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Abstract:

A multidisciplinary study provides a comprehensive
investigation into the mechanical modelling, operational
control, and manoeuvrability of Tunnel Boring Machines
(TBMs), with particular emphasis on thrust and torque
performance, steering precision, and the implications for rail
alignment tolerances in curved tunnel sections. Traditional
approaches to predicting cutterhead behaviour have relied
heavily on empirical formulations and TBM diameter. In
contrast, this research examines and compares four thrust and
torque calculation models, including soil- and rock-based
formulations, and evaluates their applicability under complex
geological conditions. Field observations highlighted that
eccentric TBM alignment during early curve steering generates
high vertical stresses, segment distortion, and springline
cracking, all of which can compromise tunnel lining integrity.
Through mathematical modelling and simulation, yaw and
pitch were identified as dominant drivers of horizontal and
vertical deviations, while increased articulation angle was
shown to reduce steering errors.

A key finding was that the degree of freedom progressively
increases from the pinions to the disc cutters, amplifying the
influence of cutterhead dynamics on overall steering
behaviour.To address excavation efficiency in slurry TBMs, a
coupled CFD—DEM two-phase model was developed to simulate
slurry—rock interaction and assess the discharge performance
of large-diameter screw conveyors. Complementary dynamic
modelling of thrust systems was also carried out, integrating
multi-cylinder hydraulics with a master—slave PID control
mechanism to minimise displacement error and achieve
synchronised motion. Importantly, the study extends beyond
mechanical optimisation to assess TBM steering tolerance
relative to railway curvature requirements, ensuring that
tunnels constructed align within geometric limits that
safeguard against train derailments.

The combined findings advance the mechanistic
understanding of TBM performance and provide design
guidance for steering control, segment protection, and
discharge efficiency. Moreover, by linking excavation

tolerances to operational safety of subsequent rail systems, this
research underscores the critical role of TBM modelling in
delivering both construction efficiency and long-term
transport reliability.

1. Introduction

Since Tunnel Boring Machines (TBMs) were introduced in the
1950s, engineers and contractors have been focused on
accurately predicting their performance in specific project
environments. Although significant progress has been made
for simpler TBM applications, recent developments in using
these machines in more complex geological conditions and the
concept of a "Universal Machine” have added new layers of
complexity and uncertainty. This has prompted the adoption of
probabilistic methods for performance forecasting, where the
TBM's advance rate (AR) is represented as a range rather than a
fixed value. Similarly, project completion time is projected as a
range, based on the probabilistic performance of the machine
across different segments of the project. The factors
influencing TBM performance include geological conditions,
machine operations, and site management, each with a
distribution of varying input parameters. This probabilistic
approach was first implemented in the planning of Europe's
Trans-Alpine tunnels in the 1990s (Einstein 2001). A tunnel
boring machine (TBM) is a sophisticated and substantial piece
of construction equipment extensively utilised in
transportation, municipal, and water diversion projects, owing
to its integrated functionalities, rapid tunnelling capabilities,
and environmentally sustainable construction practices.(W.
Sun et al. 2013)

1.1 Machine Types and Performances

Tunnel Boring Machines (TBMs) are engineered to excavate
tunnels through various ground conditions, and their design
and operation are influenced by the geological challenges
encountered along the tunnel alignment. In cases where mixed
ground conditions are present, clear-cut machine
classifications are difficult to apply, leading to the development
of hybrid TBMs, which combine features of both rock and soil
machines, as well as shielded and gripper TBMs. Generally,
TBMs are classified into two primary types: machines designed
for soft ground and those for hard rock (Jamal Rostami 2016).

Soft Ground TBMs: These machines are shielded to protect the
tunnel from wall and face collapses during excavation. Cutting
in soft ground is typically performed using drag-type tools like
scrapers, and the primary operational challenge lies in
ensuring that the volume of material excavated matches the
volume displaced by the TBM’s forward movement. This
balance is crucial to prevent ground subsidence or settlement
due to over-excavation. The penetration rate of soft ground
TBMs is usually maintained at a constant value during
operation, and muck removal is carefully regulated to maintain
face pressure. The machine’s advance rate typically ranges
from 100-120 mm/min for small-diameter machines (~3 m) to
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30-40 mm/min for larger-diameter TBMs (~15 m). Even when
encountering full-face rock, volume control ensures the
stability of face pressure, with cutter load management being
the primary focus in maintaining excavation efficiency.

Hard Rock TBMs: In contrast to soft ground machines, hard
rock TBMs utilise disc cutters to fracture and break down rock
at the tunnel face. These machines operate based on force
control, where substantial thrust is applied to the cutters to
penetrate the rock. Unlike soft ground TBMs, the volume of
material generated is not a limiting factor, as broken rock can
be efficiently transported away from the cutting face via
buckets or conveyor systems. Cutter load and thrust capacity
must be carefully monitored to avoid machine overload. In
softer rock formations, excessive thrust can result in deeper
penetration, necessitating higher torque and cutterhead power.
In such cases, machine torque becomes the limiting factor,
rather than thrust, and the rate of penetration (ROP) is
governed by a balance between the forces acting at the face.
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based on the classification of the soil (Jamal Rostami 2016).

TBMs can also be broadly divided into open machines and
shielded machines. Open TBMs are employed in stable hard
rock conditions, where ground support is minimal or
unnecessary, while shielded TBMs are used in less stable
environments. Shielded machines are further classified into
single shield (SS) and double shield (DS) types. DS machines are
versatile and can operate in a range of geological conditions but
are unsuitable for high groundwater pressure or squeezing
ground conditions. SS TBMs, on the other hand, rely on the
installed tunnel lining to advance and are divided into
open-face and pressurised-face types. In pressurised
environments, such as those with high groundwater pressure,
pressurised-face TBMs are used to maintain stability at the
tunnel face while preventing water ingress. These machines
employ either Earth Pressure Balance (EPB) or slurry systems
to ensure continuous excavation while managing face pressure.
The operational principles for TBMs vary significantly between
soft ground and hard rock. In soft ground, cutting is generally
straightforward unless the presence of boulders or mixed face
conditions complicates excavation. The focus is on maintaining

an equilibrium between the volume of material removed and
the displaced ground to prevent settlement. In hard rock
conditions, where substantial forces are required to break the
rock, the key operational parameter is managing the cutter
load and thrust to maximise penetration without overloading
the machine. For harder rock types, the machine operates
under thrust-limited conditions, with excess power being used
to increase the cutterhead’s rotational speed to optimise
excavation efficiency.

The most straightforward and popular tunnelling analysis
technique is the characteristic lines method. also used it in
relation to some of the problems with TBM digging in squeezed
ground by (Kovari and Anagnostou 1995). The
convergence-confinement method was later used by
(Vogelhuber 2007) to examine the crossing of a shear zone at
deep depth using a double shielded TBM with a diameter of 10
m. As a result, he could distinguish between the ground's
short-term and long-term behaviour. As demonstrated by
(Billig et al. 2008) and (Schneider and Spiegl 2008), the
characteristic lines method is still utilised today to analyse the
ground-support interaction as well as the deformable
segmental linings of shield-driven tunnels through squeezing
rock.

(Lombardi 1981), who examined the impact of the advance rate
on the lining loading for the simplified situation of a lining that
begins to become laden 40 m behind the face, has already given
the findings of spatial numerical studies. From a fundamental
perspective, (Lombardi 1981) work addressed the subject of
tunnelling in overstressed rocks. However, in the vast majority
of examples documented in the literature, the numerical
analyses were conducted within the context of particular TBM
projects. For the Guadiaro—Majaceite Tunnel (Spain, D = 4.88
m), for instance,(Lombardi and Panciera 1997) and (Panciera
and Piccolo 1997) examined the viability of a double shield TBM
drive while accounting for the effects of advance rate and
time-dependent ground behaviour.

(Matter et al. 2007) used axially symmetric numerical studies
to examine the Wienerwald Tunnel's (Austria, single shielded
TBM, D = 10.67 m) traversal of shear zones. (Graziani, Ribacchi,
and Capata 2007) investigated the proposed Brenner Base
Tunnel (Austria, double-shielded TBM, D = 11,000 m) as part of
the TISROCK research project (for general information about
TISROCK,(John and Schneider 2007)). (Cobreros et al. 2005)
and (Simic 2005), who also take creep effects into account, used
fully three-dimensional computational models for the
Guadarrama Tunnel (Spain, double-shielded TBM, D = 9.51 m).
(Wittke, Wittke-Gattermann, and Wittke-Schmitt 2007)
conducted additional project-related investigations, including
the evaluation of the stresses and deformations of the shield
structure of the single shielded TBM in the Hallandsas Tunnel
(Sweden, D = 10.70 m). They consider seepage flow and the
structural detailing of the shield by simplifying the a priori
assumption that the ground closes the steering gap at a
distance of 4 m behind the working face.
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1.2 TBM general operation

1.2.1. Cutting Head Mechanism

The cutting head is the core of the TBM, responsible for
breaking through geological materials ranging from soft soil to
hard rock. The size and design of the cutting head vary based
on the tunnel diameter and geological challenges.

e Cutting Head Diameter: TBMs typically have cutting
head diameters ranging from 10 m to 19 m, depending
on the required tunnel size and project specifications.
Larger diameters are used for transportation tunnels,
while smaller heads are used in utilities.

e Disc Cutters: The cutting head is equipped with
high-strength, replaceable disc cutters made of
hardened steel. These cutters apply pressures of up to
20,000 kN to the rock or soil, effectively fracturing and
removing material in small increments. The design of
the disc cutters varies based on geological conditions,
with some optimised for hard rock while others are
suited for soft soils or mixed ground.

e Rotation Mechanism: The cutting head rotates at a
controlled speed, powered by the main drive system,
which consists of high-torque electric or hydraulic
motors. This rotation allows continuous penetration
into the geological material, with the rotation speed
adjusted based on the specific ground conditions
encountered.

Hard rock tunnelling has made extensive use of tunnel boring
machines (TBMs) because of their great cost-effectiveness,
efficiency, and safety (Q. Liu et al. 2016; Zheng, Zhang, and Zhao
2016). During tunnelling, the cutterhead revolves with the TBM
spindle, shredding the rocks in front of the TBM into fragments
using disc cutters affixed to the cutterhead. Adverse working
circumstances frequently diminish the efficacy of disc cutters,
leading to a deterioration in TBM tunnelling performance (J.
Hassanpour et al. 2014). The TBM service life will be negatively
impacted if the low-efficiency disc cutters are not replaced in a
timely manner since there is a greater chance of cutter failures
near the disabled disc cutters (Q. Liu et al. 2017). This could
further harm seals, bearings, and potentially the entire
cutterhead. Frequent disc cutter replacements and inspections
are necessary during tunnelling in order to prevent this kind of
situation (Lihui Wang et al. 2017), which has a significant
impact on construction efficiency. To ensure tunnel safety and
efficiency, it is crucial to detect the state of disc cutters without
manual checks.

Disc cutter failure patterns can be broadly classified into six
types: normal wear, fracture, flat wear, eccentric wear, local
spalling, and secondary wear studied by (J. H. Yang et al. 2019;
Khalid Elbaz et al. 2018; K. Elbaz et al. 2021). The failures of disc
cutters are attributable to various factors, including rock
characteristics, cutter structures, materials of construction,
installation positions and arrangements, and TBM operating
parameters. As a result, disc cutter failure prediction is a
challenging multi-input task. A data-driven method, a sensor
monitoring method, and an inspection method are the three

primary methods currently proposed for obtaining information
on cutter failure.

In engineering projects, routine inspection is the most popular
approach since it is the most straightforward and dependable.
TBM cannot operate at peak efficiency prior to inspections,
nevertheless, because the inspection procedure makes it hard
to detect cutter faults in time. Additionally, in order to perform
cutter inspections, TBM shutdowns are necessary, usually
every few strokes or at specific times of the day. Typically, such
downtime of TBMs accounts for about 15% of the tunnelling
duration, significantly diminishing construction efficiency and
escalating costs.

In contrast to the manual inspection method, the sensor
monitoring technique facilitates the acquisition of real-time
status information on the disc cutter. Nevertheless, the sensors
affixed to the cutterhead must operate within a demanding
environment characterised by elevated temperatures (70—90
°C), high humidity (80-90% Relative Humidity), and
significant vibrations (10-20 times the acceleration of gravity),
leading to suboptimal performance of detection methods
reliant on light (Y. Liu et al. 2022), lubricant application
(Gharahbagh et al. 2013), the magnetoresistive effect (Q. Gong et
al. 2021), or the eddy-current effect (F. Wang et al. 2019; Lan et
al. 2019). A further drawback of the sensor monitoring method
is the challenging implementation of power supply,
communication, and maintenance for the sensors.
Consequently, the sensor-based approach renders real-time
monitoring of cutter state nearly unattainable during
tunnelling because to the limited dependability of the sensors.
Additionally, sensors are costly, which is why the method is
expensive. For example, a disc cutter ring wear monitoring
equipment developed by German TBM manufacturer
Herrenknecht costs more than $100,000 USD, without
considering the expense of maintaining worn disc cutter
Sensors.

Data-driven models have gained popularity as a result of the
drawbacks of both manual inspection and sensor monitoring
techniques. Before tunnelling begins, the data-driven approach
can plan maintenance and forecast disc cutter consumption.
Three types of data-driven approaches can be broadly
distinguished: tunneling-parameters-based methods (K. Elbaz
et al. 2021; H. Yu et al. 2021; Acaroglu, Ozdemir, and Asbury
2008), mechanism-based methods (Jafar Hassanpour 2018;
Zhenchuan Sun et al. 2019; Lihui Wang et al. 2012; Park et al.
2021, Zhao et al. 2019), and empirical methods (Karami, Zare,
and Rostami 2021; Jafar Hassanpour et al. 2015).

Using historical data, empirical approaches examine the
regression of geological parameters and cutter health metrics.
Mechanism-based approaches model the rock breaking
process using mechanical analysis or energy theory. Then, the
wear of the disc cutter is mapped using pertinent parameters,
including the cutterhead topological structure (Park et al. 2021),
standard force of a single disc cutter (Lihui Wang et al. 2012),
uniaxial compressive strength (UCS) (Jafar Hassanpour 2018),
Cerchar abrasivity index (CAI) (Mucha 2023), cutterhead
rotation speed (Zhenchuan Sun et al. 2019), penetration rate
(Lihui Wang et al. 2017), and so forth. It is easy to tell when a
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disc cutter will break down because of wear. Relying heavily on
relatively stable geological parameters is a significant
drawback of both empirical and mechanism-based methods. In
real time, though, these models can make severe errors because
the structure of tunnels changes over time.

1.2.2. Main Drive and Power Systems

The main drive is the powerhouse of the TBM, delivering the
necessary torque to rotate the cutting head.

e Drive Type: Modern TBMs use electric motors or
hydraulic motors to power the cutting head. These
motors provide the torque required to break through
varying ground types.

e Power Output: The torque delivered by these motors is
proportional to the size and speed of the TBM. It is
crucial for overcoming resistance in challenging
materials such as hard rock or mixed geology.

The power system also regulates auxiliary systems, including
ventilation, spoil removal, and hydraulic jacks that propel the
machine forward. A tunnel boring machine (TBM) is a
substantial and advanced construction apparatus operated by
the rotation and extrusion of cutters affixed to the cutter head
for excavation and propulsion. The apparatus has functions like
tunnelling, slag discharge, and alignment, which can
significantly diminish labour intensity (K. Zhang et al. 2010).
Tunnel Boring Machines (TBM) are extensively utilised in
many tunnel engineering projects, including subways,
railways, and highways. Recent advancements in TBM
technology have led scholars to achieve significant progress in
its propulsion systems. (Sugimoto and Sramoon 2002)
constructed and validated a dynamic model of a shield body in
a study on a mechanical system that incorporates friction and
dynamic balancing. The response in the cutter head that is
reduced by external load was discovered by (Komiya et al. 1999)
in a finite element model. (S. Zhou, Wang, and Huang 2009)
investigated the impact of the torque and force generated by
the propulsion system. Nonetheless, TBM may also induce an
imbalance in the distribution of driving torque. Meanwhile,
because to intricate and diverse geological circumstances, TBM
is simultaneously subject to axial force, radial force, and
overturning moment. During tunnelling, the slew bearing
withstands the external load of the cutter head, resulting in
elastic deformation. Deformation of the driving gear and the
ring gear in the slew bearing results in displacement
disturbances due to multi-point meshing. Complex geological
conditions make it easy for a blocking accident to happen
during tunnelling, and fracture phenomena in small gear
shafts and gear teeth will occur (Ding, Tu, and Wang 2010;
Ramoni and Anagnostou 2011). Due to the compatibility of
deformation, a cutter head system is a complex, time-varying,
and strong coupling system; nonlinear elements including
periodic time-varying stiffness and backlash, as well as
multiple pinion drives, minimise this deformation (Kahraman
1993; Theodossiades and Natsiavas 2000; Cheng and Lim 2000).
In multi-mesh gear systems, periodic mesh stiffness can result

in server vibrations and parametric instabilities (K-Z. Zhang et
al. 2011; G. Liu 2007).
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Each TBM has an overall length of 148 metres, which includes
11 backup gantries. The length of the TBM shield components,
which include the cutter head, front, middle, and tail shields, is
111 metres. Segmental lining rings made of precast
fibre-reinforced concrete that are placed inside the TBM tail
skin provide the tunnel’s continuous support. Grout is used to
fill the annulus that exists between the segment extrados and
the excavated face. The purpose of tunnel backup gantries was
to provide auxiliary systems for TBM mining operations. Each
TBM in the WWDT has eleven backup gantries; the supporting
information is shown below(Salepciler et al. 2023).

For tunnel boring, rock tunnel boring machines (TBMs) are
powerful engineering devices. The 1919 patent for a tunnel
boring machine is where the ground-breaking idea for these
machines originated (Soil, Association, and Others 1998),
(Bruland 2000). The device's main idea is to use a spinning
cutter head to hammer out concentric circular tracks in the
tunnel face while chipping the rock in between the tracks. A
significant advancement in TBMs transpired in the 1950s when
Robbins invented the disc cutter (Rutschmann 1979),(Hansen
1998). The basic machine design and rock-breaking procedure
haven't changed since then.

Previous researchers investigated the rock-breaking
mechanism of disc cutters through experimental and
numerical approaches. Full-scale Linear Cutting Machines
(LCM) and Rotary Cutting Machines (RCM) have demonstrated
reliability and precision, as they can handle a comprehensive
spectrum of loads and penetrations, eliminate scale effects, and
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yield results that are directly applicable to the performance
evaluation of Tunnel Boring Machines (TBMs) (Cho et al. 2013),
(Cho et al. 2010). Because of these factors, a large number of
research have been conducted using the LCM or RCM test
results (N. Bilgin et al. 2006),(H. Y. Liu et al. 2002), (Q. M. Gong,
Jiao, and Zhao 2006),(Q-M. Gong, Zhao, and Jiao 2005). A
notable accomplishment was the development of rock-cutting
force prediction models by the Colorado School of Mines (CSM)
(Jamal Rostami 2008) , (Nilsen and Ozdemir 1993). These
large-scale tests have a lot of benefits, but they are expensive
and take a long time because the rock samples have to be
brought from the site to a lab to be made and put into a testing
box. These problems were fixed by running a number of
computer simulations on the rock-breaking process of disc
cutters (N. Bilgin et al. 2000), (Z. Yu 2012).

Only a small number of publicly published investigations have
focused solely on the aforementioned technologies. Three
groups of hydraulic systems are used in a patent (Heitkamp and
Stoltz 1978) to control the advance of a tunnel drive shield; the
first two groups use throttle valves, while the third group uses
pressure relief valves. Three groups of another patented
hydraulic control system are also used to regulate tunnelling
operations (Weirich and Heitkamp 1983), and each group uses
the same control technique. It solely comprises pressure control
valves, yet incorporates an energy recycling concept.
Unfortunately, the ability to precisely adjust pressure and
velocity is lacking in all of these devices.

The possibility is made possible as a result of the development
of electro-hydraulic proportional control. This work introduces
a thrust hydraulic system featuring compound control of
pressure and flow. The system is regulated in six groups, each
generally consisting of a flow control proportional valve and a
pressure relief proportional valve. Pressure and velocity control
are handled by proportional integral derivative (PID)
controllers. The analysis also takes into account the
synchronous motions of the thrust cylinders for straight line
tunnelling, which arise from the cutter's unequal load under
the challenging and complex digging conditions. The
master-slave synchronous motion control utilising a PID
controller ensures minimal synchronous error between the
cylinder movements.

This project by (Huayong et al. 2009)involves conducting
experiments using an EPB simulation test rig, which comprises
a shield machine, an earth box filled with pressurised earth of
varying characteristics for testing, and a PLC control system. In
synchronous motion control, an unequal force is exerted on the
hydraulic cylinders positioned symmetrically.

1.2.3. Tunnel Lining and Structural Support

To prevent tunnel collapse, TBMs simultaneously install tunnel
linings during the excavation process.

e DPrecast Concrete Segments: Tunnel linings are

typically composed of precast concrete segments with

15 degrees of curvature, which are installed in a

circular fashion to form a complete ring around the

tunnel. Each ring is made up of six segments, with

tongue-and-groove interlocking systems for precise
alignment and structural integrity.

e Segment Installation: Hydraulic jacks temporarily hold
each segment in place during installation. Once all
segments are positioned and bolted together, the
system becomes self-supporting. Mortar is injected
into the gaps between the segments and surrounding
rock or soil to ensure a water-tight seal.

e DMortar Injection: The gaps between the installed
segments and surrounding ground are filled with grout
or mortar, depending on the geological conditions.
This grout helps secure the tunnel lining, preventing
groundwater intrusion and further stabilising the
structure.

When digging tunnels in soft terrain, a shield tunnelling
machine is frequently utilised (Yukinori Koyama 2003).
Segment assembling and shield tunnelling are the two primary
processes that occur sequentially during tunnel construction. It
is beyond question that the former is the fundamental process,
while the latter is also indispensable for the construction’s
safety, efficiency, and quality. Fundamental configurations of a
tunnel and a shield tunnelling apparatus. To create a
permanent support for the tunnel, the prefabricated concrete
pieces are fitted onto the excavated surface after the cutter head
rotates to dig the tunnel. A actual "segment erector,” a robotic
manipulator used in the segment assembly process, operating
in a functional shield tunnelling machine. Depending on the
tunnel's diameter, heavy segments can weigh several tonnes,
so the segment erector must handle them with extreme
precision. It provides comprehensive manipulation of the
segment with six degrees of freedom (6 DOFs), encompassing
radial lifting, axial sliding, and rotation along the central axis of
the shield tunnel machine, together with three degrees of
freedom for rolling, pitching, and yawing in the clamping head
(Lintao Wang et al. 2013). Currently, nearly all segment erectors
utilised in construction are operated by humans; however,
automation has emerged as a significant trend aimed at
enhancing efficiency and safety in tunnel building. Both the
segment assembly (L. Wang et al. 2017), (Y. Zhou et al. 2018)and
(Y. Zhou, Luo, and Yang 2017) stated the automation of the full
shield tunnelling machine also (Sebbeh-Newton et al. 2021),(W.
Sun et al. 2018), (X. Gao et al. 2019) have received a lot of
attention lately. All segment erectors are, to our knowledge,
powered by hydraulic systems due to their superior
power-to-weight ratio by (Yin et al. 2018), (T. Lin et al. 2021), (T.
Lin et al. 2020) and (W. Shen and Wang 2022). One of the
essential technologies for automation is closed-loop motion
control of the segment erector.

In TBM tunnelling with passively articulated shield tails,
concrete segmental rings in curved tunnel sections are prone to
ring deformation and structural degradation (Yukinori Koyama
2003);(Y. Yang et al. 2018);(Gruebl 2006). For example, according
to the statistical analysis of field records from 50 Japanese
sites,(Sugimoto 2006) identified longitudinal concrete cracking
as the predominant type of segment damage, constituting
roughly 40% of the total recorded damage incidents. A further
70% of the longitudinal cracks occurred in tunnel sections
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with curved alignments, typically at springline segments, and
72% of the cracks developed during the TBM advance, either
prior to or during tail seal passage. (Gruebl 2006) revealed that
longitudinal cracks are frequently observed in the early phases
of tunnelling in segments situated on the exterior of tight
curves. In contrast to the straight sections of the tunnel, the
curved sections showed characteristic squatting ring forms,
according to field monitoring data on ring convergence from a
tunnel driven in uniform ground that (Y. Koyama 2003)
provided. (Y. Koyama 2003) asserted that, in acute curves, the
transient lining pressures during the TBM transit could induce
segment cracking, spalling, and water infiltration. The majority
of the concrete cracks detected in various sites were attributed
by (J. S. Chen and Mo 2009) to the skewed orientation between
the TBM and lining and the application of uneven ram loads,
both of which are characteristic of TBM steering around curves
(Maidl et al. 2013),(D. Festa 2015),(Alsahly, Marwan, and
Meschke 2019) ,(Saleta Gil Lorenzo 2022). With passive
articulation, the shield tail follows the shield body during
steering (Biggart 2010; Brundan and Danno 2020). The
propulsion mechanism of the articulated TBM comprises
uniformly distributed hydraulic cylinders (Tunnel Engineering
Committee 2007, Xie et al. 2012) linked to the front bulkhead
and equipped with ram shoes at the back (Figure bellow).
Discrete jack forces are dispersed along the touching segments’
circumferential face with the aid of the ram pads. The
cylinders’ alignment is maintained at standstill by detachable
fasteners. The floating shoes follow the relative changes in
position of the touching segments, and the cylinders can freely
pivot within a permitted angular range during advance
(Engineering Committee 2007),(Saleta Gil Lorenzo 2022). The
lining's transverse bracing is necessary to achieve stable
balance because the hinged cylinders can only support axial
loads.
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Figure 4: Schematic representation of the interfaces of tunnel
construction in contemporary mechanised shield tunnelling.

If the cylinders assume an inclined position, the contacting
segments may be subjected to transverse jack forces at the
interfacial plane. The thrust cylinders are often organised in
clusters and function in pressure regulation mode, allowing the
TBM operator to modify the thrust pressures in each control
group to rectify deviations of the TBM's position from the

intended alignment (D. Festa 2015). Uneven thrust forces result
in active changes in machine orientation (Harding, n.d.).
During the steering of the TBM around a curve, the cylinder
groups on the outer side generate greater thrust forces than
those on the interior side. The jacking system's maximum
thrust force can be reached by the outer jack forces (S. Gil
Lorenzo 2018).

TBMs and traditional tunnelling by drilling are the two
primary methods of tunnel excavation. TBMs are frequently
utilised in urban tunnels where strict safety standards and
quick excavation are necessary. Due to the presence of several
subterranean structures in urban areas, including utility
tunnels and building foundations, newly constructed tunnels
frequently feature a blend of linear and curved alignments. For
tunnel curves to be produced successfully, TBM steering
systems are therefore essential.

In their theoretical model for TBM excavation, (Sugimoto and
Sramoon 2002) simulated TBM operation, assessed shield
behaviour, and conducted sensitivity analysis of the model
parameters used for shield behaviour in both straight and
curved line excavations. The model was based on the dynamic
loading concept. The simulation confirmed that ground
features could influence shield movement, with a more
pronounced effect on shield behaviour in curved excavations
compared to straight-line excavations.

By using mathematical and geometrical models, (Xuesong
Shen, Lu, and Chen 2011) were able to ascertain the
three-dimensional orientations of a TBM as it advanced, and
they deduced a transformation matrix to determine the
attitude of the TBM's position with respect to yaw, pitch, and
roll, using the coordinates of a single tracking point.

Curved excavation requires three operational factors, which
(Chanchaya and Suwansawat 2014) outlined: the articulation
angle, the difference in shield jack length, and the copy cutter
stroke. They also deduced methods for calculating these factors
and for forming curved alignments, such as circular and spiral
curves, in two-dimensional space. A comparison was also made
between three operational factors that were derived from
theoretical calculations and those that were measured in a true
guidance system. By incorporating the horizontal and vertical
tendencies of the TBM, which are calculated from the
deviations of two reference points caused by the yaw and pitch
of the shield. On the basis of these trends, they compared the
relative positioning of the TBM with its intended tunnel
alignments.

(S. 0. Kang et al. 2017) conducted a numerical simulation to
assess the structural stability of the TBM shield during a
sharply curved excavation, elucidating the load transfer
mechanism from articulation and shield jacks to the shield
skin, as well as the impact of this load transfer on the structural
integrity of the shield skin.

To explain the behaviour of thrust pressure based on various
shield jacking force systems and articulation angles for curved
excavation, (S. H. Kang et al. 2017) created a model experiment
at a size of 1177 In light of the inconsistent pressure, they
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suggested a protocol for the allocation of thrust force based on
the articulation angle.

The entire TBM steering system and the associated process
needed for extremely tight curved excavation were recently
detailed by (Brundan and Danno 2020). They also provided
field case histories of TBM design and operational technology
that have been proven effective in extremely tight curved
excavation.

In the design of the steering system for the TBM simulator,
these previous studies have underscored the limitations. A
number of aspects pertaining to shield behaviour were
described by (Sugimoto and Sramoon 2002), operational
considerations for TBM curved excavation were introduced by
Chanchaya and Suwansawat (Sugimoto and Sramoon 2002),
and both works included some discussion of the TBM
navigation system, which is an essential component of the
steering system. In contrast to a navigation system in three
dimensions, which requires at least three reference
points,(Xuesong Shen, Lu, and Chen 2011) proposed calculating
the TBM location and its variation due to pitch, yaw, and roll,
but they just took into account one reference point. The
horizontal and vertical tendencies were calculated by (Daniele
Festa, Broere, and Bosch 2013),(D. Festa, Broere, and Bosch
2015) using two reference locations (front and rear).
Nonetheless, two-dimensional space was taken into
consideration when designing the navigation system.
Additional investigations have also contributed to the
comprehension of the whole TBM steering system (S. O. Kang
et al. 2017; S. H. Kang et al. 2017, Brundan and Danno
2020).(Daniele Festa, Broere, and Bosch 2013) and (D. Festa,
Broere, and Bosch 2015) defined the position and orientation of
the TBM shield using two reference points and explained the
kinematic behaviour of a TBM in soft ground.

1.2.4. Slurry TBM (Hydroshield Mode)

When tunnelling in waterlogged environments, TBMs can
switch to hydroshield mode, which is specifically designed to
handle the challenges posed by high groundwater pressure and
loose soils.

Bentonite Slurry Operations: In hydroshield mode, bentonite
slurry is injected into the excavation chamber to stabilise the
tunnel face and counteract groundwater pressure. The slurry
fills the excavation chamber, forming a pressurised shield that
prevents uncontrolled inflows of water and ground material.
Pressurisation System: The pressurisation of the slurry system
is carefully controlled. Compressed air is introduced into the
rear chamber of the TBM to act as a spring, regulating the
support pressure applied by the slurry. This system ensures
that the slurry penetrates the surrounding ground to a depth
sufficient to balance the groundwater pressure.

Separation Plant: The slurry is continuously pumped out of the
TBM, along with the excavated material, and sent to a
separation plant. Here, the solid particles are removed, and the
bentonite is replenished and recycled for further use. This
closed-loop system maintains excavation efficiency and
minimises environmental impact.

Figure 5: Operation of TBM Under water table and soil pressure

Accelerating urbanisation and fostering sustainable economic
development require extensive subterranean space exploration
(Yan et al. 2022; Debrock, Van Acker, and Admiraal 2023; Z.
Wang et al. 2023; Ma and Peng 2023). According to (X. Li et al.
2018; M. et al. 2022; P. Lu et al. 2022; X. Shen et al. 2023; Guo, Jin,
et al. 2023), there have been a lot of underground projects going
on all over the world in recent years. The slurry tunnel boring
machine (TBM), a fully mechanised tunnelling method,
combines soil cutting, soil discharge, lining, and deviation
correction (W. Li et al. 2022; X. Wang et al. 2022). It is widely
employed in the construction of subway tunnels (Huang et al.
2022; Jin et al. 2023), highway tunnels (Guo, Li, Sun, et al. 2023;
Z. Geng, Jin, and Yuan 2023), and railway tunnels (N. Zhang et
al. 2018) due to its high efficiency and safety, particularly in
cross-river and submarine In slurry TBM tunnelling, fresh
bentonite slurry is introduced into the excavation chamber in
several stages through the feeding pipeline to equilibrate the
soil and water pressure at the tunnel face. The bentonite slurry
can be recycled since the discharging pipeline pumps the
enormous amounts of muck to the ground to screen and filter
presses in several stages.

However, if the disc cutter's rock-breaking capacity is
inadequate, the rock may not split adequately when a slurry
TBM is tunnelling in challenging terrain, including hard rock,
producing larger-sized rock chips (Haeri, Shahriar, and Marji
2013; Marji 2015; Abdollahi et al. 2019) . When the slurry
circulate system's discharging capacity is insufficient, the
excavated rocks are then easily deposited at the bottom of the
excavation chamber. Over time, the excavation chamber gets
clogged, which causes the discharging system to become
stagnant and blocked (Zhonghai, Hengyu, and Buhai 2019; Guo,
Jin, et al. 2023). This could put construction security at risk and
decrease tunnelling efficiency by raising the slurry pressure
inside the excavation chamber, which could destabilise the
excavation face and cause an unusual shutdown of the slurry
TBM (W. Liu et al. 2023). To give just two examples, the
Shiziyang Tunnel Project in Guangzhou, China, and the
Tuan-Jiu Part of the South-to-North Water Transfer Project in
Beijing, China, both experienced frequent clogging issues with
their excavation chambers, which reduced the efficiency of
their respective processes. The safe and effective tunnelling of
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ultra-large-diameter slurry TBM thus depends on the slurry
circulate system operating continuously.

The transport and flow behaviour of pipeline systems are
currently the main focus of study on the muck discharging of
slurry TBM (Kaushal and Tomita 2002; Vlasak, Kysela, and
Chara 2014; Edelin et al. 2015). Indoor experiments are a
prevalent methodology employed by researchers. (Souza Pinto
et al. 2014) examined the particle trajectories within the pipe at
various fluid flow rates and identified the key velocity
distinguishing deposition from suspension across varied flow
patterns. Advancements in computational technology and
mathematical methodologies have led to the extensive
application of various numerical methods in the investigation
of muck particle transport and discharge (Kaushal et al. 2012,
Janudrio and Maia 2020; Ma and Peng 2023), including
computational fluid dynamics (CFD) and the coupling of
computational fluid dynamics with the discrete element
method (CFD-DEM). (Guo, Li, Jin, et al. 2023) assessed the
reverse circulation efficacy of slurry shield pipelines utilising
the CFD-DEM coupling methodology, discovering that the
slurry inflow velocity V and reverse circulation duration
substantially influence reverse circulation performance. This
led to the recommendation and implementation of a sensible
reverse circulation strategy in real engineering.

The main way to reduce excavation chamber clogging in
practical engineering is to optimise the structural lectotype of
slurry TBM from the standpoint of slurry TBM design.
Therefore, it is fundamental and important to implement a
targeted and innovative design to enhance the discharging
performance of slurry TBMs in order to alleviate the issue of
excavation chamber clogging. Subsequently, the effectiveness
of the targeted design in resolving the slurry chamber clogging
and the discharging performance of the slurry TBMs under
various conditions should be investigated. To date, there have
been a few reports of screw conveyors being connected in
series with slurry shield's slurry circulation system to reduce
clogging and blockages in the excavation chamber. (W. Liu et al.
2023) reported that the screw conveyor was utilised in the
Guangzhou Metro Line 12 Project, with a flight diameter of 840
mm, a screw shaft diameter of 245 mm, and a screw pitch of
680 mm. But the majority of the examples that are currently
available are for the design of screw conveyors in slurry shields
with small to medium diameters, and the screw conveyor itself
has a short pitch and flight diameter. Instances of screw
conveyors utilised in large-diameter slurry shields (exceeding
14 m in diameter) are scarce, and there is a lack of assessments
on the discharge efficacy of screw conveyors in slurry shield
tunnelling.

To reduce slurry chamber clogging in the Qingdao Jiaozhou
Bay Second Undersea Tunnel, a large-diameter short screw
conveyor that actively discharges rocks was used. Based on the
CFD-DEM coupling approach, a full-scale two-phase model of a
short screw conveyor actively discharging pebbles was
developed in order to assess the discharging performance of
large-diameter short screw conveyors in various scenarios. In
the fluid domain of the coupling model, sliding mesh
technology was employed to represent the rotations of the

atmospheric composite cutterhead and short screw conveyor.
Dynamic particle factories were developed in the coupling
model's particle domain to generate rock particles in response
to the cutterhead's rotation. Additionally, by contrasting the
simulated results with field-monitored data, the correctness
and dependability of the CFD-DEM simulation findings were
confirmed.

A thorough parameter analysis was conducted to investigate
the impact of TBM advancing rate, cutterhead rotational speed,
screw conveyor rotational speed, rock size, and screw conveyor
geometric design on the discharging performance of a
large-diameter short screw conveyor. In light of these findings,
an appropriate rotating speed for the screw conveyor was
proposed and implemented in the Qingdao Jiaozhou Bay
Second Undersea Tunnel project by (Guo, Li, Jin, et al. 2023),
resulting in favourable outcomes. The results of this study may
serve as a reference for mitigating slurry chamber obstruction
during ultra-large-diameter slurry TBM tunnelling in hard
rock for analogous future projects.

1.2.5. Control and Monitoring Systems

Modern TBMs are equipped with advanced control systems
that allow operators to monitor and adjust machine
performance in real-time.

e Control Cabin: Located at the rear of the TBM, the
control cabin houses the equipment used by engineers
and operators to manage all aspects of the TBM’s
operation. The control systems allow for the real-time
adjustment of key parameters such as cutting head
speed, hydraulic pressure, and slurry flow rates.

e  Geotechnical Monitoring: In urban tunnelling projects,
nearby structures are continuously monitored for
movement or vibration. Sensors placed above the
tunnel track changes in surface conditions, ensuring
that excavation does not cause damage to nearby
buildings or infrastructure.

1.2.6. Challenges in Different Geological Conditions

TBMs must adapt to various geological conditions, including
soft soils, hard rock, and mixed ground, each presenting unique
challenges.

e Earth Pressure Balance (EPB): In urban environments
with soft ground, TBMs employ Earth Pressure Balance
(EPB) technology to balance the pressure at the tunnel
face, preventing ground collapse and minimising
surface subsidence.

e Retrofitting for Different Conditions: TBMs can be
retrofitted to switch between dry excavation in rock
and slurry mode for soft or waterlogged soils. This
adaptability allows for smooth transitions when
tunnelling through varying ground layers.
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2. TBM Launch

The underground space is in high demand due to the societal
necessity to enhance the urban landscape in conjunction with
the ongoing accelerated urbanisation (Choi and Lee 2010; Kong,
Jung, and Lee 2017; Rezaei, Shirzehhagh, and Golpasand 2019).
The construction of urban tunnels using a tunnel boring
machine (TBM) is frequently preferred over the
drilling-and-blasting-based excavation method, which can
result in noise- and vibration-related issues and complaints
from adjacent residents through (Q. Liu et al. 2016; D. Festa,
Broere, and Bosch 2012) research. The high cost of a TBM is a
contributing factor to its frequent re-use. Subsequently, the
TBM is tailored to the desired ground conditions and
transported to the construction site.

From a performance standpoint, this type of re-used TBMs
may be inferior to a TBM that has been newly designed and
constructed specifically for a specific site. This is due to the fact
that the re-used TBMs were originally constructed for various
ground conditions in the past by (Phadke and Titirmare 2017).
However, if some parts have been replaced, the performance
and specifications of a repurposed TBM may differ from what
was originally produced in the factory and may even
deteriorate with time. The use of a re-used TBM without a
thorough examination of its specifications and performance
can result in a variety of unforeseen excavation issues, as well
as an unintended increase in the cost of tunnel construction.
Consequently, it is of the utmost importance to evaluate and
confirm the current status of the repurposed TBM before it is
installed on a construction site. The most common issues are
typically related to the maximum working cutter head rotation
speed, the maximum applicable cutterhead torque, or the
maximum applicable thrust, which are significantly lower than
the actual specifications.

