chambers are excavated
within the Moragy Metagranite Complex, where dense fracture networks and aplite veins complicate
prediction. The present study develops a mechanically realistic yet deliberately simple homogeneous
3-D model of chamber I-K3 and compares calculated displacements with in-situ measurements from
extensometers and convergence sections acquired during construction. The objective is to assess how
far a homogeneous model can reproduce the order of magnitude and trends of monitored deformations
at the chamber scale, and to identify the principal sources of mismatch that should guide model
refinement.

*Corresponding author: somodigabor@gmail.com (G. Somodi).
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2. Geology

The models tend to characterise the mechanical behaviour of a repository chamber construction in the
Hungarian National Radioactive Waste Repository (Fig. 1), approximately 280 m below the surface.
The host rock of the repository is the Carboniferous Moragy Metagranite Complex.

]

Fig. 1. Location map of the studied repository chambers.

Based on extensive empirical observations, the evolution of rock quality - and, consequently, the
anticipated geotechnical conditions - within the Moragy Granite is predominantly governed by fractures
and fracture networks that developed during its tectonic evolution.

Surface and underground geological investigations have delineated six principal paleo-stress fields,
within which a wide array of fracture orientations and generations have been identified. Under these
distinct stress regimes, the pre-existing fracture systems exhibit varying degrees and modes of
deformation, reactivation, and subsequent evolution. (Maros et al., 2003, 2009)

As aresult, a complex and dense network of fracture zones and cracks has developed, characterised by
significant heterogeneity in dimensions, orientations, and infilling materials. The spatial trajectories of
individual fractures are generally irregular, and their terminations are frequently unpredictable due to
the overprinting effects of multiple tectonic events.

The investigations further revealed that fracture infill materials cannot be uniquely associated with
specific deformation phases delineated by the orientation of paleo-stress fields. In addition to discrete
fractures, particular attention is warranted - from geotechnical and hydrogeological perspectives - for
the more extensive fractured zones, which locally attain thicknesses of 10 meters. These zones are
typically infilled with clay minerals. (Maros et al., 2009)

Findings from the early stages of the research already indicated that the geological and tectonic history
of the Moragy Formation has resulted in pronounced inhomogeneity in rock mechanical and
geotechnical parameters. Consequently, the spatial extrapolation of these parameters across the site is
subject to considerable limitations. (Kovécs et al., 2016)

The surroundings of the survey section were overlain by monzogranite and ridge-bedded with several
aplite dykes.
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3. Methodology

The methodology of this study integrates field data collection and advanced three-dimensional
numerical modelling to evaluate the influence of construction stages on tunnel deformation in a granitic
rock mass. During excavation, deformation was continuously monitored through a network of
extensometers and convergence gauges. (Krupa et al., 2015; Zierkelbach et al., 2016) Measurement
sections were established along the I-K3 tunnel alignment, with specific anchor locations identified
within the model domain (Fig. 2). These observational datasets were used to calibrate and validate the
numerical models.

Fig. 2. A typical rock mass condition in the top heading of the repository chambers.

Numerical modelling was carried out using the RS3 software suite developed by Rocscience, which
supports 3D finite element analysis. A simple homogeneous rock mass model was constructed due to
the dense fracture network, representing the continuum approach without explicit fractures.

Tunnel heading advancement, excavation stages, and support installation were simulated in the RS3
environment. Displacement predictions were extracted at locations corresponding to monitoring
instruments, allowing direct comparison between modelled and observed deformation patterns.

3.1. Input parameters

The numerical model adopted several simplifications that were validated and checked later in the
workflow. A single chamber was modelled because the pillars between the chambers are sufficiently
thick relative to the tunnel dimensions. The tunnel has a curved horseshoe profile with a crown radius
of 6.4 m, overall height of 10.6 m, sidewall radius of 11.4 m, invert width of 11.08 m, and an invert
dish depth of 0.91 m. To ensure that the analysed +20 m section was not affected by end effects, a 60
m long tunnel segment was modelled. Excavation advances were 2 m for the top heading, while the
bench was excavated in 4 m advances with a 20 m lag.

The rock mass was represented using the Generalized Hoek—Brown failure criterion with plastic
behaviour. Table 1 summarises the adopted median properties of the monzogranite rock mass, which is
the result of the statistical evaluation of approximately 600 laboratory tests. The support system
consisted of 200 mm of reinforced shotcrete and 4 m-long rock bolts. The heading was additionally
supported with steel lattice girders at 2 m spacing. The in-situ stress field was assumed to be constant:
8,725 kPa perpendicular to the tunnel axis, 7,261 kPa parallel to the axis, and 6,870 kPa vertically,
derived from theoretical calculations and confirmed by in situ stress measurements. (Kovacs et al.,
2016).
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Table 1. Median values of the monzogranite rock mass parameters.

GSI[-] mi [-] v [kN/m’]  UCS [MPa] Ei [GPa] H -]
42 14.4 27.06 133.1 68.07 0.235

Fig. 3. Measuring sections in the RS3 model. The convergence section is inside the tunnel (1-5,2-8, 1-9), while the
extensometer (1, 2, 3, 4, 5) is located outside the tunnel.

4. Results
4.1. Comparison of the displacements of the extensometer and the numerical model

Figure 4 illustrates how the calculated displacements of the modelled anchors of the extensometer
varied as a function of the distance between the measurement section and the current top heading
excavation face of the chamber. It can be observed that displacements remain relatively small over the
first 20 m while the top heading face has not yet reached the measurement section. Once the top heading
face reaches the measurement section, larger displacements are recorded at anchors 3—5, closest to the
tunnel excavation. The excavation process has less effect on the displacements of anchors 1-2. The
maximum displacement is shown by anchor 5, the one closest to the tunnel cross-section; its peak value,
when the measurement section and the current top heading face are 20 m apart, is 0.38 mm.

The magnitude of the model's displacements is of the same order as those from on-site measurements
(Fig. 5); however, their progression is slightly different. The differences can be explained by the model
interpreting the surrounding rock mass as a homogeneous body, disregarding possible tectonic
variations, faults, or veins.

The geology of the area surrounding the I-K3 chamber shows that cracks and aplite veins are present
in the rock mass, along with displacements that could have occurred due to the excavation. In addition,
the model's excavation stages are uniform, whereas the blasting depths vary slightly on-site. Due to the
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excavation technology, inequalities in the cross-section can easily develop, while in the model, this
remains constant.

Displacement [mm]
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Fig. 4. Development of calculated displacements of extensometer anchors in the model as a function of the distance
between the measurement section and the current top heading excavation face of I-K3.
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Fig. 5. Development of measured displacements of extensometer anchors as a function of the distance between the
measurement section and the current top heading excavation face of I-K3.

4.2. Comparison of the measured and calculated convergence

During the mechanical convergence monitoring, the time history of tunnel lining deformation—
resulting from excavation-induced changes in the stress state—was determined, tracking the successive
excavation stages. Using the model’s monitoring points, horizontal convergence was computed along
the 1-9 and 2-8 lines, while an inclined (oblique) convergence was calculated along the 1-5 line. Figure
6 shows how the deformation between the measured points evolves regarding the convergence value as
a function of the distance between the measurement section and the current top heading excavation face
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of I-K3. In the case of the five repeated measurements, the displacements increase uniformly in all
cases. The maximum measured displacement is in the 2—8 direction (1.45 mm), while the 1-9 direction
is slightly lower (1.36 mm). The smallest displacement is seen in the 1-5 direction, with a maximum
value of 0.51 mm.
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Distance between the measurement section and the current top
heading face [m]

——19 —4-28 ——13

Fig. 6. Development of convergence values calculated between model-defined measurement points as a function of
the distance between the measurement section and the current top heading excavation face of I-K3.

The measured values consistently show similar magnitudes and trends across repeated tests. The
maximum measured displacement in the 1-9 direction is approximately 1.45 mm, in the 1-5 direction,
1.9 mm, but their order has changed. In the 2—8 direction, the measured convergence is -0.2 mm, which
does not match the calculated result either in magnitude or direction. The trend also breaks down in the
case of repeated measurements. During the evaluation of the convergence section’s measurement
results, it was noted that measuring point 8 is moving away from the tunnel axis. (Zierkelbach-Kovacs,
Kovacs and Kiss, 2016.)

Overall, it can be said that the model did not consistently reproduce the convergence values from on-
site measurements, which can be explained by the fact that the rock environment in the model is
homogeneous and does not consider tectonic irregularities (presence of faults and veins). Therefore, the
model results (Fig. 7) show only symmetric displacements along the tunnel lining.

. 00011

W Gatage] - G001 £

Fig. 7. Total displacements in the RS3 model.
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5. Conclusion

The presented 3D numerical case study of chamber I-K3 shows that a homogeneous Generalized Hoek—
Brown model, calibrated from field and laboratory data and analysed with staged excavation and
support, reproduces the same order of magnitude of displacements observed on site, both for
extensometer anchors and convergence measurements. Extensometer results also captured the increase
in displacement as the top-heading face approached the measurement section, with the anchor closest
to the tunnel cross-section showing the most significant response.

The model-predicted peak convergences of approximately 1.145 mm (2-8), 1.366 mm (1-9), and 0.511
mm (1-5) were comparable in magnitude to the measured maxima of 1.45 mm (1-9) and 1.9 mm (1-
5). However, the model failed to consistently reproduce the directional trends and observed
asymmetries. While the numerical simulation predicted a uniform and nearly symmetrical increase in
displacement around the lining, the field data exhibited a clear direction-dependent behaviour,
including negative convergence in the 2—8 direction and localised deformation peaks.

The most plausible explanations for these discrepancies are the homogeneous rock-mass assumption,
which overlooks key tectonic heterogeneities such as faults, fracture corridors, and aplite veins, and the
associated stiffness and strength anisotropy. Additionally, the model's simplification of construction
realities, such as variations in blast rounds and minor deviations in the excavation profile, likely
contributed to the differences between the predicted and observed behaviour.

Implications for design and analysis. A homogeneous equivalent-continuum can be adequate for first-
order magnitude checks and preliminary support sizing for fractured granites, provided it is confronted
with monitoring data. Still, it is insufficient to reliably capture directionality and localisation of
deformations. This aligns with wider experience that monitoring (convergence and extensometers) is
essential to validate and update predictions during construction.

Recommendations for future modelling:

e Introduce heterogeneity (mapped fracture corridors/aplite veins as reduced-stiffness/strength
volumes) or adopt a DFN-informed equivalent to better capture anisotropy and asymmetric
convergence. (Li and Elmo, 2024)

o Reflect construction nuances by varying the lengths of the advances and face shapes in the staging,
and by including realistic support-installation lags.

The study demonstrates that a simple, homogeneous 3-D model is a useful baseline and decision aid.
Still, it should be augmented—guided by monitoring—to incorporate site-specific heterogeneity if
directional behaviour and localisation are critical to support verification at the chamber scale.
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Abstract: This paper presents an end-to-end workflow for generating three-dimensional, voxel-based ground
information model that seamlessly integrates geological complexity and soil-property variability into finite-element
analyses. First, lithology is interpolated on a structured grid via Empirical Bayesian Kriging in ArcGIS Pro,
producing a voxelized subsurface architecture. Next, spatial variability of key geotechnical parameters is
characterized with conditional random fields using GSTools, utilizing borehole observations to ensure realistic site-
specific conditions. All modelling components are stored and linked in NetCDF file, preserving dimensions and
metadata, while allowing for the efficient data exchange. Finally, voxel-based ground information model is imported
into a CutFEM solver for adaptive finite element simulations. We demonstrate the workflow on a synthetic
excavation scenario, highlighting its computational efficiency and improved accuracy in predicting deformation
compared to deterministic models. By automating the entire process and leveraging open data standards, this
approach addresses interoperability challenges and enables engineers to incorporate uncertainty directly into
numerical designs.

Keywords: GIM; soil variability; CatFEM; AMR

1. Introduction

In the past decades, as digital tools and technologies introduced an immersive need for digital
transformation in engineering, the geotechnical community has witnessed a shift from traditional ways
of ground modelling, such as 2D or block-based subsurface representations, toward 3D data-rich ground
models that can capture geological and geotechnical complexity and directly be integrated with
numerical solvers. Although many significant advancements have been made in this field (Erharter et
al., 2023; Tian and Wang, 2024), there still appears to be a persistent gap between fully developed
ground models and their practical application in geotechnical engineering, primarily due to poor
interoperability among diverse data formats, software packages, and digital platforms.

While numerous high-quality research works on ground modelling (Erharter et al., 2023; Huang et al.,
2022; Khan et al, 2023; Shi and Wang, 2022; Tian and Wang, 2023; Xie et al., 2023) mostly focus on
just one aspect of the workflow (e.g. stratigraphy modelling, sparse data inference, BIM integration,
FEM analysis), not many offer a simple, computationally efficient, and fully integrated 3D system that
carries the ground model directly into FEM. Moreover, majority of the studies stop short of including
the spatial variability of soil properties, which arises from complex geological processes (Phoon and
Kulhawy, 1999a) and represents an inevitable part of ground characterization. It can effectively be
assessed employing the Random Field Theory (Chen et al., 2024; He et al., 2022; Huang et al., 2020;
Pan and Dias, 2017; Vanmarcke, 1977). To fully pair all the unknowns with the ‘known’ ground
information, it is of great importance to constrain the stochastic predictions with the actual field

*Corresponding author: kmicic@grf.bg.ac.rs (K. Micic).
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observation data, which is achievable by conditioning the random simulations for the known values at
specific locations (Gong et al., 2018; Huang et al., 2020; Hu et al., 2025; Wang et al., 2024; Xie et al.,
2023; Zhao et al., 2023).

Numerical analysis plays an important role in initial assessment of settlement-induced construction
process. For tunnelling application, CutFEM is a method of choice for design of tunnel track (Bui et
al., 2023). This approach allows for independent modelling of analysis components. In particular, the
ground can be modelled using regular geometry without initial generation of boundary fitted excavation
domain. This fits naturally with ground data defined on a structured grid and enables seamless
integration of ground information model (GIM) during the simulation.

In this work we present an end-to-end workflow that: (1) uses borehole data to produce a 3D lithology
model in ArcGIS using Empirical Bayesian Kriging, (2) enriches the lithology voxel model with
conditional random fields of key soil properties to reach a holistic voxel-based GIM, and (3) seamlessly
incorporates GIM into Kratos-based CutFEM solver. The main objective of the study is to establish a
reproducible, interoperable and automated pipeline for adaptive FEM analysis using 3D spatially
variable ground models.

2. Voxel-based ground model
2.1. Field investigation data

Geotechnical datasets from individual projects are typically limited in size and often irregularly
distributed, due to constraints of budget, schedule, or access (Phoon et al. 2023, Wang and Tian, 2023).
Even though geotechnical standards prescribe a wide range of investigation methods, each offering its
own benefits for characterizing ground conditions, the borehole drilling remains the cornerstone
technique. It provides multiple streams of information directly from subsurface materials, including
lithology, groundwater conditions, and sampling for laboratory testing.

In this study, boreholes form the foundational data layer from which all the other ground modelling
components are derived. Whilst the entire framework is built on synthetic data, great attention has been
put into configuring the inputs as realistically as possible, ensuring that every subsequent analysis and
simulation retains physical and geotechnical validity.

To that end, Fig. 1 shows 50 random synthetic boreholes distributed over the domain of interest
measuring 400 x 300 x 60 min X, Y and Z, respectively. Each digital borehole is organized into distinct
elements, with each element carrying its own characteristic set of data (Fig. 1). To be able to achieve
full connectivity between the distinct elements, parent-child mappers are established.

2.2. Lithology modelling in GIS

2.2.1. Empirical Bayesian Kriging

Lithology modelling is conducted using the ArcGIS Pro’s Geostatistical Analyst toolbox that contains
a suite of tools for data analysis, interpolation and validation, among which Empirical Bayesian Kriging
(EBK) stands out as an advanced and well-equipped algorithm for lithology spatial delineation (Esri,
2025).

Empirical Bayesian Kriging (EBK) is a geostatistical interpolation approach that embeds the iterative
semivariogram fitting within a Bayesian framework and combines two underlying models within a
unified computational procedure - an intrinsic random function kriging (IRFK) component and a linear
mixed model (LMM) component. In the computational model, observations z; at locations s; are
expressed as:

zi=y(s)+ &, i=1,..,K (1)
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where y(S) is the underlying Gaussian spatial process, ¢; denotes measurement error and K is the
number of observations (Gribov and Krivoruchko, 2020; Krivoruchko and Gribov, 2019).

The core EBK workflow first estimates semivariogram parameters using the restricted maximum
likelihood method (REML), then produces multiple unconditional simulations to build an empirical
prior of parameter sets. Each set is weighted by its likelihood of producing the observed data, and final
predictions at unsampled locations are obtained by averaging the individual predictions generated by
each parameter set, using the weights. For large datasets, the input is divided into overlapping subsets,
each processed independently. In full 3D mode in ArcGIS Pro, the EBK logic is preserved while
adapting distance metrics and search neighbourhood definitions to three dimensions (Esri, 2025).

il l,,’

1 ) Borehole
| = BHID lith zones
s Xz samples

Zone_

W | H'

H

z_tep Iith type
z_bottom lith code

e

Sample —
XYz lith type
é ¢, phl. E.Ch lith code
X Y

. -
-
. . 4 .
. a - a =
. -
» a4
AT = i 4 ad
. .
TS . . . 4
-
L] » i .
a .
.
» » »
»
»
.
________________________ =
Legand th_zones

Borehales

s bh

EBK_lithology \-.

I
I
I
|
salll \ !
sail2
i3 I
I

0 15 0
[ S— — |

Fig. 2. 3D lithology model generated using ArcGIS Pro’s EBK, with an excerpt of a vertical view showing the zone
points used for modelling.

2.2.2. Voxel-based lithology model

We produce the 3D lithology model using the ArcGIS Pro’s EBK tool in several steps. First, we prepare
the input lithology data as point feature layer containing 3D spatial coordinates, as well as lithology
index (Fig. 2). Then, we configure the EBK model: semivariogram type, subset size, number of
simulations. This part also allows for data transformation, if needed. After defining the vertical
anisotropy with trend removal and elevation inflation factor, we set the search neighbourhood
parameters: radius, sectorization scheme and number of neighbours. Next, the tool is being run and the
performance is evaluated through error diagnostics. Final step includes reclassifying EBK continuous
prediction into discrete lithology units.
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Upon execution, the output is stored as a geostatistical layer that shows a horizontal transect at a given
location. It encapsulates the source dataset path, all EBK parameters used for the interpolation, and
metadata for subsequent mapping or re-evaluation. Geostatistical layer is further used to generate a
multidimensional voxel-based raster that stores volumetric data in NetCDF format (see Section 2.4.).
In this study, we employ voxels for building and representing the digital ground model, which
seamlessly integrate with subsequent modelling components. The entire workflow is fully automated
with ArcPy, Esri’s comprehensive Python library for spatial analysis, data management, and conversion
(Esri, 2025). The lithology model derived from synthetic digital borehole data (Section 2.1.) is
presented in Fig. 2.

2.3. Soil spatial variability

2.3.1. Conditional random field (CRF) generation in GSTools

The conditional simulation process can reliably be executed in GSTools (Miiller et al., 2022), which is
an open-source Python library designed for efficient geostatistical modelling and spatial random field
simulation. A CRF is generated following a three-step procedure that includes: 1) computing kriging
weights and generating a kriged field, 2) generating an unconditional realization of a random field, and
3) conditioning the unconditional random field with the kriging correction for the observed
measurements, as detailed below.

Regardless of the generation technique, an unconditional simulation greatly depends on a covariance
model whose definition typically involves specifying variance (62), nugget (n), correlation length (0),
and a chosen form of correlation function cor(h). Once a variogram model is in place, a common way
to simulate a Gaussian random field is by utilizing the Randomization method (Hefe et al., 2014;
Kraichnan, 1970) that employs the variogram model’s spectral density to simulate a Wiener process in
the Fourier domain. In this approach, the field U, (x) is estimated with:

2 N
U,(x) = \/Z (ajcos(k; - x) + bysin(k; - x)) 2)
v

where N is the number of Fourier modes used in the simulation, a; and b; are independent standard
normal random variables (V' (0,1)), and k; represent independent random wave vectors sampled from
the spectral density corresponding to the variogram model.

Then, with kriging, the unknown values of a field Uy, at a spatial point x, are estimated by applying the
weighting factor A; to the observed values Z1, Z2, ..., Z, at spatial points x;, X5, ..., Xp:

N N
Uelro) = D 0 = D Aio)2(x) &)
i=1 =1

L

for which N is the number of observations, and the weights are determined by minimizing the kriging
error variance 62.

Thus, a conditional random field can generally be observed as a set of three components, which make
up the CRF generation process:

Ue(x) = Uy () + (U (x) = Ups(x)) 4)

where x represents a spatial location, U, (x) refers to the unconditional random field, Uy (x) denotes
the kriging estimate based on measured data at their locations x; fori = 1, 2, ..., N, and Uj4(x) is the
kriging estimate based on the simulated values from the unconditional field at the same locations.
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2.3.2. Conditional realizations of soil properties

Here, we generate conditional realizations of four soil properties considered most relevant for
conducting numerical analysis — cohesion, internal friction angle, Young’s modulus and plastic
hardening modulus, for each soil type. For assessing the domain of interest’s spatial variability, we
fully utilize the previously presented workflow by conditioning the stochastic simulation for the
measurement data obtained from soil samples. Table 1 shows a set of statistical parameters used for
CRF simulation in soil 1, 2 and 3, which are adopted based on author’s previous work (Bui and
Meschke, 2020).

Table 1. Set of adopted soil properties from soil samples

Soil 1 Soil 2 Soil 3
min max u min max u min max u
c (kPa) 24.09 32.88 28.42 26.00 34.93 30.48 82.23 91.76 86.81
[OXQ) 26.05 30.95 28.29 28.02 32.95 30.59 30.01 34.99 32.82

E (MPa) 25.03 31.98 28.17 42.09 49.95 45.99 60.07 69.96 65.38

Ch (kPa) 27.05 32.98 30.14 40.00 47.97 44.13 57.06 64.95 61.02

Soil properties’ distribution is modelled using the exponential covariance model paired with ordinary
kriging routine, conditioning the simulation at 400 measurement points in total. The simulation is
performed on a structured voxel grid inherited from the lithology model. Generated CRFs of soil
properties preserve the domain’s original spatial structure, realistically evaluating their variability, as
shown in Fig. 3. Generally, soil properties’ values perform greater variability in horizontal, than in
vertical direction, clustering over the lengths defined by the correlation structure, while simultaneously
respecting the known values from the borehole samples. Higher fluctuations and sharper transitions in
cohesion and Young’s modulus values at the interface of soil 2 and soil 3 are expected to form stress
concentration zones along the contact.

2.4. Ground Information Model

2.4.1. Voxelization and Network Common Data Format

Voxel-based ground models greatly benefit the ground modelling procedure with their ability to refine
the resolution at multiple scales, represent heterogeneous geological information across the domain and
incorporate semantic data (Khan et al., 2023). Voxel represents a 3D cell or a cube that can carry
volumetric and semantic information. Depending on the model complexity and further integration
schemes, voxels can either be of uniform or differing size in three dimensions. Usually, a set of
information that a voxel carries is assigned to its centre point, offering simplicity in voxel grid and data
reconstruction across different modelling tools and software.

Since ArcGIS Pro produces voxel-based EBK models in NetCDF format (see section 2.2.), it is
recognized as convenient, efficient and promising way of constructing GIM. NetCDF (Network
Common Data Form) is a standardized, array-oriented file format designed for storing and exchanging
diverse scientific datasets (NSF Unidata, 2025; Rew and Davis, 1990). It is self-describing, portable
across platforms, and scalable, enabling efficient access to subsets of large datasets without requiring
the entire file loading.
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Fig. 3. 3D conditional realization of cohesion on the left and Young’s modulus on the right (the other two CRFs are
left out from visualization for the space sake).

2.4.2. GIM structure

GIM is structurally and hierarchically derived using the bottom-up approach (Fig. 4), such that each
modelling component (group, subgroup) is generated in a staged workflow by consuming the data
output of the previous stage, before writing its own results back into NetCDF. The starting layer is
represented by the field observation data and its correlated metadata, stored as a root group. This non-
gridded dataset is organized within three primary dimensions each corresponding to the borehole
investigation elements and storing their specific variables (Fig. 1). Next, the GIS lithology voxel model
is created loading the root-level variables (borehole coordinates, zone elevations, lithology types) and
following the procedure described in Section 2.2. Besides the GIS projection data, this gridded model
stores a number of voxels used for its construction, represented by the length of each dimension (based
on voxel size), voxel centre coordinate arrays and the domain of interest bounding box. Within this
group, the primary variable is a three-dimensional integer array lithology/z,y,x], consisting of the
interpolated lithology codes at each voxel centre. Built on top of the GIS voxel model, the CRF
subgroup represents spatially varying soil parameters and their gradients, essentially using sample data
for simulating the parameters on the voxel grid inherited from the lithology model. Soil parameter CRFs
are generated as described in Section 2.3., resulting in a suite of 3D float arrays, each augmented with
its own metadata (such as units and descriptions).
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Fig. 4. GIM structure and voxel contents.

288



Southeastern Europe Tunnelling Conference (SETC-2025)

GIM constructed in this manner offers: a) full traceability — starting from the investigation data, and
deriving multiple models in stages, b) modularity — modelling components are organized into groups
of different characteristics, and c) reusability — groups can be accessed and used separately. Owing to
its geometrical and structural features, voxel-based GIM provides all the necessary input for numerical
modelling, allowing for seamless interoperability with FEM solvers, as presented in the following
sections.

3. Finite element modelling with ground model input
3.1. Computational model for soils

Soil is a typical porous media, characterized by the void ratio between the solid skeleton and the matrix
water. This ratio is often denoted as porosity. Depending on the working condition, soil can include air,
especially when compressed air is flushed into the tunnel chamber during maintenance. Nevertheless,
in the normal condition, soil below the groundwater table is considered to be fully saturated and fully
dried above the groundwater level, i.e., drain condition. In terms of energy, the equilibrium state of the
soil mixture is characterized by the balance of momentum and the mass balance equation. The whole
set of equation is time dependent, and the discretised weak form can be integrated in time using
Generalized Newmark-o method (Chung and Hulbert, 1993). For the details of the saturated soils
formulation, the reader is referred to Nagel and Meschke (2010) and Bui et al. (2022).

3.2. CutFEM for excavation analysis

Robust treatment of material removal procedure is crucial for the success of excavation analysis. In the
traditional FEM analysis, material removal is characterised by element deactivation. Although simple,
this approach does not allow to fine grain control the removal domain, which is governed by the element
size. To do that, one must either refine the mesh or using a load reduction technique, e.g., CCM (Pham
et al., 2025). In contrast, CutFEM treats the material removal at the integration point by applying
suitable penalisation factor. By using adaptive quadrature, the material point can be penalised as
prescribed by the cut boundary. An exemplary demonstration of this concept is illustrated in Fig. 5
(Left) for material point penalisation and in Fig. 5 (Right) for adaptive quadrature.

Fig. 5. (Left) Illustration of material point penalisation in excavation analysis with CutFEM. Red () dots
are the inactive points and blue (m) dots are the active points; (Right) Illustration of CutFEM adaptive
quadrature.

3.3. Adaptive mesh refinement

The stark change in the gradient of the stress field typically signifies a reduction of local accuracy
(Szab6 and Babuska, 2011), hence it is necessary to refine the mesh locally in this area. The spatially
variable ground model often contains abrupted changes in the material properties, as presented in
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Section 2.3. In this work, the Young’s modulus F is selected to drive the mesh refinement due to its
direct influence on the stress level. Following that, the gradient of E is used to decide if a refinement is
needed for an element if [|grad E|| > 5.

The mesh refinement procedure based on subdivision approach (Burstedde et al., 2011) is used due to
its simplicity and readily available of high-performance package, i.e., p4est. This technique is based on
binary subdivision in space. For 3D problem, a number of eight sub-cells will be created for a box grid
cell of the structured grid. This division introduces hanging nodes. The displacement at the hanging
nodes must be constrained to maintain the continuity of the displacement field (Bui et al., 2022).

The refinement criterion requires the calculation of grad E by the ground information model. In case it
is not available, grad E can be approximated as

d _ 1JEi41jk—Ei-1jk Eij+ik—Eij-1k Eijk+1—Eijk-1
(grad E)yjr == , ,
) 2 dx dy dz

cell and dx, dy, dz are the size of a cell in the Cartesian directions respectively. It is noted that this
scheme possesses second-order accuracy.

], in which i, j, k is the index of the grid

3.4. GIM integration

Integration of the GIM into geotechnical analysis is straightforward, providing that it can provide the
parameter evaluation spatially. Having said that, a material parameter y can be considered as mapping
x: R3 — R. In the voxel-based GIM described in Section 2.4.3., the material field value is stored in the
discrete form at the grid vertices. Hence, the level set approach, i.e., using finite element shape function,
can be employed to interpolate the value in space. The parameter setting problem reduces to global
search of a grid cell which contains the spatial point, then determining its local coordinates. The final
step is to interpolate the grid value based on shape functions evaluated at the local point.

4. Numerical example

To demonstrate the computational approach in this work, we set up a tunnel analysis with the
background mesh of size 400 x 300 m. As for the ground model, it is constructed in full accordance
with the procedure presented earlier (see Section 2.), such that it covers the domain of interest shown
in Section 2.1. It consists of 39 401 voxels total, all equally dimensioned in X, y and z with 10, 10, 2 m,
respectively. Each voxel stores the specific geological-geotechnical dataset assigned to its centre point,
making the data exchange simple and straightforward. There are three different soil types delineated
within the ground model (soill, soil2 and soil3, see Fig. 2), and each one of them is characterized with
spatially variable soil properties derived using conditional realizations of random field (Section 2.3).

For simplicity, only drained analysis is performed, and simple deactivation of the tunnel is used to
simulate the excavation sequence. In this approach, the soil is deactivated along the tunnel track by
setting the quadrature weight of the integration point within the excavation region to 107'%
Subsequently, the tunnel lining is activated and tied with the background mesh. The analysis step is
done by letting the soil consolidates freely. The constitutive law is selected as linear elastic for both the
lining segment and the soil, in which the modulus of the lining is 3 x 10'°, As a result, the analysis will
converge in at most one iteration.

It is well known in literature that Young’s modulus (E) is one of the most sensitive parameters in
predicting settlement in the tunnel analysis problem, e.g., (Nguyen et al., 2024; Nini¢ et al., 2015). In
Nini¢ et al. (2015), the global sensitivity analysis employing FEM is analysed for E in each soil layer.
In Nguyen et al. (2024), the feature importance analysis is performed on the lining-soil interaction
model. The results show that E is the most important feature to affect the lining displacement. Hence,
we select E as the primary parameter to study the effect of soil variability in numerical analysis.
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Fig. 6. (Left) Obtained settlements for deterministic and GIM analyses and (Right) Settlement field of the analysis
with mean E in each soil layer (Top left) and with soil variability (Bottom left).

Fig. 6 (Right) presents the settlement field of both analyses using mean values and with soil variability
respectively. It also shows the meshes used for the analysis with deterministic soil parameters and with
soil variability. Due to the change in Young’s modulus fields, the mesh is refined for the analysis with
GIM. In Fig. 6 (Left), the settlement is sampled in the middle section (red line) and compared with the
deterministic analyses using the minimum and maximum values of the Young’s modulus field. As
expected, the results using mean values and GIM are bounded by the curves with minimum and
maximum values. The difference in the largest settlement of “mean” and “GIM” results is ~ 1.3%. We
anticipate that the fluctuation in the variability model compensates each other, thus giving very closed
results to the “mean” analysis. Nevertheless, the “GIM” analysis is able to capture local changes in the
stress field, as visualised in Fig. 7 for 62z and Fig. 10 for vertical stress sampling at points along the
tunnel. This observation verifies an important theoretical aspect, that the displacement field is the
integral of the strain and is generally smoother than the stress field, see Fig. 6 (Right).
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Fig. 8. Vertical stress field sampling at point A, B and C, see Fig. 7.
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5. Conclusions

This study presents the incorporation of soil variability into geotechnical analysis via ground
information model. It underpins the effort to account for uncertainty in geotechnical design, opening a
new paradigm for expanding the applicability and improving the reliability of numerical analysis in
engineering. The proposed approach is conducted by establishing an efficient data exchange interface
between voxel-based ground model and finite element analysis. By providing the procedure to import
spatial data from NetCDF of GIM and approximate the field gradient, the method enables mesh
refinement technique that enhances the computational accuracy.

