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Abstract

For fast roadway development in deep underground mining, Tunnel Boring Ma-
chines are sometimes brought into operation. However, such machines might get
entrapped if squeezing behavior develops and the machine advance rate is not high
enough because of breakdowns. This research investigates the suitability of different
types of Tunnel Boring Machines for development of infrastructure in deep mines
and tunneling projects, with an emphasis on geological risks including squeezing and
rockburst. The main consequences linked to these hazards are identified as worker
injuries and support system and equipment damage in regions susceptible to rock-
bursts, and occurrences of shield jamming, support system damage, and challenges
related to gripper bracing in squeezing grounds. In pursuit of the primary objec-
tive of this research, a probabilistic approach is used to quantitatively assess these
consequences, leading to the development of an index called the TBM Risk Index,
which assesses the cumulative effect of geological risks and mitigating measures.

To conduct an initial evaluation of shield jamming, as the most critical conse-
quence in squeezing scenarios, a combination of parametric studies based on pre-
conducted 3D numerical models and an approach derived from convergence confine-
ment (CC) concept were used. The adapted convergence confinement method was
also employed to assess the risk of support system damage. As for the rockburst
consequences, the procedure highly relies on factors such as rockburst intensity and
location, which are notably challenging to anticipate. To analyze these risks, pre-
liminary rockburst prediction tools together with a probabilistic approach based on
data from a relevant project were applied.

The methodologies introduced in this research were implemented in two primary



case studies, each focusing on a specific category of geological risks, leading to the
following key findings: The case study with only squeezing consequences highlighted
the effectiveness of a single-shielded TBM with shield lubrication in mitigating the
risk. On the contrary, the case study with rockburst hazards demonstrated the
higher risks associated with shorter shields in rockburst-prone areas.

Recognizing the uniqueness of each individual project, the research considered
multiple hypothetical scenarios with varying proportions of squeezing grounds, areas
susceptible to rockbursts, and regions characterized as normal grounds. Using the
introduced TBM risk index, insights were gained for an optimum decision to be made
between different available machines and mitigating measures. In scenarios with
both squeezing and rockburst risks of roughly the same percentage, a single-shielded
TBM with lubrication and a gripper TBM with associated mitigating measures
were shown to have the lowest extent of rock mechanics issues. When rockburst
risk is predominant, shielded TBMs are the preferred option, reducing exposure to
seismic events. In scenarios with predominant squeezing grounds, gripper TBMs had
the lowest TBM risk index. However, it is noteworthy that in severely squeezing
grounds with prevalent squeezing proportion, the application of TBMs are generally

questionable and conventional tunneling must be considered instead.



Zusammenfassung

Fiir die rasche Auffahrung von Zugangsstrecken im Untertagebau werden manch-
mal Vollschnittmaschinen zum FEinsatz gebracht. Allerdings kénnen diese Maschi-
nen bei starker Setzung des Gebirges wahrend Betriebsstorungen eingeklemmt wer-
den. Diese Forschungsarbeit untersucht die Eignung von unterschiedlichen Typen
von Tunnelbohrmaschinen zur Auffahrung der Strecken in tiefen Bergbauen und
Tunnelbauprojekten. Ein Schwerpunkt liegt dabei auf den geologischen Risken ein-
schliefllich Einklemmen und Gebirgsschlag. Als wesentliche Konsequenzen dieser
Gefahren wurden Verletzungen von Personen und Schaden an der Maschine in Bere-
ichen mit Gebirgsschlagen sowie Einklemmen des Schildes, Schaden am Sicherungssys-
tem und Probleme am Grippersystem in Bereichen starker Gebirgssetzung identi-
fiziert. In Verfolgung des priméaren Zieles dieser Forschungsarbeit, wurde ein proba-
bilistischer Ansatz verwendet um die Konsequenzen quantitativ zu bewerten. Dies
fithrte zur Entwicklung des TBM Risk Index (T'BMpg;), der den kumulativen Effekt
der geologischen Risken und mildernden Mafinahmen beriicksichtigt.

Zur Durchfiihrung einer ersten Beurteilung des Blockieren des Schildes, als kri-
tische Konsequenz durch Einklemmszenarios durch das Gebirge, wurde eine Kombi-
nation von parametrischen Studien basierend vorherigen 3D numerischen Modellen
und ein Ansatz, abgeleitet vom ”Convergence Confinement (CC) Concept”, ver-
wendet. Um die Risiken einer Beschadigung des Sicherungssystems zu beurteilen,
wurde dieselbe CC Methode angewendet. Fiir Gebirgsschlagauswirkungen hangt die
angenommene Vorgangsweise stark von Faktoren wie der Gebirgsschlags-Intensitat
und der Ortlichkeit, welche sehr schwer vorherzusagen sind, ab. Um diese Risiken

zu analysieren wurden vorlaufige Gebirgsschlags-Vorhersagemethoden gemeinsam



mit einem probabilistischen Ansatz, basierend auf Daten eines relevanten Projektes,
verwendet.

Die in dieser Forschungsarbeit eingefiihrten Methoden wurden in zwei primaren
Fallstudien implementiert. Jede fokussierte sich auf eine spezielle Kategorie von ge-
ologischen Risiken, was zu folgenden Kernerkenntnissen fithrte: Die Fallstudie nur
mit Einklemm-Konsequenzen zeigte die Effektivitat einer TBM mit Einzelschild und
Schildschmierung zur Verringerung der Risiken. Im Gegensatz dazu zeigte die Fall-
studie mit Gebirgsschlag-Gefahren die héheren Risiken welche mit kiirzeren Schilden
in Gebieten mit groflerer Gebirgsschlag-Wahrscheinlichkeit verbunden sind.

In Anerkennung der Einzigartigkeit jedes individuellen Projekts hat die Forschung-
sarbeit mehrere hypothetische Szenarien mit variierenden Anteilen von driickendem
Boden, Bereiche mit Gebirgsschlags-Gefahr und Regionen die als storungsfrei charak-
terisiert werden, in Betracht gezogen. In Szenarien, in denen sowohl das Risiko von
Einklemm- als auch von Gebirgsschlags-Gefahr etwa gleich hoch ist, hat sich gezeigt,
dass eine Einzelschild-TBM mit Schmierung und eine Gripper-TBM mit damit ver-
bundenen mildernden Mafinahmen den geringsten Umfang an Gebirgsmechanikprob-
lemen aufweisen. Wenn das Gebirgsschlags-Risiko pradominant ist, sind Schild-
TBMs die bevorzugte Option, um die Gefadhrdung bei seismischen Ereignissen zu
reduzieren. In Szenarios mit Regionen mit pradominanter Einklemmgefahr wiesen
Gripper-TBMs den niedrigsten TBM-Risikoindex auf. Es bleibt festzuhalten, dass in
Regionen mit groBer Quetschungsgefahr der Einsatz von Vollschnitt-TBMs fraglich

bleibt, und es vorzuziehen ist, andere Tunnelbaumethoden zu verwenden.
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Chapter 1

Introduction

Due to the rising demand for minerals, underground mining has been increasingly
growing. However, with many upper orebodies already depleted, mines are going
deeper, leading to higher in-situ stresses that pose stability risks for excavations. To
mitigate these risks, proper excavation methods must be chosen and considered for
designing the mine’s development, and extraction operations.

Mechanized excavation has demonstrated advantages, including faster progress
rates in sound rock masses, less damage to the development profile, lower ventilation
requirements, and safer excavation and working conditions. Consequently, there is a
rising interest in their application within the mining industry as a viable substitute
for conventional drilling and blasting methods. Full-face cutting machines, such as
TBMs, are gaining attention for their ability to cut hard rock at high production and
advance rates. However, there are limited experiences with TBMs in underground
mining. Their utilization in hard rock mines did not achieve comparable levels of
success as that of partial-face cutting machines such as Roadhdeaders in soft rock
(coal, salt, potash, etc.) mines, mostly because of their susceptibility to difficult
ground conditions [1]. In underground metal mining, ideal operating circumstances
like homogenous rock conditions and shallow to intermediate depths are relatively
rare. Furthermore, the setup and logistics of operating these machines are highly
challenging because of the lack of adaptability to mining infrastructures, low mo-

bility, and unique requirements for TBM construction. Another impediment is the
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lengthy manufacturing and launch process as well as the capital expenses [2]. More-
over, compared to civil engineering projects, mining is very site and case-specific,
meaning that any mine has its own geological, geometrical, and environmental con-
ditions. This results in the implementation of various mining methods. Therefore,
it is logical to evaluate the challenges of applying full-face cutting machines (mostly
TBMs) in different categories of mining methods. Three of the most common shapes
of deposits namely, flat tabular deposits, massive steeply dipping deposits, and non-
tabular deposits with irregular shapes are discussed further to better clarify the

differences:

1. Flat tabular deposits
In the category of flat tabular deposits such as coal mines, one can see many
potentials for the application of TBMs. Indeed, the geometry of the deposit is
not varying significantly and TBMs can be planned and organized more easily
to develop roadways. Besides, statistics show that the geological complications
and subsequent difficult ground conditions in coal mining formations have
been less compared to metallic ores. China is planning to develop very deep
roadways in coal mining in the coming years. Explorations indicate that 53
percent of coal resources in China are buried deeper than 1000 m [3]. Thus,

faster and safer excavation of roadways using TBMs is gaining popularity.

2. Massive steeply dipping deposits
Excavation of developments for accessing rather massive steep mineral deposits
can also be planned easier. An illustrated example of using two TBMs to

develop beyond 2 km depth is shown in Figure 1.1.

10
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SHAFT #2 TBM #1
. ACCESS
/ TUNNEL
TBM #2 ACCESS TUNNEL kil

T

ORE BODY

Figure 1.1: An illustration of a plan for accessing and transporting ore from a deep ore
body through main access and haulage developments [4]

One of the mining methods for the extraction of massive mineral deposits is
block caving (Figure 1.2). By knowing the depth of the undercutting and pro-
duction level, the access decline shafts can be designed for TBM application.
In Magma Copper mine, TBMs with a rather low turning radius were applied
to also excavate the undercutting and production levels. Fully mechanized
excavations using such approaches can significantly reduce the time required

to construct infrastructures for a block-caving mine.

11
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Figure 1.2: Production and undercutting level developments in a block caving mine [5]

3. Non-tabular deposits in vain mining
An important factor in terms of non-tabular deposits is the uncertainty in
their extent. The exploration of these mines is an ongoing procedure. In such
mines, developing the whole infrastructure to the deepest areas is dependent
on exploration operations. Since the current technology of TBMs does not
provide enough flexibility in turning radius, the tunneling routes cannot be
easily adapted and optimized. Figure 1.3 shows an example of the geometry

of a non-tabular deposit in an underground mine.

12
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Figure 1.3: The geometry of a non-tabular irregularly shaped deposit

If a TBM is deemed suitable for a mining project, the next step is to choose the
most suitable machine type based on the expected geological conditions. Gripper
TBMs are the most common type used in underground mines due to their low
risk of entrapment and flexibility in turning. They are compatible with versatile
rock support systems like bolts, wire mesh, and ribs, making them ideal for mining
projects. However, the gripper shoes might face difficulties providing excavation
reaction forces in weaker rock types. Dealing with such difficulties together with
time-consuming support installation in very soft grounds reduces their utilization
rate. Shielded TBMs, on the other hand, use stiff segmental lining supports and are
prone to get stuck in squeezing grounds.

In cases where neither option is capable of meeting expectations, it is best to
avoid using a TBM. In deep mines, the primary challenges that pose a threat to
the safe use of TBMs are squeezing in weak grounds and rock burst hazards in hard
brittle rocks. Accurately assessing the extent of these hazards and implementing
quick counteracting preventive measures are necessary to combat their consequences.

Rocks that are overstressed and have a brittle behavior are prone to rock bursting
and spalling at the excavation face or walls. The abrupt energy release can have
a significant impact on the tunnel support installation, damage the cutters and

cutterhead, and create gripping and mucking difficulties while also posing risks to

13
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workers. However, high in-situ stresses have a different influence on more ductile
materials. The existence of weak rocks can result in high rates of convergence,
potentially leading to the jamming of the TBM (Figure 1.4). In TBM excavation case
studies in mining, weak ground conditions accounted for the majority of downtimes.
These issues are critical in any deep tunneling project for any application, such as
the transalpine tunnels with high overburden. In this thesis, the scope of work is
limited to investigating the main geological consequences of deep mining/tunneling
and their effects on the performance of full-face cutting machines such as TBMs.
Other critical limitations of using TBMs in mines require further and broader studies

out of the scope of this research.

Figure 1.4: Entrapment of a shielded TBM in a squeezed ground [6]

1.1 Research Objectives

To address the aforementioned challenging geological conditions, it is crucial to ac-
curately assess the extent of the hazards and take prompt preventive measures. This
is especially vital in deep mines where geological knowledge is limited. According
to the ITA Working Group nl7, even with a comprehensive geomechanical database
and analysis of TBM data, it is still difficult to anticipate risks like rockburst and
squeezing. Rockburst and spalling are particularly hard to predict while squeezing,
buckling, and face instability are generally very difficult to predict [7]. As stated
before, these difficulties stem from the lack of geological knowledge of the formations
and the potential consequences. Therefore, a risk assessment procedure is followed

in this thesis to develop a quantitative risk assessment index that can be used to

14



CHAPTER 1

evaluate the suitability of using a Tunnel Boring Machine (TBM) to excavate tunnels
through a set of prescribed rock formations. This index can be applied to compare
the performance of different TBM types for the purpose of machine selection. The
primary emphasis of the risk assessment will be on identifying and mitigating risks
that are pertinent to two key types of rock failure: brittle failure (also known as
rockburst), and ductile failure in overstressed rocks (commonly referred to as squeez-
ing). In order to develop the risk assessment index, numerical factors are considered,
including the geological characteristics of the rock formations, the type of TBM to
be used, and the potential impacts or consequences of rockburst or squeezing on the
mining/tunneling operation. By evaluating the risks associated with different types
of TBMs, more informed decisions can be made regarding machine selection, which
can ultimately lead to improved safety and productivity in the mining/tunneling
operation. The risk assessment index can also be useful for regulatory bodies and
other stakeholders who are involved in the planning and oversight of mining oper-
ations, as it provides a standardized framework for evaluating the geological risks

associated with TBMs in deep tunneling conditions.

1.2 Approach

This research is planned to devise a cumulative quantitative risk index that can eval-
uate the risks associated with the application of TBMs in deep mining or tunneling
conditions. The system compares the extent of risk of different machine types in the
given geotechnical conditions throughout the tunnel path. It eventually concludes
which type of TBM involves the minimum risk. Based on the existing mitigation
technologies, operational measures to decrease the possible negative impacts can
also be investigated. As can be seen in Figure 1.5, primary geotechnical data in-
cluding the current and possible future stress state in the mine are imported into the
system. The system is supposed to also consider the existing technologies that can
mitigate the associated risks. By incorporating several rockburst and squeezing pre-
diction methods, the extent of risks for different TBM types in different chainages

of the tunnel pathway is evaluated in the system to come up with a cumulative

15
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Suitable TBM Type and
Required Risk
Mitigation measures

Primary
Geotechnical Data Risk Assessment
System T | Excavation
(Rockburst & unne
Existing Mitigation Squeezing)

Technologies

Updated Geotechnical
Database

Figure 1.5: A schematic explanation of the risk assessment method

risk quantity. The goal is to include suitable prediction methods for different rock
mass conditions and based on the primary data in the system introduce a logic by
which the system can opt for the proper methods for certain conditions. In addition,
the system can still be applied during the excavation process, as the geotechnical
database is improved and can modify the risk extent in the coming chainages of the
tunnel. These valuable sources of information could be seismicity measurements in
the region, operational data of the TBM, stress state measurements, and advance

exploration data gained from probe drilling technologies.

16
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State of the art

2.1 TBM tunneling

Tunnel Boring Machines (TBMs) are employed for excavating tunnels across a va-
riety of applications, such as transportation, water supply, and mining. There are
several types of TBMs that differ in their excavation method, size, and application.
They can be broadly classified into two categories based on the type of rock or soil
they are designed to excavate: soft ground TBMs and hard rock TBMs. While this
classification is helpful in understanding the basic types of TBMs, it is worth noting
that some machines are designed to operate in a range of soil or rock types, and
that there might be variations within each category of TBM to accommodate spe-
cific project requirements. Figure 2.1 shows an overview of different types of TBMs

in the two main categories of soft ground and hard rocks [8].

17
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Figure 2.1: Categorization of different types of TBMs according to the ground
condition|[§]

2.1.1 Soft Ground TBMs

Soft ground TBMs, as the name suggests, are designed to excavate tunnels in soft
and unstable soils, such as clay, silt, and sand. These machines typically use a
combination of excavation tools and ground support systems, such as cutterheads,
augers, and grouting, to excavate and support the tunnel. They can be generally
classified into Earth Pressure Balance (EPB) TBMs, Slurry TBMs and Mixshield
TBMs [9].

2.1.2 Hard Rock TBMs

Hard rock TBMs, on the other hand, are designed to excavate tunnels in rock for-
mations. These machines typically use disc cutters mounted on the front of the
machine to break the rock into smaller pieces, which are then removed by the ma-
chine’s conveyor system. This study focuses on tunneling in mines and higher depth
using hard rock TBMs, where a variety of rock types and strengths are typically en-
countered. Hence, the research question at hand is to determine the most suitable
type of hard rock TBM to use, taking into account the specific ground conditions

present. Gripper TBMs (open TBMs), single shielded TBMs and double shielded

18
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TBMs are the three main categories of hard rock TBMs.

e Gripper TBMs:
When working in rock with medium to long stand-up time, Gripper tunnel
boring machines are used without active support for the tunnel face and ex-
cavation profile. They use gripper plates to apply contact pressure to the
cutterhead, which excavates the rock using disc cutters. It utilizes a shorter
shield to protect the cutterhead. The tunnel profile is systematically sup-
ported behind the cutterhead shield, with additional support as necessary. In
situations with unstable rock conditions, it is suggested to equip the machine
with devices for forward probe drilling and rock improvement. Additionally,
installing steel arches, shotcrete, spiles or anchors is possible behind the cut-
terhead for fault zones that consist of less stable rock and carry a risk of
rockfall. To prevent contamination of the front section of the machine, the
systematic shotcrete lining is usually conducted in the trailing gantry area (L2

area). Anchors should be reinforced in the gantry area to support the rock.

e Single shielded TBMs:
In stable tunnel conditions, such as in clays with sufficient cohesion or in rock,
a single shield is suitable for excavation. This type of shield secures the tunnel
profile and allows for the construction of a segmental ring for the lining. A
cutterhead equipped with disc cutters excavates the ground, which is removed
via conveyor belts. The thrust forces and cutterhead torque are transmitted
to the last segmental lining ring via thrust cylinders. In blocky rocks, jacking
shields are used to protect against the potentially displaced ground, with a

mainly closed cutterhead and shield casing.

e Double shielded TBMs:
Double shield machines are composed of two telescopic parts and are suitable
for stable tunnel faces in solid rock or soils. The front shield holds the cutter-
head, the cutterhead drive, and the primary thrust cylinders, while the gripper

shield contains the gripper plates and auxiliary thrust cylinders. The segment

19
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placement device and tailskin are connected to the gripper shield. The main
thrust cylinders enable the front shield to be extended forwards by a complete
ring length, resulting in a telescopic joint, which is closed by the telescopic
shield. Within a stable rock mass, the grippers provide the torque and thrust
forces for excavation and advance of the machine. This allows parallel con-
struction of the segment ring in the tail skin area while the front shield propels
forward. In subsoil where the grippers cannot hold, the advance is supported

by the last ring of segments in single-shield mode [9].

Development of a decision aiding tool that can determine the type of TBM with
the lowest extent of risk for a specific project is the main goal of this research.
This tool can also aid in addressing the specification requirements of the machine
and the need for implementing mitigation measures to mitigate risks. There are
certain determinative factors that differentiate the above three types of hard rock
TBMs: the gripper bracing possibility, the length of the machine shield, the type
of support system, the geometrical flexibility of the machine and the advance rate
capabilities. The design and selection of these specifications highly depend on the
ground condition and the anticipated geological risks in the tunnel path. In the next

chapter, the criterion for the assessment of these risks is discussed in detail.

2.2 Risk assessment of TBM tunneling

The process of managing risk in any project starts with establishing the context,
identifying, analysis, and evaluating the potential risks. Afterwards, measures are
taken to treat, monitor, and control the likelihood or impact of unfavorable events

(See Figure 2.2).

20
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Figure 2.2: A risk management flow chart as described in ISO 31000 standard [10]

The necessity of risk assessment in developing underground excavations results
from two main sources of uncertainty: Geology and construction process. The com-
plexity of geological state (geological disturbances) and lack of sufficient information
regarding the in-situ stress environment and rock mass properties could lead to un-
expected geotechnical hazards. The other source of uncertainty is the extent of
success of a specific construction process. In other words, a proper prediction of
geology cannot guarantee a successful construction process. The experience of the
excavation team, efficient performance of the equipment, and working personnel are
of high significance [11]. The mitigating measures taken to alleviate a risk also have
specific uncertainties in their degree of success. As for TBMs, which are main fo-
cus in this context, their lower adaptability to difficult ground conditions (resulting
from high overburden and long excavations) makes their application a real challenge.
The main scopes of risks covered in this context are, however, associated with rock
engineering design and geological risks. Improper rock engineering design of the
excavation method for a deep tunnel results in hazards to the health and safety of

personnel, delay in completion of the tunnel, and risks in terms of financial losses:

e Risk to the health and safety

21
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The primary objective in this regard must be to avoid hazards for the personnel
and the excavation equipment. In addition, the tunnel must remain stable and

operational throughout its designed life.

e Risk in the delay to the completion of the tunnel
Methods of excavation and the pertaining mitigating measures should be ap-
plied in a way that lower downtimes and higher excavation rates can be en-

sured.

e Risk in terms of financial losses
And last but not least, the risks must be controlled in a way that financial
losses can be minimized. It should be noted that the two terms delay and
financial loss pose practically the same consequences. Each day of delay in

completion of the tunnel using a TBM means additional costs for the project.

In the context of this study, the decisions to be made include the selection
and application of proper construction methods (mainly the type of TBM and its
technical features), as well as the application of suitable support system to minimize
the negative effects. After the establishment of the context, the important aspect
for a successful TBM excavation is to primarily identify the potential risks. This is
known to be the most critical component in the risk management process. According
to ITA (2017), the most relevant geological risks fall into three main categories:

rockburst and spalling, squeezing and buckling, and face instability [7].

2.2.1 Rockburst and spalling

Rockburst is an abrupt failure of rock that is typically marked by the sudden dis-
charge of stored energy within the rock mass, leading to the expulsion of rock
fragments and displacement of supporting structures. Spalling, as an outcome of
rockburst, refers to a specific type of rock damage caused by high levels of stress,
resulting in fracturing into parallel sheets and eventual detachment from the sur-
rounding walls [12]. Figure 2.3 shows an incident of rock spalling taken place above

a hard rock TBM.
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Figure 2.3: Progressive rock spalling above a TBM excavating in granite [13]

2.2.2 Squeezing and buckling

The time-dependent behavior of rock with high plasticity which can impose high
pressures on the ground support is known as squeezing. In extreme cases, high
squeezing grounds can lead to the collapse of the tunnel perimeter. Squeezing in
tunnel construction is influenced by a number of variables, including rock type, foli-
ation spacing, the orientation of rock structures, stress to intact rock strength ratio,
water pressure, the method of construction, and support systems.

The existence of structure and the orientation of the rock structure with respect
to the underground excavation have significant impacts on the squeezing behavior,
with schistose and foliated rocks being particularly susceptible to it. Buckling be-
longs to the same category of squeezing and is generated as a result of dominant
structural features (schistose layers) being parallel to the tunnel perimeter [14]. In-
deed, a higher extent of squeezing is expected to take place, when the foliation is
parallel to the tunnel alignment. Numerical models created in UDEC by Schubert
and Mendez (2017) show how changing the dip angle can affect the magnitude of
deformations in a circular-shaped tunnel (See Figure 2.4)[15]. As can be seen, the
maximum displacement is oriented perpendicular to the foliations because of the

bending happening in the layers and opening of the joints.
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Figure 2.4: Numerical simulation of different dip angles of foliation and their effect on
shearing and opening of discontinuities; Foliation strike is parallel to the tunnel axis [15]

2.2.3 Face instability

Face instability in a TBM tunneling project is defined as the potential for the tunnel
face to collapse on the cutterhead. In extreme conditions, the cutterhead may be
jammed, due to the fact that the adequate toque for the cutterhead to get released
from this situation cannot be provided by the machine. Interventions might be
necessary to release the cutterhead. Figure 2.5 shows an example of the cutterhead

being jammed due to extreme fracturing of rock in a rockburst event.

Figure 2.5: Jamming and damage of the cutterhead due to excessive fracturing of rock in
a rockburst event [16]

2.3 Risk analysis

In general, the risk analysis techniques can be categorized as qualitative or quanti-
tative. In qualitative methods, a pre-defined rating scale is employed to prioritize
the identified risks. Quantitative techniques, on the other hand, employ numerical
scales and enable the establishment of practical and attainable cost and schedule for

informed decision-making, when there is uncertainty. Due to the certain advantages
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of quantitative methods and the nature of the risk at hand, they are chosen as the
main approach in this investigation.

In this section, three of the quantitative risk analysis methods most relevant to the
present problem are discussed and applied: Event tree analysis (ETA), Fault tree
analysis (FTA), and Probabilistic risk analysis method (PRA). Fault trees and event
trees are regarded as structured techniques that pave the way for a better evalua-
tion of the probability of potential risks. A sensitivity analysis of the input data
and the recognition of the places where more efforts to design, control, and monitor

measures are required, can be conducted using these methods [17].

2.3.1 Fault Tree Analysis (FTA) for the likelihood of haz-

ards

As a top-down deductive method, FTA is a technique introduced to comprehend
how certain procedures can malfunction or fail. It is especially applied in safety
engineering. In the form of diagrams, the potential failures and faults and their
combinations leading to certain events are analyzed. More importantly, strategies
for controlling the risk can be investigated using this technique. Other areas of
application for this technique include mining, construction, chemical and process,
pharmaceutical, and aerospace. FTA is superior to other techniques in depicting the
system’s resistance to single or multiple initiating faults. However, it can’t identify
all the potential initiating failures [17].