Massive resources are needed to examine these parameters,
though. For instance, in order to create the maximum
cutterhead torque, an enormous counter-force must hold the
entire TBM cutterhead. The ambiguities and uncertainties
surrounding the current state of re-used TBMs impede their
recycled or refurbished application, notwithstanding the
associated economic advantages. The performance of a TBM is
often defined by its ability to excavate the subsurface ground of
interest. The performance of TBM excavation is influenced by
both ground conditions and machine specifications (Ebrahim
Farrokh 2020). (Q. M. Gong, Jiao, and Zhao 2006, Yagiz 2008)
have implemented numerous investigations regarding the
impact of ground conditions on the efficiency of TBM
excavation. There have been recent attempts to use machine
learning techniques to forecast the performance of TBM
excavations beyond the practical and financial constraints by
taking into account important ground characteristics and
machine parameters (Khalid Elbaz et al. 2019, 2020; M.-Y. Gao et
al. 2020). However, to create reliable models using machine
learning or statistical techniques, a basic understanding of the
roles that TBM specifications and ground conditions play in
TBM excavation mechanism is needed. The cutter and
cutterhead are regarded as the most critical components

(Acaroglu, Ozdemir, and Asbury 2008). Common assessments
comprise the cutter wear test (Bruland 1998), the linear cutting
machine (LCM) test (Balci 2009; Tumac and Balci 2015;
Entacher and Schuller 2018), and the rotary cutting machine
(RCM) test (G. Qi, Zhengying, and Hao 2016; Pan et al. 2018;
Peng et al. 2018). One example is a recently designed testing
device that can inspect a real full-scale cutterhead (Q. Geng et
al. 2016). While the method of checking each individual
machine component is legitimate, the assembling of these
multiple parts may nevertheless pose a risk of defects in the
entire intact machine. Segment damage from imbalanced
thrust, thrust loss due to lodged mud in the TBM chamber, and
friction between the TBM body surface and ground are specific
risks that might occur during the excavation operation
(Ramoni and Anagnostou 2010a; Jung et al. 2011) . According to
(Pan et al. 2019), there is a discrepancy between the cutting
performance of cutters calculated by the LCM test and that of
cutters used in full-scale TBM excavation.
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Figure 6: TBM launch sketch: Cross-sectional view(Salepciler et
al. 2023).
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3. Mathematical Models:

3.1 Thrust and torque TBM launch

TBM considers the thrust and torque of the equipment, the
number of disc cutters, the arrangement, spacing, and opening
ratio of the cutters, as well as how these factors affect the
TBM's excavation performance. There have been recent reports
of instances in which the TBM design errors resulted in
insufficient thrust and torque during construction (Ates, Bilgin,
and Copur 2014; Nuh Bilgin and Algan 2012). As a result, the
design of the total thrust force F,, and total torque T, which are

necessary for the shield TBM to be excavated steadily, is based
on empirical elements such as ground conditions, as seen in
Figure 8) and TBM diameter (D), which have only been
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calculated (Anastasopoulos, Gerolymos, and Drosos, n.d.). A
shield TBM with a diameter of 6.3 m has a wide range of thrust
values, from 20 to 43 MN, making it challenging to design the
ideal thrust hydraulic system and select acceptable hydraulic
components. The thrust and torque should be found by taking
into account the ground conditions (such as excavation depth,
groundwater level, uniaxial compressive strength, lateral earth
pressure coefficient, etc.), the equipment factors (such as TBM
diameter, TBM shield frame length, opening ratio, etc.), and the
operating factors that affect the force that is applied to the
equipment when a shield TBM is used to digree. Research in
Korea has focused on enhancing and forecasting the excavation
efficacy of shield tunnel boring machines (TBMs) by employing
the Colorado School of Mines (CSM) model, which is
appropriate for rocky substrates, alongside the NTNU model
devised by the Norwegian University of Science and
Technology (NTNU) (Chang et al. 2011, 2013). Furthermore,
utilising the Japanese thrust calculation formula, which
accounts for stress relaxation in soil ground as a result of
excavation, the structural stability of shield TBMs during
construction on steep curves was investigated (S. H. Kang et al.
2017). This work delineates and categorises four formulas for
thrust and torque calculations utilised in TBM design: the
Japanese and modified Japanese models for soil, and the CSM
and NTNU models for rock. The values derived from each
method were compared and analysed.
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Figure 8: Earth pressure balance diameter characteristics.

To assess the stresses around a shield TBM, it is essential to
first compute the vertical stress along the tunnel, considering
the stress relaxation in the soil from the tunnel crown to the
ground surface resulting from excavation. Figure below shows
the equilibrium of the forces operating around the tunnel by
creating small elements between the ground surface and the
tunnel top.

(1) ZFy =0- . ZBD - (O'U - dov). ZBO +v. ZBG. dh — Z(O'U. ka.u)dh -

since h = distance of the top of tunnel (m), u = tand coefficient
of friction of soil, ¢ = cohesion of soil (kPa),

. . ) 3
Y = unit weight of the soil (kN/m"),
ka = actove soil pressure means coef ficient.

10

ol llilllllll g

o', ka-u+c)dh

L]

\
\
= =A

N
b |-

Figure 9: Underground excavation induces a free body diagram
f tension relaxation and failure line (Afshani 1. 2014

In particular, the soil moves towards the tunnel due to the
tension relaxation of the soil near the tunnel side and the
arching effect that occurs around the tunnel during excavation,
resulting in active failure 2B .dh. The following first-order

linear nonhomogeneous differential equation is obtained by
splitting and  rearranging equation above (D).

do
(2) dhu + kau c’

Ba (Gv) =Y — B
kau kau

3) cly =e " ki_”u e .(y —-5) + 4] Equation (3) is subjected

o

to boundary conditions that apply a surcharge load to the
ground surface (h = 0 > o = qo), and the integration constant

is determined. The equation can be expressed as follows if it is
ka ka.u
. © B, ! ¢ Tv(h) _Tu(h)
discovered.(4) 0 = aw =3 A—e )+ qo.e ,

3

The vertical effective stress operating on the top of the TBM
can be found using equation (4) (B,~ B, h> H, qo = 0).
(8o, = o (v — )1 —e ),

-—5; (0
6)B=a+b=r1[ ! 1 ] = 1. cot(
sin((%+%) tan(%{-%)

/4 + /2 )
2
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Figure 10: Vertical effective stress variation using various active
earth pressure coefficients.
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around the TBM tunnel(Chong et al. 2020).

[Direction [symbole [Equation |
Top Vertical o (effective stress) )
utop(pore pressure) v, X hw
o (total stress) o +u
v v top
Top Horizontal O, ef fective stress) o X Ka
uwp(pore pressure) v, X hw
o, (Totalstress '
htup( ) 0-hmp + utop

Bottom Horizontal ; (offective stress) o x D.y.ka
hbot hbot
u,_ (pore pressure) '
bot Ghbut xD 'yw
o, (Total stress) '
htop 0-hbot + ump

_ _ T[(Dz) neop™ Ohvor
(VF, =0, 4y (@A) = P[5 (1 = ) + .0,

p, = chamber pressure,

0—h—owg
p = opening ration,

F,= friction resistance sheild/outer seurface,

11

clm = stress on the outer diameter of the sheild.

: 20,49, O
@®F,=0 (A)M) = [——]mD.L w, L= framelength,
W = friction coef f between sheild and surounding ground ,

Specifically, the influence of hydrostatic pressure was removed
when computing the transverse stress in the shield surface
earth pressure case, in contrast to the frontal friction
resistance. When excavating rock ground, further rock
crushing is necessary due to the properties of residential
ground; therefore, the rock’s uniaxial compressive strength and
disc cutter resources (net penetration areaAbl_t_p) and

N_= total number of cutters.F, is the segment and shield frame
resistance and F_ is the backup car transport resistance. do not

constitute thrust components because they were either not
included in the original design due to their small
proportion—less than about 2%—or because their inclusion
was contingent upon the operation of the equipment on-site.
The percentage of certain thrust components must be
composed in order to determine the overall design thrust when
excavating along a steep curve or at the soil-rock border (S. H.
Kang et al. 2017). Five components are used to compute the
design torque needed for a sealed shield TBM. The cutting
torque T1, determined by the load on the disc cutters affixed to
the face plate, should theoretically be calculated as the
aggregate of the moment loads of each disc cutter, which is the
sum of the products of the rotational load of each cutter and the
distance from the centre of the face plate to the respective
cutter. But because it was hard to find the disc cutters’
rotational stress and moment distance, the following rough
calculation was applied. (9) T, ~ F_.N . = [oc. © _ .p. f]. N5,
3 I o [ i
10T, = G0 (e y gy = T
Here, the thickness of the cutter heang (m) is being discussed.
Furthermore, the torque components were not included in the

torque components due to the low proportion of the stirring
resistance T, generated within the chamber installed to

facilitate the transfer of excavated soil to the screw conveyor
and the bearing friction resistance 7, installed in the drive unit,

which is insignificant in comparison to the uncertainty of
numerous input variables required for the calculation and the
design torque (X.-P. Zhou and Zhai 2018).
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(a) Thrust force (b) Torque

Figure 12: Factors influencing the front and area of the TBM

shield(Chong et al. 2020)
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Methods for thrust and torque calculation previously proposed
by the Japanese did not account for the fact that the effective
stress operating on the top and sides of a TBM varies with the
TBM diameter. This modification is reflected mathematically
in the thrust and torque calculation methods provided in this
section (Shi et al. 2011; Lintao Wang et al. 2012). Using the polar
coordinate system, the resistance force F, that changes with the

TBM front tunnel's diameter was determined. The hydrostatic
pressure F 11 and the transverse effective stress F  were then

determined as follows.

D’ D
n4 v, (b, +3)

(12a)F =] v, [h, + 71 — sin)lrdrdp =
0

ka.y[h + r(1 — sin)]rdrdd = %y_ ka(h + %)

1(1-sing)

on the surface of a shield tunnel boring machine (TBM)

Additional weight applied to the ground surface q extra frontal
load F ,, face plate opening ratio, and chamber pressure

resulting from In light of this, the formula is articulated as
follows.

(4a)p =Y[H +2(1 — sind)], (14b) p, = Y[H + (1 — sind)],

using the previous equations the forces acting at the upper side
of the tunnel are the obtained as following:

n
nD
16

2
_ , _ D . . ) mH
(15a) FE_V = deEsmq) = {pv ;Ao sing sing =y.D. (5 +

)
T

Z .
(15b)F, , = deEcogq) = {ph%dq)cosd)cosq) =vka D(% + T;—g —

The following is the expression for the circumferential
frictional resistance F 2 of the shield, which is induced by the
ground pressure acting along its diameter and frame:
Zn% .
ANT,= [ [ka . y.[H + r(1 = sing)].r'drdd =
00
1'[D3

[T- ka. ul.y.(%+%)]. (1 — p). Equation (14a) and the

horizontal effective stress are the two components of the
torque T,, which is the outer diameter of the shield. Equation

(14b) can be used to determine the torque acting on the top and
sides of the tunnel in relation to the thickness of the cutter

12

D

6

1

2m 2 .
head.(18a) T = 1) P, %. dé .sind . singd. % = n'4D Y(H + %)
0

2m 2
(18b) T, = {pv.% d .cosd.cosdp. 5 ="y ka. (H +2),
(18T, = (T, +T) B p =7 y'Bg[H(l + ka) + (1 + ka)]p,. By
analysing the rock cutting force, the CSM model can forecast
TBM excavation performance. This model is based on large
amounts of data collected from long-term field data and
full-scale LCM trials (J. Rostami and Ozdemir 1993).

(19) ¢ = cos” ()

Normal
Coordinates

Cutter edge

Reaction
force

Fy

Fr

rock surface cutting with disc cutter (J. Rostami and Ozdemir

1993).
3 2 t.S
@0)P =P, (&) 'where, P = C. ;(/’ﬁ since ais the the

angle from ¢ which is the incideece changes to S which is the
gap between the cutters. T is the cutter ip width, ot is the tensile
strength o the rock. C refer to the dimensionless coefficient
~ 2.12. The pressure shape coefficient influences the
distribution of cutting pressure. It varies by cutter type,
ranging from -0.2 (wider tip cutter) to 0.2 (V-shaped cutter).
The distribution of cutting rock can be uniform (A= 0), straight
line (A= 1), or nonlinear distibution (0<A< 1). Furthermore,
another function can be used to represent the cutting pressure
distribution (Labra, Rojek, and Orfiate 2017). The following
equation uses taylor series to calculate the direction of the
actions reaction forces through the intergration system.

n

¢ ¢ .
A i—1
(Zla)Fx- = deCOS(X = {TRpmax(%) da. cosa = .ZO(— 1) W

2i+A+1

i=

2i+A+2

0
21b)F —TdF‘ —}TR M sing = 3 (= 1) #0
(21b) y T stna = ! Py ) At sina = Eo(_ ) G

1 F.
(22)y = tan 1( =), Thrust and torque calculations use the
Cartesian coordinate F, system to determine the total resultant
force.
The cutting coefficient's (CC) site of action needs to be
estimated. The cutting coefficient is the ratio of rotational force
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to vertical force. Each is expressed as follows.(23) CC = tan
where, B = tan '[tan(d — V)]

0.4

Cutting Coefficiant CC [ ]

0 1 2 3 4 5
Penetration p [cm]

coefficient
24F—TdF—TTRP A do = TRE p - TRO
(24) p=JdF=TT.R e () da =T p = TR

. Overall cutting force resulting from the action F, . The force
derived from F vertical motion and rotational dynamics. The

thrust is as follows, assuming that the cutting pressure
(B = ¢/2) is distributed uniformly (the centre of the contact
area is where the whole force is applied): and thrust formulas
for calculations can be expressed by:

— b — b
(25a) F,= NCFTcos( 5 ), (25b) Tq =0. 3.NC. D.F.. sin(,)
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Figure 16: Comparison n japanese model and modifi

model for thrust and torque

The Japan model estimates thrust force and torque by deriving
vertical stress relaxation induced by TBM excavation, with pore
water pressure and overburden soil stress considered linearly
around the TBM. While it can be applied to rock TBM
excavation, it requires many input parameters. The Modified
Japan model improves upon this by calculating pore water
pressure and soil pressure more accurately along the TBM,
while still requiring numerous inputs and incorporating the
Japan model framework. In contrast, the CSM model
determines thrust force and torque based on cutter reaction
forces and cutting geometries. However, it does not account for
pore water pressure or overburden soil stress, limiting its use to
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rock TBM excavation, and faces challenges in measuring and
quantifying pressure distribution along the cutting surface.
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Such small cross-sectional TBMs are typically seen in tunnel
segments that are between 1.2 and 1.5 meters long. The sample
mold's height and breadth are set at 5 m and 3.54 m,
respectively, in accordance with the TBM diameter. The ability
to deconstruct the sample mould into its component parts and
reassemble it is helpful when removing a tested sample from
the mould once the test is over. The geologic sample's volume
change within the mould can be limited by the lid of the mould.
The thrust forces exerted during TBM excavation are
substantial, reaching several thousand kN. Thus, four support
walls are erected in total to endure such thrust and reaction
forces: One front-side abutment wall, one back-side abutment
wall, and two lateral supports on either side of the mould The
lateral supports, the front-side abutment wall, The walls and

>
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mould are engineered to sustain a force of 8,000 kN. The front
and rear abutment walls are anchored to the floor and
interconnected by H-beams on both sides.

3.1.1 Technical Review

The technical sections of TBM are listed as below:
[Section| Technical chambers of TBM(Salepciler et al. 2023). |
1  Foam generator, control cabinet, and operator cabinet.
2 Grouting system and Quick unloading device.
3  Transfer pump, polymer tank, foam solution tank,
foam tank, and hydraulic pump station.
4 Grease barrel transfer hoist and grease system.
5  Frequency converter cabinet and water tank.
6 Transformer, Bentonite tank, HV switch cabinet, and
metal detector.
7  Air compressor, generator, wastewater tank, and
cooling water tank (internal circulating water tank).
8  Chiller unit and emergency shelter for refugees.
9 Emergency refuge chamber.
10 Crew room, pipe storage space, and pipe extension
hoist.
11  Workspace, conference room, and backup generator.

Tunnel Boring Machines (TBM) are mechanised tunnelling
systems widely used in civil infrastructure projects, especially
for the construction of transport and utility tunnels. TBMs
offer a mechanised alternative to traditional methods, ensuring
efficient excavation while minimising surface disruption.
Figure 4 and 5 seeks to demystify the core components of
TBMs, analyse their operational principles, and provide insight
into the challenges of tunnel excavation under varied
geological conditions. Since the introduction of Tunnel Boring
Machines (TBMs) in the 1950s, design engineers and
contractors have been preoccupied with the issue of accurately
estimating the performance of TBMs in a specific project
context (Jamal Rostami 2016). This method was initially
employed in the planning of the Trans-Alpine tunnels in
Europe during the 1990s.In general, the estimation of specific
parameters for a TBM is referred to as performance
estimation(Einstein 2001).

These parameters include:

e The rate of penetration (ROP), also known as the
penetration rate (PR), is the linear footage of
excavation per unit time when the machine is engaged
with the ground and producing work. It is often given
in metres per hour.

e Representing the ratio of boring time to the overall
time, utilisation rate (U) is stated in percent (%).

e The concept of total time may encompass the quantity
of hours worked during workdays, uneventful days, or
calendar days. The advance rate (AR), which represents
the daily progress measured in metres per day, is
determined by the following calculation:

AR = ROP.U.Ns.Sh,
where Ns represents the daily shift count and Sh denotes the
duration of each shift in hours.
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3.2. Estimate of ROP or PR under rock

Evidence suggests that TBM ROP can be predicted with
reasonable accuracy in most projects using these models.
However, the precision of these models is somewhat
constrained by the accuracy of input parameters, primarily the
variability of the ground in relation to the index parameters
utilised in the models to compute ROP(Sharp and Ozdemir
1991). The formulae demonstrate good accuracy in uniform
rock formations with fewer joints or discontinuities.
Conversely, the models’ accuracy diminishes when machines
operate in jointed rocks, particularly where joint frequency and
orientation fluctuate, as well as in blocky grounds, shear zones,
and mixed face conditions. Consequently, one of the most
intricate issues requiring further investigation is how to
account for the impact of joints on machine performance,
considering the nature of rock joints and the degree of spatial
variability in terms of spacing or frequency, and orientation
relative to the tunnel axis(E. Farrokh 2012).

FPI = Exp(1.97 + 0.0063.RQD + 0.103.CAI + 0.00685.UCS)
PR = (0.06RPM. Fn)/FPIs since
PR ROP = Rate of penetrationinm/h

CAl = Cerchar Abrasivity Index

RPM = Cutter head rotation speed rev/min

RQD = Rock quality designation

UCS = uniaxial compressive strength in MPa

Fn = Disc cutter normal force in kN

Recall that models based on FPI should ensure that machine
torque is not exceeded for low FPI values by reducing Fn and
checking for cutterhead torque limitations in rocks below 100
MPa.

Machine utilisation rate is crucial for assessing Tunnel Boring
Machine (TBM) performance, reflecting the percentage of time
the machine is actively excavating. Typically, TBM utilisation
ranges from 20-30%, with ideal conditions allowing up to 55%.
The rest of the time is consumed by downtimes, such as
maintenance, repairs, ground support, and other logistical
issues, which account for 70-80% of total time.

Ground conditions significantly affect TBM utilisation,
especially for open-type machines in unstable areas, where
support installation or shield entrapment can cause delays.
Groundwater inflow and gas presence also disrupt operations.
Human and logistical factors, like contractor experience and
site management, further influence machine performance.
Predicting utilisation remains difficult due to these complex
and variable factors, making estimates often based on local
practices and past experiences (Ozdemir 1977).

An alternative method of approximating machine utilisation
involves assessing delay times by means of downtimes
attributed to distinct activity types. This idea is applied to both
CSM and NTNU models, where the whole time is divided into
smaller tasks like surveying, machine repair, back-up repair,
boring, regripping, cutter inspection/change, haulage delays,
and so on. The machine utilisation is the ratio of the total time
components to the time spent boring, and these components
are represented by the related time spent during the shift. A
thesis work represents some of the recent advances in
estimating such downtime components(E. Farrokh 2012).
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Table 2: General guidelines for estimation of TBM utilisation.

achine |Ground [Muck Haulage Suggested
'ype Conditions utilisation rate
(%)
Open Simple/consistent Train Continuous/conveyor 35-40
or uniform Train 40-45
Complex/faults  Continuous/conveyor 1520
20-25
Single Simple/consistent Train 20-25
Shield or uniform Contentious/conveyor 25-30
Complex/faults  Train 1520
Continuous/conveyor 20-25
Double Simple/consistent Train 25-30
Shield or uniform Contentious/conveyor 30-35
Complex/faults  Train 20-25
Continuous/conveyor 25-30

Tbh = 1000/PR (h/Km)
U= (Tb)~(Tb + Ttbm + Thu + Tc + Ty + Tsp
+Tw + Tg + Ttr + Tr +..)

Table 3: List of components of downtime for rock TBMs:
F ategory Name | ;eﬁnition uggested formulas

TBM, Ttbm TBM breakdowns  See figure 19
time
BU, Thu Backup breakdown See figure 19
times
Cutter, Tc Cutter check/change See figure 19
time
Support, Tsp Support installation See figure 19
time
Regrip, Tr Resetting times of . — 1000&r | 409,000
60.Ls R

TBM after each

excavation stroke Ls is stroke length (m),

tris regripping time (min)

per stroke

And R is radius of curves (m)

Based on ground conditions:

Good, Massive, 50—100 h/km soft to

Routine
maintenance of

Maintenance, Tm

cutter head, TBM, medium rock
and backup 100200 h/km for normal, massive hard
rock

weak: expansive clay, significant water
ingress and clogging rates in weak
cementations, and extremely high rock
strength for TBM (300 h/km).

Downtimes related See figure 20

to unfavourable

ground condition,

which needs

additional or support

or dewatering

Ground, Tg, Tw

Probe, Tp Probing times for ~ Estimated based on the field conditions
ground exploration
Utility, Tu Line Extension timesTu = 1.3 x 6 (h/km) where 0 tunnel slope de
Survey, Ty Time for surveying 7y, = 192, 000/R*(h/Km)
tunnel direction R = tunnel turning radius (m)
Other, To Unclassified times  Up to 200 h/km for crew with low

experience

'I"ransport, Ttr

|Times related to muck transportation and unloading |

Condition Ttr (h/Km)

Comment

Very Good <50

Tunnel conveyor belt prone to no or
very low breakdowns

15

Good >0 Belat or Train, low breakdown

Normal 150 Belt or Train, normal breakdowns
P 350
oor High breakdowns (especially in long
tunnels)
Very Poor >500

Trains, very high breakdowns

3.21 TBM performance estimates under challenging
conditions

The ITA work group WG-14 on mechanised tunnelling outlines
criteria for challenging projects using TBMs, particularly in
rock tunnelling. Difficult conditions include rock strength
above 300 MPa, low RQD (<25%), water inflow exceeding 30 l/s,
highly abrasive rocks, fault zones covering over 20% of the
tunnel alignment, and squeezing ground with over 10%
convergence. Additional complexities include mixed face
conditions, gases like methane and H2S, and weak, unstable
rock leading to ground collapses or cutterhead jamming (Jamal
Rostami 2016). High in-situ stresses, combined with weak rock,
can cause shield entrapment, requiring hand mining to release
the machine. Squeezing ground and blocky terrain lead to
difficulties in gripping and steering, impacting machine
performance. Abrasive rocks accelerate cutter wear, requiring
frequent replacements, while stronger rocks can jam the head
and cause cutter failures.Faults with weak materials or water
inflow cause operational interruptions, with issues like
flooding and equipment damage. Hydrocarbon gases such as
methane pose explosion risks, while toxic gases like H2S
require immediate halts in operations. Managing these difficult
conditions depends on the machine's capabilities, crew
expertise, and site management, with no model available to
predict outcomes accurately in such challenging environments
(Hauge and Stgvneng 1989).
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3.1.2. Analysis of TBM Bearing Fatigue

To model the interaction between the roller and raceway, a
nonlinear spring component was incorporated. The transient
dynamic approach was then employed to examine the vibration
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response of the Tunnel Boring Machine (TBM) following
damage to its main bearing. This research investigates the
mechanistic aspects of vibration responses resulting from
bearing faults, potentially informing intelligent shield
tunnelling techniques that utilise machine learning and
data-driven methodologies.

As fatigue damage progresses, the mechanical properties of the
material gradually deteriorate, resulting in alterations to the
vibration response of the bearing. Consequently, monitoring
the response changes induced by bearing damage can
effectively facilitate fault warning and diagnosis. In response,
researchers have proposed numerous fault diagnosis and life
cycle performance prediction models(H. Zhang and Qu 2023).
Numerous investigations have demonstrated that cyclic shear
stress is the primary factor contributing to bearing fatigue
damage, whilst the mean shear stress value has minimal
impact on such damage. GCr15 steel is typically employed in
the construction of TBM main bearing rollers, and its torsional
S-N equation(Abdullah and Khan 2022).

Figure 21: Formation of fatigue spall endurance life
xperiments(F. Li 1. 201

oM -01.2
(6)t = 5= 2.636N

For high-cycle fatigue, the damage evolution equation can
often be set as (Abdullah and Khan 2022)

dD Ao "
@7) gy = [ur(l—D) ]
Here, N is the number of cycles, and A ¢ is the difference

between the highest and lowest stresses. The material
parameter associated with the average stress is donated by o ;

m is a read of temperature-related material parameters.

Since shear stress is the primary driving force behind contact
fatigue of the primary bearing, A ¢ is substituted for A in the
formula above, resulting in the following transformation:

N ITs (1-D) m o
28) [ dN = f[ o ] dD - At =—
0 0 [(m=1N]"

Formulas (1) and (3) can be compared to determine that: m =
97874, o = 6722 MPa. Thus, for GCrl5 steel, the damage

evolution equation is:
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9.7874
9 7 = | Gmon]
The primary bearing ring is typically composed of 42CrMo
steel, however in this study, the comparable 18CrNiMo7-6 steel
is used instead. The damage evolution equation for
18CrNiMo7-6 steel can be expressed as follows(Z. Liu, Zhang,
and Qu 2023):

10.3

G0 i =555 |

For all three rows of rollers in the TBM's main bearing,
cylindrical rollers were employed. To simplify the
computational process, the contact interaction between rollers
and rings was reduced to a plane strain problem. Figure 8
illustrates the finite element model, with the raceway of the
ring depicted in blue and the roller shown in grey. Table 4
presents the material characteristics of both the raceway and
roller (Jiang 2013).Because the model was symmetric, only
one-fourth of it was required for the calculations. The mesh in
the contact region between the roller and the raceway had
elements measuring 0.05 mm on each side. In Abaqus, CPE4R
elements were used in the finite element model, totaling 16,000
elements. Normal contact was defined as "hard contact,” while
the tangential friction coefficient was set to 0.05(F. Li et al.
2018).

Raceway

Roller

Element size: 0.05mm

Figure 22: Finite element model of interaction between rollers
and raceways

Table 4: Material properties of bearing steel
Density  [Young’s  [Poisson’s [YIeld Tensile
[Modulus [Ratio Strength |strength
Raceway [7850 10 GPa 0.3 1047 MPa [1134 MPa
K g/ m3
Rolle 7850 P09 GPa 10.28 1617 MPa [2310 MPa
kg/m’

Two steps were implemented in Abaqus. In the first step, a
slight pressure was applied to the upper area of the raceway to
help the model form a stable contact relationship. The second
step involved applying a cyclic load Q to the upper section of
the raceway, with its time-dependent changes shown in Figure
9. Assuming a main bearing speed of 6 r/min, the relationship
between time and cycle count can be determined from
geometric relationships, as described in Table 5.
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195.34

O (kN)
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Time (s)

Figure 23: Cyclic road @ (KN) frequency with respect with time

number of load cycles of roller raceway and the working time.

t (h) |Mail Roller |Main Reserve Reserve  |Radial Radial
Raceway  [Roller Raceway |Roller Raceway

1000 |5 68 x 10" 13.38 x 10 [5.46 x 10" [2.56 x 10"|5.6 x 10" |5.76 x 10"

In the Abaqus Property module, a field was active, and this field
was D. As aresult, the elastic modulus E was linearly connected
with this field. Using a roller as an example, we set D = 0 and D
= 1 equal to the maximum value of E of 209,000 MPa and the
minimum value of 0. E would thus be linearly dependent on D
in this manner. After that, the USDFLD subroutine was built
using formulas (29) and (30) and interfaced with Abaqus.
Consequently, every time the shear stress reaches a peak, the
damage and stiffness of the raceway and roller might be
updated. The maximum shear stress for plane problems can be
written as follows:
_ 2
(31) At = ( x Y) + 1’

2 xy
Based on the operational parameters found in the literature
(Jiang 2013), the cutterhead experienced an overturning
moment (M) of 8000 kN'm, a weight (G) of 800 kN, and a thrust
(F) of 5000 kN. Under these conditions, the maximum loads
recorded for the main rollers were 195.3 kN, for the reverse
rollers were 30 kN, and for the radial rollers were 20.2 kN. It is
important to note that the load distribution among the rollers
is not uniform. For instance, the maximum load on the reverse
rollers, which reached 30 kN, was situated at the upper end of
the main bearing, specifically at the 7w rad position, as
illustrated in Figure 10. Given that the loads on each roller vary,
we assume that the roller completes one full rotation around
the ring and experiences load only in the area of maximum
stress, specifically between 3/47 and 5/47, where it consistently
bears 30 kN. This assumption also extends to the main rollers
and radial rollers. The simulation of fatigue damage for the
main bearing was conducted using the methodology described
in the previous section. The resulting damage (D) for each
component of the main bearing under varying operational
hours is presented in Table 6.
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ble 6: At diff . he d  eacl 4

n each reser

main bearing recorded.
(h) ain Reverse [Radial [Main Reverse [Radial
| |gaceway Raceway [Raceway |Roller Roller Roller

10,000 0.11 0.015  9.0x 10°6.0x 10 °1.1x 10 5.0x 10
20,000  0.99 0.03 2.1x 10 °1.1x 10 °2.3x 10 °1.2x 10"
After 20,000 hours of main bearing operation, the racetrack
fails, although the damage to the roller is minimal compared to
the damage to the raceway. Figure 7 depicts the damage
nephogram of the main roller and raceway. Damage to the
rollers and raceway in the reversing and radial rows.

10 L
30 - /

20 F _,__——-‘/

kurtosis

—4— Marble
10 —=— Sandstone

—e— Slate

“ 1 1 1 1 1
11,000 12,000 13,000 14,000 15,000 16,000 17,000

Working time (h)

Figure 24: Curve of Kurtosis with time
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Figure 25: Curve of impulse factor with time
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As dimensionless metrics, kurtosis, impulse factor, and margin
factor are frequently used as bearing defect detection indicators
since they are independent of the operating circumstances and
sensitive to the health state of the bearings. representing the
vibration signal's departure degree from the formal
distribution, which is better suited for early fault identification.
Figure 6 shows that the vibration signal's kurtosis grows with
time under slate and sandstone geologies. The vibration
signal’s kurtosis is constant and consistently high in marble
geology. Marble has a high UCS value, which explains this. The
cutterhead load variation is more pronounced at the same
penetration degree, and the vibration signal's fault features are
muffled by loud background noise.

The vibration signal's margin factor rises with time before
stabilising, as seen in Figure 24. In summary, upon damage to
the main bearing, the vibration signal's kurtosis, pulse factor,
and margin will all vary noticeably, the vibration signal's
impact component will rise, and the main bearing will depart
from its typical operating state.

The ratio of the peak value to the arithmetic mean value, or
impulse factor, is what determines whether shock components
are present in the signal. The vibration signal's impulse factor
curves with time under three different genealogies are
displayed in Figure 25.

Numerical analysis of the rock fragmentation process in tunnel
boring machines standard disc cutters

(Rojek et al. 2011) examined how cutter spacing affects rock
breaking using 2D DEM and particle discrete algorithms. The
advantage of this model is that Newton's second law can readily
describe the movements of small hard balls, eliminating the
need for the constitutive model of rock. Visualise crack start
and propagation. The study (Baek and Moon 2003) examined
how restricting pressure and cutter spacing affect chipping
using 2D FDM and Fast lagrangian analysis of continua. These
approaches have limitations because to their 2D nature, as they
cannot account for rolling force, despite their advantages. Disc
cutters’ rock-breaking efficacy is typically assessed by
calculating the specific energy, which is significantly
influenced by the rolling force.

Specifically representative papers are based on AUTODYN-3D
and ABAQUS platforms to estimate the optimal spacing of disc
cutters (Cho et al. 2010). This limitation does not exist for 3D
finite element modelling (FEM), which provides a solution to
the problem. However, the simulation accuracy needs
improving due to rock constitutive models. The Drucker-Prager
(D-P) and Mohr-Coulomb (M-C) models are the two most used
constitutive models of rocks (Geng Qi et al. 2016), (Chunyuy,
Zhengjun, and Mingxiang 2019). The M-C model can
differentiate between tensile and compressive rock strengths
and account for hydrostatic pressure. As the yield surface in the
major stress space is a hexagonal pyramid with six singular
points, numerical simulations may not converge due to this
model. A simplified method called the D-P model was proposed
to get around this restriction.

A computational error frequently occurs because tensile and
compressive strengths cannot be differentiated. The main
drawback of the D-P model is: However, the stress-strain


https://paperpile.com/c/WhyjyQ/CnBf
https://paperpile.com/c/WhyjyQ/OOM4
https://paperpile.com/c/WhyjyQ/WuFc
https://paperpile.com/c/WhyjyQ/uisf
https://paperpile.com/c/WhyjyQ/u4dh
https://paperpile.com/c/WhyjyQ/u4dh

condition in various regions of a rock being cut is varied and
cannot be well described by a single stress-strain equation.
Instead, the relationship between equivalent stress and
equivalent plastic strain characterises the plasticity of rock.
Using the D-P model for rock-breaking simulations may result
in excessive rock cutting beneath the disc cutters, while rocks
between the cutters remain (F. Lu et al. 2016).

3.2 Numerical model for disc cutters and rock

To rotate the rock specimen, the two disc cutters spin around
both the global z-axis and the local x-axes related to the centre
of each cutter (Points pl and p2). Cutter 1 rotates 5 degrees
before cutter 2, representing the next cutting phase. S
represents cutter spacing, H represents cut depth, 1w and 2w
represent cutter angular velocities, and 1z represents rock
specimen thickness.

cutter 1

\
v

A
y*,x

Figure 26: The rock-breaking simulation included three
numerical models: Part 1 (compressive-tensile hardening), Part

2 (compressive hardening), and Part 3.

In the numerical model, two disc cutters with a CCS profile by
(Cigla, Yagiz, and Ozdemir 2001) and a 432 mm diameter were
used, along with a fixed fan-shaped rock specimen (Figure 26) .
To rotate the rock specimen, the two disc cutters spin around
both the global z-axis and the local x-axes related to the centre
of each cutter (Points pl and p2). The successive cutting
procedure is represented by cutter 1, which rotates 5 degrees in
advance of cutter 2. S represents cutter spacing, H represents
cut depth, 1w and 2w represent cutter angular velocities, and 1z
represents rock specimen thickness.

According to the CSM model (Ozdemir 2003), compressive
strength describes rock breaking beneath the cutter tip, while
tensile strength describes chip production between cuts
(Figure 26). Under the cutter tip, rocks were crushed into
powder, while chips formed beside the cut.

To determine the hardening and failure rules of each section,
the rock specimen was separated into three parts. (Figure 26)
depicts the division method and hardening type of each rock
specimen part. Only parts 1 and 2 had a failure rule to imitate
rock debris cleanup by deleting elements. Parts 1 and 2 had a
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thickness d, significantly more than the cut depth H. It was
defined component 2 d, width as the cutting tip width.

Dividing the rock specimen based on our rock-breaking tests,
which showed that the debris thickness in the penetration
direction is typically less than the cut depth. The statistical
analysis of rock debris thickness from three tests H = 30 mm . P
represents the penetration feed, which represents the cut depth
per cutter head revolution. Previous research on flat
intender-penetrated rock holes support the result (Xiaohe and
Jing 1984).

Itcration begin: Plastic flow law
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Figure 27. Exampl

f implicit integration of constituti
(Dunne and Petrinic 2005).

In the figure above, an implicit integration scheme is used to
calculate the stress-strain status of each element during the
rock-breaking process. The trial stress increment is calculated
using generalised Hooke's law, causing the updated stresses
G:r ., to move away from the yield surface. The stress is updated
with a plastic correction to return to the yield surface at time
t + At, based on the consistency condition. Finally, all variables
are retrieved at the conclusion of a time step ¢ + At. The stress
att + Atis only o, while at the start of the time step is o,

The model's initial constitutive equation is as follows:

B2)f = \/ﬁz + Al Hooke's law can be expressed in a
multiaxial format utilising stress and strain tensors as follows:
(33) 0 = 2Ge° + ATr(e)I =

ZG(S: + Ae — Asp) + ATr(s;3 + As — Asp)l

=o" — 26As" — ATr(A")I the derivative form of stress can
written as: (34) 0 = o+ Tr(o)l/3, Trial stress:
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(35) 6" — Tr(o)l/3 = 2G(e, + Ae) + ATr(e, + Ag)lo' — KTr(e)l

r

=" + KTr(Ae")I To characterise the related flow property of
the rock, the yield function and the plastic potential function
are defined identically. The increase in plastic strain can be
computed using the orthogonal flow rule as:

(36) Ae’ = Ap% = Ap( i‘; + AI, from equations (33) and (34)

e

the  following equation can be  written as:

(38)0, =3/, = c:r — 3GAp, stress can be derived as

39)0 = - = 3Ke" = 3K(c* + Ae — A¢” —£—3KAA

(390, =5 = 3Ke = 3K(e, € €), =73 P,

(40) f =3, + Al, =7~ =f+ %dAp +.. equation (9) can

be obtained by substituting the above two equations
o +AIT-3(6+3KA ) Ap—o

(41) dAp = * the integration can be written

®

3(G+3KAD)Ap+h
as (42)r" = T+ rap®, ap™™ = ap® + dap , The increase of
the plastic strain tensor, referred to as the plastic corrector of

strain, can be ascertained as (43) Ae” = >-Ap2- = S-Ap~°

2 2 simce

tr
o
e

the stress incrimient can be given by:
(44) Ao = 2G(Ae — Ae”) + MTr(Ae — Ae”) whenthe following

parameters can be desibed as the following:

]2 = stress deviator tensor in the second variant,

I1 = first invariant of the stress tensor

A = stress influencer parameter in bulk A = tanf/3,
. P _ En :

B = internal friction angle of rock, A = g5ty 18 the lame

__E __E .
constant. G = ;5 shear modulus. K =Sz IS the bulk
modulus, E = young's modulus, uw = Poisson's ratio,

¢° = Elastic strain, Ag” = Plastic strain increment,
Ap = Effective plastic strain,

dAp = increment in ef fective plastic strain, o, = yeild stress,

r = isotropic hardening function, h = hardening constant. From
the experiments detailed, the isotropic hardening curve is a
representation of the effective plastic strain Ap and the effective
stresses. The effective yield stress after isotropic hardening and
kinematic can be calculated using the following equations,

assuming that the effective plastic strain Ap"*" falls within the
interval between Ap and Ap_, which are the n"and (n + 1™

strain values of the experimental data, in the ithintegration

—@+) _ — %% +1)

step.(45) o =0 + e (Ap Ap), o,
=0, + (0 oo _ 0,)B, since 0 < B <1, if B = 0, kinematic
hardening applies, B = 1 istotropic hardening applieso , o ,

o, are the first n"and (n + 1)™ of the effective stress. The

data obtained of the hardening is expressed as:
(46)c_ = k(1 — A)o,_+ (1 — k)1 + A)o_,
Ap, =%[ks’1’6 + (1 - k)e}). Where k is a parameter that
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determines the percentage of compression and tension, s’ljc, and
o, denote the stress and plastic strain in the axial direction of

the uniaxial compression tests, respectively;clt and s’l’t denote

the stress and plastic strain in the axial direction of the uniaxial
tensile tests, respectively (The Brazilian split test is used as an
alternative in the present paper). k = 1 indicates that the
material is entirely compressive, while k = 0 indicates that the
material is completely tensile. For portions 2 and 3, k was
presumed to be 1, while for part 1, it ranges from O to 1
(47)E = E (1 — D), as

21+ W + 301 — 205 dap

e

D
D=_-*

& —€
R D

Table 5: Valuesof k, e, and e

[ T &% [ &5 1
0.1 6.08(10"") 7.6(10 )
03 1.18(10°%  1.48(107%)
05 1.76(10°% 2.2(107%)
07 2.34(10°%  2.92(107%)
09 29110 3.64(107)
1 3.2(107% 4(107%)
40 ¢ k=0.9
351
k=0.7
30 ¢
25 k=0.5 y=be
=03 * Y 5 | Adi.Rsqure

0.1 126 0.04856 0.98
0.3 23.7 0,04856 0.98
) 0.5 | 345 0.04856 0.98
| 0.7 | 452 0.04856 0.98

0.9 55.8 0.04856 0.98
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In this context, E represents the initial Young's modulus. The

variable D signifies the damage factor. The three damage
constants, ¢, €, and D ,are associated with the plastic strain at

the damage threshold, the plastic strain at rupture, and the
critical damage value at rupture, respectively. The variable y
indicates the flow stress curve, which has been fitted using the
data from o; ~ Ap . Lastly, Y denotes the strength coefficient.
(Figure 28) above displays the fitted curves for various k values.
The fitting procedure was carried out using the data from the
second-half elastic and plastic phases shown in (Figure 29).
The experimental results documented in the literature by
Lemaitre (Lemaitre 1985) indicate that the value of D, is of the

same order of magnitude as the value of (g, — &) The potential
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value of D for parts 2 and 3 was assigned a range between

1(10™% and 9¢10~"). The value of D_, is equivalent to kD_ and
was assigned for part 1. The values of D and R, corresponding

to various k values were obtained from the standard
rock-breaking test data.
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The process of deleting rock elements was governed by the
damage factor D. Upon reaching a value of 1 for D, the
associated rock elements will be removed to replicate the
process of cutting off rock debris.