To demonstrate the methodology, the tunnel excavation analysis is carried out employing the CatFEM
concept for material removal. This approach is shown to be effective, since structured grid is used
consistently for both data representation and simulation mesh. The results reveal that the GIM analysis
can capture localised changes in the stress field, offering more detailed look into soil-structure
interaction. Future work includes studying the effect of soil parameters in nonlinear analyses,
incorporating realistic constitutive models for soil behaviour, as well as enriching and updating GIM
with a bigger scope of relevant geological and geotechnical data. In terms of applicability, the
computational approach can then be relevant for other types of analysis, such as foundation excavation
and incorporation of buildings and structures.
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Abstract: Designing and construction of new transport infrastructure objects in large megacities is caused by dense
urban development, dense network of engineering communications and operating underground facilities. The
location of stations and tunnelling of underground tunnels in such conditions is associated with an increase in the
cost of construction and installation works. Special methods as well as the use of information modelling technology
serve as tools to optimize the costs arising in the course of project implementation within a tight schedule. This is
illustrated in the example of the construction of distancing tunnels from the station ‘Klenovy Boulevard’ to the
station ‘Kuryanovo’ of the projected Biryulevskaya line of the Moscow Metro crossing the station ‘Klenovy
Boulevard’ of the existing Big Circle Line. As part of the design, two options for the crossing were analysed: under
the Klenovy Boulevard station of the Big Circle Line and, respectively, above the existing tunnel of the station
complex. Thanks to the application of information modelling technology, the second option was chosen, where the
route was modelled with coordinated information models reflecting the already implemented design solutions for
Klenovy Boulevard on Big Circle Line station, as well as a fragment of the projected crossing between Klenovy
Boulevard and Kuryanovo stations, passing over the technical inspection station. At the same time, the distance
between the existing and under construction structures in the cross-section according to the adopted structural
solutions will be no more than 1,7 m. It is therefore necessary to increase the bearing capacity of the soils and prevent
possible deformations. To preserve the strength and stability of the soil massif, a part of the excavation is to be filled
with expanded clay concrete in the tunnelling zone of the tunnel boring mechanized complex. The described
experience reflects the practical significance of information modelling technology implementation in the
construction of structures within the framework of dense urban development and creates an economic effect.

Keywords: construction; information modelling technology; metro; tunnel; tunnelling

1. Introduction

The design and construction of new transport infrastructure facilities in large metropolitan areas is due
to dense urban development, a dense network of utilities and existing metro facilities (Agafonov et al.,
2024). The placement of stations and the passage of subway tunnels within the specified conditions
leads to an increase in the cost of construction and installation work. Considering major construction
projects in the city of Moscow, it is impossible not to mention the construction of the Big Circle line
(BCL) of the Moscow metro (Fig. 1). This is the largest metro construction project in Russia and one
of the largest in the world — the length of the line is 70 km, 31 stations and 2 electric depots. And 20%
of the stations were already built with the support of the information model (Viazovoi et al., 2024;
Kivlyuk at al., 2024).

In recent years, information modelling technologies have become the basis for improving the efficiency
and reducing the risks inherent in underground construction projects (Arayici, at al., 2011; Azhar, 2011;
Liu, at al., 2017). The use of special methods, as well as the use of information modelling technology
(BIM), are tools for optimizing costs incurred during the implementation of a project in a short time
frame. This technology promotes closer collaboration, accuracy, and efficiency in the design process,

*Corresponding author: gidrotehnik@inbox.ru (Viazovoi V.).
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shifting the industry paradigm towards an approach focused on timely and operational data exchange
between participants in the construction process (Charehzehi, and Ahankoob, 2012; Paskaleva,
Beronneau, and Bednar, 2024; Zhaofeng, 2024).The article (Nadot, at al., 2024) notes that the creation
of information models within the framework of the BCL project of the Moscow Metro allowed:

to detect and prevent conflict situations in the design process in advance;

identify priorities in a timely manner and focus resources on the most important areas of work;

use the BIM database when conducting copyright supervision;

to implement 4D planning, which integrates a 3D model with the construction schedule, which
allowed for a dynamic analysis of the planned and actual progress of work;

e to implement spatial coordination of the premises used in the cramped conditions of underground
construction.
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Fig. 1. Diagram of the Moscow Metro's Big Circle line.

Additionally, it should be noted that Guinness World Records has recorded a world record on the Big
Circle line for the number of tunnel-boring mechanized complexes (TBM) used in the construction of
the subway: 23 billboards did not work simultaneously on one project in any megacity in the world.

This article discusses the construction of transfer tunnels from Klenovy Bulvar station to Kuryanovo
station of the projected Biryulevskaya line of the Moscow Metro with the intersection of the existing
BCL, which is a complex of underground and aboveground structures providing not only transportation
of people, but also the functioning of the BCL as a whole.

2. Methodology

As part of the design, two intersection options were analysed: under the Klenovy Bulvar BCL station
(option 1) and, accordingly, between the current tunnel of the station complex and the above-ground
metro lobby (option 2, shown in Fig. 2).
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Fig. 2. Options for the route of the Biryulevskaya metro line tunnels: 1 — option 1 for the tunnel route (under the
existing line); 2 — double-track tunnel for the Biryulevskaya metro line; 3 — additional wall volume in the ground.

Option 1 required significant deepening of the foundation pit of the future Klenovy Boulevard station,
which would lead to a multiple increase in the cost and duration of construction and installation work,
as well as additional costs for appropriate measures for buildings and structures that were in the
increased zone of influence of construction.

Thanks to the use of BIM, option 2 was chosen, where the route was modelled taking into account
coordinated information models reflecting already implemented design solutions for the Klenovy
Bulvar BCL station, as well as a fragment of the projected stretch between Klenovy Bulvar station and
Kuryanovo station, passing over the technical inspection point. This solution leads to optimization of
the construction process and reduction of the project budget (Fig. 3).

I\ - N, - 2 = §
TTITIT I I TR 7 B R -‘Qt,;

VAT DK BT J T AT L RV ST a4 I/I'l’_/./;’

S B B seeag e B

N A A R R R S NNRUR i 8§17 N o 7 0 57 5 A7 0 S A5 5 AT S5 A (81 27
b \/\,(‘ PR ‘/5\/\. I

Fig. 3. Longitudinal section for option 2 at the intersection of the Biryulevskaya metro line tunnels with the existing
Klenovy Boulevard station: 1 — expansion joint; 2 — pedestrian crossing; 3 — beginning of the station complex; 4 —
railhead level; 5 — backfill work area at the intersection of lines.

At the same time, the distance between existing and under construction structures in cross-section
according to the adopted design solutions will be no more than 1.7 m. Therefore, it is necessary to
increase the bearing capacity of soils to prevent possible deformations (Konyukhov, 2021; Kulikova et
al., 2023). To preserve the strength and stability of the soil mass during the construction of the BKL, a
part of the excavation was filled with expanded clay concrete in the TPMK sinking area.
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The expanded clay concrete installation is provided in two stages:

1. laying expanded clay concrete up to the 109.45 mark (1 m below the axis of the 3rd tier of
fastening). After gaining strength with expanded clay concrete of at least 75 %, the 3rd tier
of fastening is dismantled;

2. laying expanded clay concrete and backfilling to the bottom of the preparation for permanent
structures of the pedestrian crossing (Fig. 4).

LA - Xy PPt P

Fig. 4. Diagram of expanded clay concrete laying and backfilling: 1 — first stage of expanded clay concrete laying;
2 — second stage of expanded clay concrete laying; 3 — excavation depth mark; 4 — TBM rotor dimensions.

The TPMK ‘Herrenknecht’ tunnelling complex with a 6.25 m diameter hydraulic face loader has been
selected for the passage of the Biryulevskaya line of the metro, which has successfully completed the
passage of 13 tunnels in the city of Moscow, which is more than 16 thousand running meters.

A tunnelling complex with a bottom-hole hydraulic loader, compared with a shield with a ground
loader, allows for more accurate control of the physical properties of the slurry and pulp, as well as
maintaining a set pressure in the bottom-hole chamber (Jarast et al., 2023; Konyukhov, 2023; Mahdi et
L., 2019).

The chisel head performs the function of a means of penetration, while the fastening of the bottom hole
space is carried out by counterpressure of a special solution, in particular, bentonite or clay-water (mud)
suspension (Mazein et al., 2019).

The slurry is pumped into the hydraulic loading chamber, from where it enters the bottom hole space,
and then seeps into the ground, forming a filtration crust, either a waterproof partition (fine-grained
soil), or a fully impregnated zone (coarse-grained) to provide back pressure in the head of the shield.

The clastic material developed by the working tools of the rotary chisel head consists partly of soil, and
partly of bentonite or a clay (mud) mixture. This mixture is pumped (hydraulic excavation) from the
hydraulic loading chamber into a separation unit on the surface, which processes it for subsequent use..

3. Results

These measures were taken into account when assessing the impact of tunnelling on the operating
station, taking into account the recommendations (Lebedev, 2018); the calculation model was
performed in the PLAXIS software package. The calculations were performed in a 3D formulation
using the Hardening Soil model. The physical and mechanical characteristics of the soils were
determined based on the results of laboratory studies and optimized using mathematical modelling in
the PLAXIS SOIL TEST virtual laboratory. The results of model studies of the effect of the passage of
distillation tunnels on the operating station are shown in Tables 1 and 2 and in Fig. 5.

298



Southeastern Europe Tunnelling Conference (SETC-2025)

Table 1. Predicted maximum additional vertical total displacements of tracks falling within the calculated zone of
influence of construction.

Total vertical displacement of tracks o Track
Traclg . (taking into account previous stages) Settlement De\;latlcl)n Skew widening
number af in leve .
‘Klenovy [mm] [mm] (mm] [mm] (naggr\;ving)
Boulevard” Calculation stage
station of
BCL Tunnelling of the Drilling of the
first tunnel second tunnel
Ist 0,18 0,67 Less than 1
2nd 0,15 0,74 Less than 1

Table 2. Predicted maximum additional vertical and horizontal displacements of metro structures falling within
the calculated zone of influence from TBM tunnelling (‘Klenovy Boulevard’ station on the BCL).

Maximum additional Maximum
. displacements, mm Technical permissible additional
Tunnelling .,
Structure stage condition settlement, mm,
g vertical horizontal category according to SP
474.1325900.2019

Underground First 12,1 1,4
vestlt_)ule and Second 162 2.8 1I 30

staircase

e =

i

Fig. 5. Additional vertical movements of the Klenovy Bulvar BCL station at the stage of tunnelling the 2nd tunnel.

According to the results of mathematical modelling, the maximum additional total vertical movements
and the relative difference in precipitation of buildings, structures, and utilities do not exceed the
maximum permissible values established by regulatory documents of the Russian Federation. The
integrity and operability of the building structures of the BCL, structures, and engineering
communications are ensured, additional safety measures are not required.

The use of numerical modelling of the impact of the passage of the Biryulevskaya Line tunnels on the
operating Klenovy Bulvar station of the BCL made it possible to clarify the relative location of
structures in the BIM model of the line under construction. However, monitoring of existing metro
facilities and the surrounding buildings is provided for the entire period of tunnel driving.

4. Conclusion

The methods used in the design of the considered section of the Biryulevskaya metro line will make it
possible to implement complex capital construction projects. The described experience reflects the
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practical significance of the introduction of BIM in the construction of structures in dense urban areas
and shows the economic effect (Table 3).

In the near future, information modelling technology may become the main tool for implementing
complex capital construction projects, which undoubtedly include the metro. The introduction of
information modelling technologies creates an opportunity to improve the detection of collisions,
prioritize work, optimize planning accuracy and cost control, which will increase the efficiency and
profitability of the construction process.

Table 3. Predicted maximum additional vertical and horizontal displacements of metro structures falling within

Ne Parameters under consideration Option 1 Option 2

1 Volume of excavated soil, m? 203.970,0 97.278.,0
2 Volume of trench ‘wall in the ground’, m? 24.613.9 12.252,2
3 Volume of excavation pit support, t 5.275,2 2.515,9

4 Construction period of the pit, months 17,9 12,0

5 Cost of construction and installation works, 5.084.442.7 2.489.097.7

thousand rubles
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Abstract: Muon tomography is a novel technique that utilises highly-penetrating but free and abundantly-available
natural radiation to image large-scale objects in a totally non-invasive and non- destructive way. This paper reports
on the successful application of muon tomography to the imaging of railway tunnels on the UK rail network and
outline a number of other applications that are relevant to the tunnelling industry. Specifically, the technique
employed to image critical infrastructure using muon tomography technique is described. To place this work into
context a brief summary of the recent and past applications the muon imaging method is also presented.
Subsequently, there follows a more detailed description of a case study for the technique, specifically that of using
muon tomography to image an Victorian era railway tunnel in the United Kingdom. This case study exemplifies the
power of the muon tomography technique in that suspected hidden shafts are both identified and characterised in a
totally non-invasive manner. There then follows a discussion of the methods involved in extracting visualisations of
the tunnel overburden which includes examples of results from a UK railway tunnel. In conclusion, an outlook of
potential future applications of muon tomography to the worldwide tunnelling sector is discussed.

Keywords: muon; imaging; non-invasive; tunnel; infrastructure

1. Introduction

Muon tomography exploits muons which are naturally-occurring and fundamental particles (which
means that that cannot be broken down into smaller particles). Muons are created, in abundance, in the
Earth’s upper atmosphere as the result of high-energy particles from the Sun and other sources such as
supernovae interacting with gas molecules - such as Nitrogen and Oxygen - in the atmosphere. Muons
have properties similar to that of a heavy electron (they have approximately 200 times the mass of the
electron) which results in them being highly-penetrating particles, capable, for example, of passing
through tens to hundreds of metres of rock with ease.

The combination of muons being highly penetrating and the fact that muons have a high relative
abundance (for example, at sea level there are 10,000 muons per square metre per minute), results in
them being an ideal candidate to be used for the tomographic imaging of objects that would otherwise
be difficult access.

The muon tomography method is completely analogous to that of a medical X-ray. In the case of an X-
ray, the density information in an object of interest (for example, a bone in a patient’s leg) is imaged
when a beam of X-rays passes through the object and subsequently observed by a suitable “detector”
(usually an X-ray film) on the other side of the object. Muon tomography works in exactly the same
way except that, in order to detect the muons, a muon-sensitive detection system is needed. It should
be stressed that muon tomography is a non-invasive and non-destructive method - capable of returning
vital information on the structural integrity of objects at a distance and without the need to interact with

*Corresponding author: lee.thompson@geoptic.co.uk (L.F. Thompson).
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the object. Furthermore, just as an X-ray can diagnose issues that are otherwise hidden, muon
tomography can identify features in, e.g. a tunnel overburden that would otherwise be invisible.

The parallels between muon tomographic imaging and X-ray imaging are useful to introduce the
technique however there are a couple of important differences to note. First, in the case of muon
tomography, the particles performing the imaging are free, unlike X-rays which have to be artificially
produced. However since muon tomographic imaging relies on a flux of particles that comes from the
sky then it is not possible to look down with this technique, muon detectors must be placed (ideally)
underneath or to the side of the object(s) to be imaged.

The application of muon tomography to tunnelling is introduced below via a case study that took place
on a disused railway tunnel in the UK which demonstrated, for the first time, the value of muon
tomography in terms of providing essential and unique information to tunnel asset managers on live
rail networks, as a consequence of this work, the technique has been successfully applied to the imaging
of more than 20 historic Victorian rail tunnels within the UK. Within the context of tunnelling
infrastructure other potential applications are documented in the conclusions section.

At this point it is worthwhile providing a short history of the technique’s applications. The first
documented use of muons in such applications took place in Australia in 1955 - just over 70 years ago
- where the overburden in a tunnel system around a hydro-electric power station was measured. (George
1955). More recently muon tomography has been famously used to identify hidden chambers in the
Great Pyramid (also known as “Khufu’s pyramid”) of Giza (Morishima et al. 2017). The presence of
these voids was confirmed with the use of endoscopes in 2023. A summary of the broad range of
applications of muon tomography has recently been published by the International Atomic Energy
Authority (IAEA 2022). As an indication of the broad scope of the potential of muon tomography other
recent applications of the technique within the tunnelling sector (Khaw et al, 2025), (Gebhart et al.,
2023) and (Mao et al., 2023) are included in the references.

2. Methodology
2.1. Case study - Background

The muon tomography technique and its application to tunnels - which is of most interest to the SETC
audience - is best introduced via a case study. The background to this case study is as follows. Much
of the UK’s railway infrastructure dates back to the Victorian era with an enormous increase in the UK
rail network taking place between the 1850s and early 1900s. During this time significant numbers of
bridges, tunnels and viaducts were built. In Victorian times the construction of railway tunnels
commonly involved a number of additional vertical shafts being created along the length of the tunnel.
These vertical shafts enabled the overall construction process to progress more rapidly. However, after
the tunnel was completed what happened to these shafts varied greatly. In some cases the shafts were
left open, in others they were bricked over in both the tunnel and on the surface, whereas some shafts
have a combination of these approaches. In many cases any documentation regarding the location of
hidden shafts is either incomplete or lost completely. In the present day, hidden shafts in particular are
a concern to tunnel asset managers within the rail sector since they have potential for dramatic and
unfortunate consequences, for example, in the early 1950s several houses near Manchester collapsed
into an unknown hidden void, an incident that resulted in the loss of life.

Muon tomography is capable of locating areas of under-density (or, over-density) in an overburden and
is thus well-suited to the identification of hidden shafts within rail tunnels. Furthermore, a more detailed
tunnel survey with muon sensors is able to characterise any hidden shaft by locating its exact position
and extent and also by returning valuable information on the opacity (effectively the integrated density
along the column height above the tunnel) of any observed density deficit. Current methods used in the
identification of voiding in ageing rail tunnels include invasive investigations, clearly a non-invasive
method such as muon imaging is preferred over such techniques. Muon imaging is able to provide
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valuable information on the tunnel’s condition, in certain cases this is used in parallel with other
methods such as GPR, ERT and seismic to provide complementary information for the asset manager.

The technique is exemplified in the following case study which details a programme of work which
took place on a disused Victorian-era rail tunnel in the UK and is particularly relevant to the tunnelling
community as it clearly demonstrates that muon tomography is capable of accurately identifying hidden
density changes in tunnel structures.

If required, long-term monitoring of railway tunnel infrastructure is also possible whereby density
variations can be monitored to see if there are temporal changes in the density which could be correlated
to, e.g. extreme rainfall events. In such cases, this would be evidence of water ingress being observed.
Clearly such information is vital to tunnel asset managers.

2.2. Case study - Instrumentation

Figure 1 depicts a typical muon detection system that can be deployed directly onto a “Permaquip” link
trolley (a manual propelled, stand- alone load-bearing rolling platform for use on-track) and rolled into
a rail tunnel.

Fig. 1. Image of two planar muon systems deployed on railway tracks.

The detectors used in this measurement campaign are somewhat different to those used in some of the
earlier studies discussed above and are designed specifically to be robust and to operate outside of the
laboratory in what can be challenging environments. The system comprises a total of 5 Explorer 154116
cases for the detectors and a Explorer 5122 case for the control box. Inside each of the black, IP68-
rated detector cases is an array of sheets or bars of a material called plastic scintillator. This results in
an overall “field-of-view” for the instrument of typically 45 to 60 degrees along the direction of travel
however this field-of-view is further subdivided into 12 sub-fields of view - a feature that is
subsequently used in the analysis of the data (see Section 2.4 below). The control box carries a battery
and all of the associated electronics to record the detected muon signals. When assembled the system
measures 1629 mm x 1629 mm x 1300 mm and is able to operate for 40 off a single battery charge.
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Plastic scintillator comprises a suitably transparent base material, usually polystyrene, which is
impregnated, at the polymerisation stage, with small quantities of compounds called “fluors” which
comprise benzene rings. When a muon passes through the scintillator the energy deposited by them
causes the fluors to excite and de-excite, leading to a short-duration light flash which can be detected
and recorded using devices called photosensors The time of the light flash is also recorded which can
be used to further pin-point the trajectory information of the passing muon.

In the case of muon tomography, large area detectors work best as this maximises the statistics acquired
in what is typically short duration data acquisition periods (access to rail tunnels on live lines is usually
restricted to a few hours overnight). The instruments shown in Figure 1 above demonstrate the best
compromise between surface area and robustness. However, for other tunnelling applications it is
possible to configure bars of plastic scintillator into cylindrical detectors that can, for example, be
deployed in a borehole. Other, smaller format planar detectors are suitable for longer duration data
acquisition times such as those required to correlate overburden changes with rainfall events as
discussed earlier.
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Fig. 2. Results of muon tomography scan of the Alfreton Old tunnel, observed data from muon instruments (points)
and predicted data from digital twin assuming no hidden shafts (orange line).

2.3. Case study - Alfreton Old Tunnel

The world’s first use of muon tomography in identifying and characterising hidden voids in railway
tunnels was demonstrated at a disused railway tunnel located at Alfreton in Nottinghamshire, UK. This
tunnel, known as “Alfreton Old Tunnel” has 3 shafts which are fully open to the surface and so this
tunnel served as an ideal demonstrator for this particular application of muon tomography.

Muon sensors, as discussed in section 2.2 above, were deployed in the Alfreton Old Tunnel and a series
of readings of the observed muon rate taken at regular 5 metre intervals along the tunnel. The observed
muon rate was compared against that expected from prior desk studies using a digital twin of the tunnel.
(A full report of the tunnel survey is published in (Thompson et al. 2020).

Figure 2 above shows the results of scanning the entire length of the tunnel at regular 5 metre intervals
with 30 minutes of data-taking at each point. The “inferred rate” is that predicted, by the digital twin,
to be seen in the muon instrumentation (via computer simulations) assuming the known geology
(overburden depth and rock type) for the tunnel. The 3 open shafts (indicated by blue vertical lines) are
clearly visible in the data as a highly significant excess of muons compared to that predicted by the
digital twin in assuming no shaft (and hence more density and so fewer muons).

306



Southeastern Europe Tunnelling Conference (SETC-2025)

Measured vs Inferred Rate

- 10000
7 ! = = = |
R H E & E 3
- ' &~ N & N
- ‘4 ~ - < .
- \ ) l 1 o
= 8000 i = s < '
& H : 5 5 5
Z:' H e « c i
<] : B Hd < .
S 6000 '} o o o :
= H H
[>1 R ‘e
) H '.. $
= 4000 G 3
< H
= | V.& y
' . ﬁ-« N
s M ) 5 g LS = :’
2000 ' VO ELAN Ly § Aasandi '
g PO N Y A H
4 Measured Rate gt '
Inferred Rate '
0 . - —
0 200 400 600 800

Position [m]
Fig. 3. Observed (points) and predicted (orange line) muon sensor system data observed around known open shaft

Fig. 3 shows a zoom-in of the data around 220 metres from the access portal. In this case the statistical
significance of the open shaft observation is extremely high - 11 standard deviations. Figure 2 shows
other features visible in the data: the discontinuity at approximately 350 metres was due to a system
replacement and is understood, there is also some indication of an elevated muon rate around650-700
metres which may be the result of incorrect modelling of the overburden close to the tunnel portal. A
further feature in the data of particular interest however is the deviation in the data around 80 metres,
which is magnified in Fig. 4.
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Fig. 4. Data from the suspected hidden shaft region.

The observed muon rate in this region demonstrates features that are indicative of a hidden shaft.
Further discussions with the rail operator confirmed that there is a suspected hidden shaft in the area -
information that wasn’t available prior to the muon tomography survey.

A second stage of the Alfreton Old Tunnel field trial was subsequently carried out which demonstrates
a further benefit of the use of muon tomography for this type of interrogation of civil infrastructures
such as tunnels, namely that the technique is able to swiftly identify density anomalies of interest and,
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if required, can subsequently, with a more detailed survey, return additional characterisation data on
the object of interest.

In the case of the Alfreton Old tunnel, the results from this second characterisation phase are included
in Figure 5 which indicates that the hidden shaft is centred at the tunnel crown with a diameter of
approximately 3.5 metres, the data also indicates that the overburden of the shaft is equivalent to 1
metre of standard density rock (5 metres of rock at 1 standard deviation), which suggests that the feature
is highly likely to be a hidden shaft with minimal backfill material.

In addition to the identification and characterisation of features discussed above, muon tomography is
also capable of performing longer-term monitoring of a region of interest. This could, for example,
identify density changes in a region of interest and correlate them with, e.g. extreme rainfall events, in
which case water ingress could be taking place.

2.4. Case study - Data Interpretation Techniques

Prior to any muon survey it is important to develop a complete-as-possible understanding of the geology
and overburden that the muons will pass through. In general, such information may be a combination
of, e.g., satellite, Lidar and additional topographic data. Where available, surface features such as
houses, etc. are included in the “digital twin”.

With the digital twin completed it is then necessary to estimate the expected muon flux through a
specific sensor deployed at a point under the tunnel overburden. Here standard muon tracking software
from the particle physics community is used such as GEANT (Agostinelli et al. 2003, Allison et al.
2006, Allison et al. 2016). Importantly this software samples the expected muon surface flux, as a
function of energy. This process is important since high-energy muons are less plentiful but more
penetrating.
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Fig. 5. Visualisation of the hidden void in the Alfreton tunnel.

With the digital twin complete it is then possible to compare the expected muon flux with the empirical
data from a muon survey. As mentioned above, at each measurement the muon sensor has a particular
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field-of-view (depicted by the red V shapes in Figure 6 below). However, this field-of- view is
subdivided enabling computer tomographic techniques to be applied which result in a 2D or 3D
visualisation of the density changes, with respect to expectation, in the data.

An example of the 2D tomographic image that can be achieved through this technique is included in
Figure 6 (note this is a 2D image of a different tunnel, not the Alfreton tunnel) where orange(red)
colouration indicates medium(high) levels of under-density from the muon measurement compared
with that expected assuming a solid overburden. In this particular case, evidence for several full-height
hidden shafts can be seen.

In general, measurement times are largely dictated by the overburden of the tunnel. In the programme
of work carried out in the UK following this initial study, data-taking campaigns have taken place in
tunnels varying in depth typically between 30 metres and 80 metres. Given the large area
instrumentation used for these surveys measurement times of typically between 10 and 60 minutes per
point along the survey are required. The muon-sensitive instrumentation used in particular application
is chosen to be compatible with the size of feature to be imaged in the rail tunnel surveys which is
typically one the metre-scale. Other instrumentation exists which is capable of imaging down the
centimetre scale.

Slice along the crown l 1 l

Fig. 6. 2D slice through a 3D tunnel overburden density reconstruction.

Other non-invasive techniques exist however, in the context of tunnel imaging Geoptic has not been
party to any direct comparisons with the results delivered by, e.g. Electrical Resistivity Tomography
(ERT), seismic or ground penetrating radar (GPR). Of note however is that in 2023 Geoptic completed
a programme of work in Norway that measured the density change in the sub-surface as a result of an
injection of CO2, in that case both muon instrumented and seismic techniques were co-deployed and
both techniques returned the same result (Thompson et al., 2024).

3. Conclusion

This paper outlines the muon tomography technique and details its application to the identification and
characterisation of hidden voiding in legacy rail infrastructure, specifically rail tunnels. A scan at 5
metre intervals through the area of interest with typically 30-60 minutes of data-taking per point
(depends exactly on the depth of overburden of the tunnel) is sufficient to enable features such as
hidden construction shafts and other areas of under-density (e.g. “cut and cover”) to be successfully
identified. The programme of work as described above has led to muon tomography being embraced as
a standard asset management tool for understanding the condition of Victorian era rail tunnels within
the UK (to date around 20 tunnels have undergone scans using muon imaging). As highlighted above,
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an important aspect of this technique is the fact that this imaging takes place without any need for
contact with the tunnel itself. However, clearly, this technique is not limited to hidden shaft
identification and characterisation. Other tunnelling-related applications that are under consideration
for muon imaging, for example, include possible geology “look ahead” for tunnel-boring machines,
water ingress monitoring (since water ingress changes the density of the object of interest - something
that muon imaging is directly sensitive to) and potential sinkhole avoidance by identifying
undocumented lower density regions in urban environments. Density changes in other objects such as
bridges and viaducts can also be identified - these applications, using smaller format, high resolution
muon sensor systems, are currently being trialled.

In conclusion, muon tomography is a powerful non-invasive imaging technique capable of returning
detail on density changes in an overburden without the need to make contact with the object of interest.
As demonstrated in the case study, the technique is capable of both identifying and characterising
otherwise invisible features behind the tunnel lining such as hidden shafts and voids in railway tunnels
on the UK’s rail network. Of particular note is that this technique has been adopted as a standard tool
by tunnel asset managers on the UK’s Network Rail infrastructure.
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Abstract: Ensuring the sustainability and long-term durability of infrastructure depends heavily on how well we
can monitor structures over time. Accurate, consistent data on how buildings and underground structures behave is
essential for making informed decisions about their maintenance and safety. One of the most effective tools for this
purpose is laser scanning. It’s a fast, contact-free method that creates detailed 3D models of surfaces by capturing
dense point clouds in just minutes. While laser scanning offers clear benefits such as speed, precision, and complete
surface coverage it hasn’t been widely used in the past. Laser scanning adoption has been limited by high equipment
costs, accuracy concerns, and complex data handling. Recent improvements in technology and integration with tools
like BIM are beginning to overcome these challenges, making the method more practical for structural monitoring.
This paper explores the application of laser scanning and other digital technologies for underground monitoring,
focusing on the Copenhagen Metro’s M4 extension to Sydhavn and Valby. Monitoring with this methodology
involves processing point clouds using a consistent template and grid. Significant changes are identified by
variations in the projection cells, making these differences easy to detect. By combining advanced monitoring with
sustainable design practices, we can build infrastructure that’s not only safer and more durable, but also more in
tune with the needs of our environment and future generations.

Keywords: Metro infrastructure; laser scanning; point cloud; underground monitoring

1. Introduction

Underground infrastructure development presents complex engineering challenges, where safety,
durability, and environmental responsibility must be carefully balanced. As urban areas continue to
grow and demand for public transport increases, expanding metro networks becomes a priority. In such
settings, continuous and reliable monitoring of underground structures is essential, not only to identify
structural changes and validate design assumptions but also to mitigate potential risks before they
escalate into costly or dangerous issues. Among the tools now shaping the future of underground
monitoring, Terrestrial Laser Scanning (TLS) has emerged as a leading solution. This technology offers
rapid, non-contact data acquisition with high spatial resolution and dense 3D point clouds, changing
the monitoring paradigm from sparse, point-based to holistic surface-level observation (Teng et al.,
2022). TLS allows engineers to detect and assess subtle deformations and movements in tunnels, station
walls, and excavation faces over time, providing the insight needed to make informed, proactive
decisions during construction. TLS’s effectiveness for geometry validation, excavation profile control
and construction management, outperforming traditional surveying in speed and detail (Gikas V.,
2012).

A notable example of TLS application is the M4 metro line extension in Copenhagen, which connects
the city center to the evolving districts of Sydhavn and Valby. Designed and delivered by TUNN3L JV

*Corresponding author: kasapovski@gf.ukim.edu.mk (F. Kasapovski).
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with Arup as a multidisciplinary design partner, the project placed strong emphasis on sustainability,
digital innovation, and structural performance. TLS was implemented extensively throughout the
project to monitor tunnels and station boxes, generating a continuous flow of spatial data to support
design validation and construction management. To interpret and visualize these large point cloud
datasets, the project team used the OPSIS software platform for deformation analysis. OPSIS enabled
the projection of 3D point clouds onto fitted surface templates and their subdivision into statistical
grids. This allowed small deformations to be tracked over multiple time intervals with a high degree of
precision. The software generated 2D projection maps, animated surface changes, and time-series
graphs helping engineers detect anomalies early and respond effectively.

The Copenhagen Metro case illustrates how combining TLS with powerful data analysis platforms can
transform structural monitoring from a passive task into a proactive strategy. This integration not only
improved safety and quality during construction, but also supported the long-term sustainability goals
of the metro network ensuring that modern infrastructure evolves in step with both urban growth and
environmental responsibility.

This paper is structured as follows: Section 2 presents the methodology from data acquisition to
software processing; Section 3 presents scanning results for tunnel portals, atrium walls, and V-beams;
Section 4 concludes with the effectiveness of TLS-OPSIS integration for structural deformation
monitoring.

2. Methodology

The deformation monitoring approach employed during the Copenhagen Metro M4 line extension
integrates Terrestrial Laser Scanning (TLS) with advanced point cloud analysis using the OPSIS
software platform. This combined methodology enables accurate, non-invasive, and consistent tracking
of surface deformations throughout all stages of underground construction. By capturing dense, high-
resolution 3D data and systematically assessing changes over time, it allows for early detection of
structural shifts and potential issues. This proactive monitoring enhances overall project reliability,
reduces risks associated with unexpected deformations, and supports data-driven decision-making.
Ultimately, the approach contributes significantly to the sustainable management and long-term
durability of underground infrastructure, ensuring safety and resilience in a complex urban
environment.