In this section, each of the aforementioned hazards is studied individually by drawing
the fault trees. This can provide a clearer picture of the factors influencing each
hazard and its likelihood. Figure 2.6 illustrates the principle factors resulting in
squeezing issues. As a general rule of thumb, a soft highly deformable rock together
with an existing high-stress state compared to the strength of the rock can contribute
to squeezing. Squeezing leads to either too much convergence or in case of a stiff
support to high pressures. As for a stiff support like the shield of a TBM, jamming
of the shield can become critical. The Squeezing occurrence cannot be avoided,

however, the consequences can be controlled.
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Weak highly High stress
deformable rock field

Figure 2.6: The fault tree analysis indicating the factors leading to squeezing risk

Buckling encompasses similar consequences as squeezing, only originating from
different mechanisms. As for buckling, the anisotropic foliation exposed to high
in-situ stresses would bring about excessive deformations in specific directions. The
worst case for the orientation of the foliation in a tunnel is when they are directed
parallel to the tunnel axis. As can be seen in Figure 2.7.a, a high-stress field that
leads to buckling can be either the result of a high overburden or high anisotropy in
an unfavorable direction. According to Figure 2.7.b, the unfavorable direction for
the major principle stress is the vertical direction (parallel to the foliation orienta-
tion). As squeezing and buckling both have more or less the same implications for
a TBM tunneling project, they will be subsequently discussed in the same category

of squeezing.

Am_so_troplc High stress
foliation or field
jointed rock -
High anis(l;l'tlrg(:‘py in
overburden
stress

Figure 2.7: (a): The fault tree analysis indicating the factors leading to buckling risk
(b): The effect of anisotropic foliation on intensifying the deformations as an indicator of
buckling[15]

Rockburst and spalling would occur when a massive hard brittle rock mass un-
dergoes a high stress concentration (See Figure 2.8). The existence of a geological

disturbance like a fault, dike, etc. can intensify the situation. As for spalling, it is
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worth mentioning that spalling does not necessarily take place in the deepest regions
of a tunnel. In the example of Lesotho Highlands water project, rockbursts took

place at a depth of 120 m because of higher horizontal stresses than vertical stresses

Rockburst
and Spalling
Massive hard ]
brittle rock High Stress
concentration
mass

Figure 2.8: The fault tree analysis indicating the factors leading to rockburst and
spalling risk

[7].

Face instability in a TBM tunneling project, on the other hand, can occur as
a result of a wider range of scenarios. Either one of these cases can be the cause:
low strength or blocky rock mass on the tunnel face, the unfavorable orientation of
discontinuities, and high stress field hazards (squeezing or rockburst) (See Figure
2.9). Low strength or blocky rock mass could occur as a result of faults or hy-
drothermally altered zones (sandy fault zones, clayey fault zones, blocky rock mass,
etc.) and restrict the bearing capacity of the face. An important point to consider
is that high water pressure could aggravate the condition and raise the likelihood
of face instability occurrence. With regards to squeezing, extreme squeezing can
form high plastic zone extension in front of the cutterhead and cause the face to
collapse. Closely spaced discontinuities perpendicular or sub-perpendicular to the
tunnel axis might lead to the formation of unstable wedges instead of chips. This
could cause damage to the cutterhead, cutters, buckets, and belt conveyor. Face
instability can frequently occur in large diameter tunnels due to higher appearance
of a combination of soft rock, fractures and discontinuities over a large area in the
tunnel face (e.g. Niagara Project) [7]. Prediction of the face instability is relatively
difficult and complex and as shown in Figure 2.9, depends on a high number of
factors. Moreover, when comparing different types of TBMs, face instability will be
a potential risk for any type of TBM. Therefore, in a problem where the question

is choosing the right type of TBM, face instability is not considered determinative
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and will not be included in the following stages of this research.

Face
instability

Unfavorable
orientation of
discontinuities

Low strength or
blocky rock
mass*

(High stress
field hazards)

Squeezing

Figure 2.9: The fault tree analysis indicating the factors leading to face instability

2.3.2 Event Tree Analysis (ETA) for investigating the pos-

sible consequences

Event Tree Analysis (ETA) is an effective method that enables one to map out
plausible event scenarios leading to a major incident. It indicates any system conse-
quences that may happen after an initiating event, in addition to giving numerical
estimates of the likelihood of occurrence of the component events and escalated
events. Its application areas can be a variety of systems such as manufacturing,
chemical plants, and mining.

A comprehensive knowledge of the system is necessary to understand the initiating
events followed by intermediate events to be able to create the event tree diagram,
starting from the initiating event, subsequent successive events form paths leading
to a string of success or failure. The overall probability of occurrence for each path
will be finally determined. Fault tree analysis can be employed to compute the prob-
abilities of failures for intermediate events, and the following equation: probability
of success (ps) + probability of failure(pf) = 1 can be used to get the probability of

success. Figure 2.10 shows an example of an event tree diagram.
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Figure 2.10: An example of an event tree diagram [17]

The event tree analysis for identifying the consequences of squeezing and rock-
burst for a TBM tunneling project is conducted and diagrams are drawn in Figures
2.11 and 2.12, respectively. Squeezing and buckling are integrated into the single
category of squeezing. Rockburst and spalling are also of the same nature and are
inserted into one class. A general decision, in the beginning, is to either choose a
shielded or an open TBM (gripper TBM). As the implications of a single-shielded
and a double-shielded TBM are very similar and only of different extents depend-
ing on the geometry of the machine, they are grouped in one class. The next key
question is the location of the incident, which have different implications as well. As
mentioned before, in this risk assessment, a comparison between the performance
of different types of machines against the hazards is conducted, and the incidents
occurring in the tunnel face would be the same for all types. Thus, the scope of
analysis is limited to the incidents in the sidewalls, to simplify the procedure. The
paths leading to the consequences in the sidewalls are highlighted with red color in
the figures 2.11 and 2.12. These figures illustrate the most relevant geological risks
with their possible consequences. The consequences largely depend on the type of
the selected machines, the location of the incident, and the intermediate events in

a specific scenario.
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The consequences can be devastating, as evidenced by the total destruction of a
TBM and seven fatalities in the drainage tunnel of the Jinping II project due to an
intensive rockburst (See Figure 2.13). Moreover, Figure 2.14 shows gripper bracing

difficulty as a result of severe spalling on the tunnel walls in Jinping II project.

Intermediate events Consequences
Squeezing } ¢ Cutterhead blockage
Tvoe of location
Insufficient |"5UfﬁCi?"t * Jamming and damage of
Torque = hrust/shield the shield

strength

High Damage > BRI
squeezing support 8 &

pressure of backup and equipments

* Gripper bracing difficulties ‘
|
\

Squeezing
& Buckling

* Cutterhead blockage ‘

Insufficient Insufficient * Jamming and damage of

Torque thrust/shield the shield (higher risk for
strength DS TBM)
Damage to
segmental
lining

Shielded
TBM

High energy
event

¢ Excessive cost to repair
the segmental lining

Figure 2.11: An event tree analysis for identifying the consequences of squeezing risk for
a TBM tunneling project

Intermediate events Consequences
Rockburst + Cutterhead blockage
Type of location * Injuries to workers
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High energy Insufficient * Jamming and damage of
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Figure 2.12: An event tree analysis for identifying the consequences of rockburst risk for
a TBM tunneling project
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Figure 2.13: An extremely intense rockburst in the drainage tunnel of Jinping IT
hydropower Station project leading to the total destruction of the TBM [18]

A) Notch under the gripper B Increase contact area of gripper

Figure 2.14: Gripper bracing difficulty as a result of severe spalling on the tunnel walls
in Jinping II project [16]

2.3.3 Probabilistic risk analysis method (PRA)

Probabilistic analyses offer a wider spectrum of potential outcomes and the asso-
ciated probability of the events happening, in contrast to deterministic analysis.
This approach allows us to evaluate the impact of input parameter variability and
uncertainty. To do so, we must first establish a sampling technique. Two widely
recognized and frequently used methods are the Point estimate method and the

Monte Carlo simulation method, which will be separately outlined as follows:

e Point Estimate Method
According to Rosenblueth (1975), the Point Estimate Method is a straight-

forward approach for sampling random variables [19]. As illustrated in Figure
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2.15, two values, one standard deviation away from the mean, are randomly
selected on either side. These selected values are subsequently employed to

compute the measure of risk.

INPUT OUPUT

Probabilistic input variable 1
x*to,
1 x

solution 1,
(e.g. FEM solver) Probabilistic output
— v o,
y=fx,x,)

Compute 27 solutions
for combinations of
estimation points.

v

Probabilistic input variable 2 \«"--:]C(PI, P:) >
ﬁ * G,\, | ’ ) i+ :
s — v+=fP), P,) T
1 - -+
} y8 1) Combine the solutions with
oao_ + ot ombine the solutions wi
| — | y==fP, P) proper weighting to
' approximate the probabilistic
! output variable

Figure 2.15: The computational principle behind the Two Point Estimate Method
utilized in Phase 2 v8.0 [20]

As depicted in Figure 2.15, solutions are computed at different estimation
points. These solutions are then combined using appropriate weighting to

determine the probabilistic output variable according to equations 2.1 and

2.2.

2”
y= wai (2.1)
i=1

271 2’VL 2

Oy = wai2 - (Z wfz) (2.2)

e Monte Carlo simulation
The Monte Carlo technique is widely used in engineering for probabilistic anal-
ysis. When there is knowledge about the degree of variability or uncertainty
of risk-influencing parameters, Monte Carlo simulation can be employed to

determine the distribution of the risk quantity, which is the output param-

eter. As shown in Figure 2.16, discrete values are randomly generated from
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the distribution functions of each influencing parameter. These values are then
used as inputs for the geological risk evaluation function or formulation, which
calculates the risk quantity. This process is repeated many times to generate

randomized data and obtain the distribution of the risk quantity.
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Figure 2.16: A visual representation of the Monte Carlo simulation process [21]

When dealing with over 10 influencing parameters, it is advisable to use the Monte
Carlo simulation method instead of the PEM. Furthermore, the Monte Carlo sim-
ulation has the advantage of being able to test an infinite number of scenarios, as
long as computational time is not a limiting factor.

Considering the significant number of parameters affecting the risk quantities in
this study and the high extent of uncertainties involved, the Monte Carlo simula-
tion method is adopted as the main method for risk evaluation. The requirements
in this system are, however, the prediction tools or calculation methods. Following
the identification of the risks, this can be seen as the most critical stage in such in-
vestigations. In this regard, many qualitative and quantitative methods have been
introduced for both rockburst and squeezing. In chapter 2.4, the focus is made
on rockburst and the required prediction tools for acceptable risk analysis. The
very high difficulty existing in the prediction of rockburst hazards necessitates a

thorough investigation into the introduced prediction tools in the literature. Subse-
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quently, Chapter 2.5 is dedicated to a brief introduction to the most typical squeezing

assessment methods.

2.4 Rockburst hazard prediction methods

Rockburst could take place in transportation tunnels, hydroelectric projects, and
deep mining areas. Understanding the phenomena associated with rockburst re-
mains a critical issue and needs to be further investigated to avoid or manage the
pertaining consequences [22].

Rockburst events normally fall into three main categories: strainbursts, pillar bursts,
and fault bursts. Strainbursts take place only under low confinement, i.e., where the
confining pressure of the rock mass reduces significantly as a result of excavation.
Pillar bursts could occur in a range of low to high confinement pressures. Fault
slip rockbursts, on the other hand, are known to take place under high confinement
conditions [23].

The development of a risk assessment system for rockburst hazards requires appro-
priate tools for prediction. For this purpose, we need to initially study the factors
affecting the occurrence of a rockburst. Sousa (2010) summarized some main de-
termining factors giving rise to the probability of a rockburst event [11] (See Figure
2.17). The stress state in the excavation region is regarded as the most important
parameter leading to a rockburst. A high stress state could originate from high
overburdens that increase vertical stresses. The horizontal stresses can also be of
a high value due to the topography on the surface and the tectonic regime. The
type and rock strength are other very important factors. Strong and competent
rocks with especially brittle behavior can potentially absorb high amounts of energy
and increase the likelihood of a rockburst. The shape and size of the excavation
determine the magnitude of stresses and the locations where high amounts of stress
and energy can be concentrated. The size and volume of excavated rock affect the
amount of released energy. These parameters are especially of high importance in
mining engineering, where versatile excavation geometries are created. As for TBMs,

the excavation is usually of a constant circular shape, and localizing the rockbursts
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involves less complexity.

Another important factor that needs to be considered for a proper rockburst pre-
diction is the construction method. The support system of regional type can highly
affect the intensity and extension of rockburst. Regional and local support systems
are topics that are relevant mostly to mining engineering. A regional support system
refers mainly to different extraction techniques applied in deep mining regions. De-
veloping pillars in a systematic way in the room and pillar mining method, longwall
mining where caving leads to destressing in a largely extended region, and applying
backfill to absorb part of the stored energy in the rock mass are all some examples
of regional support. Local supports such as rockbolts, shotcrete, and segmental lin-
ing, on the other hand, are known to locally reduce the consequences of a rockburst
incidence and are not able to control the magnitude of seismic events. As the point
of focus here is on TBM excavated tunnels, only local support systems apply, which
do not regionally affect the intensity of rockburst and are only regarded as the mit-
igation measures controlling the risks. The type of construction method also has
a determinative effect on the severity of rockburst. Experiences have proved that
in the same rock mass conditions, a mechanically excavated tunnel is more prone
to strainbursts than a tunnel excavated with drilling and blasting method. This
is mainly due to the fact that drilling and blasting create a fractured area in the
surroundings of a tunnel, which increases the deformability of the rock mass in that
region and leads to some extent of destressing. The mechanical excavation, however,

performs quite differently without disturbing the rock mass [11].
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Figure 2.17: Influence diagram of rockburst adapted by Zhou et al. [24]

In this section, an attempt is made to bring a collection of rockburst prediction
methods that can give us a quick and reliable evaluation of the rockburst risk. These
methods have developed themselves over time. As sufficient information regarding
the rock mass condition was not always available, any method could cover some pa-
rameters. These methods can be generally categorized based on three main criteria:
the surrounding rock stress and rock strength, rock mass lithology and brittleness,

and rockburst and energy [24].

2.4.1 The surrounding rock stress and rock strength

The extent of consequences as a result of rockburst depends highly on the strength
characteristics of the rock, the amount of stresses, and the orientation of excavation
with respect to the main principal stresses in the region. The in-situ stress state of
the surrounding rock mass is proved to be closely relevant to the occurrence of a
rockburst. In rockburst prediction methods it is either expressed in the form of the
overburden stress or the major principle stress surrounding the rock mass (tangential
stress) in specific locations of the excavation.

These criteria take into account both the mechanical properties of the rock and the

in-situ stress conditions in the rock mass. In this section, a summary of some of the
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most prominent methods is introduced in Table 2.1. One main motivation here is
also to identify the suitable area of application for each method or where they are

recommended to be applied.

Table 2.1: Summary of some rockburst prediction equations using stress state and the
strength of rock

Equation No rockburst Light rockburst Medium rockburst Heavy rockburst —Serious rockburst
(ooton) [o5)t <0.3 0.3-0.5 0.5—0.8 > 0.8
%[26]2 >10 10-5 5—2.5 <2.5
% >0.66 0.66—0.33 0.33—0.16 <0.16
Stress Coefficient 2 [27]* <0.2 0.2-0.3 0.3-0.55 >0.55
Stress Coefficient (% 273 >0.2 0.15—0.2 0.083—0.15 <0.083
% [28] * 0.34 0.42 0.56 >0.7
o [29] ® <0.069 0.069—0.180 0.180—0.400 >0.400
Competency factor Cy = /”0;7 = % [30]° >2.5 1.0-25 0.5—1.0 <0.5
Normalized deviatoric stress NDS = 2=28) [31] <0.35 0.35-0.5 0.5-0.8 0.8—1.0 >1.0
BSR = M [23]7 0.35—0.45 0.45—0.6 0.6-0.7 >0.7

o,

! Where o}, is the longitudinal stress near the outline that is parallel to the lon-
gitudinal axis of the excavation.
2 Some methods such as Barton’s criteria take the major principle stress in the rock
mass into account for investigations. Their main shortcoming is that the criteria
cannot be a good representative for anisotropic stress states. For instance, in the
Scandinavian region where very great anisotropy between maximum and minimum
principal stresses exists, such methods need to be adapted. For such cases, however,
Barton et al. (1974) suggests a modification as follows [26]:
In the case of a highly anisotropic stress field: if 5< or < 10, reduce o, and oy to
0.80. and 0.80;; when Z—; > 10, reduce o, and o; to 0.60,. and 0.60; where: o; =
tensile strength (point load), o; and o3 = major and minor principal stresses.
3 Russenes (1974) formulation fits relatively well with the Hoek and Brown (1980)
method.

* The method by Hoek and Brown (1980) was investigated in various types of mas-

sive quartzite rocks of South Africa with a stress ratio of k=0.5 where maximum
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tangential stress of the surrounding rock (oy) is 1.4 times the overburden stress[28].
® This criterion was introduced based on the experiences of underground construc-
tion in China. The range of UCS for the rocks where rockbursting was reported is:
150-200 MPa (igneous rocks) or UCS>60-100 MPa (Sedimentary rocks). Besides,
the type of stress-strain curve is important to notice. This criterion is also applying
the major principle stress rather than the maximum tangential stress which is an
obstacle towards generalizing them for various cases.

6 Palmstrom introduced the competency factor expressed as the ratio between rock
mass strength and the tangential stress around the excavation. RMi as the rock
mass index factor describing the rock mass strength of a continuous rock mass was
applied to investigate if the rock is overstressed. This criterion is also mainly based
on the Hoek and Brown (1980) equation. Some recommendations for selecting a
suitable support system were also derived from experiences in continuous and brit-
tle rocks of Scandinavia (See Figure 2.18).

" o, and o3 are the major and minor principals induced stresses, respectively.
This method is mainly applied to investigate strain burst potential. There are
successful experiences with the usage of the concept of stress-strength ratio in deep
mining. In deep South African gold mines, the simple rule of thumb was to estimate
the critical field stress (o..) corresponding to 40% of uniaxial compressive strength
of rock. According to those experiences, a typical gold mine was generally stable
as long as the vertical stress acting on the tunnel was less than 0.4 o.. Later on,
Wiseman (1979) extended this criterion to a design tool by considering the major and
minor principal stresses and the tunnel support[32]. The following semi-empirical
method was suggested:

30’1 - 0'3)

reF = (2.3)

k..o
Where 0, and o3 denote the maximum and minimum principal stresses in the plane
of the excavation cross-section and k. is a strength reduction factor to include the
effect of discontinuities on the rock mass strength. As for a highly discontinuous rock

mass, experience has shown that for RCF < 0.7 good conditions with the minimum
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required support system are expected. For 0.7 < RCF < 1.4 average conditions
prevail with typical tendon support in gold mines. When RCF > 1.4 the tunnel
condition deteriorates rapidly [33].

The above method is a very valuable tool for studying the general stability of a

tunnel but does not contain any more explanation for the rockburst risk and its

extent.
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Figure 2.18: Some recommendations introduced by Palmstrom to select the suitable
support system (adapted by Zhou et al. [24])

2.4.2 Rock mass lithology and brittleness

Another very important factor that has been the point of focus of many scholars is
the rock mass lithology. Rockburst usually occurs in compact rocks which are highly
capable of storing a significant amount of energy. It is mainly characterized by the
uniaxial compressive strength and the tensile strength of the rock. Table 2.2 contains
some of the well-known equations that can estimate the inherent potential of rock
mass in accumulating a significant amount of energy. For more details regarding the
formulations refer to [24]. Thus, they measure the physical-mechanical property of
the rock. The versatility of the methods based on the brittleness stems from the lack
of a universally accepted index to represent this property of rock. Such methods can
give a suitable overview of the existing potentials, but they are not recommended

to be the single way of determination and better be combined with other methods.
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Table 2.2: Summary of some rockburst prediction equations using the brittleness concept

[24]
Author/s Equation No rockburst  Light rockburst Medium rockburst Heavy rockburst
Tan et al. (1991) [34]* Brittleness index K, = & <35 3.5-5.0 5.0-7.0 >7
Peng et al. (1996) [35] ~ Rock brittleness coefficient By = 2 >40 40-26.7 26.7—-14.5 <145
Feng et al. (2000) [36]2 k= Sloexe) <3 3-5 >5
Zhang ct al. (2003) [37] Brittleness index K, = & <2 2—6 6—-9 >9
Zhang et al. (2003) [38] By =2 <10 10—18 >18

o

LU is the total peak strength of before rock deformation and U is the permanent
deformation before peak or plastic deformation.

2 €; is the strain before peak and €, is the strain after peak.

2.4.3 Rockburst and energy

Since the introduction of energy theory, many researchers have tried to correlate the
damage properties of the surrounding rock mass and the energy changes occurring in
the environment giving rise to rockbursts. The main disadvantage of these methods
is the more complex set of data required compared to other methods, however, they
can provide a better knowledge of the extent of issues.

The main shortcoming of the other categories of methods (rock stress and rock lithol-
ogy) is the negligence of the effect of loading stiffness (the surrounding rock stiffness),
and that such methods do not distinguish between static and dynamic failure. It is
proved that the strain energy storage property of rock and stress concentration of
the environment directly influences the extent of rockburst [39]. Indeed, the stress
state is unable to fully describe the energy release characteristics of the rock mass.
However, as evaluation of the rock mass stiffness is not a regular procedure in under-
ground excavations, such empirical criteria are sometimes the only prediction tools,
which can bring an acceptable accuracy [23]. In other cases where the stress-strain
behavior of the rock can be partially evaluated, the prediction methods based on
energy release indices can be extremely helpful. Cook et al. (1966) described the

important role of changes in energy during the mining of rock mass in deep under-
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ground mines, and how the excess potential energy is linked to the rockburst damage
[40]. A very basic parameter that can represent this concept is the Energy Release
Rate (ERR). The change of the strain energy as a result of enlarging an excavation
normalized by the area of the excavated region (AALA’”) is known as ERR. As for the
fault slip types of rockburst, the other parameter of Excess Shear Stress (ESS) can
be defined, which is the difference between the dynamic strength of a fault plane
for initiation of rockburst and the prevailing shear stress before the slip occurs [24].
As suggested by Ryder (1988), ESS together with ERR can be efficiently applied

to investigations of rockburst in South Africa [41]. In Table 2.3, some of the most

common methods based on energy indices are listed.

Table 2.3: Summary of some rockburst prediction equations using the energy release

concept
Author/s Equation No rockburst  Light rockburst Medium rockburst Heavy rockburst  garious rockburst
Neyman et al. (1972) [42]! W = ;T, <2.0 2.0-3.5 3.5-5.0 >5.0
Ryder (1988) [41]? ESS = |7| — on.tang, <5 5-15 >15

Cook et al. (1966) [40]? ERR= 3 <3.5% 3.5—4.2% 4.2-4.7% >4.7%

Mitri et al. (1999) [43] BPI = 58 <0.25 0.25-0.5 0.5-0.75 0.75—100 >1
Wang and Park (2001) [39] PES = ;15 <50 50—100 100—-150 150—200 >200

Zhou et al. (2017) [44] Wo = £ <2.0 2.0-5.0 5.0—10.0 >10.0

L FE, is the elastic energy stored in the rock through loading up to o4 and un-
loading, and E), is the dissipated energy in the creation of microfracture and plastic
deformation of the rock in one cycle of loading.

2 ESS is called the excess shear stress of a fault with the potential of triggering
a seismic activity through exceeding the shear strength. o, is the normal stress at
the slipping point (MPa), 7 is the shear stress at the slippin gpoint and ¢, is the
dynamic friction angle of the slipping fault.

3 @, is the rock kinetic energy with destructive ejection, and ®, is the maximum
elastic strain energy.

Provided that the necessary input parameters with acceptable accuracy are present,

numerical analysis can be applied as a strong tool for evaluating the energy indices.
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As explained by Mitri et al. (1999), with a numerical analysis the maximum al-
lowable mining step without seismically induced failure can be estimated [43]. A
numerical simulation was conducted to examine the strainburst events by this ap-
proach [45]. The following formula is suggested for ERR:

1
ERRTm = §/A0'ijA€ijdV (24)

Where Ao;; and Ag;; represent the amount of incremental stress and strain changes
as a result of a certain excavation step. The ERR concept was broadly applied
in South Africa. Yet, Salamon (1993) states that the failure characteristics of the
rock is not considered in this parameter. To address this issue, Mitri et al. (1999)
introduced another index called Burst Potential Index (BPI) to evaluate the pillar
burst or strainburst type of rockburst. According to this method, the proportion of
Energy Storage Rate (ESR) (as the energy accumulated within the rock mass due to
excavation) to the maximum strain energy (FE,,..) that the rock mass can withstand

before failure is evaluated.

ESR:/UijEijdV (25)

Where o0;; and €;; are the induced stresses and strains. The following formula is also

suggested for E,,q. :

EW_/ B p.ep—/ao.ds] dV (2.6)

where 0, and ¢, are the peak strength and strain of rock mass. By knowing the two

indices, BPI can be estimated as:

ESR

max

BPI = (Z225).100% (2.7)

The effect of mining depth (stress state of rock), the stiffness and the strength of
rock mass are all considered in one parameter (BPI), which is quite advantageous.
According to Mitri (2007) it seems to be more conservative compared to stress

methods and needs to be more studied to be validated for application in mine design.
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Many conducted measurements prove that an elastic behavior dominates the re-
gions where rockburst hazard is associated. This assumption is slightly conservative,
as a fraction of energy is dissipated during fracturing [43]. According to Figure 2.19,
the elastic strain energy accumulated in a unit volume of rock prior to the maximum

strength can be estimated as follows [39]:

2
O¢

PES =
2F

(2.8)

0. is the uniaxial compressive strength
Ej is the unloading tangential modulus (MPa)

Among all the introduced methods of rockburst prediction, empirical criteria are
the most common due to their simplicity and operability in underground mines,
and, the ratio of o1 and oy to o, are the most widely used parameters. However, the
changes in lithology and structure along with the brittleness indices of the rock mass
and its energy storage characteristics need to be integrated into the construction

process to increase the accuracy of predictions.
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Figure 2.19: Schematic illustration of the calculation of potential elastic strain energy
(PES)[39]
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2.5 Squeezing hazard prediction methods

There are several factors affecting the occurrence of squeezing in an underground
excavation: rock type, stress state, strength and deformability of the rock mass,
water pressure, construction method, and the support system as well as the orienta-
tion of the geological structures [46]. Based on the importance of these parameters
and their relevance in a rock engineering problem, they should be considered in risk
assessment methods of squeezing. Several methods are available for evaluating the
squeezing extent in underground excavations, including empirical, semi-analytical,
analytical, and numerical modeling techniques. Empirical methods, such as those
by Singh et al. (1992) [47] and Goel et al. (1995) [48], classify tunnel depth and rock
mass quality to identify possible squeezing issues but do not calculate deformation or
support pressure. Semi-empirical approaches, such as those by Aydan et al. (1993)
[49] and Hoek and Marinos (2000) [50], provide straightforward tools for predicting
deformation and squeezing potential in circular tunnels under hydrostatic stress.
And lastly, analytical methods that use closed-form solutions involve mathematical

equations that can provide insight into the behavior of soil and rock under pressure.