As seen in the figure 30 below, the rock-breaking forces may be
categorised into three directions: the normal force, which acts
in the direction of penetration; the rolling force, which is
tangent to the cutting path; and the side force, which aligns
with the cutter shaft. In the rotating rock-breaking simulations
presented in this study, the forces in the axial directions of the
global coordinate system (F , F,F)may be directly obtained by

establishing contacts between the rock specimen and the disc
cutter. The 3D forces can be obtained through the following
equations: F =F;F =F sin® — chosG; F =—F cos — FysinS.
where oOrepresents the angle between the x-axis and the
connecting line between the cutting point and the original
point.

Normal force-F,

Rolling forcex Side force-Fj

Cutting direction

@ (b) Pz

Figure 30: Process of the forces: (a) Idealised geometry of rock
‘ - 2 li . 1 threed; ional f

21

Cl | ): (b) Scl ic depiction of the volved

in rotary cutting.
The specific energy (SE), which is used to assess the

rock-breaking efficiency, was calculated by averaging the peak
values and comparing the experimental and numerical
Frlll+FerZ
m/p
ll, l2 = cutting distances ,m = weight and p = density of rocks

findings. SE = , F_,F_, = meanrolling forces of cutters

SD

: 75%
+9.882e-01

Figure 31: fine element analysis of disc cutters spacing S=64mm

Figure 33: fine element analysis of disc cutters spacing S=72

min
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3.3 Computational fluid dynamics for sludge

A rear-mounted jaw crusher is employed to pulverise large-size
rocks, and certain slurry TBMs employ a large-diameter short
screw conveyor to actively discharge rocks. Two slurry
communicating conduits connect the excavation chamber and
the air cushion. The excavation chamber and air cushion have
lengths of 1720 mm and 2290 mm, respectively. The pebbles
are actively discharged by connecting the inlet of the short
screw conveyor to the bottom of the excavation chamber via
the submerged wall. The crushing box, which has a volume of
15 m3, is connected to the outflow of the short screw conveyor.
The middle maintenance window is welded to the main slurry
discharging pipeline DN500, and the upper sidepipe and
wear-resistant elbow of the connection portion are employed.
The DN500 main slurry feeding pipeline is divided into
numerous smaller pipelines to communicate with the lower
side, which is equipped with a slurry TBM for reverse
circulation. Furthermore, a groove design is implemented at
the intersection of the lower portion of the submerged wall and
the inlet of the short screw conveyor to guard against the
obstruction of the inlet. The short screw conveyor has a shaft
diameter of 457 mm, a flight diameter of 1600 mm, a screw
pitch of 1000 mm, an installation angle of 36, an operating
power of 800 kW, and a maximum rotational speed of 22 rpm.
Its total length is 10.4 m. Additionally, in order to mitigate the
wear and damage of the screw conveyor flights and extend the
service life of the screw conveyor machine, the outer edges of
the screw conveyor flight are enclosed by welded
wear-resistant steel plates with a thickness of 3 to 5 mm.

- Excavation chamber

- Screw conveyor inlet

- Short screw conveyor

= Screw conveyor outlet

5 - Crushing box

-Jaw crusher

- Intake screen

- DN500 discharging pipeline
- Air cushion

. 0- VSII bmerged wall

1563 m

Figure 34: Side view of the "Deep Blue"” slurry TBM schematic

During the simulation of the flow state in Computational fluid
dynamics (CFD), the sediment is represented as the
homogeneous fluid phase. Consequently, the slurry flow
process adheres to the momentum conservation law and the
mass conservation law (Versteeg 2007). The Herschel-Bulkley
(H-B) model is typically more appropriate for the rheological
characterisation of bentonite slurry (Kok, Batmaz, and
Glicityener 2000) than the Bingham model (Min, Song, and
Zhang 2018). The bentonite slurry's rheological characteristics
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were described in this work using the H-B rheological model.
The following are the rheological equations:

(48)t =1, + ky' (It|>T) , y=0(t<r)

T = shear stress, Y = shear rate,

when
T, = yeild stress,

k = viscosity coef ficient, n = power law index. The RST-SST
Rheometer, manufactured by Brookfield, can be employed to
ascertain the correlation between shear stress and shear rate.
Furthermore, the bentonite slurry was mixed at 200 rpm for 1
minute prior to conducting the rheological experiments to

prevent the slurry sample from settling. 0.886 Pa.s", 4.598 Pa,
and 0.654 are the H-B viscosity coefficient, yield stress, and
power law index for the bentonite slurry sample, respectively.
These values can be readily entered into the CFD software.

The particle phase, which is represented by the large rocks in
the excavation chamber, will be propelled through the slurry,
excavation chamber wall, short screw conveyor, and other large
rocks during ultra-large-diameter slurry TBM tunnelling in the
hard rock strata.

The discrete element method can be employed to solve the
transport and collisions of the rock particles in accordance with
Newton's second law of motion (Cundall and Strack 1979).

The transport and flow characterisation of rock particles in the
slurry chamber are significantly influenced by their size.In
accordance with the cutter spacing arrangement of the disc
cutter, (Dajun 2008) found that the breadth of the rock chips
following cutting typically does not surpass the cutter spacing.
The cutter spacing in the actual undertaking ranges from 80 to
130 mm.Therefore, in order to as closely as possible understand
the transport and flow characterisation of the rock particles in
the dynamic-discreet element modelling (DEM), rock particles
with diameters of 80 mm, 100 mm (control group), and 120 mm
were established, as illustrated in (Figure 35a). These rock
particles were subsequently named SPH80, SPH100, and
SPH120, respectively. Additionally, (Mindlin and Deresiewicz
1953) described the contact behaviours between the rock
particles and the TBM wall and other rock particles using the
HertzMindlin no-slip contact model. The screw pitch PS of 500
mm, 1000 mm (used in the actual project), 1500 mm, and 2000
mm were established to investigate the impact of geometric
design (including the screw pitch-to-flight diameter ratio and
the installation angle) on the discharging performance of the
short screw conveyor, as illustrated in (Figure 35b).And the
flight diameters are also 1600 mm. (Figure 35c) depicts the
installation angles an of short screw conveyors with 16, 26, 36
degress (used in the project), and 46. (49) F, == % g,

18 CDRep _
GO F, = 5" WU, = U,

p,= density of fluid phase,

__ 1 ;
GDF = ” Ap, since

Uf = velocity of vector fluid phase,

Up = velocity ofvector particle, p,= particle density ,

dv = diameter of the volume sphere, u = fluid viscocity,

p, = pressure fluid phase, Rep = Reynolds number of particle,

g = acceleration of gravity, CD = drag coeff,
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_ % _ o .
(52)C =a + ¢+ ot Gy Gy @y = contacts indicated in the

following table:

able 6: Values of al, a2, and a3 within a varietv of Re ranges
Range of Re a a a

1 2 3
0 < Re<0.1 0 24 0
0.1 <Re<1 3.69 22 0.0903
1 < Re <10 1.222  [29.1667  |-3.8889
10 < Re < 100 0.6167 146.5 -116.67
100 < Re < 1000 [0.3644 198.33 2778
1000 < Re < 5000 [0.357  |148.62 -47500
5000 < Re < 10000 |0.46 -490.546 [578700
Re > 100000 0.5191 |-1662.5 [5416700
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Figure 35: The DEM model includes a particle model, screw
pitch-to-flight diameter ratios (PS/D) of 0.3, 0.6 (real project),
09, and 1.2, and installation angles of short screw conveyors of

16, 26, 36, and 46.

In the CFD model, fluid zones included the excavation chamber,
short screw conveyor, and feeding pipelines. The feeding
pipelines consisted of six small branch pipelines at various
locations, determined by the actual slurry TBM structure and

set to slurry velocity inlet 1 x ¢°. Consider rotations of A fixed
mesh zone and two fluid zones were created in the CFD mesh
for the cutterhead and short screw conveyor flight.

Two interfaces were created between the rotational mesh zone
and the fixed mesh zone. To match the DEM model, the
rotational mesh zones were made to rotate at a constant speed,
and the sliding mesh approach was employed to represent the
rotation. Additionally, the fluid mesh has 534807 nodes and
158989 elements. The 1600 mm diameter short screw conveyor
exit was installed as a pressure outlet. Reference project values
were used to set the velocity inlet and pressure outlet values.
The wall boundary was considered non-slip (Guo, Li, Sun, et al.
2023).
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The slurry TBM geometric model was created in the DEM
model using rigid wall parts based on the geometry provided.
Shortscrew conveyor flight and cutterhead rotating speed were
set to a constant value using a displacement control approach.
Six dynamic particle factories were formed at the cutterhead
opening sites (Figure 34), rotating at the same speed. To imitate
the process of rick chips entering the excavation chamber from
the cutterhead, six particle factories were used to manufacture
rock particles at a consistent speed and mass flow rate
(depending on TBM advancing rate). The CFD and DEM zones
were integrated to create a short screw conveyor for
ultra-large-diameter slurry TBMs, actively conveying rock
particles.

A significant impact on CFD DEM coupling simulation accuracy
and computing effort is the time step used (Washino et al. 2016;
M. Wang et al. 2022). (Tsuji, Kawaguchi, and Tanaka 1993)
found that fluid phase time steps can be 10e100 times that of
particle phases. The study used a fluid time step of 0.001 s and a

- 0
1x10°s. (52)n = o

since

particle time step of

(53)Q, = rin(D’ - d)/4
Qn = flow rate of rock particles (kg/s) and
Q: = theoretical mass flow rate of short screw (kg/s)

r = rotational speed of short screw conveyor (rpm),
l = screw pitch (m), D = flight diameter,
d = screw shaft diameter
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Figure 36: The evolution of the mass flow rate and discharging
ffici n.of ol il

The discharging efficiency h and mass flow rate of rock
particles can be divided into two phases as they vary over time.
The discharging efficiency h and mass flow rate of rock
particles increase progressively in the first stage until they
reach a stable value of approximately 56.95% and 10.51 kg/s at
t= 23 s. This discharging efficiency is ideal and contributes to
the enhancement of construction efficiency. In the second
stage, the discharging efficiency h and mass flow rate of rock
particles are maintained at stable values over time. It is
observed that there is no significant sudden decrease in
discharging efficiency after the discharging efficiency is
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stabilised, thereby eliminating the possibility of the excavation
chamber becoming clogged.
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Figure 37: Computational time and simulation results
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(Figure 38) shows that rock particle velocities are
asymmetrically distributed on both sides of the excavation
chamber under cutterhead rotation. The left side of the
chamber has slightly higher flow characteristics than the right
side. High flowability is seen in rock particles at the short screw
conveyor input. An area of high fluidity was also seen near the
short screw conveyor's inlet as the simulation time increased.
This area is brought on by the short screw conveyor's muck
discharge.
While rotating the cutterhead, the rock particles tend to ascend
from left to right, forming inclined surfaces that slope
downward from right to left. This is due to cutterhead rotation.
As the cutterhead spun rock particles to a specific height,
gravity caused them to fall down to the excavation chamber,
creating a high-fluidity zone (red) in (Figure 40) at the short
screw conveyor input. Additionally, rock particles near the
A12.1, A12.2, and Al171 slurry pipelines exhibit improved
mobility during bentonite slurry flushing.
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conveyor

Figure 10 shows the velocity distribution of bentonite slurry in
the excavation chamber at three instants. Fig. 10 shows similar
velocity distribution patterns at three time instants, indicating
the impact of the rotating cutterhead on slurry velocity.
Research indicates that the slurry feeding pipeline significantly
affects slurry velocity distribution, creating an acceleration
zone near pipelines A17.1 and A17.2. This is due to their unique
inlet orientation, which increases fluidity near the short screw
conveyor inlet, facilitating smooth rock transportation.
Consider orienting the intake direction of slurry feeding
pipelines A17.1 and A17.2 towards the short screw conveyor inlet
to enhance flushing flow rate.

Figure 11 shows slurry pressure distribution in the excavation
chamber at three instants. According to (Figure 42), the
pressure distribution in the excavation chamber is nearly
symmetric on both sides. High pressure zones are only seen
near the excavation chamber edge due to the revolving
cutterhead. The peripheral portion of the excavation chamber
showed an increase in total pressure. Total pressure in the
excavation chamber remains stable throughout time,
indicating that the excavation face is stabilised while the short
screw conveyor discharges rock particles.
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Figure 40: Analysis of rock particle flow in the excavation

chamber at three time instants: (@) 15, (b) 30 s, and (c) 60 s.
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Figure 42: Slurry pressure distribution in the excavation
chamber in three time instants: (@) 15 s, (b) 30 s, and (c) 60 s.
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Figure 44: The screw conveyor's discharge efficiency at
different installation angles is shown in (a) time histories for

four installation angles and (b) a boxplot of the discharge
efficiency following stabilisation for four installation angles.
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When the TBM travels over high angle shear zones, for
example, larger particles have the ability to slip out of the face
and perhaps reach the excavation chamber. This is one of the
situations in which greater particle sizes may occur. The
discharge performance of a short screw conveyor in the
aforementioned exceptional instances is worthy of further
investigation, and the purpose of this study is to investigate the
discharging performance of a short screw conveyor for the
purpose of reducing the occurrence of excavation chamber
clogging failure during conventional slurry TBM tunnelling.

3.4 Numerous Degrees of Freedom in the Coupling Cutterhead
System.

The cutterhead, a critical component of the full-face rock
tunnel boring machine (TBM), is responsible for the crushing
of rock, the stabilisation of the excavated opening, and other
functions. These functions have an impact on the whole
machine's efficacy and performance (H. L. Li 2010). In
numerous projects, such as the Qinling tunnel, Dahuofang
tunnel, and Zhongtianshan tunnel (Zhu, Wang, and Chen 2020)
(M. X. Qi, Wang, and Li 2009), cutterheads are subjected to
multipoint random impact loads as a result of complex
geological conditions and variable tunnelling parameters. As a
consequence, certain engineering faults may manifest,
including severe vibration, anomalous wear of cutting tools,
cracking of the cutterhead panel, and the failure of the main
bearing's seal. These faults establish stringent design
requirements for the structural strength, reliability, and fatigue
life of the cutterhead.

Consequently, the research on the coupled nonlinearity and
dynamical characteristics of TBM cutterhead systems with
random impact loads is of significant theoretical value and
practical significance, as it aims to achieve absorbance of
dynamic impact loads, high reliability, a long fatigue life, and
superior static and dynamic characteristics.

Numerous studies regarding the design of the TBM cutterhead
system have been conducted for an extended period. (Samuel
and Seow 1984) investigated the fluctuations in cutter forces
during field testing, and they compared the instantaneous
forces to the global machine performance. The testing methods
were proposed by (Z. X. Zhang, Kou, and Lindqvist 2003) based
on the results of the measured cutter forces on a boring
machine during fieldboring in a hard rock laboratory. The
distribution of cutters is essential for the performance of the
cutterhead to be balanced, as per (Jamal Rostami 2008). The
hard rock TBM's cutterhead system design methodologies were
investigated in accordance with various performance factors.
The tunnel machine's energy consumption was evaluated
using a specialised energy model (Lihui Wang et al. 2012), (Q.
Zhang et al. 2012). Then, the model was implemented by
employing the testing data from a metro project to determine
the optimal ranges of cutterhead performance under a variety
of geological conditions and cutter spaces. The results were
then compared to those of a cutting test. The following are
examples of comparable works. Additionally, the discrete
element method was employed by (Xia et al. 2012), (Tan et al.
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2012)to investigate the impact of the results were compared to
those of a cutting test, and the influence of cutterhead
performance under various geological conditions and cutter
spaces was investigated using the discrete element method.
The following are examples of comparable works.The dynamic
characteristics of a  split-cutterhead system with
multidegree-of-freedom coupling are comprehensively
examined, taking into account the time-varying external
excitations, time-varying meshing stiffness, gearbox errors,
clearance, and bearing stiffness. The proposed research by (W.
Sun et al. 2013) is more effective in resolving complex project
problems than conventional design methods and models. This
provides a solid foundation for the assessment of the life of
fatigue fracture propagation and dynamic performance
optimisation of the cutterhead structure.

X 7 ‘\

Figure 46: illustrates the components of the TBM cutterhead

4. Coupling. 5: Engine. 6. Reducer.

Planetary gear reducers and couplings allow variable-frequency
motors to drive the various pinions in the TBM cutterhead
system. The cutterhead is driven by the pinions, which spin an
inner ring gear clockwise under redundant control. The gear
and flange are fastened together with bolts. We only illustrate
one motor driving system here, however Figure above shows
the whole TBM cutterhead system with all of its components.
On the other hand, Figure below shows the TBM

split-cutterhead structure.
Cutterhead piece

Cutterhead center
block
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In this research, a dynamic mathematical model of the TBM
cutterhead system has been established utilising the
lumped-parameter method, as detailed herein. The parameters

k_and k_ _represent the torsional stiffness of the gear shaft
mpQ rLQ

connections and the cutterhead shaft connection, respectively.

The parameters KoiKoarKear 7 %ear Keqa Xequz denote the

equivalent radial stiffness and axial stiffness of the cutterhead,
inner ring gear, and support shield body, respectively.
Additionally, Koo and k ® correspond to the support equivalent

stiffness of the pinions and the time-varying meshing stiffness
between the inner ring gear and the pinions, respectively.
Lastly, k , k, , and k _signify the equivalent tangential

L@ U Lnd’
stiffness, radial stiffness, and axial stiffness of each cutterhead
piece, respectively. The damping coefficient, denoted as C__

(Where xxx represents the subscript), corresponds to the
stiffness in question. The variables ToTpFoFyF,M, andF

correspond to the input torque, load torque, lateral force,
longitudinal force, axial force, as well as the transverse
overturning moment of the cutterhead centre block, together
with the axial force associated with each cutterhead piece,
respectively. b, represents the blowback between each pinion

and the inner ring gear, whereas ¢ represents the meshing
faults. Also, r, and "o show the inner ring gear and pinions’

base circle radiuses, respectively.

my m__ Fx

eqx

my
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cutterhead system.

Cegaz

s 5

Keqaz

with torsion-axial model
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Keg %Cﬁw

multidegrees of freedom coupling.

In the dynamic model of the cutterhead system previously
mentioned, moving coordinate systems are employed for
convenient modelling. (Figure 50) illustrates the coordinates,
where X, ¥, and Z represent the horizontal direction, vertical
direction, and tunnelling direction, respectively. The
cutterhead, inner ring gear, and support shield body are
positioned within this coordinate system.
¢ = radial directions of cutterheads,

1N = tangential directions of cutterheads,

Hp = radial dirctions of penions,Vp = tangial directions of pinions

. The use of various subscripts serves the purpose of convenient
distinction. The subscript i designates the cutterhead
components, and the pinions and motors are denoted by p and
m, respectively. The cutterhead centre block, inner ring gear,
and support shield body are denoted by L, r, and 4.

The configuration illustrated in (Figure 50) possesses a total of
(27 + 4N) degrees of freedom, with N representing the quantity
of pinions involved. The generalised vibration displacement is
represented as X=@.,n,2,X,Y,2,6,, eLy, 0, X,

H,V ,0 ,06 ). In this representation, ¢, n, and Z are the
'Pl ?J 12 .mJ i i i
vibration displacementof each cutter head. X, v, and z,

represent the translational vibration displacements. The
parameters 6, and 6, denote the bending vibration

displacements in the X and Y directions, respectively, while 6,

indicates the torsional vibration displacement in the centre
block. X,Y,z,0, ey, and 6_represent the respective vibration

displacements of the inner ring gear. X , Y , and Z  represent



the translational vibration displacements of the support shield
body. H, and v, are the transverse and longitudinal vibration

displacements of the mass centre of each pinion, respectively.
0, = torsional vibration displacements of each pinion, while

0, = displacements caused by torsional vibrations in every

motor. The Coriolis forces accelerometer's low cutterhead
speeds. In published models, both rotations and centripetal
accelerations are disregarded. The differential equations for
each component are presented below, derived from Lagrange's

equation. For motors:
(54) Imj_ij + Cme(emj - epj) + kme(Omj - GPJ_) = ij, Pinions:
(55) ijepj + (Fprj + Dprj)rbp +
ConpaCpy = O + Hg (8 = 8,0 = 0,
m H +(F +D )cosa +C H +k H =0,
v pi prj prj eqpj pj eqpj pj
mV +(F +D J)sinan+C V +k V =0, x =
i pj prj prJ eqpj pj eqpj pj prJ

displacement between each pinnion and dynamic inner gear
ring expressed as:
(56) X = rbpepj - rbrer + ijsmoc + Hpjcosa + erm(ot + @ )

=Y cos(a + <p]_) - sm(t), sprj(t)(j =1 -) known fo the system
errr excitations, a for meshing angle, @, for azimuth angle for
each .plnmon. (57) Fprj = kpr,-(t)' f (xprj, b
function of f(x, b) can be expressed as:

) , the nonlinear
prj

x—b x>bh
(58) f(x,b) 4 0 —-b<x<bh
x+ b x<—b

5)D =C .x _ sinceD =d i for inner rin
(59) ot ori " X o amping force, g

N

gear: (60) mrX; + j§1(Fprj + Dpﬂ)sin((pj + a) + Ceqr(Xr' - X‘;)
+C, (X = X) ke, (X —X) +k, (X —X)=0

N
mry; ¥ /§1(FW] + DPT]')COS((pj + (X) + Ceqr(yr. - Yd)
+C, (VI =Y) +k, (Y =Y +k (Y, —V)=0

N
er; + 2 [CeqLi(Z;i - ZLL) + Ceqzi(Zr.i - Zd)

i=1
+ keqLi(Zri - ZLi) + keqzi(Zri - Zd) =0
1o +r[C (2 -Z)-C

eqL1™ ' r eqL3(Zr3 - ZL3)

+C (Z -Z)-C (Z,-Z)]+

eqz1\“r eq3\er
T K i Gy = Z0) — k(2= Z))

+ quzl(Zrl —Z)- keqz3(Zr3 —Z)1=0,
Irye;/ + rr[CeqLZ(Z;‘Z —Z - CeqL4(Z;*4 —Z,)
+ Cequ(Z:rZ —Z)- Ceqz4(z.r3 -Z)]+
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rr[keqLZ(ZTZ - ZLZ) - keqL4(Zr4 - ZL3) + kequ(ZrZ - Zd)
- keqz4-(Zr4- - Zd)] =0
N
16 - El(F””' +D Or, +C (6 ~6)+k (6 ~86)=0,

Regarding cutter head centre block:
4

(61)m X - El[(kLZislii + CL(iS'L(i)sin(wt +¢)
+ (kLm,SLm + CLniS'Lni)cos(mt + q)i) + Ceqx(XL' - Xr')
4

my - El[(kLZislii +C, 8, )cos(wt +¢)

+ (k, 8, +C, 8 dsinwt + @) +C, (¥, =)

+K, (Y, ~Y)=F,
4

mZ + El[(CLi(ZL'i —Z)+k(Z —-Z) +C

+K, (X, —X)=F,

“,

u—Z)

eqlLi

+ KeqLi(ZLi —Z)=F,

1,8, +alC,Z,-2) =C,(Z,-7)
th (2, -2) —k(Z,-Z)]+

rT[Cle(ZlLl —Z)- CeqL3(ZIL3 - Z;'3)

+ quLl(ZLl —Z)- keqL3(ZL3 -zl =M,

ILyeiy talC,Z,-2)-C,(2,-2)

+ kLZ(ZLZ - Zz) - kL4(ZL4 - Z4)] +

rr[ceqLZ(Zle —Z) - CeqL4(Z w2,

tkoC,—2,,) —kC,—Z )1 =M,

1,6, +C,, 00, —0) +k, (® —6)=—T,.

For support shield body:

O mX; +C, (X=X +C, Xi+k (X, ~X)+k, X ,=0,

my,+C, (V=YY +C, Yotk (Y, =Y)+k, YV, =0,

ded + Ceqzl(zd - Zrl) + Cequ(Zd - Zrl)

+ Cequ(Zd - Zr3) + Ceqz4(Zd - Zr4) + Ceqz4Zd

+ keqzl(zd - Zrl) + kequ(Zd - ZrZ)

+ keqz3(Zd - Zr3) + keqz4(Zd - Zr4) + keqdde = 0.

Model for cutter head pieces:

(63) miii" +k 6 +C &8 =F_, mini" + kLm,SLn +C

L3 L3 L3 L~ G P

, S
i Ini Lni ni

mZ 4k (Z—-Z)+C (2 ~-2)=F, since

Fu = axial force of cutter head, Fni = normal force,

le_ = tangential force,

SLQ, = tangential deformations between cutter head

and central block.,

6Lm, = radial deformations between cutter head and central block.
(64) SL(i = Zi — X sing, +Y cosq, (‘SLm_
since @, = azimuth angle for each cutter head and four pieces

are evenly distributed, o =m(i—-1/2@=1-4). Based on the

=n - XLsin(pi + YLcosq)i



above discussions, it is important to note that the assembly of
the system equations in matrix form of vyields

(65Y)MX™ + CX + KX =F

Dynamic excitation for cutter head system in TBM consist of
two types:

=
o
S
]

(a) Normal cutters (b) Gauge cutters

(W. Sun et al. 2011)

External Excitation are contingent upon the time variability of
the parameters of the disc cutters’ layout, geological
conditions, tunnelling parameters, and so forth. Based on the
field data, the dynamic loads between disc cutters and the
neighbouring rock are determined and adjusted (Samuel and
Seow 1984)

As a result, the TBM cutterhead system's total loads are
determined by aggregating the individual force contributions
of each cutter, which can be supplied to the dynamic model's
external excitations. The mean normal force, which is 0.15
times the mean tangential force and 0.1 times the mean side
force, is equivalent to the nominal load of the disc cutter when
taking into account the complexity of actual rock breaking
loads (Z. X. Zhang, Kou, and Lindqvist 2003).

Disregarding the losses in the transfer process, the total loads
on the cutterhead correspond to the resultant force exerted by
each disc cutter. It is shown in Figure above that when the
cutterhead turns, the disc cutters experience normal forces F ,

tangential forces F, and side forces Fy. Here, p is the radius

from the centre of the cutterhead, ¢ is the position angle of the
cutter, and g is the tilt angle of the gauge cutter. To facilitate
load calculations, the assumptions are articulated as follows
regarding Axial force and radia forces.

n m 14
Axial Forces: (66) F = El F + El ij + kzzjl(kacosBk +F sinB),

F (t=1jk representing the normal forces of the center

cutter, normal cutters and gaue cutters respectively.
. h

Fsk = side force of K gauge cutter, n = number of center cutter,

m = normal cutter, p = gauge cutter respectively.

B, = tilt angle of kth.FLl_ can be calculated by (67) however

different number of discs apply.
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Radial Forces compromising lateral force and longidutinal force
expressed as follow respectively: (67)F, =F _+F  +F_

Fy = FvyE + FryE + Fsy

5
5 since

vaz = resultant force of normal forces and

F _ = tangential forces, stz = side forces in X direction Same

rxZ
for the Y direction. F(i, Fm, are calculated by (68) with similar

approach. Due to the load of the central block the overturning
moment can be established as bellow:

n m n m
68) M = i§1 Fl + El FoloM,= El Fl o+ El F L since I, |

represents the distance to X, Y axis of the ™ cutter when
t = i,j. The torque load is produced by the tangential forces,
which correspond to the resultant torque of each tangential
force about the Z axis through the following:

n m p
(69) TL = El Fﬂ,pi + 3 Fr],pj + kZ Frkpk as sz = 1/N(load torque)
without considering the power loss.

j=1 =1
Temporal Fluctuation Stiffness of Gear Pair Engagement The
meshing stiffness of spur gears has a clear step periodicity that
changes abruptly when the degree of coincidence is
non-integer, leading to the generation of dynamic excitation
forces (J. Liu et al. 2014). GB3480-1997 offers a method to
determine both the maximum and mean meshing stiffness.
The variation in meshing stiffness can be depicted by a series
of square wave functions. Ultimately, it is represented in a
Fourier series without higher-order terms as follows:
n
(70) k(t) = km + 'Zl[kpisin(iwt) + kcicos(iwt)],
=
w = meshing frequency
n = harmonic number of meshing stif fness,
km = mean of meshing stif fness,

. . . .th . .
kpl, = sinusoidal amplitude of thei order, ka, = cosine amplitude .

Harmonic functions can be used to model the error excitations
(J-X. Zhou, Liu, and Ma 2011) . These are the primary errors
taken into account in this study: the eccentric error E the
manufacturing error £, the installation error 4, the tooth
thickness deviation e and the profile error 8, in the inner ring
gear, with the corresponding parameters in the pinions A0
and 8 Consequently, the internal meshing line and the
equivalent accumulated error caused by the aforementioned
defects are expressed as (71) sprj(t) =Esin(ot + o + ¢ - B)
+ Arsm(a + @ - yr) + EijlT.l(u)pt + a-— Bpi) + Apjsm((x - ypj)
G=1-28),
B andy = phase angle of errors,

w = angular velocity of pinnion, w = ring gear. The radial load
is supported by each pinion, and the equivalent stiffness of the
support is determined using the following empirical formula
(Chao et al. 2017): (72) K = 0.34 x 10°F. " 2"°1"*(cosp)"” since

FT = radial load ,

+e +e +0 +o0 o = meshing angle
T r v’ g angte,

Z = number of rollers,
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l = effective contact length of rollers
B = contact angle of rollers. The torsional stiffness of shaft
couplings can be articulated as per the Mechanics of Materials.

GI
(73) kQ = Tp

L = length of shaft connections. The axial stiffness is defined
for radial-thrust bearings, which include positive and negative

Since Ip = moment inertia, G = shear modulus,

n+l.n

thrust rollers (Luo and Luo 2009). (74)F =K Z(sin¥) "5,

dF _
K =—==nK Z(sin¥)""'8" ", K =2.89 x 10"1"**D"", where F
a n a n e w a

is the axial load of the bearing, » is equal to 1.11 about the roller
bearing, kn is the stiffness coefficient, Z is the number of
rollers, ¥ is the contact angle of rollers, da is the axial

displacement of the bearing,! is the effective contact length of

rollers, and D is the effective diameter of rollers.The empirical
formula that follows is used to calculate the meshing damping

k(t)m m
coefficient (Xiao et al. 2024): (75) Cpr= 26 | (r(r? +:n)2,

¢=0.03 — 0.17 representing the damping ratio in the
following study it is considered to be 0.03. The tortional

kI 1
damping of the shaft is represenetd as: (76) C 0= 2%, U‘?fl”)
m- " p

EQ = tortional damping ratio = 0.005 — 0.007. The
stiffness of additional components, including the cutterhead
and support shield body, is determined through the application
of the finite element method (FEM). The damping coefficient is
determined using the following formula (Huo et al. 2015):

(77) ¢ = 2&, /meke, In this context, & represents the damping
ratio, which ranges from 0.02 to 0.05 during the elastic stage of
the steel, with this study utilising a value of 0.02. Additionally,

me and ke denote the equivalent mass and equivalent stiffness,
respectively.

when
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model.

The TBM cutterhead system's multidegree-of-freedom
coupling dynamic model is introduced. The structural modal
characteristics and dynamic responses are examined in light of
the cutters’' forces and the actual project's parameters. The
following is a summary of the key findings:

(1) The cutterhead system's lowest fifteen natural vibration
modes are divided into three categories: rigid mode, pinion and
motor rotational vibration modes, and translational and
overturning coupled cutterhead and inner ring gear vibration
modes. The corresponding natural frequencies are 57 Hz and 61
Hz, respectively, and are higher than the pinion rotation
frequency and the internal excitation meshing frequency.
However, because natural frequencies and external excitations
coincide, the cutterhead system's resonance can be
unavoidable.

(2) With the same magnitude of amplitude in each translational
direction, the cutterhead's vibration responses resemble the
variation of external excitations. The axial amplitude is
approximately 0.55 mm, the radial amplitude is nearly 0.25
mm, the angular amplitude around the X and Y axes is
approximately 0.016 mrad, and the torsional amplitude is nearly
0.065 mrad.

(3) The findings could serve as a guide for the cutterhead drive
system design and the support rib weld strength check.
Dynamic response frequencies are primarily focused in the
following ranges: 100-120 Hz, 224 Hz, 236 Hz, 390 Hz, and 693
Hz. Additionally, it is advised that when performing the
cutterhead's structural design and matching the boring
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parameters, the two frequencies of 112 Hz and 120 Hz be
avoided.

(&) It is demonstrated that the cutterhead joint surface loads
vary quickly with significant amplitudes and complicated
nonlinear features when taking into account the influence of
internal and external excitations. As evidenced by the rain flow
results, the standard deviation in each direction increases by
12-15 times. Cutterhead structural design should primarily take
the amplifying effect of dynamic loads into account in order to
set the stage for dynamic optimisation and fatigue life
assessment.

Number of cycles
o v s o

Tangential force (kN)

0 02 04 06 08 1 12 14 16 18 2

Time (s)

Figure 53: Graph illustrating time history of tangentialforce and
rain flow counting statistics of the force.
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Figure 54: Time history of the normal force and rain flow
counting of the statistics of the force .
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cutterhead joint surface loads.
Table 7- Statistical distributi f load ] head ioi

surface.

Joint Surface External
laods excitations
Mean/kN |Standard Mean/kN Standard
deviation/kN deviations/kN
[Tnagential |-139.69 [93.25 139.66 7.40
[Normal -106.27 [130.03 106.32 11.04
Axial 1410.55 |915.48 1410.55 60.00

Load sharing and dynamic analysis of pinnions and gears in
TBM
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In order to conduct excavation, the TBM employs numerous
pinion actuators. Nevertheless, TBM can also result in an
imbalance in the distribution of driving torque. Concurrently,
the TBM is subjected to radial force, axial force, and
overturning moment as a result of the intricate and diverse
geological conditions. The slew bearing experiences elastic
deformation as a result of the external load applied by the
cutter head during tunnelling. Due to multi-point meshing,
deformation induces displacement perturbation in the driven
gear and ring gear of a slew bearing. The complex geological
conditions of tunnelling can easily lead to a blocking accident,
which can also result in fracture phenomena in tiny gear shafts
and gear teeth (Ramoni and Anagnostou 2011) (Ding, Tu, and
Wang 2010). Due to the compatibility of deformation, a cutter
head system is a complex, time-varying, and robust coupling
system. This movement is alleviated by multi-pinion actuators
and nonlinear elements, such as periodic time-varying
stiffness and backlash (Kahraman 1993) (Cheng and Lim 2003) .
In multi-mesh gear systems, parametric instabilities and server
vibrations can be caused by periodic mesh stiffness (K.-Z.
Zhang et al. 2011) (G. Liu 2007).

Pinion

Reducer

Motor
Main bearing and large gear

Figure 56: Cutter head of a TBM mechanical driving
components (W. Sun, Wang, et al. 2016).

In addition to frequency conversion (Wei et al. 2013) have
determined that adjusting the speed in response to the external
load fluctuations using a variable-frequency motor, the cutter
head drive torque endures a dynamic process in the wave
tunnelling torque load of the composite strata. The torque from
the cutter head drive induces asynchronous movement in the
drive motors, resulting in the breakdown of Ccritical
components.The utilisation of a motor-planetary speed reducer
results in an increase in the device's inertia.The inertia of the
motor-planetary speed reducer causes the load-sharing
behavior of multiple pinion drives in shield tunneling to differ
from that of traditional wheel and pinion systems used in
low-speed transmissions. When performing dynamic
modeling and analysis of the multi-gear drive, it is essential to
consider the inertia of both the motor-planetary speed reducer
and the cutter head rotation for systems with multiple
pinions(Wei et al. 2013).
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3.5 Multi pinion drivers model

The analysis incorporates the nonlinear coupling effects
between the ring gear and the multiple pinions to examine the
dynamic load-sharing characteristics. Insights gained from
this analysis support gear design improvements and enhance
the synchronized control of multi-pinion systems. Four
primary drive motors use a planetary system to power the
multiple pinion drive system. The pinions propel the inner ring
gear, which then drives the cutter head. The multiple pinion
drive system satisfies grade 6 precision standards. Gear
backlash has an average value of 250 pm. The ring gear has a
pitch circle diameter of 1164 mm, while the pinion has a
diameter of 180 mm. The rotating mechanism is powered by
many pinions that rotate the ring gear in a clockwise direction.
When the input power at each pinion is iP(i =1 — N) , the
power accumulated in the ring gear is £P. When the input

speed of each pinion is np, the input torque for each pinion is
T Too and the load torque on thering gearis7 =T .

Figure 57: Dynamic model equivalent for the sheer torsion of
multiple pinion dri Wei 1. 201

The ring gear and pinions are considered floating elements,
while each component of the main drive rotation system is
considered a rigid body (Figure 57). The equivalent spring
stiffness is used to depict the elastic deformation of support
shafts, gears, and bearings. The ke .(® variable represents the

time-varying stiffness that exists between the pinions and the
ring gear. For pinions and ring gear, k, and k_denote the

equivalent spring stiffness support, respectively. The
suspension coefficient between the ring gear and pinions is
denoted by C i The suspension coefficient of the pinions and
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the ring gear are represented by o and C, respectively. The

internal meshing line generates equivalent time-varying and
accumulated meshing errors, which are denoted by epn_(t). bp”_ is

the expression of the backlash in the ring gear and pinions. The
ring gear and pinions’ base circle radius are denoted by r, and

Ty respectively. On the basis of the equivalent dynamic model,

an equivalent dynamic model of pure torsion for multiple
pinion drives evaluates the impact of inertia on the drive and
cutter head. The input torque in each pinion is denoted as T,

while the load torque in the cutter head is denoted as T _ .