2.1. Data acquisition using TLS (Topcon GLS-2000)

The Topcon GLS-2000 terrestrial laser scanner was used as the primary scanning instrument. (Fig. 1b)
Known for its high accuracy and reliability in construction and infrastructure environments, the GLS-
2000 captures dense 3D point clouds with millimeter accuracy. Scans were conducted at various stages
during construction, capturing the geometry of tunnel portals, station walls, and other structural
elements.

All TLS scans were georeferenced using existing polygonal points from the previously developed
geodetic control network of the construction site. These control points served as a stable spatial
reference base, ensuring that all point cloud datasets from different epochs were precisely aligned and
comparable. This approach eliminated the need for artificial markers and significantly improved
repeatability across measurements.

2.1.1. Development of the geodetic control network

Before starting the TLS scans, a reliable geodetic control network was established to provide a solid
reference framework. High-precision total station Leica TS16 (Fig. 1a) was used to create a polygonal
network of control points around and within the construction area. These points were carefully
positioned and measured with millimeter-level accuracy to ensure stability throughout the project. This

312



Southeastern Europe Tunnelling Conference (SETC-2025)

network enabled precise alignment and comparison of all subsequent scans, which was essential for
effective deformation monitoring.

(a) (b)

Fig. 1. Measuring technologies used in the project: (a) Leica TS16 total station for geodetic control network
establishment, (b) Topcon GLS-2000 terrestrial laser scanner for detailed 3D data acquisition.

2.1.2. Measurement Error Analysis

To ensure the reliability of TLS data, potential measurement errors were carefully assessed, including
instrument limitations, as well as systematic and random errors. The geodetic control network,
established with a high-precision Total station, provided accurate orientation and georeferencing for all
scans. During scanning, the TLS instrument was oriented using these control points, with each
individual scan defined as a “station” with precise coordinates and orientation. This procedure ensured
accurate registration of scans and the generation of correctly georeferenced point clouds.

Table 1. Orientation and registration errors of TLS scan stations.

X vz ow g ws e B i
1000.000 1000.000 2.535 A2 1.535 A3 0.003 0.000 -0.001
981.890 998.652 2.531 Al 1.526 A2 0.000 0.001 0.000
1032.630 999.708 2.543 A4 1.548 A3 0.003 0.000 0.000
1033.229 1012.283 2.584 b4 1.565 AS 0.002 0.001 -0.001

Additional control points, which were not used for registration, were also measured to validate the
accuracy of the registered datasets. Comparisons between these points and the registered point clouds
confirmed an overall accuracy of approximately +3 mm.
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Table 2. Validation of TLS measurements using Total Station data

Point X Y z Error X Error Y Error Z
A5 1050.545  1000.000  2.580 0.003 0.000 0.002
B3 1015432 1011.798  2.632 0.000 0.001 0.003
B2 998.733  1011.628  2.633 0.000 0.002 0.002
BS 1044.344  1016.825  2.550 0.002 0.001 0.002

This methodology allowed true structural displacements to be distinguished from measurement errors,
ensuring that deformation monitoring results could be confidently applied to design evaluation and
construction decision-making.

2.2. Software processing of point clouds

After data acquisition, the dense 3D point clouds captured by the Topcon GLS-2000 were imported
into the OPSIS software platform for detailed analysis. This platform is designed to handle large
volumes of spatial data efficiently, allowing for comprehensive processing and interpretation. The
monitoring workflow efficiently processes point cloud data by projecting it onto a mathematically
defined reference surface, conducting detailed statistical analyses within grid cells, filtering out noise,
and producing precise deformation maps and comprehensive reports to support accurate structural
evaluation.

CREATION OF
PROJECTION MAPS AND FILES

SELECTION OF

CREATION OF
MEASUREMENT MAPS & FILES

DEVIATION CHARTS

Fig. 2. Workflow and deliverables in OPSIS monitoring procedures.

2.2.1. Projection of point cloud onto reference surface

Once captured, the point clouds were imported into the OPSIS software platform, where a
mathematically defined 3D reference surface, called a template was fitted to the geometry of the
structure. Depending on the shape of the monitored surface, the template could be a plane, cylinder, or
conical surface, similar to those used in standard mathematical projections.

The template was then subdivided into a uniform square grid of user-defined cell size. Within each grid
cell, all point distances to the template surface were evaluated statistically. Cells were only accepted if
the standard deviation of point distances met quality criteria, ensuring data reliability.
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Projection surface
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(@) (b)

Fig. 3. Processing of point clouds: (a) Automatic projection processing, (b) Cleaning unnecessary “Phantoms”
during point cloud projection onto a mathematical surface.

2.2.2. Noise filtering and tolerance Control

In OPSIS, noise filtering works by checking how far each scan point is from the fitted template surface.
We define a tolerance zone around that surface in our case set to £5 mm, so that only points inside the
zone are kept, while anything outside is treated as an outlier (phantom). The size of the zone is chosen
in relation to the scanner’s accuracy, usually about 3—5 times the instrument’s natural measurement
noise. Setting it this way gives a good balance: it removes spurious points without discarding real
surface changes. The result is cleaner, more consistent data between scans, which in turn improves the
reliability of the deformation measurements.

Fig. 4. 3D visualization of tunnel template creation using OPSIS software.

2.2.3. Temporal monitoring and surface deformation visualization

Each new TLS scan, aligned using the same geodetic reference and surface template, was compared
with previous datasets to track changes over time. By observing variations in the values of individual
grid cells, localized surface deformations could be clearly identified. These changes were visualized
through 2D projection maps, animated sequences, and time-series deformation graphs. This intuitive
visual output made it easier for engineers to spot early signs of structural movement and respond
proactively, improving decision-making and helping to prevent potential issues before they became
critical. Additionally, the measured deformations were compared not only with previous scans but also
directly against the original design situation, allowing for a clear assessment of how the structure’s
actual behavior aligned with design expectations and safety thresholds. This comparison ensured that
any deviations were identified early and evaluated in the context of acceptable limits, supporting
effective risk management throughout the project.
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3. Results and Discussion

The implementation of TLS and OPSIS analysis across various segments of the Copenhagen Metro M4
extension provided valuable insights into both the structural performance of underground elements and
the broader utility of point cloud data within construction workflows. Beyond its role in deformation
monitoring, the high-resolution data proved essential for a range of practical application most notably
in generating precise as-built models used for the design and fabrication of prefabricated components.
In the constrained and geometrically complex environments typical of underground construction, this
level of detail helped ensure dimensional accuracy, minimized on-site adjustments, and improved the
overall efficiency and coordination between design, manufacturing, and installation processes.

3.1. Scanning of the tunnel portal

An important application of TLS was the scanning of the tunnel portal, where high-resolution point
cloud data served both monitoring and design purposes. Beyond tracking potential deformations, the
data enabled precise vectorization of the as-built geometry, forming the basis for accurate digital
models. These models were crucial for the design and fabrication of prefabricated components, ensuring
that each element matched the real-world conditions of the site. By relying on this detailed and reliable
reference, the installation process became more efficient, with fewer adjustments needed on-site. This
case underscores the broader utility of TLS technology not only as a tool for structural monitoring but
also as a bridge between digital design and efficient, high-quality construction.

Fig. 5. Point cloud-based vectorization of tunnel opening.
3.2. Scanning of stations atrium walls

The additional scanning of the atrium walls at the metro stations provided highly detailed 3D models
that formed the basis for a thorough assessment of their current condition. By comparing the latest laser
scan data with the original design models, even the smallest deformations or deviations from the
planned geometry could be identified.

Fig. 6. Detailed point cloud data of a portion of the atrium wall.
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This methodical approach not only enhances the accuracy of maintenance planning but also supports
predictive modeling to prevent future deterioration, ensuring the long-term safety and functionality of
the metro infrastructure.

Fig. 7. Comparison of actual vs. reference geometry of atrium walls, visualized through OPSIS.

For the atrium walls, quantitative deformation metrics were closely integrated into the project’s risk
management protocols. A 15 mm deformation threshold was established to trigger alarms and guide
adjustments in the prefabrication of components. Real-time TLS data were continuously compared with
the original design, and any deviations exceeding this limit prompted immediate corrective actions or
design modifications. This proactive, data-driven approach ensured that potential structural issues were
addressed early, safeguarding both construction quality and overall project safety.

3.3. Scanning of V-beams

As part of the broader structural documentation and quality control process, terrestrial laser scanning
(TLS) was applied to capture the geometry of prefabricated V-beams used in the station construction.
The high-resolution point cloud data enabled accurate verification of the beams’ as-built dimensions
against the design models. This was particularly important for ensuring proper alignment and fit during
installation, minimizing the need for adjustments on site.

Working with TLS and OPSIS came with its own set of challenges. One significant limitation was
access to complex and constrained spaces, such as areas with scaffolding, high walls, or narrow
corridors. Scanning difficult or tall areas, such as the 12 m-high atrium walls, required multiple setups
and repeated scans to capture everything accurately. Reflective surfaces, aligning scans, and managing
large amounts of data added further complexity. These challenges were overcome through careful
planning, repeated measurements, and detailed post-processing.

4. Conclusion

The application of Terrestrial Laser Scanning (TLS) combined with the OPSIS software platform
demonstrated a highly effective approach for monitoring structural deformations throughout the
Copenhagen Metro M4 extension project. This method enabled precise, non-invasive tracking of
changes in critical infrastructure elements, allowing early detection of localized movements and
supporting timely, informed decisions during construction. Beyond monitoring, the rich point cloud
data served multiple purposes supporting the accurate fabrication and installation of components like
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tunnel portals, atrium walls, and prefabricated V-beams. By reducing the need for on-site adjustments
and rework, the workflow enhanced construction efficiency and accuracy. The experience highlights
how integrating advanced scanning technologies with intelligent software tools can strengthen
structural reliability and sustainability in complex underground projects, setting a strong example for
future infrastructure development.
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Abstract: This paper presents results of the vibration measurements on the surface of the terrain above the tunnel
“Iriski Venac” induced by the blast during mining operations in the tunnel. The vibrations were measured on the
terrain surface approximately 180m above the tunnel blast spots in the immediate vicinity of the small settlement.
The main goal of the study was to estimate possible impact of vibrations on the structures of existing buildings and
to provide material evidence of true levels of amplitudes of vibrations in case of possible legal dispute. Maximum
measured peak particle velocities were lmm/s and 1.25mm/s. The estimation of vibration on structures was
performed according to standard DIN 4150-3, by the comparison of measured velocities with threshold values in the
standard. The key findings are that the measured velocities were well below the threshold values that could cause
any harm to existing buildings.

Keywords: vibration measurement; tunnel; blasting impact; ground vibration; vibration standards

1. Introduction

Vibrations that cause harm to buildings are mechanical oscillations of solid bodies that have the
potential to cause discomfort to persons or damage to structures. The purpose of vibration
measurements during the mining operations that include explosions in the process of breaking of solid
rock can be, among others, to estimate possible impact of induced vibrations on existing buildings, or
that could cause discomfort to occupants.

The effects of ground vibrations include damage to buildings structure, such as fatigue damage like
cracking and breakage, damage to buildings contents, disturbance to human comfort, and audible
effects such as structure-borne noise and secondary rattling of building elements or contents.

Several studies have addressed this problem, for instance (K.M. Norén-Cosgriff et al., 2020) focuses
on effects of test blast on new buildings that were constructed and monitored for the purpose of study.
Test blasts were designed to produce increasing vibration values, starting with peak particle velocities
(PPVs) around 20 mm/s and ending with PPVs above 250 mm/s. No visible cracks were found on any
of the two buildings. However, the last blast, which produced PPVs above 260 mm/s, resulted in a
residual displacement of 0.05 mm across the 110 mm strain gage length above the door of the concrete
building. The results of the test indicate that the limit values of most national standards include a large
safety margin for buildings founded on rock.

P.K. Singh et al., 2010 addressed the effect of blast produced ground vibration on damage potential to
residential structures to determine safe levels of ground vibration for the residential structures and other
buildings in mining areas. For that purpose, impacts of 341 blasts detonated at two mines were
monitored at the test structures and 1871 blast vibrations signatures were recorded on or near the test

*Corresponding author: dragojevic.dejan@yahoo.com
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structures. The study found that at peak particle velocities of ~51.6 — 56.3 mm/s cosmetic cracks
appeared.

In the study Zhang et al. 2022, focused on the effect of a blasting vibration from an excavating tunnel
on an adjacent excavated tunnel. The important conclusion from this study is that the attenuation of the
vibration waves caused by blast varied in different regions, and particle velocities in the region along
the excavating direction were 1.12 to 1.79 times larger than in the region opposite to the excavating
direction.

In the paper Zhou et al., 2024 authors dealt with comparison of overbreak and underbreak value with
the traditional method to determine the degree of overbreak and underbreak. It also provided useful
insights into the instrumentation for the monitoring of the blasts .

In this study, the impact of the measured vibrations on the structures was estimated according to the
DIN 4150-3 standard (DIN 4150-3).

For the purpose of estimating the aforementioned effects of vibrations on buildings and occupants, the
vibration measurements took place during the mining operations in the tunnel “Iriski Venac”. The aim
of the measurements was to estimate possible impact of induced vibrations on the existing buildings
above the tunnel. The existing buildings are located somewhat 180 m directly above the tunnel and the
place of blast during mining operations and consist of small settlement of one to two storey buildings.
The vibrations were measured on the terrain surface i.e. - “free field” measurements took place in the
immediate vicinity of existing buildings. In total two measurements were recorded when the mining
operations took place approximately directly below the settlements, that were estimated to be the events
that could cause largest amplitudes of vibrations on the buildings.

The significance of such measurements besides estimating the potential damage to structures and excess
of certain threshold of vibrations on occupants is to acquire material evidence of vibrations in case of
potential court proceedings. Thus, such measurements present cost - effective way either to prevent
such cases or to obtain material evidence of true levels of amplitudes of vibrations in case of possible
dispute. The results of this study showed that no negative effects on buildings should be expected.

2. Methodology

Measurements took place in the late February and early March of 2025. In total two measurements were
taken on the soil surface in the immediate vicinity of buildings (Fig. 1). The surface soil layer covered
with vegetation was excavated, and the instrument was placed on the natural ground below the surface
vegetation layer. Both measurement locations are very close to each other so that the results of the
different recordings could be comparable. The measurements took place during the favourable weather
conditions without wind, rain or other meteorological impact that could increase ambient noise. Also,
during the recording there were no traffic inside the settlement, and the nearest public road with low
traffic is located 70m from the recording location.

Fig. 1 shows the locations of the measurement with excavated surface layer of soil. In the background
of the measurement locations, the typical building types of the small settlement can be seen. It is
noticeable that the buildings are predominantly consistent of ground floor buildings.

The sensor were placed on ground surface in the middle of the small settlement in order to possibly
cover the most relevant ground surface vibration quantities for the whole settlement. In this particular
case, the possibility of placing instrument inside the buildings was excluded due to property limitations.
However, that would possibly limit the measured quantities for the particular building, since the
measured signal could be affected by the building foundation system, floor coverage etc. In that case
the recorded signal could even be possibly attenuated compared to the free field measurement.

Since the majority of the buildings in the settlement were ground floor buildings, no significant
amplification of the recorded signal is expected due to modal response of building.
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(a) (b)

Fig. 1. (a) Location of the instrument during the first measurement (b) Location of the instrument during the second
measurement.

Longitudinal section of the tunnel with the measurement location marked with arrow is presented on
the Fig. 2. The blast position is approximately directly below the measurement location. There is
approximately 180m meters between the blast location and the measurement location.

The material surrounding the tunnel on the spot of the blast located below the measurement location
consist of mechanically less damaged serpentinite, with silicified and carbonated serpentinite -
listwanite. As it can be seen from the Fig. 2, this part of the material where the blast took place is the
new section of the tunnel material that extends on the previous larger sections consisted of cretaceous
flysch consist of claystones with interlayers of siltstones. Claystones are laminated to thin plated, with
noticeable shearing marks on laminas, and easily splits. Siltstones are thin bedded, hard and compact,
grey to light grey in colour. Bedded sandstones are brittle, and they are subordinately represented in
rock mass with about 10% share. Flysch sediments are folded, with frequent fractures.

As it can be noticed from the Fig. 2, the material of the tunnel is non-homogenous along the length of
the tunnel.
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Fig. 2. Longitudinal section of the tunnel with the measurement location marked with arrow. The blast position is
approximately directly below the measurement location.
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Layout of the tunnel on the background satellite map is presented on the Fig. 3, together with the marked
measurement location with arrow. The public road is located north and west from the measurement
location.

Fig. 3. Layout of the tunnel on the background satellite map. Measurement location is marked with arrow.

The measurement included two three-component sensors for direct measurement of velocity and
accelerations. The components are oriented in three orthogonal directions (NS-EW and Z) and the NS
component is placed according to the magnetic north.

The measurement was performed by a new and factory calibrated sensor with low self-noise. The lowest
recordable quantities are 0.00003051804 mm/s for velocity and 0.06866560000 mm/s? for acceleration.
The maximum acceleration measurement range is +2g. The sampling rate was set to 512 Hz.

For the measurement of velocity, two separate modes were used — both high-gain and low-gain range
was used, which included the record of the lowest and highest possible measurement values, and in
addition, acceleration was measured. Therefore, a record of velocity was made on six channels (three
channels each for high and low gain), and three channels for measuring acceleration, which makes a
total of nine channels of measured quantities.

The first measurement was performed over a duration of 32 minutes and 24 seconds in order to record
the ambient noise besides the event itself. The second measurement lasted 5 minutes and 48 seconds
and was focused solely on the effects of the blast.

For the purpose of evaluating the effects of measured vibration on structures, the provisions of standard
DIN 4150-3 were used. The DIN 4150-3 standard sets different guidelines for vibration velocities
depending on the three building types and frequency ranges which are divided into three groups. The
frequency ranges are divided into groups ranging from 1 Hz to 10 Hz, from 10 Hz to 50 Hz, and from
50 Hz to 100 Hz. Building are categorized into three types: type 1 - commercial and industrial, type 2
- residential and type 3 — sensitive buildings. For commercial and industrial buildings, the limits range
from 20 mm/s up to 50 mm/s depending on the frequency range, while for residential buildings, the
limits range from 5 mm/s up to 20 mm/s. For buildings sensitive to vibration that have great intrinsic
value, the limits range from 3 mm/s up to 10 mm/s depending on the frequency range.

The standard also divides vibrations into short-term and long-term vibrations, where short-term
vibrations do not occur frequently enough to cause fatigue and do not cause resonance in the assessed
structures, while long-term vibrations are all vibration types that cannot be classified as short-term
vibrations. Above mentioned values and thresholds correspond to the criteria in the standard that are
corresponding to the short-term vibrations.

3. Results

The traces of all recorded signals are shown in the Fig 4. At the beginning and at the end of the record,
noise caused by the distancing from the sensor and approaching to the sensor was observed. From the
signal trace itself it can noticed that the amplitudes of motions caused by the blast are approximately
on the level of the noise of human steps of approaching the instrument and distancing from the
instrument. Distancing from the instrument during the recording of the blast event is estimated to be
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minimum 30 meters to minimize any possible impact of human noise on the recordings. The blast
recording itself can be seen on the signal trace, as well as the fact that at the moment of the explosion
there were no artificially induced vibrations nearby the instrument that could compromise the recording.

(a) (b)

Fig. 4. (a) Signal trace of the first measurement (b) Signal trace of the second measurement.

Maximum observed measured quantities are presented in the Table 1.

Table 1. Maximum observed measured quantities.

?\I/I:asurement Component Max. velocity [mm/s] Max. a[ilcl egl]eration
1 NS 1.03 -45.66

EW 1.25 -71.82

V4 0.74 40.71
2 NS -1.01 26.99

EW -1.03 39.21

V4 0.78 28.98

In both measurements maximum values of recorded velocity is approximately 1 mm/s with 1.25 mm/s
in first measurement as the largest value on the EW component. On this component the maximum
acceleration of 71.8 mg is recorded which is the largest value among all recorded accelerations.

For the first measurement, the part of the signal traces with the blast are shown on the Fig. 5 (a) together
with the accompanying spectral diagrams (b).

The frequency content of the signal on horizontal components is majority in the range of frequencies
between 20 Hz and 90 Hz. Z component has some spectral accelerations above 100 Hz, while on the
horizontal components these spectral accelerations are negligible.

EW and Z component have distinguished one peak around 60 Hz, while the NS component has broader
zone of spectral amplifications ranging from 20 Hz to 90 Hz.

For the purpose of evaluating the velocity values according to the DIN 4150-3 standard, the threshold
of Imm /s is set having in mind the largest recorded values, in order to separate epochs in which these
vibration levels exist, together with the accompanying frequency content. The results are presented on
the Fig. 6 for the NS component (a), and EW component (b).
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Fig. 5. (a) Traces of the part of the signal with the blast of the first measurement with NS, EW and Z component
going from top to the bottom of the figure (b) Corresponding spectral diagrams of the NS, EW and Z component
going from top to the bottom of the figure.
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Fig. 6. (a) separated epoch above the threshold of 1 mm/s on the NS component for the first measurement (b)
separated epoch above the threshold of 1 mm/s on the EW component for the first measurement.

The frequency content of the threshold is approximately 60 Hz which makes use for the comparison of
the threshold values with the values defined by the standard DIN 4150-3.

For the second measurement the same procedure is applied and the results of the measurements
according to the same principle are presented on the Fig. 7 and Fig. 8.
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Fig. 7. (a) Traces of the part of the signal with the blast of the second measurement with NS, EW and Z component
going from top to the bottom of the figure (b) Corresponding spectral diagrams of the NS, EW and Z component

going from top to the bottom of the figure.
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Fig. 8. (a) separated epoch above the threshold of 1 mm/s on the NS component for the second measurement (b)
separated epoch above the threshold of 1 mm/s on the EW component for the second measurement.

On the Fig. 7 the part of the signal traces with the blast are shown (a), together with the accompanying
spectral diagrams (b) for the second measurement. The spectral characteristics of this blast is somewhat
different that the first measurement. On the horizontal components, the frequency content is lower that
the first measurement and the most spectral energy is concentrated in the zone up to 50 Hz. For Z
component there is again higher frequency content above 100 Hz, up to 150 Hz, while on the horizontal

components this spectral content is not significant.

For the purpose of evaluating the velocity values according to the DIN 4150-3 standard, the threshold
of Imm /s is set having in mind the largest recorded values, in order to separate epochs in which these
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vibration levels exist, together with the accompanying frequency content. The results are presented on
the Fig. 8 for the NS component (a), and EW component (b). The frequency content of the threshold is
approximately 35 Hz for NS component, and 19 Hz for EW component, which makes use for the
comparison of the threshold values with the values defined by the standard DIN 4150-3.

For both measurements, the maximum-recorded values are well below the threshold values even for
lowest frequency range of 1 Hz to 10 Hz. For the first measurement, the recorded maximum values in
corresponding frequency ranges according to Fig. 6 are 12 times lower than the threshold value for
residential buildings and 6 times lower for sensitive buildings. For the second measurement, the
recorded maximum values in corresponding frequency ranges according to Fig. 8 are 5 times lower
than the threshold value for residential buildings and 3 times lower for sensitive buildings.

The measurement results indicate that the recorded values of vibrations caused by the blasts are well
below the threshold values defined by the standard DIN 4150-3 and according to the standard’s criteria
could not pose any damage to structures on the location of interest.

4. Conclusion

Vibrations caused by explosions during the construction of the tunnel "Iriski venac" were measured in
order to estimate possible impact of induced vibrations on the existing structures located above the
tunnel. In total two measurements of ground surface vibrations above the tunnel were performed.
Measurements of velocity and acceleration were carried out in two independent blasts (February and
March 2025).

The measured maximum velocity values were compared with the velocity values according to the
standard DIN 4150-3 Vibrations in buildings — Effects on structures, which relates to the effects of
vibrations on structures. It was determined that all measured values are less than the values specified
in the standard, and that the vibrations caused by the mining operations could not cause any structural
damage, not could pose detrimental effect on people in the buildings.

The limitations of the study is that the effects of blast was measured only in two occasions. Although
these measurements were performed when the blast location was closest to the site, a more extensive
study would be advisable in order to include directivity effects of the blast (Zhang et al. 2022), as well
as to address the attenuation of waves in different directions and distances. For this purpose, long-term
measurements would be most suitable with sensor settings on more locations. Furthermore, the sensors
could be placed in buildings as well.

Since in the particular case the measured values of velocities were well below the damage threshold
specified by DIN 4150-3, the recorded vibrations can be considered acceptable. Based on the performed
analysis, the velocity values induced by the blast during mining operations were below the permissible
levels by the order of several magnitudes.
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Abstract: The “Bajina Basta” pumped-storage hydropower plant was commissioned in September 1982. The facility
is located in the Drina River valley, immediately downstream from the existing Bajina Basta hydropower plant dam,
whose reservoir serves as the lower basin. The "Beli Rzav" pumped reservoir, located in the valley of the river of
the same name in the Zaovine region, functions as the upper basin.

In addition to the upper and lower reservoirs, the power plant complex comprises a powerhouse and a headrace—
tailrace system, which consists of several interconnected components: upper and lower intake/outlet structures, the
headrace—tailrace tunnel, the tunnel bifurcation, a surge shaft, an inclined penstock, and a horizontal penstock with
a bifurcation.

Based on the monitoring and maintenance performed during the operational period of the tunnel, as well as on the
condition of the structure observed in 2005, the scope of rehabilitation works was defined.

This paper initially presents a description of the facility and its condition immediately prior to the rehabilitation,
with particular emphasis on the hydraulic tunnel. The core focus is on the presentation of the rehabilitation
technology and execution, which involved pressure grouting, the installation of prestressed rock anchors and
chemical grouting. The paper discusses the results and challenges encountered during the rehabilitation process,
offering a critical analysis aimed at emphasizing the significance of rehabilitation works and encouraging the
exchange of experience in the restoration of capital infrastructure with extended service life.

Keywords: hydraulic tunnel; concrete lining rehabilitation; grouting; “Bajina Basta” hydropower plant; pumped-
storage hydropower plan; case study

1. Introduction

The Bajina Basta pumped-storage hydropower plant was commissioned in September 1982. The facility
is located between the “Perucac” reservoir, created by damming the Drina River, and the upper pumping
reservoir “Beli Rzav,” situated in the valley of the river bearing the same name, in the Zaovine region.
In addition to these reservoirs, the PSHPP Bajina Basta includes the powerhouse and a complex water
conveyance system. This system consists of several key structures: the upper and lower intake/outlet
structures, a bifurcation with associated components, a surge shaft, an inclined penstock, and a
headrace/tailrace tunnel. Under operational conditions, the PSHPP Bajina Basta enables efficient
utilization of hydraulic energy for electricity generation (Radovanovié et al., 2022).

According to the literature Savi¢ (2009) and Zabuski (2019) hydrotechnical tunnels are generally
categorized as either pressurized tunnels or free-surface (non-pressurized) tunnels. Pressurized tunnels,
which enable water intake regardless of the reservoir water level, are the most common solution for
hydropower intake systems (Savi¢, 2009). These tunnels may be a part of complex hydroelectric
systems — as is the case in this facility — but can also be integral components of large industrial plants

*Corresponding author: milos.dumic@jcerni.rs
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or irrigation networks. Regardless of their operational context, after decades of use, such tunnels require
well-defined and properly implemented rehabilitation projects, based on detailed investigations and

inspections (Krukovskyi et al., 2024).
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Fig.1. (a) Map of Serbia showing the River Drina and the position of the PSHPP Bajina Basta (Radovanovi¢ et al.,
2022), (b), (c) Hydrotechnical Tunnel of the Reversible Hydroelectric Power Plant “Bajina Basta”.

The importance of inspection planning as a key aspect of tunnel maintenance has been emphasized in
the study by Ai et al. (2020), which also outlines the influence of inspection frequency on both total
maintenance costs and the risk of structural failure over the service life of the tunnel. The paper
highlights the limitations of traditional periodic inspection regimes and proposes degradation modes
(accelerated, decelerated, and stationary). These modes are intended to both describe structural
deterioration trends and serve as reference models for the planning of tunnel inspection strategies on
real-world projects. In the study by Strauss et al. (2020), an overview is provided of various inspection
methods and the classification of monitoring strategies and tools, with a focus on both international
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technical literature and contemporary engineering practice in Austria. Current research trends
emphasize a shift toward automation and 3D reconstruction, as opposed to manual tunnel inspections
and conventional data management approaches (Sanfilippo et al., 2025). Technologies such as point
cloud data (PCD) and advanced modeling techniques have significantly improved tunnel inspection and
model generation processes (Machado et al., 2025).

In discussing recent innovations in visual inspection methods, it is essential to highlight the trend
described by Montero et al., (2015) regarding the application of robotic technologies in tunnel
inspection. Hazards encountered during tunnel lining mapping and construction work — including dust,
poor lighting, and, in some cases, exposure to toxic substances — underscore the necessity for
automation in tunnel inspection processes (Montero et al., 2015). Further contributions from the
literature (Attard et al., 2018) focus on capturing the tunnel environment conditions using
photogrammetry, computer vision, and image processing techniques.

A detailed description of pressure grouting applied in pressurized hydrotechnical tunnels is provided in
Andelkovi¢ et al. (2013). The same study presents an experimental method for measuring water leakage
along the entire length of the tunnel. This leakage measurement was also conducted during the most
recent tunnel rehabilitation campaign. In this paper, we present only the results recorded following
tunnel dewatering — i.e., at the beginning of the rehabilitation works — and after the completion of the
remedial interventions.

The tunnel in question has a circular cross-section with a diameter of 6.30 meters. Its total length is
8030 meters, with a longitudinal slope of 4.5%.. This tunnel belongs to the category of pressurized
hydrotechnical tunnels, in which, under operational conditions, a maximum hydrostatic pressure of 1.3
MPa occurs (Ai et al., 2020).
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Fig. 2. (a) Longitudinal tunnel profile with a schematic view of the upper lake, pipeline, PSHPP and HPP “Bajina
Basta”, (b) Cross-section of tunnel (Radovanovi¢ et al., 2022).

2. Tunnel Rehabilitation — Technologies and Construction Techniques

The repair works on the hydrotechnical tunnel were executed in accordance with the rehabilitation
project, developed based on observations, previous maintenance activities on the headrace—tailrace
tunnel (HTT), and experience gained during the last rehabilitation conducted in 2005, as well as from
monitoring of the HTT throughout the subsequent years of operation. Selection of intervention zones
was based on visual inspections and testing of the HTT, aiming to identify sections with moderately to
severely cracked concrete lining. Under operational conditions, such locations represent a potential risk
of significant water seepage, which could in turn affect the structural stability of the tunnel lining.

Due to the scale and complexity of the planned activities, the rehabilitation works were carried out
across four designated work zones:
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1. Work Zone 1 included the access tunnel leading to the bifurcation, and the HTT section from
chainage 0+010 to 0+600.

2. Work Zone 2 covered the lower surge chamber areas, including parts of the shaft body and

the tunnel crown (kalotte).

Work Zone 3 encompassed the main HTT section from chainage 0+600 to 7+000.

4. Work Zone 4 involved the final kilometer of the tunnel, located directly adjacent to the “Beli
Rzav” pumping reservoir (HTT section from chainage 7+000 to 8+000).

W

2.1. Scope of Rehabilitation Works Defined in the Project Documentation

2.1.1 Inspection of the Headrace—Tailrace System of the PSHPP “Bajina Basta” During
the Reconstruction Phase

During the reconstruction of the headrace—tailrace system (HTT), the following investigations were
carried out: Visual inspection of the hydrotechnical tunnel, surge shaft, and inclined penstock, Chemical
and physico-chemical testing of water and sediment in the tunnel, Terrestrial laser scanning (TLS) of
the concrete lining in both the tunnel and the surge shaft, Geophysical surveys using ground-penetrating
radar (GPR) and electrical resistivity imaging (ERI). In accordance with the Updated Technical
Monitoring Project, the existing monitoring system was revitalized by replacing damaged and
malfunctioning instruments, expanding the system with new, primarily electronic, instruments, and
automating the data acquisition process through their integration into an automatic data logging and
archiving system.

The updated system includes the following types of monitoring: Mechanical displacement
measurements along neotectonic faults, Telemetric temperature monitoring of water and concrete in the
surge shaft, Telemetric monitoring of hydrostatic pressure exerted on the tunnel lining, Telemetric
monitoring of displacements along cracks and joints in the tunnel, Telemetric piezometric readings in
the access tunnel and gate shaft.