Empirical methods

The empirical methods primarily rely on rock mass classification systems. Two of

these approximation methods are discussed in this section:

e Singh et al. (1992) approach
In order to distinguish between squeezing and non-squeezing circumstances
in tunnels, Singh et al. (1992) developed a method that involved sketching
a demarcation line using information from 39 case histories [47]. The line is
determined by an equation, using the rock mass quality Q and the overburden
H:
H = 350Q"3 (2.9)

Squeezing conditions are shown by data points above the line, whereas non-

squeezing situations are indicated by data points below the line (See Figure
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Figure 2.20: Singh et al. (1992) approach to assess the squeezing potential [47]

e Goel et al. (1994) approach
Using the rock mass number N, which is the ratio of the stress-free Q to the
specified roughness factor (SRF) set to 1, Goel et al. (1994) proposed an
empirical method for evaluating rock mass behavior [51]. The tunnel depth
(H), tunnel span or diameter (B), and rock mass number (N) were all taken
into consideration. In the Himalayan region, where all 27 squeezing tunnel
sections were examined, 38 of the 60 data sets came from 5 projects. The
remaining 72 data sets were from sections that weren’t squeezed. The relevant
data was displayed by the authors on a log-log diagram between N and HB’!
(See Figure 2.21). Squeezing states are represented by data points above the

line AB with the following equation:

H = (275N**)B~01 (2.10)
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Figure 2.21: Goel et al. (1994) approach for assessing the squeezing potential[51]

The non-squeezing conditions are represented by data points below the line.
The tunnel depth H should be significantly more than (275N%33)B=%1 in
squeezing conditions and much less than (275N%33)B~%! in non-squeezing con-

ditions.

2.5.1 Semi-empirical methods

Semi-empirical techniques offer predictive indicators for squeezing situations to es-
timate the expected deformation around the tunnel [52]. Some of the most relevant
approaches have been introduced by Hoek and Marinos (2000) [50] and Aydan et
al. (1993) [49]. Hoek and Marinos (2000) as the most common method is briefly

described in the next section.
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Hoek and Marinos (2000) approach

Hoek and Marinos (2000) proposed plotting tunnel strain (¢) as a function of the
ratio of rock mass strength to the in-situ stress (0u,/Fy) as a means of evaluat-
ing tunneling difficulties in squeezing scenarios (see Figure 2.22). While Hoek and
Brown’s criteria for estimating rock mass strength and deformation characteristics
assume isotropic behavior, these criteria can be adapted for heavily fractured rock
masses where the continuity of bedding surfaces has been disrupted, resulting in

isotropic behavior.
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Figure 2.22: Hoek and Marinos (2000) approach for estimation of tunnel deformation [50]

The curve can be constructed using the following equation:

% _ 10.002 — 0.00252 | (%em (2452) 2.11

where the support pressure (pi) starts at zero and increases until the strain reaches

an acceptable level. Py is the in situ stress; 9;, the tunnel sidewall deformation; and
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d, is the original tunnel diameter measured in meters.

2.5.2 Analytical methods

Analytical approaches contain closed-form solutions that simplify the rock mechanics
problem based upon some idealized uniform in-situ stress regime and circular shape
of the excavation. In order to analyze the stress-deformation behavior of the rock

mass and support system (shield or segmental lining), the Convergence Confinement

Method (CCM) is applied.

Convergence Confinement Method (CCM)

The convergence confinement method assumes a two-dimensional plane strain prob-
lem instead of the actual three-dimensional condition. Stress (o) with the value of

equation 2.12 is applied to the interior sides of a circular opening.

o= (1- Aoy (2.12)

oo is the ground in-situ stress, A is called the confinement loss as the excavation
moves further. As can be seen in Figure 2.23, following the loss of confinement, the
deformation would rise. Therefore, a support system installed at the face would be
more and more under pressure as the face advances and the confinement produced

by the face effect decreases.
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Figure 2.23: Change in confinement loss with the tunnel advance [53]

The CCM consists of three basic components: the Ground Reaction Curve
(GRC), the Longitudinal Deformation Profile (LDP), as well as the Support Char-
acteristic Curve (SCC) [54]. Figure 2.24 shows the combination of all these graphs
and how they can be integrated to estimate the load acting on the support system.
In the beginning stages of excavation, the tunnel face effect or the confinement loss
is lower, which means less pressure carried by the installed support system. As the
tunnel face moves away, more and more pressure will be absorbed by the support.
According to the diagram, the displacement increases from zero to the maximum
uM during rock mass excavation. The critical pressure P, (point E) marks the point
where internal stress P; adjusts from its initial in situ condition of o, (point O) and
elastic stress ends, making way for plastic stress. Eventually, the stress surrounding
the rock mass excavation will decrease to zero (point M). It is critical to apply a
confining pressure at a specific point (point D) on the excavation boundary to avoid
excessive radial convergence, as determined by the support characteristic line. To
ensure compatibility of deformations at the interface between the rock support and
the rock wall, the radial displacement of the support should match that of the rock
wall after installation.

The CCM is based on certain assumptions. It considers the tunnel as circular,

which is always the case for a TBM excavated tunnel. Moreover, a hydrostatic stress
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state is assumed for the region. This assumption however brings a limitation, as
in most instances the in-situ stress is not hydrostatic. This is especially critical in
shallow conditions (See Figure 2.25). However, as the tunnel gets deeper, which is
the subject of this research, the horizontal-to-vertical ratio (k) becomes closer to
one. Application of CCM should especially be avoided when k<0.6, otherwise, the

average of the vertical and horizontal stresses can be used as o [46].

Horizontal to vertical stress ratio

k = (px+ py)/ZPZ
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Figure 2.25: Variation of horizontal to vertical stress ratio as a function of the depth [55]

Different solution methods have been suggested for analyzing the rock support
interaction with CCM by calculation of the plastic zone extension and the derivation
of the Ground Reaction Curve. For instance, Duncan Fama (1993) developed a
closed-form solution that applies the Mohr-Coloumb as the failure criteria and is
able to calculate small strain deformations with dilation [56]. As for the Hoek-
Brown criterion, Carranza-Torres (2004) introduced formulations that can apply this
criterion for similar small strain conditions [57]. Another approximation method

was developed by Vrakas and Anagnostou (2014) which uses the Mohr-Coloumb
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criterion and can be applied also for large strain problems with dilation [58]. In this
investigation, the two most commonly applied closed-form solutions for small strains
(Duncan Fama (1993) and Carranza Torres (2004) ) are introduced and subsequently

applied in the system.

Duncan Fama solution (1993)-Mohr Coloumb criterion

The exact solution for determining the plastic zone extension and the radial con-
vergence of a circular opening in a Mohr-Coloumb perfectly plastic material is in-
troduced in this section. Figure 2.26 depicts an infinitely long circular tunnel of
radius a with an internal pressure p; as well as in-situ stresses of oy assuming a
plain strain condition. The tunnel wall converges to u{ due to the internal pressure
p; being reduced below its starting value oy. A failure zone with a radius of R,

forms around the tunnel when the internal pressure p; drops below the critical value
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Figure 2.26: The mechanical behaviour of a circular shaped tunnel in a Mohr-Coloumb
elasto plastic material for a uniform in-situ stress field [59]
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The elastic and plastic behavior of the rock is given by Young’s Moulus(E),
Cohesion(c), Friction angle(y), and the dilation angle(¢)). The Shear Modulus of

the rock is estimated with the following equation:

E
¢= 2(1 + v) (2.13)

The internal friction angle, cohesiveness, and dilation angle all play a role in the
material’s plastic behavior. The major and minor principal stresses, denoted by
o1 and o3, are correlated according to the Mohr-Coulomb failure criterion. This

relationship can be stated as follows:

o= Kyo3+ 04 (2.14)

Based on the internal friction angle, the passive reaction coefficient K, is computed.

~ L+sing

K, = ——
1 —singp

o (2.15)

As shown in Figure 2.26, the Mohr-Coulomb failure criterion uses the intercept of
the linear envelope with the vertical axis to represent the unconfined compression
strength (o), and the slope of the linear failure envelope, K,. The material’s volu-
metric response is affected by the dilation angle, which can either be non-associated
or associated (equal to the internal friction angle). In the case of non-associated or
associated dilation angles, there will be no volumetric change or expansion during
plastic deformation, respectively. The elastoplastic formulation provided here uses

the parameter Ky, which is similar to K, but depends on the dilation angle.

_ 1+singy

K,=_—"""7
v 1 —sin®y

(2.16)

cr
7

The critical stress level for failure initiation, p§", can be computed using Duncan

Fama’s analytical method, assuming no plastic volume change in the rock mass, as
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shown below:

200 — Oem,
= 2.17
The compressive strength of the rock mass is shown here by the symbol o.,,. The
radius of the plastic zone R, and the inward deformation of the tunnel wall u{ can

be calculated as follows when the support pressure p; is smaller than the critical

pressure p§’:

Ry [ 200Ky —1)+05,) V50
o [<K¢ + D((K, — Dpi + w] (2.18)
%ﬁ - % {2(1 —v)(o0 —Pfr)(%f —(1—-2v)(og — pz):| (2.19)

E is a representation of the rock mass’s deformation modulus.

Carranza-Torres and Fairhurst (2000)-Hoek-Brown criteria

A solution was put out by Carranza-Torres and Fairhurst (2000) on the basis of the
generalized Hoek-Brown failure criteria [54]. As shown in Figure 2.27, the solution
takes into account a cylindrical tunnel section with radius R that is subjected to
uniform far-field stress o, and interior pressure p;. The unconfined compressive
strength of intact rock (o.;), the intact rock parameter (m;), and the rock mass
parameters (my and s) are assumed to determine the behavior of the rock mass

under the Hoek-Brown failure criterion specified by Equation 2.20.

JCZ

01 = 03+ 04 (mb2 + s) (2.20)
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Figure 2.27: The cross-sectional shape of a circular tunnel with a radius R [54]

Internal pressure and far-field stress control the mechanical reaction of rock mass.
Scaling these parameters involves converting internal pressure p; and far-field stress

0, into scaled versions P; and Sy, respectively (See equations 2.21 and 2.22).

Di S
P — 5 2.21
My i + m? ( )
Sp=—0 4 = (2.22)

Mmyoe; M
Rock mass exhibits a change in behavior from elastic to plastic at the critical internal
pressure p;, denoted by point E in the GRC of Figure 2.24. When p{" is greater than
pi, a plastic area with a radius of R,; forms around the tunnel while the rock remains
elastic when p{" is smaller than p; (See Figure 2.27). Equation 2.23 provides the

scaled critical (internal) pressure where the elastic limit is reached.

pr = L [1 - \/TMSO]Q (2.23)

16

The inverse of the equation can be used to determine the real critical pressure
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(Equation 2.24).

S
pi = leT - —} My (2.24)
m

When p; > p¢", the relationship between radial displacements u¢ and internal pres-
sure p; in the elastic part of the GRC (i.e., segment OE in Figure 2.24) can be
expressed by the following equation, where G, is the shear modulus of the rock

mass.
el 00— Di

G

R (2.25)

In case of p; < p§" , the following equation would give us the plastic zone extension.

Ry = Reexp |2(\/P7 — /P (2.26)

To determine the plastic portion of the GRC (EM segment shown in Figure 2.24),
a flow rule for the material must be established. This rule specifies the correla-
tion between the strains that result in distortion and those that cause volumetric
changes as the material undergoes plastic deformation. A linear flow rule is gener-
ally assumed in underground excavation practice, with the magnitude of volumetric
change represented by the dilation angle ¢. If » = 0, no volume change occurs dur-
ing plastic deformation, while ¢/ > 0 results in an increase in volume. In the present
solution, the flow rule is defined by the dilation coefficient K, calculated from the
dilation angle ¢ by the equation K, = (1 4+ sin®)/(1 — sine). For instance, K
equals 1 when ¢ = 0, and Ky is 3 when ¥ = 30. Once the dilation coefficient K, is
determined, the plastic part of the GRC (EM segment in Figure 2.24) is represented

by equation 2.27.
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where v represents the Poisson’s ratio for the rock mass. Assuming no plastic

u? 2G _Ky-1 2 (R Kyt
Roy—pf Ky+1 Ky+1

(2.27)

volume change in the rock mass may be more appropriate in some circumstances.
For non-dilating rock masses with a coefficient K, = 1, equation 2.27 reduces to

equation 2.28.

Pt 2Gm B [1—2V \/ Pfr

an—pf’”_ 2 Sy— P&

1—2v Ry,\1°> 1-2v /P R,
% m( =) - i 2ln (22 41
e (0)] et e ()

Support Characteristic curve

One can use the relationship between the applied stress (ps) and the closure that
results (u,) for a unit length segment of support facing the tunnel to produce the
Support Characteristic Curve (SCC), as shown in Figure 2.24. According to the
equation p, = K,u,, the elastic segment of the SCC, represented by segment KR
in Figure 2.24, can be computed. This relationship is based on the elastic stiffness

(K,) of the support. The stiffness K is expressed in terms of pressure per length,

max
S

i.e., MPa/m. The maximum pressure (p7**) that the support can withstand before
collapsing determines the plastic section of the SCC, commencing at point R and
extending horizontally in Figure 2.24. For instance, the maximum pressure and the
stiffness of concrete lining can be calculated by equations 2.29 and 2.30 [55].

max Occ R — le g

o7



CHAPTER 2

_ E, R*— (R —t.)?
Ko = (1-v)R(1—2v.)R?+ (R —t.)? (2:30)

where FE. is the Young’s Modulus of the concrete, v. is the Poisson ratio of the
concrete, R is the external radius of the concrete or the radius of the tunnel, ¢, is
the thickness of the concrete, and o.. is the compressive strength of the concrete

(See Figure 2.28).

a) b)

Kl

Figure 2.28: Sections of two types of tunnel support systems: (a) shotcrete or concrete
rings, and (b) steel sets modified from Brady and Brown (2006) [55]

2.6 Mitigating measures against the consequences
of rockburst and squeezing in TBM tunneling

To effectively manage risks in a TBM tunneling project, it is imperative to take
measures that can reduce the intensity of potential consequences to an acceptable
extent. This section presents a summary of essential measures derived from the
literature, specifically focusing on addressing the consequences of rockburst and

squeezing in a TBM tunneling project [7].

2.6.1 Mitigating measures against rockburst

The most common measures for reducing the impact of rockbursts in a TBM tun-

neling project fall into two main categories: efficient support system installation and
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proactive measures to avoid exposure of workers to seismic events. Although these
measures cannot fully control the consequences, implementing them can reduce the

potential consequences and enhance the overall safety of the tunneling operation.

Efficient support system installation

The stability issues for high-stress environments in hard rock masses should be an-
alyzed in two categories of static and dynamic events. In static stress situations,
the main focus is on controlling the fracturing around the excavation and prevent-
ing hazards related to progressive buckling of the fractured zone. Stiff boundary
supports in static average to relatively high-stress situations can be applied. The
stiff boundary support could be a layer of shotcrete or a segmental lining system.
However, the application of stiff support systems should be done with caution in
dynamic stress environments. The fibre-reinforced shotcrete is reported as effec-
tive in mild seismic loading situations. As for the high dynamic stress states, the
functionality of stiff support systems is questionable. Thus, the load-deformation
behavior of support is of crucial importance. The emphasis of support for dynamic
events should be on energy absorption rather than on support strength. Inflatable
tubular support tendons as well as more energy-absorbing support tendons such as
cone bolts, D-bolts are well suited for such states. However, they should be supple-
mented by boundary support [17].

According to Wagner (2020), different damage mechanisms could take place as a
result of seismicity: rock bulking as a result of fracturing, strain bursting, rock ejec-
tion, and rockfalls triggered by seismic vibrations [17]. Each of these requires specific
characteristics by the support system to be controlled as shown in Figure 2.29. For
instance, in the case of rock bulking, high deformability and high strength are nec-
essary for the reinforcement tendons, and high deformability, flexibility, and high
tensile strength are required for the retaining support. As for the case of rock ejec-
tion due to seismic energy transfer, in addition to high deformability and strength,
reinforcement tendons should possess the capacity to absorb significant amounts of

energy.
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When using Gripper TBMs, there is a higher flexibility in choosing the aforemen-
tioned support system. In contrast, the segmental lining is regarded as a stiff support
system. The backfilling operation of the annular gap between the segmental lining
and the ground needs to be well conducted to stabilize the segmental lining ring as
early as possible. This involves selecting the appropriate design of backfill injection
methods and conducting on-site testing and calibration to optimize the material’s
deformability and injection locations. By effectively stabilizing the segmental lining,

the risk of rockburst-induced damage can be reduced.

Damage mechanism Damage severity Required
= support functions

Reinforce

Y Hold

Retain

=
Seismically-induced
rockfall

Figure 2.29: Mechanism of Rockburst Damage, Damage severity, and the functions
required by the support system [60]

Reducing the exposure of personnel to rockburst events

Ensuring worker safety is of paramount importance when addressing the risks asso-
ciated with rockbursts. It is necessary to avoid the presence of workers near risky
areas, especially new unsupported surfaces in Gripper TBMs, during the initial
hours following the excavation. The same applies to entering the cutterhed after
excavation. These safety measures allow time for rock-bursting inducing stresses to
equilibrate, reducing the risk of injury to personnel.

Another related measure can be implementing alternative technologies, such as face

inspection cameras and wear-cutting tool inspectors to avoid the presence of workers
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in the cutterhead area, where strainbursts are likely to occur. These technologies
provide real-time monitoring and assessment of the tunnel face condition remotely.
Additionally, implementing McNally system in Gripper TBMs as an innovative tech-
nology provides full protection from the early stages, reducing the risk of injuries

and damages. This measure will be explained in detail in the following section.

The development of Mc Nally system in grounds with rockburst risk

A new system invented by C&M McNally Engineering from Toronto, Canada, offers
a solution for safeguarding personnel and TBM equipment against seismic events in
rock formations prone to bursting [61]. This invention involves equipping the TBM
with a shield consisted of a sequence of hollow rectangular tubes arranged in an
arc. These tubes are interconnected and installed on a framework of curved beams,
running longitudinally along the tunnel axis. The tubes extend from a position
just behind the TBM’s cutterhead to the point where the tunnel roof support is
completed. The attachment of the framework to the TBM enables the shield’s
curved upper surface, formed by the interconnected tubes, to be firmly held against
the tunnel roof. Within specific limits, the height of the shield can be adjusted
accordingly. Prior to the TBM’s stroke, hollow tubes are preloaded with timber
or steel members. The protruding ends of these slats allow them to be securely
bolted to the tunnel roof using steel straps. As the TBM progresses, the slats
are extracted from the pockets and continuously bolted to the roof using the next
straps. This ensures effective support against loose and unstable rocks. Based
on the ground conditions, this system can be applied in the roof area and the
side walls of the tunnel. Figure 2.30 Shows an overview of the system applied in
the Alto Maipo Hydroelectric project (with tunnels of up to 1.5 km depth). As
depicted in Figure 2.30, instead of the conventional finger shield, a roof shield was
developed to integrate the Robbins-McNally slat-type ground support system. The
shield comprised 35 roof fingers positioned to provide protection to the workers from

falling rocks within the TBM vicinity.
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Roof fingers bolted at the back of the roof shield 3 fingers removed showing the empty pockets
used to install McNally rock supports

Figure 2.30: Finger shield removal and McNally system installation [62]

The McNally system is compatible with a range of rock support options, in-
cluding prefabricated rebar, wood/metal slats, and wire mesh, combined with rock
straps and rock bolts [63]. A very successful application of the above system was
in Peru’s Olmos Trans-Andean Tunnel. The tunnel is the second deepest civil work
tunnel in the world after AlpTransit, below 2 km of Andean rock. The encoun-
tered rock types varied from quartz porphyry to andesite, dacite, and weak rocks.
A Robbins open TBM was later in 2006 applied to excavate the remaining 12.8
km of the tunnel. After running into severe rock bursting and squeezing issues, a
new plan was devised that involved modifications to the TBM. Specifically, the roof
shield fingers, which were under damage from falling rocks and rock bursting, were
replaced with the McNally Support System utilizing steel slats. With the implemen-
tation of this system, safe progress was achieved even under extreme rock bursting
conditions. The TBM successfully completed the breakthrough in December 2011,

despite experiencing approximately 16,000 recorded rock bursting events.
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Figure 2.31: Detailed view of the Mc Nally system [63]

2.6.2 Mitigating measures against squeezing

This section introduces the mitigating measures aimed at addressing the three pri-
mary consequences associated with squeezing in TBM tunneling: shield jamming,

support damage, and difficulties in gripper bracing.

Measures against shield jamming

e Providing sufficient overcutting: A high enough excavation diameter yielding
a large shield gap behind the shield has proved to alleviate squeezing risks by
providing space for ground movement and reducing stress concentrations (See

Figure 2.32).
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tunnel wall

TBM shield

Figure 2.32: Overcutting of the tunnel diameter to provide space for ground deformation
[64]

e Shield lubrication is another measure that can reduce the likelihood of jamming
by lowering the existing friction between the ground and the shield. Figure
2.33 depicts a system specifically designed for the injection of bentonite, aimed

at lubricating the shield of a TBM.

Bentonite shield lubrication ¥

" 4 Hydraulic shield
=  |ubrication port

Figure 2.33: The external shield lubrication system to alleviate the jamming risk [65]

e Choosing the appropriate shield geometry is a crucial decision when choosing a
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TBM for a project. The shield length plays a significant role, as a shorter shield
reduces the potential contact between the ground and the shield, consequently

requiring less frictional force to overcome.

e Due to the time-dependent deformations in squeezing grounds, implementing
a high advance rate of excavation is another measure to address the jamming
risk. However, this may require modifications to the project’s shift system,
as continuous operation necessitates adequate staffing and increased logistical

support.

e Proper anticipation of potential jamming hazards can be achieved through
systematic sub-horizontal exploration drilling ahead of the TBM. By gathering
geological information and identifying unstable zones, steps can be taken to

mitigate the risks associated with squeezing and buckling.

Measures against support damage

e For a gripper TBM, utilizing yielding support systems, such as sliding ribs
and openings in shotcrete with compressive elements, is effective in accommo-
dating ground movements. Such flexible support systems allow for controlled
deformation and help to avoid subsequent support damage. Figure 2.34 illus-
trates an example of the application of steel sets with sliding joints for enabling

controlled deformation in the Yacambui-Quibor tunnel in Venezuela [66].
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Shotcrete lining

Lining thickness

f

Figure 2.34: Yielding Support Design Details in the Yacambu-Quibor Tunnel [66]

For Shielded TBMs, using high-strength concrete and a high steel ratio in the
segmental lining construction enhances its structural integrity against high
squeezing deformations. These measures ensure a high load-bearing capacity

for the lining, reducing the risk of support damage.

In extreme squeezing conditions, utilizing a deformable annular backfill can
be beneficial. This measure allows the lining to adjust to ground movements

and possibly reduce the support damage.

An essential aspect to consider in shielded TBMs is the significant thrust forces
exerted on the segmental lining when passing through squeezing zones. It is
crucial to incorporate the anticipated thrust force into the lining design to

guarantee the stability and integrity of the tunnel structure.

The implementation of the double lining concept can be regarded as a final
measure to address the limitations of the existing lining in ensuring tunnel
stability. By introducing an additional layer of support, the load is distributed,
thereby enhancing the overall stability of the tunnel structure. This measure
must be avoided by other mitigating measures due to its low cost and time

efficiency.
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Measures against gripper bracing difficulties

Gripper bracing difficulties arise in squeezing grounds when the ground is exces-
sively soft, leading to inadequate thrust forces from the gripper shoes, hindering
the excavation and advancement of the machine. To mitigate such issues, it is vital
to equip the machine with appropriately sized gripper shoes. Alternatively, one ef-
fective measure involves installing timbers behind the gripper shoes to increase the
pressurizing area. This implementation helps evenly distribute the forces exerted by
the gripper shoes, thereby minimizing the risk of bracing-related issues. However, it
can interrupt the excavation operation and reduce the advance rate of the machine.

In conclusion, the implementation of the measures introduced above is of utmost
importance for the successful execution of the project and the safety of personnel
and equipment. Thoroughly considering their potential effects on costs and advance-
ment rates is essential to achieve optimal outcomes. By prioritizing these measures,
project teams can mitigate risks effectively and maintain a secure working environ-

ment, ultimately leading to successful project completion.
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Methodology

In this chapter, we will explore the process of defining a representative quantity for
risk evaluation, building upon the literature review and introduction of prediction
tools. By analyzing the information, we aim to establish a logical framework for
selecting a suitable index to capture the level of risk in a TBM tunneling project.
The following requirements are defined for the framework of this risk assessment

index:

e The quantity should be able to integrate the extent of the main geological risks

(Rockburst and Squeezing) and enable a decision-making procedure.

e The index is intended to be cumulative and consider the whole length of the

excavation.

e Moreover, the system should have the capability of considering the mitigating

measures for minimizing the risks.

To fulfill the requirements of this risk assessment system, several relevant prediction
tools are tested by the case studies, and employed accordingly in the system. The
chosen quantification method for this project is mainly the Monte Carlo simula-
tion approach, which is regarded as the most common probabilistic risk assessment
method.

According to the analyses made in Chapter 2, the main consequences to be consid-

ered for squeezing and rockburst for different types of TBMs are listed in Tables 3.1
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and 3.2 , respectively. It should be noted that the likelihood of shield jamming as a

result of a rockburst is low unless an extremely severe rockburst occurs.

Table 3.1: The classification of Squeezing consequences for different types of TBMs

Injuries Damage Jamming Damage Gripper

to workers to equipment of the shield to support bracing difficulties

Open TBM * * * * %
Single Shield TBM * * * * _
Double shield TBM * * * * *

Table 3.2: The classification of Rockburst consequences for different types of TBMs

Injuries Damage Damage Gripper

to workers to equipment to support bracing difficulties

Open TBM * * * *
Single Shield TBM * * * -
Double shield TBM * * * *

3.1 The quantification procedure for the system

An unexpected event has the potential to cause a range of accidents, with both eco-
nomic and non-economic consequences. These consequences can often be expressed
in monetary terms or described qualitatively to reflect their impact. As previously
mentioned, the ideal system for this research should be capable of integrating the
two primary risk categories of rockburst and squeezing. To achieve this, a gen-
eral formulation is adopted, where each consequence is quantified separately for a
specific chainage of the tunnel (L;). The degree of consequences resulting from rock-

burst and squeezing are quantified using Table 3.3, which assigns a number from
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one to five to represent the severity of each consequence, with one indicating an
insignificant outcome and five denoting a catastrophic one. These consequences are
classified as squeezing risk (SR;;) and rockburst risk (RBR;;) for each formation
1 and risk category j. To better capture the criticality of each risk in relation to
TBM selection, a significance factor (W) is assigned to each consequence. In this
research, the author’s general knowledge is supplemented with a consultation to pro-
vide a rough approximation of the significance factors (See Table 3.4). Furthermore,
each consequence is quantified individually for a specific section of the tunnel length
(L;). Figure 3.1 illustrates the longitudinal cross-section of a tunnel with different
ground classes and lengths being excavated by a TBM. The total rock mechanical
risks associated with a specific TBM’s application can be calculated by summing the
consequences of all ground classes with different lengths, as described in equation
3.1. The proportion of the tunnel length associated with each ground class (%) is
used in the index to normalize the risk quantity to the length of each section ¢. The
consequences are preferably evaluated in a probabilistic manner, meaning that at
the end a distribution for the TBM Risk index is presented. In the next two sections

of this chapter, methodologies for determination of the squeezing risk (SR;;) and

rockburst risk (RBR;;) are introduced accordingly.