Where N is the number of pinions, the system depicted in
Figure above has a degree of freedom of (4N + 4).

(78) X = rbpﬁpi - rbrer + Eism(x + ncosa + Hrsm(ot + (pi) - erpi(t)
since o = angle of pressure at pitch of cylinder,
¢,= phaseangle at each pinion, when
2bpn_ = gear backlash of each pinion and ring gear,

(79) F.= kp”(t). f (xpn,, bp”,), the nonlinear function of f(x, b)
can be expressed as (58) discussed in section 3.4 regarding the
numerous degree of freedomfor the coupling head system in

TBM. (80) Dpn, = Cpn, .x,, since Dpn, = damping force,
N .

(81) kpr(t) = km + anl(ancosnwot + bnszn nwot), as

w, = meshing fundemental gear frequency,

k = average gear meshing stif fness can be found within gear

standards as  AGMAISO 1328-1 DIN3990.
a = expansion coeff of fourrier series,

and

bn = subscriptnof anand bn whenn = 1,2,3..N,

k mm
m p T

(82) €, = ZEH €, = meshing of gear demping,

m +m_?
p

§,=0.03 - 0.17, the differential equation comes as the
following:

1 6 +C (®

mi mi

—0) +k, 6

mpQ* mi

[ - 9pi) = Tpi

mpQ* mi

Imiemi + (Fpri + Dpri)rbp + Cme(epi - emi) + kme(epi - emi) =0
mm,Ei + (Fpﬂ, + Dpn,)sin(x + CpiEi + kpiEi =0

(83) 10,+C (6, —0)+k (8 —6)=—T,

N
Irer - _gl(Fpri + Dpri)rbr + CrLQ(elr - eL) + erQ(er - eL) =0

i—
N

mrHr + El(Fpn, + Dpri)sm((pi + o) + CTHT + err =0
N

err - 'Zl(Fpn, + Dpn,)cos((pi + o) + CTVT + kTVT =0

i=
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Since I, Ip, I,1, = moment of inertia regarding motor-plantery

speed reducer, pinion, ring gear, cutter head. And
Gm, GP, Gr, GL = tortional vibration displacement,

kme = tortional displacement of the imput gear shaft,

erQ = stiffnes of the output gear shaft,

Cme = tortional damping coef ficient input gear,

CrLQ = output ring gear, SO (B4) mx" + cx + kx = F,
x = vector of vibration displacement, m = mass matrix,
k = stiffness matrix, ¢ = damping matrix,
F = incentive force vector

The eccentric error of pinions E manufacturing error of ring
gear E, installation error of pinionsApi and ring gear A, tooth
thickness deviation of pinions e, and ring gear ¢ , and profile
error of pinions o_and ring gear or are the errors that affect the

load distributions between pinions and the ring gear.
Expression of the equivalent accumulated meshing error
caused by the aforementioned defects along the internal

meshing line:
(85)epn_(t) =Esin(wt+ a+@ —B)+Asin(a+e —v)
+E sin(w t + a—B)+A sin(a=y,)
+¢e +e +0 +0 . (i=1~N)

r pi r pi
a = meshing angle, ¢, = azimuth angle of apinion, if four
pinions are not distributed evenly then

¢, = 2n(i — 1)/8(i = 1 — 8). and y = phase angles of errors,

w = angular velocity

There is a significant overturning moment that the cutter head
of the TBM experiences. The overturning angular displacement
is disturbed by this overturning moment, and it is impossible
to disregard it. The four effects of perturbation in gear radial
displacement and overturning moment are as follows:

3.5.1. Modification of the centre distance

The actual centre distance is Lllz, while the original centre
distance is L , when the change value of the centre distance is
AL. Figure illustrates the geometric relationship between the

actual centre distance and the original one. This figure
illustrates that the meshing force between the pinion and the
ring gear is indicated by F'1 ,- The actual centre distance and the
change value of the centre distance can be expressed as follows:
(86) 0;0'2 = Lllz = [T, + £ =D P =yt
@nAaL =L, —L,~x—x"

12
. 2 1
since X( ), X( )

)

= coordinates value of in x direction of gears
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Figure 58: Geometric formulas that account for the overturnin

angle

The internal meshing gears' centre distance and meshing angle
have the following relationship:

_ _ @_. @ 1 2
(r,, rbp)(x x) *D_,@

(88) cosa = rbfrb", (89) Act ~

2 Liz“’s“o - L, tana,?
Ao = angle incriment of ,Aao = original meshing anlge

(90) kc = kx’isin(xo + ky'icoson0 as kc = overtuning angle in plane,
yo,z = centeredato, since kx'i and ky'i are components of
pinnion in x and y directions. In plane 0,7, the original
meshing angle « is likewise centred at o,. The disturbance in
overturning angular displacement affects the real meshing

angle «, and k, a, satisfy the space law of cosines. The

relationship between 0(”, k, and o can be represented as
follows, according to the space law of cosines:

(91) cosa" = coskccosao, (92) Acxv = arccos(coskccosao) - a,

(93) Aa = Ac + Aa”, Ao = meshing angle change, as
m_ @

O a =a + Aa = %l + arccos(cosk cosa), the deflection
12 0

angle between the actual and theoretical cente line:

w_®
~ ~ Oy
[312 ~ tomB12 ~ I

12

original centre distance L , immediately express the deflection

. The displacement disturbance and the

angle B, between the theoretical centre line o x and the actual
centre line 0.10.2. The variation of the meshing line and o,x can

be expressed as the following: (95) Ad = Aa — B,

Table 8: geometric Parameters of ring gear and pinnion

Pinnion Ring Gear
Module m (mm) 12 12
Tooth Number z 15 97
Rated power p (kw) 27.487 109.948
Rated speed n (rpm) 5.82 0.9
Norm. Modification coef. 0.5 0.5
Pressure angle in pitch o 20 20
Center distance a(mm) 492 492
IAddendum coefficient h, 1 1
Dedendum coefficient ¢ 0.25 0.25
Manufacturing Error E ym 71 100




[nstallation Error A um 31.5 31.5
[Tooth thickness error e (um) -180 -400
Profile error o (um) 16 22

3.5.2. Dynamic load for load sharing coefficient
Numerical equation solutions induce dynamic load F . ata

specific moment. System load-sharing coefficient is solved. At
a particular point in time, the load-sharing coefficient is the
measurement index that is used to determine the load that is
distributed unevenly over each pinion. For each tooth
frequency cycle, the loadsharing coefficient must be calculated
without considering transient dynamic load. The load-sharing
coefficient for each tooth frequency cycle is computed as

N D . . .
follows: (96) dp”_j = — since i=1-N, j=1-n,
DIGERI
n = number of tooth frequeny 97D . = |d = 1| + 1,
pri pry max
i=1~Nj=1~n where
dpn,j = load sharing coef. in each tooth,
Dp” = load sharing coef, in system period
4 ¢
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Figure 61: The coupling control method and the actual
measured torque

(e}

(Figure 58) illustrates the simulated load torque curve, which
incorporates the cutter head's load catastrophe characteristic.
(Figure 60) illustrates the torque curve that was actually
measured in the simulated experiment platform. Even though
the burden in the cutter head remains constant, the
load-sharing coefficients in each pinion can reach 1.262, as
illustrated in this figure.

This outcome is in accordance with the numerical simulation.
Random vibration properties are shown by the torque in the
pinion, as indicated by the foregoing analysis. In the present
control strategy, each motor is distinct from the other motors,
and there is no synchronisation error compensation among the
strategy. Torque load fluctuation is considered system noise
that can be directly incorporated into the control system in the
control strategy. The torque distribution imbalance for multiple
pinion drives is considerably reduced by the reduction of the
load-sharing coefficients to 1.051 under the loop coupling
control strategy. In (Figure 61), the torque that was actually
measured with the coupling control strategy is illustrated.

the motors in multiple pinion drives. This study illustrates a
novel control strategy that employs loop coupling control.

Table 9: Coeffici f Joad shari . ional

speeds

Cutter head rotational speed (r/min) [Load-sharing coefficients
0.5 1.189

0.7 1.213

0.9 1.181

1.1 1.206

1.3 1.247

1.5 1.199

In table 9 there are different rotational speeds and load-sharing
coefficients. Multiple pinion drives do not have a constant
load-sharing coefficient. It displays a non-linear pattern in
relation to the rated power of the driving motor and the cutter
head's spinning speed. At a cutter head rotational speed of 0.9
r/min, the load-sharing coefficient is 1.181 at its minimum and
1.247 at its maximum. When the cutter head rotational speed is
between half a revolution per minute and one and a half
revolutions per minute, the load-sharing coefficient of several



pinion drives is approximately 1.2. Thus, even though the cutter
head rotates at a modest speed, the dynamic torque and
dynamic meshing force of each pinion oscillate around the
static torque of each pinion; the torque's amplitude is
approximately 1.2 times that of the static torque.

3.5.3. Effect of Inertia

The effects of inertia on the propulsion mechanism and cutter
head are taken into account in a dynamic model of multi-gear
drive. The findings of this investigation are as follows:

(1) The maximal dynamic load and load-sharing coefficient are
higher when bending-torsional coupling is present than when
it is absent. A high load-sharing coefficient and maximal
dynamic load are the result of bending-torsional coupling.

(2) The combined impact of the nonlinear coupling factors
between the ring gear and multiple pinions, as well as the
moments of inertia of the drive mechanism and cutter head,
causes the load-sharing coefficients to exceed 1.2-1.3. Gear
design and synchronisation control should take into account
the impact of load-sharing characteristics.

(3) The control system can be directly coupled to the torque in
the pinion, which exhibits unpredictable vibration properties.
The torque can significantly mitigate the imbalance in torque
distribution for multiple pinion drives by employing a loop
coupling control strategy.

3.6. Cutter head driving system shock vibration in TBM

Tunnel boring machine (TBM) cutterhead drive system (CDS)
failure frequently happens in shock and vibration situations.
An electromechanical coupling model of CDS is created to
examine the dynamic characteristics and further minimise
system vibration. This model comprises the purely torsional
dynamic model of a multistage gear transmission system and
the model of a direct torque control (DTC) system for a
three-phase asynchronous motor.

Load sharing and vibration reduction of CDS in TBM have been
the subjects of much research in the past few years. NUmerous
studies have concentrated on the dynamic analysis of CDS. A
dynamic model of a multigear driving system was created by
Wei et al, who also investigated how inertia affected the
loadsharing feature (Wei et al. 2013) . (W. Sun, Ding, et al. 2016)
developed a dynamic model of the cutterhead drive system
with a hierarchical modelling approach and acquired the
dynamic response in mixedface settings through an
examination of the dynamic characteristics of TBM by (K.
Zhang et al. 2010). In order to lessen vibration, developed a
multiobjective optimisation model based on dynamic analysis
and gear gearbox system parameters (Qin 2012). More and more
people are also interested in the multimotor synchronisation
control method of CDS. (R. Liu et al. 2014) investigated the
load-sharing characteristics of several motors and presented a
flexible control strategy to enhance the compliance capability
of CDS (R. Liu et al. 2011) (J. Sun et al. 2009) . All of these studies
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have successfully optimised the multimotor control technique
and conducted dynamic analysis in order to design CDS. On the
other hand, the inverter motor's external excitation was simply
a constant value substituted for the real driving torque in these
investigations. The dynamic performance of the gearbox
mechanism may be influenced by the torque disturbance that is
an inevitable factor caused by the variable frequency speed
control system, as per numerous studies (Kanaan, Al-Haddad,
and Roy 2003). Neglecting the effects of actual driving torque
may lead to erroneous dynamic analysis of gear gearbox.
Consequently, it is essential to consider the operational
characteristics of the inverter motor while constructing the
electromechanical coupling model and analysing the dynamic
characteristics of the multistage gear transmission system in
CDS.

In the context of the DTC driving system, the static coordinate
system of the o-B phase is selected as the reference frame for
the mathematical model of the three-phase asynchronous
motor:

(L RS + 0 me 0 im
(98) gl = 0 R+ 7p0 L isB
0 me st Rr + Lr(o im
0 — ol me - wl Rr + L'TB
Flux equation:
N
99) bl = [0 L, 0 L. i
L L A S
g 0 L 0 L -
Torque equation:
(Q00) T, =nL (i i —idi)=nGW —iW)=n & i)

since u_,u_ = stator voltages.
s sB

i ,i_,i ,i = stator/rotor currents,
sa’ sporal rf
lpsa' quB' me' L|Jr[3 =

RS, Rr = stator/rotor resistances,

stator/rotor fluxes,

Ls, LT, Lm = Inductance of stator /rotor/mutual,
Te = electro magnetic toque, w = electrical angular speed of rotor
n,= pole numbers in pairs,p = dif ferential operator

Based on the aforementioned equations, the DTC system of
CDS has been established using the Simulink module within
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the Matlab software, as illustrated in Figure .The model selected
as the stator flux observer can be expressed as follows:

A0y = f(u, ~RiJdt, b = (u, ~Ri )dt

Figure 62: Three-ph nchron motor with dir I
control system
I
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Figure 63: Torque flex model of a stator

Figure 64 shows the torque and stator flux observer model
based on (100)-(4=101). Figure 4 illustrates how the DTC system
regulates electromagnet torque by maintaining the amplitude
and angle of the stator flux y_with inverter voltage space

vector switch state controls asynchronous motor.
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Figure 64: The control principle of the DTC system.

After directly calculating stator flux and torque, the optimal
switching table selects driving signals. Calculate the stator flux
location in the «-p phase static coordinate system by

comparing observed and provided values of q;: and T:. Inverter

motor frequency regulation can be simulated and electric
torque calculated using the DTC drive system model. An
example of a multi-gear transmission system is a three-stage

planetary reducer and a one-stage pinion-ring gear. s@, 70, O

and pj(,i). In the i stage, the sungear, ringgear, and planet are
symbolised by j (1,2,3,4). carrier and the planetary reducer's

ith-stage, jth planet gear. Opinion-ring gears are denoted by gl
and g2. The lumped mass approach creates a torsional dynamic
model of a multistage gear gearbox system. Each part is stiff.
Pressure on the tooth surface should cause positive meshing
line displacement. The equivalent math paradigm uses
Newton's Second Law.

torsional dynamic _model of a
multistage gear gear transmission system.

Figure 65: Fundamentall
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inverter motor =T inDTC, T  =enlarged driving torque by
gear transmission system, k = totional stiffness of planet
carrier, k , k, k, =tortional stiffness of each stage connecting
stage, c = tortional damping of planet carrier ; c,c,c, =

tortional damping of each stage connecting stage,
a = pressure angle of pitch cyclinder, n = number of pinnions ,
x =sun and each plannet gear displacement line, x =

c,c,C

displacement along the ring line between the ring gear and
each planet gear. There for, x, x can be expressed as the

following:
(103) x(l) (l)e(l) (l')e(L') (l)e( )COSOC + e()
. s pip ¢ s’
xg) = (1?9(1,) - El)e(l)coson + e() since e = transmission error

p; p]
between planet and sun gear and e = transmission error

between ring and each planet gear.
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Figure 67: mesh error transmissions
kol k= tiffnes time variant mesh mesh can be expressed by

means of fourrier series.
N

10k (O =k + El B cosiw (t + @), m =s,1,g k = average

mesh stiffness which can be obtained based on gear standards
such as AGMA ISO 1328-1 and DIN 3390 and B = harmonic

amplitude in Fourrier series. ¢, c_and c, = demping of mesh



—
¢ = 2¢q [l ¢ =0.03 — 0.17 for

m m +m )
m

damping ratio, m ,m are mass of two meshing gear.

morn = s,1,p,4,

(105) e = 0. 5Fpsin(21'[wst + cps) + 0. 5fpsin(2nu)mt + (pm),
n=s,r,g,

where F denotes the total cumulative pitch error; f represents
the tangentlal tolerance of an individual tooth; »_and »

indicate the rotational frequency and mesh frequency,
respectively; and ¢_and ¢ _ refer to the initial phase of the shaft

and mesh phase.

Table 10: TBM cutter heads driving mechanism parameters

Driving motor Rated Power 160 kW
Speed Range 0-1480 rpm

[Transmission Reducer Gear ratio, i = 51.2

system Ring-pinnion Gear ratio, i, =126

Cutterhead Rated power 1600 KW (10*160 kW)
Speed range 0-2.1rpm-4.7 rpm
Rated torque 7230 KNm @ 2.1 rpm

igarameters i%alue i

Rational inertia 2.9kg.m’

Mutual inductance L~ 7.69mH

Rotor inductance L 0.152 mH

Stator inductance L 0.152 mH

Rotor resistance R 0.007728 Q

Stator resistance R, 0.01379 Q

Rated frequency f 50 Hz

Rated voltage U, 400V

Rated power P, 160 kW

The numerous inverter motors are intended to be synchronous,
and the TMB cutter head is selected to operate at a rotating
speed of nc = 2.1 rpm. Consequently, the load torque of the
motor may be computed based on the mean value of the load.
Electromechanical Dynamic Analysis of CDS

(106) T, = 9549

ll nn

since P, = rated power,

L[ = gear ration of reducer i, = gear ratio of pinnion,

n = rated speed of cutter head, n = number of pinnion, As
geological conditions change, the load torque T, in the actual

tunnelling process is unstable and rapidly varies. The rated
torque T, is 1120 N-m at the rated rotational speed n_=2.1rpm,

as indicated in (106), which corresponds to the actual T, at

approximately 310 seconds in (Figure 66). In the time interval
of 314.2 seconds to 315.2 seconds, the torque level is stable near
the rated torque for the first 0.2 seconds, subsequently rising
sharply to 1700 N'm at 314.4 seconds. After 314.5 seconds, T,

stabilises at approximately 1700 Nm with minimal
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fluctuations. The operational characteristics of an inverter
motor under shock loading are examined with a duration of T,

set to 1 second. The interval from 314.2 seconds to 315.2 seconds
is chosen for simulation as a piecewise function. In the DTC
driving system, the load torque T, is a critical parameter.

Simulation duration: 2 seconds T, is 1100 N'm for the duration

of 1.35 s, and it increases to 1700 N'm from 1.35 s to 2 s. The
actual driving torque of the DTC system is obtained and
illustrated in (Figure 67). In the startup phase, the inverter
motor functions at maximum torque to swiftly reach the rated
speed. After 1 second of operation, the electromagnetic torque
Te aligns with the actual load torque at the rated speed. The
fitting result demonstrates that the DTC drive system exhibits
a rapid response to changes in load torque T,. Electromagnetic

torque T, demonstrates considerable torque ripple.

(k+1) (k) (k) (k) (O (k) (

o7 T, =T + AT + AT AT

TS
L )c’
L,

AT =

W_3 b0 (k) NG
E} [ IT,

Yo v,

®
N
N
=
=]
o~
~

Sun Planet Ring Carrier
Ist 2nd 3rd Ist 2nd 3rd Ist 2nd 3rd 1st 2nd 3rd
Mass m (kg) 3.69 9.55 14.06 2.37 578 14.06 1776 30.06 4298 18.32 321 4735
I (kglml) 0.004 0.019 0.332 0.002 0.007 0.032 0.132 0.39 0.88 0.145 0.56 1.86
Tooth number z 25 27 24 20 21 24 65 69 72 - - -

Parameter

Module m, My =4, my =5 m;=6

Tooth width b (m) b, 0.06, 12 0.085, by = 0.11

Pressure angle ot o’ =a® =al =207, oV =a® =al = 20°
k =9.872x 10° k =1.3225x 10° k = 17362 x 10°

Mesh stiffness k,, (N/m) { { { S
k, = 1.179 x 10°, k, = 14366 x 10°, |k, = 1.7543 x 10°

(k+1) (k) B
Where T~ “and T, “represent the electromagnetic torques at

moments K+1 and k, respectively; AT( )= torque attenuation

due to stator and rotor res1stance;ATez) = torque variation
caused by voltage space vector; T = sampling time; o =
constant related to L and L and L, o_signifies the speed of the

rotor.

torque ripple is unavoidable and is influenced by sampling
time, motor speed, flux, and voltage vector, all of which are
closely associated with the computational capacity of the
digital controller and switching frequency. Consequently, the
external excitation of the gear gearbox system, specifically the

torque ripple of electromagnetic torque 7, may be elevated

during the actual motor driving process, thereby affecting the
dynamic characteristics of the gear gearbox system.

3.6.1. Modal Property of Multistage Gear Transmission
System.

In a multistage gear transmission system, a one-stage pinion
ring gear comprises several pinions g, and a ring gear g, The

size of ring gear g, is significantly larger than that of other

gears, and the inherent properties of the planetary reducer
cannot be clearly presented under the influence of ring gear g,.

Consequently, the modal properties of the planetary reducer are



selected for analysis in this paper. Based on the matrix
calculated above in equation 5 the planetary reducer model can
be expressed in the form of matrix:

(108) Mq'(t) + Cq(t) + Kq(t) = F(t)

Table 13 : reducer of natural frequency planetar
ﬁ\-/iotion modes |Natural frequency (Hz) |
Rigid motion mode f,=0
Rotational vibration f,=308,f, =529,
modes f, = 2806,f, = 3772,
f, = 4644, f .= 5919,

fle = 5919,f,, = 8338
Planet vibration modes f_= f = f,= 3598

-~

©

2 - . . -
(109) wiMcpi =K ¢, Since w, = i, order natural frequrncy , K =
average stiffness matrix, ¢, = i, order vibration mode vector as:

@ @ @@ @ @
(110) ¢, = [¢i5 'q)ipl' ¢ipz’ ¢ip3' ¢ic 'q)is ’¢ip1
@ @ @, @ 6 6 , 63 6 ,03 , 3
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1~
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=
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15

10

5
Natural frequeny

. . vibrati tes of pl j |

The electromechanical coupling model can be solved to
determine the vibration displacement. The dynamic response
of the gear gearbox system may be influenced by the torque
fluctuation of the inverter motor, as demonstrated and
discussed above. Consequently, vibration displacements under
electromagnetic torque 7e with ripple and idealy calculated
seperatly. The driving torque, _, is defined as the vibration

5
Degree of [reed()m 0 0

displacement of the sun gear under electromagnetic torque T,
while 6_is defined as the vibration displacement of the sun

gear under idealised piecewise torque. For 0.35s and 1s, the
mean values of 8 and 6_ are identical and equal to 0.0286,

indicating that the equilibrium position is not influenced by
the actual driving torque of the inverter motor. Nevertheless,
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the standard deviation of 6, is 0.0092 and that of 6, is 0.0045.

This suggests that the vibration amplitude under
electromagnetic torque T _ is greater than that under idealised

piecewise torque. Therefore, it is enticing to infer that the
torque ripple caused by the actual driving torque of the inverter
motor may exacerbate the vibration of the gear gearbox system.

3.6.2. Dynamic Meshing Force:

The failure of a gear transmission system, such as the attrition

or pitting of gear teeth, is directly influenced by the dynamic

meshing force.

(110) F(i) — k(i,)x(i,) + kc(i,)x'(,i); F(i,) — k(i,)x(i) + C(i)x-(i)
sjsj sjsj

; : X since
N T T L/

F,F = external/internal meshing forces, k,k = time-variant
mesh stifnesses, X, =displacement between sunand plannet
gear each, x_displacement between ring gear and each planet

gear. The dynamic meshing forces in each stage are calculated
under the external excitation of electromagnetic torque Te, and
a portion of them are illustrated in Figures 13 and 14. At 0.35s,
electromagnetic torque T7e changes, and external meshing
forces rise quickly. Mesh forces also rise by a natural frequency
stage based on gear ratio. The meshing forces of the first-stage
planet gears fluctuate more dramatically than those of the
other two stages at the changing point. This phenomenon is
likely due to the fact that the first-stage solar gear is directly
affected by external excitation. The meshing forces of planet
gears are also distinct during the same stage. The highest
load-sharing level is that of the third stage, while the lowest
load-sharing level is that of the first stage. This discrepancy
may be attributed to the phase difference of mesh rigidity and
gearbox error.

The (figure 70) bellow illustrate the spectral analysis of the
external meshing force in the Achstage. In this context, the
i-order natural frequency is donated by f (i = 2,3), while the

j-stage mesh frequency is donated by f = ( = 1,23). As
illustrated in (Figure 68), the meshing forces in each stage
vibrate in the low frequency domain, which is in close

proximity to fisj and its multiple frequencies. In addition, the
internal excitations contain low-order natural frequencies ( £,

=308andf . =529), with f A having the highest amplitude.
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3.6.3. Vibration of gear transmissions

The vibration of the gear transmission system is increased
under electromagnetic torque Te in comparison to the idealised
drive torque. The electromagnetic torque T, and its torque

ripple may be the cause of the vibration increases in each
component. To assess the impact of electromagnetic torque T,

on the vibration of each component, it is suggested that an
influence index § of torque ripple be calculated using the
vibration displacements, as expressed:

A —A
(111) § = "
under electromagnetic torque T, and idealised torque,
respectively.A = max vibration degree, whileA and A  canbe

Where 4, A = deviations from equilibrium
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stated as:(17) A, = |9S - es_| (s = e,m)since

6_= displacement vibration, es_ =mean value of 8 o at equilibrium
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3.7. Hydraulic Cylinders:

The transmission of forces and the generation of motion are
both accomplished by hydraulic cylinders, which are linear
actuators. They are able to transmit strong forces because of
their high stiffnesses. Control is challenging due to the very
nonlinear stiffness characteristics of hydraulic cylinder
systems (Jelali and Kroll 2012). Specifically, the piston's
location, or the variation in volume in each chamber, is the
most well-known source of nonlinearity in hydraulic cylinder
stiffness.Dynamic  functionalities are demonstrated by
hydraulic cylinders in their capacity as actuators. Therefore, for
cylinders in dynamic applications, figuring out the static
stiffness characteristics alone is insufficientWhen flow is
permitted via the intake ports, the stiffness properties that
were computed under static circumstances are different.
Spring-like behaviour is demonstrated by hydraulic cylinders
when their inlet apertures are closed. Then, in addition to the
characteristics of the sealing systems, the stiffness is
controlled by fluid temperatures, pressure levels, and volumes.
It is also necessary to think about the cylinder rod's and
chamber's stiffness characteristics in certain high-pressure
uses. Nonetheless, when flow is let via the input ports, the
dynamic properties are significantly influenced by all
components within the hydraulic system.

Stiffness is the ratio of applied force to elastic element
translational deflection (McGraw-Hill 2002) . Different
environmental and dynamic situations affect system stiffness.
The static stiffness (k) measured under a static load is specified
by: (112) k = % since AF = static force,

Ax = corresponding deflection Dynamic rigidity is tested at
frequencies over 0.5 Hz under rapid periodic loads (Rivin and
Kops 2010). Rotor and spinning machinery supports commonly
experience periodic loads. As loads oscillate, vibration occurs.
Vibration measurements are often processed using Fourier
analysis. In dynamic settings, dynamic stiffness is the ratio of
input force amplitude to output displacement amplitude:
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F o, )
(113) kdyn = ) sinceF_ = load amplitude,
x = resulting displacement response amplitude,
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; I - AFext
i
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Figure 75: A hydraulic cylinder system consists of the following
components: 1. Cylinder barrel, 2. Hydraulic oil, 3. Piston
sealing, 4. Rod sealing, 5. Rod, 6. Hoses, 7. Metal pipes. (Feng et

The overall stiffness of hydraulic cylinder systems is
influenced by the cylinder rod, cylinder chamber, seals, pipes,
and hoses. A comprehensive stiffness model of a hydraulic
cylinder has been introduced. The net static stiffness, or ks

was calculated in the study by adding the reciprocals of the
stiffnesses of the hydraulic fluid, piston rod, cylinder barrel,
pipe, hose, and sealing rings.

(113) =4+ + o+t +

c P h s

since

kﬂ = stiffness of fluid,kr = axial cylinder rod stif fness,

kC = cylinder barrel expansion stif fness,

kp = piping expansion stif fness,

kh = expansion stif fness of hoses, kS = sealing ring stif fness. In

the analysis of stiffness under dynamic loads, it is essential to
evaluate the frequency responses of both the cylinder and the
fluid lines. The system may react unexpectedly to natural
resonances. Load masses and fluid volumes have an impact on
hydraulic cylinder systems' natural resonance frequencies.

Power transmission, lubrication, heat transfer, and corrosion
prevention are the primary goals of hydraulic fluids. Because of
their affordable price, appropriate viscosity levels, and good
stiffness performance in various applications, hydraulic fluids
derived from minerals are the most often utilised. The fluid
bulk modulus dominates the static hydraulic stiffness of
cylinder systems in a closed hydraulic circuit. However, while
the piston of the cylinder is in motion studies by (Kinker 2011),
the flow alters the stiffness characteristics of the hydraulic
cylinder. The dynamic impacts of transient flows and the
impact of fluid medium and flow through orifices on hydraulic

stiffness are discussed in this section. (114) K ;= Vﬁ—g, The

fluid bulk modulus (Kim and Murrenhoff 2012), or Kf, which is a
measurement of a fluid's resistance to compressibility, is related
to hydraulic stiffness. This can also be defined as a measure of
fluid stiffness. Since V = initial volume,
Ap = pressure difference, AV = dif ference in volume, before and
after compression (Gholizadeh, Burton, and Schoenau 2011).
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22000

Figure 76: Temperature and pressure affect mineral oil ulk
modulus (Knezevic et al. 2011).

The bulk modulus is a characteristic specific to fluids,
influenced by both temperature and pressure. Figure above
illustrates the dependence of the bulk modulus of a mineral oil
on pressure and temperature. The bulk modulus decreases with
increasing temperature and increases with increasing pressure,
as the figure illustrates.

High bulk modulus in hydraulic fluids is advantageous as it
enhances stiffness and stability. Oils derived from minerals
typically have bulk moduli between 1.8 and 2.2 GPa. inside the
context of practical applications, such as hydraulic cylinder
systems, the presence of undissolved air that is trapped inside
the hydraulic circuit results in a reduction in the effective bulk
modulus of the fluid (Gholizadeh, Burton, and Schoenau 2011)
(Knezevic et al. 2011) (X. Yuan et al. 2019) . As seen in the picture
below, trapped air has a major effect at lower working
pressures (p 60 bar).
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Figure 77: Utilisation of varying quantities of undissolved air at
an oil temperature of 30°C, the effective bulk modulus is as
follows

In the estimation of the effective bulk modulus, the
undissolved air content is considered.
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' Pu 1/ S
A1) K, =K [(1 + o, ) ") + A+ ok ]

as the
f n@ +p)

isentropic constant (n = 1.4) tells us how much undissolved air
there is in the system compared to its volume. The atmospheric
pressure is P_and P refers to the working pressure, and the
nominal bulk modulus of the fluid are also given as K} when «

is the the volume of undisolved air in atmospheric pressure.
v=20

Figure 78: Static equilibrium free-body diagram of a hydraulic
cylinder

The static load of FL induces a displacement of the piston,
denoted by Ax, while the net hydraulic force, FAp, is the result
of the pressures operating on both sides of the piston surfaces.
The seal friction forces for the rod and piston are denoted as
Ful and Fu2, respectively. The loading force is perpetually
opposed by the seal friction forces wil be discussed in the
following. And the hydraulic fluid stiffness, Ko, in a closed
cylinder system can be calculated from the piston displacement
Ax, which results in a proportional volume change in both
chambers based on the effective piston area.

2

_ AA AB
(116) ke, = Ky + Ky

AB = Rod Effective area,

since A, = head ef fective area,
VA = piston position volume chamber,
V, = piston position dependent rod chamber volume,

VAL = head fluid line, %4
KEA, KEB = effective bulk moduli for each chamber,
117nv, = AAxp and (v, =401 - xp) since

x, = piston position, ls = stroke of cylinder

oL = rod end total volume line,

therefore

Flow occurs through inlet apertures when a cylinder piston is
in motion, resulting in a change in fluid volumes. Furthermore,
the discharge rate is affected by the pressure differential that
external forces generate. Hydraulic inductance, which is also
referred to as flow rate response to pressure fluctuations in a
system, is determined by the fluid density, conduit lengths, and
orifice flow areas. It is evident that the hydraulic inductance
influences the system stiffness in dynamic conditions, as
defined as the ratio of an external force to the resultant
displacement. Fluid flow is induced by a static pressure
difference in an open circuit cylinder. The cylinder ports
facilitate the passage of fluid within the cylinder chambers. The
free-body diagram of a hydraulic cylinder that is extending at a
constant velocity of v is depicted in he (Figure 79) bellow:
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Figure 79: Free-body diagram of a hydraulic cylinder exhibiting

The volumetric flow of the head chamber and rod end chamber
is represented by q, and q,, respectively, while the net

hydraulic force is represented by F o the loading force by F
and the rod and piston seal friction by F and F respectively.

The steady state of volumetric flow is (119) q,= CqAa % . The
fluid density is represented by o, the pressure difference
brought on by the load is represented by Ap, the flow
coefficient by Cg, and the orifice's cross-sectional area by Ao.
The flow coefficient is contingent upon the Reynolds number
of the flow and the circularity of the orifice edges. The
theoretical flow coefficient for a sharp-edged orifice is Cq =

0.611 (H. Lu 2022). (120) R, = ey is the reynolds number.

v

mean, — @VETAGE velocity of flow through orifice,

dh = hydraulic diameter,
(Watton 20009).
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Figure 80: Source of flow coefficient variation in relation to
Reynolds number (Watton 2009)

The piping dimensions, fluid density, bulk modulus, and
viscosity are the primary factors influencing the dynamic
response of pipelines. Density, in conjunction with bulk
modulus, governs the inertial effects and dictates the speed of
wave propagation in the fluid. The friction losses in the conduit
are determined by the pipe dimensions and viscosity.To get a
ballpark figure for the pressure drop caused by fluid-to-pipe

wall friction in laminar flow, we can use: (121) Ap_ = 12251 q
T

100,000

P
Where u represents the dynamic viscosity and dp represents the
pipe diameter (Watton 2009). In many cases, the pressure loss
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in a laminar flow in a pipe can be described by comparing it to
an electrical circuit, where voltage represents pressure and
current represents electrical current. This is followed by the

hydraulic resistance, Rh. (122) R, = 12‘:1"’ , To employ kinematic
T

viscosity (v), u is replaced by vo. The inertial effects of the fluid

d
in a conduit are captured by (123) Apiz%%Fluid mass
r

inertia, or hydraulic inductanceLx, is analogous to the electric
circuit. Inductance is defined as the following and describes the
impact of pressure difference on changes in flow rates:

(1249)L, = i—", where the cross-sectional area of the pipe, Ap, is

determinedpby the fluid density, ¢, and the length of the pipe, ..
The change of volumetric flow is the quantity of compression
of a fluid: (125)4q =g —4q, = Z—/j—p where k7 is the fluid
bulk modulus and Vp is the pipe volume. The hydraulic
capacitance Ch, or compressibility of fluid, is the ratio of volume

to bulk modulus, following the same analogy: (126) C, = %
f

Hydraulic resonators, like Helmholtz resonators, can be used to
handle pressure pulsations and oscillations in fluid power
applications. The components of a Helmholtz resonator are a
tube and a cavity. A hydraulic resonator's operation is
predicated on either attenuating the pressure pulsation
through resonance or absorbing it. (Ortwig 2005) determined
that the pressure amplitudes in particular frequency ranges can
be attenuated or amplified using resonators. Nevertheless,
experimental testing is frequently necessary for resonator
sizing and tuning (Josef Mikota 2002). The rigidity of hydraulic
cylinder systems would be reduced by reducing the pressure
oscillation brought on by an external force. By using a
reflecting resonator, such a T-pipe, to enhance the pressure
oscillation, a cylinder's dynamic stiffness can be increased by
resonance. However, the frequency range at which T-pipes
operate is extremely limited. Additionally, a hydraulic cylinder
system's stiffness is greatly decreased in all frequency ranges
except for a particular one by the additional oil volume of
resonators. When one end of a fluid line is plugged,
antiresonances happen. The plugged end of the pipe reflects
the pressure wave as it passes through it. Resonance is achieved
by varying the length of the T-line. If a fluid line is half the
wavelength or an even multiple of half, a plugged fluid line

attenuates pressures, as (127)1, = ”TA = ’2’—;; n=12346,.
where the wavelength is represented by 1, the frequency is
given by f, the wave propagation velocity by 4, and the pipe
length by /. When the T-line is in resonance, or when the T-line

length is an odd multiple of the wavelength, the pressure

oscillation is amplified: (128)1, = =~ n=135. The
result is /f = 16,25 m when a practical wave propagation velocity
value of ¢ = 1300 m/s and frequency of f = 20 Hz are substituted
for mineral oil. The pipe length would therefore need to be
16.25 meters in order to improve the stiffness of a cylinder
system and intensify the pressure pulsation at 20 Hz.
Significant capacitances and inductances in hydraulic
components can be handled using a lumped model technique.
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The hydraulic resonant frequency is estimated as follows:
(129) f = L Throughout the volume and length of the

Zn\/m
components, the inductances and capacitance are distributed in
practice. Any dynamic hydraulic system should be built to
prevent unwanted vibrations in the hydraulic flow due to
operational conditions, such as loads and structural vibrations.
In hydraulics, transients are abrupt pressure waves or surges
that follow an immediate change in fluid flow (Yuce and Omer
2019) . Pump failures, fluid line openings or closures, and valve
movement are common causes of pressure transients
(Bosserman et al. 2008). In pipeline systems, particularly in
water distribution networks, pressure transients are
extensively researched (Ghidaoui et al. 2005). Potential pressure
transients could harm the components and eventually lead to
failure if they are not appropriately addressed in the design of
pipeline systems. By (Funk, Wood, and Chao 1972), transient
responses in fluid power systems are also examined.
Transients should ideally travel through a fluid medium at the

K
speed of sound, which is: (130)a = w/T” Transient pressure

waves are reflected from closed-end pipes in a hydraulic
system because of hydraulic capacitance and fluid compression.
In hydraulic systems, the piping lengths primarily determine
the frequency response of pressure transients.

3.7.2. One way flow control valve and mechanical stiffness:

The movement rate of hydraulic actuators in hydraulic systems
is contingent upon the flow rate. Thus, regulating fluid flow is
essential to controlling hydraulic system velocities. In
hydraulic systems, flow control valves are frequently
implemented to regulate flow. (Mobley 2000) demonstrated
numerous varieties of flow control valves available, and the
application must be taken into consideration while choosing a
valve type. To modify the flow in a single direction, one-way
flow control valves are used. One fluid line is furnished with an
adjustable orifice, while the other is a flow bypass line with a
check valve. The valves are composed of these two fluid lines.
The check valve line permits unrestricted flow from 2 to 1,
while the adjustable orifice permits control over flow from 1 to
2. After the valve, cavitation is usually avoided by the bypass
line.

—
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The most common components of check valves are a spring
and a poppet. The geometry and shape of the poppet can vary,
including spherical, conical, and planar forms. Poppet closes
due to spring force. The valve opens, permitting flow through,
when a specific pressure differential is achieved. Cracking
pressure is the pressure differential required to overcome the
spring's force. Pressure losses increase with high cracking
pressures. An optimal check valve totally inhibits flow reversal;
yet, the inertia, friction, and potential dampening effects of the
poppet result in a slight closure of the valve following flow
reverse.

In hydraulic cylinder systems, one-way flow control valves can
be used to modify a cylinder piston’s velocity. More flow can
pass through to the other direction thanks to the integrated
check valve, while the adjustable orifice limits flow to one
direction. In order to prevent cavitation in fluid lines and
cylinder chambers, appropriate flow control valves must be
connected to both cylinder ports. The cylinder system becomes
more rigid due to the flow limitation.