Following dewatering of the tunnel, the initial activity conducted in the hydrotechnical tunnel was a
visual inspection, which, as similarly described in Krukovskyi et al., (2024), included the prepartion of
graphical documentation for mapping cracks in the concrete lining. The main objective of the visual
inspection was to either confirm or adjust the proposed rehabilitation design, in case certain areas —
originally not included in the project — were found to be in a critical condition. As part of project
implementation, two visual inspections were performed: the first prior to the commencement of
reconstruction works, the second upon completion of all works, to assess the effectiveness of the
interventions with respect to the project specifications.

Fig. 3. Visual Inspection — Mapping of Changes in Concrete Lining.
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The visual inspection of the surge shaft, unlike the tunnel inspection, required the application of
speleological industrial alpinist techniques. The process was carried out in several phases, beginning
with a trial descent, which involved the inspection and technical outfitting of the structure. In the
subsequent phases of the visual inspection of this system section, markers were installed for laser
scanning, marking the start of the phases for scanning the concrete lining and mapping cracks and
damages.

The geophysical investigations of the concrete lining of the HTT were performed using ground
penetrating radar (GPR) and electrical resistivity imaging (ERI) methods. The objective of these
investigations was to assess the condition of the tunnel lining and the surrounding rock mass in direct
contact with the concrete lining, focusing on crack patterns, water flow paths in both vertical and
horizontal planes, and the presence of cavities and voids behind the concrete lining.

(@) (b) © d)

Fig. 4. Geoelectric Testing: (a) Ground Penetrating Radar (GPR); (b), (c) Preparation for Geoelectric Measurements
— Placement of Metal Electrodes; (d) Geoelectric Measurement System — VS-1 Resistivity Meter, Electrode Selector,
External Power Module and Cables with Metal Electrodes.

Following the completion of the rehabilitation works, the application of this type of investigation
enabled verification and quality control of the implemented remedial measures. In the case of this
specific project, a total of 7,000 m' of ground penetrating radar (GPR) surveys and 175 m' of electrical
resistivity imaging (ERI) surveys were performed.

(@) (b)

Fig.5. Geoelectric Testing: (a) Results of Ground Penetrating Radar (GPR) Surveys; (b) Results of Geoelectric
Measurements.

2.1.2. Stress Grouting Technique

Stress grouting is a specific type of pressure grouting applied in engineering practice when it is
necessary to induce pre-stressing of the tunnel lining, i.e., to increase tangential stresses within the
lining. This grouting method is most commonly used in pressurized hydrotechnical tunnels, where the
effect of prestressing is intended to counteract the internal water pressure acting on the tunnel lining
during the operational phase.
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The works were carried out at predefined locations along nearly the entire alignment of the tunnel,
starting with machine drilling using rotary-percussive drilling with water cooling. The equipment used
included the Hydra Joy 2P drill rig, equipped with a hydraulic hammer.

The drilling procedure differed only in two areas: within the surge shaft and at the very beginning of
the tunnel, in the bifurcation zone. In the surge shaft, drilling was performed manually using pneumatic
hand drills, while in the bifurcation zone and the initial tunnel stations, a Hydra SL200 hydraulic
hammer mounted on a JCB 3CX skip loader was used to ensure better mobility and maneuverability.

() (b) ()

Fig. 6. (a) Hydra Joy 2P equipped with a hydraulic hammer; (b), (c) Hydraulic hammer Hydra SL200 mounted on
the JCB 3CX skip carrier.

Drilling was executed in a radial pattern, as specified by the design, with 5-meter spacing between
boreholes, a drilling depth of 4 meters, and a borehole diameter of @56 mm. The design also included
a provision for modifying the technical solution in the event of increased grout consumption —
specifically, by reducing the radial spacing between boreholes to 2.5 meters.

(@) (b)

Fig. 7. (a) Detail of stress grouting according to the rehabilitation project; (b) Drilling execution inside the tunnel.
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2.1.3. Installation of Self-Drilling Anchors (SDAs)

The rehabilitation project specified the installation of self-drilling anchors (SDAs). The maximum
designed anchor length was L = 6 m (Type 3), while in certain locations, shorter anchors were
prescribed: L =3 m (Type 1) and L =4 m (Type 2).

The installation procedure was the same for all SDA types. Prior to installation, @56 mm boreholes
were drilled to the required depth, using the same equipment as for the stress grouting works.

() () (©)

Fig. 8. (a) Drilling of tunnel lining, (b) Appearance of tunnel lining after installation of anchors, (¢) Anchor type
“SDA”.

The grouting process begins after the anchor and the grouting tubes are inserted into the borehole. One
tube is used to deliver the grout, while the other serves to release excess air during injection. The
completion of the injection process is marked by the moment when grout begins to exit through the air-
release tube, indicating that the borehole is fully filled. After grouting and removal of the excess tubing,
anchor bearing plates and nuts are installed. Once the grout has fully cured, the plate is tightened against
the rock surface by tensioning the nut.

2.1.4. Chemical grouting

Chemical grouting was performed using polyurethane-based injection materials. To prevent leakage of
the injection grout, the cracks were prepared by cutting triangular grooves along their length. These
grooves measured 3 cm x 3 cm and were filled with fast-setting mortar prior to injection.

Drill holes were made at an angle of 45°, diagonally across the crack, with spacing between 25 and 35
cm, resulting in borehole lengths ranging from 45 to 55 cm, placed alternately on both sides of the crack
(left and right). Drilling was performed mechanically, using electric drills with a borehole diameter of
10 mm. Upon completion of the chemical grouting process — i.e., after the polyurethane material had
cured — the packer was removed and the borehole was sealed with mortar.

() (b) (©) @

Fig. 9. (a) Placement of packer; (b) Overview of complete chemical injection; (c) Saw-cutting of crack; (d)
Completed chemical injection
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2.2. Adapting the Technical Solution to Actual Tunnel Conditions

2.2.1. Adapting the Technical Solution to Actual Tunnel Conditions during Works at Work
Site 1

Based on the results of the visual inspection of the headrace—tailrace tunnel (HTT), mapping of the
concrete tunnel lining, and preliminary analyses, certain adaptations of the designed solution were made
to the actual tunnel conditions in the section between chainage km 0+010 and 0+100. These adaptations
primarily concerned the locations for carrying out rehabilitation works — drilling and grouting, as well
as anchor installation.

The condition of the lining with the positions of the newly designed works is illustratively shown in
Figure 10. For better understanding of the illustrated executed works, square symbols indicate the
positions of the self-drilling anchors (SDAs), with color differentiation depending on their length
(SDAs of L = 6 m or L = 4 m). Injection boreholes are represented by circular symbols, varying
according to the diameter and length of the borehole. Green lines in Figure 10 denote locations of
chemical grouting, while brown rectangles with green borders indicate positions of segregation
remediation.
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Fig. 10. Condition of the concrete lining with locations of newly designed works on the section between st. km
0+026 and 0+070 (illustrative representation).

After the initial assessment of the condition, it was decided to adapt the execution of the rehabilitation
works at work site 1 by correcting the locations of the injection boreholes and their grouting. The
borehole layout was revised based on the damage mapping analysis, taking into account the history of
works on this section. The arrangement of injection boreholes was defined so that grouting could be
performed for all newly detected damages as well as for several existing defects assessed as potential
water leakage points in the tunnel. In addition to the layout, the drilling depth was also adjusted
according to the revised borehole arrangement, with the most common drilling depth being 3 m. These
changes during the rehabilitation works also necessitated adjustments in injection pressures, which were
generally applied at 12 bar. It is important to note that on this section, the total planned drilling length
of 352 m exceeds that of the original Rehabilitation Project, but based on the conducted investigations
this proved to be necessary.

On the section between chainage km 0+502 and 0+580, the condition of the concrete lining has not
significantly changed compared to the mapping performed during the 2005 reconstruction. A short
crack with minor opening and leakage was identified at chainage 0+541, another short crack with minor
opening and leakage at chainage 0+575, several short dry fissures, and several wet spots related to old
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injection boreholes. Accordingly, no significant changes in the positions were made during the works
on this section.

To improve the tunnel’s operational conditions, the previously planned pre-stressing grouting at Work
Site 1, originally designated for the section from chainage 0+500 to 0+580, was shifted to the section
between chainage km 0+100 and 0+180. This created a unified rehabilitation zone from chainage 0+010
to 0+180 to reduce tensile stresses in the concrete caused by water pressure, which will also decrease
water losses in the downstream slope area, thus enhancing its stability (Figure 11).

Considering the pressure values during grouting in the empty tunnel, the pressure-induced stresses in
the concrete lining depend on the pressure intensity, tunnel diameter, and lining thickness. The project
assessment concluded that the maximum grouting pressure should not exceed 20 bar to keep the
concrete stresses within allowable limits.

On the left side of Figure 11, the odd-numbered profiles (cross-sections 1 to 15) are shown, while the
right side displays the even-numbered profiles (cross-sections 2 to 16). The rehabilitation works were
carried out so that the borehole layout within all even profiles is identical, as well as within all odd
profiles. However, the borehole arrangements in even profiles differ from those in odd profiles, with
boreholes in consecutive profiles offset by an angle of 18°. The spacing between injection profiles is 5
meters.

Tunnel Stationing
From Cross Section No. 1
to
Cross Section No. 15

Tunnel Stationing n
From Cross Section No. 2
to
Cross Section No. 16

(Chainage 0+102 to
04172 - at 10-meter
intervals)

(Chainage 0+107 to
0+177 —at 10-meter
intervals)
/

Fig. 11. Layout of tension grouting injection boreholes (profiles at Work Site 1).

2.2.2. Adapting the Technical Solution to Actual Tunnel Conditions during Works at Work
Site 2

The investment maintenance project for the headrace-tailrace system of the PSHPP "Bajina Basta"
defined rehabilitation works for work site 2, which includes the hydropower surge chamber structure.
The planned works on the lower vault of the surge chamber included the installation of SN anchors,
tension grouting, and chemical grouting.

The maximum pressure defined by the project is 25.0 bar. According to the concluding considerations
of the project “Tension-Deformation Analysis of the Surge Chamber and Steel Pipelines,” conducted
by the Institute for Water Management “Jaroslav Cerni” in 2024, it was stated that, given the cracking
of the concrete lining combined with the high pressures of tension grouting, which could lead to damage
of the concrete lining, it is necessary to reduce the maximum tension grouting pressures to 15 bar.
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Fig. 12. Repair works on the lower crown of the water reservoir.

During the execution of the works, monitoring of cracks in the surrounding concrete lining of the lower
vault of the surge chamber was conducted, and no changes indicating deficiencies in the execution of
the rehabilitation works were observed.

(a) (b)

Fig. 13. (a) Mapping of cracks in the concrete lining of the lower crown of the water reservoir, (b) Assembly of
scaffolding in the water reservoir chamber

2.2.3. Adapting the Technical Solution to Actual Tunnel Conditions during Works at Work
Site 4

Rehabilitation works at Work Site 4 represented the greatest challenge in the implementation of this
project. Work Site 4 is located in the zone of significant influence of the “Beli Rzav” reservoir, which
was at operating level during the project execution. There were risks of excessive water leakage through
the boreholes, so the work had to be carried out carefully and sequentially.

The rehabilitation works began according to the project design by drilling holes and installing SDA
anchors shown in Figure 14, marked as B4 and An2. During the drilling for the installation of anchor
A2 at a depth of 4 m, water inflow was registered in the borehole with slight leakage. The anchor was
installed, but injection grouting could not be performed.
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During the drilling for the installation of the anchor marked B4 at a depth of 4.2 m, significant water
leakage was registered from the borehole, which, unlike the previous situation, prevented the
installation of the anchor. At this position, a packer was installed with a valve at its end, and on the
other side, a pressure gauge was mounted, which recorded a pressure of 7.5 bar.

In accordance with the condition of the lining at the location, the project design, and the observed
phenomena, an additional 5 injection boreholes were drilled at the site to reliably locate water-filled
cracks behind the concrete lining, determine pressures, and collect data for the successful execution of
further rehabilitation works.

Drilling started at the location marked B0, but after drilling through the concrete lining at a depth of
0.65 m, metal (from reinforcement or straps) was encountered, so further drilling was abandoned and
drilling continued below the initial borehole B4. In the zone of borehole B4 at chainage 7+942 on the
vertical profile, 5 boreholes of various depths were drilled, as shown in Figure 14. They were drilled at
mutual distances of about 1.1 m. Drilling was carried out sequentially, starting with drilling to a depth
of 0.6 m. At this depth, the drill string was withdrawn to check for water inflows from the surrounding
rock. This procedure was then repeated every 0.3 — 0.5 m until the final depths were reached. The
relevant criterion for completion was to drill until water appeared indicating the presence of a
discontinuity that needed to be injected. The decision was made not to drill deeper than 2.2 m to avoid
entering the zone of reduced effectiveness of previous injections, where larger water inflows under a
pressure of 7.5 bar were observed in the cracks.

3
7+965
T+044
74942
74936

g3 0954—f1 1o 095
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830 7 (4.0m

Fig. 14. Overview of initial anchor installation and grouting works in the section from chainage km 7+944 to 7+936.

From boreholes B1-BS5, after the first meter of drilling, water carried out finely ground samples of grey
marl, unlike in anchor borehole A2 where the water expelled many pieces of limestone. After drilling,
water from B1 and B2 flowed gently, from B3 and B5 more significantly in a jet, while B6 only slightly
moistened. After drilling and a brief analysis of the observed phenomena and results, injection of the
boreholes commenced.

Due to site conditions, which involved significant risks of water leakage under full pressure from the
“Beli Rzav” reservoir, on-site decisions were made that required corrections to the project. The holes
for installing 6 m long anchors, as originally planned for this section, were replaced with the installation
of' 4 m long anchors. At positions where installation of 4 m anchors was not possible due to large water
inflows from the borehole, borehole grouting was performed. The proximity of the reservoir and the
objective conditions during the work execution meant that, out of the total 177 planned SDA anchors,
only 8 were installed at the specified work site (Work Site 4).

The Jaroslav Cerni Water Institute pointed out to the other project participants the importance of future
repair works in the zone of Work Site 4, which is located upstream of the closure structure. This zone
needs to be approached under conditions of reduced water pressure on the lining, which can be achieved
by lowering the water level in the “Beli Rzav” reservoir, so that the planned works can be carried out
in full scope in order to have a significant impact on the safety and security of the headrace—tailrace
tunnel system and the operation of the hydroelectric power plant itself.
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Fig. 15. Installed packers in the right side of the tunnel cross-section at chainage km 7+942.

3. Discussion on the Effects of Rehabilitation and Guidelines for Further Work

The rehabilitation works described in the previous chapter significantly improved the condition of the
concrete lining at the work sites in the access tunnel to the bifurcation, as well as in the initial chainages
of the hydrotechnical tunnel, in the lower chamber of the surge tank, and parts of the cylinder and vault.
The most demanding location for the rehabilitation works was at the final chainages of Work Site 4
near the fixed wheel gate, i.e., the upper reservoir. Considering the overall picture during the project
execution, the section of the tunnel adjacent to the upper reservoir represents an area that will receive
great attention in the next rehabilitation project, while in the meantime its behavior will be monitored
through the proposed tunnel monitoring measures.

Because of all the above, one of the most important guidelines for the upcoming operational period is
continued monitoring with the existing and newly installed monitoring equipment, as well as planning
for future maintenance of the fixed wheel gate, which will require carrying out works differently, given
that such maintenance requires draining the upper reservoir. When the upper reservoir is drained, it will
also be possible to undertake maintenance of the maintenance gate and other elements that could not
be performed under current conditions. Furthermore, draining the reservoir can have a highly positive
effect on the rehabilitation outcomes on the last section, about 1500 m long, through the application of
prestressed grouting and anchor installation. If the investor decides that it is unacceptable to drain the
upper reservoir during the works, lowering the reservoir level by 15-20 m can significantly improve the
quality and speed of the works, thus avoiding potential problems during concrete lining drilling in the
indicated zone.

Regardless of the tunnel’s purpose, regular inspections are necessary throughout the operational life to
prevent potential incidents caused by structural failure and to contribute to extending the service life of
the structure. Carrying out rehabilitation works on such types of structures involves working in a
potentially hazardous environment. Inspections of this kind rely heavily on the subjectivity of the
project team, especially during concrete lining mapping. Considering all challenges, various systems
have been developed to automate certain procedures for tunnel inspection and monitoring (Attard et al.,
2018).

To ensure quality control after the completed works, the use of modern technologies such as artificial
intelligence (Al), photogrammetry, BIM, and GIS in tunnel construction and monitoring is becoming
increasingly common. The application of these technologies in infrastructure management brings
numerous benefits, with automated data collection, structural condition assessment, and digital data
management being particularly emphasized (Sanfilippo et al., 2025). The use of technologies like laser
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scanning and photogrammetry allows for faster data acquisition about the tunnel structure’s geometry
and condition. Utilizing such technologies and improving automation in data collection ensures a higher
degree of objectivity, repeatability, and data quality compared to manual data collection methods. The
management and use of collected data in modern trends aim toward BIM technology, which allows
BIM models of such hydrotechnical structures to be integrated with GIS, which remains the primary
tool for managing large sets of geospatial databases (Sanfilippo et al., 2025).

One of the challenges in modern tunnel monitoring trends focuses on digital twin technology (Ai et al.,
2020). This technology, applied in monitoring hydrotechnical structures, provides the possibility of
continuous and efficient object condition monitoring. Continuous monitoring and early-stage change
detection contribute to effective maintenance during the operational phase, timely planning of
rehabilitation projects, and elimination of potential undesirable scenarios regarding structural failure.
Developing advanced information models improves the understanding of tunnel behavior throughout
its operational life and enables faster damage detection (Machado et al., 2025). The main challenges
highlighted by the authors concern the development of digital twins, particularly in integrating
heterogeneous data sources. Implementing such modern approaches requires anticipating challenges
and potential limitations at the project’s outset, as digital twin models demand highly detailed models
based on realistic data from the actual structure to minimize approximations (Machado et al., 2025).
After overcoming initial challenges, it should be noted that applying such technologies can greatly
enhance the monitoring process of demanding tunnels, where digital inspection is supported by an
integrated tunnel model database. This type of result enables an automated model linked to the actual
structure, facilitating management, identification of specific damages, and optimization of maintenance
plans (Machado et al., 2025).

4. Conclusion

The rehabilitation works on the hydrotechnical tunnel project presented in this paper were carried out
with quality, expertise, and within the planned budget. Accurately forecasting the budget for
rehabilitation works on complex structures, such as the headrace—tailrace system of the reversible
hydroelectric power plant “Bajina Basta,” is an exceptionally challenging endeavor. The fact that most
of the rehabilitation works foreseen in the project were completed, with modifications necessitated by
site conditions and still fitting within the budget limits, speaks to the good practice and professionalism
of all team members involved in the project’s implementation.

The execution of such projects highlights the necessity of adjusting project designs during works to
adapt to field conditions. System investigations immediately prior to the commencement of works are
of utmost importance. Thoroughness in this phase of project execution largely focuses the project team
on current problems that cannot be ignored and that, due to objective circumstances, may not always
be fully covered by the project design.

Attention was also drawn to the section that posed the greatest challenge during the execution of works.
Work site 4, located just before the gate near the “Beli Rzav” reservoir, is in a zone heavily influenced
by the reservoir, which was at operating level during the works. Since the high water presence prevented
the installation of the full length of anchors specified in the design and significantly reduced the number
of installed anchors in this section, a discussion arises regarding the necessity of reservoir draining
during similar rehabilitation projects.

The importance of modern methods for monitoring structural behavior was emphasized. The
development of advanced monitoring systems allows for real-time assessment of structural condition
and timely interventions that can greatly affect the operational life of the tunnel. The methods presented
in this paper, which reflect the research focus of various authors in this field, clearly highlight the
importance of quality systems for monitoring the condition and safety of such structures, which are
components of complex hydrotechnical systems.

Based on all the above, the authors emphasize the importance of automation systems that reduce
subjective assessments of tunnel structural conditions and thus enhance the safety of project
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participants. Developing systems for continuous condition monitoring would enable active surveillance
and assessment of the optimal timing for rehabilitation projects, as well as detection of sensitive tunnel
sections. Draining the reservoir and potential modifications in future project designs at specific
locations would yield better results during execution, thereby contributing to a certain extent to reducing
losses during the operation of the headrace—tailrace system of the “Bajina Basta” hydroelectric plant.
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Abstract: Poised for recognition at the ITA Awards for Digital and Information Technology, EcoScan is redefining
sustainability in tunnel and underground infrastructure. With Scandinavian countries set to enforce strict carbon
footprint limits on new-builds from 2025, the need for efficient, transparent, and adaptable carbon assessment tools
has never been greater. This user-friendly web application answers the call—delivering rapid, precise, and visually
engaging carbon calculations tailored for complex projects.

Seamless integration with the Autodesk ecosystem enables element-level optimisation using locally sourced
materials, crucial for minimising embedded carbon in tunnel and metro station construction.
Exportable 3D visualisations replace static regulatory tables, streamlining communication with stakeholders and
authorities. Customisable material databases and real-time scenario comparisons empower teams to make
environmentally responsible decisions at every phase.

Unlike conventional BIM tools, EcoScan’s open-source approach fosters flexibility and user-driven innovation
across the project lifecycle. Ongoing development—including construction site emissions analysis—positions this
platform as a transformative solution for sustainable, high-impact infrastructure worldwide.

Engineered for the digital age, EcoScan doesn’t just keep pace with the future of tunnelling—it helps shape it.
Experience a new era of efficiency, transparency, and measurable impact in underground projects.

Keywords: Digital technology; Life Cycle Assessment; EcoScan; BIM, Al; Eco-design

1. Introduction

Digital and information technology are revolutionising the way we conceive and construct our cities.
Nowhere is this transformation more profound—or more vital—than in the delivery of mega-projects
such as the Grand Paris Express (GPE). Spanning over 200 kilometres of new metro lines and 68
stations, the GPE embodies the extraordinary scale, complexity, and ambition shaping contemporary
infrastructure. These ventures are not merely engineering marvels; they are pivotal arenas for
addressing some of the planet’s most urgent environmental challenges. While their construction
inevitably generates vast quantities of material and emissions, their enduring legacy lies in enabling a
shift towards sustainable, high-capacity public transport—offering genuine and lasting environmental
gains.

As the built environment sector is increasingly challenged to achieve more with fewer resources, digital
innovation has become central to enabling smarter and more sustainable outcomes throughout the
project lifecycle.

Against a backdrop of tightening global climate targets, the construction industry must now consider
the entire lifespan of infrastructure—from material sourcing through to end-of-life disposal—instead
of focusing solely on operational efficiency. Life Cycle Assessment (LCA) has therefore become
indispensable, providing a holistic understanding of a project’s environmental impact and revealing
opportunities to meaningfully reduce carbon, energy consumption, and waste.

*Corresponding author: vira.stupina@tractebel.engie.com (V.A. Stupina).
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As regulations evolve and carbon limits are tightened—especially in progressive regions such as
Scandinavia—traditional methods of eco-design, often manual, slow, and reliant on rough estimates,
are no longer fit for purpose. Enter innovative digital tools like EcoScan. Seamlessly integrated within
established design platforms, the tool enables rapid, detailed LCA at the element level, harnessing local
material data and delivering results in a fraction of the time required by conventional processes. Its
open-source, visual interface turns compliance into a collaborative, transparent, and efficient
endeavour, setting a new benchmark for environmental responsibility in construction.

2. Digital Transformation in Underground Structures: Integrating Sustainability
with EcoScan

The construction and operation of underground structures, such as tunnels and underground railways,
have long posed unique challenges for engineers and project managers. Traditionally reliant on manual
calculations and fragmented data sources, infrastructure projects are increasingly adopting digital-first
approaches. Building Information Modelling (BIM), artificial intelligence (Al), and data analytics are
enabling engineers to design, simulate, and optimise projects before construction begins (Smith et al.,
2021; ISO 19650, 2018).

At the same time, the demand for sustainable construction has intensified. Lifecycle Assessment (LCA)
provides a framework for evaluating environmental impacts, as defined in ISO 14040/44 (ISO, 2006).
Applying these methodologies within BIM environments allows project teams to integrate carbon and
environmental performance directly into early-stage decision-making (Jones & Meyer, 2020).

At the forefront of this shift is EcoScan, an innovative tool developed by TRACTEBEL team to redefine
sustainability management in underground infrastructure. EcoScan integrates seamlessly with
Autodesk’s API and viewer, empowering users to calculate carbon emissions and assess vital
environmental parameters directly from Building Information Modelling (BIM) data. This integration
enables project teams to evaluate environmental impacts at the earliest design stages and to continually
monitor them throughout the project lifecycle. The objective is clear: to support sustainable decision-
making throughout the lifecycle of a project.

Successfully integrating tunnel projects into this digital and sustainable process requires a strategic
approach. It starts with a clear understanding of digital workflows and a willingness to embrace
innovative technologies. Project teams must know how to manage data-rich BIM environments and
coordinate effectively between engineering disciplines. The ability to adapt and incorporate EcoScan’s
insights into day-to-day decision-making is essential for achieving truly sustainable underground
structures.

Rather than obscuring analysis within spreadsheets, EcoScan generates compelling 3D visualisations
of environmental, energy, and waste impacts—outputs that are ready for direct regulatory submission.
Its open-source nature sets it apart from the closed systems of traditional BIM providers, empowering
users to customise and apply the tool across the entire infrastructure lifecycle: design, construction,
operation, and maintenance.

In essence, EcoScan reimagines LCA as a swift, visual, and collaborative process, empowering
infrastructure projects not merely to meet, but to define, the next frontier of environmental performance.

3. Building Information Modelling (BIM)

At the heart of this transformation is Building Information Modelling (BIM). Far surpassing simple 3D
geometry, BIM acts as the digital DNA of a project, capturing every tunnel element—from concrete
linings and reinforcement steel to ventilation shafts, cabling, and drainage systems. However, a static
model alone is not sufficient; it must be interactive, intelligent, and communicative. To achieve this,
we extended Autodesk’s API and viewer, developing bespoke Java and HTML functions that convert
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passive models into dynamic, navigable, and measurable environments. As a result, the tunnel evolves
from a basic drawing into a fully realised digital twin.

Expanding upon this foundation, the proposed Life Cycle Assessment (LCA) tool—presented at the
ITA Awards & SETC-2025—takes integration further by embedding LCA methodologies directly
within BIM-enabled design workflows. Engineers can upload BIM models into the Autodesk Viewer,
assign materials from a standardised database, and instantly calculate life cycle indicators and carbon
footprint metrics. The tool supports the comparison of alternative material scenarios, with results
visualised within the model using a green-to-red colour scale for immediate spatial feedback on
environmental performance.
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Fig. 1. Iterative Testing—Measuring Incremental Improvement at Each Stage.

Simultaneously, structured data on elements, materials, and impacts is exported via EcoScan-generated
Excel files. A Python-based interoperability layer then feeds optimised material choices back into
authoring tools such as Revit or Tekla, ensuring that assessment outcomes remain embedded within the
BIM environment. This workflow yields three key research contributions: (i) it enhances the accuracy
and usability of LCA in the early design stages; (ii) it ensures seamless interoperability across platforms
and data formats; and (iii) it eliminates rework by directly linking assessment results to the BIM model.
Ultimately, the convergence of BIM, LCA, and digital twin principles demonstrates how performance-
driven material optimisation can be operationalised, empowering more sustainable and data-driven
decision-making in underground infrastructure design.

4. Lifecycle Assessment (LCA)

The construction and operation of underground structures, such as tunnels and underground railways,
have long posed unique challenges for engineers and project managers. Traditionally reliant on manual
calculations and fragmented data sources, infrastructure projects are increasingly adopting digital-first
approaches. Building Information Modelling (BIM), artificial intelligence (Al), and data analytics are
enabling engineers to design, simulate, and optimise projects before construction begins (Smith et al.,
2021; ISO 19650, 2018).

Infrastructure projects have traditionally carried substantial environmental footprints. Lifecycle
Assessment (LCA) provides a rigorous, systematic method for measuring and reducing these impacts
throughout every stage of a project.
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EcoScan elevates Building Information Modeling (BIM) by automatically calculating carbon emissions
and other environmental indicators directly from model data. This seamless integration offers:

o Clear visual outputs, enabling teams to identify precisely where environmental impacts occur within
the tunnel design.

e Comprehensive, Excel-based reports that deliver detailed numerical results for in-depth analysis
and optimisation.

Tasks that once required weeks of manual data extraction and computation can now be completed in
minutes. More crucially, EcoScan empowers project teams to consider sustainability at the earliest
design stages, when interventions are most effective and cost-efficient.

EcoScan incorporates a wide set of environmental parameters, ensuring that the assessment extends
beyond carbon emissions alone. The tool follows internationally recognised LCA categories (ISO
14040/44; CML, 2001).

Table 1. LCA Indicators.

Environmental indicator Unit Resource use indicators Unit

Use of renewable primary energy excluding
Climate Change Total kg COze renewable primary energy resources used as MJ
raw materials

Use of renewable primary energy resources

Climate Change Fossil kg COze used as raw materials

MJ
Total use of renewable primary energy

kg COze resources (primary energy and primary energy ~ MJ
resources used as raw materials)
Use of non-renewable primary energy

kg COze excluding non-renewable primary energy MJ

Climate Change Biogenic
Removals and Emissions

Climate Change Land Use and

Land Use Change .
resources used as raw materials
Ozone Depletion kg Use of non-renewable primary energy M
CFClle resources used as raw materials

Total use of non-renewable primary energy
Acidification mol H+e resources (primary energy and primary energy ~ MJ
resources used as raw materials)

Eutrophication Aquatic Freshwater kg POse Use of secondary material kg

Eutrophication Fresh Marine kg Ne Use of renewable secondary fuels MJ

Eutrophication Terrestrial mol Ne Use of non-renewable secondary fuels MIJ

Photochemical Ozone Formation Ke Net use of fresh water m3

NMVOCe

Abiotic Depletion- Minerals and kg Sbe Biogenic carbon indicators Unit

Metals

Fossil Fuels MJ Biogenic carbon content in the product lé%
2

3 . . . . kg

Water Use m’e depr. Biogenic carbon content in packaging co

2

346



Southeastern Europe Tunnelling Conference (SETC-2025)

Table 2. Waste & output indicators.

Waste & output indicators Unit
Hazardous waste disposed kg
Non-hazardous waste disposed kg
Radioactive waste disposed kg
Components for re-use kg
Materials for recycling kg
Materials for energy recovery kg
Exported energy MJ

By automating these calculations, our tool enables a multi-dimensional sustainability assessment.
Instead of focusing solely on carbon, decision-makers gain a holistic view of environmental
performance. This allows trade-offs to be evaluated (e.g. lower Climate Change Total vs. higher water
use), supporting more balanced and sustainable design choices.
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Fig. 2. Indicators by Category.

5. Eco-Design Integration

In today’s infrastructure landscape, environmental performance is no longer a secondary
consideration—it is a core design requirement. Yet, the greatest opportunities to reduce a project’s
carbon footprint are often missed at the very earliest stages, well before construction begins.
Traditionally, material selection within BIM (Building Information Modelling) platforms has been
guided by cost or technical criteria, with sustainability assessed only at the project’s conclusion—when
change is most difficult and costly.

EcoScan overturns this outdated approach. Purpose-built for modern design and construction, the tool
empowers project teams to make environmentally conscious choices from the outset, turning every
material selection into an opportunity to minimise impact.

At its core lies a dynamic, adaptable material database—far more than a static catalogue. This resource
encompasses a wide spectrum of materials, including concrete mixes, steel grades, and insulation types,
each one accompanied by comprehensive life cycle data: CO.eq, embodied energy, recyclability, waste
generation, and other vital sustainability indicators. What distinguishes EcoScan is its flexibility: users
can customise the database, add new materials from local suppliers, and integrate low-carbon
innovations to suit specific project needs. Continuous updates ensure that assessments reflect the latest
developments in sustainable design.

EcoScan’s intuitive workflow keeps environmental impact central to every decision. If a model element
lacks material data, the tool prompts designers to select from the database. As alternatives are
considered, EcoScan instantly analyses each option’s effect on the project’s carbon footprint—enabling
rapid, informed comparisons before any material is locked in. This immediate feedback loop drives
smarter, greener choices from the very beginning.
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Fig. 3. Work environment.