Table 3.3: Quantification of the consequences in the system based on their extent

The consequence extent The consequence quantity

Insignificant 1
Minor 2
Moderate 3
Major 4
catastrophic )
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Figure 3.1: The cross-section of a tunnel with different rock characteristics and the
corresponding length being driven through by a TBM

TBMpr =Y Y. (SyWs + RBy; Wr,)- 7 (3.1)
t
i=1  j=1

Where
n = number of formations
m = number of risk types
L; = Length of formation i
L; = Total length of the tunnel
Ws, = The significance factor of squeezing risk j
Wrp,;= The significance factor of Rockburst risk j
S;j = The squeezing risk j for the formation i

RB;; = The rockburst risk j for the formation i
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Table 3.4: The quantification of the significance factors for different consequences

Significance factor

Consequence
Rockburst Squeezing
Cutterhead damage 1 -
Shield damage 1 1
Damage and Shield jamming - 1
time-consuming Other equipment damage 1 1
operation Support damage (Gripper TBM) 0.8 0.8
Support damage (Shielded TBM) 0.8 0.8
Gripper bracing difficulties 0.2 0.2
Injury or fatality 1 0.2
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3.2 Evaluation of the main consequences of squeez-
ing for TBM tunneling

In this section, we will thoroughly examine the potential risks associated with squeez-
ing and propose evaluation methods to incorporate into the risk assessment system.
As discussed earlier in Chapter 2, these risks primarily fall into three categories:

shield jamming and damage, support damage, and difficulties with gripper bracing.

3.2.1 Shield jamming and damage

When a Tunnel Boring Machine (TBM) operates in soft ground and experiences
significant deformations, the primary concern is the potential of the TBM’s shield
to become jammed. In the event of a jammed TBM, subsequent manual release
operations are necessary to resume excavation, which are not only labor-intensive
and expensive but also time-consuming and can pose safety risks. Figure 3.2 shows
a photo of the jamming of the TBM shield in a faulted zone in Golab tunnel, taken
during the rescue operation.

To address the issue of jamming, several researchers have developed methodologies
to analyze and predict this risk. These approaches fall into three main categories:
analytical methods, numerical simulation methods, and artificial intelligence meth-
ods ([67], [68] and [69]). Empirical and semi-analytical methods, which predict
squeezing risk based solely on the extent of deformations, are excluded because they
do not consider the longitudinal deformation profile of the ground and how dis-
placement evolves throughout the shield length. Indeed, the key issue for evaluating
the jamming risk is estimating the required thrust force to counteract the friction
forces developed between the shield and ground due to excessive deformations and
high pressures. Although artificial intelligence methods are the most innovative,
they can be time-consuming and difficult to implement due to the requirement for
significant amounts of training data. Since Al is not the focus of this study, we
will explain the analytical and numerical approaches that will be applied in the

assessment procedure.

73



CHAPTER 3

Figure 3.2: The jammed shield of the double-shielded TBM in Golab tunnel [6]

Analytical approach for determination of the jamming risk

In Chapter 2, the analytical solution for the determination of the ground reaction
curve was explained. In this section, the remaining steps in the calculation process,
which involve estimating the potential friction force on the TBM shield are covered.
Previous attempts by Jafari et al. (2007) and Farrokh et al. (2006) proved the
application of the analytical solution in approximating the frictional force between
the shield and the ground [70] and[67]. Farrokh et al. (2006) proposed that the
pressure on the tunnel boundary can be classified into two distinct components: the
inherent supportive pressure of the ground, and the pressure from the tunnel support
system [67]. The natural supporting pressure is the supporting effect of the tunnel
face contributing to the stability of the ground. To identify the locations where
the shield interacts with the adjacent rock, the longitudinal deformation profile
(LDP) of the rock mass can be used to measure the wall displacement at different
distances from the tunnel face. Following that, the pressure applied by the ground
on the shield can be evaluated at different distances from the tunnel face. This
quantity can be calculated by deducting the natural supporting pressure from the
final pressure applied to the shield at a distance further from the tunnel face.

In order to provide a clear illustration of the estimation process, an instance of a
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Double shielded TBM jamming in the Zagros Tunnel is utilized. This procedure
allows for an approximate evaluation of the shield’s final pressure. According to
Rasouli Maleki et al. (2018), the overcutting of the excavation in this project is
limited to a maximum of 65 mm in radius [71]. The GRC is established through the
use of discontinuous numerical simulations. Furthermore, the LDP of the ground
is calculated based on Vlachopoulos and Diederichs equations [72]. Due to the
stiffness of the shield, the support characteristic curve (SCC) is almost a vertical
line, as shown in Figure 3.3. As can be seen, a displacement of approximately 65 mm
takes place at a distance of around 3.7 m from the tunnel face. This is the first point
where the ground touches the shield. Given that the TBM’s shield length is 12 m,
the final ground pressure acting on the shield can be estimated by the intersection
of a vertical line from this location with the GRC. The following equation can be
used to estimate the ground pressure acting on the shield at a specific distance of x
to the tunnel face P;(x):

Pi(x) = P, — Py(x) (3.2)

where: P, is the natural supporting pressure of the ground at the distance where the
ground gets in contact with the shield, and Py(x) represents the natural supporting
pressure of the ground at a distance x from the tunnel face. By utilizing this equation
at various points (x) on the shield, as shown in Figure 3.4, the relationship between
ground pressures exerted on the shield and the distance from the tunnel face can be
determined. The magnitude of the frictional forces operating on the shield surface
is calculated by summing the TBM weight with the integral of this diagram on the

shield surface.
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Figure 3.3: A combination of the GRC and LDP diagram for assessing the ground
pressure exerted on the TBM shield [71]
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Figure 3.4: Ground pressure variation on the shield in relation to distance from the
tunnel face [71]

The main shortcomings of the analytical solution (CCM)

Prior to applying the analytical solution mentioned earlier, it is important to note
its limitations. In addition to idealized and simplified assumptions made in the
closed-form solutions (hydrostatic stress field, isotropic behavior of the ground, and

uniform tunnel support), other main shortcomings are as follows:
e Uncertainties in the assumed pre-deformation before lining installation;

e Neglecting the effect of the backfilling properties;
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e Lack of details regarding the longitudinal distribution of rock pressure on the

shield and lining [73];

e Failure to consider the influence of stress path on deformations and ground
pressures;
According to Cantieni and Anagnostou (2009), ignoring the impact of the
stress path could significantly affect the accuracy of results for heavily squeez-
ing conditions [74]. In practical terms, inaccuracies arising from the assump-
tion of plane strain are not significant for tunneling scenarios where rigid

support is installed with just a few meters distance from the face.

e Neglecting the effect of machine advance rate and time-dependent ground de-

formations, which as previously discussed are beyond the scope of this work.

Amongst the above shortcomings, this study focuses on addressing uncertainties
related to pre-deformation, the effect of shield and segmental lining installation, and
backfilling. Addressing the inaccuracies arising from the other assumptions requires

additional investigation.

The adjusted analytical solution considering the limitations

The analytical solution comprises three key components: the ground reaction curve
(GRC), which represents the radial displacement of the rock at the excavation
boundary as a function of the support pressure; the support characteristic curve
(SCC), which depicts the radial displacement of the lining based on the rock’s pres-
sure; and the longitudinal deformation profile (LDP) of the ground. A reasonably
accurate estimation of these components is a prerequisite for a proper approxima-
tion of the segmental lining load and eventually the shield friction force.

Regarding the GRC, recent 3D numerical simulations conducted by Hasanpour and
Schmitt (2016) have demonstrated that the behavior of the ground for shielded TBM
tunneling can differ from the traditional excavation methods. This phenomenon is
particularly the case when the TBM’s shield comes into contact with the rock mass

in weak ground conditions and the relaxation takes place [75]. According to Figure
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3.5, neglecting this effect would lead to higher values of ground pressures and higher
shield friction forces. As this aspect was not considered in the study, the evaluations

may be slightly conservative.
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Figure 3.5: Ground Reaction Curve of a TBM excavated tunnel affected by the
interaction with the shield [75]

The analysis of the interaction between the support components (segmental lin-
ing and backfill) and the ground can be best studied by numerical simulations,
however, analytical solutions such as convergence confinement methods can also
provide us with a viable alternative, in case the interactions can be well compre-
hended. There have been attempts to address the limitations outlined above. For
instance, a new technique is devised by Aydan and Hasanpour (2019) [76], which
integrates a theoretical model based on Aydan et al. (1996) [77]. This technique
employs a displacement function that considers face distance, shield type, and rigid-
ity to estimate the contact ground pressure on TBMs during rock squeezing. Oreste
(2015) has developed an innovative procedure for the application of the CCM [78].
This new approach was subsequently slightly modified for better consideration of
the support system stiffness [79]. The main advantage of this method is that it

takes into account the composite stiffness, rather than just the lining stiffness, and
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includes a method for estimating pre-deformation. Additionally, adaptations have
been made to the LDP of the ground using the Vlachopoulos-Diederichs method
to take account of the presence of the TBM shield. These advancements provide a
more comprehensive approach for utilizing the CCM. This approach is applied for
adaptation of the procedure described in section 3.2.1 in order to evaluate the shield
jamming risk and the support damage risk for shielded TBMs.

As depicted in Figure 3.5, the empty space between the segmental lining and the
outer radius of the ground (R) is filled with backfill material such as mortar or pea
gravel mixed with cement grout. To accurately determine the load on a segmental
lining, it is of utmost importance to take into account the properties of the backfill
material [80]. Therefore, when analyzing the load on a segmental lining, the entire
stiffness of the system comprising the concrete and backfill material should be con-
sidered during the calculation process. The following equations are applied for the

estimation of the overall stiffness of the support system kg5 [79].

2E;(1 — vp)R[2ls + (R — t4)k.]

(1+l/f)
ks s —
v Ef(l — 21/f)R2 + (R — tf)Q[Ef + (1 - 21/f)<1 + Vf)k‘ctf(l + ﬁ)] (33)
Ey
(1 + Vf)R
where:
E, — )2 = (R—ty—t.)? 1
b — (R—ty)" = (R—t;—t) (3.4)

(1+ve) (I —=2v)(R—tp)?+ (R—ty —t.)? (R—ty)

E; and vy are the elastic modulus and Poisson’s ratio of the backfill. E. and v,
are the Young’s modulus and the Poisson’s ratio of the segmental lining, respectively.
t; and t. are the thickness of the backfill and the segmental lining, respectively. k.

is the radial stiffness of the segmental lining and R is the tunnel radius.
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Figure 3.6: The cross section of the tunnel excavated by a shielded TBM considering the
over cutting void filled with backfill material (¢f is the thickness of the backfill and t. is
the segmental lining thickness.)

As previously stated, determining the deformation value at the time of lining
installation (up,) is a crucial parameter. Even slight deviations from the correct
value can have a big impact on the rock pressure, especially when the ground re-
sponse is quite non-linear. The Vlachopoulos and Diederichs (2009) formulation for
the variation of radial displacement behind the tunnel face will serve as the basis

for the determination process [72]:

3z

R . o
1'6—0.15.%).6 2 Rpi(ping) (3.5)

UR = URmaz- |1 — (1 —
Ryi(piy) 18 the plastic zone radius when the tunnel interior is subjected to an internal
pressure p;,; from the support system. When there is no overcutting, the shield of the
TBM prevents radial displacements at the excavation face directly behind the TBM
cutterhead. In this case, according to curve 2 in Figure 3.7 , radial displacement
of the tunnel along the whole length (SL) of the TBM shield will be constant and

equal to the value of ug, [78]:

1 Rpl(ping)
UR;in = URmazx- [ge R (36)
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Beyond x = SL, it is possible to hypothesize that the trend of ug resembles curve
1, only with a shift of the shield length along the tunnel axis (x).
If there is overcutting of DR , which occurs when the tunnel radius is larger than
the shield outer radius, the radial displacement profile will resemble curve 3, as
illustrated in Figure 3.7. In this scenario, the following equation is employed to
calculate the pre-deformation value ug ,:

L 015 "ppine)

URin = UR mazx- |:§6 :| + DR (37)

0 in Figure 3.7 refers to the amount of displacement which is hindered due to the
shield existence. Overcutting can both contribute to a reduction of ug;, bringing
about lower load on the support and decrease the value of § leading to less pressure
on the shield of the TBM.

Curve 1 in Figure 3.7 represents the case when the DR is larger than the displacement

at the end of the shield and leads to no pressure on the shield.
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Figure 3.7: The longitudinal profile of radial displacements for different overcutting
values. Curve 1: when DR is larger than the displacement at the end of the shield,
Curve2: when DR = 0, Curve 3: DR smaller than the displacement at the end of the
shield [78]
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According to equation 3.5, by inserting the shield length as x, the ugy or the
displacement at the time of support installation (assuming that backfilling is im-
mediately applied) would depend on ugm... Besides, the intersection of the SCC
and the GRC gives us the value of ugp... However, SCC itself also depends on
the value of ugg. To solve this problem, Oreste et al. (2021) proposed an iterative
procedure, which would finally satisfy both of these dependencies [79](See Figure
3.8). Following the determination of the GRC by Duncan Fama or Carrenza Torres
formulations, a low initial value of ugg is assumed. Then using this initial value, the
backfill void thickness is estimated as follows:

For ugy < DR :
tf=DR—upo+ Ry, — R (3.8)

For ugg > DR :
tf - Rsh - Rc (39)

where: R, is the radius of the end of the shield. Using the backfill thickness in equa-
tion 3.3 , the support system stiffness (ks,s) can be evaluated, which together with
ugro would give us the SCC of the segmental lining. Subsequently, by intersecting
the GRC and the SCC, the maximum final value of support internal pressure (P;,;)
and the maximum radial displacement (ugmq.) are calculated. In the next step, we
need to see how much the displacement at the end of the shield (ug sy ) is according
to the Vlachopoulos equation for LDP (Equation 3.5). In case the displacement
is larger than the overcutting value (DR), equation 3.7 is applied to calculate the
UR,in, Otherwise, up ;, would be equal to ug sr. Finally, the estimated value of ug ;,
is compared to the initial assumed value of ugrg. The loop is continued as long as
this value is smaller than urg. When this value equals to ug;, or becomes larger, it
means that both states (functions defined by the characteristic curves and the LDP
function) are satisfied, and the ug;, and P, can be applied for determination of
the jamming risk. Subsequently, these values will also be used for evaluation of the

support damage risk.
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Figure 3.8: The cross section of the tunnel excavated by a shielded TBM considering the
over cutting void filled with backfill material (Z; is the thickness of the backfill and t. is
the segmental lining thickness.

The assessments for a shielded machine using the introduced analytical solution
are conducted under the assumption that the void area behind the segments is im-
mediately filled with backfill, including pea gravel. However, this assumption may
not always align with the actual conditions. In practice, when the immediate injec-
tion is not implemented, a certain degree of deformation is permitted, resulting in
lower final loads being exerted on the segmental lining.

It should be noted that Gripper TBMs differ from shielded TBMs in that the sup-
port system is selected locally based on the specific ground conditions encountered
during excavation. Thus, the stiffness of the support system and the extent of pre-
deformation at the time of installation will vary depending on the type and location

of the support system [81]. Therefore, it is critical to accurately approximate these
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factors in order to effectively model the behavior of the ground in Gripper TBM

tunneling.

Parametric investigations based on pre-conducted numerical simulations

Numerical simulations have the advantage that they can consider the ground and
TBM components, providing a better approximation of the interaction mechanisms
between the ground and different parts of the machine. Furthermore, numerical
models can incorporate the time-dependent behavior of the ground and the exca-
vation’s advance rate, improving the accuracy of the mechanical behavior of the
material. Previous studies have employed various computational methods to sim-
ulate TBM excavation in challenging geological conditions [82], [83], [84] and [85].
More recent studies by Zhao et al. (2012) [86] and Hasanpour et al. ( [68] and [75])
have demonstrated the capabilities of 3D finite difference in modeling the excavation
process using TBMs. These models are primarily applied to calculate the pressure
on the shield and the segmental lining load.

Generating a numerical model incorporating the machine and the ground can be
time-intensive, and each project necessitates individual and expert modeling. How-
ever, the primary objective of this research is to develop a risk assessment method
that can be promptly utilized for initial investigations. Therefore, the modeling pro-
cedure is not integrated into the system. Instead, the system employs pre-conducted
numerical simulations from past research. Hasanpour et al. (2018) performed a
parametric study to evaluate the impact of various factors on the required thrust
force for avoiding shield jamming [87]. This was achieved by conducting 200 3D fi-
nite difference numerical simulations, identifying the most effective parameters, and
performing a nonlinear regression analysis to establish a correlation between the
machine performance and rock mass parameters (See Figure 3.9). Table 3.5 con-
tains the range of the input data chosen for the conducted numerical simulations.
A correlation between contact loads and numerous independent variables, including
geomechanical and TBM parameters was found using the MVR approach. This

led to the creation of a predictive model for calculating the necessary thrust force
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depending on particular machine and ground circumstances.

Sren = JroM (3.10)
6.35UC'S + 12.65GSI + 7.55m; + 32.85E; + 9.5DR

Fy = p.Fyp, = 22811 (Stpn) "™ (3.11)
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Figure 3.9: (a) Illustration depicting the configuration of a single shielded TBM suitable
for use in squeezing conditions. (b) Representation of the 3D model in FLAC3D [87].
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Table 3.5: The range of parameters assumed for the set of numerical simulations [87]

Ground properties, tunnel parameters and

Unit  Value

SS-TBM components
Geological Strength Index (GSI) - 20-60
Hoek-Brown material constant (m;) - 4-20

Uniaxial compressive strength (UCS) MPa  5-75

Elastic modulus of the intact rock (F;)  GPa 540

In-situ stress (P0) MPa  2-20
Tunnel outer radius (R) m 2-9

Overcutting (DR) mm  20-200

Shield length (SL) m 8-12

The expression for calculating F; involves several parameters, including the
UCS (uniaxial compressive strength) of the intact rock in MPa, the GSI (geological
strength index), m; (material constant based on the Hoek-Brown failure criterion),
E; (elastic modulus of the intact rock in GPa), and DR (overcutting in cm). When
using Jrpay to calculate FYy, the values of iy, R, and L should be entered in MPa
and meters, respectively.

Similar investigations through several thousands of 2D simulation models provided
dimensionless design nomograms for analyzing the particular challenges of mech-
anized tunneling in squeezing ground, the occurrence of shield jamming and the
effects of counter measures for different types of TBMs [73]. Figure 3.10 shows two
of the nomograms out of dozens of nomograms developed by Ramoni and Anag-
nostou (2010) [73]. Fy in the graph is the frictional force in the front shield, ¢

is the friction angle of the rock mass, and 1 is the dilatancy angle of the ground.
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It should be noted that the nomograms were developed with the assumption of a
uniform ground condition. However, it is important to consider that the degree of
squeezing can fluctuate significantly over short distances along the tunnel’s path.
For instance, in the event of a fault section with squeezing potential for a short
length, the assumption of the weak ground over a long enough section leads to an
overestimation of the squeezing hazard. This is an assumption that is made for all
the methods introduced in this research including the 3D parametric method as well
as the adjusted CCM analytical solution.

In contrast to the formulation presented by Hasanpour et al. (2018) [87], the nomo-
grams developed by Ramoni and Anagnostou (2010) [73] are less conducive to adop-
tion in a risk assessment system due to the large number of nomograms involved. To
facilitate the application of these nomograms in the risk assessment, the 2D nomo-
grams were converted into a smaller number of 3D nomograms, and curve fitting

using interpolation was automated by coding in Matlab (See Figure 3.11).
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Figure 3.10: Two of the dimensionless diagrams developed for estimation of the rear and
forward frictional force of the shield in squeezing grounds [73]
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Figure 3.11: A 3D nomogram for estimation of the frictional force on the front shield of
a Double shielded TBM.

Jamming risk level determination

Once an estimate of the shield frictional force has been obtained, the next step is to
assess the risk of the shield jamming both qualitatively and quantitatively. This is
essential in order to effectively integrate this risk with other potential risks within
the system. To accomplish this, the ratio of the shield frictional force to the available
thrust force for pushing the shield and cutterhead forward is defined as the shield
jamming riks (JR) using equation 3.12.

Fy_ _ Fy

JR=

= —_— 3.12
Fa Fth_Fe ( )

Where Fj, is the available thrust force that can be applied for pushing the shield
through the squeezing zone, calculated by subtracting the thrust force required for
the excavation of the rock (F,) from the maximum thrust force (F};,) that the thrust
cylinders or the auxiliary thrust cylinders (in the case of single shield or double
shield TBMs) can provide. Hou et al. (2023) applied the same ratio and developed
a classification rule for the shield jamming risk as follows [88]:

JR > 1 Very high jamming risk

0.8 < JR < 1 High jamming risk

0.5 < JR < 0.8 Medium jamming risk
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0.3 < JR < 0.5 Low jamming risk

JR < 0.3 Very low jamming risk

The same criterion is also applied in this research.

Analysis of some case studies for the jamming risk

To assess the reliability of the the aforementioned methods for the estimation of
the shield friction forces, three case studies where TBMs of different types (gripper,
single shield, and double shield) were jammed are chosen. Each case study will be

shortly described and the calculation results are presented accordingly.

Uluabat tunnel-single shielded TBM

The Uluabat tunnel in Turkey experienced several shield jamming events when the
5.05 m diameter single-shielded EPB-TBM encountered claystone with intense shear
and squeezing conditions. Figure 3.12 shows a view of the end of the shield and the
beginning of the segmental lining installed in a squeezing zone, well indicating how
the over-excavation gap is filled with deformed rock. It is reported in the project
that excessive cylinder pressure caused damage to the segmental lining. To ana-
lyze the excavation at three different chainages with varying overburdens in similar
geological conditions, three sets of evaluations were carried out for 125 m, 250 m,
and 300 m of overburden. These evaluations involved taking the vertical stress and
treating it as a hydrostatic stress state across the region. Consequently, stress mag-
nitudes of 3.06 MPa, 6.125 MPa, and 7.35 MPa were determined as part of the
evaluation process (assuming a density of 2450 kg/m?3). Geotechnical and perfor-
mance parameters, along with segmental lining properties, are included in Tables
3.6, 3.7 and 3.8 taken from Hasanpour et al. (2017) [89]. To incorporate variability
in the parameters, a normal distribution is used in a probabilistic approach using
Monte Carlo simulation. The Empirical Rule, stating that 95 percent of the data
lies within two standard deviations, is applied to set a range of acceptable values

between p-20 and p+20 (p is the mean and o denotes the standard deviation),
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beyond which values are discarded to avoid unrealistic random selection.

The resources which were referred to for the determination of ground properties
did not well distinguish between the two failure criteria of Hoek-Brown and Mohr-
Coloumb and converting the parameters from one criterion to another did not pro-
duce the anticipated values. Therefore, a comparison between the 2D parametric
modeling method, which takes Mohr-Coloumb parameters as the input, and the 3D
parametric modeling method which takes Hoek-Brown criterion parameters was not

possible.

Figure 3.12: The jamming of the shield in Uluabat tunnel [90].

Table 3.6: The geotechnical parameters of the jamming zone in Uluabat tunnel

Statistical measures Geotechnical Parameters

M B (MPa) Y on (MPa) O

Mean 6 235 0.275 0.7 19.5

Standard Deviation 0.66 232 0.087 0.25 2.75
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Table 3.7: The performance parameters of the TBM in Uluabat tunnel

Radius Overcutting-DR ~ Shield friction Shield Length Max. thrust force

(m) (cm) (1) (m) (MN)

2.525 3 0.45 12 28

Table 3.8: The segmental lining and backfill properties in Uluabat tunnel

Segmental Lining Backfill

Thickness(m) UCS (MPa) E.(MPa) v, E;(MPa) vy
Mean 0.3 27.5 36000 0.2 500 0.4

Standard Deviation 0 1.25 0 0 0 0

A primary deterministic approach is adopted using the Convergence Confine-
ment method based on Carrenza Torres closed form solution (CC-CT) and the 3D
modeling formulation by Hasanpour et al. (2018) [87]. Some actual data acquired
from the measurements in the project are also employed for validation of the esti-
mation results. The actual data for zones z1, z2 and z3 (H=125m, H=250m, and
H=300m) are the maximum thrust forces which are taken by deducting the cutting
forces and assumed to be purely consumed for the shield frictional forces [91]. Fig-
ure 3.13 shows the summary of the results. As can be seen, the analytical results
either underestimate or highly overestimate the shield frictional forces, whereas the

3D modelling approach results are closer to the actual data.
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Figure 3.13: The deterministic approach for evaluation of the shield frictional force in
three zones of Uluabat tunnel.

In order to consider the variability of input parameters, a probabilistic approach
incorporating 40 iterations (randomized selection of parameters) is also implemented
and the results are presented in Figure 3.14 and Table 3.9. Since there were not a
variety of existing measurement data on-site in each region, the actual data could

not be compared in this case.
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Figure 3.14: The probabilistic approach for evaluation of the shield frictional force in
three zones of Uluabat tunnel.

Table 3.9: The mean and standard deviation of shield frictional force using different
methods and in different overburdens in Uluabat tunnel

3D Modelling CC Carrenza Torres

Overburden

Mean Standard Deviation | Mean Standard Deviation

H=125m 19.2 2.6 0 0.5
H=250m 46.1 2.5 67.6 19.1
H=300m 60.8 7.7 118.5 23.3

Gothard base tunnel - Lot Bodio-gripper TBM

During the construction of the Bodio lot of the Gotthard Base Tunnel in Switzerland,

the excavation using two gripper TBMs encountered unexpected squeezing ground
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conditions in the western tunnel that caused problems. Specifically, the shield of
the western TBM became jammed, resulting in the convergence of the bored profile
and damage to the tunnel support. Tables 3.10 and 3.11 contain the geotechnical
and performance parameters used for the estimation of the shield friction force. It
is important to note that the squeezing zone has a depth of 1000 m.

The western TBM was jammed and the shield was damaged, whereas the eastern
TBM could pass the same region without much difficulty. The uncertainty in the
ground conditions was recognized as the main cause for these two different outcomes
[73]. Vicenzi et al. (2007) reported that at chainage 13+698 m, the shield jack
pressure reached a maximum of 300 bar, resulting in the machine getting jammed
[92] (refer to Figure 3.15). Assuming that 300 bar corresponds to a maximum thrust
force of 27000 KN on the machine, we estimate that the rise in the cylinder thrust

force due to excessive pressure would be around 23.5 MN, based on Figure 3.15.