The steel joints and components that make up hydraulic
cylinder systems are generally more stiffer than hydraulic
fluids. As a result, although not always significant, mechanical
stiffness components contribute little to the static net rigidity
of hydraulic cylinder systems. This section discusses sealing
system stiffnesses, cylinder rod stiffnesses, and pipe, hose, and
cylinder chamber expansion stiffnesses.

A simple way to calculate the axial stiffness Kr of the solid steel
EA
~where E represents the

Young's modulus of steel, Ar denotes the cross-sectional area of
the rod, and /r indicates the length of the rod.The head and rod
chambers have differing cylinder barrel expansion stiffness.
The expansion stiffnesses of the head and rod chambers, kcA
and kcB correspondingly, are determined in (Feng et al. 2017)

_ EbAB 1
and (133) k= T

cylinder rod is as follows: (131) k_=

EbAA 1
ZlA )\C+vb

study as follows: (132) k=

where E denotes the Young's modulus of the cylinder barrel, A

represents the effective piston area, ! indicates the effective
chamber length, A signifies the expansion coefficient of the

cylinder barrel, and vb is the Poisson's ratio of the cylinder
barrel. For a cylindrical structure, the expansion coefficient is

2+DZ

(139 A = ﬁ, where D1 represents the outer diameter and D
1

denotes the inner diameter. The equation for the expansion

2

stiffness of metal pipes is as follows (135) ke, = %where
pp P P
Ep denotes the Young's modulus of the pipe, A represents the
effective piston area, /p indicates the length of the pipe, ip
signifies the expansion coefficient of the pipe, and vp is the
Poisson's ratio of the pipe. Equation (136) can also be used to
determine the expansion stiffness of hoses by replacing the
pipe values with the appropriate hose parameters. The

ZEhA

expansion stiffness for hoses is as follows: (136) k, = ——"——
h LA, +v,)

The Young's modulus of the hose is represented by E,. But
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hydraulic cables have more than one layer. They usually have a
rubber layer on the inside, a steel winding or braiding on the
outside, and an anticorrosive rubber layer on top. Even the
designs of steel braiding vary, as do the thicknesses and the
amount of layers. Consequently, it is difficult to precisely
determine the elasticity modulus En of a hydraulic hose since it
is nonlinear. An estimated modulus of elasticity of 17.8 GPa was
derived from experimental data. It should be mentioned that
no information regarding the types of braiding was provided,
and the figure was obtained from a single measurement made
at a pressure of 160 bar. For hose stiffnesses in general, the
resulting elasticity modulus can only be utilised to obtain an
approximate value.

3.7.3. Friction effects models of hydraulic cylinder:

When two objects touch, friction is the force that acts in a
tangential direction. It depends on many factors, including the
shape and topology of the contact, the materials on the
surfaces, the relative motion and displacement of the two
things contacting each other, and the presence of lubrication
(Olsson et al. 1998). This has resulted in challenges in
formulating precise friction models and has introduced
uncertainty in friction modelling (H. Lu 2022).

30
’ \3 o Testvalue
Z Fitting
8 25¢
k3
2() . 1 1 1 1 . I
0 20 40 60 80 100

Values (Wu et al. 2020)

Friction in hydraulic cylinders is mostly caused by the rod and
piston sealing systems. The LuGre model is a commonly
utilised dynamic friction model for hydraulic cylinders. When
modelling friction properties, it provides a fair balance
between accuracy and complexity. In the accompanying figure,
the correctness of the LuGre model is demonstrated. The model
accounts for the majority of the static and dynamic phenomena
that result from friction.

The contacting surfaces in the LuGre model are simplified by
viewing the friction surfaces as elastic bristles, which are
represented as spring-damper systems in the figure below.
Because of the surfaces’ roughness, the bristles symbolise the
microscopic peaks and valleys of the touching surfaces.
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Figure 83: LuGre bristle modeling (Fuhg and Fau 2019)

(137)z =v -0, glzjvl) z,(138) F =0z + 0,z + f(v) where v is the

relative velocity between the contacting surfaces, z is the
average bristle deflection, F is the friction force, 60 is the bristle
stiffness, o1 is the bristle damping, Av) is the viscous friction,
also referred to as the damping term, and g(v) is a velocity
dependent function that accounts for the Stribeck effect and
Coulomb friction. The viscous friction term f(v) is frequently
represented as a linear damping element: (139) f(v) = oV,

where o, represents damping. The function for Coulomb
friction and the Stribeck effect, g(v), is frequently approximated

a
v

by (140) g(v) = F + (F —F)e
dependent coefficient, Fc is the Coulomb friction force, Fs is the
static friction force, and vs is the Stribeck speed, which
indicates how quickly g(v) approaches the Coulomb
friction(Johanastrom and Canudas-de-Wit 2008).

By studying the steadystate friction with constant velocities
experimentally, the functions f(v) and g(v) can be obtained.
(Johanastrom and Canudas-de-Wit 2008) is the formula that
determines the steady state friction force Fss for constant
velocities: (141) F = gw)sgn() + f(v) Subsequently,

ascertaining the average spring and damping coefficients of
the bristle, denoted as o, and o, correspondingly, results in the

comprehensive friction model. Literature contains information
on the material properties, the spring and damping
coefficients.

Dynamic sealing systems, or reciprocating seals, are employed
in hydraulics to avert hydraulic fluid leakage and to exclude
pollutants. Efficiency, lifespan, and isolating qualities are
always traded off in hydraulic cylinder sealing solutions. A
higher level of seal squeezing, for instance, is necessary for
effective isolation properties; however, this lowers lubrication,
which accelerates seal wear. As a result of higher friction force,
mechanical efficiency falls while volumetric efficiency rises.
The increasing desire for more efficient systems has led to
extensive study on sealing systems.

The guiding and sealing elements' contact surfaces of hydraulic
cylinders rub against one another. As seen in (Figure 83-84), it
should be mentioned that piston and rod sealing systems
frequently have several sealing and guiding components,
frequently made of various materials and profiles. Predicting

, Where C is a geometry
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friction forces in hydraulic cylinders is challenging due to
variations in material characteristics and cross-sectional
shapes. Experimental investigation is thus necessary for an
appropriate friction analysis.
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One technique for numerically examining the fluid-structure
interaction is FSI analysis. In other words, as illustrated in
Figure above, the load, pressure, and temperature brought
about by flow are transferred to a structure, and data regarding
deformation is then reflected in the flow once more, which is
then repeated.

This is identical to the way hydraulic cylinders work, in which
motion is produced when the compressor introduces the
cylinder's internal working fluid to the inlet and subsequently
allows it to escape to the outlet. Thus, the fluid structure
interaction (FSI) analysis is used to generally verify the
working fluid flow characteristics and the stress applied to the
structure. Nevertheless, this approach necessitates the
assignment of all flow boundary conditions and the analysis of
all dynamic features. Consequently, as analytical complexity
and duration grow, analysis accessibility decreases. A
streamlined approach to analysis can solve this issue.

In this context, this study examined the operational features of
the TBM to compute the pressure generated in the cylinder's
working fluid due to the thrust force. The company's TBM's


https://paperpile.com/c/WhyjyQ/qiAg
https://paperpile.com/c/WhyjyQ/7wGR
https://paperpile.com/c/WhyjyQ/7wGR

hydraulic cylinder has a forward speed of 57 mm/min, which
propels the machine forward at a rate of about 1 mm per
second.

Furthermore, aside from the initial acceleration, it advances at
a steady pace, indicating that the acceleration converges on
zero. Even in dynamic motion states, objects in motion can be
statically analysed if their acceleration is zero, as illustrated in
(Figure 85). This is employed to determine the pressure that is
produced within the fluid. In a hydraulic cylinder, the area and
force are often used to determine the pressure. This means that
the entire chamber is under continual pressure. Pascal’s
principle, which is as follows, can be used to compute the
pressure o applied to the fluid, assuming that a constant
pressure is applied to the whole area of the chamber.

(32)c = F/(0.25 x nDZ) In this case, D stands for the
chamber's internal diameter and F for the force. Table 1lists the
hydraulic cylinder parameters that the company uses. The
thrust force that is used in a single cylinder ranges from 250 to
390 kN. This is used to determine the pressure caused by the
thrust force, which is seen in Figure.
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13
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Pressure (MPa)

270 285 300 315 330 345 360 375 390

Thrust Force(kN)
Figure 86: Pressure in theory based on thrust force

Table 13 : Specification of thrust jack
No. |Name Unit [Value

[Description |
1 Number of cylinder Set 12 -
2 Maximum Unit kN 1000 -
Thrust
Force
3 Stroke mm 1750 -
4 Extending Speed mm/min 57 All jacks
extending

5 Inner Diameter mm 95 -
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Figure 87: Analysis conditions

The hydraulic cylinder employed by the business, seen in figue
above, had a chamber and rod that made up the analysis model.
The purpose of this study was to examine the pressure that
developed in the non-compressive oil working fluid inside the
Software COMSOL Multiphysics. The cylinder was made of SCM
440. The physical properties are detailed in Table 13. The rod
was moved solely in the direction of the chamber in this
configuration, while the entire body remained fixed. The
movement in the circumferential direction was restricted by
the roller condition that was applied between the cylinder and
chamber.

A thrust force was applied in the Y-axis direction, ranging from
270 kN to 390 kN, with increments of 15 kN. Figure bellow
illustrates that the force was incrementally increased for a
duration of 0.5 seconds and subsequently maintained after one
second.

As seen in (Figure 87), the mesh has a free tetrahedral
configuration. By the time the analysis values began to
converge, it had 153,449 nodes. Furthermore, the mesh that had
not achieved convergence was regenerated using the adaptive
mesh refinement function to enhance the accuracy of the
analysis. The analysis period, which did not include the
working fluid's input and outlet, was zero to ten seconds with
one-second chamber increments. It also included the stress
caused by the pressure.
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Figure 88: Graph representing thrust force with respect to time

ble 14 fes of the oil (SCM 440)

Property Value |Property Value
Elastic ~ Modulusfl90 Dynamic Viscosity (Pa.s) [0.024
(GPa)

Poisson’s Ratio 0.29  |Dynamic Viscosity (Pa.s) [0.024
Desnity (kg/m>) __[700 _ [Density (kg/m®) 380
Yield Strength 590 Density (kg/mg) 880
(MPa)

(a) Stress

Figue 89: analysis results of cylinder thrust under stress and
pressure.

(b) Pressure
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Figure 90: Analysis result according to thrust force

Pressure was generated when a force was exerted on a
non-compressive fluid within the hydraulic cylinder utilised by
the company. This pressure was determined during the FSI
analysis, with the force fluctuating between 270 and 390 kN. At
390 kN, the study results confirmed that the maximum stress
and fluid pressure were, respectively, 28 and 12 MPa. This
cylinder was considered stable as the yield stress of SCM 440
was known to be 570 MPa. Experiments were conducted in
accordance with this outcome, and the experimental results
were compared to the theoretical and analytical results.

3.8 Power-hydraulic command and control system

With a high installed power, the shield tunnelling machine can
operate under a variety of loads. A smooth and stepless
modulation of the thrusting pressure and pace is highly desired
(Maidl et al. 2013). This hydraulic system operates based on the
principles of proportionate pressure and flow regulation,
wherein the fluid flow into and out of each grouped cylinder is
managed by suitable valve input configurations. As shown in
Figure bellow, the output of variable displacement pump 1 in
the main hypertension line is responsive to working pressure.
The thrust system is divided into six identical groups to lower
the control system's complexity and expense. Using
electro-hydraulic proportional valves, one control group's
control principle is shown in Figure 91 bellow.

A proportional flow control valve 3 and a proportional pressure
relief valve 4 are included for each group, as seen in the figure
below. Regardless of fluctuations in system or load pressure,
the combination hydrostat maintains a steady level of pressure
differential across the proportional valve, making the flow rate
via valve 3 nearly constant. Additionally, the distributed fluid
flow partially traverses valve 4 to maintain a consistent system
pressure. By modulating the electric current through the coils
of the valves, the system's pressure and flow rate can be
calibrated to satisfy the thrust specifications. When the
impetus is applied, the solenoid an of directional valve 2 is
activated, causing the valve to move to the left in order to
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propel the piston rod of the cylinder forward. Pressure sensor 7
and displacement sensor 6 continuously detect the pressure
and displacement of the hydraulic cylinder. The programmable
logic controller (PLC) 8 central control system receives the
measured signals, which are then compared to reference input
signals to apply flow control and pressure control, respectively.
The valve 2 can be in the proper position b to retract the
hydraulic cylinder rod when the shield stops to erect the tunnel
lining.

8
N 6
| /S K, nP,
HHH
— 5

ptiond A
|

b 2

Return pipeline

Pressure pipeline
Overflow pipeline

LLJ

Figure 91: Thrust hydraulic system schematic diagram.

The thrust cylinders in each group are managed in a consistent
manner; therefore, they can be regarded as a single cylinder
with a sectional area that is the aggregate of the sectional areas
of each cylinder in the group. As such, the mathematical model
of a single group of cylinders can be derived as follows. As the
oil flows through the orifice of the throttle valve, which is
situated within valve 3, the propelling process can be

represented as: (138) q, = quyz,
qu = flow gain, pressure drop across the throttle valve.

3
q,= flowrate(m/s),
? dy, .
4 since

— d Y2
(139) FMZ = m27 + D2 + kaZ’

FM2 = output force of the selenoid valvel 3,
m, = mass of the spool,
k, = stif fness of spring.In the event that the outlet pressure is

zero due to the overflow conduit being connected to the oil
tank, the oil flow through valve 4 is (140) q, = K.y, +K.p

since Kp3 = flow presure coef ficient , p, = load pressure, the

D2 = coefficient of viscous friction,
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dynamic equation of the spool is expressed as:

1) p A —F =m - Py
(14)p A, — F i, =m, dy T D T RYy

poppet,
F .= the acting force of teh solenoid of valve 4, m, =Mmass of the

A, = effective acting area (mz)of the

moving body D, =coefficient of ciscous friction, K, = totl

stiffness of the spring. The derived equation of the flow can be

dp
marked as: (142)q, =q,—q, = A% +C P + St

cylinder flow is denoted by g, A is the effective working area, x
is the cylinder displacement, C, is the coefficient of leakage, v is

the total actuating volume, and E is the effective bulk modulus..
The  dynamics equation of the cylinder is:

(143)A, = M+ B %+ Kx + F the load force, K, the
viscous damping coefficient, and the total mass of the moving

parts are all given by M, B , and K, respectively. The derivative

equation can be used to characterise the current dynamics
across the proportional solenoid coil the following way:

_ di . dy . . s
(144 u(t) = L + iR + K -5~ where K is the coefficient of

velocity back electromotive force caused by armature
displacement, R is the total resistance of coils and amplifier, u is
the voltage, L is the inductance, i is the current, and ] is the
current. The output electromagnetic force can be expressed as
the following due to the proportional solenoid’s approximately
linear current—force characteristics: (145) F =K. since F is

the electro magnetic and K known for the current force gain.

1 i le‘ 1 s
lg‘v?*{mm‘ﬁ +D;s+K,
[k}
T =T 1 ¥
“:wmmlf +D,s+K,

where the

T .

e

Figure 92: Block diagram of the thrust displacement/velocit

system control.

The interaction between the tunnelling shield and the
soil-ground—water conditions is a critical factor in the
successful completion of EPB tunnelling. Typically, tunnelling
must contend with a variety of soil types in order to achieve a
planned alignment (Matsushita 1980). So, in order to
accommodate the geological conditions, the thrust force and
pace must be adjustable. Pressure, which is related to force, and
flow, which is related to velocity, are intrinsically coupled in
fluid power transmission. Consequently, when one is altered,
the other is influenced. The pressure and flow compound
control technique is essential for achieving a desirable
performance in tunnel drive control. Additionally, the
open-loop control is unable to ensure adequate accuracy in the
presence of excavation uncertainties. Consequently, pressure
and speed feedback are required to mitigate the impact of the
various perturbations on the shield's performance (Hu 2006; H.
Yang et al. 2009) .
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The thrust motion in the forward direction is depicted in Figure
above, which is the control block diagram of one group in the
propulsion system. Pressure and flow control are superfluous
for the erection of the segments in order to facilitate the rapid
return of the cylinder. A displacement sensor situated within
the cylinder measures the thrust distance, which is
subsequently converted to a velocity parameter that is
transmitted back into the input signal of the flow control valve.
In the same vein, the pressure sensor completes the
closed-loop control. The errors are generated and subsequently
transmitted to the controllers by comparing the reference
signals and the feedback signals. The modifications to the flow
rate and pressure are implemented simultaneously.

Because of its satisfactory performance, the conventional
three-term PID strategy has been extensively implemented in
industrial processes. Two PID controllers, as illustrated in
Figure bellow, are employed in the thrust control system to
mitigate the detrimental consequences of internal parameter
changes, such as fluid volume in cylinders, and external
disturbances, such as load variation. The next section's purpose
is to look into a simple and effective driver for the system. If the
error signal is denoted as e(k), the conventional discrete PID

can be expressed as:
k

(146) u(k) = K — pe(t) + K, ¥ e() + K (e(k) — e(k — 1)) where
j=0

Kpis the gain, k known for the integral factor, K derivative
factor, u(k) is the output of sample controller period k. e(k)
stands for the error in sampling period k and
e(k) = r(t) — y(¢t)since reference input signal and output
signal for the control system respectively for r(t) and .
(147) Au(k) = Ae(k) — Be(k — 1) + Ce(k — 2) since

A=K, +K +K,B=K +2K,C=K,

Sensor 20 |« N\
o Controller 1 » Amplifier 1 Valve 15 )
" Load
Cylinder —»
Controller 2 » Amplifier 2 » Valve 16 I
Displacement/

Sensor 22 ‘—)

velocity conversion

Figure 93: diagram oif the thrust control system.

Nevertheless, the dynamic performance of the control system
can be compromised by the large integral action, which can
cause the system output to saturate. Consequently, the
following equation can be obtained: sectional proportional
integrated derivative (PID) control law is an appropriate
solution to the issue.

(147)ulk) = |Ae(k) — B (k — 1) + Ce(k — 2), |e(k)| > &
e(k) =B (k — 1) + Ce(k — 2), |e(k)| < ¢
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When ¢ is the integral threshold, 4, = K +K,

The standard Ziegler—Nichols closed-loop tuning approach
(Nise 2019) can be employed to readily determine the optimal
PID controller parameters. G(s) is the system transfer function,
Gp(s) and Gq(s) are the transfer functions of the pressure relief

valve and flow control valve, respectively, and u and u, are the

reference input signals of pressure and flow rate, while p and v
are the outputs. The velocity feedback gauge is denoted by k.,

while the pressure feedback gain is denoted by X ..

»éﬂjf

U, PIDH»

A4

Figure 94: Pressure and velocity control system block diagram.

The experimental results of the thrusting velocity and pressure
when the input value of velocity and pressure is shifted are
illustrated in the figures below. The dashed lines are added to
indicate the set value of the parameters. It is important to note
that the curves are not smooth due to the uneven distribution
of the tested soil in the experiment box (Hu Gl, Yang, and
Others 2005). The findings imply that the shield's thrust
hydraulic system, which was previously mentioned, may
achieve its objectives with respectable dynamic performance.
However, fluctuations and impacts are inevitable to a certain
extent due to the nonlinearity of soil and the high weight of the
shield.
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pressure adjustment.

In hydraulic-powered heavy-duty applications, synchronising
several linear hydraulic actuators under load can significantly
impact performance (H. Sun and Chiu 2002). while tunnelling
in straight lines, hydraulically operated shield thrust systems
experience this difficulty more while under strong loads.
Typically, there are three techniques to handle the issue. Step
one is to construct a flow divider circuit, which is limited by the
flow divider and the compressibility of the working fluid. The
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second option involves mechanically connecting actuators,
raising system complexity. The closed-loop electro-hydraulic
synchronisation system used in this paper is the third. To ease
operation and improve precision th elast method is the most
adequate one.

shield  F Fs

/cylinder

P I_

Figure 97: Force diagram for n-cylinder hydraulic thrust
system.

n n n
_ El Fi - El Fﬂ,smer - El Fpl,smep = mx
(148) : . ori .
i§1(Fi + Fn_smﬁr(— 1) ln_ = ]rer
n

. ori _ .
'Z (F + Fpismep(— 1) lpi = ]pep

i=1

When the hydraulic cylinder extension is zero, the centre of the
load is represented by x = 0. m represents the overall load mass.

In Equation (148), Fi is the reaction force on cylinderi (i = 1,2,...
n), and l”_(or lpl_) is the moment arm for Fi with respect to

rotational axis r (or axis p). . (or Gpi) indicates the moment
factor (= 0 when Fri is left of axis r, 1 otherwise; opi alike), / (or
]p) represents the load's rotational inertia about axis r, and er(or
ep) represents the rotation angle. Fn,(Fpi) indicates the friction

force between load and cylinder along axis r (or p).To express

the equations of motion for cylinders, consider the forces F (i =

12,.. n) acting on
n n

e Bpixi - El Fn_smer - El Fpismep =mx,

i =1,2.n p, is cylinder iis chamber pressure and Ais its

them:

(149)pA —F —F

effective piston area. M, denotes the piston mass of cylinder i.
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F , represents stiction, whereas Bpi displays viscous friction

and coefficient. Use the following equation to simulate the
contacting effect of dirt ahead of the shield when thrust:

(150)F, = F +kx +bx,
where the force F_is the force generated by earth pressure at
rest in the vicinity of the acting point. i. x indicates the position

of cylinder group i in relation to the tunnel lining ring. Each
cylinder group's fluid flow is controlled by a flow control valve.
The pressure dynamics in each cylinder can be described by the
following equation, ignoring valve dynamics and leakages, but

considering fluid compressibility:

(151)p, = ) [-Ax —K_p, quixpi + Kfqiuqi], where
K

K =K, +C,x = i — B denotes the working fluid's

pi s+ st
bulk modulus, Vire represents the entire fluid volume in a
cylinder chamber, and ¢, indicates the leakage coefficient. K,
and k . represent the flow pressure and flow coefficients of the

pressure relief valve in group i. Groupi flow control valve flow
coefficient is K fat Upiand u are the pressure and flow valve

control input signals. pressure valve poppet

displacement is X,

Group i

3.8.1. Synchronisation of motion control

The electro-hydraulic propulsion system of the shield utilises a
closed-loop control technique with a master/slave strategy, as
depicted in Fig. 8, accounting for fluctuations in loads, fluid
volume in cylinders, and fluid viscosity.

Pressure

l sensor |

Pressure

U |4>®;> Controller 5 Rt
; AU, relief valve |
Cylinder 1
AU, .| Flow control

Controller 1 valve |

Displacement/velocity
conversion

Displacement
sensor 1

Controller 3

Displacement
sensor 2

Displacement/velocity
| Flow control

i’ conversion
Aller 2 >
" Controller 2 ValvED
- Cylinder 2
Al} 2 il )
U, 4?_", Controller 4 .| Pressure

2 | relief valve 2

Pressure

sensor 2

Figure 98: Diagram of the motion synchronization

This discussion pertains to two symmetric cylinders, as this
method is particularly effective for managing multi-cylinder
systems in which one cylinder serves as the master and the

others as captives. The block diagram simultaneously achieves
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synchronisation control in addition to the pressure and speed
constraints previously mentioned. Cylinder 1 operates as the
master, cylinder 2 as the slave, and controller 3 acts as a
displacement compensator for synchronisation control. As the
reference cylinder, Cylinder 1 must move in tandem with
Cylinder 2. Controller 3 is a proportional integral derivative
controller with a dead band that prevents oscillations that are
the result of an excessive number of modifications. The control
parameters, seen in (Figure 98), can be characterised as

p(t) = [e(®), Whenle(®)| = |y(t) — r()| > &
0, Whenle(®)|=|y(t) —r(®)|< ¢

where ¢ is a variable band parameter, r(t) is the input, y(t) is the
output, and e(t) is the error signal. It fundamentally
corresponds to a nonlinear control methodology. Two
displacement sensors quantify the displacements of two
cylinders, which are subsequently subtracted from each other.
The displacement error provided to controller 3 will be verified
to determine if it lies within the allowable error limit,
sometimes referred to as the dead band. In order to accompany
cylinder 1 in displacement, controller 3 uses an embedded
proportional integral derivative control method to add its
output value to the reference input of cylinder 2 flow
regulation.
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Figure 99: Two symmetric cylinders’ synchronised motion
behaviour was measured.

3.9 Ground Stability and Settlements

The goal of the numerical model is to replicate the movement
and relaxation of the soil that results from a tunnel boring
machine's overcutting and grouting of the tunnel void around
the shield and lining annulus. In order to do this, the model
makes use of a pressure relaxation technique that gradually



lowers the tunnel support pressure from the initial state of rest
until a failure point is identified(Shiau et al. 2023).

It is crucial to assess the stability of tunnelling as it is being
built. Equation (1) illustrates how this is most frequently
determined using the stability number (N) that Broms and
Bennermark (1967) (Broms and Bennermark 1967) suggested.
They conducted a pilot study to investigate the clay soil's
plastic movement through retaining wall vertical apertures.
The experimental investigation of a tunnel face supported by
internal air pressure was further expanded upon by Mair (1979)
(R.J. Mair 1979):

Us_ot+Y(C+D/2)
(152) N= o

pressure and s indicates the surface pressure. D is the diameter
of the tunnel, and C is its cover. Su and stand for the soil's unit
weight and undrained shear strength, respectively in equation
(152). (R. J. Mair 1979) proposed upper and lower bound
solutions for tunnel wall support with internal air pressure
utilising dimensionless parameters. The goal was to determine
the limiting value of a pressure ratio (s = o-o+yC+P[2 S t)/Su
based on independent parameters like depth ratio (C/D) and
strength ratio (D/Su). (Sloan 2013)finite element limit analysis
(FELA) techniques have been used in numerous studies on
subsurface stability. Equation (2) defines a new stability
number N for the tunnel, where s represents surface surcharge
pressure and t represents interior tunnel pressure.

0—0
(153) N = . = f(%, %) The assurance ratio, defined as (cs

- ot)/Suy, is dependent on independent parameters such as:
(155)N = f ( o ) By structuring the equation in this manner,

it facilitates the development of practical stability charts that
are beneficial for design purposes. These dimensionless ratios
enable the application of the findings from this study to various
scenarios that may differ physically, yet where the soil strength
ratio and depth ratio remain within the parametric domain. In
accordance with the works of (Wilson et al. 2011)and (Shiau et
al. 2023), the parameters utilised in this research are D/Su = 1-5
and C/D = 1-5. This range encompasses the majority of realistic
values, providing a thorough analysis and ensuring that the
resulting design charts are relevant to a wide array of tunnel
design and analysis challenges.

Conversely, ground surface settlement caused by tunnelling is a
multifaceted phenomenon influenced by numerous factors,
including soil and groundwater conditions, tunnelling
dimensions, and construction methodologies. Consequently,
contemporary tunnelling research has focused on enhancing
the prediction of soil responses to stress alterations resulting
from tunnel construction by deriving analytical solutions for
these challenges mentioned by (Rankin 1988).

where ot indicates the interior tunnel
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3.9.1. Pressure relaxation techniques:

Tunnelling, despite being a complex three-dimensional issue,
can be effectively simplified to two-dimensional plane strain
conditions by considering a transverse section and assuming
the existence of a very long tunnel, as illustrated in (Figure 100)
above. The tunnel is characterised by a soil overburden C and a
diameter D. The soil mass is represented as a uniform Tresca
material, possessing both an undrained shear strength (Su) and
a specific unit weight (y).

In (Peck 1969) research, a strong correlation was observed
between experimental and observational findings. The method
relies on the input of a trough parameter (ix), which impacts
the physical width of the profile and links the volume loss to
the maximum settlement, as outlined in Equation (4).

emis
c 0.8

(159) 1 = 0.57(7) , (160) 1= 0.29(7)+ 0.5, (161)1 = KH

Estimation of the inflection point parameter (Ix) have been
attempted by many researchers, with the most notably by:
(Clough and Schmidt 1981) for the equation (156), equation (157)
by (Mair and Taylor 1999), also Ix is calculated by (C. J. Lee, Wu,
and Chiou 1999) and (“Settlements above Tunnels in the United
Kingdom-Their Magnitude and Prediction,” n.d.) in equation
(160).1t proposed that ix is linearly related to the to-axis tunnel

depth after examining data gathered from London's tunnels
shown in formulae (159).

e lez,(157)VS= 0.2 08

(156)S =S ,(158)] = 0.5D"°H
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Figure 102: Typical mesh of the problem.

It is important to recognize that the aforementioned methods
mentioned in the (Shiau et al. 2023) research are empirical in
nature and lack comprehensive definitions based on pertinent
design parameters. Consequently, designers may struggle to
attain a high degree of confidence in their design endeavours.
This paper aims to establish a numerical process that will
facilitate a thorough investigation of the effects of the
following dimensionless parameters: D/Su = 1-5, C/D = 1-5, and
E/Su = 100—800. By utilising these dimensionless parameters,
it will be possible to generate detailed design charts for
practical applications within the specified range.

The breaking point takes place when, at a given relaxation
stage, the unbalanced forces are unable to achieve a zero
equilibrium. The collapse stage, or point instability, can be
recognized by looking at the history of imbalanced forces. It
can also be found using software tools like ANSYS, and it can be
shown in velocity graphs and plasticity indicators.

55

2000

;

Max Unbalanced force
-

g

LA

0 2e+4 detrd Gotd Betd 1et5
Number of Steps

Figure 103 Unbalanced force history plot
(C/D =3,yD/S = 4, E = 2005 ).

i
i
[
P
; iF
A A i
A '
i s
4 gt
l ver
N 25
-r-‘r -:—H:';f
]
]
Figure 104: P1 lef 1 right) pl

ar_thf-_sragmf_mllapae_(ﬂLl,.yD/s =3)

3.9.2. Stability Results

Equation (157), which calculates the greatest stability number
that leads to collapse, can be reasonably and accurately
calculated using the internal pressure relaxation approach in
conjunction with a small relaxation interval (amount relaxed
per step). It should be noted that the pressure relaxation
strategy will always overstate the stability number at collapse
by a little amount since the internal pressure is lowered in
discrete increments instead of continuously (Shiau et al.
2023).Unless the internal pressure at that point is higher, the
pressure inside at the "collapse stage” will have been slightly
more relaxed than necessary.
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When comparing the stability numbers (N) at collapse, the
pressure relaxation method is consistent with FELA solutions
(Wilson et al. 2011), as (Figure 105) illustrates. Note that the
tunnel would need a negative internal pressure ot (or a pulling
pressure) to reach the point of impending collapse if the
stability number were positive, e.g., if yD/Su = 1 for C/D = 1, 2,
and 3. It is regarded as stable in theory and doesn't need any
internal pressure to stay that way. A reduction in soil strength,
represented by a rise in yD/Su, results in negative values for the
stability number. The equation (ss - ot)/Su indicates that in the
case of a negative stability number, st must have a positive
value. This implies that a positive "pushing” pressure is
necessary to avert an impending collapse.

Keep in mind that when C/D increases, the stability number (N)
falls off assuming a fixed value of D/Su. Additionally, it is
evident that when the strength ratio D/Su increases for a
constant C/D, the stability number N drops. These findings
suggest that higher values of the depth ratio C/D and strength
ratio D/Su (softer soils) would require higher levels of internal
pressure management. Observe that when C/D increases, the
stability number (N) falls for a fixed value of yD/Su.
Additionally, it is evident that when the strength ratio yD/Su
increases, the stability number N falls for a constant C/D. These
findings suggest that higher levels of the depth ratio C/D and
strength ratio yD/Su (softer) would need increased internal
pressure control.
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Figure 106 : N = (cs - ot)/Su is the contour plot of the crucial
stability numbers found in this investigation.

The (Figure 106) above shows a design chart that has been
constructed. With the strength ratio (D/Su) and depth ratio
(C/D) data, users may easily calculate the critical stability
number N=(s—t)/Su for their design requirements. This is useful
since it shows the collapse bound, which is one under the
assumption of a safety factor. The surface regression of these
data is given by (Equation 159), which shows these data with a

= 099.

yD/Su = 5. (Shiau et al. 2023)
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Figure 108: Shear strain rate (SSR) and velocity plot for C/D = 3,
DISu = 5. Fi D st - SSR) and velocity plot f
C/D=3,D/Su=1

3.10. Prestressed anchors for tunnels and the design
principles of arch effect.

A research conducted by (P. Li et al. 2023) The force distribution
of the prestressed anchor and its parameter design are
investigated. The surrounding rock is mechanically analysed
using the bearing arch hypothesis.In order to confirm the
prestressed anchor's ability to regulate the surrounding rock,
the support structure created using this technology is then
deployed to the engineering site for displacement monitoring.
In order to control significant deformation of the surrounding
rock, it offers a theoretical reference for prestressed anchor
installation.

As seen in (Figure 109), the tunnel surrounding rock is
separated into three zones based on the fracture of the
surrounding rock: the elastic zone, the plastic softening zone,
and the loose zone. After the tunnel is excavated, the shallow
rock mass begins to fracture again, generating new fractures
that eventually grow to create a loose circle (with a radius of
RO).If the stress is greater than the rock's bearing capacity,
large plastic deformation occurs, which is mainly characterised
by an area of devastation that reaches the deepest part of the
surrounding rock (where Rp is the radius of the plastic zone).

Following this, the rock surrounding the tunnel enters an
elastic stable region, which absorbs the remaining excess stress
and primarily exhibits elastic deformation with a strong
capacity for recovery. Based on the failure and deformation
characteristics of the tunnel's surrounding rock, the support
provided by anchors can be categorised into three scenarios. In
the diagram, Rm represents the effective anchorage zone depth
of the prestressed anchor. When the anchor’s anchorage range
exceeds the loose zone (Rm > RO0), the surrounding rock
experiences a good support effect. (Figure 109) illustrates three
elastic-plastic zoning modes of bolt support. As depicted in
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(Figure 109a), when Rm < RO, the bolt's anchorage range is less
than that of the loose circle, rendering it insufficient to
maintain the stability of the surrounding rock.

(Figure 109c) shows that as the bolt length increases, the
support cost rises, and the effectiveness of bolt support
becomes limited. Taking into account support costs and other
factors, we believe that the second supporting situation (Fig.
109b) offers a more cost-effective solution whilst effectively
controlling the stability of the surrounding rock.

Loosening zone

Plastic zone

(a) Ru<Ry<R, (©) Re<R, <R,

Figure 109:; Thr

(b) Ry<R, <R,

nditions of surrounding rock I

3.10.1. The Relationship Between Ground, Tunnel, and Shield
Support

(Ramoni and Anagnostou 2006) used a numerical solution
method that simulated tunnel excavation by monotonically
emptying the tunnel border from its initial value, o, to zero.

The stress-point algorithm was implemented by (Ramoni and
Anagnostou 2008) to enhance this model in accordance with
the "steady state method” of (D Minh and Corbetta 1991). This
numerical procedure is used to solve problems with constant
conditions in the tunnelling direction by taking into account a
reference frame that is fixed to the advancing tunnel face.
(Anagnostou 2007) and (Cantieni and Anagnostou 2009),
respectively, provide a new description of the computational
approach (including its continued development for
poro-elastoplastic materials) and numerical comparisons with
the sequential simulation of an advancing tunnel.

Instead of simulating many excavation and support installation
processes, the steady state approach allows the advancing
tunnel heading problem to be solved in a single computer step.
The steady state approach is equivalent to the limit situation of
an excavation with zero round length, as demonstrated by
(Cantieni and Anagnostou 2009). As a result, it more accurately
represents TBM advance than the step-by-step method that is
frequently employed. The latter method necessitates the
arbitrary selection of computationally manageable round
length values of s = 1-2 m, which results in a significant
underestimation of the shield and lining loading. The accuracy
is enhanced, but the computer time is increased by selecting a
reduced round length (e.g.,, s = 0.5 m, as discussed in Section
39.2). A thorough parametric study was conducted thanks to
the steady state method's computational economy and
numerical stability. Based on the study's numerical findings,
design nomograms pertaining to shield loading and the thrust
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force needed to overcome friction were developed for the
various TBM types (Ramoni and Anagnostou 2010a). The
ground behaviour was regarded as time-independent in each of
these studies. While TBM advance is actually a continuous
process, time effects were taken into consideration by (Einstein
and Bobet 1997), and (Sterpi and Others 2007), who emphasised
the fundamental effect of creep. These studies examined the
consolidation processes related to the development and
subsequent dissipation of excess pore pressures around the
tunnel in a low-permeability water-bearing ground.

3.11. Computational Model of Tunnel Lining

This research presents numerical investigations utilising an
axially symmetric model illustrated in the (Figure 110).
Assuming a hydrostatic, isotropic, and uniform stress field, the
criterion of rotational symmetry states that the tunnel must be
deepseated. It is described as a flat, linearly elastic, perfectly
plastic material that follows the Mohr—Coulomb vyield criterion
and a flow rule that is not connected to it.

Creep and consolidation processes have been overlooked.
Accordingly, the progressive advancement of the working face
is thought to be the only cause of the spatial stress
redistribution that causes the ground pressure and ground
deformations to gradually grow in the longitudinal direction
(Lombardi 1973). Similar to previous studies by the authors
(refer to Sect. 2.3), the numerical calculations were conducted
utilising the steady state method (D Minh and Corbetta 1991).
(Ramoni and Anagnostou 2010a) are recommended reading for
those interested in learning more about the computational
model and a discussion of the underlying assumptions. The
current section of the paper concentrates on the modelling of
the interface between the barrier or lining and the ground.

support installation shield installation
(y=1) (y=0)

support shield

R U

advance direction

tunnel axis y L el face
v=0)
Figure 110: Layout of the issue differential lining installation of
the shield (Ramoni and Anagnostou 2011).

An accurate simulation of the two support elements "shield”
and "tunnel support” must consider the following: (161) their
distinct installation points (v = 0 and y = L in Figure bellow
respectively) and (162) the fact that the shield and tunnel
support experience smaller displacements than the ground at
any given point y in the tunnel wall. The pre-deformation of
the ground advance of the tunnel face u(0) and the overcut AR
that is typically present between the shield and the excavation

58

boundary are the reasons for this. To account for these factors,
a mixed and non-uniform boundary condition is implemented
for the tunnel wall. This condition is generally expressed as:

16D p(y) = if0o<y<lL

D)

f o) ify>L

Where p(y) represents the ground pressure that develops on
the shield or lining, u(y) represents the radial displacement of
the earth at the tunnel boundary, and L represents the shield
length.

and the displacement is described by the functions f_and f,

the shield's resistance is contingent upon penetration.
Consideration is given to the fact that the ground begins to
apply a load on the shield only when the radial gap around it is
closed, that is, when additional deformation of AR behind the
face occurs, where AR is the size of the radial gap Figure bellow.
The developing ground pressure p and the shield stiffness k_

are linearly dependent after the gap is closed, provided that the
shield is capable of bearing the burden without being
overstressed.