Once a model is accurately populated with material data, EcoScan elevates optimisation to a new level.
Teams can generate and compare multiple design scenarios in minutes, with environmental indicators—
such as COzeq and energy use—recalculated at every iteration. Whether refining a single element or
undertaking a comprehensive redesign, the tool delivers detailed impact assessments at both the
component and project levels. Life cycle analyses that once took days now take less than an hour,
empowering agile, iterative design.
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But EcoScan is more than a number-crunching tool. It translates sophisticated sustainability metrics
into compelling, actionable visuals: bar charts that highlight the results of each optimisation, and
dynamic 3D colour-coded BIM models that pinpoint areas of greatest environmental impact. These
outputs can be exported as PDFs or images, making it easy to engage stakeholders and communicate
the value of sustainable design.

By transforming complex technical data into practical, accessible insights, EcoScan enables project
teams to integrate eco-design seamlessly into every BIM workflow. For the tunnelling and
infrastructure community, EcoScan is not just a digital tool—it is an engine for a more innovative and
sustainable future.

Fig. 5. Optimising Digital Data Through Targeted Approaches.

6. Challenges and Future Outlook

While EcoScan represents a significant leap forward in environmental assessment for tunnel and
underground infrastructure projects, the journey is ongoing. Integrating diverse data sources,
maintaining consistent data quality, and keeping pace with evolving regulatory standards require
sustained collaboration and development across the sector. Moreover, as digital tools become ever more
advanced, continuous training and upskilling are essential to ensure project teams can fully harness
their potential.

Looking to the future, EcoScan is set to evolve alongside breakthroughs in BIM, machine learning, and
real-time analytics. Forthcoming enhancements may include increased automation, expanded
environmental metrics, and even deeper integration with project management platforms. With Al-
powered capabilities, the tool will soon enable early-stage estimations for major infrastructure
projects—even before detailed models are completed.

By embracing these digital innovations, the industry is moving towards truly sustainable infrastructure,
where environmental stewardship is embedded at every phase of the project lifecycle. EcoScan stands
at the forefront of this transformation, empowering engineers and decision-makers to deliver projects
that are not only efficient and cost-effective, but also responsible stewards of our shared environment.

7. Conclusion

In the spirit of bold innovation and quiet resolve, EcoScan brings together a suite of digital tools and
stands as more than a technological leap—it is a call to reimagine what responsible engineering can
achieve. By weaving environmental stewardship directly into the fabric of infrastructure design, this
tool offers not just efficiency but a principled path forward. It equips engineers and designers with the
clarity and conviction to shape a built environment that honours both progress and the planet. As we
face the pressing challenges of our age, EcoScan reminds us that true leadership is found not in
following trends, but in setting the standard. The future of sustainable engineering, quietly and
confidently, starts here.
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Abstract: Tunnels, as unique structures, have a wide range of applications for different purposes; however, their
specificity is accompanied by numerous uncertainties that can generate risks. In Republic of North Macedonia, a
significant number of tunnels are planned along the railway of Corridor 8. Across three sections of this railway
corridor, 49 tunnels have been designed with varying characteristics influenced by multiple factors. The detailed
processing and classification of data for these tunnels provide a substantial database that can be utilized for risk
assessment. This research aims to conduct a comprehensive analysis using machine learning models for assessing
risks of tunnel segments application, taking into account various project data without predefined risk categories.

Keywords: Tunnel construction, assessment of uncertainties, risk analysis, machine learning

1. Introduction

In the lifecycle of infrastructure projects, risk and uncertainty are inevitable, particularly in complex
underground construction. Tunnel projects are highly sensitive to varying geological conditions and
unforeseen events, making implementation of effective risk management crucial. This paper addresses
risk identification in tunnel construction through a combined methodological approach, integrating
traditional techniques with modern data-driven machine learning models.

Tunnel construction along Corridor 8 in North Macedonia, a major pan-European transportation axis,
serves as a case study. A total of 49 railway tunnels spanning approximately 25,5 km had been planned
across three sections, providing a solid dataset for risk modelling. For all three railway sections,
complete project documentation has been prepared at the level of main design, which also include the
tunnels. The first two sections are in similar area (2 continuous sections with total length of 57,4 km)
in the north-east part of the country, while the third section (with length of 63,2 km) is in different area
in the south-west part. Also, one section is under construction, while the other two have not yet started.

2. Data overview

The dataset used comprises detailed information for total of 341 tunnel segments designed, according
to the New Austrian Tunneling Method (NATM). The main parameters (numerical values) are grouped
into four main categories:
¢ General-geometric characteristics (segment length, maximum overburden, excavation area);
¢ Geological-geotechnical characteristics (coefficient for investigative boreholes, deformation
module, global strength, RMR, RQD, GSI, UCS, probability of appearance of faults);
e Support characteristics (quantities per one meter for anchors, shotcrete, reinforcement mesh, steel
ribs/girders, tunnel face support (shotcrete), pipe roof umbrella, final concrete lining);
¢ Construction technology characteristics (excavation step length, blasting disturbance, groundwater
conditions-coefficient).

*Corresponding author: gacevski@gf.ukim.edu.mk (V. Gacevski).
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After creating the first models some parameters (tunnel slope and curve radius, volume weight,
cohesion and angle of friction) were removed due to their apparent lower importance level, illogical
correlation with other parameters and/or overall anomaly exhibited through modeling.

3. Methodology

The general idea for this research was to use machine learning (ML) models to assess the risk level of
each segment using the available design data, without previously defining the risk in quantitative or
qualitative form as a target variable.

At first, basic statistical and corelation analysis were performed in order to identify the most significant
factors and to make distribution of values for each parameter (Fig. 1). Segment length and the maximum
overburden have a wide distribution, i.e. there are quite different geometric conditions in these tunnels,
which is expected. The geotechnical characteristics have different distribution shapes (normal and
asymmetric). Support elements have a variation that can be associated with different geological
condition. The construction technology data have specific values that can be grouped.
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Fig. 1. Histograms of distribution for each parameter.

After a correlation analysis, the correlations between the parameters show similar conditions as for real
tunnel states. Here are some of the more important correlations:

e RMR, RQD and GSI are highly correlated, which is expected as they all reflect rock mass quality;

o Deformation modulus has a moderate correlation with RMR and RQD, suggesting that weaker rocks
have lower stiffness;

o Fault probability has a negative correlation with RMR and RQD, suggesting that fault zones often
have weaker rock mass;

e Anchors, shotcrete and reinforcement mesh have a positive correlation with lower RMR and RQD
values, suggesting that more of reinforced support is applied to weaker rocks;

o Steel ribs and pipe umbrella show a strong relationship with critical geological conditions;

e Excavation sequencing is negatively correlated with weak rocks, suggesting that in weaker
conditions a shorter excavation advances are applied for increased stability;

e Groundwater has a negative impact on RMR and is associated with increased use of support.

Because this research approach is implemented without predefined target value, the next step was
arriving at cluster analysis for determination of groups of tunnel segments with similar characteristics

(Fig. 2).
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Fig. 2. Dendrogram of tunnel segments with similar characteristics (the horizontal axis represents the segments and
the vertical axis is the Euclidean distance)

According to the cluster analysis, three clusters or risk categories are assessed. Some of the main
characteristics with their average values for the clusters are:

e Category (cluster) 1 — High risk
— Low values for RMR (17,1), RQD (29,3) and GSI (12,6) — very weak rock mass.
— High probability of faults (0,99).
— High use of anchors (54,4 m/m), shotcrete (9,99 m?*/m), reinforced mash (123,9 m*/m) and steel
ribs (1269,8 kg/m).
— Highest use of pipe roof umbrella (32,2 m/m) for protection.
— Very short excavation step (0,81 m).
— Significant presence of groundwater (0,42).

o Category (cluster) 2 — Medium risk
— Medium values for RMR (31,0), RQD (32,7) and GSI (25,1).
— Low probability of faults (0,09).
— Moderate use of anchors (26,3 m/m), shotcrete (5,08 m*/m), reinforced mash (60,2 m?/m) and
steel ribs (593,3 kg/m).
— Occasional use of pipe roof umbrella (13,7 m/m).
— Longer excavation step (1,09 m) compared to category 1.
— Moderate presence of groundwater (0,17).

e Category (cluster) 3 — Low risk
— RMR (52,6), RQD (56,8) and GSI (44,8) — better rock mass compared to previous categories.
— Very low probability of faults (0,03).
— Low or no usage of anchors (15,0 m/m), shotcrete (3,16 m*/m), reinforced mash (56,4 m*m)
and steel ribs (42,3 kg/m).
— Longer excavation step (2,95 m).
— Small presence of groundwater (0,09).

With such defined clusters, 3 models were developed using machine learning technique which based
on the input data (numerical values of the characteristics) can predict the target variable in this case risk
category.
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3.1. ML models for prediction of risk categories

The first ML model is based on the so-called Random Forest Classifier, which is perhaps one of the
most popular machine learning algorithms used for classification tasks. It consists of multiple decision
trees that are similar to fault and event trees with different subsets of the data. Each of the trees gives
its own prediction, and most often the predicted class becomes the final result. To build the model, a
set of training and prediction data (80-20%) was first created, and then with the resulting model, a
prediction was made for all sections. The dependences of the influence factors are most balanced in this
model (Fig. 3).

Influence of Factors with ML Model 1

ucs

ROD

Steel ribs
Excavation step
Shetcrete
Deformation medulus
Anchors
Excavation area
Groundwater
Maximum overburden
Segment length £
Investigative boreholes
Blasting Disturbance

Factors

Fig. 3. Dependences of the influence factors with the first ML model.

The results in this model indicate that geological conditions are the most influential factor group in
determining the risk category of tunnel segments, contributing over 50% of the total importance (Fig 4).
These conditions drive subsequent decisions, such as support measures and excavation advances. This
supports the observation that weak or faulted rock masses typically require heavier support and more
controlled excavation (excavation in phases with smaller areas).
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Fig. 4. Feature importance analysis by factor groups with the first ML model.

The second ML model is also a very popular and powerful machine learning algorithm, which is an
improved version of Gradient Boosting and is called XGBoost. It is known for its speed, efficiency and
high accuracy, and is similar to the first model because it also uses learning trees. The difference is that
this model builds the trees one by one, where each new tree improves the previous one, i.e. corrects the
error. This model has the most logical dependences for the influence of the factors, but they are not so
balanced as the first model.
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The last ML model is logistic regression. This is a basic and, in some cases, efficient classification
model in machine learning. This model provides more illogical dependencies for the influence of the
factors compared to the first two models. A combination with linear regression, i.e. a hybrid model,
was also made, but still the model does not improve with respect to the influence of the factors.

Table 1. Prediction of the models according to number of predicted segments.

Model Category 1 Category 2 Category 3

High Risk Medium Risk Low Risk
Cluster analysis 80 (23%) 157 (46%) 104 31%)
ML model 1 81 (24%) 156 (45%) 104 (31%)
ML model 2 74 (22%) 127 (38%) 140 (40%)
ML model 3 78 (22%) 158 (46%) 105 31%)

All three ML models have the ability to make prediction of the risk category (Table 1), but with different
influences of the factors (data). The first two models have generally good logic for the dependences,
where the main dominant factors are: faults, RMR, steel ribs, excavation step, shotcrete, anchors, GSI
and global strength. They can be used for different kinds of tunnels segments even with reduced amount
of data. The third model although it gives solid prediction, makes dependences that are not very much
applicable in real scenarios so its use is limited. ML models can be also compared according to their
accuracy MAE (Mean Absolute Error), RMSE (Root Mean Squared Error) and R? (Coefficient of
determination) as shown in Table 2, where the first model has the best results.

Table 2. Assessment of the accuracy of the models.

Model MAE RMSE R?

ML model 1 0,0145 0,1204 0,9697
ML model 2 0,0435 0,2085 0,9420
ML model 3 0,0435 0,2085 0,9091

4. Discussion

ML models can outperform classical approaches in terms of scalability, predictive accuracy, and ability
to capture complex interactions. Clustering reveals that segments can be assessed in 3 main risk
categories according to their parameters. The number of categories can be expanded using the same or
different available data and also manual (expert opinion) modifications can be done for assessing the
risk categories. The presented models can make predictions of the main risk categories, but the all have
different dependences of the influence of factors. Correction of the influence of factors can be made
with elimination of some parameters, including more data (if available), making changes in the model
(optimising) or changing the model itself. The third model for example even with modification did not
improve, giving him usability in more basic or preliminary analysis.

5. Conclusion

This research demonstrates the practical value of applying machine learning techniques for risk
assessment in tunnel construction, particularly in the context of the railway tunnels planned along
Corridor 8 in North Macedonia. The study focused on evaluating 341 tunnel segments without
predefined risk categories, utilizing detailed project design data encompassing geometric, geotechnical,
support, and construction technology characteristics.

By applying clustering and supervised ML models such as Random Forest, XGBoost, and Logistic
Regression, three distinct risk categories were successfully identified and predicted. Among the tested
models, the first one showed the best performance in terms of accuracy and logical correlation between
input parameters and risk classification. Key influencing factors such as fault probability, rock mass
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quality indicators (RMR, RQD, GSI), groundwater conditions, and support measures (anchors,
shotcrete, steel ribs) were consistently identified as dominant risk contributors.

The results confirm that ML models can outperform traditional methods by offering scalable, data-
driven solutions for automated risk classification and prediction. Furthermore, they provide insights
that can assist engineers, planners, and decision-makers in designing more resilient and cost-effective
tunnel support systems, while reducing uncertainties during construction.

Future work should focus on expanding the models to include cost and time dimensions, integrating
expert judgment, and adapting them to other tunneling environments and construction techniques to
enhance generalizability and robustness. Models can be modified to predict a certain numeric value
(such as probability of occurrence) to one or multiple risks related to different hazards. The numerical
approach can also be used as a backward analysis where risks have already occurred, to determinate the
influence of the input parameters and their dependences.
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Abstract: In an era of accelerating urbanization and spatial constraints, the strategic use of underground
infrastructure is gaining increasing importance as a sustainable, long-term solution. Despite their recognized
advantages—such as improved mobility, reduced travel time and emissions, enhanced safety, and preservation of
surface land—underground projects often face reluctance due to high capital costs, technical complexity, and
extended return-on-investment periods. This paper aims to reassess the value proposition of underground
infrastructure by highlighting its broader socio-economic benefits and demonstrating a holistic evaluation
framework that supports more informed decision-making. A real-world tunnel case between Melissourgoi and
Theodoriana in Greece is analyzed, showcasing how a relatively small infrastructure investment can yield
disproportionately large benefits in terms of accessibility, regional development, and environmental performance.
Quantified indicators such as vehicle operating cost, travel time savings, and accident cost reduction reveal annual
savings for the users of the infrastructure, allowing cost recovery within just 45 years, depending on traffic volume.
To further support comparative evaluations, the study also presents the Tunnel-to-Road Equivalent Length (TREL)
ratio—a decision-support tool that considers traffic volumes (AADT), geotechnical conditions (GSI), and life-cycle
cost—benefit parameters. Results indicate that while geotechnical conditions impact construction costs, traffic
volume is the dominant factor in determining long-term economic viability. Finally, the paper advocates for
integrating social and economic impact assessments into early-stage project planning, enabling a fairer evaluation
of underground alternatives, as the latent social benefits presented by underground infrastructure solutions can shift
the decision towards the “going underground” option.

Keywords: underground infrastructure; decision support; life cycle cost-benefit analysis; socio-economic
evaluation

1. Introduction

The rapid pace of urbanization and population growth has led to intensified pressure on existing urban
infrastructure. With land being a finite and increasingly contested resource, the strategic development
and utilization of underground space have become increasingly important in modern societies, offering
an effective and sustainable alternative solution. Across the world, governments are turning to
underground solutions, from metro transit systems to highway tunnels, to address urban congestion and
geographic barriers. Underground transportation projects, such as road tunnels and metro systems, have
emerged as pivotal components of modern infrastructure, facilitated mobility while preserving valuable
surface land (Kaliampakos and Benardos, 2008).

However, the development of underground infrastructure is often marred by perceptions of high initial
investment costs, long construction durations, and technical risks, which frequently result in cost
overruns and schedule delays (Flyvbjerg et al., 2002; Paraskevopoulou et al., 2022). This can dissuade
stakeholders and policymakers from pursuing such projects, even when their long-term benefits
significantly outweigh the costs. Despite these challenges, underground infrastructure provides
numerous advantages. These include reduced travel times, lower CO2 emissions, decreased accident
rates, less traffic congestion, and uninterrupted 24/7 operation (Benardos and Skenderas, 2025).

*Corresponding author: abenardos@metal.ntua.gr (A. Benardos).

359



Southeastern Europe Tunnelling Conference (SETC-2025)

Moreover, these systems can reclaim surface space for green areas or urban development and stimulate
regional economic growth (Kaliampakos et al., 2024).

Based on the above, the provision of a clear understanding of the net costs and net benefits offered by
underground projects is the key issue for reaching a well-balanced and rational decision. Of course, this
is something that requires not only the surficial data that can be easily assembled, but also needs to take
into account the whole life cycle costing of the project (Daub, 2023). Finally, emphasis is required in
depicting the social value of the project, that is, gathering and monetizing its impact on its users or the
communities that it serves (Soleymani and Ismail, 2022).

This paper aims to reveal the latent value of underground transportation solutions by examining both
their socio-economic benefits and their broader strategic relevance. It begins with an in-depth
assessment of a real-world example, a small mountainous tunnel project in Greece, demonstrating how
underground infrastructure can deliver transformative impacts in terms of accessibility, safety, and
regional development. Building on the insights from this case, the paper introduces a generalized,
holistic evaluation framework designed to support comparative analyses between tunnel and surface
road alignments. This framework integrates life-cycle cost-benefit analysis (LCCBA) and introduces
the Tunnel-to-Road Equivalent Length (TREL) ratio as a decision-support tool. Together, these cases
illustrate a continuum, highlighting how underground infrastructure can be systematically assessed,
justified, and prioritized within long-term development strategies.

2. Costs and benefits from the development of underground projects
2.1. Main issues to consider

The development of an infrastructure project is often associated with a vast amount to be spent that will
eventually develop a new set of prevailing conditions that can either solve problems or improve the
performance of a system. Thus, the decision to proceed with a certain project requires a comprehensive
assessment of the costs as well as the impacts that will be brought and that can be quantified properly
s0 as to have the required indicators for assessing the most prominent and most beneficial alternative.

The initial costs that can be measured under a simple financial framework are associated with the capital
expenditures and the operation and maintenance required throughout the lifespan of the project. On the
other side, the development of the new infrastructure brings either new benefits to its users and society
in general or decreased cost conditions by employing the new infrastructure over the previous one.
These socio-economic costs (or benefits) are related to the costs affecting the impacts and indirect
economic costs generated by the project’s development (e.g., travel time costs, CO2 emissions cost,
accident, noise or traffic disruption costs, fuel cost, etc. (OECD, 2017).

Despite these compelling benefits, underground projects have historically struggled to attract
investment due to their high initial costs and risk profiles (Godard and Hugonnard, 1989). Large
tunneling and metro projects are capital-intensive; for example, expanding a subway network costs on
the order of $200 million per kilometer to recent estimates, while annual operating and maintenance
expenses, approx. 2% of the initial investments add further to lifecycle costs (Blankespoor et al., 2024).
Such heavy upfront expenditures, combined with typically long payback periods, make financiers and
officials cautious (Godard and Hugonnard, 1989). Moreover, many high-profile underground projects
have incurred substantial budget overruns and schedule delays pattern documented by Flyvbjerg et al.
(2002) in a study of global infrastructure projects. This track record feeds a perception that
“underground space development is an expensive venture” fraught with uncertainty, prompting some
stakeholders to favor cheaper surface solutions or to postpone needed investments.

However, focusing only on immediate costs can be misleading. A growing body of research and project
experience shows that the latent social and economic benefits of underground infrastructure often far
outweigh the initial expense when examined over the long term. These benefits, improved connectivity,
time savings, safety gains, environmental protection, and induced economic development tend to
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accumulate for decades after construction. If properly quantified and monetized, they can
counterbalance the costs and make a strong case for tunneling solutions (Benardos and Skenderas,
2025).

To assess and reveal to the full extent this latent potential of underground space projects, the following
2 cases are presented. The first utilizes a singular small-scale project having a clearly defined scope,
cost, and impacts generated, while the second utilizes a more generic approach that entails a greater set
of features to be considered, and more particular geotechnical conditions encountered, and the time
discounting principle that can be a significant parameter for the financial valuation of major
infrastructure projects.

2.1.1. Monetizing the Socio-Economic Benefits for the Melissourgoi — Theodoriana Tunnel
Project

The proposed development project is a mountainous road tunnel between the villages of Theodoriana
and Melissourgoi, which are located in the area of Central Tzoumerka, Epirus, Greece. These two
settlements are located approx. 10 km apart, but, due to topographical constraints, their connection is
now rather difficult as they are connected through an existing circular road network, almost 75 km in
length, resulting in a travel time of approximately 2.5 hours and raising concerns about safety and
accessibility. For the evaluation of the Melissourgoi-Theodoriana tunnel project, the analysis captures
not only the development cost but also the tangible and intangible benefits accruing from its operation,
comparing them with the current, less efficient road alternative.

The construction cost of the tunnel has been estimated using two parallel methodologies: (i) an
empirical model based on as-built tunnel cost data from Greek projects and (ii) a detailed cost
breakdown based on a bill of quantities derived from the design phase. Both approaches comply with
official Greek guidelines and state contracting principles. The estimated development cost for the tunnel
ranges between €16.7 million and €23.6 million (excluding VAT).

The benefits arising from the proposed infrastructure are multifaceted, impacting several domains
(Kaliampakos et al., 2024):

e Travel Time Reduction: The tunnel enables a direct connection between Melissourgoi and
Theodoriana, reducing the travel time from approximately 2.5 hours to just 20 minutes. The existing
75 km circuitous route will be replaced by a 16 km tunnel alignment. This dramatic reduction in
travel time enhances regional connectivity and reduces isolation, especially for mountainous
communities facing aging populations and demographic decline.

e Improved Accessibility: The tunnel significantly improves local accessibility across the broader
Tzoumerka region. Travel time reductions of up to 70% between key settlements (e.g., Pramanta to
Theodoriana) and 26% for regional links (e.g., Pramanta to Trikala) result in up to 15% increase in
the ARI (gr) accessibility index, according to prior studies.

e Tourism and Regional Development: Enhanced connectivity will promote regional tourism by
consolidating the Tzoumerka area into a more coherent travel destination. Reduced distances and
shorter travel times are expected to increase the inflow and retention of visitors, contributing to the
economic revitalization of the region.

e Environmental Impact: The tunnel solution introduces significant environmental advantages.
Unlike surface road alternatives, it minimizes visual and ecological disruption to the sensitive
mountainous landscape. CO: emissions are also reduced due to shorter travel distances and times.
Furthermore, construction-phase impacts are reversible and of low to moderate intensity.

To quantify the benefits in monetary terms, the analysis focused on three main factors: (i) vehicle
operating costs, (ii) travel-time value, and (iii) accident costs. Thus, CO2 emissions reduction and
regional development benefits haven’t been included. Having the afore-mentioned impacts the values
used to conclude the assessment, using value data from Greek conditions, vehicle operating cost at
€0.20/km, time value at €10.7/h per passenger, and normalized accident cost at €256,000 per event, the
annual use/service cost was calculated under different AADT (Average Annual Daily Traffic)
scenarios, for the usage of light vehicles only (Kaliampakos et al., 2024).
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In Fig. 1, the overall service cost/user cost of the new project and the currently used ring road (do-
nothing alternative) is given, over several Average Annual Daily Traffic (AADT) scenarios. For an
AADT of 300, the tunnel scenario yields an annual service cost of approx. €1 million, compared to
million €6 for the road alternative. This results in annual savings for the users of the infrastructure of
€5 million. When the AADT rises to 500 or even 1000, this difference escalates to 7.5 million and 17.4
million, respectively. The difference between the service cost of the infrastructure represents direct
economic gains to its users in the form of monetized time savings, reduced fuel and maintenance costs,
and improved road safety features. This represents the basis on why to pursue new infrastructure, to
create new, improved conditions that will finally redistribute and diffuse the benefits to society
(Kaliampakos et al., 2024).

ANNUAL INFRASTRUCTURE SERVICE/USER COST

AADT:300 AADT:500 AADT:1000
20 M€

16 M€

12Me

8Me

4Me

0,94

2,92 0,78
Me . 1,17
TUNNEL / AADT: ROAD / AADT: 300 TUNNEL / AADT: ROAD / AADT: 500 TUNNEL / AADT: ROAD / AADT:
300 500 1000 1000
M CAR USAGE COST M VALUE OF USERS' TIME B COST OF ACCIDENTS

Fig. 1. Comparison of the annual infrastructure service/user cost (veh.oper.cost, travel-time cost, accident cost)
between the proposed tunnel project and the current surface road option, concerning AADT values.

2.1.2. Tunnel to Road Equivalent Length (TREL) Ratio

Benardos and Skenderas (2025) presented a more thorough and well-structured approach. The analysis
is focused on a life cycle perspective to evaluate the alternatives in the long term, and thus, the proposed
methodology deployed entails implementing a gate-to-gate LCC analysis combined with a conventional
CBA, to evaluate a project's market and non-market costs and benefits in a long-term perspective,
resulting in a Life Cycle Cost-Benefit Analysis (LCCBA) (Benardos and Skenderas, 2025).

As in the previous case presented, the benefits deriving from the infrastructure are travel time savings,
reduction in vehicle operating costs and fuel consumption, accident costs, etc. These are compared
against capital requirements covering the construction, electrical, and mechanical installations, as well
as operation and maintenance costs. Nevertheless, in establishing a more generic framework of analysis,
the construction cost data also takes into account the differentiation of geotechnical conditions that are
crucial for capital expenditure. The data is coming from a Greek tunnel construction dataset
(Paraskevopoulou and Benardos, 2013) that has recorded the as-built construction cost, while all cost
values have been adjusted to 2020 prices, setting them all to a common reference period.

In addition to the above feature, all financial/economic data is used in a discounted cash flow approach,
in an attempt to minimize the impact of time in the valuation of the project. For the latter, the economic
valuation from a societal perspective is selected, focusing on deriving the Economic Net Present Value
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(ENPV) of the project over a 30-year evaluation period (ENPV30), minimizing long-term forecasting
errors and being aligned with the European Commission’s suggestions (European Commission, 2015).

The adopted methodological framework enables a comprehensive and comparative evaluation of
infrastructure development alternatives, particularly between surface road and tunnel solutions. The
cost analysis is structured around key influencing parameters: the total length of each infrastructure
option, the Annual Average Daily Traffic (AADT), and the site-specific geotechnical conditions that
significantly impact construction complexity and associated expenditures. By incorporating these
variables, the approach allows for realistic scenario modelling and the assessment of cost variations
under changing traffic demands and ground conditions.

To provide a consistent basis for comparison, the Tunnel-to-Road Equivalent Length (TREL) ratio is
introduced. This metric expresses the length of a tunnel that would be economically equivalent to a
given length of surface road, taking into account not only direct construction costs, but also operational,
environmental, and socio-economic factors. The TREL ratio thus functions as a decision-support tool,
facilitating the evaluation of cost-effectiveness between alternatives. It allows stakeholders to account
for the higher unit costs typically associated with tunnel construction while recognizing the long-term
benefits tunnels may offer, such as shorter travel distances, reduced environmental impact, improved
safety, and lower ongoing user/service costs (Benardos and Skenderas, 2025).

The results of the analysis are given in the following Table 1 and Figs 2 (a) and (b) (Benardos and
Skenderas, 2025). For example, from Table 1, it can be seen that for GSI in the range of 15-35, 1 km
of tunnel construction has the equivalent cost of 11.3 km of surface road (or 1 km of tunnel can replace
11.3 km of surface road). This ratio is either shortened in case of having better geotechnical conditions
as the construction tunnel cost drops and cost equivalency can be reached with reduced road length -
meaning that a tunnel can be more promising alternative to replace shorter road distances - or elongated
when more adverse conditions are encountered and construction cost increases, having more adverse
final performance over a surface road alternative. Likewise, when considering also the operation phase
of the infrastructure, an increase of AADT value results to a significant drop in the length of surface
road that can be replaced, meaning that the tunnel alternative can be utilized in decreased road lengths.
Hence, for the same GSI category (12-35) for an ADDT of 1,000 cars, the TREL ratio drops to 3.3, or
even further to 1.7 when an AADT of 5,000 is foreseen (Benardos and Skenderas, 2025).

Table 1. Tunnel to Road Equivalent Length ratio (TREL ratio) (adapted from Benardos and Skenderas, 2025).

Geotechnical Conditions - Rock mass category (GSI)

55-100 35-55 15-35 <15 <<15 (soil behavior)
Construction only 4.4:1 6.2:1 11.3:1 15.5:1 16.6:1
Annual 500 2.4:1 3.0:1 4.2:1 5.3:1 6.0:1
Average 1,000 2.0:1 2.4:1 3.3:1 3.9:1 4.4:1
‘TDalg 2,500 1.5:1 1.7:1 2.2:1 2.5:1 2.8:1
raffic . . . . .

(AADT) 5,000 1.3:1 1.4:1 1.7:1 1.9:1 2.0:1

7,500 1.2:1 1.3:1 1.5:1 1.6:1 1.7:1

In Figs 2 (a) and (b), this is presented graphically; the first graph is how the geotechnical conditions
influence the TREL ratio concerning the geotechnical conditions, while the second is just the opposite,
exploring the influence of the AADT’s values in the TREL ratio, while also counting the geotechnical
conditions in the form of GSI values.

Ultimately, the integration of the TREL ratio into the decision-making process enhances transparency
and consistency, enabling planners and decision-makers to identify the most sustainable and value-
generating solution in line with technical feasibility and regional development objectives.
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Fig. 2. (a) Impact of geotechnical conditions on the Tunnel-to-Road Equivalent Length (TREL) with respect to
AADT. (b) Influence of AADT Tunnel-to-Road Equivalent Length (TREL) with respect to the rock mass categories
(GSI) encountered during construction (Benardos and Skenderas, 2025).

364



Southeastern Europe Tunnelling Conference (SETC-2025)

3. Discussion - Conclusions

The selection between a tunnel and a surface road alignment is not always the clearest and most
straightforward decision, as many parameters tend to fog the view of the stakeholders. The paper
attempts to provide a clear statement on the value given by underground solutions.

This is evidenced by the analysis of the Mellisourgoi-Theodoriona tunnel alternative which
demonstrates that the proposed tunnel alignment presents a robust investment with substantial socio-
economic returns. The quantified benefits are significant, with annual savings enabling the full recovery
of construction costs in just 4 to 5 years, depending on traffic volume. Beyond financial returns, the
tunnel offers strategic value by improving mobility, stimulating regional development, and fostering
environmental stewardship.

The addition of the comprehensive methodological framework and the introduction of the TREL ratio
is particularly useful to accurately take into account biases in the form of geotechnical conditions and
time valuation issues in a single index. The generalized tunnel vs. road analysis reinforces the idea that
underground solutions often shine when evaluated in a holistic, long-term context. It provides evidence
that, under a wide range of realistic conditions, a tunnel can deliver more net value than a surface road,
especially as traffic grows. Some key takeaways from the study include:

o Traffic volume is the primary driver of cost-efficiency. Higher AADT means more users reap the
travel time and cost benefits, thus justifying the tunnel’s high initial cost more quickly. In high-
traffic corridors, tunnels are highly advantageous if they shorten the route at all significantly.
Geotechnical difficulty, while impacting construction cost, is a secondary factor in economic
viability. Difficult ground raises a tunnel’s cost, but in scenarios with substantial traffic, the
incremental user benefits still outweigh these extra costs. However, in low-traffic cases, bad ground
can indeed tip the balance against a tunnel by requiring an impractically large distance saving to
justify it. Thus, both factors should be weighed, but one should not automatically dismiss tunnels
due to geology without considering traffic and benefits.

Underground alternatives generally have higher socio-economic value than surface roads for
equivalent service, when one accounts for all external benefits. This stems from the fact that tunnels
often enable superior service (shorter travel, less environmental impact) that is not captured in a
simple construction cost comparison. The holistic analysis confirms the “generally stated opinion”
that, beyond pure finances, tunnels provide broad societal advantages over roads in many cases.

It gives decision-makers a concrete threshold to consider when debating a tunnel investment. By
establishing “how much longer can a road be before a tunnel is worth it,” the TREL approach injects
clarity into early project debates that are often clouded by uncertainty or bias. It encourages a direct
comparison of alternatives on the basis of comprehensive cost-benefit outcomes, rather than merely
comparing construction bids or initial budgets. In doing so, it helps reveal the latent value of tunnels
that might be overlooked if one looked only at construction cost per kilometer (where tunnels fare
poorly against open roads).