Table 3.10: The geotechnical parameters of the Micaceous gneiss in the Bodio section of
Gotthard Base tunnel

Statistical Measures Geotechnical Parameters

Mmi  E; (MPa) Y o4 (MPa) GSI E(MPa) ¢ oc (MPa)
Mean 28 10000  0.25 20 57 6568 337 6.6

Standard Deviation 167 0 0 7.5 0 1278 3.2 2.5

Table 3.11: The performance parameters of the TBM in the Bodio section of Gotthard
tunnel

Radius Overcutting-DR ~ Shield friction Shield Length Max. thrust force

(m) (cm) (1) (m) (MN)

4.465 > 0.45 4.3 27.5
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Figure 3.15: The variation of Pressure of the upper shield jacks in the western TBM of
Gotthard tunnel-Bodio section [92].

According to Hasanpour et al. (2018) [87], the 3D modelling method is specif-
ically designed for shielded machines, as it assumes a predefined segmental lining
installation. Hence, in this research, the 2D modelling and the CC method are used
for gripper TBMs. It should be noted that if a support system is positioned near
the tunnel face in gripper TBM, its influence in controlling the plastic zone exten-
sion and the final deformation of the ground should be considered. Ramoni and
Anagnostou’s simulations conservatively disregard the effect of the support system.
In contrast, the CC method (based on Carrenza Torres or Duncan Fama solution)
developed in this study can account for the support system if there is sufficient
data on its location and mechanical properties. Alternatively, we could choose to be
cautious and neglect its influence. In the case of the Bodio section of the Gotthard
tunnel, due to a lack of information in this regard, the support system is ignored,
and a probabilistic analysis using Monte Carlo simulation is conducted for 100 iter-
ations, with the results presented as histograms in Figure 3.16. The summary of the
statistical parameters gained from the analysis is also inserted in Table 3.12. The
results reveal that the 2D modelling method displays an extensive range of values
from 0 to 343 MN, indicating a higher likelihood of jamming. In contrast, the CC

method utilizing Duncan Fama solution demonstrates a more focused range between
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0-76 MN. In this case study, the values obtained from the CC method appear to be
more realistic, as one of the two gripper machines excavating in the area became
stuck, while the other did not face any jamming issues. We have chosen to present
only the Duncan Fama solution since they generate higher values than the Carrenza

Torres method, which would provide a more secure margin for decision-making.
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Figure 3.16: The probabilistic approach for evaluation of the shield frictional force in
three zones of Uluabat tunnel.

Table 3.12: The mean and standard deviation of shield frictional force using different
methods for the Micaceous gneiss in Bodio section of Gotthard tunnel

No. of iterations 2D Modelling CC Duncan-Fama

Mean Standard Deviation Min Max | Mean Standard Deviation Min Max
100

83 99 0 343 74 13.8 0 76

Guadarrama tunnel-Double shielded TBM

Four double-shielded TBMs, with a diameter of 9.46 m and 9.51 m, were used to
excavate the tunnel of Guadarrama. The 600 m long fault zone known as La Um-
bria, which is located 300 m beneath the surface, was expected to have squeezing
ground conditions during construction. However, these circumstances did not arise
during the excavation process and the machine could pass the region without jam-
ming issues.

In this section, the CC method together with the 2D modelling method are applied

to investigate the jamming risk. Since there was no information regarding the seg-
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mental lining in this project, certain characteristics had to be assumed to facilitate a
comparison between the analytical method and the 2D numerical modelling method.
Tables 3.13 and 3.14 contain the geotechnical and performance parameters pertain-
ing to the squeezing region. Based on the existing data, the 3D modelling method
which requires the Hoek-Brown criterion parameters is not applied. It is important
to mention that a friction coefficient of 0.25, recommended by Ramoni and Anag-
nostou (2010), was assumed to account for the impact of lubrication applied during

the excavation process [73].

Table 3.13: The geotechnical parameters of rock mass in the faulted region with
squeezing potential in the Guadarrama tunnel

Statistical Measures Geotechnical Parameters

V. E MPa) ¥ oc(MPa)
Mean 0.25 500 20 4

Standard Deviation 0 100 0 1.75

Table 3.14: The performance parameters of the TBM in the Guadarrama tunnel

Radius DR  Shield friction Total Shield Forward Shield Max. Thrust

(m)  (cm) (1) Length (m) Length (m) Force (MN)

4.73 4.5 0.25 15.24 5.04 125

The graphs in Figures 3.17, 3.18, and 3.19 illustrate the Monte Carlo analysis
results using 2D modelling and the CC method obtained from 100 iterations. The
machine can provide 8 MN by the main system of cylinders to push the cutterhead
and the front shield forward [73]. A large proportion of the data from 2D modelling
exceed this limit, whereas, the CC method gives a mean value of 5.2 MN and a stan-

dard deviation of 5.3 MN considerably lower than the max. available force (refer to
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table3.15). The results in the other graphs (Figure 3.18 and 3.19) and their com-
parison to the available thrust forces of the auxiliary cylinders in single and double
mode (108 MN and 125 MN, respectively) imply the same conclusion that the 2D
modelling method highly overestimates the frictional forces. Due to limitations in
the number of available numerical simulations, certain assumptions had to be made
regarding the stiffness of the lining, backfill, and shield, as well as the geometrical
features of the shield etc. that were established by the developers of this method
[73]. The main advantage is that in almost all cases the designer can ensure a safe
margin against the risks.

Drawing upon the results obtained from the last three case studies, it can be con-
cluded that the parametric 3D modelling method and the convergence confinement
(CC) methods offer values that are more closely aligned with the actual outcomes
observed in the projects. The assumptions defined in the 2D parametric method

lead to high overestimation in the shield frictional force values.
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Figure 3.17: The variation of shield frictional forces on the front shield of the DS TBM
in Guadarrama.
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TBM in Guadarrama.
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Table 3.15: The mean and standard deviation of shield frictional force using different
methods for the jamming zone in Guadarrama tunnel

Method No. of iterations Mean Standard Deviation
CC Duncan Fama 100 75.3 26.6
Total shield friction force (MN)
2D Modelling 52 245.5 34.2
CC Duncan Fama 100 5.2 5.3
Front shield friction force(MN)
2D Modelling 52 100.7 12.3
CC Duncan Fama 100 70 21.8
Rear shield friction force(MN)
2D Modelling 52 144.7 224

3.2.2 Support damage of shielded TBMs

This section is dedicated to addressing the issue of overstressing the support system
for shielded TBMs and proposing methodologies to evaluate the associated risks. In
the case of a gripper TBM, the support system can consist of various elements such
as shotcrete, rockbolts, steel sets, etc. Depending on the distance of the support
installation from the tunnel face, the support system may be subjected to specific
loads. It is worth noting that if the type and location of the support system are
known, the methodology introduced in this section can be adapted for gripper TBMs
as well.

When constructing deep tunnels, the interaction between low rock mass quality
and excessive or unfavorably oriented in-situ stress is often responsible for extreme
deformations of unsupported tunnels or overstressing of support systems. These
problems can arise not only during TBM excavation, which can lead to TBM shield
jamming but also after the machine has passed through severe squeezing grounds.
In such cases, the advance of the TBM shield through squeezing grounds requires
excessive thrust force on the segmental lining, potentially causing damage to the
segments. To prevent this, thrust forces should be limited to below the strength of

the segmental lining, or preventive measures should be implemented to reduce the
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required thrust forces for advancing through the squeezing grounds.

Understanding the factors that contribute to damage to the support systems of
shielded TBMs in squeezing grounds is crucial for ensuring safe and efficient tun-
neling operations. It has the potential to increase costs, cause construction delays,
and pose safety risks. In order to achieve secure and effective tunneling operations,
it is necessary to comprehend the factors and elements that lead to damage to the
support systems. There are two main mechanisms that can cause damage to the
support system of shielded TBMs: excessive radial deformation on the exterior side
of the support system, and longitudinal cracks on the segmental lining resulting
from excessive thrust forces by the cylinders. These mechanisms are individually

discussed in the following two chapters.

Damage to the exterior side of the support system

This type of damage is a direct result of excessive isotropic or anisotropic defor-
mations of the ground with the segmental lining. Such deformations can create
pressures that exceed the compressive or tensile strength of the segmental lining.
Researchers have developed empirical correlations to evaluate the load on the sup-
port system based on rock mass classifications such as Q and N [51], [47]. However,
the main limitation of these methods is that they do not consider factors such as
the interaction of the shield and ground, the distance between the tunnel face and
the installed support, the backfill characteristics, the longitudinal deformation of
the ground, etc. As a result, these methods will not be included in this study.
Instead, two categories of methods of analytical and parametric studies based on
pre-conducted numerical simulations will be studied individually. These investiga-
tions also have certain disadvantages such as the inability to capture damages caused
by anisotropic ground deformations. Furthermore, they only consider compressive

failure and not tensile failure, which is often the case.
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The analytical method based on the Convergence Confinement approach

The analytical approach introduced in section 3.2.1 can take into account several im-
portant factors including the longitudinal deformations of the ground, the influence
of the shield, and the initial deformation before support installation. By consid-
ering these factors, this approach enables the determination of the load acting on
the support system (P;,;) using the procedure described in Figure 3.8. With this
determined value, the maximum circumferential principal stress on the segmental
lining can be evaluated using the following formulation:
2. Py

Sig]-mawcc I
[1 — _(Rcégc)ﬂ

(3.13)

Parametric study based on pre-conducted 2D axisymmetric numerical

simulations

It is generally recommended to employ numerical modeling for the cases where sig-
nificant squeezing potential exists. But as mentioned before, the risk assessment
procedure in this study is supposed to put forward a quick preliminary evaluation
of the risks, because every numerical investigation requires a thorough modeling of
different components. Therefore, pre-conducted numerical simulations with a cer-
tain range of parameters are more suitable for this system.

Following up on their previous studies on the assessment of squeezing risks of TBM
excavation, Ramoni et al. (2011) dealt with lining overstressing as the other key con-
sequence arising from extreme squeezing [80]. The main focus is on the evaluation
of the ground pressure acting on the segmental lining in a shielded TBM. According
to their findings, discarding the type, location, and thickness of the backfilling can
significantly affect the ground pressure acting on the segmental lining. To conduct
numerical calculations, they utilized the finite element code HYDMEC from ETH
Zurich with certain simplifications. The numerical coding is based upon the axially
symmetric model shown in Figure 3.20. It is assumed that the tunnel is cylindrical,
deep-seated, and excavated in a homogeneous and isotropic ground with a uniform

in-situ stress state. Moreover, the size of the void between the shield and ground
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and between the segmental lining and ground is assumed as constant and the TBM
weight is not included. Another very important simplification is that bending of the
segmental lining is neglected and only normal forces are assumed to develop in the
segments. Furthermore, the model assumes the material to be linearly elastic, per-

fectly plastic, adhering to the Mohr-Coulomb yield criterion with a non-associated

flow rule.
support installation shield installation
(y=L) (=)
support (segmental lining) shield
| Y | \
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A advance
tunnel axis direction
________________ o e - . - - " - _._._+
.‘/
planned location of backfilling tunnel face
(y=L+2) (y=0,0=0)

Figure 3.20: The axially symmetric model proposed for simulation of interactions
between the ground and machine features by Ramoni et al. (2011)[80].

Ramoni et al. (2011) conducted a parametric study on the results of the simu-
lations to facilitate the support damage assessment. Several ground properties and
in-situ stress conditions, as well as different machine parameters, lining, and backfill-
ing, were assumed in the simulations to come up with nomograms that can enable
a quick preliminary assessment of the loads acting on the segmental lining (P,p)
(See Figure 3.21). Similar to the nomograms developed for jamming consequences,
the 2D nomograms are converted in this research to 3D graphs for an easier estima-
tion process. Subsequently, through the utilization of Matlab coding, the process of
curve fitting and interpolation is automated to evaluate the load that impacts the

segmental lining.
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Figure 3.21: One example of nomograms developed for assessment of the final load on
the segmental lining by Ramoni et al. (2011) [80].

This time the support pressure calculated by the parametric study (Pp) is em-
ployed to obtain the maximum circumferential principal stress on the segmental

lining as follows:
1 B 2.Pyp

S19 mazsp = m

R2

c

(3.14)

A major drawback of both the analytical method and the 2D pre-conducted
modelling method is that they only consider the compressive strength of the support
system, while neglecting its tensile strength. In many cases, the failure of the support
system is due to bending moments stemming from anisotropy in the stress state
and inhomogeneity of the rock mass. To address this shortcoming, Ramoni et al.
(2011) recommended employing a higher safety factor while evaluating the structural
integrity of the segmental lining to consider the bending moments [80]. To give an
example, they state that a lining with a 10-meter diameter, 50-cm thickness, and

0.4 percent reinforcement content may withstand around 45 percent less stress if
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the loading is not uniform and has a ratio of 1.2 (highest to lowest radial pressure).
Thus, considering a safety factor of around 2 can include this effect. The damage risk
quantity will be evaluated by dividing the product of sigl,... and a safety factor
of SF;1 by the compressive strength of concrete (f.) (Equation 3.15). siglia
is chosen as the maximum value of the pre-conducted 2D numerical simulations

(5191 maz,,) as well as the analytical solution (siglyazee)-

S Figr. max [$19lmazyp s S19lmazee)

DRsigl = f

(3.15)

Damage to the segments as a result of the jack load

In addition to the damages pertaining to the ground pressure acting directly upon
the segmental lining, another consequence for the support in a shielded TBM is indi-
rect damage caused by excessive pressures from the jacks attached to the segments.
The term ”indirect” is used because these high thrust forces leading to damage orig-
inate from the elevated ground pressures exerted on the TBM shield. To prevent
the shield from getting stuck, high thrust forces are applied to the segments.

The mechanisms influencing the magnitude of forces on the segmental lining differ
between single-shielded and double-shielded TBMs. In a single-shielded TBM, the
thrust cylinders are responsible for both excavating the rock and pushing the ma-
chine forward (See Figure 3.22). When the ground has a high degree of squeezing,
the shield could get subjected to high pressures, meaning that the shield friction

forces will be dominantly controlling the total thrust forces.
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Figure 3.22: The configuration of a single-shielded TBM [93].

As for double shield TBMs, the machine can be operated in two modes: double
mode and single mode. In the double mode, two stages are taken for a full stroke
advance. Initially, the machine provides the reaction forces needed for excavation
and pushing the front shield forward through gripping (by the gripper jacks) (see
figure 3.23). Following this stage, the gripper shoes are de-activated and the rest
of the machine including the rear shield is pushed forward through the so-called re-
gripping mode by dint of the cylinders attached to the segmental lining (See Figure
3.24). In case the pressure acting on the rear shield is high, the thrust forces could
be high enough to damage the segmental lining. In certain conditions, where the
ground is rather soft, the gripping must be avoided to prevent too much disturbance
to the ground. Besides, it is sometimes the case that the ground fails to provide
adequate reaction forces by the gripper shoes for the excavation process. Therefore,
the machine is alternatively operated in single mode similar to the single shield
TBMs. The single-mode excavation technique is introduced as one of the principal
pragmatic approaches for passing through squeezing regions. In this technique, two
main procedures are followed. Thrust jacks are completely deactivated, and the tele-
scopic shield part of the machine gets closed. Consequently, the excavation process
is conducted discontinuously with intermittent excavation and segment installation

processes. Under these circumstances, the TBM advances only by means of auxiliary
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jacks (See Figure 3.25). Due to the capability of single-mode excavation in reducing
the contact area between the machine and the squeezing ground, this technique is
regarded as an efficient method for passing through the squeezing regions [71]. In
such cases, the auxiliary cylinders could impose excessive pressures on the segmental

lining causing damages.

Figure 3.23: The initial stage of excavation using double shielded TBMs in double mode
by gripper shoes for providing the reaction forces (red colored means activated gripper
shoes.)[94].

Figure 3.24: The secondary stage of excavation using double shielded TBMs in double
mode by the auxiliary cylinders attached to the segments (green colored means
deactivated gripper shoes.[94].
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Figure 3.25: Excavation using Double Shield TBMs in the so-called single mode (green
colored gripper shoes means deactivated grippers)[94].

In order to estimate these consequences, we need to have an approximation of
the thrust forces acting on the segmental lining. The same procedure adopted for
the assessment of the jamming risk is applied to calculate the indirect squeezing
pressure acting on the segments. Different scenarios can take place, whether the
single mode or double mode is employed for excavation. Moreover, the forces needed
to be provided by the cutterhead for excavation can be calculated according to the
tunnel face rock strength and the cutterhead characteristics and added to the shield
friction forces.

Asindicated in Figure 3.26, depending on their number, jacks will be pushing against
the segments at certain distances. As a result, high compressive stresses might
develop underneath the jack pads leading to compressive failure. In addition, high
bursting stresses leading to tensile failure are also likely to occur deep into the

segment. Fach of these events will be discussed accordingly in the next section.
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Figure 3.26: Thrust jacks of a shielded TBM pushing on circumferential joints [95].

The compressive stresses on the point load of the jacks

Primarily, the nominal bearing strength of the segments needs to be compared with
the maximum compressive stresses from the jacks. ACI 318 puts forward some rec-
ommendations to calculate the nominal bearing strength of the segments depending
on the geometry of the bearing area [96]. According to Figure 3.27, in case the sup-
porting surface (A2) is wider compared to the jack load surface (A1) on all sides, the
lowest value of the equations 3.16 and 3.17 should be used to evaluate the nominal

bearing strength of the concrete (B,) against compressive stresses.

B, = \/A3/A1 (0.85f.) (3.16)

B, = 2(0.85f.) (3.17)

where f. is the compressive strength of the concrete.
In other cases, the nominal bearing strength (B, ) would be calculated by the
following equation:

B, = 0.85f. (3.18)

Parameter A, as the lower base of the largest frustum of the pyramid in Figure
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3.27 is calculated using the following formula:

(L1 + Ly)C

Ay = Ay + -5

(3.19)

where L1 and L2 are the perimeters of the upper and lower bases, respectively
and C is the slant height of the frustum.
In order to evaluate the maximum compressive stress resulting from the jacks on
the segments (JC), the shield frictional force as the main portion of the force is
divided by the number of jacks and the effective area of the shields as in equation
3.20. Finally, equation 3.21 is used to determine the damage risk quantity due to
the compressive stress of jacks. Note that the concrete cover (¢;) on both sides needs

to be subtracted from the jack’s width (Jy).

Ly
JC = 3.20
Jno-JL-(JW - QCt) ( )
JC
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Plan

Figure 3.27: Using frustum to calculate As in a concrete segment [96].

Deep-seated bursting tensile stresses in the segment

As previously mentioned, the presence of high compressive stresses can result in
considerable bursting tensile stresses deep into the segments. Equation 3.22 can
be utilized to estimate the bursting force (Ty,.s¢). For a better recognition of the

parameters and their corresponding relevance, refer to Figure 3.28.

hanc
Thurst = 0.25B,, (1 - ) (3.22)

P,, is the force from an individual jack; hgnc is equivalent to the length of the

jack; and h is the effective length of the segment or the depth of the prism.
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Figure 3.28: The parameters used for calculation of the bursting stresses from a
concentrated load on a concrete [96].

To prevent transverse tensile cracking in concrete, sufficient reinforcing rebar
needs to be provided in the segments. The longitudinal tensile strength (7, ,.) with
the existing reinforcements in the segments can be calculated by the allowed steel

tensile stress (o) as shown in equation 3.23.

. Og -Asb
b =

(3.23)

where Ay, is the cross-section of the rebar reinforcements and SFr, is a safety factor.
Reinforcing rebars in this method are placed in horizontal and vertical directions.
The transversal rebar calculated through this method needs to be placed in all the
zones where there are cracking potentials. Thus, the cross-section of the steel Ay,
must be uniformly distributed at a distance of 0.2D, to D, from the end of the
loading surface.

Eventually, the damage risk pertaining to bursting tensile stresses can be calculated

as follows:

DRy, = (3.24)
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Categorization of the extent of the damage to the support system

To simplify the final risk evaluation procedure, the maximum value of the three
damage risk indices introduced in this section (DR41, DR ¢, and DRy,) will be

selected as a conservative estimate for the damage risk (See equation 3.25).

DR = max [DRyg1, DRyc, DRy, (3.25)

Similar to the jamming risk, a classification rule for the support damage risk is also
developed as follows:

DR > 1 Very high support damage risk

0.8 < DR < 1 High support damage risk

0.5 < DR < 0.8 Medium support damage risk

0.3 < DR < 0.5 Low support damage risk

DR < 0.3 Very low support damage risk

3.2.3 The gripper bracing difficulties

Another consequence of TBM tunneling in squeezing grounds, specifically affecting
TBMs equipped with gripper shoes, is their inability to generate the necessary re-
action forces for propelling the machine forward. Gripper TBMs rely on bracing
the grippers against the ground to supply the essential thrust forces for cutting
the rock, overcoming possible frictional forces between the ground and the shield
and also pushing the machine components forward. Double shield TBMs are also
equipped with gripper shoes that are preferably applied most of the time to take
advantage of the double shield excavation mode with higher advance rates. The
gripper bracing issues emerge when the rock is too weak and is unable to provide
the required reaction forces in the gripper shoes. Furthermore, as mentioned by
Wittke (2007), in fractured rock masses, the application of gripper forces induces
transverse tension leading to a reduction in the tangential forces in the surrounding

rock mass and possible loosening of rock blocks on the roof of the tunnel [97].
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In this section, the methodology to estimate the gripper shoes’ reaction forces based
on the rock mass properties and the machine characteristics is explained. By com-
paring these values to the excavation requirements, another index for quantifying
the gripper bracing difficulties can be introduced. Figure 3.29 illustrates how the
gripper shoes of a TBM act as an abutment for the summation of the thrust forces
and the torque generated by the excavation by pressing against the ground. The
excavation thrust and torque values depend on the disc cutter forces and can be
evaluated according to the rock mass conditions and the machine characteristics.
Figure 3.30 shows different types of forces exerted on one disc cutter. One of the
most frequently used formulas for the estimation of cutting forces acting on CCS
(Constant Cross Section) disc cutters is the Colorado School of Mines (CSM) model,

which estimates cutting forces using the following equations [98]:

@ = cos ™ (%) (3.26)
— 85 2
Po—C.\/(pm.O'c.O'T (327)
 Pp.RT
Fn = F,.cos(p/2) (3.29)
Fr = F;.sin(p/2) (3.30)

where F} is the total resultant force (kgf); R is the radius of cutter (cm); T is the
width of disc cutter (cm); ¢ is the constant for pressure distribution function which
for CCS disc cutters is closer to zero; ¢ is the angle of contact area between the rock
and disk cutter in radian; p is the penetration per revolution (cm); The pressure of
the crushed zone, denoted as Fy, is an estimation derived from the rock strength
and the cutting geometry (kg/cm2); o, is the uniaxial compressive strength of the
rock (kg/cm?2); ¢ = 2.12; 0y denotes the tensile strength of the rock (kg/cm2); and
s represents the spacing between the cutters (cm).

Figure 3.31 illustrates the involved geometrical parameters of a disc cutter.
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Fmm=Fc + FrR+ AF

cutterhead \‘ /gripper plate
Mc
Fo
Fr
Frh: required thrust force Mp : required driving torque
F¢ : cutter force of the discs Mc : resisting torque resulting

Fr : resistance of the sliding shoe
AF : safety margin

AM :

Fni : gripper force, plate i

Fy : tangential force due to Fy,, plate i
Fyi : tangential force due to Mp, plate i
F, :resulting tangential force, plate i

from the discs and the
flashings of the conveyor
openings

safety margin

Figure 3.29: The required thrust force, torque as well as gripper bracing force in a

gripper TBM [97].
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Cutter
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Figure 3.30: Different types of forces on a disc cutter [98]
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Figure 3.31: Illustration of geometrical features of disc cutters affecting the pressure
distribution [99]

The excavation thrust force can be determined by multiplying the number of
disc cutters by the average normal force on each disc cutter (Fy). As mentioned
earlier, depending on the type of the TBM, the excavation thrust force and the shield
frictional force are applied to estimate the required thrust force to be provided by the

gripper shoes. The cutterhead torque value can also be estimated by the following
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equation:
n

Torque = Zri - Fr (3.31)

i=1
Where 7r; is the distance of a cutter to the center of the cutterhead and Fg is the
rolling force value of a cutter. The total thrust force and torque bring about tan-
gential forces in the gripper plates. By knowing the tangential force and the extent
of friction between the gripper shoe and the ground, a preliminary estimation of the
required gripping force can be carried out.
According to Figure 3.29, the amount of thrust force per gripper shoe (F,;) repre-
senting the longitudinal component of tangential force can be evaluated by dividing

the total required thrust force by the number of gripper shoes as follows:
Fy=— (3.32)

where k is the number of gripper plates. The circumferential component of the
tangential force caused by the driving torque is calculated according to the following
equation:

Mp

where R is the tunnel excavated radius. The total tangential forces generated in

each gripper shoe will be estimated as follows:

FTi = 4/ Fin + F¢i2 (334)

The gripper shoes will be acting against the ground with a pushing force of Fy; to
overcome the total thrust force together with the friction between the gripper shoe
and the ground. The following equation can be used for this purpose to calculate

the necessary gripping force in each gripper shoe.

_ np-FTi
KA

Fyi (3.35)

where np is the safety factor and j4 is the friction coefficient between the rock mass
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and steel.
In order to evaluate the extent of the gripper bracing difficulties in weak grounds,

we need to answer the following questions:

1. Is the rock underneath the gripper shoe strong enough to provide a reaction

force equivalent to Fy;?

2. Can a high gripper shoe force trigger instabilities on the roof by loosening the

wedges?

A numerical investigation, due to its capabilities in computing the stress redis-
tribution following the excavation and the gripper shoe force exertion, as well as
the introduction of geological boundaries and discontinuities (mainly for the second
question), is highly preferred for this purpose. However, due to the nature of this
study in providing a quick and more straightforward procedure, we will be focusing
on answering the more critical first question through an analytical process. The
strength of the rock in the immediate vicinity of the gripper shoes depends on the
residual strength of the rock and the extent of confining pressure. By assuming a cer-
tain failure criterion (Mohr-Coloumb or Hoek-Brown), we can estimate the gripper

bracing strength of the rock mass (o,s) using equations 3.36 and 3.37, respectively.

1+ sin(Yres)

1 - Sin(@res) (336)

Ugs = O-C'r'es + 03

Gy = 03 + Ucz-(mbm% F Speg) e (3.37)
Ccl

Following the excavation of a certain length of the tunnel by the TBM, stress is
redistributed and the immediate rock where the gripper shoes are going to pressurize
has already failed. Therefore, the residual strength parameters of the rock mass
are taken in the above formulations. The variable oz in the above formulations is
the confining pressure of the rock mass i.e., the residual tangential stress of the
immediate vicinity of the tunnel following excavation. One simplification in the
process can be assuming that the rock exhibits perfectly plastic behavior, meaning

that the residual and peak parameters are the same values. In this case, the confining
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pressure of the rock can be assumed as equal to the compressive strength. This
assumption needs to be made with caution as it can underestimate the consequence
extent eventually. Thus, it makes sense to add a certain factor of safety or use
numerical analysis where there is a significant concern. To be conservative we can
ultimately ignore o3 in the above formulations and assume unconfined strength of
the rock mass as the gripper bracing strength. Figure 3.32 shows the interaction of

the gripping pressure and the confining pressure in the ground.