%) p(y) p(y)

K

T
u(0) + 4R uy) u(L) u(y) u(L) uly)

() (b) ()

Figure 111: Boundary condition at the tunnel boundary for the
simulation of: a shield, b stiff supports, c vielding supports

Ia Il

Shields may possess a "conical” shape. The shield's "conicity” is
achieved through a gradual reduction in its diameter
(Herrenknecht, Bdppler, and Burger 2010). This can be
considered in the computational model by establishing a
variable radial gap size, AR(y) . For instance, the non-uniform
mixed boundary conditions of Eq. 1 are generally expressed as
follows: When the shield’s conicity is achieved in two stages
(Figure 111),

(162)p(y) =

0 if0 <y<Landu(y) — u(0) < AR(y)
K (u(y) — u(0) — AR(Y)) if 0 <y < Landu(y) — u(0) < AR(Y)

K () — u) fy>1
since: ‘
(163) AR(Y) = (AR if0<y<L,
AR, ifL <y<L,
R, if L <y<L,
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(164)u , ,=¢, R whereRisthetunnelradiusande 6 , isthe
hoop strain. The hoop strain ¢  is the ratio of the ring's
initial circumference C to the reduction in circumference AC,

caused by the tangential deformation of both elements (161)
and (162).
AC AC +AC

_ 12 _ sc ce
(165) €12= ¢ = &

(166)AC, =, C = E (2R —n_d),

ESC = young's modulus of shot crete

n_ = number of deformable concrete elements,

d, = height of deformable elements all incorporate dinto the
shot

crete. o, .. = hoop forces,

N\
b, =S g0
b = width of shotcrete, between steell sets
d1 = thickness of shotcreet layer,
fc’sc = uniaxial compressive strength of shortcrete,
ACce = reduction of the arc length, (168) ACce =g C =c¢

t,ce ce t,cence 2’
The hoop strain e depends on the hoop stress o ,

= hoop stress, NSC

(167) o, .=

N
= =<
(169) Et, ce f(ot ce)’ (170) 0-L',ce b'd — fc, e’
fc’ce = maximum compressive stress, (171) N1—2 = NSC = Nce
1 e [MPa] | %t.ce
f,
cay L b
! 9
204 ]
ad
57 oe = d_zz
104
54
0 . . ‘ . -
0% 10 % 20 % 30 % 40 % tce
high-ductility concrete elements
(172) U, = st'3R, (173) Auls'l = Asts’i
ac
Au13i = the increase of the radial deformation, A£t3i = C’”, As

previously indicated, the steel set is the sole component that
undergoes deformation during phase A.
Consequently, AC, , is contingent upon the Young's modulus of

the steel set E_ and the increase in the hoop stress Ao,  in the

_ AUt,xS,A 2R
=—F I,

ss

N
wa= f The cross-sectional area of the steel set is

steel set (occurred in phase A).(174) AC,, =¢, C

t,ss,Ass
(175) o,
denoted asA_ .The yield load Ny is contingent upon the friction
loop re31stance N, and the number of friction loops n fof each
sliding connection:Ny =nN, The sliding connections undergo
deformation and closure during phase B. The circumference
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AC, , is subsequently reduced in accordance with the maximum

d2

slot deformation and the number of slots: (176) AC, . =n_ ',

this instance, the number of spaces is equivalent to the number
of deformable concrete elements nce, as the steel sets are
utilised in conjunction with high ductility concrete elements.
Their deformability must be taken into account when selecting
the permissible slot deformation. The maximal slot
deformation is equivalent to half of the height d, of the

In

deformable concrete elements, as they become nearly rigid at a
strain of g, = 50% (see figure above). The reduction of the

circumference AC, _is as follows for phase C, in which only the

steel set deforms (the sliding connections are closed at the
A
B).(177) Ac, =€, .= r“2Rm,

conclusion of
t,ss,C ss E

phase

ss

can be

N —-N
(178) Ao, .= —";—" The yield load of the steel setN

t,ss,C
determined by multiplying the yield stressf by the

cross-sectional area,A of the steel set: 179N = fyss "

The steel set undergoes plastic deformation in phase D until
the failure straine  , is attained. The reduction of the

circumference AC, ~is calculated by considering the elastic

deformations that have already occurred in phases A and C, and
presuming that the steel set does not experience hoop strain
changes in phase B. (180) AC, = AC = (AC,, + AC, ),

ac is the utmost circumference reduction that the steel set
can tolerate until it fails: (181) AC =g 2Rm. YS25/CI5

Support System The parallel connection between the
subsystems (161-162) and (163) can be accounted for by
combining their hoop forces and equating their deformation:
the relationship between hoop force N and radial displacement
ul for the entire system (161-162//163) can now be calculated.

Nyp[MN] § shotcrete ring with high ductility concrete elements
R=475m
6 / d,=25cm
S E..=10GPa
/ f.c=25MPa
4 /
/,f r‘w =15cm
/ d;=15¢m
24
.'_
{
04 -
(a) 0 1 2 3 4 5 6 uykm
N3 IMN] § steel sets having siiding connections
Mo B=b'=1m
154 ' D Ag, =46 oy
| E, =210GPa
| f, .. =350 MPa
0+ I ¥.55
fc - =15 %
“55 max =
i n,=2
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—_—y !
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a shotcrete ring with high ductility concrete elements, b steel
sets with movable connections, and ¢ YS25/C15 support system

(182) p N= N_,+N,
ul = u1,1—2 = u1,3
N . .
(183) p = -, when b is the steel set sacing
P MPa] RS25 YS25/C15
1.6
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Figure 114: The investigated support systems’ characteristic
lines round _pressure as _a function of the radial

displacement of the lining ul) are as follows:

3.11.1. Effect of Short Weaker Zones

The last section's numerical computations were predicated on
the assumption of homogeneous ground in the longitudinal
direction. However, the ground behaviour, as evidenced by the
thrust force required to maintain the TBM's advancement
during the TBM drive in Uluabat, fluctuated at frequent
intervals, suggesting a succession of unstable zones separated
by periods of more competent ground.

The adjacent competent rock also has a stabilising effect with
respect to the fault zone, as indicated by previous research on
the mechanics of deformation in brief geological fault
zones(Kovari and Anagnostou 1995) . The shear stresses are
mobilised at the interface of the adjacent competent rock with
the solitary weak zone when it is traversed, as the latter
undergoes smaller deformations. The convergences within the
weakened zone are diminished by the shear stresses,
particularly when its length is short. This "wall effect” is also
advantageous in terms of the risk of TBM blocking, as
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demonstrated by (Matter et al. 2007) and in greater detail by
(Graziani, Capata, and Romualdi 2007).

competent rock

E v

competent rock
E v

lining/shield
AR, K

symmetry axis

Figure 115: Step-by-step calculations were conducted to
: - e f the brief faul s

Contrary to the preceding section, the fundamental
assumptions remain unchanged. Assuming linear elastic
behaviour of the competent rock before and after the weak
zone was a computational cost reduction strategy employed in
the numerical investigations. The steady state numerical
solution method was unable to be applied due to the
non-uniformity of the conditions in the longitudinal
orientation. Consequently, the tunnel excavation and support
installation were modelled step-by-step using a step length s of
0.50r1.0m.

In light of these factors, an investigation was conducted to
determine whether the variability of the ground behaviour
observed in Uluabat could be attributed to the presence of weak
zones of varying extent. Additionally, an analysis was
conducted to determine the impact of the length of a weak zone
on the necessary thrust force.

IRy IR,
backfilling conicity

e i e i i it R S
tunnel axis y

Figure 116: I ion into shield diameter

The shield loading and, consequently, the thrust force
necessary to overcome shield skin friction are underestimated
as a result of the overestimation of the support pressure
exerted by the lining behind the shield, which is caused by the
longitudinal arch action in the ground around the shield. In
addition, the simplified boundary condition assumes that the
gap size AR remains constant throughout the shield and the
lining. Consequently, it is incapable of mapping the perfect
contact between the lining and ground that exists in certain
instances from the outset (e.g., in the case of a gripper TBM
with shotcrete support or a shielded TBM with annulus
grouting occurring concurrently with the TBM's advance via
the shield tail).
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Numerical examples will be employed to analyse the
interaction between the shield, the ground, and the tunnel
support in the hypothetical scenario of a 400 m deep tunnel
with a 10 m drilling diameter. A TBM with a single shield that is
10 meters long excavates the tunnel. The support is made of a
segmental lining that is 30 cm thick and backfilled right away.
Table 15 (Set 1) specifies the material constants.

The ground pressure exerted on the shield is critical for the
structural design of the machine and for overcoming the
frictional resistance during the advancement of the TBM.

Table 15 : Assumed parameters values based on recorded data

Set Figures
1(5-10) 2 (11) 3(12) 4 (14-15) 5 (18)
R (m) 5.00 5.00 2.50 2.5 475
AR (mm) | 0200 50  [30/60/90/120 30 120
L (m) 6-12/ 00 0-12 10/12 12 5
K_(MPa/m)[ 1,008 1,008 2,688 2,688 558
K, (MPa/m) 360 0fo0 2,688 2,688 |Varriable
o,(MPa) 10 10 3 3 40
E (MPa) 1,000 2,000 200-1,000 |5000%400"| 3,235
v (=) 0.25 0.25 0.2 0.20 0.3
f (MPa) 3.0 45 - - 5.5
¢ (kPa) - - 500-400 zoob -
® (0) 25 25 20 ZOb 35
Y (o) 5 5 1 1P 5
p(=) 0.15/0.25/ 0.45 0.25/.50 0.50 03
0.3/0.45
F (MN) 150 - 30/60 30 275
F,(MN) 0/18 0 0 0 17
s (m) - - - 0.5/1.0 -

arock component b Weak Zone

When L = length of the sheild, Ks = stiffness of the sheild,
K = stif fness of the lining ,
fC = uniaxial compressive strength of the ground,

v = poisson’s ratio of the ground, ¢ = cohesion of the ground,
@ = Angle of internal friction of the ground,
Y = dilatancy angle of the ground,

u = shield skin friction coef ficient, Fl, = installed thrust force,

Fb = boring thrust force,

s = step length (step — by — step Calculations),o’J = initial stress

3.11.2. Effect of Sheild Diameter

This section begins by discussing the convergences and
pressures that develop along the tunnel, noting that the ground
exerts pressure on the shield only after a specific amount of
deformation has occurred. It also examines how the
geometrical parameters of the shield affect the level of
overstressing and the thrust force necessary to overcome
friction. The purpose of this section is to demonstrate that the
ground at the excavation boundary undergoes numerous
discharging and reloading cycles, and that a gradual reduction
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in the shield diameter is highly advantageous in terms of the
ground pressure. Additionally, a quantitative discussion of the
shieldground interface's simplified model highlights the
significance of accurately accounting for the geometrical
features and the order of installation of the tunnel support and
shield. The tunnel support’s installation position and stiffness
are crucial for both loading and shield pressure.

F.IMN] A !—» weak zone AR=3 cm
| L=12m
601 #=050
50 +
40 +
1 F;
30 f-memmene- /At S e e R T e e y

20

60 y'[m]
Figure 117: The required thrust force Fr is calculated as a
function of the position v' of the tunnel face for varvin
lengths 1 of the vulnerable zone (step length s = 1 m, radial gap
76 AR = 3 hield | hL = 1) in frict fficient |

= 0.50, safety factor for the required thrust force SF = 1.0).

The required thrust force F. is depicted in (Figure 117) above as
a function of the tunnel face position y , which is indicative of

the onset of the critical zone. The contours are applicable to
weak zones of varying lengths 1. When the TBM enters the
weak zone, the required propulsion force increases, as
anticipated, and decreases when it exits. Given that the TBM is
capable of managing a 5-10 m thick vulnerable zone, it would
be able to overcome skin friction with nearly the entire
installed thrust force of F,= 30 MN. However, the TBM may

become confined in the event of a weak zone that extends
beyond approximately 10 meters. It is therefore possible that
the observed variability is connected to a progression of rock
zones that are weaker and stronger in succession. For step
lengths s of 0.5 or 1 m, Figure bellow illustrates the maximal
required thrust force F_as a function of the length 1 of the weak

zone. The wall-effect will be more pronounced and the danger
of shield jamming will be lower as the weak zone becomes
shorter. The wall-effect is particularly noteworthy in critical
zones that are shorter than approximately 10-15 meters, which
is equivalent to two or three tunnel diameters, as illustrated in
(Figure 117). The results of the step-by-step solution are
consistent with those obtained by the steady state method for
lengthy fault zones and a step length of s = 0.5 m. Conversely,
the adoption of a longer round length (e.g., s = 1 m) results in an
underestimation of the required thrust force F_(by 15% in this

example) for the reasons outlined.




s=05m

F,IMN] steady state method
80

0 10 20 30 40 1[m]

Figure 118: Maximum required thrust force F in the vulnerable

zone as a function of their length 1 (radial gap size AR= 3 cm,

shield length L = 12 m, skin friction coefficient | = 0.50, safety
factor for the required thrust force SF = 1.0

Numerical examples will be employed to analyse the
interaction between the shield, the ground, and the tunnel
support in the hypothetical scenario of a 400 m deep tunnel
with a 10 m drilling diameter. A TBM with a single shield that is
10 meters long excavates the tunnel. The support is made of a
segmental lining that is 30 cm thick and backfilled right away.
Table 1 above specifies the material constants.

The ground pressure exerted on the shield is critical for the
structural design of the machine and for overcoming the
frictional resistance during the advancement of the TBM. This
section begins by discussing the convergences and pressures
that develop along the tunnel (Sect. 3.11.2), noting that the
ground exerts pressure on the shield only after a specific
amount of deformation has occurred. It also examines how the
geometrical parameters of the shield affect the level of
overstressing and the thrust force necessary to overcome
friction. The purpose of this section is to demonstrate that the
ground at the excavation boundary undergoes numerous
discharging and reloading cycles, and that a gradual reduction
in the shield diameter is highly advantageous in terms of the
ground pressure. Additionally, a quantitative discussion of the
shieldground interface's simplified model highlights the
significance of accurately accounting for the geometrical
features and the order of installation of the tunnel support and
shield. The tunnel support’s installation position and stiffness
are crucial for both loading and shield pressure.

3.11.3. Shield—Ground Interaction

For three values of the size AR of the radial gap between the
shield and the ground, (Figure 119a) displays the radial
displacement u of the ground at the tunnel boundary. The
latter establishes the permissible level of convergence.
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ym) 25 20 15 10 5 0 5 -10
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u[mm] (a)

tunnel boundary is the result of numerical computations for a
10 m long shield and an overboring AR of 5, 10, or 15 cm.

yIm] 25 20 15 10 5 0

1IR=5cm : f--1 50

10 cm + 100

15 cm

u - u(0) [mm] (b)

©

=
ol
&

lining

The convergence of the boring profile, denoted as u - u(0) in
(Figure 120b), is the sum of the radial displacements u, minus
the so-called "pre-deformation” u(0) that happens before the
tunnel face. The ground closes the opening near the face (at
point A, (Figure 120 b) in the event of a normal overcutting (AR
= 5 mm). For a prolonged period (up to point B, Figure 120b), a
gap that is larger (AR = 100 mm) remains open. The shield
begins to be loaded by the earth after the gap is closed.

backfilling —| r overcut AR

1 I I 1 I 1 1 1 I 1 1

T T } ?

segmental IlningJ shield

A e A S T R R R e e e e
tunnel axis | (c)

Figure 120 c: The shield and the lining are subject to ground
pressure p, while the other parameters are as specified in Table
15,

Ground pressure pacing distribution on the shield and liner is
illustrated in (Figure 120c). The ground pressure increases as
the distance from the tunnel face decreases, as the stabilising
effect of the core upstream of the face becomes less
pronounced. It is possible to trace the load concentration at the



shield’s end to the full unloading of the tunnel border at the
lining installation site.

When a larger overboring is applied, the ground pressure p
decreases for both the barrier and the lining, as anticipated. In
this numerical example, the distance between the ground and
shield would not close at all as a result of a very large
overboring of AR = 15 cm, and the shield would remain
unloaded. It is important to acknowledge, however, that
overboring technology is not yet fully developed and, as
evidenced by the tunnelling experience, may be of limited
reliability (Ramoni and Anagnostou 2010b) . It is imperative to
thoroughly evaluate the feasibility and reliability of a large
overboring, particularly in the presence of hard rocks, as the
extended gauge cutters may be subjected to extremely high
pressures, which could jeopardise their structural integrity.

3.11.4. Thrust force:

The ground pressure P can be integrated over the shield
surface, and the resulting integral can be multiplied by the skin
friction coefficient 1 to determine the thrust force F_necessary

to surmount shield skin friction. For two operating stages,
"ongoing excavation” and "restart after a standstill,” (Figure 9a)
demonstrates how the required thrust force F_changes as a

function of the radial gap size AR. The TBM must surmount
sliding during ongoing excavation, as opposed to static friction.
However, additional thrust force F, is required for the boring

process (F, was set to 18 MN in this example).

Following (Gehring 2020), the skin friction coefficient was
determined to be p= 0.15-0.30 for sliding friction and p=
0.25—-0.45 for static friction. The reduced friction coefficient
values are intended to demonstrate the beneficial effects of
lubricating the shield extrados, such as with bentonite. A thrust
force of 150 MN is indicated by the line marked by F, which is

both high and feasible. The required thrust force F_is depicted

in (Figure 9b) as a function of the shield length L for the two
operational phases, with an overcut of AR = 50-150 mm. The
beneficial impact of a shortened shield is illustrated in the
diagram. It is important to acknowledge that the relationship
between the shield length and the propulsion force is generally
non-linear.

F,IMN] —— restart F,[MN] 4 —— restart (x = 0.45)
L\ 1045 e excavation [ ---ee- excavation (x = 0.30)
250 ", L=10m 250
2004 200
. . F.
150 f------o -\ e RS 4 150
100 100
50 50
,,,,,,,,,,,,,,, Foy
0 : > 0
0 4 8 12 AR [cm]
(@) (b)
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i )1 7] ? Fi ired_f ] .
excavation (thrust force for the boring process Fb = 18 MN)

For the restart after a standstill with (skin friction coefficient 1
= 0.15 or 0.25, respectively) or without (skin friction coefficient
1 = 0.30 or 0.45, respectively) lubrication of the shield extrados:
an as a function of the overboring AR for a 10 m long shield, and
b as a function of the shield length L for an overboring AR of 50,
100, or 150 mm. The required thrust force F_is significantly

influenced by the shield length L, the skin friction coefficient |,
and the overcut AR, as illustrated in a condensed form in
(Figure 120) The shield's "conicity," which is the variation ARy

of the radial gap size along the shield, is another critical TBM
design parameter (see Section. 3.11.3). (Figure 122) illustrates
the ground pressure p that acts on the shield and the lining for
three distinct shield configurations that share an average radial
gap size of AR = 50 mm. Comparing the average ground
pressure P (which regulates the required thrust force) acting

upon the shield, the beneficial impact of a stepwise shield
construction is demonstrated. Where the shield is constructed
in two or three phases, it decreases by 16 or 28%, respectively
(Figure 122).

IR=5cm i H p [MPa]
lining i shield |
shield o 7
,,,,,,,,, p,=2.2MPa
IR=6cm t 4cm i 6
5
,,,,,,,,, p,=1.9 MPa

,,,,,,,,, p,=16MPa

; : . ! .
yIm 25 20 15 10 5 0

ressure for three distinct shield configurations with an

average radial gap size of 40—60 mm (shield length L = 10 m).

The posterior portion of the shield is more critical to have a
wide gap, as the ground's convergence increases as the distance
from the face increases. The computational model can be
simplified by modelling the shield and the lining as a single
indefinitely long cylindrical body of constant stiffness and
radial gap size. The longitudinal distribution of the ground
pressure p in the simplified model is in comparison to a
pressure distribution based on the more accurate model
discussed in the previous sections (for a 10 m long shield) in
Figure 10a. The ground pressure that develops upon the lining
is overestimated by the simplified computational model (by
56% in the final state, which emerges far behind the face).
Consequently, the sustaining effect of the lining in the area
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immediately behind the shield (the diagonally dashed region in

Figure 123 a) is overestimated.

5

lining _shield
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Figure 123: Distribution of the ground pressure p acting on the
shield and the lining (a) and the required thrust force Fr as a
function of the shield length I (b) based on the simplified

condition (radial gap size AR= 50 mm, skin friction coefficient p
= 0.45).

This results in a lower shield loading (the vertically dashed
region in (Figure 123 a) as a result of the load transfer in the
longitudinal direction, thereby underestimating the thrust
force necessary to surmount friction. The thrust force F

required to resume TBM advance after a standstill is depicted in
(Figure 123b) as a function of the shield length L in the
simplified model and based upon the more accurate model with
the non-uniform boundary condition (Eqg. 161). In this instance,
the thrust force is estimated to be approximately 40 MN lower
by the simplified model. It is therefore crucial to accurately
model the characteristics and installation point of the tunnel
support, not only from the perspective of structural assessment
but also with regard to the TBM's design.

3.11.5. Shield—Support Interaction

The shield loading and thrust force requirement are reduced by
the implementation of a stiff support in close proximity to the
shield, as it enhances load transfer in the longitudinal
direction. The longitudinal arching effect will be more
pronounced and the shield burden will be reduced to a greater
extent as the lining becomes stiffer and its distance from the
face decreases.

This effect is illustrated in the upper portion of (Figure 11a),
which displays the thrust force F _(required to restart TBM

advance after a standstill) as a function of the shield length L
for two borderline cases with regard to support stiffness: a rigid
support K = o and an unsupported tunnel K = 0. The

discharge effect is more pronounced for short shields, as
anticipated. However, despite the fact that it is advantageous
with regard to the shield, a rigid support that is put close to the
face attracts a higher ground load. In reality, the final ground
pressure p that develops upon the rigid support K = o

approaches values that are unsustainable by the standard
linings (Figure 124a, lower part) for short shields, where the
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longitudinal arching effect is particularly pronounced. As
anticipated, the tunnel support p experiences a decrease in load
as the shield length L increases, leading to a reduction in the
arching effect.

"arching"

N\
lining (K)) i shield (L) —]

F,MN] §  u=0.45 (restart)

IR=5cm

150 1

100

50 4

84
p[MPa] ¥

(a)

Figure 124: The required thrust force Fr and final ground
ressure p acting upon the lining as a function of the shield
length L for a rigid support K = o and an unsupported tunnel

K = Oare as follows: radial gap size AR= 50 m, skin friction
coefficient p = 0.45.
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Figure 125: b single shielded TBM in rock with delayed

backfilling of the segmental lining (case A of a); c single
shielded TBM with annulus grouting via the shield tail (case B
ofa)

Notably, the scenario of an unsupported tunnel is not merely
hypothetical. Indeed, the segmental lining is backfilled with
pea gravel at a specific distance behind the shield during shield
tunnelling through rock. Consequently, the rock behind the
shield is left unsupported (Figure 125 b). Naturally, there is no
discharge effect in this scenario (point A in Figure 125 a). The
reduction of shield load (point B in Figure 125 a) through
longitudinal arching between the face and the segmental lining
necessitates the simultaneous grouting of the annulus and the
advancement of the TBM through the shield tail (Figure 125 c).
(Lavdas 2010) has conducted an analysis of the unique
characteristics of segmental lining installation.
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Figure 126: Sketch of the supporting system

Nevertheless, the step-by-step method that is frequently
employed in the investigation of heterogeneous ground
conditions must be implemented. A comparative analysis that
involves a brief critical zone (striking orthogonally to the
tunnel axis) has demonstrated that a reduction in the step
length enhances accuracy in relation to the required thrust
force. However, this improvement is accompanied by a higher
computational cost. The latter is especially high for fractures
that strike at a small angle to the tunnel axis and for
non-hydrostatic initial stress conditions, as these scenarios
necessitate genuine three-dimensional numerical analyses.

3.12 Concrete Segment Erector sychronization

The lifting gantry of a conventional segment erector, which is
the primary subject of this study, is powered by twin cylinders
to produce the necessary substantial lifting force and maintain
motion stability. Consequently, the synchronisation of motion
between the dual cylinders at an advanced level is important. In
contrast to the dual-cylinder mechanism employed in other
machinery, such as forklifts (H. Sun and Chiu 2002),(Ge et al.
2017) the lifting gantry often operates at an inclined angle,
resulting in unequal loads on either side. The segment's
substantial weight and the gantry's crossbeam length, ranging
from 3 m to 7 m based on the tunnel's diameter, result in
significant variability in the forces acting on the twin cylinders,
complicating motion synchronisation. Even though the lifting
gantry has sturdy guide rails to guarantee synchronisation, the
gantry occasionally experiences chattering, '‘pull-and-drag’, or
even being stuck in practice as a result of inadequate
synchronisation under loads that are significantly out of
balance. Therefore, the foundation of the segment erector’s
high-precision closed-loop control is a motion synchronisation
control method for the lifting gantry under unbalanced loads.

Indeed, there have been numerous research on the
synchronisation control of dual actuators, including redundant
hydraulic cylinders in aeroplanes (T. Li et al. 2019), dual motors
in automobiles (Zou and Zhao 2020), and the linear motor
gantry (C. Li et al. 2018),(Z. Chen, Li, et al. 2020) . The dynamics
of hydraulic systems exhibit significant nonlinearity,
characterised by intrinsic nonlinearities and uncertainties,
making high-level synchronisation control of hydraulic
cylinders more complex than that of other actuators. Regarding
the control techniques, earlier implementations utilised
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identical control signals for the dual cylinders. It would appear
that this technique can achieve reasonable precision with
appropriate mechanical couplings to guarantee motion
synchronisation if the gantry is horizontal or vertical with
balanced loads for both sides.

To resolve issues such as extended design periods, complex
interference, and increased restriction conditions in the design
process of the segment erector for the Tunnel Boring Machine,
it is imperative to conduct a study on the kinematics
simulation of the TBM segment erector. The dynamic
simulation is completed after the kinematics characteristics of
the segment erector are analysed, the 3-D model is designed in
the Pro/E environment, and the model is imported into ADAMS.
The maximal speeds of the driving parts are identified using
the space search technology method after the analysis of the
simulation of this mechanism. The speed curves for the driving
parts are obtained.

al. 2012).

(184) M, = M2—1M3—2M4—3M0’ (185) M,= T2—1T3—2R4—3M0
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cosw, t = sinw t 0 0_
R, .= [sinw,t cosw,t 0 O

0 0 1 0

0 0 0 1

1 0 0 0
M, = 0 1 0 0

0 0 1 0

0 0 0 1

cosw, t = sinw,t 0 0_
R, ,= sinw ,t cosw, t 0 V.t

0 0 1 V,.t

0 0 0 1

3.12.1. Three-Dimensional Solid Model Establishment

Figure 128: segment erector model components: 1- Horizontal

5-rotating disk body, 6-balance weight, 7-pinion, 8-orientation

column, 9- lifting beams, 10-mobile rack, 11- micro-adjustment
bracket. 12-micro-adi lind

The six-DOF segment erector for tunnel boring machine is
represented in a three-dimensional solid model through
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feature simplification and part combination. This model is
suitable for kinematics simulation and accurately represents
the actual working conditions of the segment erector. The
segment erector's three-dimensional solid representation

However, without any controller effort, the synchronisation
performance can only rely on the mechanical connections if
the loads go significantly out of balance. In essence, the two
cylinders in such an intuitive scheme do not share any
information, such as motion differences, which could result in
subpar synchronisation in practice (C. Li et al. 2018). Following
the principle of contouring control for a multi-axis system,
another prevalent approach is cross-coupled control (F-J. Lin et
al. 2012). This scheme involves the construction of a
synchronisation compensator based on the Kkinetic data
between the two cylinders, including their relative position and
velocity, resulting in enhanced synchronisation performance
across varying drive characteristics and loading conditions of
each cylinder (J. Yao et al. 2018). This technique attempts to
address the motion synchronisation issue at the kinetics level,
neglecting the impact of mechanical coupling, which may
result in additional internal forces and diminished
performance (C. Li et al. 2018).

In essence, a component that is not sufficiently rigid is implied
by the lifting gantry’s poor synchronisation even though there
is a strong mechanical coupling between the two cylinders. In
summary, with the fundamental linear motion, the gantry
must facilitate a degree of rotational motion, which elucidates
the nature of inadequate synchronisation about the rotation of
the crossbeam. Both (C. Li et al. 2018) and (Garcia-Herreros et al.
2013) have conducted modelling of a linear dual-drive gantry,
incorporating rotational motion and developed model-based
controllers to address the additional degree of freedom. For the
lifting gantry to be controlled with great precision under
unbalanced loads, a comprehensive model that incorporates
both rotational and linear motions must be built. Furthermore,
the substantial mass and rotational inertia of the segment,
along with the mechanical coupling exhibiting high stiffness,
must be taken into account when constructing the dynamics
model. Few research have proposed a full model of a
dual-cylinder lifting gantry working at an inclined angle, to our
knowledge.

Inadequate synchronisation of the dual cylinders will lead to
the rotation of the crossbeam, subsequently generating
excessive internal forces due to the mechanical linkage.
Furthermore, "pull-and-drag” and chattering that follow have a
negative impact on the segment erector's overall stability and
accuracy. This work proposes a model-based synchronisation
control technique for achieving high-precision motion tracking
of the dual-cylinder lifting gantry of the segment erector under
unbalanced loads. As the fundamental control theory in the
design of the suggested controller, adaptive robust control
(ARC), with a rigorous mathematical theoretical framework, is
used to ensure the tracking performance in the presence of
diverse nonlinearities and uncertainties of the system. The ARC
was proposed by Yao (B. Yao and Tomizuka 1997), and its
superior performance has been validated in numerous practical
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applications over the past two decades by (M. Yuan et al.
2021),(Y. Lin, Chen, and Yao 2020),(Deng and Yao 2021) and (Z.
Chen, Huang, et al. 2020). The ARC demonstrated its efficacy in
addressing the nonlinear control challenges of hydraulic
systems, as seen in both the authors' prior research (Helian,
Chen, and Yao 2020),(S. Chen et al. 2021) and further pertinent
studies (Lyu, Chen, and Yao 2021),(Lyu, Chen, and Yao 2019). A
practical thrust allocation mechanism is proposed alongside
the linear motion tracking as part of the overall controller. In
order to control internal forces and motion differences within a
narrow range, the thrust allocation is intended to coordinate
the twin cylinders. Together with the theoretical performance
and supporting evidence, the meticulous theoretical design
procedures are described in full. The results of comparative
simulations demonstrate that the suggested controller can
achieve both high levels of motion synchronisation and high
precision motion tracking capabilities.

In reality, the lifting gantry will not experience any
synchronisation issues if the connection between the
crossbeam and the guide rails is flawlessly rigid. It is
well-established that there should be certain components that
are comparatively elastic, which enable motion discrepancies
between dual cylinders. The crossbeam will rotate at a very
small angle as a consequence of the dual cylinders' poor
synchronisation. The guide rails, which are stout and relatively
long, are illustrated in Figure above Consequently, they will not
permit such rotation. Additionally, the crossbeam is
exceedingly robust and cannot be bent by conventional
working forces. Consequently, the elasticity may be attributed
to the connections between the guide rails and the crossbeam.
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; l\ : X
AV wd \y

Yo Yo

(a) (b)
Figure 129: a shematic diagram of the dual-cylinder liftin
antry at a specific rotational angle of ®. (@) The hoistin
antry's general configuration. (b) The hoisting gantry's linear

and rotational motions.

Crossbeam rotation is confirmed by the practical
synchronisation challenge of the lifting gantry in segment
erectors. Since the suggested schematic model fully
incorporates both linear and rotating motions, it can therefore
be utilised to investigate the gantry. It is difficult to achieve
precise control of a lifting gantry, especially when it operates at
an inclined inclination. To handle the 2-DOF model,
hardware-level twin cylinders should be controlled by
independent proportional valves in the hydraulic circuit,
providing two independent control inputs. Key contributions of
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this project include thorough modelling and model-based
motion control design for the lifting gantry.

3.12.1. Mathematical model of the lifting gantry

(Figure 129) above shows lifting gantry modelling. The dual
side locations (y ,andy,)are defined individually, whereas the

output cylinder rod forces (F jand F )are defined with positive

Y-axis directions. Point C, often known as yc, is the midpoint of
the crossbeam and follows the Y-axis. Point G represents the
crossbeam centroid, which includes both the crossbeam mass
and the section being lifted. Therefore, point G should have a
distance h from point C. The crossbeam's rotating motion is
described by the angle o between the crossbeam and the X-axis.
The following practical assumptions can be made in addition to
the above definition.

The linear motion along the Y-axis and an additional rotation
around the midpoint C of the crossbeam comprise the complete
planar motions of the entire moving body in the frame OXY, as
predicated on the aforementioned definitions and assumptions.
Consequently, the 2-DOF motions can be described using the

generalised coordinates q = [yc, a]T. In practice, it is
inconvenient to explicitly measure yc and. Consequently, the
following geometrical relationships can be employed to
calculate them by measuring y,and Y,

1 C oA sing = L _ i i
(186)y = (v, +¥,); a ~ sina = L o, -, while ssuming

the following: Assumption 1. The crossbeam with the attached
segment is a body that is entirely rigid. Consequently, the
crossbeam is perpendicular to the line that runs between the
centroid G and the midpoint C. The crossbeam and segment are
particularly massive, which allows for the disregard of the mass
of other components, including the guide rails and cylinders.
Assumption 2. The elasticity is solely derived from the
connections between the crossbeam and the guide rails, despite
the fact that the rigidity of the connection is extremely high,
resulting in a very small rotational angle . This is the actual
case. Assumption 3. The midpoint C is consistently located on
the Y-axis as a result of the hoisting gantry's symmetrical
design.

I_= lengthof the cross beam , centroid coordinations are defined

as: G[x,, yG]T, (187) x_, = hsina,y_. =y _+ hcosa the velocity of the

centroid (188) v = [x'G, y'(;]T = [hsocsaa, y.~ hsinaoc']T,

2 2
_ i T L - i . i 2 .
(189) Ek =,muu. + 2]Ga = my.t5 mGh o
2
+ %] (& — mhsina yia' where J p is the rotational inertia of the
entire moving body around the centroid G, and m  is the mass

of the moving body, including the segment and the crossbeam.
Furthermore, the potential energy, comprising gravitational
energy £ G and elastic energy EE , can be computed as:
— - 102
(190) Ep = EpG + EpE = mGg[yCcosG) + heos(® + a)] + ke(x ,
when k_=effective elastic stiffness o fth econnection between
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the crossbeam and guide rails. By using the langrangian

equation — - ( 0, Ey — ﬁ =F,i=1,2by definingE =E,_— E the

following equation can be defmed,
. . . 2 _

(191) my, - mchos(D - mGhsmot. o — mthosa. o =F, and

2 . .
(]G + mGh Yo + kea - mGhson(x. .
—m_hcosa. o .y +m ghsin(® + «) =F,, since F and F, are
the general forces moduled as: (192) F ,=F,+F,—F —F

r2?
l . . .
=(F_ —-F_—F_ +F )= since F is the viscous coulomb
cl c2 rl r2/ 2 r

friction of two sides noted as: (193) F =By +ASy),
F, =By, +AS®y), the coefficient of viscous and coulomb
friction are B, and 4. Also to approximate the sign function

sgn (¢) S(+)is used as a continuous function. Each hydraulic
cylinder that produces F  and F  is managed by a proportional

valve. Using cylinder C1 as a reference, the force exerted by the
output rod can be represented as (194) p A with p "

and Py

representing the piston areas of the head-end and rod-end
chambers, respectively. The dynamics of these chambers can

A
be further described as: (195)p,, =— "By, + B,Q,, +d,,
Al Al

pBl B1
representing each chamber’s pressure, and A, and 4

A
.
Pp= v, Bey 1 context,

1 .
oy By Ty In this
v,=V,+4,y and vV =V _ +A y denote the total

hydraulic compressible volumes associated with the head-end

and rod-end chambers at position yl, where v, ~and vV
represent the initial volumes. The symbol B signifies the
effective bulk modulus, Q " indicates the inflow into the

head-end chamber, and QB1 denotes the outflow from the
rod-end chamber, while d ’ 1and d, 1reﬂect the inevitable

modelling inaccuracies. Consequently, the dynamics of F | can

be computed as (196)F  =p, A, pBlAB1
2 AZ
= (V7M+ Vm)Beyl B, ( QAl + Q D A4y~ Apdp

We can write QAland QB1 as follows, using the features of a

common proportional directional valve:

(197) ApAl = e if u =0
_ , ifu <0
Qn = kqlAlul Ap,, P a1 fu
ApAl = Py if U >0
— - ifu <0
Qg = kqlBlul Ap, ‘ps P fu,

(Deng and Yao 2021) reserahced the proportional valve's control
signal is denoted by u , the flow gains of the valve are ks ,and

kg and the pressures of the pump and tank are p and p The
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dynamics between the valve filament position and the control
signal u are disregarded due to the high bandwidth, as has

been observed in numerous other existing works The

inteermidate flow rate (198) Q_, = " .

— AAl ABl . .

= (VA1 kqu Ap,. |+ v, qul Ap, Pu,- similar for the other

cylinder can be modeled as: (199) F,=p,4, — P4,
A A

_ A2 B2

== (5 v )B Y, tBQ.,+A.d —A.d and

Q,= (ij kqu Ap .| + qul?f/A;zyg2 u, The lifting gantry's
dynamics can be rearranged in the following way to
incorporate the aforementioned modelling processes while
taking modelling faults into account:

(200) my =F +F,—F —F + magcosG) +
m_h(sina. o + cosa. «’+d ,
G yc
2, . L,
Ugtmehda = (F —F,—F +F)5 -

kea + mGh(sina y" + cosa o y' )—-m ghsin((':) + o)+ da,

F . =—
cl

ry A
Al B1
VA1 v, )B y + B Q + AAldAl BldBl’

ABZdBZ’

AiZ ABZ
e, -
dyc’ da’ dAl’ dBl’ dBl’
associated with the respective dynamic equations, whereas Qcl
and Qc2 can be regarded as the accessible control inputs, as
they are directly linked to the actual control inputs u and w,.

and d,denote the modelling errors

13.12.2. Synchronisation controls

To achieve high-precision motion tracking performance of the
dual-cylinder lifting gantry, while keeping the internal forces
and rotational angle within a small range, a modelbased
motion synchronization control scheme is proposed in this
study. The controller should synthesize the valve control
signals ul and u2 such that the following objectives can be
fulfilled by; High motion tracking precision: The midpoint
position yc tracks the reference trajectoryyd(t) as precisely as
possible, which is assumed to be known, bounded, and at least
third-order differentiable; and Rotation regulation: The dual
cylinders should be properly coordinated so that the rotational
angle of the crossbeam can be guaranteed within a very small
range.

In (Figure 130), the suggested controller’s structure is displayed.
The controller receives input signals including the reference
trajectory signals y L0, the rotational angle ® of the entire

lifting gantry, and state feedback signals from both the
hydraulic system and the gantry. Utilising the signals and the
system model, the controller synthesises the control signals u,

and u . Part one of the controller is responsible for tracking
motion, and part two for allocating thrust. The thrust
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allocation component coordinates the dual cylinders by
receiving the angle ® and the desired total force F_ from the

motion tracking controller, subsequently synthesising the
individual desired forces F,. and F ., for the dual cylinders.

The motion tracking controller serves as the fundamental
component of the overall system, developed in accordance with
the adaptive robust control theory introduced by (B. Yao et al.
2000) . This design ensures the achievement of the desired
tracking precision despite the presence of parametric
uncertainties and modelling errors. The subsequent
subsections present the details of the thrust allocation and
motion tracking controller.