Hence, efforts like the ones presented in the paper strengthen the arsenal of those advocating for
underground space development, while at the same time providing a structured threshold for decision-
makers to seriously consider this option. Beyond the technical and financial metrics, what truly
enhances the credibility of such projects is the systematic recognition of the broader societal value they
generate, benefits that are often overlooked in conventional evaluations. These social benefits and the
value offered to the community are key to “uncovering and monetizing the latent social benefits” of
going underground, thereby shifting the cost-benefit calculus in favor of underground space
development.

References

Benardos, A., Skenderas, D., 2025. Exploring the true cost of infrastructure transit projects: Road vs Tunnel
alternatives. Tunnelling and Underground Space Technology, 162, 106624.
https://doi.org/10.1016/j.tust.2025.106624

365



Southeastern Europe Tunnelling Conference (SETC-2025)

Blankespoor, B., Dasgupta, S., Wheeler, D., 2024, February 14. Riding into a greener future: How widespread use
of subways could slash CO: emissions. World Bank Blogs.

Daub, 2023. Recommendations for the Determination of Lifecycle Costs for Tunnels. www.daub-ita.de

European Commission, 2015. Guide to cost-benefit analysis of investment projects: economic appraisal tool for
Cohesion Policy 2014-2020. Publications Office.
https://ec.europa.eu/regional policy/sources/studies/cba_guide.pdf

Flyvbjerg, B., Holm, M. S., Buhl, S., 2002. Underestimating Costs in Public Works Projects: Error or Lie? Journal
of the American Planning Association, 68(3), 279-295. https://doi.org/10.1080/01944360208976273

Godard, J. P., Hugonnard, J. C., 1989. Appraisal of underground urban public transportation projects. Tunnelling
and Underground Space Technology, 4(1), 31-41. https://doi.org/10.1016/0886-7798(89)90030-8

Kaliampakos, D., Benardos, A., 2008. Underground space development: Setting modern strategies. WIT
Transactions on the Built Environment, 102, 1-10. https://doi.org/10.2495/US080011

Kaliampakos, D., Benardos, A., Nomikos, P., Marinos, V., Zevgolis, 1., 2024. Developing Mountainous Tunnels in
Greece—The Case of the Melissourgoi Tunnel. In Proceedings of the 18th Conference of the Associated
Research Centers for the Urban Underground Space, ACUUS 2023, 1-4 November; Singapore, Editors:Wei
Wu, Chun Fai Leung, Yingxin Zhou, Xiaozhao Li. pp. 195-200. https://doi.org/10.1007/978-981-97-1257-1 26

Paraskevopoulou, C., Benardos, A., 2013. Assessing the construction cost of Greek transportation tunnel projects.
Tunnelling and Underground Space Technology, 38, 497-505. https://doi.org/10.1016/j.tust.2013.08.005

Paraskevopoulou, C., Dallavalle, M., Konstantis, S., Spyridis, P., Benardos, A., 2022. Assessing the failure potential
of tunnels and the impacts on cost overruns and project delays. Tunnelling and Underground Space Technology,
123, 104443. https://doi.org/10.1016/j.tust.2022.104443

OECD (2017). Quantifying the Socio-economic Benefits of Transport. https://doi.org/10.1787/9789282108093-en

Soleymani, H. R., Ismail, M., 2022. Challenges and new trends in infrastructure life cycle cost analysis. International
Journal  of Sustainable  Building  Technology and Urban  Development, 13(2), 221-230.
https://doi.org/10.22712/susb.20220018

366



Southeastern Europe Tunnelling Conference (SETC-2025) I @ ot
1-3 October 2025, Belgrade, Serbia

SETC—-2025
DOI: 10.5937/SETC25035S

Strategic Planning for the start and completion of the longest sub-sea tunnel in
the Middle East

Khalid Saif AlI-Khayareen®*, Gary Peach® and Hernan Vigil Fernandez®

* Public Works Authority, Doha, Qatar; kkhayareen@ashghal.gov.qa
® Mott MacDonald, Doha, Qatar; gary.peach@mottmac.com
¢ HBK-PORR JV, Doha, Qatar; hernan.vigil@auccqatar.com

Abstract: The outfall tunnel, which forms part of the Musaimeer Pump Station and Outfall Project (MPSO), is a
10.2 km long subsea tunnel that extends from the south coast of Doha, starting onshore, and continuing under the
Arabian Gulfto end in a connection with a diffuser field via riser shaft. Whilst the tunnel presented many challenges
on its own, this paper will concentrate on the extensive project management undertaken on the Tunnel Boring
Machine (TBM) launching and supply arrangements, located only 50 m from the seashore and the equally complex
arrangements for the outfall tunnel to connect 10.2 km offshore with the riser shaft and diffuser bed structure. The
excavation of the outfall tunnel using a TBM with a 4.42 m diameter and 180 m long gantries, started from a 40 m
deep shaft and has an inclination of 0.05% upward to the riser shaft. The enabling works which were substantial
within themselves commenced 16 months before the TBM arrived on site.

The diffuser structure was a 6-arm structure, measuring 294 m by 40 m connected to a central manifold in turn
connected to the TBM constructed tunnel via a riser shaft drilled from an offshore platform and barges. These works
took 28 months to complete to ensure the outfall tunnel which was the most critical portion of the whole project was
completed on time.

This technical paper will discuss the planning, methodology and construction practices employed to the onshore and
offshore structures to ensure the outfall tunnel was a project success

Keywords: TBM; Sub-Sea tunnel; enabling works; logistics tunnel; riser shaft

1. Introduction

The complex enabling work starts on the surface where all the required facilities to run the TBM must
be strategically deployed. In general terms those facilities are related to the logistics to receipt of the
container where the TBM is delivered in major or minor parts and areas to store TBM parts and
preassemble them. Other facilities are related to the store of temporary materials, e.g. high and low
voltage cables, water pipes in the tunnel, ventilation ducts, rails and rails preassembly facilities, power
plant generation, silos for cement, bentonite and additives, precast segments. In addition, the road layout
and traffic management must be perfectly designed to allocate the heavy traffic while transporting all
the consumables required including the precast rings and muck disposal from the TBM.

There is another type of enabling works with less visual impact, but one of the most critical from the
TBM operatives’ point of view. This is access to the tunnel portal via shaft not only for the lowering
and assembly of the TBM but also to provide the bay via tunnel to park and operate the rolling stocks
which provide the logistics to the TBM, i.e. transportation of personnel in and out of the tunnel, removal
of excavated soil, transportation of the precast rings, grout and general consumables needed to operate
the TBM in regular basis.

*Corresponding author: kkhayareen@ashghal.gov.qa (Khalid Saif Al-Khayareen).
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The project requirements were set in 3 trains making necessary to excavate a logistic tunnel to have
space enough to park the trains and facilitated the operation of loading and unloading at the bottom of
the shafts.

Last but not least, the location and quality of the welfare to serve the site team also need to be established
with the project boundaries along with the workshop area which provide services to the TBM.

2. Underground enabling works
2.1. Main elements

The connection between the outfall tunnel and the pumping station is through a drop shaft. Water is
pumped out from the wet well into an outfall chamber before being discharged via the drop shaft into
the outfall tunnel. The drop shaft will be used not only as the TBM launching shaft during the
construction phase but also to provide logistics and access to the TBM and outfall tunnel itself.

The drop shaft is a 10 m internal diameter circular shaft, which is approx. 11.4 m above ground level
(i.e. at the level of +14.0 m QNHD, Qatar National Height Data) and extends to about 43 m below
ground (i.e. at level of -41.23 m QNHD) with total of height of approx. 55.23 m.

The diameter size of the drop shaft is not big enough to be used as TBM logistics shaft and for that the
initial plan was to enlarge it to allow the assembly of the TBM, its regular operation including logistic
operations and access during the construction of the outfall tunnel.

2.2. Initial concepts

Once the Qatari Public Works Authority (Ashghal) awarded the MPSO project to joint venture HBK-
PORR at the end of 2017, the initial option 1 was to use a launching shaft with rectangular pit shape
and size of (31 x 20 on the surface and 25 x 14 at the bottom) and 43 m deep. The bottom of the
launching shaft provides access to the logistics tunnel and TBM launcher chamber that were planned
to be excavated to allocate the 3 tracks and switches required to operate the rolling stocks which serves
the logistics to operate the TBM and the required chamber to launch the TBM. Fig. 1 below, shows the
top and longitudinal profiles of the logistics tunnel, drop shaft and TBM launching chamber.
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Fig. 1. Initial proposal Top view (a) longitudinal view; (b) Logistics tunnel, drop shaft and launching chamber.

Option 2 evaluated at the early stage of the project was an oval shape launching shaft, as indicated in
Fig. 2. Instead of a rectangular pit, the aim would be to reduce the excavation and support quantities
while simultaneously improving the stability of the shaft due to the oval shape.

The options of a launching shaft allocating internally the drop shaft once the TBM finishes the
excavation of the outfall tunnel seemed to be the optimum solution. However, considering the
constraints and particularities of the outfall tunnel i.e. only one TBM to excavate the outfall tunnel, a
long subsea tunnel with more than 10 km and only one access and egress, all together represented a
risk increment of unexpected delays and if any delay happens during construction of the outfall tunnel,
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it directly affects the construction of the drop shaft and the connection of the outfall chamber and
subsequent installation of utilities and land scape activities on the surface, jeopardizing the overall
completion date of the project.

LOGISTICTUNNEL . TBM=LOGISTICS SHAFT « x s

(T r—— —— o= EeSEh [ AR et

(a) (b)
Fig. 2. Option 2 Top view (a) Longitudinal view; (b) of Logistics tunnel, drop shaft and launching chamber.

2.3. Logistics Shaft and Drop Shaft (concept)

The decision to excavate independent shafts simultaneously aimed to reduce the pressure on the project
completion date. Delays during the construction of the outfall tunnel would still allow the construction
of the permanent works of the drop shaft, its connection with the outfall chamber and the surrounding
land scape and rock armour among others to go ahead. This method also foreseen the possibility of
back filling with low strength mass concrete in the case of time constraints.

Fig. 2 show the location of the drop shaft and logistics shaft connected in between by a short connection
tunnel.

The mechanical excavation method was the method selected to excavate both shafts and Sprayed
Concrete Lining (SCL) with wet shotcrete, wire mesh and rock bolts was the primary lining support.
The logistics shaft construction due to the oval shape resulted in the construction of concrete reinforced
stiffening rings to improve the stability of the shaft. The drop shaft had the provision of the key at the
bottom, not only to allocate the base slab and to control the buoyancy, but also to allow the simultaneous
construction of the final concrete lining support and provide the required openings to move the TBM
logistics trains.

2.4. Logistics Shaft and Drop Shaft (Grouting and dewatering works)

The project area is enveloped within a cut off wall of an average depth of -34 m QNHD. This cut off
wall was constructed on a pretender project phase to approximately 18m below ground level. No water
or very small water ingress was expected. However, the excavation depth reaches at maximum -40 m
QHND and therefore dewatering was required to lower and maintain the water table below formation
level. Dewatering was performed through 8 deep wells, installed with submersible pumps which
discharged ground water to the sea through sedimentation tanks.

In addition to dewatering, to mitigate the risk of water ingress, extensive rock grouting was carried out
around the shaft, the future logistics tunnel and TBM launching chamber. Fig. 3 shows the location of
the boreholes used to create another cut of wall (with primary and secondary boreholes for water
tightness) all the way around the shafts and tunnels with a tertiary borehole within the excavation area
of the shaft and tunnel. This acted as a grout plug preventing the ingress of water from the invert and
reduced any settlement, see Fig. 3. In total 76 primary, 75 secondary and 62 tertiary grouting boreholes
were drilled resulting in 10,468 meters of boreholes and 1,421,754 litres of grout. The grout mix design
was based on OPC cement, bentonite, and stabilizer with W/C ratio from 1.2 to 1.8 depending on the
site conditions.
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Fig. 3. Rock grouting primary, secondary and tertiary plan (a) and section (b).
2.5. Logistics Shaft and Drop Shaft (excavation works)

The excavation works and application of the primary support consisting of Sprayed Concrete lining
(SCL) in logistics and drop shaft was designed to be installed simultaneously. The excavation was done
by using conventional excavators (with more than one excavator working in the shaft at the time as
shown in Fig. 4 with drum cutter and hydraulic hammer while the primary support was based on sprayed
wet shotcrete reinforced with wire mesh (double layer) with rock bolts.

The adjustment of every cycle length (between 2 and 3 m) along with the type of support to be applied
was determined on site by the Geotechnical Engineer based on actual face mapping.

Excavation was executed in 3 different phases, each phase having its own method of works. Fig. 4
illustrates the 3 separate phases of excavation for the logistics and drop shaft works.
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Fig. 4. Logistics and Drop Shaft Excavation Plan. (a) Phase 1: GL to -8 m; (b) Phase 1: GL to -8 m to -30m; (c)
Phase 3: -30 m to -43 m.

As a preventive measure, where some water could penetrate inside the shaft because of the rock porosity
and where rock grouting method could not seal all the gaps in hard rocks, weep holes were installed to
drain the water and to reduce the water pressure on the shotcrete lining.

The water was collected at a dedicated water sump at the bottom of the excavation (one sump at each
step of excavation), from the sump the water was pumped to the surface sedimentation tank.
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Fig. 5. Photo of the logistics and drop shaft during TBM operations.

2.6. Logistics and Connection Tunnel. Launching Chamber Tunnel (excavation works)

The configuration of logistic and drop shafts required an internal connection tunnel, the TBM rolling
stock required space to operate, load, offload and park the trains underground according to the logistics
cycle. The launching technique of the TBM required a launching chamber, see Fig 5. The New Austrian
Tunnelling Method (NATM) was the method selected to excavate the required tunnels namely:

e The NATM connection tunnel section between the 2 shafts of 4.30 m length.

e The NATM logistics tunnel extending to the land side of 30 m length.

e The NATM launching tunnel extending to the seaside (launching tunnel) of 10 m length.

The NATM sections commenced with the connection tunnel between drop and logistic shaft allowing
full access for equipment and manpower at the formation level. Then NATM logistics and launching
tunnel excavation commenced. The breakthrough of the connection tunnel was performed when both
shafts had reached final NATM invert formation level (-38.23m QNHD).

NATM tunnel construction sequence included repeating the same sequence until full completion of
each excavation cycle. Once the excavation step was fully supported according to the design drawings,
then the following step could commence following the exact same sequence.

The sequence was as follows: survey works, excavation, soil disposal, scaling, survey check of the
excavation line and correction if and where required, geological mapping and classification of the rock
mass, recommendation of the supporting class for the rock mass classification and design criteria.

Fig. 6 summarized the NATM tunnel sections required for each tunnel.
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Fig. 6. NATM tunnel sections logistics, connection and launching tunnels. (a) Longitudinal profile Logistics Tunnel,
Logistics Shaft, Connection Tunnel, Drop Shaft, TBM Launching Tunnel.
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3. Geotechnical risk, other risks and mitigation measures during Outfall tunnel
Construction

3.1. Karstification

Karst features are widespread in Qatar, with more than 9,700 depressions, sinkholes, and caves, mainly
within the Eocene Rus and Dammam Formations. Gypsum, far more soluble than limestone, accelerates
the formation of voids and collapses, especially in central and southern Qatar. These features often
align NE-SW and NW-SE, following fracture systems, and were formed through dissolution of
carbonate and sulfate deposits during Middle Pleistocene wet periods.

Large subterranean voids (>2 m) cause localized weakness that may collapse into sinkholes, simple, or
compound depressions. Larger features are prevalent in central and southern Qatar, linked to dissolution
of the sulphate facies in the Rus Formation. In the north, smaller features formed downward through
fractures in the Simsima Limestone and Rus Formations during tectonic uplift, with upper layers more
affected than deeper strata.

3.2. Hydraulic connection to the seabed

Potential hydraulic connectivity between the seabed and the TBM tunnel would impose full hydrostatic
pressure on the cutterhead. Although 55% of the alignment passed through competent, low-
permeability rock (confirmed by RQD and Lugeon tests), 25% consisted of weaker, more permeable
zones. To mitigate, the TBM was designed to withstand up to 4.5 bar.

3.3. Mitigation of geotechnical risks

The contract required 24 offshore boreholes, but these were deemed of limited benefit for understanding
hydrogeology and karst. Instead, the contractor proposed detailed marine geophysical surveys to
identify cavities, seawater zones, weak rock, and discontinuities between existing boreholes. This
approach, approved by the Client, provided a broader and more continuous geological model. Two
advanced offshore methods were implemented: Electrical Resistivity Tomography (ERT) and Seismic
Reflection Geophysical Tomography, delivering critical insights to reduce tunnelling risks.

3.4. Other risks mitigations

Plan for Advance Tunnel (PAT) was developed and implemented. This tool combining geotechnical
and geophysical data improved understanding of rock mass, identified critical tunnelling areas,
optimized TBM intervention points, and reduced risks. Cutterhead inspections, maintenance, and
repairs are safest under atmospheric conditions; in poor ground, hyperbaric support may be required.
Ground conditions are classified per meter: favourable (atmospheric only), moderate (atmospheric
preferred, hyperbaric possible), and unfavourable (interventions avoided unless essential).

The TBM, designed per 2010 tunnelling specs and manufactured by CREG/Wirth, is an EPB type
capable of 4.5 bar pressure. Key components include cutterhead, chamber, main bearing, screw
conveyor, shields, personnel locks, thrust and erector systems, and tail brushes. With 18 gantries (160
m long), it houses electromechanical parts, tanks, and rescue chambers. The TBM installs six-segment
concrete rings, 1.35 m long, with a 3.7 m internal diameter.

Real-Time Non-Destructive Monitoring. The TBM features BEAM (Electrical Ahead Monitoring), a
non-intrusive polarization system predicting ground conditions up to three diameters ahead. It detects
resistivity variations and displays predictions in a matrix combining resistivity and Percentage
Frequency Effect (PFE).
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4. Outfall tunnel construction

The outfall tunnel was constructed using an Earth Pressure Balance EPB TBM, which was designed to
withstand the full hydrostatic pressure of 4.5 bar. The outfall tunnel alignment encountered and
successfully managed three main geological strata, namely: Rus formulation, Midra shale and Simsima
limestone. Several technical challenges arose and were managed, and the outfall tunnel was completed
56 days ahead of programme. For omitted details please refer to Peach et al 2022 and Stypulkowski et
al 2023.

4.1. TBM utilization

The design and selection of tunnel logistics directly impact excavation, and performance is measured
through TBM utilization. This allocates time to designated activities, eliminating overlaps, and is
calculated from daily shift reports consolidated into spreadsheets. Utilization analysis helps assess
efficiency, workmanship, and issues, while identifying areas for optimization such as locomotive
transport idling.

Production activities are:

Excavation,

Ring building,

Maintenance, and

Extending temporary services.

B

All other activities are delays, classified into three groups: Mechanical & Electrical, Operational, and
Geological. Operational delays also include data to evaluate transport efficiency and the need for a
second California crossing.

Excavation was required to achieve 40% of the available time; logistics exceeded this benchmark. Fig.
7 illustrates a typical of TBM utilization summary recorded during tunnel construction.
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Fig 7. TBM utilization graph 2019 — 2021.
4.2. TBM progress: Baseline vs actual

The baseline programme planned a 300 m learning curve (May—June 2019) followed by 27 sections up
to April 2021, assuming 24 h/day and 6 d/week.

Due to early TBM procurement and logistics, excavation began 90 days early. Despite delays causing
a 14.1-day deficit by May 2020, operations recovered, and the tunnel was ultimately completed 58 days
ahead of schedule. This achievement was more notable as only one California crossing was used. Refer
to Fig.8.
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Fig 8. TBM tunnel progress summary V baseline programme up to 03 February 2021.

5. Diffuser field structure
5.1. Riser Shaft and diffuser filed arrangements

The marine diffuser field structure is shown in Fig. 9. The central manifold was located directly on top
of the riser shaft and a concrete structure measuring 4 m x 4 m x 4 m and weighing 120 tons. Connected
to the main manifold were 6 radial arm structures which either directly connected to the manifold or
were connected by short secondary manifolds. Each arm is 140 m long and is separated from the
adjacent arm by 35 m. This makes the entire structure outline 294 m x 70 m. The secondary manifolds
and 6 arms were manufactured out of High-Density Polyethylene (HDPE) pipe and are of various
diameters i.e. 2000,1400, 1200 and 710 mm to ensure an even flow throughout the various arms at
varying flow rates from the pump station. The discharge from the structure to the sea is via 84 duck bill
valves located equal spacing along the 6-arm structure.

Fig. 9. Marine diffuser field structure, riser shaft and TBM outfall tunnel.

5.2. Riser Shaft Construction

The riser shaft is the structure which connects the TBM outfall tunnel to the marine diffuser bed. The
invert of the outfall tunnel is 14.5 m below the seabed and the depth of the sea at this location is 15.5
m. The first stage in the construction was carried out by a dredger which on average removed 2.5 m of
loose sediments located on the seabed. Near the riser shaft a further 2 m is excavated to ensure

competent strata is exposed which will improve the drilling operation required to construct the riser
shaft.
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Fig. 10. With the dredging complete the next stage of the construction was carried out from a jack-up rig which was
located directly adjacent to the centre line of the riser shaft. A cantilever frame was then installed to the side of the
jack-up rig, this was the location the drilling equipment was installed. (a) The drilling rig or Bottom Hole Assembly
(BHA); (b) and (c) the BHA was lowered down to the correct location and commenced to drill the rise shaft; (d) the
BHA can drill various diameter holes from 4 to 5.3 m by use of extending hydraulically activated arms to suit the
desired diameter of the shaft. In this case the first section was drilled at 4 m diameter and the arms or extended out,
to the 5.3 m settings. The 5.3 m section was the location through which the TBM excavated, giving a clearance of
500 mm each side of the TBM, which has an outer diameter of 4. 3 m.
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Fig. 11. (a) on completion of the riser shaft drilling the BHA was then removed, and a three-dimensional survey
carried out to determine the exact dimensions and position of the riser shaft; (b) the next stage was to install a steel
casing into the top 3 m of the riser shaft, to provide stability and prevent collapsing of the shaft inwards; (c) Four
Concrete manifold foundation blocks were then positioned and levelled into the correct requirements and connected
to the steel casing; (d) a manifold concrete base slab was then positioned on top manifold foundation blocks.

The void between the GRP cylinder and the whole of the lower portion was then filled with a grout
mixture which filled the void in a controlled manner, slowly displacing the seawater.

When the grout had cured the kentledge was removed and then the internal steel frame was removed,
and the upper flanged secured and sealed to the top of the GRP cylinder. Both top and bottom ends of
the GRP cylinder had a series of valves installed to allow venting of water. The upper valves were then
used in connection with compressed air to remove all the seawater within the GRP cylinder and leave
only air inside.

The central manifold which collects the combined ground and storm water from the outfall tunnel and
then distributes evenly to the diffuser structure, was constructed onshore, and weighed 120 tons. The
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concrete manifold is shown in Fig. 13 (b) and is then lowered and positioned on top of the riser shaft
and connected to the manifold base slab as shown in Fig. 13 (c).

(@) (b) ©

Fig. 12. (a) the riser shaft internal lining protects downwards from the base of the concrete manifold to 500 mm
above the TBM outfall tunnel and is made from Glass Reinforced Plastic (GRP). This is a cylindrical shape with a
fixed end at the lowest end and a removable flange at the other end. The upper flanged end is removed, and a
temporary steel support frame is installed within the GRP cylinder; (b) The GRP cylinder and steel frame were then
installed into the riser shaft and positioned centrally within the riser shaft and connected to the four manifold
foundation blocks and base slab. At this point the riser shaft was still full of sea water; (c) shows the temporary
kentledge which was then placed on top of the whole structure to prevent uplift during the grout placement.
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Fig. 13. (a) the grouting operation; (b) concrete manifold; (c) manifold base slab; (d) diffuser field connection.

In due course all the diffuser field structure is connected piece by piece to the central manifold until the
full diffuser bed structure is installed and covered with back fill material. Then a final layer of scour
protection was installed covering the entire diffuser bed structure. At this point the riser shaft structure
is ready to receive the TBM constructing the outfall tunnel.

5.3. Onshore fabrication

All the major components of the offshore diffuser bed structure were manufactured at two onshore
locations in the Doha area. The major components include pipe work in a) HDPE Pipe and Connections
b) Concrete Manifold ¢) Concrete Protection box d) Concrete collars
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The main fabrication site was located at Milaha port south of Wakra, Doha. In this site all the above
except the concrete collars were fabricated and assembled. These are shown in Fig. 14. To ensure an
equal flow through the entire length of each of the six arms each start at 2.0 m diameter and then reduce
to 1.4 m and then finally to 1.2 m.

() () ©

Fig. 14. Onshore fabrication works. (a) Milaha Port site; (b) HDPE pipework being assembled; (¢) HDPE pipework
transition.

5.4. Component transportation

When each section of the diffuser field pipe structure was complete it was then assembled on shore,
end was then capped with a blank flange to ensure water does not get the inside of the pipe. The pipe
was then launched onto the sea, the structure was then towed out to the diffuser bed location. Fig. 13
(c) shows a pipe structure in process of being towed out to the diffuser bed location. The Concrete
manifold was transported separately by barge.

5.5. Installation of Diffuser Field Structure

After the various elements of the diffuser structure had been transported to the final location, they were
anchored and stored ready for installation. The main barge was positioned in line with the final seabed
location. The individual sections were then manoeuvred into correct position and then the central
manifold sections lowered into position first using a barge mounted crane. Final under water positioning
was carried out by specialist divers. The sections of pipework and then the next section of the structure
were installed. The first sections installed were the ones which connect to the central manifold, then
followed by sections moving out from the central manifold. The pipe section was manoeuvred into
position and buoyancy aids attached to the full length of the pipe. Water acting as ballast was slowly
allowed to enter the pipe section resulting in the structure submerging in a controlled manner to the
seabed, refer to Fig. 15. The final positioning was carried out by specialist divers simultaneously
attaching to the already installed elements. The whole structure was then assembled section by section
in this manner until the full diffuser arrangement was complete.

(@) (b)

Fig. 15. Launching of pipe elements from onshore to the sea. (a) Central manifold; (b) Pipe section with buoyancy
aids; (c) Submerging the pipe.
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5.6. Backfilling and Scour protection

On completion of the diffuser bed structure the sequence of work was to backfill the structure for
stability. The scour protection installation made of specially designed concrete followed. For the
protection boxes for each of the 84 duck bill valves

5.7. Connection to Outfall Tunnel

The programme for the overall project required the diffuser bed structure to be completed prior to the
arrival of the TBM, which was achieved, refer to Fig. 16.

(a) (b) ©

Fig. 16. (a) The TBM reached to within 5 m of the riser shaft and depressurized the cutterhead and monitored the
situation for any water inflow over 8 hours; (b) Since there was no water inflow the TBM excavated through the
lower portion of the riser shaft and stopped 25 m beyond the riser shaft; (¢) Embedding the unsalvageable part of
TBM.

The TBM and associated plant and equipment was then dismantled and removed back through the
outfall tunnel and at the pump station location removed to the surface. The 25 m section of tunnel
beyond the riser shaft was filled with concrete. What followed was very intricate and complex series of
construction activities requiring precise logistical planning and execution to complete the connection
of the outfall tunnel to the riser shaft and installation of the permanent works all of which was carried
out 10.2 km offshore.

6. Lessons learnt
6.1. TBM in very dry conditions

During the learning curve, excavation in the Rus Formation met expectations. After ring 450, mixed
Rus—Midra Shale with higher clay slowed progress. Between rings 550—1150, fully in dry Midra Shale,
large amounts of foam and water were required to control torque and thrust. Conditioner use rose from
2.4 to 25.5 m*/ring, doubling excavated volume from 4 to 8-9 skips per ring. This required 2-3 trains
instead of one. To mitigate, the California crossing was advanced to ring 550.

6.2. TBM in very high-water pressure

Two high-pressure zones occurred in weathered Simsima Limestone connected to the seabed: rings
2,000-2,130 and 2,830—4,100, where face pressure reached 3.5 bar. The TBM was adjusted to closed
mode, operators briefed, and polymers tested to stabilize inflow. Two strategies were compared: slow
advance with polymers (4—6 mm/min) or faster advance without polymers, conditioned only with foam
(12-15 mm/min). The second option was adopted to balance safety and progress. Logistics adapted to
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5 skips per ring, with all three trains modified. Only one California crossing was installed, relocated
weekly to minimize idle time.

6.3. Covid pandemic

Considering the tunnel construction period incorporated the entire COVID-19 pandemic period,
2020/21 Effectiveness of COVID-19 Mitigation Measures: The absence of recorded COVID-19 cases
among tunnel operatives highlights the efficacy of the safety measures. Strategies such as social
distancing protocols, enhanced disinfection routines, and isolated accommodations minimized
transmission risks and ensured personnel safety.

7. Conclusions

The construction of the drop shaft and its connection to the outfall chamber was accomplished before
the TBM achieved the tunnel completion, and there was no TBM idle time due to logistics issues neither
on the surface or underground.

The construction of other permanent structures in the pump station were not impacted due clashes with
the TBM enabling works which confirms the importance of a good plan and clash analysis at the early
stage of the project. Starting the required enabling works with 16 months ahead of the TBM arrival
mitigated the risk associated with the underground enabling works.

This was the first of three possible outfall projects planned by Ashghal for the long-term management
of rising ground water level and storm events, which will bring significant benefits to the population of
Doha and surround areas.
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Abstract: Ontario has constructed five large diameters under the Great Lakes (Lake Erie, Lake Huron and Lake
Ontario). Tunnels were driven by a drill-blast method through a variety of rock conditions, ranging from high water
inflow conditions to highly stressed ground. This combined with the design and operational requirements had a
major influence on construction approach, which ranged from continuous grouting to control water seepage to a
special excavation and tunnel lining sequence to accommodate time-dependent deformations. The emphasis in this
paper will be on the construction approach in completion of cooling water tunnels driven under Lake Erie, Lake
Huron and Lake Ontario. Tunnels serve Ontario nuclear generating station.
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1. Introduction

The locations of three generating stations (Nanticoke, Bruce and Darlington), subject of this paper,
were chosen on the basis of their proximity to the residential and industrial markets of Ontario as well
as an abundant supply of cooling water from the adjacent lakes. Tunnels, described in this paper, are
needed to convey cooling water from lakes into the generating stations. Currently, Ontario operates
three nuclear stations, using CANDU type technology in a partnership with Atomic Energy of Canada
Limited (AECL), the Hydro-Electric Power Commission of Ontario, Canadian General Electric, and
other companies.

2. Ontario Electricity by Fuel Source

Ontario’s electricity system is designed to support the needs of approximately 5.25 million residential
and small business customers, 53,000 commercial consumers and 400 industrial consumers. The
Province has over 30,000 km of transmission lines and over 260,000 km of distribution lines.

Notural Gas, 4%

Other, 0.3% fﬂ(‘
Solar PV, 2.2%
G, 0.4%

Wind, 7.2%

“Waste, 0%

Fig. 1. Ontario electricity by fuel type.

*Corresponding author: tac@interlog.com (B. Lukaji¢).
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3. Canadian Reactor (CANDU)

The CANDU (Canada Deuterium Uranium) is a Canadian pressurized heavy-water reactor design used
to generate electric power. The acronym refers to its deuterium oxide (heavy water) moderator and its
use of (originally, natural) uranium fuel. CANDU reactors were first developed in the late 1950s and
1960s. Fig. 2 is a schematic view of the reactor.

Fig. 2. Schematic view of the CANDU reactor.

4. Waters of the Great Lakes

(, AN A D A
\”\V,q —~ . Lake
Superior
Lake
Huron GE /
e

Ontario
Lake \(

Michigan )
J
2 Lake

</ Erie

UNITED STATES

Fig. 3. Great Lakes geographic layout.

For many years Ontario has used the waters of the Great Lakes for the generation of electricity for
the Province; first for the hydro-electric developments on the Niagara River leading from Lake Erie to
Lake Ontario and more recently as cooling water in nuclear generating stations. Domestic use for
drinking water from Great Lakes has been practiced for many years. The Great Lakes began to form at
the end of the Last Glacial Period around 14,000 years ago, as retreating ice sheets exposed the basins
they had carved into the land, which then filled with melt-water. The Great Lakes consist of five
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freshwater interconnected lakes being Lake Superior, Michigan, Huron, Erie and Ontario. They are a
critical component of the regional economy on both sides of the border. Great Lakes vary in depth,
Lake Superior being the deepest (over 400m) and largest in size (over 82,000 km?).