Figure 3.32: The interaction of the gripping pressure from gripper shoes (oy;) and the
existing ground confining pressure (o3)

Once the triaxial strength of the rock mass is determined, the ratio of the required
gripper shoe force pressure (oy;) (Equation 3.38) to the gripper bracing strength
of the rock mass can be calculated to define a new factor called here the gripper
bracing difficulty extent (GR). This factor quantifies the severity of gripper bracing
difficulties, according to Equation 3.39, and provides a measure of the impact caused

by the challenges in gripper bracing.

Fni
oNi = X (3.38)
where A is the area of the gripper shoe.
GR =2 (3.39)
Ogs

Based on the following approach, the resulting GR values can be qualitatively cat-
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egorized.

GR > 1 Very high gripper bracing risk

0.8 < GR < 1 High gripper bracing risk

0.5 < GR < 0.8 Medium gripper bracing risk
0.3 < GR < 0.5 Low gripper bracing risk

GR < 0.3 Very low gripper bracing risk
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3.3 Evaluation of the consequences of rockburst

for TBM tunneling

Estimation of the rockburst risk according to the methodology explained in Chapter
2 requires an initial identification of the potential consequences based on the type of
TBM, prioritizing the consequences based on their significance according to Table
3.4, and estimation of the extent of the consequences. Due to the high complexity
of rockburst and the dependence of its occurrence on many parameters, the quan-
tification of the consequences will be different compared to the squeezing risk. The
rockburst degree or intensity needs to be primarily estimated using methods intro-
duced in Chapter 2. Subsequently, the criterion in Table 3.16 is employed to offer
a quantity to each consequence j (RB;). Each rockburst consequence j also needs a
significance factor (Wgp,) to take into account the relevance of that consequence to

the specific TBM used.

Table 3.16: The categorization of rockburst consequence extent based on the rockburst
degree

Rockburst degree ~ The Consequence extent The consequence quantity RB;

No Rockburst Insignificant 1
Light Rockburst Minor 2
Medium Rockburst Moderate 3
Heavy Rockburst Major 4
Serious Rockburst catastrophic 5

An important objective of this study from the beginning was to comprehend
the mutual correlation between the use of a TBM as the excavation method and
the resulting consequences. With regards to the rockburst consequences, the me-
chanical method of excavation using a TBM would cause the minimum disturbance

in the rock mass which consequently affects the extent of rockburst intensity. Be-
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sides, the specific features of a certain type of TBM e.g., the shield geometry, the
support system type and characteristics, etc., and their relevance to the location
and intensity of rockbursts need to also be considered when assessing the extent of
the consequences. The place where the rockburst takes place and its interactions
with different components of the machine, and the susceptibility of equipment and
personnel to the incidents are among others, important indicators for the evaluation

of the rockburst consequences.

3.3.1 Considering the effect of the excavation method on

the consequences of rockburst

Among the explained methodologies for rockburst prediction in Chapter 2, the first
group of empirical methods accounting for the stress state and the rock strength are
considered the most frequently utilized ones. They are especially suitable for the
first stages of design and the risk assessment process before the onset of excavation,
as the effective parameters are simpler to gather and the calculation process is more
straightforward to conduct. The second set of methods that calculate the brittleness
characteristics of the rock can also act as a side method for the determination of the
potentiality of the rock to gain significant amounts of energy. A combination of the
first two sets of methods is, therefore, both simpler and helpful.

The third set of methods related to energy release characteristics of an excavation
usually requires higher amounts of data with higher accuracy. These data are usually
more feasible to access after the onset of excavation. Therefore, in a risk assessment
process, they can be quite helpful in updating the assessment results and modifying
the extent of risks in the next design stages.

It is important to acknowledge that many of these formulations and methodologies
were developed from case studies where drilling and blasting was the main excavation
technique. Consequently, it is necessary to recognize the potential limitations when
applying these methodologies to mechanically excavated tunnels. In the following
sections, some of the most important impacts including the minimal disturbance to

the rock mass due to mechanical excavation, the continuity of mechanical excavation

122



CHAPTER 3

as opposed to the sequential nature of drilling and blasting, and the influence of tun-
nel shape as the key differences between the two excavation methods are elaborated

upon [100].

The effect of disturbance and damage caused by blasting

The degree of disturbance in the rock mass brought about by the drilling and blast-
ing technique distinguishes it from mechanical excavation. Mechanical excavation
is known for causing little disturbance in the surrounding rock mass, in contrast to
blasting. The stability of the structure could be negatively impacted. However, this
disturbance can have even a beneficial effect in deep excavations with high-pressure
hazards by releasing stored strain energy in the tunnel wall and face, lowering local
stresses, or moving high stresses away from the tunnel face and walls. A forced
change in the strength and stiffness of the nearby rock mass has a positive effect as
well by lessening its capacity to store elastic strain energy and reducing the likeli-
hood of rockburst.

The disturbance factor in the Hoek-Brown criterion (D) represents the degree of dis-
turbance made by blasting, excavation, or stress relaxation in a rock mass (Carranza-
Torres et al. 2002). This factor is used to calculate the my, s, and a parameters of
rock mass strength and deformability characterization. The disturbance factor (D)
ranges from 0 to 1, with D = 0 indicating undisturbed rock and D = 1 representing
a highly disturbed rock mass. The effect can be significant in some cases for the
rock mass in the immediate proximity of the tunnel. For instance, for a competent
rock mass with GSI = 70, the Young’s Modulus of a poorly blasted tunnel (with
a high disturbance factor of 0.8) might decrease by more than two times compared
to a TBM-excavated tunnel (with zero disturbance). According to the Hoek-Brown
criterion (2002), for a 10-meter diameter tunnel, this disturbed zone could extend
up to 2-3 meters inside the surrounding rock mass. When a deep tunnel is excavated
by blasting, the pre-fractured zone of rock can be beneficial by releasing part of the

stored strain energy in the rock mass before personnel enters the mining area.
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The continuity of mechanical excavation

Another effect that differentiates mechanical excavation from drilling and blasting
is the continuity of mechanical excavation. In drilling and blasting operations, exca-
vation advances in rounds and intermittently, while mechanical excavation proceeds
in a continuous manner. In contrast to mechanical excavation, each blasting round
can eliminate roof support over a larger area, possibly going beyond the immediate
roof’s capacity and leading to relaxation. This situation could also trigger high-
energy seismic events in extreme cases. However, the absence of working personnel
during these events decreases the exposure of workers and equipment to hazards and

leads to fewer hazards.

The tunnel shape effect

The shape of the excavation is another important feature when using prediction
tools for rockburst prediction. While some drilling and blasting operations especially
in mining produce square-shaped tunnels, TBM excavations are naturally circular.
The development of plastic zones around the tunnels is affected differently by the
two shapes. The higher extent of plasticity around a square-shaped tunnel can be
slightly beneficial, as this can result in a greater degree of plastic strain and the

release of stored energy following a single excavation round.

Numerical simulation for representing the effects

This section involves a number of preliminary numerical simulations aimed at quan-
tifying the aforementioned impacts. Two 3D elastoplastic FDM models were gen-
erated using FLAC3D to examine stress redistributions brought on by mechanical
excavation as well as drilling and blasting for a 20-meter tunnel length with 3m of
radius in a depth of 2000 m. Initially, 15 meters of the whole length were dug out
at once to avoid the effect of confinement of the tunnel face. The first simulation in-
volved continuous progress in a tunnel that was mechanically excavated at intervals
of 50 cm for the remaining 5 meters length of the tunnel (see Figure 3.33-a). In the

other model representing the blasting approach, the remaining 5 meters were exca-
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vated in one stage. Moreover, a disturbed zone with lower rock mass characteristics
and a thickness of 1.6 m was presumed to surround the whole blasted tunnel except
for the tunnel face (See Figure 3.33-b). The characteristics of the undisturbed and
disturbed rock mass are inserted in table 3.17. Upon completion of simulations, the
major principal stresses in the middle of the second stage (at +17.5 meters of the

total 20-meter length) were measured towards the outer side of the tunnel.

% 10 intervals of 50cm
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|:| Undisturbed rock
STAGE 2 STAGE 1
Sm 15m

Figure 3.33: The configuration of numerical simulations : a) the TBM-excavated tunnel
b) the tunnel excavated using drilling and blasting [100]

Table 3.17: The rock mass properties used for simulation based on the Generalized
Hoek-Brown Criterion

Rock condition GSI UCS (MPa) E (Gpa) Global Strength (Mpa) — m, s a
undisturbed 70 200 44 82 8.563 0.036 0.501
disturbed 70 200 18 56 4.192 0.011 0.501

The major principal stress in the surrounding rock mass as a result of both
excavation techniques is shown in Figure 3.34. In the blasting example, the mea-

suring line, which is 1.5 meters long, is totally contained inside the disturbed zone.
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The graphs show that the blasted tunnel has much lower stresses than the TBM-
excavated tunnel. In particular, the blasted tunnel has a 38% lower stress magnitude
in the first 40 cm of the immediate tunnel wall. A 20% average stress decrease can
also be seen in the last 1-meter length. It is crucial to keep in mind that this numer-
ical analysis is only a rough estimate and might not adequately account for various
phenomena that emerge during the initial fracturing of the rock mass in the dis-
turbed area. Furthermore, in this particular instance, the tunnel environment was
assumed to be very poorly blasted. Nevertheless, it provides designers with insight
into the potential differences in stress magnitude between the two excavation meth-

ods.
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Figure 3.34: Comparison of principal stress variation with respect to the radial distance
to the tunnel wall for mechanical and blasting excavation methods [100]

As for the tunnel shape effect, two simplified 2D elastoplastic simulations using
FLAC2D (FDM solution) were also conducted. A square and a circular-shaped tun-
nel were also created in order to better explain how tunnel shape affects the potential
release of strain energy. As depicted in Figure 3.35, the sidewalls of a square-shaped

tunnel exhibit a greater expansion of the plastic zone than a circular-shaped tunnel.
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Figure 3.35: The comparison of plastic zone extension for a square-shaped vs. a
circular-shaped tunnel [100]

According to the above investigation, the excavation method can have consid-
erable effects on the extent of energy storage around a tunnel. This has different
implications for the tunnels coping with rockburst risk. Statistical results derived
from the tunnels in the Jinping IT hydropower project excavated by TBM and blast-
ing as excavation methods verify this fact [101]. As it is shown in Figure 3.36,
the frequency of immediate rockbursts in the No. 2 diversion tunnel excavated by
blasting is considerably higher than that in the No. 1 diversion tunnel excavated by
TBM. Conversely, the frequency of time-delayed rockbursts displays the opposite
characteristics. Most of the rockbursts have taken place in the immediate stage
of excavation when there is less exposure of equipment and people for a blasting
tunnel. In contrast, time-delayed rockbursts occurring in a TBM excavated tunnel
where there is more exposure make rockburst a more critical risk. To conclude,
when it comes to a TBM-excavated tunnel, using conventional prediction tools that
are largely based on databases of drilling and blasting, it is advisable to err on the

side of caution with the predicted results.
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Figure 3.36: The intensity and timing of rockbursts occurring in TBM and blasting
excavated tunnels in Jinping IT hydropower project [101]

As mentioned before, another very important point to consider for a TBM exca-
vated tunnel is the knowledge of the potential location of rockbursts. Some statistics
gained from a TBM excavated tunnel in Neelum—Jhelum Hydroelectric Project has
shown that 6.6% of rockbursts occurred on the tunnel face, 37.9% in the first 6m
length, 49.5% in the next 4m, and 6% were concerned with the remaining chainages
[102]. Figure 3.37 shows an illustration of the gripper TBM applied in the project.
The headrace tunnel of the Neelum-Jhelum hydropower was hit by a highly intense
rockburst, resulting in three fatalities, 17 injuries, and severe harm to the TBM. As
a consequence, the recovery took more than six months before construction could
resume. This shows the significance of a risk assessment method that can address

or avoid severe consequences.
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Figure 3.37: An illustration of the gripper TBM used in Neelum—Jhelum tunnel [103]

Rockbursts occurrence at different distances from the tunnel face can have cer-
tain consequences ranging from injuries and fatalities to TBM damages. In order to
facilitate the quantification process in this probabilistic study, one way can be refer-
ring to the statistics data and defining a distribution function that can be applied in
a Monte Carlo simulation by a randomized selection of the location of the potential
rockbursts. For this purpose, the introduced data in this project is used as a ref-
erence and a probability distribution function is fit to the data as shown in Figure
3.38 . Based on the location of the rockbursts predicted through the probabilistic

approach, the impacts on the equipment or personnel can be evaluated.
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Figure 3.38: The probabilistic distribution function for the rockburst location data from
Neelum-Jhelum tunnel

3.3.2 The methodology for obtaining the TBM Rockburst
Risk Index

In this section, we will explain the three-step methodology used to evaluate the

TBM Rockburst Risk Index.

1. Firstly, based on the existing input parameters, suitable prediction tools are
applied for the assessment of the intensity of potential rockbursts. Based on

Table 3.4 , the intensity of rockbursts would define the consequence extent.

2. Subsequently, according to an assumed probability distribution function for
the possible location of the rockbursts, a Monte Carlo simulation is used for a
randomized selection of the distance of the incidence to the tunnel face. The
possible location of the rockburst could have certain implications depending on
the type of machine and its features e.g., the shield length, and type of support
which would determine the extent of exposure of equipment and personnel

to hazards. The significance factors of rockburst consequences introduced
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in Table 3.4 are once again summarized in Table 3.18 with each numbering

representing certain consequences.

Table 3.18: The quantification of the significance factors of rockburst for different

consequences
Consequence Significance (weight factor)
Cutterhead damage (RB) Wy =1
Shield damage (RBs) Wy =1
Support damage (GTBM) (RBsg) W56=0.8
Support damage (STBM) (RBss) W35=0.8
Equipment damage (RBy) W,y=1
Gripper bracing difficulties
Wea=0.2
and cleaning efforts for spalling (RBsq)
Injury or fatality (RBj5) Wis=1

In addition to the significance factors, a coefficient is defined to take into ac-
count the effectivity of the support system in controlling the rockburst dam-
age. This coefficient called the support mitigation factor (SM) is also between
0 and 1, zero being the most extent of effectiveness, which indicates that sup-
port damage would omit the risk. A SM of 1, on the other hand, means the
support system would have the lowest effectiveness against damages coming
from a rockburst. The magnitude of this factor highly depends on the inten-
sity of the rockburst. For instance, if a heavy rockburst with a consequence
quantity is anticipated, stiff segmental lining support would have the poorest
performance against controlling the damages and we can assume an SM of
1. The segmental lining as a fixed stiff type of support in a shielded TBM

has very low energy absorption characteristics. In fact, the energy absorption
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characteristics of stiff and soft support systems differ significantly. Stiff sup-
port systems tend to have higher initial stiffness, which means that they can
support greater loads without deforming. However, they also have a higher
ultimate strength, which means that once they reach their maximum load ca-
pacity, they fail suddenly and catastrophically. In contrast, energy-absorbing
support systems, such as yielding bolts, cable bolts, or mesh, have lower initial
stiffness but greater energy-absorbing capacity, which means that they can de-
form more readily under load and absorb more energy before reaching failure.
This makes them more suitable for use in situations where sudden rockbursts
are predicted. An example of a support suitable rockburst prone zones can be
a combination of swellex anchors and steel meshes which are finally covered

by shotcrete layers.

3. Following the determination of the rockburst location (RB;), a general crite-
rion is applied by which depending on the type of TBM and its geometrical
features and where the rockburst is anticipated, the rockburst consequences
can be evaluated. Table 3.19 indicates the criterion and its logic. The conse-
quences for each type of TBM are classified into two groups of damage and
time-consuming operations as well as injuries. Since the damages pertaining
to the cutterhead (RB;) exists for any type of machine, it is not included in
the logic of this criterion which is based on comparison of the extent of the

consequences.

The main parameters inserted in Table 3.19 are described in the following bullet

points:

e SLg, SLgs and SLpg represent the shield length for gripper TBMs, single-
shielded TBMs and double-shielded TBMs, respectively.

e Each consequence can be given a mitigating coefficient as a result of the mea-
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sures taken to control the consequences. These coefficients are also in the
range of 0 and 1, with zero as the highest effect in fully controlling the hazard
consequences, and 1 meaning that the measure has no effect in controlling the

consequence extent.

SMsq is the functionality of the support system in a gripper TBM against

high-energy events.

S M, is the mitigating effect of the support system in a gripper TBM against
damages to the machine equipment. This factor is also changing as the support

system develops its final characteristics in a gripper TBM.

S M;e is the mitigating effect of a support system in a gripper TBM against

injuries and fatalities.

It must be noted that the coefficients related to the support system in a gripper
TBM (SM;jq, SMye and SMse) can change as the support system is gradually

realized. Therefore, they are not constant.

Similar parameters are also attributed to single and double-shield TBMs.
SMss, SMys and SM;ss indicate the functionality of segmental lining, the
mitigating effect of segmental lining against equipment damage, and injuries
and fatalities, respectively. Unlike the support system in a gripper TBM, seg-
mental linings in a shielded TBM are rather fixed structures, meaning that
the aforementioned mitigating parameters stay constant. The only thing that
might cause changes in their functionality is the time of grouting behind the

segmental lining.
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Introduction of case studies for

squeezing and rockburst risks

In the first two sections of this chapter, two separate case studies in which squeez-
ing and rockburst were regarded as the main dominant hazards are studied. The
methodologies explained in Chapter 3 for evaluation of the risks are employed for
the analyses. Subsequently, several scenarios where both of these sources of risk
hold prominence are presented, allowing for an exploration of the suitability and

applicability of various types of TBMs in such conditions.

4.1 Introduction of a case study for the squeezing
risk assessment

The approximately 10-km-long Golab Water transfer Tunnel (Lot 1) is situated in
the western part of the city of Isfahan and its objective is to transfer water from the
Zayandehrud river to Kashan. Figure 4.1 shows the roughly 11.5 km long project,
which consists of a main tunnel, an access tunnel, a tunnel for water intake, and a
cavern for the pumping station. A Wirth 4.5 m diameter Double Shield TBM with
the specifications in Table 4.1 was used to excavate the tunnel. Jurassic metamorphic
rock units, mostly made up of Phyllite, Slate, and Shale, constituted the majority

of the excavation effort. The tunnel faced six shield jamming incidents and partial
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lining damage as a result of severe convergences because of the low rock mass quality

and high overburden.

Figure 4.1: An illustration of the different components of Golab project [6]
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Table 4.1: The technical specifications of the Wirth TBM - TB 458 E/TS

Parameter Value
Excavation Diameter 4.53 m
Number of disc cutters 35

Disc cutter Diameter 432 mm
Average Disc Cutter Spacing 75 mm
Max. Cutterhead rotational speed 12 rpm
Max. Cutterhead Torque 802 KNm
Max. Thrust Force 20000 KN
Total Power 1750 KW
Cutterhead Power 1120 KW

The Sanandaj-Sirjan metamorphosed zone, through which the Golab main tunnel

is excavated, consists a variety of Schists and igneous rocks at the beginning, slightly

metamorphic argillaceous shales in the middle, and limestone and conglomerate at

the end of the tunnel (See Figure 4.2). Table 4.2 contains an overall description

of the rock characteristics and lithology as determined by field measurements and

laboratory tests.
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Figure 4.2: The geological profile of Golab main tunnel [6]

Table 4.2: Description of the main formations encountered in Golab tunnel

Lithology description Lithology UCS(MPa) RMR  GSI

Different types of Schists Met-Sch 20-37 38-40  35-40

Very soft Phyllites Met-Phy 15-25 30-35 30-35

Very weak and very fine grain Slate with quartz veins ~ Met-Sl1 7-12 29-34 28-34
Greenish gray to dark gray , Schistose meta-sandstone  Met-Sa 25-30 45-47  45-49
Fine to medium grain Microdiorite Ig-Di 60-65 68-74 62-65

Very low metamorphosed Shale and Sandstone Met-Sh 9-16 23-30  25-30
Crystallized Limestone and Dolomite Li 50-60 44-50 44-52
Conglomerate with intercalations of sandstone Cg.r 70-85 55-62 48-54
Faulty and Crushed zones ¥z, CZ 1-15 10-17  10-20

Primary investigations identified tough squeezing conditions for Slates and Shales
located in regions with overburden exceeding 400 meters. Following the excavation
in Slates, excessive ground convergences led to shield jamming in various chainages
(74686 km, 74786 km, 74819 km, 7+882 km, and 7+920 km). Subsequently, the
TBM became also stuck in chainage 84570 km in the Shales fault zone. Figure

4.3 shows the jamming section in the fault zone of shales and the application of
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two-component foams to release the machine. Another consequence of the high con-
vergences was the initiation of cracks in the segmental linings at shield jamming
zones, indicating severe squeezing (See Figure 4.4). In the squeezing regions, a
combination of ground pressure and regripping pressure from segment jacks was ex-
perienced while the shield was being pushed through areas with squeezing potential.
During the tunnel excavation, two main mitigating measures were taken to avoid
shield jamming: overcutting and increasing the excavation rate. Overcutting can
cause stress relaxation before the ground touches the shield leading to lower pres-
sures on the shield. On the other hand, convergence rates in places close to the
tunnel face can be decreased by increasing the advance rate. The best progress rate
without jamming was fulfilled in weak Phyllites with the potential for squeezing,
highlighting the effectiveness of a high excavation rate in avoiding shield jamming.
Assuming an average radius of 2.21 m for the shield, an average maximum overcut-
ting of 6cm in radius throughout the shields of the machine could avoid jamming
in several sections. Nevertheless, the necessary thrust force was insufficient in a
few crucial sections. The most important chainages with harsh consequences of

squeezing in Golab tunnel are inserted in Table 4.3 .

Figure 4.3: The jamming of the shield in Golab tunnel in the fault zone of shales: a) a
figure of the squeezed ground; b) Injection of two-component foams for releasing the
machine [6]
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Figure 4.4: The cracking of segments in Golab tunnel due to excessive ground
convergences
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Table 4.3: A summary of the main chainages encountering consequences of squeezing

Formation Chainage (m) Overburden (m) Squeezing extent Consequence
Moderate to High regripping pressure
Graphite Schist 4500-4800 209-290
High squeezing and cracking of segments
5235-5340 300-318 Moderate to
Phyllite 5470-5480 320 High squeezing -
5713-5720 322 (more than 10cm)
Phyllites and High regripping presssure
6561-6895 367-400
Monzodiorites and cracking of segments
Phillite 7148 385 High squeezing -
From 7400 Difficulties through
Slate 390-397 High squeezing
onwards passing this region
7694
7786 5 stoppage of the machine
Slates with
7819 394-397 High squeezing due to jamming
graphitic Lense
7882 15 to 20 cm of convergence
7920
Fault zone in Shale 8570 416 High squeezing Jamming of the machine
Regripping pressure until 150 bar
Fault F.m 38 8942 425 High squeezing

and passing the region

Following the introduction of the project and the incidents, the methodology
for assessment of the squeezing main risks is applied for Golab tunnel. According
to the rock mass properties in different sections of the tunnel as well as the stress
state (overburden), an approximate length of 6400 m of the whole tunnel where
there is sufficient operational data and rock mass characteristics is included in the
investigation. In the remaining parts of the tunnel, no squeezing risk was expected.

In order to consider the effect of the tunnel depth and stress state, the whole length
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was divided into 36 zones consisting of individual rock mass properties and stress
states. An example of the rock mass properties from zone 25 (the Slate with graphitic
lense) and zone 29 (Meta Shale) where jamming took place is summarized in Table

4.4.

Table 4.4: The rock mass properties for two of the zones where jamming occurred in
Golab tunnel

Geotechnical parameters

Main Lithology Statistical parameter

Oc¢i B O¢
mi  E;(Mpa) v GSI 0
(Mpa) (Mpa) (Mpa)
Mean (p) 7 4750 0.35 9.5 1034 31 18 0.88
Met-Slate (7Z25)
Standard Deviation (o) 1.3 7875 0.025 125 1124 15 2 0.18
Mean (p) 6 2500 0.34 12.5 968 275 174 1
Met-Shale (Z29)
Standard Deviation (o) 0.67 471 0.017  1.75 97  1.25 136 0.16

Tables 4.5 and 4.6 contain the properties concerning the machine performance
parameters and the segmental lining, respectively. The average values of these pa-
rameters together with the average values of the rock mass properties are initially
applied to quickly identify the critical zones for each type of consequence. Sub-
sequently, the probabilistic analysis is conducted in the critical zones to provide a

wider and more realistic range of risk quantities for decision-making purposes.

Table 4.5: The machine performance parameters

Radius(m)

Ly (m)

L, (m)

Rysn(m)

Rrsh H

Max. Thrust Force (MN)

2.255-2.27

4.4

7.6

2.23

219 045

20
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Table 4.6: The segmental lining poperties in Golab tunnel

Segmental lining Backfill

Thickness (m) f. (MPa) E. (MPa) v, E;(MPa) vy

Mean (u) 0.25 35 28200 0.2 90 0.2

Normal segments
Standard Deviation (o) - 0 0 0 30 0
Mean (u) 0.25 40 30200 0.2 90 0.4

Special segments
Standard Deviation (o) - 0 0 0 30 0

4.1.1 The deterministic analysis of squeezing risks

The primary deterministic analysis is conducted for evaluation of the three main
consequences of the squeezing risk: shield jamming, support damage, and gripper

bracing difficulties.