Ya(t)

Proportional electro- Pa1,Pp1,Paz: Pp2
hydraulic system

Motion tracking
controller

Fcldv Fch:

Dual-cylinder lifting Y1 Y2, Y1, Y2

Thrust allocation
gantry

\._ Synchronization Controller

Figure 130: Structure of the sychronization controller model

The proportional feedback term kea can be viewed as having a
very big gain ke. Maintaining the expression

l
(201)(F , —F_,—F +F_ ), —mghsin(® + a) within a
limited range allows for the regulation of the angle « to remain
small in steady state, facilitated by the presence of k a. As a

result, the internal forces brought on by the mechanical
coupling and the rotational angle will both be controlled to a
level close to zero. The following is a design for a workable
thrust allocation scheme based on the aforementioned concept.
As explained in the following subsection, define F _ as the force

that F should have in order to ensure that the linear motion
tracks yd accurately. The intended forces F_ and F , of F_and
F for the dual cylinders must meet the subsequent

requirement: (202) F ,+F,,=F.- toensure the precision of

cd”’
linear motion tracking. Simultaneously, to regulate the

rotational angle, F  and F_ must also meet the following

. . lc .
criteria. (203) (FC1 —F,—F + Fr2)7 - mGghsm(G) + o) =0

Fcld and Fc2d can be accurately calculated using the
pre-estimated friction forces. Taking into account Assumption
3 and the fact that F_and F  are significantly smaller than F_

and F  in practice, the following approximation can be used

because the large feedback gain ke can also control the angle
within a narrow range even when there are some

approximation errors: (204) (F -m GpreghSin(e) ~ 0,

l
ad” Fadz
The moving body's pre-estimated mass is m dore Thus, the

appropriate forces for the dual cylinder can be apportioned
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using the relationships in (202) and (204) as follows:
(05)F = F_  + limGpreghsin(e),

1 1 . 1
F 2 F +Tcm6preghSln(®)' The thrust allocation system

c2d =2
above works for engineering. The open-loop control of
rotational motion eliminates the need for measurement signals
of o, which often contain noise. The research reveals that the
thrust distribution technique regulates rotational motion due
to the connection's intrinsic stiffness. In the next subsection,
the relationship in (204) will be used to synthesise control
signals u and u,. The linear motion along the Y-axis dynamics
design can be
B A ) 3
m, yc - TGS(yc) + Dln + ADI since

control tweaked as

- g
(206) y. = gcos 0 + ™ F,
it is inconvenient to directly correct the coupling term
m_h(sina. o + cosa. a'z) in the control rule since it includes

the second derivative of «. Furthermore, the angle is diminutive
and may be affected by measurement noise in actuality, thus
the attainable precision of the direct model adjustment may be

inadequate. When F_=F +F,B =B +B,A =A +A,y is
used instead of y and y, to approximate the frictons for
simplicity since YRy, *Y,

With D as its nominal value, D, =D, + AD, is the lumped

disturbance component that includes the modelling mistakes,
coupling terms, and the previously indicated friction

approximation errors.
AZ 2
o Al B1 . _
(207) Fcl - (VA1 + Ve )Beyl + Bch‘l + AAldAln ABldBln + Adcl
2 2
o A2 B2 . _
FCZ - Vi + Vi, )Beyz + BeQCZ + AAZdAZn ABZdBZn + Ach Where

Ad_and Ad stand for the remaining lumped modelling errors,

and dAln’ d31n’ dAZn’

modelling error terms in (207)It is not necessary to
parameterise the dynamics of the rotating motion since, as was
mentioned in the previous part, the thrust allocation would
only employ the static solution of the dynamics.

(208) y; = gcos® + GlFC - Gzyc' - 63S(yc') + 94 + AD1’

and d,, are the nominal values of the

AZ 2
. Al B1 .
Foo== v, + v, )65y1 0,0, +4,,0,— 4,0, + 4d,,
AZ 2
—_ |4z _B2 ; _
Fcz Ve + Ve, )esyz + echz + AAzes Aszas + Ad.cz’

T
0=1[0,0,.6], 6, =1/m, 6,=B/m, 6,=A/m, 0, =D_,

4 1n
6.=p,06,=d, ,6 =d, ,6 =d_,6 =d_ . Thisstudy uses
the following nomenclature: With «  representing the

. . A
estimation error, e

A
e =¢ — o Where « and -
min max

represents the estimates of « ; that is,
represent the lowest and

maximum values of « (¢) for all time t, respectively. The lumped
modelling errors AD,, Ad and Adczin (22), as well as the

are all affected by practical

c1’
unknown parameter 0,
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uncertainties. The following practical assumption results from
the fact that the modelling mistakes and parametric
uncertainties are constrained by recognised bounds:
Assumption 4 The modelling errors and parametric
uncertainties’ magnitudes are known, i.e.

(209) ei € Q {9 elmin s ei = 9imax}’ ADL‘ € QDi = {ADL': |ADL'| < Si}’
Ad €, = {Ad t|ad <8 } since
ci ci ci
T T
lmm =8 1 min’ Zmin' - 99min] ’ 9ima;vc = [el max’  2max’ "7 9max] ’

are known the bounds and 8, and § , are the functions.

(210)/6 = Proja(TT) The Robust Control (ARC)

proposed by (B. Yao et al. 2000) is used to synthesize the
motion tracking controller. The parameters will be updated
online by the use of the

following discontinuous projection-type adaption law.

Adaptive

@D Proj(+ )= 0, iy =0 ande >
0, if 6\1': 6, ande <(
*, Otherwise

Consequently, using the above equation guarantees the
following characterlstlcs for _every adaptation function

(212) (P1): 8 e Q, = {6 6 . < [ <6 .}
(P2)6” (T Pro]a(Tr) -1 <

tracking controller's backstepping design will then be created.
To achieve the highest degree of accuracy, the controller must
combine the valve control signals v and u, in such a way that

< 0,Vt The adaptive robust motion

the crossbeam'’s midpoint, y , follows the reference trajectory,
y,(t).Step 1: Usez =y —y to define the motion tracking error.
The ensuing quantity can be defined in a manner similar to a
toggling function (213)z,=2z, +kz =x —x e = X4 07
where k is greater than 0. It appears that the reduction of z or
its convergence to zero is equivalent to the reduction of Z_or its
convergence to zero.

Taking into account (214), the dynamics of z, can be calculated
as (214) z'2 = gcosO® + ech - Gzy'c - 63S(y'c) + 94 + AD1 - y;q In
order to reduce Z,or achieve convergence to zero, F can be used

as the virtual control input. Consequently, the virtual control
law F_for F can be synthesised in accordance with the ARC

design procedure. (215)F , =F_ +F ,
_ L _ —~ . —~ X _ —~ . _
FCda - 6\1 [ gCOS@ + ezyc + 63Syc e4 + yeq]’ FCds - FCdsl + FCdsZ
F o=k Y7k >2gTopol +k
! cas — Maste, P20 = o, g | ¢1w2| 2
T
$, = [FC Y. = 5(1),1,0,0,0,0, O] where k, > 0is the feedback

gain, k, >0 and g >0, T>0is the adaptation rate matrix,

cdsa 1S the

nonlinear robust feedback term meeting the following dual

w, > 0and w_ > 0 are the weighting coefficients, and F
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robust performance conditions. The control law F _comprises
the adaptive model compensation law F_and the robust

(216) )zF. . _ <0,

control law o ca

(i) z (elFCd )
being used.
As z,=F.—F_,

real cylinder force Fand the virtual control law F_,

- q{eN +AD) <e. With the de51gn parameter ¢

we may express the difference between the
. After
substituting (215) into (214) the error dynamics of z,can be
calculated as

. T ~
(217) z, =— elw o kK, Z, +(OF. —$6 +AD)+6z,. Step
Two: The purpose of this phase is to generate the control

signals ul and u2 for the proportional valves. The following

trackin defects are defined as: (218)z =z +z
g 3 31 32’
Zy =F o~ Fap z,=F,—F,Q219z, =F —F,
2 2
_ AAl AEI . 1 v
__ (VA1 Ty 85y, + 6,0, + 4,0, =450, + Ad =5 F
oF oF,, . OF

. o . . _ cd - cd
(220) Fry = Frye + Frg Frae= 6ycyc+ ay Yot o

y;= gcos® + ech_ 91Fc - Gzy'c— G3Sy'c+ 94,

—~ ~

FCdi

c

91Fc + Gzy'c + 935()/:) - 94 + AD1]

~

oF F,, .
+—=0. where F
0 Cdc

— cd [_

6yc

represents the calculable portion of F_, which can be

~

compensated through an adaptive robust control law, y’
denotes the estimate of ! based on the measured states and

parameter estimates, and Fis the incalculable portion that

must be managed through a specific robust feedback approach.
The control law @ , . for ¢  can be synthesised by following the

ARC design procedure and taking into account the error
dynamics in (221). 220, +Q

clda c1ds’
2 2
A A~ —~
_ 1 Al B1 _ 1 _ w2
Qrga = 0 G+ Vgl)esy AAleG Ap 9 + FCdc 203 91%,)
5

Al

1
chdsl - k351 0

S5min

chds = chdsl + chdsZ’ Z31’

6ch

2
k,, = g2||T<|>2u)3||2 +c, + k3where the adaptive model

compensation law Qe
included in the control law Q.y
represented by k,
g,> 0, and the nonlinear robust feedback term, Q

and the robust control law ¢ are
. The feedback gain is
> 0, the adaptation rate matrix by d > 0,
sy 1S 1O be
described later. Likewise, with respect to the errorz32, the
control rule @ for @, can similarly be synthesised as

follows; the specific steps are not
(223)Q,

included here:

a= Qcha + Qchs’
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—~ w2

2
_ 1 A2 Appy T _ _ o Ap 9
Qrda = 6, I+ VBZ) 05y, = A0 = A58 + 2 F e 203 0,2,];

Q.. =@, .10 Q

1

=—k z
c2ds c2ds1 c2ds2’ c2ds1 3s1 6 32

Smin

3Fm

2
+k,. Noting that z, =z + Zy,

k351 = g2||T¢2w3H2 + Cl
the error
(224)z, = (F., -

a0
dynamic can be
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13.12.3 Theoretical performance and simulation results

In (220) the resulting control law guarantees the theoretical
performance as follows. Theorem 1. The control law in (227)
and the adaptation law in (210) result in assured tracking errors
that are bounded by if the controller parameters g, g,, and c,

. 2 2
satisfy 91> and 95> 4
(226) V(1) < exp(— AV(0) + 5 [1 — exp(— A)], since

12,12 _ . _
V=Fwz +5wz, A=2X an{kz, k3}s =wE T e,

Furthermore, if AD1 = Adcl = Adc2 = O after a finite time t0,
ie, in the presence of parametric uncertainties only,
asymptotic output tracking is achieved, ie., z1 > 0 as t >
oco.Proof of Theorem 1: By differentiating V(t) and observing the
error dynamics that follow in (214) and (220), one can get
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. As aresult, z2 and z3 are bounded, and zzand z,E L, According
to the Barbalat Lemma, as t approaches oo, z> 0. One can
determine that z > 0 as t > co by taking into account the steady
transfer function between zland zzin (213).

In Matlab/Simulink, the dynamics of the lifting gantry to be
controlled, i.e., the plant, were established using the complete
dynamics model created in (200). The gantry's fundamental
parameters are as follows: m = 2200 kg, B =1200 N/(m/s), B,=

800 N/(m/s), A,= 2000 N, 4,= 1400 N, I =3m,] = 4000 kg-m2,

ke = 1 x 107 Nm/rad, and h = 0.2 m. The pistons and rods have
diameters of 80 mm and 56 mm, respectively. In addition, the
controller's parameters deviate from the plant’s actual values,
and modelling errors were incorporated into all equations.

The theoretically rigorous method of selecting controller
parameters is illustrated by (B. Yao et al. 2000), but it may
significantly increase the complexity of the resultant control
law. Therefore, in accordance with our previous research (Lyu,
Chen, and Yao 2021) (Lyu, Chen, and Yao 2019), an alternative
method was employed for gain tuning in this study. This
involved selecting k2s1 and k3sl that were sufficiently large,
without regard for the precise values of the nonlinear robust
feedbacks in (215) and (224). Additionally, this methodology
was implemented in (B. Yao et al. 2000) (Helian, Chen, and Yao
2020),. This ensured that, at least in the immediate vicinity of
the reference trajectory, the robust performance requirements
(215) and (224) were still met.

The simulation contrasted the following three control schemes:
- ClL: the proposed controller The pre-estimated mass of the
entire moving body was selected as M ™ 2000 kg for the

thrust allocation, which differed from the actual value in the
plant. The feedback gains in the motion tracking controller
were adjusted to k1 = k2s1 = k3sl = 50. The adaption rate matrix
was T = diag{5 x 10-17, 1 x10-9, 1 x10-9, 5 x 10-9, 4 x 107, 1 x 107,
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1 x 107, 1 x 107, 1 x 107}, and the weighting coefficients were »2
=1x1010 and ©3 = 1.

- C2: Without adaptation, the controller The sole distinction
from C1 was that the motion tracking controller's adaptation
was disabled, resulting in a value of zero for T.

+ C3: the device that doesn't assign thrust The dual cylinders
were typically operated by identical signals, as is customary in
the field of engineering. Consequently, the controller
performed no synchronisation efforts. The high-stiffness
mechanical coupling was required to synchronise the dual
cylinders. The motion tracking controller was identical to the
one in C1.

For the following reasons, the control schemes noted above
were selected for comparison.

C2 behaves similarly to a typical robust controller with only
offline model compensation, as the adaptation is disabled.
Consequently, the impact of parameter adaptation can be
evaluated by comparing C1 and C2, for example, in terms of
steady-state tracking error or positioning error. In the realm of
practical engineering, C3 can be regarded as a control scheme
that is frequently employed. One the one hand, the dual
cylinders in the hoisting gantry are currently controlled by a
single human-operated proportional valve in nearly all
engineering  applications. This implies that the
synchronisation is solely mechanically maintained by the
guide rails and crossbeam, with no software or control-level
efforts involved. The crossbeam will rotate by a small angle,
resulting in synchronisation issues, as the forces of the dual
cylinders should be equal under these circumstances.
Therefore, in C3, the desired cylinder forces are generated by

setting F =F, d=%F .y instead of the proposed thrust

allocation in (204). This will result in cylinder output forces
that are similar to those of the aforementioned practical
situation. Conversely, the PID control is frequently
implemented in practice, and it appears that the PID control
should also be implemented in C3. The ideal parameter
tweaking of PID is laborious and task-dependent, however
numerous previous investigations have confirmed that ARC
outperforms PID (B. Yao et al. 2000). It may be challenging to
determine whether the enhancement is a result of the proposed
propulsion allocation scheme or ARC's superiority over PID if
C3 employs PID.

Consequently, in order to evaluate the synchronisation
performance, C3 implements the motion tracking controller
that was proposed, but without the allocation of propulsion.
The proposed control scheme is compared to the representative
control schemes C2 and C3, which are based on the
aforementioned analyses, in terms of specific aspects.
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Figure 133: Parameter estimation results of C1 in Set 3.

Synchronisation performance is compared based on the
calculated crossbeam rotational angle a. Refer to Set 1 for the
rotating angles of Cl, C2, and C3, with the inclined angle ® of
the lifting gantry set to zero. Ideal operational conditions load
the dual cylinders equally.

As expected, all three control methods can regulate angles to
zero following brief transient processes, but Cl and C2 are
slightly faster.
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However, under imbalanced load conditions (Set 2 and Set 3
with inclined angles ® = 0.5 rad, 1 rad), synchronisation
performance differs. After rapid transient processes, the angles
of C1 and C2 converge to very tiny values. This is due to the
intended thrust allocation in both C1 and C2. The allocation of
forces in the rotational motion, as defined in (202), allows for a
small range of rotational angle regulation due to the stiffness of
the connections between the crossbeam and guide lines. When
unbalanced loads apply on dual cylinders, the rotational angle
of C3 increases significantly without thrust allocation.
Compared to traditional methods, the suggested thrust
distribution methodology effectively regulates imbalanced
loads on dual cylinders, resulting in high synchronisation

performance.
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In conclusion, the comparative simulation results indicate that
the proposed control schemes Cl are capable of achieving
high-precision motion tracking performance and simultaneous
high-level synchronisation of the dual cylinders in the hoisting
gantry under unbalanced loads.

13.13. TBM manoeuvring through a curve

The narrow tail clearances in planar curves are located on the
outer side of the ring diameter, which is parallel to the curve's
plane, due to the predominantly inward (positive) tail
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eccentricities relative to the lining (Figure 136 a). The TBM
construction scenario, which is defined by an outward shield
tail angle o« and an inward tail eccentricity e, can be maintained
while travelling around curves and is classified as a "eccentric”
scenario (Saleta Gil Lorenzo 2022). The equilibrium can be
achieved at a significant relative eccentricity between the
shield tail and the touching rings in the "eccentric” scenarios
(Figure bellow), as the net transverse component of the jack
forces counteracts the action of the unbalanced sealing
pressures. Specifically, the hydraulic thrust jacks lock the
sealing pressure gradients. The position of the rings in contact
is restricted at the cost of activating ring distortion (Saleta Gil
Lorenzo 2022), as evidenced by field (Fig bellow) and numerical
studies (Saleta Gil Lorenzo 2021). In contrast, the touching
rings are prompted to adjust to a more concentric position by
both TBM transverse actions when the tail shield eccentricity is
negative. Only the underground tunnel structure resists lining
correction. In that case, it would be anticipated that the
distortion of the rings in contact would be reduced.
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Figure 136: Example of eccentric tail seal passage that is typical
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jack transverse restrain he inver 1 il Lorenzo 2021):

(c) Concrete damage modes in the R1 ring identified during tail
seal passage.

The in situ response research of the CAM4 instrumented ring
in the Thames tunnel (CTT) of Crossrail is thoroughly
investigated during tailseal passage at incipient TBM steering
around a left curve. The extensive field data set collected on
location must be carefully interpreted in order for the research
to proceed. A Brillouin Optical Time Domain Reflectometer
(BOTDR) was used to successfully equip the CAM4 ring
segments with (i) distributed fibre optic sensors (DFOS)
embedded in the concrete segments, (ii) embedded vibrating
wire strain gauges (VWSGs), and (iii) a Dbiaxial
micro-electro-mechanical system (MEMS) tiltmeter. The
results of the FE modelling carried out in conjunction with the
field data are compared.
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Figure  139:Single advance sequential loadin

TBM

A cell sensor topology was replicated in every instrumented
segment of the ring sensor network, with the exception of the
keystone. The deployment of the Neubrescope-5000X as the
BOTDR interrogator for data collecting as a field monitoring
instrument and the installation of fibre optic sensing cables
embedded in the instrumented segments made it possible for
the DFOS to sense temperature and tension. Parallel sensor
topologies were implemented in the two primary directions of
anticipated axial loading and bending, namely the hoop and
longitudinal directions, to facilitate the calculation of mean
strain and curvature. The principal instrumented parts
consisted of a front and central hoop section, as well as a
longitudinal section at the midpoint of the segment.
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' |
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%ﬁfmii

Figure 140: standard segment layout for instrumentation.

MEMS stands for micro-electro-mechanical system, DFOS for
distributed fibre optic sensor, and VWSG for vibrating wire
strain gauge.

The calculated transverse jack forces should be regarded as
indicative of trends. The graph indicates that the vertical
moments were negative, necessitating the TBM operator to
adjust the jack forces of the lower cylinder groups to be
marginally greater than those of the top groups during uphill
driving. Prior to manoeuvring around the left curve, the TBM
operated with an elevated stance as the vertical jack forces were
concurrently negative. The horizontal moments were
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insignificant, and hence, the horizontal transverse forces were (a)
absent. From OMNm to nearly 25MNm, the horizontal J ‘ o
ack axial loads in first TBM cycle [ bar/shoe]

moments rose as the TBM went farther around the curve. With o o
e e ; _?sna

the active curve steering, the horizontal jack forces increased,
indicating the development of an inward TBM position. In the
initial two advancements following the erection of the CAM4
ring, AD1 and AD2, the vertical moments were minimal,
approximately 5MNm, while the positive horizontal moments
increased from around 10MNm to almost 20MNm, and the
shield’s inclination relative to the lining transitioned from
primarily vertical to horizontal.
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This is followed by the crown segment KR and the keystone K.
In general, the hydraulic jacks that were released at each step of
assembly were those that were absolutely necessary for the
erection of segments. The axial loads of the reinstated jack
were higher than those of the previous stages, with the - —— —— —
exception of the first two assembled segments. This may have 0 %0 60 80 120 10 O”ﬁ 210 200 270 %00 330 360
been done to assure the insertion of the segment and to balance

the axial load distribution in the subsequent stage. After the _ _ (b)

keystone was erected, the maximum load per ram Jack axial loads in second TBM cycle [ bar/shoe]
shoe—roughly 1,060 kN/shoe—was applied. Except for
segments A and K, which were loaded by over 500kN/shoe, the
ram loads oscillated about the value of 100bar/shoe, or
625kN/shoe, as soon as the ring assembly was finished. The
loads just before the commencement of the first advance
fluctuated around 50bar/shoe, which is equivalent to
312kN/shoe, as the jack forces relaxed over time during the
stationary period.
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Figure 142: Axial jack loads and jack transverse forces in the (a

first and (b) second TBM cycles

The above study delineates the radial and tangential jack forces
resulting from the machine's stance concerning the front ring.
The shield angle « was considered positive vertical during the
initial TBM cycle and negative horizontal during the
subsequent cycle, resulting in negative and positive total
transverse forces in the x and y axes, respectively. Both the first
and latter phases of the shift to a steady steering along the left
curve are reflected in the chosen shield poses. Since the shield
tail angle's magnitude is unknown, the jack forces are
expressed in bar/°> There were no additional TBMor line
deviations taken into account. An inclined shield's geometry
problem was used to determine the transverse forces using the
approach suggested in Appendix A. The graphs indicate that
the highest positive (outward) radial forces in the initial TBM
cycle were experienced by the inversion segments C and D,
measuring 4 bar/shoe/° or 25 kN/shoe/® during the first
advance, and 2 bar/shoe/° by the conclusion of the subsequent
ring's assembly. The outer springline segment B experienced
the maximum tangential forces during the advance (4
bar/shoe/°) and the standstill (2 bar/shoe/®). During the second
cycle, segment B had high radial outward forces of 6 bar/shoe/°,
equivalent to 38 kN/shoe/°, during the advance phase, which
subsequently decreased to around 2 bar/shoe/° during the
assembly period. This time, the uppermost tangential forces
were delivered to the crown and invert segments, varying
between 4 bar/shoe/® during the advance and 2 bar/shoe/®
during assembly.
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Figure 143: CAM4 lining pressures in the first TBM cycle

Similar to the other instrumented ring of the CTT tunnel, the
CAM3 ring (Lorenzo 2023) , the chronological analysis of the
CAMt4 lining pressures demonstrates that the eccentric passage
of the tail seal was the primary cause of the highest pressures
and pressure gradients observed during the initial two TBM
cycles (Figure 143). Since the ring had not yet touched the tail
seal when the first AD1 data set was taken at d=0.lm, the
pressures were almost zero (Figure 142). The ring received
almost half of the grease pressure when it was =0.8m. The
lining pressures exhibited an almost linear gradient with a
depth of ~10 kPa/m, with elevated pressures on the outside side
compared to the inner side of the ring. At d=1.4m, the complete
sealing system had shifted onto the instrumented ring, with
the majority of its breadth exerting pressure on the rear of the
ring. The grout pressures in the rear encompassed a width of
less than 0.1 meters. The lining pressures escalated to 120 kPa
at the crown and 300 kPa at the invert, the vertical pressure
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gradient climbed to 25 kPa/m, while the horizontal gradient
became negligible. After the first advance ended, some ten
minutes later, the next pressure profile was taken at d=1.6m. In
accordance with prior research (Bezuijen et al. 2004; Talmon
and Bezuijen 2009; “Processes around a TBM” 2008); , the
annular pressures dissipate gradually during the tail stagnation
periods as a result of grout consolidation and, ultimately, grout
hardening. In bicomponent grouts, the hardening process
generally commences within thirty minutes (Peila, Borio, and
Pelizza 2011), and the compressive strength after one hour may
vary from 30 kPa to 300 kPa (Hashimoto et al. 1995; Peila, Borio,
and Pelizza 2011).
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Figure 143: CAM4 lining pr resin th nd TBM cycl

The initial pressure profile at d=1.6m during AS1 can be
interpreted as a representation of the lining pressures at the
end of AD1 since it is plausible to believe that the grout strength
gain in the first 10 minutes of AS1 was minimal. At a depth of
approximately 1.6 meters, the complete sealing system was in
contact and approximately centred with the ring, while the rear
of the ring was encircled by the annular grout for a width of
approximately 0.3 meters. The lining pressures for swept
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distances of d=1.4m and d=1.6m are nearly indistinguishable,
indicating that a 0.2m increase in loaded breadth due to grout
pressures resulted in an insignificant variation in average
pressures. The contribution of the grout pressures to the lining
pressures at this phase of the tail seal passage was
consequently minimal. The void pressures behind the TBM are
maintained throughout advancement with the continual
injection of supplementary grout.

The thrust jack deviations of radial ram shoe offset and radial
jack inclination can initiate the longitudinal curvatures, or
moments, at the segment centroids during the tail seal passage.
Although not very much, the longitudinal curvatures can also
be altered by the increase in sealing pressures (S. Gil Lorenzo
2018). After subtracting the influence of the radial jack
inclination associated with a specific shield body angle, Figure
bellow estimates the ram shoe offset needed to approximate
the field curvatures in the first TBM cycle. The computed ram
shoe offset, o, is therefore:

kE I w .
(233) 0 == —~ — sinp—,- + ttanep as the concrete is ECThe

following values are used to calculate the Young's modulus: I is
the segment moment of inertia, F is the axial thrust load, ¢ is
the jackradial inclination relative to the segment, taking
outward jack rotations as positive, W is the segment width, and
t is thetheram pad thickness. This calculation was conducted
with the shield body angles that were in alignhment with the

initial shield symmetry axis. (234) B, = - where the polar
coordinate of the centroid of the segment is denoted by 6. As a
result of thesegment rotations, the tail clearance AC at the ring
front can be calculated as: (235) AC =— Wsin(——)
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Figure 144 : Required ram shoe offset in the first TBM cycle.

The longitudinal vertical tilt increases following MEMS biaxial
sensor in situadjustment are shown. The tilt adjustment before
the first advance was slight. Except for segments A and B, all
segments’ longitudinal tilt was negative throughout ADI,
peaking around the crown and invert, consistent with the
shield body and jacks' downward inclination. The -~0.04°
vertical tilt at the invert matched the FE-calculated tilts from
the eccentrictail seal passage simulation with invert ram pad
restraints. Under thrust jack and selfweight downward forces,
the top segments with the largest tail clearance rotated less
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restrictively. Thus, the maximum negative tilt was near -0.06°.
No downward force was provided at the crown segments in the
FE model with invert constraints, hence the numerical tilt was
positive. The early in situ tilt and vertical tilt increments
developed at the second ring of the FE model coincide well in
the second TBM cycle, except for segment A.
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Figure 145: Longitudinal tilt in the first (a) and (b) second TBM
cycles.
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Figure 146: Radial segment rotation in the first (@) and (b)
second TBM cycles.

The springline segment B turned inwards by ~-0.1° during the
initial advance, while the shield was tilted downwards. The
rotation angle varied during the installation of the next ring.
AS1 segment rotation matched ram loads and longitudinal
curvatures. For instance, at the initial measurements at d=~1.6m,
the longitudinal curvature and inward rotation exceeded -1.00
and nearly -0.2° respectively. The negative curvature subsided
by more than 0.25%o, and the rotation decreased to zero in the
third data set. The rotation returned to ~-0.15° in the fourth
data set, whereas the curvature fell to less than -0.50%o. The
rotations and curvatures were stabilised at approximately
-0.10° and -0.75%o, respectively, after the assembly of the
exterior segments in the subsequent ring was done. These
longitudinal numbers show that the interfacial quality between
ram shoe and segment first and between segments after the
next ring is erected greatly affects the outer springline's radial
rotations and curvatures. Rotation of the following ring's
segments during AD2 could affect thrust load transfer at the
CAM4 ring's front ring joint. The considerable decline in
segment B's longitudinal curvature may have been produced by
front segment rotation in response to changing loading
circumstances, as the outer springlinesegments are more prone
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to radial rotations. Once segment cooperation was obtained in
the following ring by rear hoop compression, curvature
increments stabilised.

The minor changes indicate that the pressures were already
stable. The concrete creep deformations resulted in an apparent
rise in mean pressures. As in the initial two TBM cycles, the left
segments displayed pressures above those of the right
segments, correlating with the horizontal displacement of the
tunnel tube and the offset ring position during the CAM4 tail
seal passage. The transverse displacement A§ of a ring
embedded in elastic ground induces a total ground reaction Fg
that is proportional to the variation in pressure gradient Ag:

(236) Fg =—K, AS = Ag‘r[R:. k, is the foundation modulus
(Saleta Gil Lorenzo 2019) and Rethe tunnel's exterior radius.

After the second TBM cycle, the residual horizontal pressure
gradient was insignificant and became -12.0kPa/m in the
eighth progression.

Ring distortion in eighth TBM cycle
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Figure 147: Rin rtion in th eighth TBM cycl

This gradientincrement increases horizontal displacement by
+0.7mm for chalk elastic characteristics (Saleta Gil Lorenzo
2019) and CTT (cross rail thames tunnel) tunnel geometry. The
sequential beam model projected a +4mm displacement after
the second TBM cycle, which would have increased horizontal
gradients. Groundpenetration of shields on the outer side of
curves (D. Festa 2015; Alsahly, Marwan, and Meschke 2019)
reduces the horizontal effective foundation modulus, which
may explain the discrepancy between the two numbers. In
Equation (236), a lower Ktot would increase horizontal
displacements. Vertical pressuregradients were difficult to
identify due to the lining pressure distribution's skewness.
Between AS2 and the ninth TBM cycle, gradients increased
from OkPa/m to -14kPa/m in D, the inversion pressure segment.
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Increased pressuregradients cause a +09mm displacement
closer to the +3mm vertical deflection.

3.14. TBM Steering Simulator Geometric Model around
Concrete Rings

The excavation efficiency of TBMs is significantly influenced
by the proficiency of its operators, making TBM operator
training an increasingly critical concern. Thus, TBM simulators
for operator training have lately been developed by a couple of
the world's top research universities in the TBM sector (Park et
al. 2023). This study sought to construct a geometrical model
for TBM steering simulation in curved excavation as part of the
research project for the TBM steering simulator. The TBM
steering system's concept and mechanism were examined first,
and then mathematical formulae for simulation based on the
steering mechanism—including articulation and shield jack
operations—were derived. To validate the mathematical
formulas, curved excavations were simulated using a Python
software. In order to ascertain the impact of two articulation
angles and two rotation angles on horizontal and vertical
tendency, simulations of various cases were implemented. A
actual TBM simulation of articulation operations was
conducted using the proposed formulae.

TBM steering is accomplished by thrust and articulation jacks.
The thrust jack is the sole tool that may be used for straight or
almost straight excavation. The TBM can advance by
simultaneously extending the jacks at the same rate.
Nevertheless, depending on the characteristics of the tunnel
line, both thrust and articulation jacks are utilised in tandem if
the tunnel alignment consists of a straight line with a tightly
curved line. The articulation jacks adjust to a specified
articulation angle prior to the extension of the thrust jacks.

A copy cutter, an articulation jack, and a shield jack operation
are typically included in curved excavation with a TBM steering
system. In order to steer the front shield with the cutterhead in
the desired direction, the articulation jacks are extended after
the initial overcutting ensures sufficient space for curved
excavation. The extension of the shield jacks propels the TBM
forward. The following procedures are frequently carried out in
curved excavation, although copy cutter operation was not
taken into account in this study: 1. Extension of the articulation
jacks to the desired articulation angle; 2. Extension of the shield
jacks to the segment width; 3. Alignment of the articulation
jacks; 4. Alignment of the shield jacks; 5. Installing the segment
ring; 6. Repeating step 1.

For curved excavation to be successful, shield jack extension
differences must be made by using tapered segments and
one-sided extension (Chanchaya and Suwansawat 2014). We
made the assumption that the shield jacks were stretched
uniformly, concurrently, and at the same speed in this instance.
The placement of the articulation point is the primary
distinction between the two types of articulation systems,
known as the "V" and "X" types. In the V-type system,
articulation jacks are extended in the direction opposite to that
of the curve, with the articulation point situated opposite the
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extended jack. The X-type mechanism entails the simultaneous
extension and retraction of the articulation jack during
articulation, with the articulation point consistently positioned
at the centre of the shield.

a) Articulation system (V-type] Thrust system (reaction force at the middle shield
Y Y| (b)
olo|lo
i i Front Middle
[} - Middle & tail o | e shield HEE
Z | grontsShie shields H 2(2(2
2 — EAERE
Es = 3|a|ad
2
Articulation system (X-type) Thrust system (reaction force at the front shield)
wl|lo|lo
1 q Front Middle
2 1 Middle):tall 2 | shietd shield 3|3|2
3 mesh\e shields 2 e e
3 o [ 55|35
2 @ |a|a
2
Articulation jack Articulation jack
® Articulation point Shield jack
Figure 148: Differen f rin m rticulation

The front and middle shields are connected by a rotation pin at
the articulation position in the X-type. The pin's position at the
articulation point allows for the preservation of the space
between both shields during articulation, facilitating effective
sealing and water resistance, albeit with a reduced range of
controllable articulation angles compared to the V-type. The
shield skin plate serves as the articulation point in the V-type
system. Due to the absence of connecting pins in the system, it
is straightforward to rotate through any articulation angle in
either direction. However, it becomes more difficult to stop
water and dirt from entering during articulation as the
articulation angle increases because of the wider spaces
between shields (S. H. Kang et al. 2017). Figure b above
illustrates two types of thrust systems: response force at the
front shield and reaction force at the middle and tail shields.
Regardless of the front shield's rotation, the latter may provide
a steady thrust force to the segment ring without eccentric
force, making it generally more suitable for curved excavation
(Brundan and Danno 2020).

TBM positioning systems should use a minimum of three
reference locations in three-dimensional space to report TBM
behaviour as it advances. (Figure 149) bellow shows that the
front reference point is on the shield face's plane, while the rear
left and right points are on the plane of the shield face on the
back of each side.
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Figure 149: TBM steering system with TBM position

By keeping an eye on reference points, TBM operators try to
maintain the intended alignment. During TBM advance, pitch,
yaw, and roll rotations are unavoidably produced because to
ground characteristics and machine weight (Figure 150 a).
Pitching is the result of vertical deviations caused by an up or
down deviation in the shield advance direction (Figure 150 b).
Yawing refers to the departure of direction to the right or left,
resulting in horizontal displacement (Figure 150c). Rolling
refers to the inclination of the shield body to rotate in the
opposite direction of the cutterhead's rotation (Figure 150d).
During pitch and yaw, tail clearance between the shield
machine and the segments is not guaranteed. Before they go
above the maximum value, this should be fixed by extending a
set of shield jacks, depending on the direction of rotation.
There will be issues with muck discharge if rolling takes place
since the released soil won't be properly placed onto the
conveyor. Additionally, this puts an undue strain on the
segment ring or screw conveyor, which eventually fails. Before
it reaches its maximum value, rolling should also be adjusted
by rotating the cutterhead in the rolling direction.
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Figure 150: Three rotation angles (Xuesong Shen, Lu, and Chen

2011) : (a) three rotations; (b) vaw:; (c) pitch;

(d) roll.

In an excavation simulation, the path is initially planned, using
a TBM tunnel alignment that includes both a straight line and a
curved line, utilising parallel rings for straight line excavation
and tapered segments to the left or right for curved excavation
(Poncetti et al. 2025). Presumably, each segment ring's cross
section is situated at the centre of each monitoring point. The
following is the mathematical model for the curved line based

on this idea (Figure bellow) : (238) Ti = Ti_l +d cos(b)sin(a),
(239) Tiy = T;_l +d cos(b)sin(a), (240)T. =T, ' + d sin(b) since
i = ring number,Ti = the " term of tracking point of the
segment ring on x coordinate,T; = the " termo f tracking point

on ycoordinates Ti = the " term of tracking point on z
coordinates. a is the hoorzontal angle in the x — y planbe at
the position of i, b, is the vertical angle on the y — z plane at the
position i; d = average width of the tapered segment rings
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3.14.1 Operation of the Articulation Jack in the X-Type System

In order to manoeuvre the front shield in a curved excavation,
articulation jacks are extended first.

The TBM is moved forward in the target alignment by
extending shield jacks after the direction has been determined.
The calculation of reference points entails several assumptions:
the four articulation jacks (upper, lower, left, and right) are
configured in a circular arrangement; the distance from each
jack position to the centre is equivalent to the shield radius; the
distance between the two rear reference points is equal to the
shield diameter; and the distance between the rear and front
reference points corresponds to the length of the front shield.
Figure bellow depicts the X-type articulation system. It is
possible to retract the articulation jack that is pointing in the
direction of the target while concurrently extending the other
jacks. While the other jacks automatically extend, only the
upper articulation jack retracts if the TBM is to be guided
upward. The following formula is used to calculate each
articulation jack's length in the X-type system based on this
principle:

lu -ty ttyv ttv +tv
(2411 = ld =y, tty, v ttv
ll tv tty, ttv +tv
lr ty, Tty Tty —tv

In this context, 1,1, landl denote the length variations of the
upper, lower, left, and right articulation jacks, respectively; tot,
y by and t represent the operational durations for adjusting the

articulation jacks in the upper, lower, left, and right
orientations, respectively; and v, v, v, and v indicate the
extension velocities of the upper, lower, left, and right
articulation jacks, respectivelyThe articulation angle is

determined by the varying length of articulation jacks:
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242)a = tan (50 = tan (1)
( o =tan () = tan (),

1 -l -1,1
(243) B = tan 1(%) = tan” '( o)
L Lg + % (cosa — cos(a, + a))
@l = | |= Lg + 5 (sin(a, + «) — sina,)
0
lz, Lz
R . 0, D -
R Rx +5 (cosa0 cos(a0 + )
_ Y , ;
(45)R = R |= R+ %(sm(ao + @) — sina))
R . 0
z RZ
F (L +R) .
X ;- tlcos(b + B)sin(a, + @)
_ — @ +Rr )
(24-6) Fr Fyr y 5 EAS lFCOS(bO + B)COS(aO + O()
F . (Ly,+Ry,) 3
E 5 + lFsm(b0 + B)

(a) X-type (horizontal steering)

(horizontal direction

when F° =initial fron reference point, R’= initial rear right
reference point, L’ = initial rear left reference point, F_= front
reference point after articulation work, R = rear-right
reference point articulation work, L_= rear-left reference point

after articulation work, M = rear middle reference point
(articulation point) o =articulation angle in horizontal
direction, «/ = initial angle in horizontal direction of planned

route, m(= W)= L. (length of front shield and cutterhead)

W(: ﬁ): D (TBM shield diameter), [ =length difference
between left and right articulation jack.



(b) X-type (vertical steering)
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Figure 153: X-type system: (b) vertical steering;

F° =initial fron reference point,F_= front reference point after
articulation work,M = rear middle reference point (articulation
point = R=1"= R = Lr), B =articulation angle in the vertical
direction (yz plane) , b = Vertical angle on the yz plane at the
initial position of planned route |, =length difference between
upper and lower articulation jack.

3.14.2 Operation of the Articulation Jack in the V-Type
System:

Here, the other articulation jacks are stretched, leaving only the
one in the target direction unaltered. Only the upper
articulation joint remains unaltered in order to direct the TBM
upward, while the others are retracted. The length of each
articulation jack is established as follows:

u tdvd + tlvl + tlvr

|
(247)1 = ld =ty , tv, Tty

lz ty, Tty ttv
lr tv +tv +tv
Regardless of the direction of horizontal steering, two reference
points change simultaneously, with the front reference point
shifting to new coordinates. However, since the articulation
point is situated within the articulation jack, the reference
points at the rear right and left may either vary or remain
constant, contingent upon the goal direction. Auxiliary
variables are initially determined to ascertain the new reference

. . . . _ 2 D 2

points in horizontal steering. (248) d..= 1/1F + (),
2 . . .

(249)d, = N/Z(dm) (1 — cosa), Given that o which is the

distance between RT(RO) and FT(FO), and d, which is the

distance between F’and F, are both dependent on the

horizontal articulation angle. Reference points are recalibrated
based on these auxiliary variables, contingent upon the
rotation direction of the articulation angle and the angle of the
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intended trajectory. If the horizontal articulation angle («) is
negative, the reference points are established as follows:

0

Ll

@50)L =1, |= |.°
T y y

0

Ll e

0 .
RX, RX + ‘llr|cos(b0 + B)sm(aO + %)
— —|0
@5DR =|R |= R
R\ R +d, sin(b, + B)

+ |llr|cos(b0 + B)cos(a, + )

Fxr Fg + timcos(b0 + B)sin(— ¢ + a, + %)
— _ |0

(252) F = Fyf = Fy

F 0 .