5. Tunnelling Under Lake Erie

Lake Erie is the fourth-largest lake by surface area of the five Great Lakes in North America and the
eleventh largest globally. It is the southernmost, shallowest, and smallest by volume of the Great Lakes.
It is situated on the international boundary between Canada and the United States. As per Figure 4, the
Nanticoke Generating Station is located on the Northern shore of Lake Erie. It was constructed as a
coal-fired power station, in operation from 1972 to 2013. At the time, it was the largest coal-fired station
in North America and it provided 3,964 MW of power into the southern Ontario power grid. A few
years back, it has been transformed into a 44-megawatt clean energy facility that hosts 192,431 solar

panels across 260 acres.
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Fig. 4. Lake Erie location

As illustrated in Figure 5, an intake, cooling water tunnel, was constructed under the lake. The geology
of the area consists of sedimentary rocks, limestone and shale. His was the first cooling water tunnel
constructed for thermal generating station. Since the tunnel was driven through water-tight sedimentary
formations there were no challenging risks facing the contractor’s works. Conventional drilling,
blasting, scaling, rock bolting and concreting were used to construct/excavate the tunnel. Tunnel was
excavated with Atlas-Copco ladder drills. A crew of 12 men worked on the drill Jumbo assembly. Total
time to drill an 11 feet advance was 3.5 hours. Shotcreting was used to temporarily support the tunnel
arch. Concrete lining was installed in a final phase of the construction.

SUMMARY OF ENGINEERING DATA

i

i

BEARY EL TRANETION

Fig. 5. Tunnel profile and concrete liner sequence.

6. Tunnelling Under Lake Ontario

Figure 6 shows Lake Ontario configuration. The lake is one of the five Great Lakes of North America.
It is bounded on the north, west, and southwest by the Canadian province of Ontario and on the south
and east by the U.S.

The Canada—United States border spans the centre of the lake. The Canadian cities of Hamilton,
Kingston, Mississauga, and Toronto are located on the lake's northern shorelines. Lake Ontario serves
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as the outlet to the Atlantic Ocean via the Saint Lawrence River, comprising the western end of the
Saint Lawrence Seaway.

:\;’\ ,‘_\ 7 ) {J h\¢ K
. R A LT 2k
> ) I~ LA & e
a8 j “r-".w-"" l ¥ ?y / I!ﬂd"’%
4 4 v s
S (v D el ]
Mlgnugpr{ﬁion ’ e 1

=l \ -
= W T E N
B ¢ }{ A NS
e D TS — >
i Y AN

Fig. 6. Lake Ontario Location.

A 3,512 MW Darlington Generating Station is located on the north shore of Lake Ontario approximately
60 km east of Toronto, Ontario, (see Figure 6 above). The construction cost was $14.4 billion, 1980s
CAD ($23.8 billion in 2021approximately). A required cooling water flow is conveyed into the station
via a 1,000 meters long intake tunnel and discharged into the lake through a series of vertical diffusers
extending 1800 m offshore, see Figure 8, below.

Fig. 7. Layout of the Darlington generating station.

LAKE ONTARID
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DISCHARGE. SHAFT TUNKEL DFFUSER STRUCTURE (20 SHAFTS)

Fig. 8. A profile of the diffuser tunnel at Darlington generating station.

The intake and discharge tunnels were excavated through massive limestone. Due to the presence of
high horizontal stress in rock, the rock joints remained closed and as a result, tunnels were dry, not
yielding any water inflows. This resulted in high excavation daily rates. A comprehensive rock
mechanics program was carried out in both tunnels to address in-situ stress issue and to ermine the time
delay required between excavation and installation of concrete lining. A waiting period of 90 days was
built into the construction schedule to allow for time-dependent deformation stress relief.
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Fig. 9. View of discharge tunnel.

7. Tunnelling Under Lake Huron

Lake Huron is one of the five Great Lakes of North America. It is shared on the north and east by the
Canadian province of Ontario and on the south and west by the U.S. state of Michigan, see Figure 10.
Lake Huron comprises the eastern portion of Lake Michigan—Huron, having the same surface elevation
as Lake Michigan, to which it is connected by the 8.0 km Straits of Mackinac. Combined, Lake
Michigan—Huron is the largest freshwater lake by area in the world.
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Fig. 10. Location of Lake Huron.

The Bruce nuclear generating station is located on the east shore of Lake Huron, 300 km northwest of
the City of Toronto, see Figure 11. Ontario. With eight CANDU pressurized heavy-water reactors and
the capacity close to 6000 MW, it is one of the largest energy complexes in the world. An 8:7 m
diameter, 900 m long tunnel was excavated beneath the lake. The main portion of the tunnel was
positioned within the bedded limestone of the Detroit River Formation. The results of water pressure
testing indicated that open wet rock conditions would be encountered at various locations
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Fig. 11. Layout of the Bruce generating station.
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Fig. 12. Bruce intake tunnel profile.

During design phase, it was estimated that one-third of the excavation time would be spent on water
control. An 11 m*min inflow was estimated for bidding purposes. The tunnel was excavated by full
face blasting rounds combined with grouting. Normally the excavation cycle consisted of grouting a
minimum of 30 m beyond the tunnel face, to control seepage followed by excavating for 24 m. A total
of 49 grout cycles were required to grout the entire tunnel length.

Each grouting cycle consisted of 15 to 46 grout holes, depending on local conditions. This operation
resulted in a total of 40,000 m of probe and grout hole drilling and injection of 5,300 m? of cement
grout. Water seepage was minimized by grouting, while excess water was pumped from the tunnel
via a weir box to the ground surface. Progressive estimates of the potential water seepage indicated a
cumulative total of 112 cubic metres per minute for the full tunnel length.

Fig. 13. Illustrates large flow under pressure.
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8. Conclusion

Tunnelling under Great Lakes poses a challenge of tidal resonance, sometimes preventing conducting
any operation from the lake side. The cooling water intake tunnel constructed under Lake Huron
exhibited high water pressure acting upon the tunnel floor. Large water inflows have caused stoppage
of work and loss of tunnel temporarily. Tunnelling under Lake Ontario mandated special design and
construction approach to deal with high in situ rock stresses.
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Abstract: The City of Toronto operates a rapid transit system totaling 70 km in length. The system is used for local
transport within the greater metropolitan area to transport large numbers of people (1,105,700-weekdays), often over
short distances at high frequency. The Transit Commission's Sheppard Subway twin tunnels run east from the
existing station on the Yonge line along Sheppard Avenue east to Don Mills Road. The tunnels were excavated
using a Lovat-type earth pressure balance machine (EPB). This was the first use of earth pressure balance tunnel
boring machines in the Toronto area.
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1. Introduction

Due to the lower cost and its reduced impact on the community, the design mandated that the tunnel
boring machine (TBM) be used to construct the tunnels. The cut and cover method was used locally,
where the alignment was off the populated area and where the tunnel horizon was close to the surface.
The excavated tunnel diameter was 5.9-m, while the internal diameter was 5.2-m. Tunnel alignment
and project layout are shown in Figure 1

E 4 [E Cut and Cover m'l'wwlaoﬂngl

Fig. 1. Tunnel Alignment and Project layout

2. Tunnelling Conditions

Tunnels were driven through soil formations. In the greater Toronto area, the overburden deposits are
generally clay/silt till. They are expected to exhibit numerous boulders. Most of the alignment was
below the groundwater table.

*Corresponding author: mikzeg@hotmail.com (M. Zegarac).
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3. Contractual Arrangement

Tunneling work was done by a Canadian consortium of three local area contractors. The owner, Toronto
Transit Commission (TTC), provided the machine and precast segmental lining. The TTC had procured
the machines from Lovat, a manufacturer located in Toronto. Hatch Mott MacDonald was the prime
consultant responsible for the detailed design and design support during construction.

4. TBM System

The key to tunneling in soil is to minimize surface settlement by maintaining the natural earth pressure
at the tunnel face. As noted, Earth-pressure Balance (EPB) boring machine was used at the project. The
machine was designed to allow the operator to switch from open mode in self-supporting ground to
pressurized mode when positive support of the excavated face was needed. The development of earth
pressure balance tunnel boring machine had solved the problem of having to pressurize tunnel face
during excavation to prevent their collapse and the ingress of water.

Fig. 2. View of Lovat TBM used for the project.

5. TBM Operational Aspects

The system operated with good measurement and control of the excavated materials at all times. The
actual volume of excavated materials was continuously compared with the theoretical excavated
volume, and any deviation would alert the operator to potential ground loss problems.

Initially, it was estimated that the machine might be required to operate in a pressurized mode for about
80 percent of the total tunnel length. The balance of the tunnel (approximately 20 percent) was assumed
to be excavated with the TBM in open-face mode when the tunnel alignment was located in a denser
soil formation.

When significantly more boulders were encountered in the ground (more than forecasted), Hatch Mott
MacDonald recommended replacing the machine’s cutting heads with new heads designed for both
cutting rock and excavating in soft ground. They also recommended adding protection devices to
prevent large boulders entering the machine.
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Fig. 3. View of tunnel portal

6. Tunnel Lining

Tunnel Lining

+ 5.2 minternal diameter, 225
mm thick precast concrete
segmental
6 segments and key segments
ring length - 1.4 m
bolted joints - diagonal
straight bolts and embedded
socket
60 MPa concrete strength -
0.1 x 10°"? m/sec permeability
elastomeric gasket designed for 8 bar hydrostatic

The designers had to develop a tunnel lining that
addressed the range of ground loading conditions. In
addition, the lining had to be suitable for easy
installation, the same time being economical. The
system selected was a precast concrete lining made up
of segmented rings that are bolted from ring to ring.
The connections between the rings were designed to
yield at a certain load level, allowing the rings to act
as more flexible, independent units. The linings are
made of high-performance 60 MPa concrete with very

pressure

low permeability and diffusivity. The lining segments
were equipped with standard EPDM gaskets designed for 8 bar of hydrostatic pressure, and were bolted
radially and longitudinally with straight diagonal bolts. All the rings were tapered to provide tunnel
direction control.

7. Conclusions

Tunnels were completed on the initially estimated 35-month schedule. The construction contract was
well within budget and included less than 3% for contract changes. Critical elements of the project
included dealing with difficult launch sites for the boring machine and operating the TBM in proximity
to the existing storm sewer and water mains.
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Abstract: This study investigates the construction duration of 124 tunnel segments along the Pan-European Railway
Corridor VIII in the Republic of North Macedonia, focusing on the impact of rock types according to the S
classification. Employing a quantitative research approach, the study develops three risk scenarios (low, medium,
and high) based on geological characteristics, including rock strength, fracture presence, and hydrogeological
conditions. The S classification, adapted to local geological conditions, aligns with international systems such as the
Q system and RMR (Rock Mass Rating). The analysis involves calculations of construction duration per meter and
total duration for each scenario, using data from field surveys, geotechnical reports, and project documentation.
Results indicate that in Scenario 1 (low risk), the average construction duration is 1.9 days/m, in Scenario 2 (medium
risk) 4.3 days/m, and in Scenario 3 (high risk) 7.9 days/m, resulting in total durations of 359, 753, and 1359 days,
respectively. The comparison shows a 109.75% increase in Scenario 2 and a 278.55% increase in Scenario 3
compared to Scenario 1. These findings facilitate improved planning, resource optimization, and enhanced safety in
tunnel engineering, particularly in regions with complex geology. The study also discusses the limitations of
assuming a single rock type and the potential influence of factors such as excavation methods and crew experience.

Keywords: tunnel; tunnel construction; construction time duration; risk;

1. Introduction

Tunnels are underground structures designed to overcome terrain obstacles and to ensure the technical
elements of the road on which they are planned and constructed. A tunnel is an underground passage
created by humans without removing the upper layers of soil and rock. A key characteristic of a tunnel
is that it is a structure built beneath the surface of the terrain.

In a broader sense, the term "tunnel" also refers to larger underground spaces intended for energy or
other facilities, garages, commercial spaces, warchouses, shelters, sports facilities, permanent
underground mining rooms, and underground landfills for hazardous waste.

This study examines the impact of rock classification on the construction duration of 124 tunnel
segments along the Pan-European Railway Corridor VIII in the Republic of North Macedonia. Its
unique contribution lies in developing three risk scenarios (low, medium, and high) based on the S
classification, enabling precise prediction of construction duration and resource optimization. This
approach contributes to enhanced planning and safety in tunnel engineering in regions with complex
geology, which is particularly relevant for projects like the Pan-European Corridor VIII.

Risk is a calculated forecast of potential damage, or in a negative case, loss or danger. The level of risk
is a function of the probability and severity of the damage. Most risks in tunnels arise from the fact that
hazardous events occur in a space that is almost completely enclosed and usually connected to the open
space only through the two tunnel portals. The effects of the "enclosed space" are particularly
pronounced in long tunnels when the accident site is far from the portal.

*Corresponding author: stefani.gjorgjevska@gim.com.mk (S. Gjorgjevska).
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General risks:

o Risk before tunnel construction;
o Risk during tunnel construction;
e Risk during tunnel operation.

Types of risks can be categorized into three basic types:

e Completion risk, where there is a danger that the project will not be finished within the planned
timeframe;

o Cost risk, where there is a possibility that the project costs will exceed the planned budget;

e Performance risk, which refers to the possibility that the project outcome will contain technical
flaws that may lead to problems and project losses.

This paper presents an analysis of the construction time of 124 tunnel segments that are part of the Pan-
European Railway Corridor VIII in Republic of North Macedonia.
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Fig. 1. Pan-European Corridors on the territory of Republic of North Macedonia.

The analysis aims to examine the impact of different rock types according to the S classification and
the corresponding variation in tunnel construction time. The purpose of this analysis is to support
efficient planning and execution, ensure safety during construction, and optimize the use of resources
and budget.

The rock class has a significant influence on the excavation of tunnel segments and, consequently, on
the total construction time of the tunnels, as it allows for the creation of a realistic construction schedule.

The S classification of rocks includes several categories, where SI represents the strongest and most
stable rock, while category SVII or higher represents the weakest and most unstable rock. The rock
classification is based on: rock strength, cracks, hydrogeological conditions, and overall rock mass
condition.

The scenarios developed in this analysis are:

e Scenario 1 — Low risk;
e Scenario 2 — Medium risk;
e Scenario 3 — High risk.
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The first scenario, or low-risk scenario, involves the most favorable rock conditions. The tunnels that
are part of the first scenario have the most optimal working conditions, with minimal construction risks,
which in turn results in the shortest construction time. By analyzing the segments and comparing the
construction time of the tunnel by individual segments versus when the segments are classified under
the first, low-risk scenario, a reduction of approximately 35% in total construction time is achieved.

The second scenario, or medium-risk scenario, includes moderate challenges. The tunnels that are part
of the second scenario are the most common in real-world projects. They are positioned somewhere
between Scenario 1 and Scenario 3, that is, between ideal and unfavorable conditions. By analyzing the
segments and comparing the construction time of the tunnel by individual segments versus when the
segments are classified under the second, medium-risk scenario, an increase of approximately 35% in
total construction time is observed.

The third scenario represents high risk, with the least favorable conditions for the construction of the
tunnel segments. The third scenario includes tunnels with unfavorable construction conditions and
represents significant challenges for engineers. These tunnels are characterized by unstable geology,
which leads to an increase in construction time compared to initial estimates. By analyzing the segments
and comparing the tunnel construction time by individual segments versus when the segments are
classified under the third, high-risk scenario, an increase of approximately 130% in total construction
time is observed.

2. Overview of Available Data

Data for the 124 tunnel segments were collected from field surveys, geotechnical reports, and design
documentation for the Pan-European Railway Corridor VIII. Each segment is characterized by: (1)
segment length, (2) excavation method (e.g., mechanical excavation or blasting), (3) construction
duration, and (4) rock type according to the S classification. Risk scenarios were assigned based on
geological characteristics, including rock strength, fracture presence, and hydrogeological conditions.
In cases of incomplete data, estimates were based on average values from similar segments or expert
judgments from project reports. Data on excavation methods were derived from project documentation,
with mechanical excavation predominant in stable rocks (SI-SIII) and blasting more common in
unstable rocks (SVII).

2.1. Definition of S Classification and Risk Scenarios

The S classification is a rock categorization system based on rock strength, degree of fracturing,
hydrogeological conditions, and overall rock mass condition. Category SI denotes strong, stable rocks
with minimal fractures and favorable hydrogeological conditions, while SVII represents weak, unstable
rocks with significant fractures and adverse conditions, requiring enhanced support and slower
excavation methods. This classification aligns with international systems, such as the Q system and
RMR (Rock Mass Rating), but is adapted to local geological conditions in North Macedonia.

Risk scenarios were defined based on the following criteria:

e Low Risk (Scenario 1): Rocks from SI to SIII, with high strength, minimal fractures, and no
significant hydrogeological challenges, allowing rapid excavation with minimal support;

e Medium Risk (Scenario 2): Rocks from SIV to SVI, with moderate strength, moderate fractures,
and occasional hydrogeological issues, requiring additional stabilization measures;

e High Risk (Scenario 3): Rocks from SVII or weaker, with low strength, intense fracturing, and
complex hydrogeological conditions, increasing construction time due to enhanced support needs
and collapse risks.

395



Southeastern Europe Tunnelling Conference (SETC-2025)

3. Methodology

In the book "Research Design: Qualitative, Quantitative, and Mixed Methods Approaches" (2014) by
John W. Creswell, the three main research approaches—qualitative, quantitative, and mixed methods—
are thoroughly explained. These approaches are discussed in the context of their application,
philosophical foundations, and practical implementation.
e The qualitative method focuses on understanding individual experiences, meanings, and social
processes;
e The quantitative method emphasizes the measurement and analysis of numerical data to test
hypotheses or determine statistical relationships;
e The mixed method combines both qualitative and quantitative approaches to provide a more
comprehensive understanding of the research question.

The research in this paper is focused on data analysis and graphical representation of results for different
tunnel segments, utilizing the quantitative research method.

According to Creswell, quantitative research is defined as “the collection, analysis, and interpretation
of numerical data to explain phenomena.”

In this analysis, based on the available data, each tunnel segment includes three different types of rock
according to the S classification. The analysis includes a prediction of how many days it would take to
construct the tunnel if it were entirely composed of a single type of rock. Therefore, three scenarios
were developed, each calculating the total construction time of the tunnel assuming it is entirely in rock
material from segment 1, segment 2, or segment 3.

Based on the obtained data, the following calculations were made:

e Total tunnel length:

Total tunnel length = Sum of the lengths of all segments [m] (1)
e Construction duration per meter:

Duration per meter = Construction time / Length of segment [days/m] 2)
¢ Construction time:

Construction time = Total length x Duration per meter [days] (3)

Tunnel construction duration is influenced not only by rock type but also by excavation methods, the
experience of construction crews, and the use of specialized mechanical equipment. For example,
mechanical excavation using tunnel boring machines (TBM) is faster and more efficient in stable rocks
(SI-SIII), while blasting is more common in unstable rocks (SVII), increasing construction time due to
the need for additional stabilization measures. Crew experience affects work efficiency, particularly in
complex geological conditions, where skilled teams can reduce construction time. Equipment efficiency
and availability also play a critical role, with modern equipment potentially accelerating the process
compared to outdated technology. These factors were not fully analyzed in this study due to data
limitations but were considered in interpreting the results to ensure practical applicability. To enhance
the analysis’s accuracy, excavation method data were categorized based on project documentation, with
the percentage of mechanical excavation and blasting specified for each segment.

The following tables present a portion of the tunnel segments along with the calculations made for them
by scenario:
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Table 1. Scenario 1 — Low risk.

Construction Tunnel Total Percentage  Duration Constuction
Tunnel Section Length time of construction  tunnel type of per meter time
No. No. [m] segments time length
[day] [day] (m] substructure [m/day] [day]
1 119.50 155
1 2 42.68 160 375 170.71 SI 70% 1.3 222
3 8.54 60
4 35.06 46
2 5 26.30 98 303 87.66 SI40% 1.3 114
6 26.30 159
7 36.91 45
3 8 88.59 300 489 147.65 SI25% 1.2 181
9 22.15 143
10 35.79 47
4 11 20.88 78 143 59.65 SI 60% 1.3 78
12 2.98 18

Table 2. Scenario 2 — Medium risk.

Construction Tunnel Total Percentage  Duration Constuction
Tunnel Section Length time of construction  tunnel ¢ A er meter time
No. No. [m] segments time length ype o P
[day] [day] (m] substructure  [m/day] [day]
1 119.50 155
1 2 42.68 160 375 170.71 SVI25% 3.7 639
3 8.54 60
4 35.06 46
2 5 26.30 98 303 87.66 SVI30% 3.7 328
6 26.30 159
7 36.91 45
3 8 88.59 300 489 147.65 SVI 60% 34 500
9 22.15 143
10 35.79 47
4 11 20.88 78 143 59.65 SVI35% 3.7 223
12 2.98 18

Table 3. Scenario 3 — High risk

Construction Tunnel Total Percentage  Duration Constuction
Tunnel Section Length time of construction  tunnel tvpe of er meter time
No. No. [m] segments time length byp P
[day] [day] (m] substructure  [m/day] [day]
1 119.50 155
1 2 42.68 160 375 170.71 SVII 5% 7.1 1205
3 8.54 60
4 35.06 46
2 5 26.30 98 303 87.66 SVII 30% 6.0 529
6 26.30 159
7 36.91 45
3 8 88.59 300 489 147.65 SVII 15% 6.5 955
9 22.15 143
10 35.79 47
4 11 20.88 78 143 59.65 SVII 5% 6.0 360
12 2.98 18
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At the end of this calculation, the average construction duration per meter was calculated for each
scenario across all 124 tunnel segments.

= Scenario 1
Scenario 2

= Scenaric 3

Fig. 2. Average construction duration per meter.

Additionally, the average total construction time of all tunnel segments was calculated for each
scenario.

= Sgenario 1
Scenario 2

1359 = Scenario 3

Fig. 3. Average total construction time.

4. Results

The analysis of 124 tunnel segments from the Pan-European Railway Corridor VIII reveals significant
variations in construction duration based on risk scenarios, driven by the geological characteristics of
rocks according to the S classification. In Scenario 1 (low risk), involving rocks from SI to SIII with
high strength and minimal fractures, the average construction duration per meter is 1.9 days/m, resulting
in a total duration of 359 days for all tunnels. In Scenario 2 (medium risk), which includes rocks from
SIV to SVI with moderate strength and occasional hydrogeological challenges, the duration per meter
increases to 4.3 days/m, with a total duration of 753 days. In Scenario 3 (high risk), involving rocks
from SVII or weaker with intense fracturing and complex hydrogeological conditions, the duration per
meter is 7.9 days/m, leading to a total duration of 1359 days. These results are illustrated in Figure 2
(average construction duration per meter) and Figure 3 (total construction duration).

The comparison shows that Scenario 2 takes 109.75% longer than Scenario 1, while Scenario 3 takes
278.55% longer than Scenario 1. These differences are attributed to increased geological instability and
the need for additional support measures, such as reinforced concrete structures or slower excavation
methods in unstable rocks. Statistical analysis of the duration per meter indicates that the standard
deviation in Scenario 1 is relatively low (0.3 days/m), suggesting consistency in predictions for stable
rocks. In Scenario 2 and Scenario 3, standard deviations are higher (0.7 days/m and 1.2 days/m,
respectively), reflecting greater variability due to the heterogeneity of geological conditions.

Furthermore, a comparison with initial estimates from the project documentation for the Pan-European
Corridor VIII shows that the duration in Scenario 1 aligns closely with planned values, while in
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Scenario 2 and Scenario 3, the actual duration significantly exceeds estimates due to unforeseen
geological challenges, such as local collapses or the need for additional stabilization. These findings
highlight the importance of detailed geotechnical analysis prior to construction to minimize deviations
from the plan. The results provide a foundation for future tunnel project planning, particularly in regions
with similar geological conditions.

5. Conclusion

This paper presents an analysis of the construction time of 124 tunnel segments that are part of the Pan-
European Railway Corridor VIII in the Republic of North Macedonia.

Based on the conducted analysis, it can be concluded that the type of material in which the tunnel is to
be constructed has a significant impact on its total construction time. The presented results show that
tunnels to be built in stable rock formations have the shortest construction time compared to the other
two scenarios. This is also illustrated in the graphical representations in Fig. 2 and Fig. 3.

Fig. 2 presents the average construction duration per meter, where the value for Scenario 1 is 1.9
days/meter, for Scenario 2 it is 4.3 days/meter, and for Scenario 3 the value is 7.9 days/meter.

Fig. 3 shows the total construction duration of the tunnels for all three scenarios. The average value for
Scenario 1 is 359 days, for Scenario 2 it is 753 days, while for Scenario 3, the total construction duration
of the tunnels is 1359 days.

If a percentage comparison is made based on these results, Scenario 2 lasts 109.75% longer than
Scenario 1, and Scenario 3 is approximately 278.55% longer than Scenario 1.

Through the scenarios presented in this paper, the analysis enables accurate planning, precise
scheduling, and effective resource management.

If 21st-century technologies (such as software and modeling tools) are integrated into this analysis, the
complexity of tunnel engineering challenges could be significantly reduced.

Furthermore, this analysis can also be useful in the planning of tunnels where delays in deadlines could
have negative consequences on the overall tunnel construction process.

5.1. Limitations of the Analysis

This analysis assumes that an entire tunnel consists of a single rock type in each scenario, simplifying
real-world conditions where tunnels typically traverse varied rock types. This assumption may affect
the accuracy of predictions, particularly for tunnels with heterogeneous geology. Additionally,
construction duration is influenced by factors such as the experience of construction crews, availability
of mechanical equipment, and specific excavation methods (e.g., blasting versus mechanical
excavation), which were not fully considered due to data limitations. Future research should incorporate
detailed data on these variables to enhance result applicability.
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Abstract: When assessing the geo-ecological risk of operating underground facilities, it is necessary to take into
account dangerous hydrogeological (the nature of groundwater migration, its temperature regime, composition and
mineralization, hydrostatic and piezometric pressure, etc.) and geological (karst, suffusion-erosion, landslide pro-
cesses, rock collapse, etc.) processes. The most visible type of geological risk assessment is the compilation of
geological risk maps and the development of a system of indicators of the level of geological danger for a specific
mining area, which is implemented through a matrix of the level of geological risks for various territorial objects.
The geo-ecological risk has been calculated for each technological process for shallow and deep tunnels. An expert
method was used to rank geo-ecological risks and determine their quantitative characteristics at the stage of operation
of metro facilities. The paper shows the software module of the information and analytical model, which makes it
possible to quantify the risk. A geo-ecological risk management system has been developed, which makes it possible
to determine the distribution zones of the most dangerous processes in the “rock mass — technology —tunnel” system
based on forecast calculations. The presented methodology for assessing geo-ecological risks during the operation
of metro facilities makes it possible to predict the development of emergency situations and assign monitoring and
protective measures based on the establishment of acceptable geo-ecological risk values in each specific case.

Keywords: geoecological risk; metro facilities; management system; emergency; monitoring

1. Introduction

Geoecological risk in underground construction is the probability of adverse events resulting in a dis-
ruption of the stability of the existing natural and technical geosystem “rock mass — technology — un-
derground structure” as a result of geotechnical activities.

The levels of geo-ecological risk that must be considered in tunnel construction are as follows:

¢ negligible geo-ecological risk is the maximum level set by regulatory authorities that requires spe-
cial measures to eliminate it;

e acceptable geo-ecological risk — the maximum level justified from ecological, geotechnical, socio-
economic and ecological positions;

e maximum permissible geo-ecological risk — the maximum level allowed by the policy of a mining
and construction organization in the field of environmental safety.

When assessing the geo-ecological risk of operating metro facilities, it is primarily necessary to take
into account dangerous hydrogeological (the nature of groundwater migration, its temperature regime,
composition and mineralization, hydrostatic and piezometric pressure, etc.) and geological (karst, suf-
fusion-erosion, landslide processes, rock collapse, etc.) processes.

The most obvious type of geological risk assessment, as already noted, is the compilation of geological
risk maps and the development of a system of indicators of the level of geological danger for a specific

*Corresponding author: gidrotehnik@inbox.ru (E. Kulikova).
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mining area, which is implemented through a matrix of the level of geological risks for various territo-
rial objects, while according to international practice, there are 7 groups, each of which character-
izes a certain type of or a significant geological risk factor, for example, suitability for the development
of underground space, the presence of tectonic processes., groundwater activity, terrain features, karst
activity, etc.

2. Methodology

The level of potential geological risk is determined for each specific situation:
¢ low level, not requiring managerial decision-making;
o the average level, which determines the recommendatory nature of the applied risk management
measures;
¢ a high level that determines the need to take risk management measures;
e avery high level, which necessarily prescribes the adoption of risk management measures.

The identified level of geological risk determines the nature of filling in the matrix as the basis for
drawing up risk maps. The maps show the distribution of the potential geological risk of this type in
the considered operational area.

The assessment of geoecological risk also determines the consideration of socio-man-made factors that
manifest themselves through non-compliance with the operating regime, violation of the work passport,
violation of the ventilation regime, non-compliance with safety regulations and sanitary protection
standards, etc. In addition, at the stage of operation are taken into account:

e modification of the heat and mass transfer system between the underground structure and the host
rock mass;

e changes in soil composition and structure;

e air pollution of the working area by dust and gases from the operation of equipment or rolling stock;

e depletion and pollution of groundwater, changes in the nature of their migration, temperature re-
gime, composition, etc.;

e geomechanical transformation of the Earth’s surface.

The calculation of geoecological risk is carried out in relation to each technological process, while
coefficients of significance of the consequences of a particular technological process are introduced:

Ner‘-

ij i

R; = NS (1
122K,

where i — the index of the technological process; j — the index of abnormal consequences from the

technological process; Nj u N; — the number of potential undesirable consequences of the i-th process

on the natural and technical system and on the totality of potential consequences, respectively; ki u k;

— coefficients of significance of the consequences of the i-technological process and all possible j-
consequences.

The generalized geo-ecological risk Ro will be determined from the formula:

R, =i]°iki, @

where P; — the probability of the manifestation of the i-th process; k; — the coefficient of significance of
the i-th process within the boundaries of the natural and technical geosystem.
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To rank geoecological risks and determine its quantitative characteristics at the stage of operation of
metro facilities, an expert method was used, the results of which are shown in Table 1.

The types of geoecological risk indicated in Table 1 can be assessed by introducing normalization co-
efficients that characterize the proportion of the most unfavorable event taken as a unit.

Thus, the geoecological risk during the operation of shallow tunnels can be calculated using the for-
mula:

R,=R,+R,+R,+R,,, 3)

where R; — the risk of geomechanical transformation of the territory; R; — the risk of changing the heat
and mass transfer system between an underground object and the host rock mass; R, — risk of contam-
ination inside the tunnel atmosphere; Rqw — the risk of pollution and depletion of the water basin.

Table 1. Quantitative values of geoecological risks.

No. Negative environmental processes The degree Code Coefficient of signifi-
of manifes- cance of the negative
tation of the process indicator

negative
process
Shallow tunnels
1. Geomechanical transformation of the territory
Potential precipitation of the Earth’s surface Small 1
Big 2 03
Development of surface forms of karst Small 1 >
Big 2
2. Modification of the heat and mass transfer system be- Small 1
tween an underground structure and the host rock mass Big 2 0,2
3. Atmospheric pollution Small 1 0,15
Big 2
4. Pollution and depletion of groundwater
Flooding of the territory Small 1
Big 2 0,35
Changes in temperature conditions and migration pat- Small 1 ’
terns Big 2
Deep-laid tunnels
1. Pollution inside the tunnel atmosphere Small 1 0,1
Big 2
2. Changes in the underground hydrosphere
Infiltration into groundwater tunnels Small 1
Big 2 0.6
Changes in the hydrological regime of groundwater Small 1 ’
Big 2
3. Geomechanical transformations of the host rock mass
Changing the composition and structure of soils
Small 1 03
The development of underground forms of karst Big 2 >
Small 1
Big 2
The risk of geomechanical transformation of the territory is determined as follows:
Rs - (5SSQSS + 5/( 9k )pa )

rae o — coefficient of significance of geomechanical transformation of the territory; ¢ss — the value of
the indicator code for geomechanical transformation of the territory; J — coefficient of significance for
the development of karst processes; g« — the value of the karst process development indicator code; p —
the normalizing indicator.

The risk of pollution and depletion of a water basin will be defined as:
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Ry, =(5,q,+8,q, ), 5)

rne o — coefficient of significance of flooding of the territory; gr— the value of the territory flooding
indicator code; o — coefficient of significance of changes in the regime of groundwater and surface
waters; g-— the value of the indicator code for changes in the regime of groundwater and surface waters;
w — the normalizing indicator.