Shield jamming risk

To estimate the required frictional forces for preventing shield jamming and the
associated risk, two primary methods of analytical and parametric based on pre-
conducted 3D numerical simulations are applied. Since the range of values for
rock mass properties associated with both Hoek-Brown and Mohr-Coloumb criteria
are present, the developed analytical solution using the Carrenza-Torres and the
Dancan-Fama closed-form solutions is employed. Figures 4.5, 4.6, and 4.7 show the
estimated values of frictional force (F) for all the 36 zones by using the aforemen-
tioned methods. As can be seen, according to the analytical solution (CC-CT and
CC-DF), only for the zones z24, z25, z27, z28, and 229, the ground gets in touch
with the shield and frictional forces are evaluated. In contrast, the 3D modeling
approach approximates values for all the zones, despite the fact that some of the
zones are quite competent and do not develop plastic zones. This shortcoming stems
from the developed formulation [87]. This means that the method should be only
used for the cases where significant squeezing is anticipated. Therefore, an initial

indicator needs to primarily prove the possibility of the risk. The values pertaining
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to estimations for the anticipated zones with squeezing are compared to the max-
imum recorded rear shield friction of the TBM in each zone. As far as the author
is informed, the machine was always applied in double shield mode. It should be
noted that the regripping pressure encompasses the sum of the shield friction force
and the force required to push the backup forward. The amount of pushing force
of the backup is assumed to be approx. 20 bar. Therefore, by deducting this value
from the regripping pressure, the rear shield friction force is calculated. The maxi-
mum recorded rear shield friction forces in each zone are compared to the estimated
values and plotted in Figure 4.8. Another important note is that the 3D modeling
approach cannot distinguish between the rear shield and forward shield in the case
of a double shield TBM, because it is initially developed for a single shielded TBM.
Therefore, it considers the whole length of the shield or assumes that the double
shield TBM is functioning in single mode, which certainly leads to an overestimation
in the values for this case. Since the maximum values are chosen for the recorded
actual values, it will be hard to compare the precision of each method with the real
condition. This fact can be clearly seen in Figure 4.9, where several times the rear
shield friction forces rose and dropped afterward. The red circles in this graph show
the spots where the machine was stuck due to jamming. One of the main reasons for
this extent of variability is the changes in the ground conditions, which can partially
be considered by using a probabilistic analysis through variations in the mechanical
properties of the rock. This will be done in the next section of this chapter. Another
principal reason could be the changes in the excavation rate which can affect the
influence of time-dependent deformations on the shield jamming. This phenomenon

is beyond the scope of this research and is not considered.
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To err on the side of caution, we will utilize the highest values of frictional
force obtained from all approaches, which typically correspond to the 3D modeling
method, in this study. Using the maximum values and the aforementioned cate-
gorization rule, the zones with the highest risk of jamming are identified as shown
in Figure 4.10. As can be seen, according to the values of the jamming risk ratio,
z11, and z35 possess a medium level of jamming risk. Zones z14, z16, z18, z23, and
z33 have a high level of risk, and zones z24, z25, z27, z28, and z29 contain very
high levels of jamming risk. In order to address the risks in these zones, different
alternatives and/or mitigating measures are applied in the system: higher overcut-
ting up to 8 cm in radius, shield lubrication, a single shield TBM, a single shielded
TBM with lubrication applied on the shield. The last two measures are primary
decisions that must have been made ahead of the beginning of the project. The
effect of all measures together on the jamming risk level for the critical geological
zones is presented in Figure 4.11. According to the results, the overcutting of max.
8 cm does not practically change the extent of risk, whereas lubrication can highly

reduce the jamming risk ratio. The usage of a single shielded TBM with a shield
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length to the radius (LR) of 3.5 (shield length = 8m) can also significantly reduce
the risks. However, the highest mitigation in the jamming risk can be brought about
by adding lubrication in the shield of a single shielded TBM, as the extent of risk

in all zones will be brought to low to medium.

O NVwWhRuoNDOWO_CNVWRARUUI®O N®®O©O

Jamming Risk Ratio
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Geological Zone

Figure 4.10: The extent of jamming risk level in all the geological zones of Golab tunnel
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Figure 4.11: The effect of all mitigating measures and different machine types on the
jamming risk level for the critical geological zones of Golab tunnel

Figure 4.11 only shows the level of risk in each geological zone without considering
the effect of the length and proportion of each zone. Therefore, a better way to show
the effect of the different mitigation measures would be through the categorization
of the percentage of each level of risk throughout the approx. 6400 m length of the
study area in the tunnel. Figure 4.12 indicates the effect of the two measures of
lubrication and higher overcutting in comparison to what was applied in practice.
As can be seen, a noteworthy decrease in the proportion of the very high and high
jamming risk can be expected when using lubrication behind the shield. As for the
other case in Figure 4.13 where instead of the double shielded TBM, a single shielded
TBM is presumed, around 14 percent of the very high level category is reduced. In
case lubrication is also applied, there will be only a 27.3 percent of medium level of

jamming risk throughout the tunnel.
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Figure 4.12: Comparison of the proportion of each level of jamming risk throughout the
tunnel length by using mitigation measures of higher overcutting and application of
shield lubrication
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Figure 4.13: Comparison of the proportion of each level of jamming risk throughout the
tunnel length by using a single shielded TBM with and without lubrication
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Support damage risk

As for the support damage risk, three main sources of damage are studied: damage
due to the loads imposed on the exterior side of the support, the damage due to
compressive stresses on the point load of the jacks, and the tensile cracks as a result

of the bursting tensile stresses.

e Damage due to loads on the exterior side of the support
As stated before, two types of segments were installed in Golab tunnel: nor-
mal and special. The maximum load the normal and special segments can
withstand are calculated as 3.83 MPa and 4.28 MPa, respectively. Figure 4.14
shows the estimated maximum lining load in each geological zone compared to
the max. allowable load for normal and special segments. It should be noted
that based on equation 3.15, SFj;; = 2 was considered to take account of
the anisotropy in the deformation because of the schistosity of the rock mass.
Observations proved that the existing anisotropy was identified as one of the
reasons for the damage to the segmental lining in Golab tunnel. The special
segments were installed in zones : 225, 226, 227, 229, z30, z31, z32, z33, z34,
z35 and z36. This means that in all cases the segmental lining load is not

exceeded.
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Figure 4.14: The comparison of the segmental lining load compared to the maximum
tolerable load using the analytical method(CC) and the 2D modelling parametric method

e The damage due to compressive stresses on the point load of the jacks

Following the calculation of the nominal bearing strength of the lining, the

maximum frictional force on the shield by the analytical solution and the

parametric 3D modeling is used to compute the compressive stress on the

point load of jacks. The values pertaining to each geological zone are shown

in Figure 4.15. The values estimated by the 3D modeling are very close to the

maximum allowable strength for both types of segments.
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Figure 4.15: The comparison of the segmental lining compressive stress from the jacks to
the maximum tolerable nominal bearing strength using the analytical method(CC) and
the 3D modelling parametric method

e Tensile cracking as a result of the bursting tensile stresses
Similar to other cases, the bursting tensile force resulting from the application
of jack load is also estimated in critical geological zones. The results presented
in Figure 4.16 using both the analytical and the 3D modeling methods are
lower than the maximum tolerable bursting force of 39600 kg and 77580 kg

for the normal and special segments, respectively.
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Figure 4.16: The segmental lining bursting tensile force in different geological zones
using the analytical method(CC) and the 3D modelling parametric method

Based on the described methodology, the support damage risk level is estimated by
considering the maximum level of the above three consequences. The results are
presented in Figure 4.17. Considering the risk level of high and very high as critical,
the effect of mitigation measures on the zones corresponding to these levels of risk
are investigated. The effect of mitigation measures and alternatives for addressing
the jamming risk is also investigated for the support damage risk. According to the
results presented in Figure 4.18, increasing the overcutting had the highest effect,
although it could not mitigate the support damage risk in most of the zones. This
can be verified in Figures 4.19 and 4.20, where overcutting in a double-shielded TBM
could shift a part of the zones with a very high level of support damage risk to high

and medium levels.
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Figure 4.17: The extent of support damage risk level in all the geological zones of Golab
tunnel
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Figure 4.18: The extent of support damage risk level in the critical zones of Golab tunnel
by considering the four mitigating measures
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Figure 4.19: Comparison of the proportion of each level of support damage risk
throughout the tunnel length by using mitigation measures of higher overcutting and
application of shield lubrication
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Figure 4.20: Comparison of the proportion of each level of support damage risk
throughout the tunnel length by using a single shielded TBM with and without
lubrication

It can be concluded that the aforementioned mitigating measures which could
alleviate the jamming risk are not equally effective against the support damage
risk. Indeed, these measures can reduce the shield frictional forces causing the
first two types of damages i.e., the excessive compressive stresses and the bursting
tensile stresses due to the high rear friction forces imposed through the jacks to the
segment. However, it is important to note that these measures are primarily focused
on mitigating the jamming risk and may not effectively address the support damage
caused by external forces exerted on the segments. To validate this conclusion and
relate it to the observations made on-site, a comprehensive analysis of a valuable
database containing information on the type and severity of cracks observed on the
segments after excavation has been conducted. The database contains all of the
critical damages to the segments including the cracks with a minimum aperture of
0.2 mm.

A closer look at the damage to the support system in Golab main tunnel shows that

the damages can be divided into three main groups:
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1. 15% of the damages are known as the ones already taken place before the
installation of the segments, which is certainly irrelevant to the squeezing (See

Figure 4.21).

Figure 4.21: One example of the damages to the segments taken place before the
installation of the segmental lining

2. The second type of cracks shown in Figure 4.22 are those which are identified
as shear cracks near the connection to the next segment and are assumed to be
the result of excessive loads coming from auxiliary cylinders. They are another

approx. 15% of the cases.

Figure 4.22: Shear cracks in proximity to the adjacent segment junction
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3. The majority of damages (approx. 70%) are axial cracks that are known
to be caused by the bending of the segments as shown in Figure 4.23. The

configuration of these cracks can fall into two categories:

e axial cracks which are limited to the width of one segment, and are as-
sumed to be formed during the storage of segments or simply formed

when the segments are situated in the tail shield of the TBM,;

e axial cracks extended to the nearby segments known to be directly caused

by the ground deformations.

Figure 4.23: Cracks attributed to the bending of the segment

The investigations conducted on the distribution of cracks focused on a few main
parameters: the number of cracks in each segment (), the persistence of the cracks
(L), and their maximum aperture (d) (See Figure 4.24). To observe the impact of
shield friction force on the extent of cracks, a parameter called the Cracks Max.
area (C4) was defined that would encompass all these geometrical features of the
cracks. The calculation of this parameter can be determined using the straightfor-
ward formulation in Equation 4.1. A more precise description could even consider

the third dimension of a crack to calculate the max. volume of the cracks, which
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was not possible due to difficulties in conducting such measurements.

Cy=NxdxL (4.1)

Figure 4.24: A magnified photo associated with intense cracking of a segment in Golab
tunnel

The slate formation in z25 where the machine was jammed 5 times was selected
for the analysis. The computed maximum area of cracks was drawn together with
the magnitude of the recorded rear shield friction force at the chainage where the
segments were installed. The whole database was plotted in 5 graphs in figures 4.25,
4.26, 4.27, 4.28 and 4.29. The chainages where the machine was jammed are indi-
cated with red circles. Figures 4.26 and 4.27 demonstrate a clear correlation between
the high level of shield friction force and the maximum area of cracks, particularly in
areas where the TBM experienced jamming. At the end of the chainages in Figure
4.29 where the shield friction forces are considerably lower, the cracks’ maximum

area also significantly dropped and became more stable. However, trends seen in

161



CHAPTER 4

other chainages such as in Figures 4.25 and 4.28 do not necessarily indicate a direct
correlation. It can be inferred that the high shield friction force cannot be the only
reason for the damages in segments, and other reasons could be the direct pres-
surization of the segments due to high external loads. Besides, the excavation rate
and the time-dependent deformation of the ground can be another important reason
that the values are not compatible in all chainages. These results would somewhat
justify the ineffectiveness of the mitigating measures introduced in Figure 4.18 to-
wards controlling the support damage risk. As these measures are mainly effective
against the shield frictional, it seems that for controlling the support damage, a
change in the support system design might have been necessary. It is apparent
that such analysis of the interaction between the ground and the support system
requires more sophisticated investigations such as numerical modeling. Therefore,
considering the integrated effect of direct and indirect pressures on the segmental
lining, considering the anisotropies in the direction of ground pressure, and studying
other solutions such as using deformable segmental lining that can withstand more

deformation need further investigation.
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Figure 4.25: Comparison of the trend of the cracks max. area and the rear shield friction
force in 225 (slate formation) Chainage 74525 km to 74625 km
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Figure 4.27: Comparison of the trend of the cracks max. area and the rear shield friction
force in z25 (slate formation) Chainage 74725 km to 74825 km

163

Rear shield friction force (MN)

Rear shield friction force (MN)



CHAPTER

4

900

800

700

600

500

400

300

Cracks Max. area (cm2)

200

100

-100

7825

7835 7845 7855 7865 7875 7885

Segment installation Chainage (m)

Rear shield friction force(MN)

Cracks Max. area (cm2)

7895 7905 7915 7925

18

16

14

12

10
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Gripper bracing difficulties

Based on the aforementioned methodology in Chapter 3, the gripper bracing risk is
also evaluated for all the zones in the tunnel. The results presented in Figure 4.30
indicate that the extent of the gripper bracing risk for all the zones is situated at a

very low level.
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Figure 4.30: The extent of gripper bracing risk level in all the geological zones of Golab
tunnel

Determination of the TBM Risk Index

Following the individual evaluation of different sources of risks, the total TBM Risk
Index for squeezing is summed over entire tunnel length based on the significance
factors introduced in Table 3.4 and the results are presented in Table 4.7. As ex-
pected, the use of the single shielded TBM with a lubricated shield can significantly

reduce the extent of risks.
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Table 4.7: The estimated value of TBM squeezing risk index for different machine types
and mitigating measures

The machine type and the mitigating measures TBM Squeezing Risk Index

DS TBM (existing condition-Max DR = 6cm) 3.59
DS TBM (Max DR = 8cm) 3.47

DS TBM assuming lubricated shield 3.18

SS TBM 2.8

SS TBM with lubricated shield 2.3

4.1.2 The probabilistic analysis of squeezing risks

The risk assessment procedure introduced in this research is on the basis of a prob-
abilistic approach using Monte Carlo simulation. A specific number of iterations
for considering the variability of parameters is chosen in the beginning. For this
case study of Golab tunnel, the analysis is conducted using 100 iterations in the in-
put parameters introduced in Tables 4.4, 4.5 and 4.6 for all the geological zones by
assuming a normal distribution function. Figures 4.31 and 4.32 show the distribu-
tion of deformation modulus and compressive strength of rock mass for the critical

geological zones of Golab tunnel, respectively.
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Figure 4.31: The probabilistic selection of the Deformation Modulus of rock mass for the
critical zones in Golab tunnel
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Figure 4.32: The probabilistic selection of the Compressive strength of rock mass for the
critical zones in Golab tunnel
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Amongst the two critical squeezing consequences in Golab tunnel i.e.; shield
jamming and support damage, the jamming risk exhibited higher sensitivity to the
input parameters variation. The variation of regripping pressure in the slate forma-
tion (z25) shown in Figure 4.9 clearly verifies this fact. Thus, prior to the analysis
of the total risk index (T'BMpg;), this section mostly focuses on the jamming risk

and its magnitude based on the variation of input parameters.

Probabilistic evaluation of the shield frictional force

The results obtained from the two main methods for evaluation of the shield friction
force, namely the parametric 3D modeling and the analytical solution, are plotted
through histograms and compared with the actual recorded data from the machine.
The results for zones z14, z16, z18, and z23 are depicted in Figure 4.33. It is evident
that the analytical method based on closed-form solutions (CC) underestimates the
rear shield friction force, while the 3D modeling parametric method overestimates
the values and in many instances warns against jamming of the shield, which in prac-
tice does not occur in these zones. For the more critical zones 24, 25, 27, and 28, as
shown in Figure 4.34, the analytical method tends to overestimate, but the values
are closer to the actual data compared to the 3D modeling method. In the most
critical zone (z25), where jamming occurred five times, the 3D modeling method
provides a safer margin for prediction. Similar findings can be deduced from the
histograms pertaining to zones 29 and 33 in Figure 4.35. Although the analytical
solution provides estimates that are closer to the actual data, the more conservative
estimations by the 3D modeling are preferable in a risk management procedure. It
should be noted that part of the overestimation could be attributed to the fact that
the 3D modeling considers the whole length of the Double shield TBM, whereas the

actual data represents the rear shield friction force alone.
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Figure 4.33: The distribution of shield friction forces and comparison with actual data
from the regripping pressure for zones 14, 16, 18 and 23
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Figure 4.34: The distribution of shield friction forces and comparison with actual data
from the regripping pressure for zones 24, 25, 27 and 28
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Figure 4.35: The distribution of shield friction forces and comparison with actual data
from the regripping pressure for zones 29 and 33

By considering the 3D modeling method as the default prediction tool, the effect
of mitigating measures already described in section 4.1.1 on the jamming risk in

zones 25 and 29 are studied and the results are plotted in Figures 4.36 and 4.37.
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In order to better see the effect of measures with regards to the jamming risk level
categorization, additional histograms were drawn by using the values of the jam-
ming risk ratio and plotted in Figures 4.38 and 4.39. The results show the highest
effectiveness for the single shielded TBM with a shield length to radius ratio of 3.5

which is lubricated.
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Figure 4.36: The distribution of shield friction forces using the 3D modeling method and
the effect of mitigating measures and different machine types (225)
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Figure 4.37: The distribution of shield friction forces using the 3D modeling method and
the effect of mitigating measures and different machine types (z29)
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Figure 4.38: The distribution of jamming risk ratio using the 3D modeling method and
the effect of mitigating measures and different machine types (z25)
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Figure 4.39: The distribution of jamming risk ratio using the 3D modeling method and
the effect of mitigating measures and different machine types (z29)

To enhance the analysis of the probability of certain risks and the effectiveness
of mitigating measures in controlling the consequences, the utilization of cumulative
percent graphs can prove beneficial. In this particular analysis, three measures will
be considered: the double-shielded TBM with lubrication, the single-shielded TBM

without lubrication, and the single-shielded TBM with lubrication.

1. Double-shielded TBM with lubrication
The cumulative percent graph is drawn for both zones 25 and 29 assuming
that the double-shielded TBM is lubricated. According to Figure 4.40, 53%
of the cases represent a medium level of jamming risk (JR, of 0.5 to 0.8) and
the rest of 47% would possess a high level of jamming risk (JR, of 0.8 to 1).
As for zone 29, 95% of the cases represent a very high level of jamming risk.
By considering the medium level as the target, this measure is not sufficiently

effective.
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Figure 4.40: The cumulative percent graph for the jamming ratio in 225 when the
Double-shielded TBM is actively lubricated
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Figure 4.41: The cumulative percent graph for the jamming ratio in z29 when the
Double-shielded TBM is actively lubricated
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2. Single-shielded TBM without lubrication
The application of a single-shielded TBM instead of a double-shielded TBM
in zone 25 shows in 91% of the cases a high level of jamming risk and a very
high level in 9% of the instances (See Figure 4.42). In zone 29, it is noteworthy

that all instances exhibit a very high level of jamming risk.
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Figure 4.42: The cumulative percent graph for the jamming ratio in 225 when a single
shielded TBM is applied

3. Single-shielded TBM with lubrication
Assuming active lubrication behind the shields for a single shielded TBM in
zone 25, on the other hand, leads to a low level of jamming risk in 18% of the
iterations and a medium jamming risk for 82% of them (See Figure 4.43). The
same mitigating measure applied in zone 29 would lower all the risks to the

medium level (See Figure 4.44 ).
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Figure 4.43: The cumulative percent graph for the jamming ratio in 225 when a single
shielded TBM is applied with active lubrication
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Figure 4.44: The cumulative percent graph for the jamming ratio in z29 when a single
shielded TBM is applied with active lubrication
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Table 4.8 presents a concise summary of the proportions of each geological zone
25 and 29 containing certain levels of jamming risks. This information serves as
a valuable tool for decision-making, as it clearly indicates the likelihood of each
level of risk. These results suggest that applying a single shielded TBM with active
lubrication behind the shield would have enabled crossing the squeezing grounds

with a low to medium level of jamming risk.

Table 4.8: The proportion of different levels of jamming risk in z25 and z29 using a
probabilistic manner

The level of jamming risk

Geological zone  The mitigating measure
Low Medium High Very High

DS TBM with lubrication - 53% 47% -

725 SS TBM - - 91% 9%

SS TBM with lubrication 18% 82% - -

DS TBM with lubrication - - 5% 95%
729 SS TBM - - - 100%
SS TBM with lubrication - 100% - -

Probabilistic evaluation of the TBM Risk Index

Eventually, through the probabilistic approach developed in this study, a distribu-
tion of the TBM Risk Index (T'BMg;) for all the instances is achieved, which is
depicted in Figure 4.45. By examining this index, it becomes evident how differ-
ent machine selections and mitigation strategies can directly impact the level of
the squeezing risk. This analysis offers valuable insights into the efficacy of each

approach in managing the squeezing risk in the Golab tunnel.
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Figure 4.45: The distribution of TBM Risk Index for the 6400 length of Golab tunnel
considering different machines and mitigating measures

4.2 Introduction of a case study for the rockburst

risk assessment

The introduced methodology for assessment of the rockburst risk is now imple-
mented in the TBM (Tunnel Boring Machine) excavated tunnel of the Jinping II
project. Its objective is to facilitate a quantitative assessment of the consequences

associated with rockburst events.

4.2.1 Project Overview

The Jinping II hydropower project, situated in the Sichuan province of China con-
sists of seven parallel tunnels. These tunnels include a drainage tunnel, two trans-
portation tunnels, and four diversion tunnels. The average length of the tunnels

is 16.7 km with a maximum depth of 2525 m. Different excavation methods were
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applied in this project. The No. 1 and No. 3 diversion tunnels were excavated using
tunnel boring machines (TBMs), both of which have circular cross-sections with a
diameter of 12.4 meters. The No. 2 and No. 4 diversion tunnels were excavated
through blasting, and they have horseshoe-shaped cross-sections with a diameter of
13.0 meters (See Figure 4.46). Additionally, the drainage tunnel with a diameter of

7.2 m was also excavated by a TBM.

Yalong River

Location of
deep tunnels

Diversion tunnels
No.3 No.2

Figure 4.46: The Jinping II project location with the cross-section of the diversion
tunnels [101]

The geological composition of these tunnels is predominantly made up of marble,
sandy slate, and chlorite schist. Amongst them, marble from the Baishan Forma-
tion has a higher potential for strainbursts due to its increased energy storage and
brittleness properties. Intense rockbursts have occurred multiple times during the
excavation of the tunnels. This investigation focuses on the T2b-class II marbles,
specifically from chainage 54500 km to 10+450 km, as this section experienced the
majority of rockburst incidents. The range of geotechnical parameters from this

formation is inserted in Table 4.9.
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Figure 4.47: The geological profile of the Jinping II hydropower station project(adapted
from [104])

Table 4.9: The geotechnical parameters of the main marble formation in Jinping II
project [105] ,[104] and [106]

Statistical density i Crack initiation T E;
Main Lithology GSI v
Measures (kg/m3) (MPa) stress (MPa)  (MPa) (GPa)
Mean (u) 2750 113.7 60 60.2 4.5 42.8  0.23
Marble-T2b-Class 11
Standard Deviation (o) - 13.7 3 10.2 0.5 10.7 -

According to the existing geotechnical parameters, the most common equations
based on the in-situ stress and rock strength are applied. The vertical stress is
assumed as the gravitational stresses estimated by the overburden in every meter of
the chainage 5+500 km to 104450 km. By the Monte Carlo simulation, geotechnical
values of rock are selected by assuming normal distributions from Table 4.9, and
five main methods are employed for the analysis. The outcomes of the analysis are
communicated through separate histograms, which can be found in Figures 4.48,
4.49, 4.50, and 4.51. Furthermore, a summary of the value ranges is included in
Table 4.10. This table provides a convenient reference to the anticipated ranges of
rockburst extent, indicating a range of moderate to heavy. Based on the findings
discussed in Section 3.3.1, where it was highlighted that mechanical excavation is
more prone to experiencing the consequences of rockbursts, the higher extent of

heavy rockbursts is assumed as the prevailing type.
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Figure 4.48: The distribution of UCS to max. principal stress for the Marble-T2b-Class
IT
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Figure 4.49: The distribution of the stress-strength criterion by Turchaninov and Markov
(1981) for the Marble-T2b-Class II
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Figure 4.50: The distribution of max. tangential stress to UCS for the Marble-T2b-Class
IT
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Figure 4.51: The distribution of the RPI factor by Ma et al. (2018) for the
Marble-T2b-Class I1
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Table 4.10: The intensity of rockburst using rockburst prediction tools

Criterion oc/or (og+o0r)/o. og/o. Spalling extent (m) RPI Rockburst intensity
Barton et al. (1974) 1-2.7 Moderate to heavy rockburst
Turchaninov and Markov (1981) 1-2.8 Heavy rockburst
Hoek and Brown (1980) 0.8-2 Heavy rockburst
Martin and Christiansson (2009) 3-18
Ma et al. (2018) 1-2.6 Moderate to heavy rockburst

In the next stage of the assessment, the criterion introduced in Table 3.19 is
employed together with the rockburst location (RB;) randomly selected based on
the distribution function introduced in Figure 3.38 for assessment of the Rockburst
Risk Index. The question here similar to the squeezing risk assessment procedure
is to determine the suitable type of TBM that possesses the lowest extent of risk.
Three typical types of TBMs with the same diameter of 7.2 m and the following

characteristics are assumed in the analysis:
e Gripper TBM with 6m shield length- 4m of the initial support section
e Single Shield TBM with 9m shield length
e Double Shield TBM with 13m of total shield length

Taking these options into consideration and assuming the suitable coefficients for
the machines, Table 3.19 will be modified to Table 4.11. Some notes regarding the

logic for the selection of the factors are explained as follows:

e Since the support system in a gripper TBM develops itself as the tunnel ad-
vances, the parameter SMsg or the functionality of the support system in a
gripper TBM against high energy events is different in each chainage. It is here
assumed that the support system is not active in the RB; of 6 m to 9 m and
therefore the support damage is not concerned in this range. From RB; > 9m,
it is assumed that the functionality of the support system will increase, and
therefore, the SM3s = 0.5. This signifies that the support system can miti-

gate the effects of support damage by a factor of two. On the other hand, the
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functionality of segmental lining against high-energy events is assumed to be

two times less than the support in the gripper TBM (SM35 = 1).

e The mitigating effects of the support system in a gripper TBM against equip-
ment damages (S M) and injuries (SMsq) are also expected to vary based on
the location of the rockburst (RB;). For the range of 6m < RB; < 9m, both
parameters (SMys and SM;g) are expected to be equal to 1, indicating a lack
of mitigating effect due to the absence of a support system. As of RB; > 9m

a mitigating effect of 30% is assumed or: SMyg = SMsq = 0.7

e The mitigating effect of segmental lining in shielded TBMs against equipment
damages (SMy,) and injuries (SMss) is assumed to be 20%. This value shows
only a marginal decrease when compared to the gripper TBM because although
the segmental lining is expected to have a higher risk of damage due to its low
energy-absorbing characteristics, it provides a protected area for personnel and
equipment. This protection functions well as long as the support system itself

is not significantly damaged.