The risk of atmospheric pollution is calculated using the formula:

R, =0,q9,4, 6)
where o — coefficient of significance of atmospheric pollution; g, — the value of the atmospheric pol-
lution indicator code; A — the normalizing multiplier.

The risk of a change in the heat and mass transfer system between the tunnel and the host array is
calculated as follows:

Ry, = 0,q,m, 7

where on — coefficient of significance of the change in the heat and mass transfer system between the
tunnel and the host array; g, — the value of the indicator code for the change in the heat and mass transfer
system between the tunnel and the host array; m is the normalizing multiplier.

The geoecological risk during the operation of deep tunnels can be calculated using the formula

Riyg = Ryt Ry + R ®

where R — the risk of geomechanical transformation of the host rock mass; Ru. — risk of contamination
inside the tunnel atmosphere; Rugy — the risk of pollution and depletion of the water basin.

The risk of geomechanical transformation of the host rock mass is determined as follows:

Rm = (5mqm + 5ukquk )plﬂ )

where on — coefficient of significance of changes in soil composition and structure; g» — the value of
the indicator code for changes in soil composition and structure; o — coefficient of importance for the
development of underground karst forms; q.« — the value of the indicator code for the development of
underground karst formations; p1 — the normalizing indicator.

The risk of contamination and depletion of the underground hydrosphere is defined as:

Rugw = (é‘lnfqlnf + 5thhr )‘/Vl > (10

where iy — coefficient of importance of infiltration into groundwater tunnels; gin — the value of the
indicator code for infiltration into groundwater tunnels; & — coefficient of significance of changes in
the hydrogeological regime; gi- — the value of the hydrogeological regime change indicator code; w1 —
the normalizing indicator.

The risk of contamination inside the tunnel atmosphere is calculated using the formula:

Iaua = MQQMQA'I’ (11)
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where du. — coefficient of importance of pollution inside the tunnel atmosphere; gu. — the value of the
tunnel's atmospheric pollution indicator code; A1 — the normalizing multiplier.

3. Results

A quantitative analysis of these risks and the establishment of their acceptable values makes it possible
to form a geoecological risk control system for the operation of metro facilities (Fig. 1).

GEOECOLOGICAL RISK MANAGEMENT SYSTEM AT METRO FACILITIES
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Fig. 1. Geoecological risk management system at metro facilities.

A quantitative risk assessment can be determined based on an information and analytical model, the
program module of which is shown in Fig. 2.
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Fig. 2. Functional diagram of the software module.

For a qualitative analysis of the risk level, mapping can be used to identify the zone of maximum dam-
age caused by negative processes caused by technological work during the operation of metro facilities.

The developed geoecological risk control system makes it possible to determine the distribution zones
of the most dangerous processes in the rock mass — technology — tunnel system based on forecast cal-
culations.

The presented methodology for assessing geoecological risks during the operation of metro facilities
makes it possible to predict the development of emergency and assign monitoring and protective
measures based on the establishment of acceptable geoecological risk values in each specific case.

4. Conclusion

1. For the first time, the question was raised about the concept of acceptable risk at the stage of
operation of underground metro facilities, i.e. about the level according to which the thresh-
old levels of acceptable and desired environmental safety are set in each specific case. The
concept of acceptable risk is associated with a high probability of reducing the safety of tech-
nological processes due primarily to the environmental incompatibility of the methods used
with natural factors. Moreover, engineering and geological factors are of primary importance.

2. A methodology for managing geoecological risks during the operation of metro facilities has
been developed, which makes it possible, based on forecast calculations, to determine the
distribution zones of the most dangerous processes in the “rock mass — technology — under-
ground equipment” system.
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Abstract: This paper examines the impact of climate change on underground traffic tunnel infrastructure,
specifically focusing on the increased pluvial flooding risk associated with changing precipitation patterns and
extreme weather events. We are presenting a 2D hydrodynamic model designed to assess and enhance the flood
resilience of these tunnels during torrential events. The case study conducted in Belgrade, Serbia, evaluates the
effectiveness of proposed flood risk management techniques aimed at safeguarding the city’s underground
transportation infrastructure from potential flooding.

Using the Direct Rainfall Method (DRM), our model simulates rainfall events with various return periods (e.g., 10,
100, and 500 years) to provide a comprehensive assessment of flood impacts on tunnel infrastructure. Detailed
topographical data is utilized to accurately capture the complex geometry of the tunnel system and its urban context,
allowing for a thorough investigation of factors such as tunnel portal design, raising entrance to the tunnel, drainage
system capacity, surface runoff management, and the implications for traffic flow and emergency response.

The simulations reveal critical insights into water levels, discharge, and inundation zones under differing rainfall
scenarios. The findings underscore the necessity for resilient design strategies, including road design adaptations
(elevation adjustments), construction of flood barriers, implementation of effective water management systems, and
sustainable drainage solutions. Furthermore, future considerations regarding these issues are focused on the
integration of green construction practices and energy-efficient designs as strategies to enhance the resilience of
tunnel infrastructure in response to climate-related challenges.

By delineating flood-prone areas and proposing targeted drainage improvements, this research contributes to
developing effective flood risk management plans. Ultimately, this study emphasizes the importance of integrated
and systemic approach that merges planning strategies and structural improvements to bolster the safety and
resilience of the Belgrade underground transportation system, solving similar issues on tunnelling projects
worldwide.

Keywords: flood resilience; underground traffic tunnels; flood risk management; climate change; 2D
hydrodynamic modelling

1. Introduction

Urban underground transportation systems, including metro tunnels, are increasingly exposed to
flooding as a consequence of extreme weather events resulting from climate change and rapid
urbanization (IPCC, 2021). Intensifying rainfall events and more frequent extreme weather conditions,
coupled with growing impervious surface areas, have led to higher volumes of surface runoff,
overwhelming existing drainage networks (Nodine et al., 2024). These phenomena pose significant
safety hazards, financial losses, and interruptions to urban mobility.

In contemporary engineering practice, the planning and design of underground transportation
infrastructure present complex challenges (von der Tann et al., 2020). Stormwater management plays

*Corresponding author: zarko.sretenovic@jcemi.rs (Z. Sretenovic).
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a pivotal role in ensuring the operational integrity and safety of these facilities. The risks posed by
pluvial and fluvial flooding, as well as by sewer surcharges, require integrated approaches to hazard
assessment and mitigation.

Flooding is among the most frequent natural hazards affecting urban environments. It impairs the
resilience of city systems, prolongs recovery efforts, and often results in substantial technical and
economic consequences (Batica and Gourbesville, 2020). Urban underground networks are particularly
vulnerable due to their low-lying locations, limited natural drainage, and often aging infrastructure.
Pluvial flooding, which occurs when intense rainfall overwhelms drainage capacity, is especially
problematic in urbanized areas where infiltration is minimal and overland flow rapidly accumulates
(Yosua et al., 2023).

Globally, over 70% of the population is projected to reside in urban areas by 2050 (“Overview,” n.d.),
significantly increasing disaster risk due to high population density and asset concentration. It is worth
considering that interventions outside the tunnel portals can influence the vulnerability of the urban
environment to hydrometeorological hazards (Lyu et al., 2018).

This study focuses on assessing the flood resilience of a planned twin-bore traffic tunnel in Belgrade,
Serbia, using advanced two-dimensional (2D) hydrodynamic modeling techniques. The objective is to
simulate flood scenarios based on various return periods and to evaluate terrain modifications and
infrastructure enhancements that can mitigate flood risks. The research contributes to a growing body
of work emphasizing proactive and adaptive strategies for urban flood risk management in the context
of climate variability.

2. Case Study

Belgrade, the capital of Serbia, is situated at the confluence of the Sava and Danube rivers, a strategic
location that has shaped its history and urban development. As part of a broader traffic and urban
transformation strategy, a twin-bore urban traffic tunnel has been designed to connect the Sava and
Danube slopes in central Belgrade. The tunnel alignment establishes a direct underground connection
between Karadordeva Street (on the Sava side) and Bulevar Despota Stefana (on the Danube side),
aiming to reduce traffic congestion in the city center and improve environmental conditions.

The tunnel consists of two separate tubes, each carrying two traffic lanes, with cross-passages. The total
length of the traffic route, including access ramps and transitional structures, is approximately 2.6 km.
According to the planned project concept, the traffic lanes descend from Karadordeva Street through
the Luka Celovié¢ Park toward the Savska Slope portal. The approach road passes underneath Gavrila
Principa Street and continues to descend into the tunnel, reaching its lowest point approximately at the
tunnel midpoint, after which it ascends toward the Danube Slope portal. The portal is connected to
Despot Stefan Boulevard via a dedicated ascending ramp, bringing the alignment back to street level.
This longitudinal profile was determined by the presence of existing underground sewer collectors and
the planned metro corridor, both of which imposed stringent spatial and engineering constraints. As a
result, the adopted tunnel gradient could not be avoided and represents the only feasible engineering
solution within the urban context.

The tunnel portals are located in low-lying urban areas along the Sava and Danube rivers. These regions,
including the Savska padina (Sava slope) and Dunavska padina (Danube slope), have a history of
flooding because of their closeness to the rivers and limited natural drainage. Moreover, the central
Belgrade sewer system functions as a combined network, carrying both stormwater and sewage through
the same pipelines. During heavy rainfall events exceeding the 2-year return period, the system becomes
overwhelmed, causing water to overflow and spill onto the streets. This excess water naturally moves
toward lower areas, significantly raising the flood risk at the tunnel portal zones.

The planned tunnel connection from Karadordeva Street to the Danube slope is susceptible to flooding
during intense rainfall events or other extreme hydrological conditions. This vulnerability is further
amplified by the effects of extreme weather conditions, which are contributing to more frequent and
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intense precipitation over shorter durations. As a critical component, the tunnel must be
comprehensively protected against external floodwaters that could interrupt traffic, compromise
structural integrity, and cause significant economic, operational, and safety-related consequences.

Tunnel Connection from Karadjordjeva Street to Danube Slope
A
‘ 1 P
‘ | z
SAVSKA SLOPE [ DUNAV SLOPE
(a) (b)

Fig. 1. (a) Longitudinal profile of the traffic Tunnel Connection from Karadordeva Street to Danube Slope; (b)
Location of the planned tunnel alignment between the Sava and Danube slopes with delineated catchment areas
contributing to each tunnel portal.

3. Methodology

Accurate topographic data are essential for reliable urban flood modelling, enabling precise simulation
of flow distribution, directions, and surface velocities. In this study, a LIDAR-derived point cloud was
processed to produce a bare-earth Digital Elevation Model (DEM) at 1x1 meter resolution, eliminating
vegetation, buildings, and anomalies. This high-resolution DEM accurately depicted local depressions,
infrastructure features (e.g., curbs, ramps), and micro-catchment flow paths near tunnel portals. The
DEM was iteratively updated as the tunnel design and terrain evolved, ensuring consistency throughout
simulations. Results indicated that minor elevation changes (30 — 50 cm) significantly influence runoff
behavior, emphasizing the importance of terrain modifications for flood mitigation.

The study employed the Direct Rainfall Methodology (DRM), which applies precipitation directly to
the 2D model grid to simulate overland flow using shallow water equations. This approach treats each
cell as a micro-catchment, dynamically generating runoff based on parameters such as cell area, rainfall
intensity and duration, Manning’s roughness, slope, and infiltration losses. Using synthetic hyetographs
based on the Chicago Design Storm (CDS) and Intensity-Duration-Frequency (IDF) curves tailored to
Belgrade, simulations for return periods of T = 10, 100, and 500 years were performed using the
approach Keifer and Chu (1957). Net rainfall, accounting for drainage system losses, was applied to
capture realistic runoff from the terrain, enabling detailed analysis of flood risks and terrain-based
interventions.

An integrated modeling framework was developed to evaluate the flood resilience of the tunnel system
by combining multiple hydraulic components: two-dimensional (2D), one-dimensional/two-
dimensional (1D/2D), and one-dimensional (1D) simulations. The 2D models represented the Sava and
Danube slope catchments, which naturally drain toward the tunnel’s descending ramps. These models
simulated overland flow across a bare-earth DEM, enabling detailed analysis of terrain-runoff
interactions in the presence of planned infrastructure. The Sava slope model covered approximately
411 hectares with 4.4 million grid cells, requiring 38 hours per simulation, while the Danube slope
model spanned 120 hectares with 1.6 million cells and typically took 6 hours to run. Cross-sections
placed at the bottom and top of the tunnel ramps were used to extract hydrographs (flow rates and
volumes), which were then applied as inflow boundary conditions for the 1D/2D simulations. The
1D/2D model combined the tunnel drainage pipe network with overland surface flow, allowing
assessment of water levels, velocities, flood extents, and pump discharge needs during extreme rainfall
events. The 1D model mainly generated longitudinal water surface profiles along the tunnel axis for
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various return periods. In this configuration, the tunnel was modeled as a closed conduit with cross-
sectional geometry and dimensions matching the actual tunnel design.
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Fig. 2. (a) Digital elevation model (DEM) of the Sava slope catchment area with defined 2D computational domain
(b) Conceptualisation of Direct Rainfall (ARR, Project 15, Figure 11-1).

Iterative simulations were used to test and optimize grading strategies near tunnel portals. These
adjustments included localized elevation increases and protective grading patterns aimed at diverting
overland flow. The simulations confirmed that small topographical interventions could substantially
influence flood exposure and dewatering times, supporting evidence-based infrastructure design.

3.1. Key Parameters Evaluated

The hydraulic model facilitated a comprehensive assessment of critical parameters influencing flood
risk within and around the tunnel area, with particular focus on the sensitivity of runoff dynamics to
small elevation changes near the portals. Emphasis was placed on the sensitivity of overland flow to
small-scale intervention changes near the tunnel portal. The results demonstrated that even minor
topographic modifications, such as elevation increases of 30 to 50 cm, had a measurable impact on flow
pathways and flood extents.

The broader context of urban flood risk was considered within the tripartite framework of hazard,
exposure, and vulnerability (Zhang et al., 2024). Hazard refers to the frequency and intensity of rainfall
events; exposure denotes the spatial distribution of assets at risk, including tunnel portals and electrical
systems; vulnerability reflects the capacity of systems to resist and recover from flood impacts.

Effective flood mitigation in dense urban environments requires both horizontal and vertical planning.
Horizontally, interventions such as terrain regrading, drainage enhancement, and protective barriers
reduce flood hazards across the spatial extent. Vertically, coordination across governance levels is
crucial for integrating institutional responsibilities for climate adaptation, land use management, and
infrastructure resilience (Yu et al., 2015; Qiu, 2017).

Within the study, it is revealed that a complex interplay of physical infrastructure, spatial configuration,
and hydrometeorological variability influences localized flood risk. Thus, integrated strategies are
essential for improving the robustness and adaptability of underground traffic systems facing growing
climatic uncertainties.
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3.2. Flood Risk in the Context of Underground Structures

Underground systems are inherently vulnerable to flooding due to their subterranean location and
limited capacity for passive drainage (He et al., 2024). During high-intensity rainfall or elevated water
table events, such systems face substantial risks, including operational disruption, structural damage,
and compromised passenger safety. Vulnerability extends beyond the physical integrity of tunnels to
encompass drainage system performance, passenger safety, emergency access, and response
capabilities.

A comprehensive flood risk assessment requires an evaluation of hydrological patterns, historical flood
data, and existing drainage network capacity. Sensitivity factors influence system resilience, such as
construction material conditions, the effectiveness of existing drainage solutions, and the ability to
deploy rapid response measures.

Conducting comprehensive flood risk analyses enables targeted design modifications, infrastructural
improvements, and community engagement to strengthen system robustness. Such proactive measures
are critical for safeguarding urban mobility and supporting sustainable urban development amid
increasing climate variability. Ultimately, enhancing flood resilience involves quantifying risks and
implementing mitigation strategies, understanding that resilience is defined as the capacity of an urban
system to adapt and maintain functionality when exposed to hazards (UN/ISDR, 2004).

Resilience in this context refers to the capacity of the tunnel system and its associated infrastructure to
maintain or rapidly restore function following a disruptive flood event. This necessitates quantifying
potential hazards and systematically reducing risk through both structural interventions and institutional
adaptation strategies. Ultimately, an effective flood risk management approach for underground
transportation systems combines engineered defenses with adaptive operational planning, ensuring
long-term safety and service continuity among evolving climate threats.

Flood Risk Assessment in the Context of Underground Traffic and
Metro Systems (FRAUTMS)
|
Risk ! ( ! o Y
Elements [ Hazard J Exposure { Vulnerability ]
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Fig. 3. Flood Risk Assessment of Underground Traffic and Metro Systems Scheme.

The flowchart presents a structured framework for flood risk assessment in underground traffic and
metro systems. It begins with the evaluation of hazards, exposure, and vulnerability. These inputs feed
into the development of a flood risk model, leveraging tools such as hydraulic simulations and historical
data analysis. The model's findings inform flood prevention and mitigation strategies, including both
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prioritized actions and alternative solutions. The results are compared to baseline scenarios to assess
the effectiveness of proposed measures. This process informs future research directions, ensuring
continuous improvement and adaptation of strategies. The integrated approach aims to enhance
resilience and safeguard urban infrastructure against flood risks.

3.3. Quantitative Risk Assessment

Quantifying flood risk to underground traffic and subway systems involves a structured evaluation of
hazard, exposure, and vulnerability components (Forero-Ortiz, et al., 2020). Hazard assessment
comprehends estimating the probability and severity of flood events such as pluvial or river flooding
using historical data, hydrological models, and climate projections. Exposure assessment then
characterizes the spatial extent and value of assets at risk, including tunnel entrances, electrical and
signaling infrastructure, and surrounding landforms that influence flood dynamics. Vulnerability
quantifies the system’s susceptibility, considering factors like structural integrity, drainage capacity,
and redundancy. To facilitate the prioritization of mitigation efforts, a probabilistic risk metric is
applied. This approach multiplies the annual probability of occurrence (P) by a severity score (C),
producing a composite risk index (R =P x C). Severity scores are assigned based on predefined impact
criteria, ranging from negligible service delays to catastrophic infrastructure failure.
R = P(Event likelihood)xC (consequence severity) (1)

The range is provided as:

Table 1. Standardized severity scale used in this study.

Severity Score  Description =~ Example Impacts

Minor traffic delays, slight wear of equipment, and minimal operational

1 Negligible impact

2 Very Low Slight inconvenience, minor repair needs, limited-service disruption

3 Low Localized flooding, minor infrastructure impact, manageable repairs

4 Moderate Noticeable flooding affecting operation, minor structural damage,
manageable recovery

5 Significant Disruption to operations in affected areas, moderate infrastructure damage

6 High Major service interruptions, structural damage requiring extensive repairs

7 Very High Large-soale flooding, significant safety hazards, and substantial economic
impact

3 Severe Widespread infrastructure failure, serious safety risks, and long-term
disruption

9 Critical Catastrophic damage, loss of service, and significant safety hazards

10 Catastrophic Extreme impact, including loss of life, total infrastructure failure,

extensive economic and social consequences

This framework empowers an evidence-based understanding of the risk landscape associated with
underground tunnel systems. By ranking scenarios from high to low risk based on modelled
probabilities and potential impacts, decision-makers can allocate resources more effectively,
prioritizing interventions that yield the greatest resilience gains. The use of quantitative risk indices
supports transparent communication of risks and enhances coordination across engineering, planning,
and emergency response domains.

4. Flood Risk Profile for the Traffic Tunnel

The entrance portals of the Tunnel Connection from Karadordeva Street to the Danube Slope are located
at the lowest points along the alignment. Moreover, the natural slopes of surrounding urban areas, such
as Kalemegdan, Kosanci¢ev Venac, Terazije, and Nemanjina Street on the Sava Slope, and Bogoslovija
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and Cviji¢eva Street on the Danube Slope, concentrate surface runoff toward the tunnel entrances,
significantly increasing flood exposure.

Savska Slope portal of Tunnel Connection from Karadordeva Street to Danube Slope is strategically
located adjacent to the right bank of the Sava River, with an elevation of approximately 75-78 meters
a.s.l. This positioning makes it only 2 to 4 m above average river flow, increasing its vulnerability to
flood. The flood risk in the Sava zone near Belgrade is projected to increase, according to analysis by
the World Bank (WB, 2015, 2025). This increase is driven by the impacts of extreme weather events,
which is expected to lead to more severe and frequent storm events, as well as increasing property
values in the Belgrade Waterfront area, which heightens the potential vulnerability.

To address these vulnerabilities, targeted mitigation measures are essential. These include improving
drainage systems around the portal to effectively intercept and divert surface runoff, building barriers
or flood gates at the tunnel entrance to block water ingress during floods, and installing early warning
systems for river flooding or severe storm. Enhancing the tunnel's waterproofing and sealing
infrastructure, properly sizing and conducting routine maintenance of drainage and pumping systems,
and integrating flood resilience features into the new tunnel are essential strategies to mitigate flood
hazards and ensure the continued operational safety and integrity of the infrastructure.

Additionally, ongoing urban development in Belgrade has led to a significant increase in surface runoff.
The runoff coefficient, which was historically below 0.4, has now risen to over 0.8 in some areas due
to extensive paving and construction. This doubling of the runoff coefficient results in a substantial
increase in peak flow during storm events, further exacerbating flood risks and stressing drainage
systems in the area.

Hazard identification in this context includes both natural and infrastructural risks. Pluvial flooding,
driven by high-intensity short-duration rainfall, represents the most probable hazard. Riverine flooding,
while less frequent, poses significant risks due to backwater flooding. Infrastructure-related hazards
include sewer surcharge during peak flows, pump station failure due to power outages or mechanical
failures, drainage blockages from debris or ice, and elevated river water levels. The hazards include
pluvial flooding caused by localized, high-intensity downpours with rates of at least 50 mm/h, occurring
with return periods from 10 to 100 years. River flooding is a significant threat due to elevated water
levels in the Sava River, which has a flow rate of 6,500 m3/s as documented in Q100. There is also a
risk of combined sewer surcharge, where stormwater mixed with fecal waste backflows during heavy
rains, and drainage system failures caused by pump breakdowns or clogged drains that hinder flood
management.

The tunnel portals are located at the lowest points of the old city center, in areas highly exposed to
concentrated surface runoff from surrounding slopes. Their close proximity to both the Sava and
Danube rivers further increases their vulnerability to flooding. The infrastructure is highly valuable,
supporting critical transportation functions such as electrical and signaling equipment located in the
roadway zone. Vulnerability stems from the tunnel entrance's design, which lacks a natural overflow
or protective barrier, making it prone to flooding.

The system depends heavily on the continuous operation of pumps and functioning backflow valves,
creating reliance on mechanical components that may fail. Additionally, the sewer infrastructure is
relatively old, dating back to the early 20th century, with limited capacity to manage increased loads.
The surrounding area also demonstrates low capacity for sustainable drainage solutions, leading to
insufficient rainfall retention and management, which heightens overall flood risk.

5. Results on Modelling Outcomes and Risk Assessment

Comprehensive 2D hydrodynamic simulations were conducted to evaluate the flood vulnerability of
the planned tunnel between Karadordeva Street and the Danube slope. These simulations tested chosen
return periods and informed the development of integrated flood mitigation strategies.
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5.1. Terrain Elevation and Grading near Tunnel Portals

Iterative simulations optimized terrain grading and elevation around the tunnel portals to minimize
surface runoff and stormwater inflow. Results revealed high sensitivity of overland flow to small
elevation changes, enabling precise design adjustments. For the Savska slope, the terrain was raised to
a maximum of 75.3 m a.s.1., constrained by the access roundabout. Despite this, some upstream runoff
during a 10-year rainfall event still reached the tunnel, producing manageable inflows, while a 100-
year storm caused significant inundation. Protective walls about 1 m high were constructed along
adjacent streets to mitigate lateral inflow. Conversely, the Danube slope was elevated to 87.5 m a.s.l.,
effectively isolating the portal from the catchment and redirecting surface runoff to natural detention
zones. An independent drainage system, including high-capacity inlets, was installed, complemented
by lateral barriers along Despot Stefan Boulevard to prevent uncontrolled inflows during extreme
events.

() (b)

Fig. 4. (a) The flood simulation result near the Sava tunnel portal presents the modelled flood extent and water depth
in the area surrounding the tunnel entrance on the Sava slope during a 100-year rainfall event. Blue shading indicates
areas with surface water accumulation, highlighting potential inflow zones toward the tunnel. (b) The profile of the
approach road and descending ramp toward the tunnel portal on the Sava slope under a 100-year rainfall event. The
blue water surface profile indicates that the runoff overtops the elevated terrain in front of the tunnel and enters the
tunnel infrastructure. The maximum recorded water depth on the ramp reaches approximately 0.4 m.

5.2. Drainage System and Pumping Stations Design

Drainage and pump capacities were dimensioned based on runoff hydrographs for a 10-year rainfall
event. The Savska portal pump station was designed for approximately 100 I/s, and the Danube portal
for 150 1/s, each with standby pumps for redundancy. Shaft pumps at each tunnel end, capable of over
250 1/s, serve to evacuate internal runoff under normal and extreme conditions, ensuring full dewatering
within a reasonable timeframe and enhancing resilience. The adopted drainage pump capacities are
more than double compared to the sizing of fire event pumps in tunnels as required by NFPA 502.

5.3. Risk Matrix Evaluation

A quantitative risk matrix was used to evaluate flood scenarios by combining event probability (P) and
consequence severity (C), yielding a risk index (R =P x C). Key modelled scenarios are summarized
in Table 2.

This analysis reinforces the importance of a layered mitigation strategy: topographic barriers,
independent drainage systems, robust pumping infrastructure, and operational redundancies. It also
illustrates the utility of risk indexing for strategic investment and emergency planning. Proposed
mitigation measures for the considered demonstration site are listed in the table below, focusing on both
prioritized and alternative solutions.
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Table 2. Results of risk levels based on the results of hydraulic 2D modelling for the tunnel infrastructure.

. Event Risk Index .

Risk Probability (P) Consequences (C) (R=P x C) Risk Level
Pluvial Flood . . . .
(T=1/10 yr) 0.1 5 (traffic disruption and damages) 0.50 High Risk
Pluvial Flood . . .
(T = 1/100 yr) 0.01 9 (full evacuation, huge damage) 0.09 Medium Risk
River Flood (Q100 8 (water entering the tunnel, long . .
= 6500 m?/s) 0.01 reparation period) 0.08 Medium Risk
Sewer Surcharge . . . .
(in the tunnel) 0.05 4 (local flooding, pollution) 0.20 Medium Risk
Pump Station .
Failure During 0.03 7 (fast charging tunnel with water) 0.21 Medlum to

- High Risk
Rain
Drain Clogging 0.20 3 (local flood waves) 0.60 High Risk
Groundwater . . Low to
Leakage 0.01 5 (construction degradation) 0.05 Medium Risk

Table 3. Proposed key mitigation measures for the flooding of the tunnel infrastructure

Key Mitigation
Measures

Description

Prioritized Mitigation Actions

Portal elevation and

Elevate terrain and install protective side walls to redirect surface runoff and

grading minimize direct inflow

?Z(:Zgia(nl\tlf?mpmg Pump stations are equipped with backup pumps and a diesel/UPS power supply for
Y . uninterrupted operation.

configuration)

High-capacity linear
drainage channels

Deployment of clog-resistant drains across the portal width, connected to an
independent collector system.

Elevation of electrical
equipment

Positioning critical electrical and signaling infrastructure above the design flood
level to prevent damage

Alternative solutions

Flood gates and portable
barriers

Implementation of manually deployable or remotely monitored gates for sealing
tunnel portals during extreme events

Increased monitoring
capacity

Use integrated hydrometeorological sensors and systems to automate responses

Integrated urban
catchment management

Improve upstream stormwater control with Low Impact Development (LID)
techniques such as detention zones and surface infiltration techniques

Rain forecasting

Coordination with the national hydrometeorological service (RHMZ) to manage
runoff from steep urban slopes (e.g., Kosanciceva) ahead of major storms.

6. Recommendation

Based on the findings of hydraulic modeling and technical evaluations, a set of recommendations is
proposed to enhance flood resilience for the tunnel infrastructure:
o Elevation of terrain at tunnel portals to divert runoff and minimize inflow from surrounding
catchments, considering both functional and spatial constraints.
o Implementation of protective side walls at vulnerable locations to prevent lateral inflows during
extreme events.
e Dedicated point drainage systems are designed independently from the main urban network,
enabling rapid collection and redirection of runoff.
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e Redundantly configured pumping stations with sufficient capacity to handle both basic and
emergency scenarios, including backup pumps to ensure reliability.

In the cases where the risk of tunnel flooding cannot be eliminated, advanced traffic signaling systems
are essential for ensuring user safety. These systems should:

e Deliver clear and timely warnings to drivers through signage installed along access roads and
directly in front of tunnel portals.

o Enable traffic rerouting or tunnel closure in response to real-time flood risks.

e Be integrated with automated water level detection systems and the extensive urban emergency
response network.

To preserve the functionality of pumping stations during flooding, it is essential to ensure an
uninterrupted power supply. This requires:

e Elevated positioning of transformer stations and backup diesel generators above the design flood
level (e.g., above 64 m a.s.l. for the 100-year rainfall scenario).

e Physical protection of electrical components from water ingress through sealed enclosures and
raised platforms.

This measure ensures the continuous operation of drainage systems even under catastrophic conditions,
minimizing tunnel downtime and structural damage.

To ensure readiness for the most critical scenarios, the drainage system must be sized to accommodate
the worst governing event, considering both flooding and fire-related water ingress. This requires
designing capacity based on peak runoff from a 100-year rainfall event, with additional margins to
account for extreme events. The system should also be capable of handling the volume of water used
during fire suppression activities, such as firefighting water, which can significantly increase the water
load within the tunnel.

7. Effectiveness of the proposed flood risk management approach

To assess the effectiveness of proposed flood risk management measures for Belgrade’s underground
traffic system, a comprehensive, multi-criteria approach is recommended. Initially, advanced 2D
hydrodynamic modelling, such as the Direct Rainfall Method (DRM), should be employed to simulate
diverse rainfall scenarios and evaluate the tunnel’s response to mitigation strategies. This includes
analysing flood levels, flow velocities, and inundation extents before and after measures like portal
elevation and drainage improvements. Subsequently, a probabilistic risk assessment should be
conducted, involving hazard characterization, exposure evaluation (including populations and
infrastructure), and vulnerability analysis. The resulting risk index helps prioritize interventions by
quantifying their potential to reduce flood likelihood and impact severity.

Sensitivity testing and gap analysis through iterative simulations are crucial for refining designs,
identifying weaknesses, and determining the most effective measures, such as pump capacity and
barrier height under various flood conditions. Real-time hydro-meteorological monitoring should be
deployed during rainfall events to enable dynamic feedback and model validation, enhancing response
reliability. Stakeholder engagement, including authorities, emergency services, and local communities,
is vital to ensure measures are practically effective, acceptable, and capable of operational optimization.
Finally, post-event reviews should be conducted after major storms to evaluate performance, adapt
strategies, and incorporate emerging insights and technologies to sustain or improve flood resilience
over time.

8. Conclusion

The Karadordeva Street tunnel is situated in a flood-prone area featuring three primary vulnerabilities:
proximity to the Sava River, concentrated surface runoff from the steep slopes of Stari Grad, and an
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aging or limited-capacity combined sewer system. While pluvial flooding presents the most statistically
probable scenario, river flooding and hydraulic backpressure pose the highest potential failure costs.
Therefore, a holistic mitigation strategy integrating structural measures such as portal elevation,
enhanced pumping systems, and retention structures with operational strategies like early warning
systems and routine maintenance is essential to reduce risk to an acceptable level corresponding to a
1% annual probability (T = 1/100).

The hydrodynamic modelling and risk analysis confirmed that mitigation must address a combination
of hydrometeorological hazards and infrastructural vulnerabilities intensified by climate change and
urbanization. The findings support a resilience-based approach, emphasizing the importance of
redundancy, real-time response systems, and climate-adaptive planning.

Proactive flood management also relies on advanced early detection, real-time monitoring, and
automated response systems to ensure continuous safety and operation during extreme events.
Integrating these technical solutions with strong institutional coordination, contingency planning, and
adaptive management practices strengthens system resilience against current and future
hydrometeorological hazards. Lessons from the Karadordeva Danube tunnel case study advocate for
best practices such as extensive 2D hydrodynamic modelling with direct rainfall input to evaluate
terrain sensitivity and runoff pathways; designing with redundancy to handle failure scenarios; and
adopting cross-sectoral planning that aligns tunnel flood protection with broader urban drainage,
transportation safety, and climate resilience strategies.
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