To conduct the analysis, we perform 100000 iterations to determine the location of
the rockburst and apply this data to calculate the Rockburst Risk Index for each type
of machine, following the established criteria. Figure 4.52 shows the distribution of
rockburst risk index values for each type of machine. As can be seen, the values are
very discrete, which is due to the fact that the main input parameter which is the
intensity of the rockburst is not changing and was assumed as 4 (heavy rockburst)
in the whole region of this analysis. The only variation lies in the location of the
rockburst which is very much focused in the front area of the tunnel according to the
distribution defined in Figure 3.38. In order to have a better comparison between
the different TBM types, the average values of T BMpg; are evaluated and inserted
in Table 4.12. As can be seen, the higher protection provided by the larger shields in
single and double-shielded TBMs leads to lower risk indices compared to the gripper
TBMs. The injury and fatality risks are especially lower for shielded TBMs. This

is primarily attributed to the high exposure of personnel to the rock bursts in a
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gripper TBM compared to shielded TBMs. Another factor is that according to the
distribution function introduced in Figure 3.38, most of the rockbursts are expected
to have occurred before the distance from the tunnel face (RB;) reaches 13 m. As
a result, the primary risk for the double-shield TBM in this region is damage to
the shield and cutterhead. Based on the rockburst risk index criterion, the double-
shield TBM, with a total risk index value of 4.9, is considered a superior choice for

excavation in high-rockburst risk zones.
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Figure 4.52: The distribution of the TBM Risk Index for different types of TBMs

Table 4.12: The average TBM rockburst risk index for different machine types

Gripper-TBM  Single-Shield TBM Double-Shield TBM

Consequence
Risk Index Risk Index Risk Index
Damage/time-consuming
4.92 4.72 4.38
operation
Injury/fatality 1.63 0.97 0.52
Total 6.55 5.69 4.9

4.2.2 Discussion of the results

This section presents some observations regarding the outcomes obtained from the

investigation into the rockburst risk index:

e Predicting the intensity of rockburst in a tunnel is an inherently challenging
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task. When assessing the rockburst risk associated with TBM application,
this procedure becomes even more complex. An example of a case study
(Jinping II drainage tunnel 7.2 m diameter) was introduced in this chapter
of the thesis. The extent of the database was very limited and therefore, in
the first step which was the prediction of the rockburst intensity, the methods
based on the strength and stress state of rock were applied for a whole 5 km
length of the tunnel and instead of a distribution of rockburst intensities, only
one single category of heavy rockburst was chosen. This is certainly not a
sufficiently accurate estimation. Moreover, the subsequent stage of rockburst
consequence estimation relied exclusively on the geometry of the TBM and its
features as well as the assumption of rockburst location approximation based
on statistical data obtained from a project with similar dimensions (Neelum-
Jhelum tunnel with 6.8 m diameter). It must be noted that assuming the
same rockburst intensity for all the rockbursts occurring is an overestimation.
What can certainly reduce the complexity and uncertainties in this research

is the broader extent of databases from similar projects.

The coefficients introduced in Table 3.19 and later adapted in Table 4.11 are
assumptions. Some parameters such as the mitigating effect of the support
system in controlling the consequences highly depend on the intensity of rock-
bursts and the type of support system itself. Therefore, these factors are
very project specific and need to be chosen based on actual data from similar

projects which was very difficult to access in this research.

The methodology developed for the assessment of the rockburst consequences
in this research is exclusively related to strainbursts which are more common in
mechanically excavated tunnels. Therefore, the rockbursts which are triggered
by faults require an additional factor. For instance, an intensifier factor can
be considered for the zones where the possibility of fault-triggered rockburst
exists. As for the Jinping II drainage tunnel, a sudden slip of a rigid fault
sub-parallel to the tunnel axis in the chainage of 9 4+ 283 km to 9 4+ 322 km is

known to have caused an intensive rockburst leading to 7 deaths, one injury,
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and total destruction of the TBM [107]. Figure 4.53 shows different images
pertaining to the rockburst destructive consequences as well as the position of

the fault adjacent to the tunnel section.

(a) Structure plane

(c)

Figure 4.53: The very intensive rockburst occurred in the chainage 94285 km of the
drainage tunnel in Jinping IT project [107]

e One notable limitation of the rockburst risk index, which is similar to the
squeezing risk index, is its lack of a definitive classification for the severity
of consequences based solely on the introduced numerical values. Instead, the
rockburst risk index allows for a comparison between various TBMs, mitigation
measures, and other factors, aiding in the selection of the approach with the

lowest extent of risk.
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4.3 Representation of squeezing and rockburst in
one risk index

In the previous sections, two case studies each encountering harsh squeezing and
rockburst risks were presented and the TBM risk indices for these risks were eval-
uated accordingly. As for the case study of Golab tunnel, squeezing risks including
shield jamming and support system damage were predominant. The findings in-
dicated that utilizing a single-shielded TBM with a shorter shield along with the
implementation of shield lubrication as a mitigating measure, would significantly
reduce the squeezing risk index. Conversely, the risk index evaluations in the case
study of the drainage tunnel of Jinping II project suggest that a shorter shield would
result in higher exposure of personnel and machine components to seismic events
when rockburst risk is predominant. The question that arises here is: Which type
of machine is suitable if both of these risks are present in a project? In order to
answer this question, a case study having both risks was required. Attempts made
to get access to data pertaining to such case studies were not successful. In this con-
cluding phase of the investigation, we rely on assumptions, combining geotechnical
data from the two case studies to guide the analysis. The assumption is that within
a tunneling project, three primary types of ground conditions may be encountered:
normal ground conditions, squeezing ground conditions, and ground with a risk of

rockbursts. From these conditions, three distinct scenarios are distilled:
e Scenario 1: An equal proportion of all behavior types (Figure 4.54).

e Scenario 2: A scenario predominantly characterized by squeezing ground be-

havior (Figure 4.55).

e Scenario 3: A scenario where the predominant concern is the risk of rockbursts

(Figure 4.56).

The geometrical and operational characteristics of the Golab tunnel are used in
this respect. The geotechnical parameters pertaining to the Meta shales with the

zoning number of z29 were picked for the squeezing risk from Table 4.4, and the ones
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from the Marble formation in Jinping II from Table 4.9 were assumed for the zone

having the rockburst risk. The effect of the proportion of each ground condition is

L;
Ly

considered through the length normalizing factor () in equation 3.1.

A
v
A
v
A
v

L L L
3 3 3

Figure 4.54: The presumed scenario for a tunnel with equal proportions of normal ground
(GC.N), ground with squeezing risk (GC_S) and ground with rockburst risk (GC_RB)

L
2

S
NIy

Figure 4.55: The presumed scenario for a tunnel with dominant squeezing behavior
(GC.S) and equal proportions of normal ground (GC_N) and ground with rockburst risk
(GC_RB)
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Figure 4.56: The presumed scenario for a tunnel with dominant rockburst hazards
(GC_RB) and equal proportions of normal ground (GC_N) and ground with squeezing
risk (GC_RB)

All types of machines introduced in section 4.1.1 together with a gripper TBM
are included in this analysis. The main performance parameters for the assumed
gripper TBM are inserted in Table 4.13. The support system also needs to be taken
into consideration in the analysis of a gripper TBM. Since the support system is
not a fixed structure in gripper TBMs compared to shielded TBMs, more detailed
characteristics including the distance of the support installation point to the tun-
nel face need to be specified. Rock support measures are usually started shortly
behind the Gripper-TBM’s L1 section (See Figure 3.37). Examples of support ele-
ment installation methods include steel support erecting machines, rockbolt drilling
machines, or mesh laying devices. The installation of shotcrete takes place in the
rear section. In this instance, we are assuming that in the very harsh squeezing
grounds of Meta Shales, steel support together with systematic bolting installation
are immediately installed after the TBM shield, and afterward in a distance of 8
m to the tunnel face, a shotcrete layer is also sprayed on the tunnel surface. The
mechanical characteristics of the support system are inserted in Table 4.14. The
maximum support pressure and the support stiffness of the entire system were es-
timated utilizing the Rocsupport Software V. 5.002 [108]. The results indicate a
maximum support pressure of 2.72 MPa and a support stiffness of 164.15 MPa/m.
It should be noted that based on equation 3.15, an SFj;4 of 1.5 was considered to

take account of the anisotropies in the deformation due to the schistosity of the rock
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mass in the Meta-Shales. This factor is assumed lower compared to the segmental
lining, as the more flexible support system is supposed to be more efficient with
regards to anisotropic deformations.

The same assumptions made for the strainburst location distribution made in section
4.2 according to Figure 3.38 are also made for this investigation. Using these data,
five types of machines and associated mitigating measures are analyzed together
and the total TBM Risk Indices are calculated. Figures 4.57 and 4.58 summarize
the process applied for selection of the suitable squeezing and rockburst indices,
respectively.

Estimation of the TBM risk index starts with separate calculation of squeezing and
rockburst risk consequences as indicated in Table 4.15. The indices are subsequently
summed together according to the different proportion of zones containing squeezing
and rockburst risk in each scenario (See Table 4.16). The summary of TBM risk

indices evaluated from the three scenarios are depicted in Figure 4.59.

Table 4.13: The assumed gripper TBM performance parameters

Radius(m) Lg, (m) Rg(m) p Max. Thrust Force (MN)

2.27 3 221 045 10

Table 4.14: The support system mechanical parameters assumed for the gripper TBM

Rockbolts Wide flange ribs Shotcrete

D Capacity E L Circumferential and Section depth ~ Area  Out of plane Thickness UCS E
(mm) (MN) (GPa) (m) longitudinal spacing(m) (mm) (mm?)  spacing(m) (mm) (MPa) (GPa)

25 0.354 207 3 1.2 150 4080 1.2 200 25 3 0.2
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Table 4.16: Estimation of the T BMpg; for different types of machines and mitigating
measures based on the three presumed geological scenarios

The machine type and measures TBMpg; scenario 1 (% + %) T BMpg; scenario 2 (% + @) T BMpg; scenario 3 (% + @)
DS TBM (Max DR = 6em) 414 191 141
DS TBM (Max DR = 8cm) 414 491 441
DS TBM assuming lubricated shield 4.14 4.91 4.41
SS TBM 4.39 5.1 4.79
SS TBM with lubricated shield 3.73 4.1 4.29
GTBM 3.75 3.71 4.73
6.0
5.0 4.9 4.9 4. 9 15

IS
o

TBM Risk Index (TBM_RI)
5 S

a7
4.4 4.4 44
43
414141
) 37 3.8
m DS_max_DR_6cm
m DS_max_DR_8cm
. m DS_lubricated shield
SS_LR_3.5
M SS_LR_3.5_lubricated shield
_ B GTBM
1.0
0.0

Scenario 1 (Equal proportions) Scenario 2 (Squeezing dominant) Scenario 3 (Rockburst dominant)

Figure 4.59: The results of TBMp; for the three presumed geological scenarios

The analysis results yield the following findings:

e As can be seen in Table 4.15, the shield length has the highest effect on the
extent of jamming risk. By shortening the shield of the machine from 11 m in
a double-shielded TBM down to 3 m in a gripper TBM, the jamming risk can
be fully reduced from a consequence extent of 4 to 0 i.e, fully treated. It is
important to highlight that the support system highly affects the jamming risk,
and without immediate installation of a suitable support system as close as

possible to the tunnel face, the high deformations can impose high pressures

197



CHAPTER 4

on the shield of a gripper TBM. This is especially important because the
maximum thrust force the machine can provide in a gripper TBM depends
on the ground conditions and the capability of gripper shoes in providing the
required reaction forces for excavation and advance of the machine. In this

example, we assumed that the grippers can provide a maximum thrust force

of 10 MN which is half of the maximum values for the shielded TBM.

Although the jamming risk is highly treated through lubrication of a single
shielded TBM or application of a gripper TBM, the support system risk was
not addressed and the risk extent is the same for all options. As for the
shielded TBMs, this can be addressed by using more deformable segmental
linings. Shielded TBMs are not very flexible in this regard, whereas gripper
TBMs offer more flexibility in choosing a variety of support systems that can
well fit to a squeezing ground. The main issue here compared to the shielded
machines is the time-consuming operation needed for the support installation
which would certainly reduce the advance rate to a certain extent. In spite of
the facts mentioned, the selection of the support system in all types of machines
requires a more comprehensive investigation e.g., using numerical modeling to

properly design the components and consider the operational implications.

An interesting fact from the results is the moderate level of gripper bracing
risk for the gripper TBM in the squeezing grounds, which was anticipated,
because of the very low strength of the rock in the Meta-shales. However,
it is worth noting that this risk is not critical, as there are measures that
can be taken to address it effectively. One such measure involves installing
timbers behind the gripper shoes to increase the pressurizing area. This sort
of implementation helps distribute the forces exerted by the gripper shoes more

evenly, minimizing the risk of bracing-related issues.

It can be deduced that gripper TBMs have the lowest extent of squeezing risk
compared to other machines. Their main disadvantage which is not considered

in the risk index is the lower advance rate especially when extensive support
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systems need to be installed in weak grounds. On the other hand, gripper
TBMs, as was also seen in the Jinping II case study, have the highest extent
of rockburst risk, especially with regard to the higher exposure of personnel

to rockburst events.

In the first scenario with equal proportions of all ground types, the total
TBMpg; for a single shielded TBM that uses lubrication is the lowest, but
only slightly lower than a gripper TBM as the next best alternative. An
interesting observation is that without lubrication, the single-shielded TBM
would actually become the worst alternative. Therefore, the effectiveness of
a shielded machine in such a scenario relies heavily on the implementation of

mitigating measures to control the jamming risk.

In the second scenario, where the predominant concern is the risk associated
with squeezing, it is noteworthy that a gripper TBM exhibits a notably lower
risk index in comparison to all other available options. Conversely, in the third
scenario, where rockbursts are the primary risk factor, a single shielded ma-
chine with appropriate lubrication emerges as the most favorable choice. What
makes shielded machines and especially double-shielded machines a better al-
ternative compared to a gripper TBM in this scenario is mainly the high-risk
extent of gripper TBMs with regards to injuries and fatalities (RBs). This
extent of risk can be alleviated by further mitigating measures. Brox (2019)
suggests some measures to counteract the issues: extension of TBM finger
shields, use of the McNally Tunnel roof support system, drilling of radial drill
holes, and de-stress blasting [109]. Drilling of radial drill holes and de-stress
blasting are considered very difficult due to the lack of space in front of the
tunnel and can dramatically reduce the advance rate of the TBM. However,
the use of the Mc Nally tunnel roof support system, as mentioned before, has
proven to be very effective in controlling the safety risks of using gripper TBMs
in deep tunneling conditions. Assuming that systems such as the Mc Nally sys-
tem can alleviate the safety risks pertaining to heavy rockbursts, the T'"BMpg;

for a gripper TBM in Table 4.16 can be further reduced. As the effectiveness
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of this measure is not quantitatively evaluated in this study, no conclusion can
be made upon the best method for the third scenario. Nevertheless, it can
be generally stated that a gripper TBM with mitigated rockburst consequence
using measures such as the Mc Nally system encompasses the lowest TBM risk

index in the first and second scenarios.

Referring to some other case studies and an overview of the projects where both
squeezing and rockburst were concerns shows a preference among contractors
for using gripper TBMs primarily to avoid machine entrapment in squeezing
zones. For instance, in the planning stage of Neelum-Jhelum hydroelectric
project, the high-stress environment was analyzed in terms of two distinct
rock behaviors, namely the tendency of competent brittle rock to experience
rock bursts and the potential of weak rock to undergo extreme deformations
of up to 500 mm due to squeezing. In this case, using a gripper TBM would
mitigate the jamming risk and even the support damage risk because of the
adaptability of the machine to different support systems. The variability of
the ground condition and lack of geotechnical data from the deep underground
conditions can also be another reason for choosing the gripper TBMs with
more potential in changing the support system [110]. However, despite these
considerations for squeezing risk, a severe rockburst with a Richter magnitude
of 2.0 at a depth of 1300 m in the chainage of 094706 to 094793 led to
deep over breaks. As a result, three workers died and a few others were
injured on the 31st of May 2015. The severe impact of the seismic events
destroyed the whole support systems and the TBM itself (See Figure 4.60).
The concentration of stresses resulting from geological structures was identified
as the main reason for the severe damages, similar to the high energy seismic
event that occurred in the drainage tunnel of the Jinping II project [111]. Due
to the lack of details regarding the support system, it is difficult to establish
a direct correlation between this accident, the chosen machine type, and the

existing support system.
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Figure 4.60: The damages caused by the rockburst on the May 31, 2015 in Neelum
Jhelum project [111]

Despite this case, there have been also successful examples of using gripper
TBMs in conditions where both squeezing and rockburst were regarded as
critical risks. For instance, 85 km of the whole 157 km rail tunnel system in
Gotthard tunnel was excavated successfully with similar gripper TBMs [110].
These case studies underscore the significance of conducting comprehensive

geotechnical investigations while considering the most significant risks.
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Summary and outlook

In this final chapter, a summary of the key conclusions from this research are pre-
sented. Subsequently, in the recommendations section, pertinent issues related to
the study’s limitations will be addressed, highlighting areas that require further

investigation.

5.1 Conclusions

In spite of their advantages, TBMs have encountered challenges when employed in
hard rock mines, primarily due to difficult ground conditions, limited adaptability to
mining infrastructures, and intensive launching operations. Improper rock engineer-
ing design in difficult ground conditions can result in hazards that jeopardize the
safety of personnel, cause delays in tunnel completion, and lead to financial losses.
This research focused on assessing the risks posed by difficult ground conditions and
aimed to develop a quantitative risk assessment index to investigate the suitability
of TBMs for different rock formations, with a specific emphasis on squeezing and
rockburst. A summary of the main considerations and findings are presented as

follows:

e This study employed Fault Tree Analysis (FTA) and Event Tree Analysis
(ETA) as methodologies for primary risk analysis according to the type of ma-

chine and its characteristics. The main outcomes of squeezing and rockburst in
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relation to the use of TBMs include worker injuries, equipment damage, shield
jamming, support system damage, and challenges related to gripper bracing
in weak grounds.

To quantitatively assess the extent of these consequences, a Monte Carlo sim-
ulation approach was suggested, provided that a probabilistic approach is
feasible. An integrated risk assessment index known as the TBM Risk In-
dex (T'BMpgy) was developed. This index analyses the geological risks in two
groups of rockburst and squeezing, and provides a measure of the overall risk
level. It considers the cumulative effect of these risks, through consideration
of the entire length of the excavation. The index is able to incorporate certain
mitigating measures aimed at minimizing the risks. The key components of
the TBM Risk Index are specific prediction tools chosen from various methods
introduced in the literature. These tools enable the assessment of potential

risks associated with squeezing and rockburst in TBM tunneling.

The research findings suggest that for shield jamming, the parametric method
based on previously conducted 3D numerical models and the adapted conver-
gence confinement (CC) method introduced in this study yield more accurate
results compared to the parametric method based on previously conducted
2D models. The 2D parametric method tends to overestimate the values of
shield frictional force in most cases due to its underlying conservative assump-
tions. For shielded TBMs experiencing jamming, the 3D parametric method
is considered the primary approach. In the case of gripper TBMs, the adapted
convergence confinement (CC) method can be customized to consider certain
support systems. It is crucial to note that for gripper TBMs, the specific de-
tails of the support system, including the mechanical properties and location

of the support system must be considered in the risk assessment process.

Damage to the support system represents a notable consequence of squeezing
ground conditions. The methodology introduced in this research was mainly
associated with segmental lining in shielded TBMs. However, it is easily adapt-

able to other kinds of support systems in gripper TBMs as well. The main
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causes of support system damage in shielded TBMs are excessive radial de-
formation on the exterior side of the support system and longitudinal cracks
on the segmental lining resulting from high jack forces on the segments. An-
alytical methods based on the adapted convergence confinement method and
the parametric study based on previously conducted 2D asymmetric numerical

simulations were applied for evaluation purposes.

The quantification of the rockburst consequences in a TBM tunneling project
was inevitably evaluated through a different approach compared to squeezing.
This approach primarily relies on two crucial parameters: the intensity and
location of rockburst events, both of which are inherently difficult to ascertain
due to their dependence on various geological and operational variables. The
location of a rockburst carries significant implications for the type of TBM
and its associated features, such as shield length and support type. These
factors, in turn, define the level of exposure to hazards for both equipment

and personnel.

Initially, rockburst prediction tools are employed to evaluate the potential in-
tensity of rockbursts based on available input parameters. Subsequently, a
Monte Carlo simulation is used to randomly determine the location of rock-

burst based on a presumed probability distribution function.

Two case studies each having one of the main classes of introduced risks,
namely squeezing and rockburst were applied for validation purposes. In the
case study of the Golab tunnel, squeezing risks including shield jamming and
support system damage were dominant. The study showed that using a single-
shielded TBM with a shorter shield, along with the implementation of shield
lubrication, would substantially reduce the squeezing risk index compared to
the double-shielded TBM that was originally employed. On the other hand,
the case study of the drainage tunnel in Jinping tunnel was selected as an
example of a tunnel where rockburst is the main dominant risk. Unlike the

Golab tunnel case study, the risk index evaluations conducted in the drainage
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tunnel of the Jinping II project revealed that opting for a shorter shield would
lead to higher risks by increasing the exposure of personnel and machine com-
ponents to seismic events.

To determine the suitable machine type when both squeezing and rockburst
risks are significant in a project, a case study with both risks was necessary.
However, attempts to access relevant data from such case studies were not
successful. Consequently, for this final investigation, assumptions were made
by combining geotechnical data from the aforementioned case studies. Three
scenarios of different proportions of squeezing, rockburst and normal ground
conditions were taken for this purpose. A fundamental assumption underlying
all these scenarios was that the three main types of Tunnel Boring Machines
(TBMs) operated at approximately equal excavation speeds, avoiding com-
plexities related to time-dependant deformations. In a first scenario, it was
assumed that the tunnel consists of three equally long sections: one with high
squeezing risk, one with high rockburst-associated risks and the rest without
any of these risks. Based on the approximation method presented in this re-
search, the single shielded TBM using lubrication has the lowest total TBM
risk index (T'BMEg;) and is only slightly lower than the gripper TBM. Assum-
ing that the gripper TBM is capable of employing a mitigation measure such
as the Mc Nally system, the high exposure of personnel and equipment can
be partially addressed. Therefore, an optimum option can be chosen between
a single-shielded TBM with active lubrication to avoid jamming or a gripper

TBM using mitigating measures to avoid rockburst consequences.

In case a significant proportion of a tunnel is composed of squeezing grounds,
the TBM risk index in this research would yield the lowest value for a gripper
TBM. However, this decision needs to be carefully considered in the pre-design
stage of the TBM. In order to effectively manage high convergences occur-
ring in close proximity to the tunnel face, it is crucial for the machine to be
equipped with support installation components in the L1 zone. This ensures

the implementation of essential control measures before the full installation of
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the support system in the L2 zone. In extreme squeezing grounds, the issue
of gripper bracing together with the difficult and time-consuming process of
support system installation can reduce the advance rate of the TBM. One of
the shortcomings of the introduced risk index in this research would prevail
here, which is the negligence of the advance rate of different types of machines
and its effect on the time-dependant deformations in ground, which in the
case of long standstills can question the superiority of a gripper TBM in this
scenario. It is generally questionable in this scenario if using a TBM would
become actually advantageous over conventional tunneling. This once again
indicates the importance of a wider risk management procedure that can con-
sider other excavation methods, in addition to mechanized excavation using
TBMs.

The last scenario with predominant rockburst risk has obviously indicated the
superiority of shielded TBMs over gripper TBMs in reducing the exposure of

machine components and the personnel to seismic events.

5.2 Outlook

e It is of high importance to mention that the initial decision between conven-
tional tunneling and mechanized excavation was not in the scope of the study.
This aspect is suggested for future work, where further investigation into this

procedure is recommended.

e The CC method used in this research has certain limitations that should be
taken into consideration. According to Cantieni and Anagnostou (2009), the
CC method (using the Plane strain assumption) is deemed unsuitable for heav-
ily squeezing rocks when the distance to the support installation is long and a
stiff support system is employed [74]. Furthermore, another study by Vrakas
and Anagnostou(2014) highlights the limitation of the CC method using the
common Duncan Fama and Carranza-Torres closed-form solutions, as they are

more suitable for small strain analysis. A further study can be the introduc-
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tion of the closed-form solution proposed by Vrakas and Anagnostou (2014)

for large strain cases [58].

It has been proved that the advance rate of the TBM can highly affect the
extent of jamming risk due to the time-dependent nature of many weak rocks.
This phenomenon was not considered in this research due to a lack of data
related to the time-dependent behavior of rock mass in many cases. In this
research, we operated under the assumption that various types of Tunnel Bor-
ing Machines (TBMs) advance at a relatively consistent speed, with minimal

interruptions.

Using gripper TBMs in squeezing grounds can present the challenge related to
gripper shoes. The evaluation of gripper bracing difficulties in such conditions
involves assessing the rock’s capacity to provide the necessary reaction force.
To comprehensively address this issue, a numerical investigation is highly rec-
ommended, as it enables the computation of stress redistribution, considers
gripper shoe force exertion, and if necessary can incorporate geological discon-
tinuities. This approach is particularly suited for assessing potential instabili-
ties due to the exertion of gripper forces to the ground. However, considering
the aim of this study to provide a quick and straightforward procedure, the
research primarily involved studying the gripper bracing issue through an an-

alytical process. This approach also deserves additional research efforts.

In this research, the rockburst location determination method was based on
the rockburst event distribution observed in the Neelum-Jhelum project case
study as just an example. This may defer from many other case studies.
Thus, further work should involve extensive data analysis of different projects,
enhancing the effectiveness of the proposed procedure.

The same applies to the significance factors introduced in this research for
both squeezing and rockburst consequences. Integration of these risks into
one index required defining weighting coefficients representing the criticality

of each type of risk and their consequences. These factors were defined based
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on subjective judgments and would benefit from calibration using actual data
from TBM tunneling projects and acquiring the knowledge of experts in the
field. In case a sufficient amount of data can be provided that can correlate
each risk with time and cost consequences, the significance factor of each type

of consequence can be evaluated in a more certain way.

The proposed methodologies and approaches in this research for support sys-
tems in shielded TBMs can provide a preliminary evaluation of the loads ex-
erted on the segmental lining. However, these methods do not eliminate the
need for more accurate assessments such as tailored numerical analyses. For
instance, the simultaneous effect of ground pressure on the segmental lining
and the pressure exerted by the jacks in the grounds with high jamming risk
can only be analyzed with further relevant investigations. This aspect deserves
careful consideration to ensure the optimal design and performance of the sup-
port system.

Moreover, the introduced approaches have limitations that they do not ac-
count for the tensile strength of the support system and fail to capture dam-
ages caused by anisotropic ground deformations. For instance, buckling is an
outcome of anisotropic schistosity in the rock mass. Further investigation in
this direction can provide valuable insights into the extent of its effect on the
support damage consequence as well as the jamming in a tunneling project.
To surpass these limitations in this research, a safety factor was assumed to

evaluate the structural integrity of the segmental lining.

In spite of the above limitations, in the process of identifying the TBM with the
lowest level of risk, the quantitative risk index introduced in this research can
serve as a valuable primary step. It can be used as a framework to effectively
differentiate between various types of risks within a deep tunneling project
facing rock mechanical issues. Specifically, it can be applied for gaining an
understanding of an integrated risk landscape. It is important to note that
the significance factors assigned to different risk types and machine types are

presumed values and are subject to further studies. Therefore, additional data
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analysis is necessary to improve the accuracy of estimations and refine the risk

assessment process.
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