E FZ + dmsm(bO + B)

. o
+ dFacos(bO + B)sin(— ¢ + a, + <)

where, according to the reference line at the back, c is the base

angle of an isosceles triangle with three reference points (

angle FL'R"=FRL =F°RL°=FLR).
rrr rTror

(a) V-type (horizontal steering, when a<0)

When M_= rear middle reference point after articulation work

M° = initial rear-middle reference point o =articulation angle
in horizontal direction, « = initial angle in horizontal xy

direction of planned route,a = articulation angle in the
horizontal direction (xy plane) W(: R): D (TBM shield
diameter), W(= TRT)= d., (distance between RT(RO) and FT(FO)
, FTFT = (dpa) distance between F°’ and F_caused by articulation

angle in horizontal direction. ¢ = anlge F°LOR = anlge FR L



(b) V-type (vertical steering, when >0)
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Figure 155: V-type system (b) vertical steering

M_= rear middle reference point after articulation work M’ =

initial rear-middle reference point g =articulation angle in
vertical direction (yz plane),b 0= vertical angle in the horizontal

direction (xy plane) at the initial position of planned route
F0M0(= Fer)z L (length of the front shield cutterhead),

F'F = (dFB) (distance between F’ and F caused by articulation
angle in horizontal direction. [, =length difference between
upper and lower articulation jack.

The three reference points shift in tandem for vertical steering,
with the front reference points moving more than the rear and
the rear reference points moving to new locations by the same
amount:

(253)d,, = \/Z(dFR)Z(l — cosp), d,,= distance between FlandF,
caused by the articulation angle in the vertical direction. Based
on the intended route’s angle and the rotation direction of the
articulation angle, the reference points are subsequently
recalculated. The reference points are established in this
manner if the articulation angle (B) in the vertical direction is
positive.

lx’ 2 + |l;—“|sin(ao + a)cos(bo + %)
(254) lr = ly' = 2 + l;" cos(a0 + ot)cos(b0 + %)

lzr S + |l;—"|sin(b0 + %)

R R;(: + |ld2“| sin(a, + @cos(b, + %)
(255) Rr = Ry’ = sz + |l;—“|cos(ao + cx)cos(b0 + %)

Rzr RZ + @sin(b0 + %)

Fxr Fz + dFBsin(aO + a)cos(c + bO + %)
(256) F = Fyr = Ffz + dFBcos(aO + ocos(c + b + %)

F FS + dFBsin(c + b, + %)
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If B < 0then

0 .
F,g F + dFBsm(a0 + a)cos(— ¢ + b0 + %)

X
257)F =|F .= |§° _ B
(257) r y Fy + dFBcos(ao + a)cos(— ¢ + b0 +-)
F . 0
FZ

g + dFBsin(— c+ b, + %)

Extended shield jacks follow articulation. The shield jack
mechanism works similarly to the V-type articulation system,
extending just selected jacks while leaving others
unaffected.For  successful curved excavation during
articulation, shield jack differences from one-sided extension
are necessary. Assuming equal and simultaneous extension of
shield jacks at the same speed, the length is determined as
follows:

I

u

@58) 1l = [u, = |eev

1,

1
-

tt =operation time of the jack extensions, V =speed of jack
extensions . During TBM advancement, the shield jack
extension changes three reference locations by the same
distance. These new reference points are calculated as follows
following articulation work:

Lx Lx, + llcos(b0 + B)sin(a0 + a)

(260) Rr = Ly = Ly, + llcos(b0 + B)sin(ao + a)
L LZ, + Usin(b, + B)

R , + llcos(b_ + B)sin(a. + )

X x 0 0

(261) R = s F Ry, + llcos(bo + B)cos(ao + )
; R .+ llsin(b, + B)

Fx Fxr + llcos(b0 + B)sin(ao + o)

(262) R = Fy = Fy’ + llcos(b0 + B)sin(a0 + a)
F FZ, + Usin(b, + B)

The TBM advance shifts the front reference point  , F, F,rear
right point R , R,R, and rear left point L, L,L, To compensate

for pitch, yaw, and roll deviations during TBM advancement,
reference points are regenerated as per (Xuesong Shen, Lu, and
Chen 2011).

cospcos -cospsing + sinps— sindcosd
— cosBsin@cosBcose sin®
sinpcos@ +cosdsing + cosdscospcosOd

(263)T =
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L
264)LL =L = T.L
LL

z

RR_
(265RR =[RR |= T.R

RR

FF

X

FF |=T.F
y

FFZ
T =matrix transformation of three rotational angles, 6 =pitch
angle ¢ =yaw angle, ¢ =roll angle FF = front reference point
affected by the three rotational angles, RR = rear right
reference point attached ot the three rotational angles and LL =
rear-left reference point due t o the effect of three rotation
angles.

(D. Festa, Broere, and Bosch 2015) research undermined the
vertical and horizontal deviations caused by pitch and yaw

when the TBM is assumed to move along the planned route:
(MM _—M )—(FF ~F )

(266)FF

(267)d, = ( l ). 100,
(MM —M ) (FF —F )
(268)d = (——5——-).100
F
(a) . (b)

S S

Planned route Planned route

Figure 156: Deviation tendencies: (a) horizontal tendency; (b

vertical tendency.

Python programming was used to simulate curved excavations
based on the mathematical models. Two procedures make up
the curved simulation. After articulation, shield jacks are
stretched to match segment length. After TBM advancement, a
segment ring is formed and articulation and shield jacks are
reset to their initial locations. Cycle operations consist of a
sequence of processes, repeated until the simulation is
complete.

Table 16: Example of simulation conditions for curved
excavation.

arameters [Value |
TBM shield diameter (D) 8000 mm
Length of front shield and cutterhead (1,) 3000 mm
Avergae thickness of segment ring (d ) 1500 mm

Articulation jack speed (= v =v =v =v)l mmy/s

Sheild jack speed (vv) 10 mm/s
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Initial front reference point (Fz, Fz, FZ) 0 mm, 300 mm, 0

mm
Initial rear-right reference point (r’, g, g% 4000 mm, 0 mm,
Y 7 0mm
Initial rear-left reference point (2’ °,1%  -#000 mm, 0
oy mm, 0 mm

According to TBM manuals, the maximum articulation angle in
the vertical direction is around 0.50, while the horizontal angle
varies based on the manufacturer and TBM size, ranging from

0.5to 5.4 . As a result, the simulation’s intended trajectory had

both horizontal and vertical angles set at 0.5 . The horizontal
and vertical variations resulting from two rotation degrees are
critical metrics that the TBM operator must monitor in real
time. In order to ascertain the impact of horizontal and vertical

deviation, simulations with varying rotation angles (0 — 2.5")
and articulation angles in the horizontal (0 — 2.5 and vertical
(0 — 0.5) directions were tested.

The benefits of articulation sealing and water resistance during
articulation make the X-type system evidently more suitable
for use in curved excavation. Also, in comparison to the V-type,
the X-type system's mathematical model is simpler. As a result,
our primary focus was on X-type articulation system
simulations of curved excavations under certain simulation
settings. These simulations involved 100 cycles (100 rings) and
took pitch and yaw into account.

== i
50 =@ Initial reference points (X-type & V-type)I

=4 - Final reference points (X-type)
=1 Final reference points (V-type)

IS
(=]

©w
=)

(W) 21eULpI00d Z

Figure 157: Comparison of reference points from a singular
cycle simulation including X- and V-type systems.

Horizontal (ai) and vertical (bi) angles of 0.50 were used to

generate the intended route in the upper-right direction.
Therefore, o and p were set to be the same as a and b,

respectively, to proceed along this path. Then, as indicated by
Equations (5) and (6) in the table below, the articulation jacks
were stretched.
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The curved excavation process flow chart is displayed in
thesimulated curved excavation.

Location of Jack Required length of articulation
jacka = 0.5 andp = 0.5

Upper 0mm

Lower 70 mm

Left 70 mm

Right 0 mm

Number of rings: 25
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(Zoom-out)

= Planned route
— Reference points(X type.s05,805) 11009

— Planned route
— Reference points(X_type.a.0.5.8.0.5) " w0000

Rooooo § e000
feo0 leoo 2
rw:oo l
140000 . [ #oee
20000 < [ 2000

2\ |

0

120000

100000

80000 ~
60000 0 <
40000 2000 .
- : ¥ 0 ~_
100000, 000 w00 34000
X 120000 0 X

Number of rings: 75

(b) Number of rings: 75
(Zoom-in)

(Zoom-out)

—— Planned route
— Reference points(X_type.a 0.5.8:05) 1120000

— Planned route
— Reference points(X_type,a-0 5,8:0.5) |
40000

100000
feoooa [38000
Tw:on fsauno
[“0000 134000
120000

+32000

[
120000
I (i ¢ 102000
= ~ 100000
R 0000 WO00_ %6000
40000 e 40000 0000~ %6000y

. ¥ ~.

) ~= 20000 2000

100009 #4050
120000 0 X SS08

Figure 158: Simulated curved excavation in top-right direction
without consideration of rotation angles: (a) simulation with 25

cycles; (b) simulation with 75 cycles.

(Figure 158) above illustrates the simulated advancement of
curved excavation in the top-right direction, accounting for
rotation angles (pitch = yaw = 1.0°) during 25 and 75 cycles.

In this case, during the simulation, the red triangle does not
entirely follow the path. During the excavation process, the
TBM is bound to vibrate due to pitch and yaw, which could
result in deviations.

The final reference sites are listed in Table 17 bellow, and the
TBM's total distance travelled is once more around 150 meters.

Table 17: Site references

Location of the reference point  Position (x;y;z)

L (48, 299; 119,800, 62,117)
R (53,427;113,659; 62,117)
F (52,339;117,962; 64, 420)
LL (50, 383; 120, 004; 60, 032)
RR (55, 403; 113, 776; 60, 141)
FF (53,390; 118,137; 62, 368)
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Figure bellow illustrates the difference, taking into account the
rotation angles, between the rear reference point (Mxx, Myy,
Mzz) and the tracking locations of the intended route (Tx, Ty,
Tz). The calculated deviations of 15,000 show an almost
straight line, indicating that the estimated rear reference points
and the tracking point are different. Despite the alignment of
articulation angles with the direction angles of the planned
route, deviations occur during curved excavation due to pitch
and yaw when considering the rotation angles. Thus, following
or during one cycle of curved excavation, the TBM operator
would try to regulate the shield or articulation jacks to
minimise deviations.

i @ Deviation between point TT and point M (15,000 data)'l‘

Figure 159: Simulated variations between the top-right tracking
> f the i ed 1 1] ; .
taking into account two rotation angles
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The horizontal and vertical tendencies shift from 1.75 and -1.75
to 0.71 and -0.71, respectively, as the total angle of the intended
path grows. The TBM's forward motion causes a change in its
y-coordinate advance direction, which in turn alters the
direction of both tendencies, the magnitude of which
approaches zero. When both o and B are equal to zero, the
articulation angles are -1.75 and +1.75, respectively, and neither
tendency changes. Since yaw and pitch are both identical at 1.0
degrees, the values of o and B are 05 degrees, and both
tendencies align with the y symmetry axis.
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Figure 170: Variation of horizontal and vertical tendency with
pitch angle
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Figure 171: Propensity to lean horizontally or vertically varies
with angle of horizontal articulation.

This study set out to instruct TBM operators, using a simulator,
how to utilise the steering system for curved excavation.
Consequently, the last step of the research was to apply and test
the mathematical models that were proposed using the TBM
simulator. Adobe Air, with its native scripting language Adobe
ActionScript 3.0, was used to develop the TBM simulator. The
software development kit (SDK) for Adobe Air was version 32.0,
and the integrated programming environment (IDE) utilised
was Intellij IDEA. Adobe Air is able to create applications with
low capacity and excellent performance since it employs vector
graphics. Easy platform access is a result of the lack of
installation-related pre-configuration effort. The simulations
included the test circumstances provided in order to compare
the findings with Python.
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Figure 172: Simulation progress of the curved excavation at 25
: ] ideri - ] : rigt

direction.

The graphic above illustrates the simulation in the top-right
direction across five cycles, excluding the rotation angles, to
demonstrate the adjustment of the articulation jacks during
excavation. As illustrated in the above figure, discrepancies
between the intended trajectory and the rear-middle reference
point build throughout excavation due to the variance in
articulation angles (0.2°) and the angles along the route (0.2°).



With both articulation angles elevated to 0.5° the deviations are
significantly reduced, allowing the TBM to traverse nearly the
whole route once more.

Table 18: Direction angle in the x-z plane calculated from
articulation jack lengths.

[Condition
L<i, =1

[Direction Angle (Clockwise) |
0 (= 360)

L>1,1=1 g0

lu=ld’ll>lr 90"

L=1,1<l 570

1 -l o
Ltoh<h tan™(50) + 360
d u
L<lph >l gyt
L2t a2 + 180

During excavation, variations between the planned route and
the rear-middle reference point are measured due to the
rotation angles. As the entire excavation distance escalates, the
deviations augment, as evidenced by the distance between the
pale green dot and the crossline. Due to the progressive
accumulation of induced deviation, the TBM operator must
adjust the pitch and yaw utilising the shield jacks and
articulation jacks. The varied nature of soil grounds means that
variations are often inevitable during excavation. As a result,
the operator uses the navigation panel to monitor the TBM
position in real time and makes adjustments to the articulation
and shield jacks based on deviations. The operator, on the other
hand, is less worried by variations during rock extraction
because most rocks exhibit more uniform properties than soil.
Thus, the operator just needs to modify the shield jacks to be
stretched during the excavation once the articulation jacks
have been established beforehand. The excavation simulation
in real time allows for the indirect experience of curved
excavation in both soil and rock, contingent upon the
designated rotation angles for the TBM simulator.

3.16. Anchorage length of the anchor

The free piece of the anchor can create prestress by increasing
torque, and the anchor section can retain the anchor rod firmly
inside the surrounding rock. The length of the anchorage
section is often assumed to be around 0.4 times the length of
the anchor, and the amplitude of the prestress is typically not
greater than 2/3 of the anchor rod's tensile strength. This is the

anchorage section's stress diagram.
L1

(267) [ 2mat(x)dx — P = 0, Establish the equilibrium equation
0

as follows by taking a tiny force unit dx in the direction of the
anchoring length and taking the prestressed anchor's

anchorage length as L 1 (268)t(x) = AX + Bx + C,
anchorage section can be determined by fitting a
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three-parameter  quadratic  polynomial as  follows.
(269) 24L° + 3BL. + 6CL = -~ The distribution law

function of shear stress 1(x) in thewhere A, B, and C are
constants to be calculated. L1 is the length of the anchorage
section, an is its radius, P is the prestressed anchor tension
load, and 1(x) is the shear stress distribution function. From

equations (267) and (268), we obtain (270) 2AL§ +BL +C=0

The maximum shear stress in the anchorage section of the
prestressed anchor should be less than the shear strength of
the anchorage interface when the anchoring force is supplied in
that section. A safety factor is added to guarantee that the
anchorage portion can function as intended, as indicated by the

2
following equation. (271) tmax = % + C<[t]/ K where [1] is
the anchorage interface shear strength, r max is the maximum

shear stress at the anchorage interface, and 1/K is the safety
factor. By combining the aforementioned formulas

> 3P . .
(272) L, = IO e e The physical meaning of
constant C is residual strength tr when the loading end of the
bolt enters the debonding stress condition. The shear strength
of the anchorage interface should be greater than the
maximum shear stress of the anchorage section. The
embedded end shear stress value is still very small, almost
negligible, when compared to the maximum shear stress of the
bolt interface, meaning that the loaded end's residual strength
can be disregarded. In the event that the field pullout test is
unable to monitor the entire load—displacement curve of the
loading end, the residual strength is set to zero and the
parameter C's influence on the anchorage length can be

disregarded (273)L, > > Thus, equations (272) and (273)

— 4malt|
can be used to calculate the minimum anchorage section
length of ar.prestressed anchor
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Figure 173: Effect of free section length on anchor stiffness
Anchor stiffness and bearing capacity are significantly

increased by free section leading, and as free section length
grows, so does bearing capacity, but overall anchor stiffness
decreases. The bolt's stiffness value decreases with increasing
free segment length. As a result, while designing and building a



prestressed anchor, it is crucial to choose the right anchor free
length.

The utilisation of prestressed anchors in tunnel construction
has seen a gradual increase.(Q. Wang et al. 2024) categorised
prestressed bolts and validated their efficacy in maintaining
surrounding rock stability under various anchoring techniques
through on-site engineering tests. (Zhenyu Sun et al. 2024)
examined the impact of different anchor support methods on
tunnel yield zones and deformation, taking into account the
interplay between grouting anchors and surrounding rock, and
corroborated their findings at the construction site. (Cai et al.
2015) conducted a comparative analysis of plastic zone
distribution and stress change characteristics in surrounding
rock under diverse anchoring conditions. Field results
demonstrate that the combined use of bolts and anchor cables
effectively controls surrounding rock. These outcomes indicate
the successful application of prestressed anchor bolts in
practical engineering scenarios. Employing the prestressed
anchor design method outlined in this paper, engineering
calculations were performed within the context of the actual
Badaling tunnel project.

To determine the length of the anchor The radius of the
surrounding rock's plastic zone must first be calculated. The
modified Fenner formula could be used to determine the radius
of the plastic zone based on the elastic-plastic theory and the
Mohr-Coulomb criterion.

1-sinp
(274) Rp = ro[%]m, T, = circle radius of tunnel

, P, = original rock stress , C = cohesiveness of soil ,
p, = Prestressed anchor force

Rp = Istheradiusplasticzone, To get Rp (9) L,z Rp - R,
@75)L=L +L +L +L, where L is the exposed tension

length, L2 is the free section length, L3 is the thickness of the
pallet and anchorage, and L is the entire length of the
prestressed anchor.
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Figure 174: Mechanical bearings load on the arch
(276)T.h — L.q. h2/2 - q. cZ/Z = 0 According to the balance

of the force system:
q = vertical stress R A = lateral pressure coef ficient,
2c = spanof the bearing arch (277) T0 — fqc — A\gh =0

h = height of the bearing arch
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, f = solidity coef ficient of the surrounding rock,
fqc = horizontal shear force at the bearing arch

2 2 2 2
(278) T = \/TX +T, = \/(TO - A q.y) +(q.%)
T,= axial force at the top of the rock

T = axial force at any point of the arch,
Q79 T, = qA.h’/2 + q.c/2)/h,

(280)T = \/(q. AR°J2 + /2)/h = Mg W+ (@ x)°
q.k.hz+q.c2 =T

@8)T = T
X = ¢,y = h, thesidewall axial forceis
3 2
_ q.c Aq.h 2 s :
(282)T, = \/( T T) + (q.¢)” The axial force of the side

wall and vault can be determined by analysing the surrounding
rock bearing arch. The bearing capacity of the surrounding
rock can be ascertained by further obtaining the bearing arch
thickness of the surrounding rock by stress analysis.

3.16.1. Calculating the thickness of the bearing arch.

51

(283) L,= Length of the free section,

r
L2+r ~ 2m.tana

dn = thickness of bearing arch,

51
2tana

r = radius of curvature of cavity wall (284)n =
N

= annular spacing of anchor

_ o _ _ r +L2 s
a=45(0285)d =L, -m-n (286)d =L, — s =5
F
Reinforcement diameter formed by the anchor (287) P, = ;
1.2

Fb = Anchor preStress (288) [oc] = Pbtanz(%) + 2c. tan(%)
[O‘C] = compressive strength bearing arch load (surrounding)

P, = Anchor prestressed , s, = Annular spacing ,

o . AR +q.c
s, = longitudinal Spacing (289) o_ = % < [oc],

[O‘a] = compressive strength bearing arch load

(290) o = V(@A) +(g.0)°*
b

) < [0 ]Using the minimum uniaxial
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compressive strength ([sc]) of the surrounding rock, the
minimum bearing thickness of the tunnel vault and side walls

can be calculated as follows (291)d = [Z—] (292)d, = [:—‘] By
incorporating equations (293) and (294) into the safety

coefficients of the vault and side walls, we obtain
son ik = 24 on ke 4,[o]
(293) K = quJrqcz,( VK, =

A, 2 2 2
(qc /2h —Aqh/2) +(qc)

3.16.2. Anchor length and spacing calculation:

(P. Li et al. 2023) was able to demonstrate from equation (273), it
is evident that K equals 1.5, and P is contingent on the bolt's
tensile strength, typically set at 10% by the designer,
amounting to 18 kN. The shear strength of the anchorage
interface, [1], is 240 kPa, as determined by field pullout tests
measuring the average cohesive force of the stratum. With a
being 0.01 m, the final calculation yields: L1 > 2.69 m.

Equation (275) demonstrates that L2>RpR0. The surrounding
rock's cohesion, c, varies based on its properties. For grade IV
and V surrounding rock, c is 0.3 MPa. The internal friction
angle, ¢, is 32° while the original rock stress, PO, is 2.75 MPa.
The prestressed anchor supporting force is 0.2 MPa. Inserting
these values into equation (275) results in: r0 = 19.11 m and Rp =
26.65 m. Consequently, L2>RpRO = 7.54 m.

Neutral
PR | | S— \‘ point /

Figure 176: Axial force of an anchor diagram

L3 represents the pallet and anchorage thickness, typically
ranging from 0.2 to 0.3 m. L4 denotes the exposed tension
length, usually 0.15 m, which depends on the anchor type and
anchorage method. The total prestressed anchor length is thus
calculated as: L = L1 + L2 + L3 + L4 = 10.68 m. In this case, the
prestressed anchor length, L, is set at 11 m.

As anchor density increases, the stress fields generated by the
bolts overlap, resulting in a thicker bearing arch. For grade III
and IV surrounding rock, it is suitable to consider a thickness of
0.8 to 1.5 m for grade IV. In the Badaling tunnel project, the
transverse bolt spacing is 1.2 m. However, as the tunnel
excavation's impact on the surrounding rock is less significant
along the tunnel axis compared to the transverse direction, and
the anchor rod forms the bearing arch transversely, the
transverse bolt spacing can be slightly larger than the
longitudinal spacing.
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3.16.3 Calculation explanatory of anchor axial force and
applied load of the bearing arch

The bearing arch thickness for various surrounding rock
grades is determined by calculating the axial force using
formulae (278) to (289), considering the differing bearing
capacities..Utilising equations (290) to (294), the minimum
bearing arch thickness for the vault and side wall is derived, as
shown in (Figure 175). (Figure 176) illustrates the correlation
between surrounding rock strength and bearing arch
thickness.

The calculations reveal that bearing arch thickness decreases
as surrounding rock strength increases. For surrounding rock
strength below 5 MPa, the vault requires a minimum bearing
arch thickness exceeding 10 m. When the strength reaches 8
MPa, the required minimum thickness ranges from 2.96 to 5.41
m. At 20 MPa strength, the minimum thickness is
approximately 3 m.

Grade I surrounding rock typically has a bearing arch thickness
under 3.5 m, while grade II ranges from 3 to 6 m. Grade III
requires a minimum thickness of 6 to 16 m. Due to their low
strength, grades IV and V necessitate a bearing arch thickness
surpassing 16 m to maintain stability.

Consequently, grade I, IT, and some grade III surrounding rock
can maintain stability using their own bearing arch and bolt
support. However, grades IV and V require more robust support
measures to enhance the surrounding rock's compressive
strength and bearing arch thickness, thereby ensuring stability.
The surrounding rock bearing arch thickness (dn) can be
increased by modifying anchor length and judiciously
adjusting spacing. Preliminary design parameters for
prestressed anchors are determined by comparing the bearing
arch thickness with the minimum bearing arch (da, db)
through theoretical calculations.

3.17. Rail system

The wheelset, consisting of two wheels connected by a
cylindrical rod (the axle), rotates at a uniform angular velocity
(w) due to the rigid connection between the components. This
wheelset moves along a steel guideway formed by two parallel
rails, separated by a predefined distance known as the rail
inside face. This configuration is commonly referred to as the
conventional "wheel-axle” system (Figure 177). The rail itself
consists of three primary structural elements: the foot, the web,
and the head, each contributing to the stability, strength, and
functionality of the track system.
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Figure 177: Wheelset railway conventional rolling rails(Pyrgidis
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Elastic forces, including creep and gravitational forces, are
generated at the wheel-rail contact interface during wheel
rolling. Under favorable operating conditions—such as
high-quality track alignment, compliance with speed limits,
and well-maintained rolling stock—these forces play a crucial
role in maintaining vehicle stability and ensuring precise
guidance along both straight sections and curves of the railway.

Rolling surface

|

R'l «——— Rail head
Cheek

Web ——5

Foot

l

Figure 178: Applied load direction on track

Rail operating on a straight path: A conventional railway
wheelset, running at a constant speed (V) along a straight
track, maintains equilibrium when centered on the rails.
However, any transverse displacement of the axle from its
initial equilibrium position—due to factors such as track
irregularities or wheel asymmetry—alters the rolling radii of
the two wheels, resulting in unequal radii (r1 #r)In such a

scenario, as shown in (Figure 180), the relationship (r2 >r,> rl)
holds, where r represents the rolling radius at equilibrium.
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Since both wheels are rigidly connected to the axle,they rotate
with the same angular velocity w. Consequently, the following
relationship emerges:

(295) wr, > wr > wr where V,>V >v

Where v oV 11:elative velocities of the wheels

Here, the wheel with the larger rolling radius r travels faster
than the smaller-radius wheel r, causing the axle to rotate
about the transverse axis y . As the wheelset continues moving
forward, the rolling radius r ) of the slower wheel (wheel 1)
gradually increases, while r of the faster wheel (wheel 2)

decreases. This dynamic reversal, where wheel 1 begins to
overtake wheel 2, initiates a cyclical process known as hunting
oscillation.

In practice, the motion of the wheelset—and particularly of the
complete vehicle system, including the car body and bogies—is
more complex. At constant speed V, if the rolling direction of
the wheels deviates from the direction of vehicle movement,
creep forces develop at the wheel-rail interface. These forces
alter the kinematics, imparting a dynamic behavior to the
wheelset (Giannakos 2012).

At low speeds, this mechanism ensures vehicle stability (Joly
and Pyrgidis 1990). However, at higher speeds, the amplitude of
oscillations increases, and the wheelset motion becomes
unstable. Stability under such conditions is maintained
through the primary suspension system, which provides
longitudinal elastic connections between the bogies and
wheelsets, thus limiting oscillation amplitudes.

If the wheelset’s lateral displacements exceed the allowable
flangeway clearance, the wheel flanges ensure continuous
wheel-rail contact and prevent derailment as shown in figure 7.
These flanges play a critical role in maintaining safe operation,
especially under dynamic conditions.

Wheelset Dynamics in Curved Track Sections: Consider the
scenario depicted in Figure 8, where a wheelset enters a curve
and experiences a lateral displacement ‘y’ relative to its outer
face. Due to the conical shape of the wheel profiles, the original
rolling radius r_ for both wheels changes to r and r for the

outer and inner wheels, respectively. The rolling radius of the
outer wheel becomes larger, satisfying the condition r >r,

which results in higher linear velocity for the outer wheel
v >V, . Since the two wheels are rigidly connected to a

common axle, the wheelset tends to rotate towards the inner
side of the curve by a transverse displacement y , seeking a

radial alignment along the curve, with each wheel covering a
different path length. However, if this transverse offset y
exceeds the available flangeway clearance o, the wheel flanges

ensure that the wheels remain securely on the rails, preventing
derailment.
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Figure 181: Cross section illustration(Pyrgidis 2021).

Although the description above focuses on the behaviour of a
single wheelset, curve negotiation by the bogie and vehicle as a
whole involves more complex dynamics. The positioning of the
axles is influenced by the interaction between the motions of
the bogies and the car body. Despite these complexities, the
fundamental mechanism of wheelset guidance in curves
follows the same principle.

Since the inception of railways in 1825, this wheelset guidance
mechanism has served as the foundation for maintaining the
stability and alignment of railway vehicles on both straight and
curved tracks. Unlike other modes of transport, rail vehicles do
not rely on human input, such as steering, nor do they require
complex guidance systems.

To further analyse curve negotiation, horizontal curves can be
categorised based on the range of their radii values R , offering

insight into the challenges involved in vehicle dynamics along
different track geometries.
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e R >5000m
e 2,000m <R <5000m Largecurve radii

Very large curve radii

e 500m <R <2000m Medium curve radii

e 250m <R < 500m  Small curve radii

e 100m <R <250m  Verysmall curve radii

e 20m <R <100m Tramway network curve radii
@56V, <V <V Y
Var = Average running speed

,(257) t = VS +n.tt = Targettime,

= Speed at individual track segment

S = Connection length (Km) n. = number of intermediate stops,
Var = Average running speed ,(257) Vd = Var. kv,
kv = Track design speed coef ficient, (258) 20 = 2e — (Zda + Zfa)

With the exception of curved alignment sections with small
curvature radii (Rc < 150200 m), where a widening of the track
gauge is frequently permitted to facilitate the inscription of
vehicle wheelsets (gauge widening), the distance between the
rails is constant throughout the network length regardless of
the type of track gauge.In the case of standard track gauge, the
arrangement of the rails and the wheels that run on them
automatically.

130-150 mm — te— 130-150 mm
2d, 70 mm
L} v v
15 mm 1- 10 mm J
+
O |« 2e, »
I« 2e »|
1€ 2¢,:1,500 mm »

Figure 182: Standard gauge railway track with wheels on rails:
metrical an nstructional dimensions(Pyrgidis 2021

2e represents the track gauge= 1,432 — 1,470 (mm), 2e outer

flange edge-to-edge distance (flange gauge)
= 1,426(mm) — 16 + 3, 2d is the back to back wheel distance

(inside gauge)= 1,360 (mm) — 3, 2e o is the theoretical distance

between the running surface of the right and the left wheel
between centred~ 1,500 (mm), f , s the flange thickness

= 33 — 25 (mm) (wear limit = 25mm, o is the flange ay
clearance = (2e — 2e )/2(mm). 20 is the total flange way

clearance= 2e — 2e (mm).

The rail fastener system (Figure 183) serves to anchor the rail to
the sleepers, playing a crucial role in maintaining gauge and
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limiting rail movement. The complexities of this system were
reduced to its essential translational restraining function. To
avoid geometric bias in thermal expansion, a straight track was
chosen for the study, as curved track introduces additional
effects on Rail Neutral Temperature (RNT). The investigation
utilised the standard 132 RE rail section, assuming no
manufacturing or welding defects. Whilst concrete sleepers
and the e-clip rail fastening system were selected, their
properties had minimal impact on the analysis presented. An
RNT of 17 oC (0 oF) was chosen to align with previous literature
(Knopf et al. 2021). Although this RNT is not realistic, it does
not affect the study's outcomes, as thermal stress develops due
to temperature changes post-installation rather than the initial
temperature. The maximum deviation from the RNT was set at
60 oC (140 oF), which exceeds typical field conditions but allows
for investigation of extreme scenarios in simulations..

Existing Ground Elevation
Top of Grade (TOG) Elevation

Bottom of Tie (BOT) Elevation
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Figure 183: Cross section illustration demonstrating the rail
angle

3.17. Railway Automation

As the primary executive component of the railway automation
system, the work aims to establish a mathematical and
simulation model of a switch's electric drive in the form of a
two- and three-mass electromechanical system based on DC
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and AC motors. Research material. A significant issue in the
mathematical modelling of switches' electric actuators was
that the load was not considered in the existing models, which
were regarded as single-mass electromechanical systems. The
most prevalent switches in Ukraine's railway transport system
are SP-6 switches and variations based on them. The main
structural components of the switch are illustrated in Figure
below: the frictional connection 4 is constructed within the
same block, the main shaft with gate gear is 5 and the
autoswitch block is 6, and the gate with cam locking
mechanism is 7Increased switching time and accelerated wear
of the kinematic system's links are caused by the SP-6 switch's
design features and associated drawbacks (the need for
frequent friction protective device adjustments, the intricacy of
the autoswitch design, and the existence of a technological
clearance in the gearbox's gear gear transmission), which
generally compromise railway traffic safety.

¢ Pl
REEEDRS

Figure 184: A SP-6m form of design (Buriakovskyi et al. 2020).

1. The body; 2. The electric motor; 3. The reducer with frictional
connection, which is integrated into the same block; 4. The
main shaft with gate gear; 5. The autoswitch block; 6. The gate
with cam locking mechanism; and 7. The gate.

The SP-6 switch's design features and the associated
disadvantages (such as the necessity for periodic adjustment of
the friction protective device, the complexity of the autoswitch
design, and the presence of a technological clearance in the
gear gearbox of the gearbox) result in an increase in the
switching time and accelerated wear of the links of the
kinematic system, which generally impacts railway traffic
safety.

The mechanical (friction clutch, technological clearance) and
electrical  (position sensor, uncontrolled switching)
disadvantages that have been identified can be conditionally
divided(Kuznetsov et al. 2018). In order to investigate the
processes that transpire within the switch's electric motor, it is
suggested that the system be regarded as an interconnected
electromechanical system. Furthermore, in order to investigate
the impact of clearances and control methods on the reliability
of the switching process (Buriakovskyi et al. 2019), it is
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advisable to view a switch as a multimass electromechanical
system that accounts for the masses of an electric motor,
wings, and elastic connections, as a result of its design features.
The mechanical (friction clutch, technological clearance) and
electrical  (position sensor, uncontrolled switching)
disadvantages that have been identified can be conditionally
divided. The electric drive of the switch is suggested to be
studied as an integrated electromechanical system.
Furthermore, in order to investigate the impact of clearances
and control methods on the reliability of the switching process,
it is advisable to view a switch as a multimass
electromechanical system that accounts for the masses of an
electric motor, wings, and elastic connections, as a result of its
design features.

The first mass J, is the entire moment of inertia of the motor,

gearbox, and gate in a two-mass electromechanical system
(Figure 185 a). The total mass of intelligence and inter-edge
thrust is represented by the second mass, m,. ¢ ,is an elastic

connection that is formed by the working thrust from the gate
to the first blade. The gearbox is responsible for converting the
rotary motion of the motor shaft into the translational
movement of the gate. The model considers the clearances in
the kinematic transmission, including the technological
clearance ¢ _and the clearances ! in the cotter-pin connections

of the thrust attachment with the gate and the blade. In a
two-mass system, the existence of an interstellar thrust
indicates the presence of elastic connections between the first
and second witses.

Consequently, the authors further examine the switch as a
three-mass system (Figure 185 b, c). The primary rationale for
this method is that the dynamic processes in the mechanism
are significantly affected by the presence of elastic coupling
elements (Lagos et al. 2014; Papacek 2000; Krishnan 2001).
Therefore, it is recommended to employ the two-mass model
for engineering calculations.

93

C

Figure 185: The switch's two-mass calculation scheme (a);

connection _in series (b); and three-mass calculation strate
with an elastic mass connection in parallel.

As previously mentioned, the first mass in the calculation
scheme with series connection of elastic masses (Figure 184,b)
of such a system is composed of the motor shaft's moment of
inertia and the gearbox’'s moment of inertia decreased to the
motor shaft. The interstitial thrust serves as an extra elastic
link, while the second and third masses are the first and second
wits, respectively c,.. As can be seen from the switch's

kinematic diagram (Figure 186), the working rod is attached to
the first wit via the inter-turn rod rather than resting directly
on it. According to the authors, it is most practical to think of
the switch's mechanical component as a three-mass design
scheme with a series connection of elastic masses, where J s

the motor rotor's moment of inertia, ]pis the gearbox's moment
of inertia reduced to the motor shaft, and J is the first mass's

total moment of inertia; The motor's electromagnetic torque
and thrust force are denoted by Mdv and Fdv, respectively; the
technological clearance and inter-shaft rods by ¢,_and ; the

elasticity of the working and inter-shaft rods by F _and F_;; the

resistance forces of the first and second wits by F_and F_; the

elasticity of the working and interstellar rods by c and c,_; the

coefficients of internal viscous friction of the working and

intershaft rods by g 12and B,y and the second and third masses,

respectively, are represented by m and m,_(Figure 185,b). It is not
feasible to depict the switch as a four-mass system.
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Figure 186: Diagram illustrating the SP-6m switch's Kinetic
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Figure 187: The general mechanism for determining switchin
effort is as follows: 2 wits; 3 connecting thrust; 4 workin

the second is number six.

length of the wit and is equal to v, we find the elementary

. . . _ L
element forces relative to the root of wits: (260) M, = yq, 1,

_ 3 _ 2k-1
M2 = lpqz 2 l...,Mk = lIqu 7 b

n n
(61)M, = ¥ M =54l ¥ q, +3q, +.+ 2k — 1)gq,, Thus,
k=1 k=1
when applied at a distance L—a from the root (beginning) of the
wit, the force necessary to overcome the frictional forces of the
moving components is

T2 q,*3q,+.+ (2k - g, Assuming
k-1
that ql = g2 =...= gk = q and doing approximations of the force F,

M 1
(262)F =~ =1y

1
L—

n

l 1 2
—a k2_:12 +3=.4+ 2k —-1) =-yqn
as L =Lnand Q = q.n then (264) F = . Q;*,- since L is the
wit length and Q. Typically, 1.1 is used as the coefficient that
accounts for the impact of friction forces in the joints. Using
the following formula, we compute the estimated effort
required to switch between a pivot and an inlay-onlay mount:

we get: (263) F = 5-yiq -
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1 L L .
(265)F = 1,154.Q-, = 0,55.Q-, According to the

preceding calculation, the switching force is dependent on the
weight of the switch's moving parts, the kind of rails, where the
switching rods are fixed, and the coefficient of friction of the
cushions' wits. All given quantities, with the exception of the
final one, are ascertainable. The value of the coefficient of
friction is contingent upon the condition of the switch, the
quality of lubrication of the switch pads, the purity of the
treatment of their surfaces, the soles of the feet, and other
factors, and can range from 0.05 to 0.3.

g1l 2

Figure 188: Kinematic line clearances of the switch: 1, 2. 3 - at
] s’ ] ] = _ technological authori

The permissible distance for the safe movement of the wheels
of the rolling stock must not exceed 4 mm (Rubanenko,
Labzun, and Hryshchuk 2017); otherwise, emergency situations
may occur, such as "cutting the switch,” resulting in derailment
and damage to both the roadbed and the associated
infrastructure. Because of the effects of friction, uncontrolled
switching speed, and the influence during technical clearance
development, the rod links gradually break and clearances rise.
The average rate of increase in the size of the clearance is 0.05
mm per month.

The SP-6m switches are distinguished by the 46 technological
clearance between the third and fourth stages of the gearbox
(Figure 187, 188). This clearance is essential for the motor's
acceleration and the accumulation of kinetic energy, which is
needed to disrupt the switching process at the outset (Resnikov
1975). The modelling of the mechanical component of the
electric drive is conducted using the actual values of clearances
and the influence of internal viscous friction forces. The total
elastic viscous force is determined as:

Fi,= o, if signAl # signAvand |Fut| > |F'12|

Fw + F12 if signAl = signAv and |th| > 'F12|
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F, =c,FQis the elastic force, F =B, AvF () is teh

viscous friction force, F.O and F,() are the non-linear

functions:
Al
0 at |Al| < >
— Al Al
26OF M =~ T arar>
Al AL
Al + — at Al <— <
Al
0at |All < —*
— Al
@DF,M = i gejan> o>

A similar method is used to compute the elastic viscous force
F,, in the three-mass model (Figure 190).The mathematical

model was implemented in the Simulink environment of
MATLAB for engineering purposes. The model was constructed
incrementally, adhering strictly to the calculation methods:
motor block, reducer block, first wit block, second wit block.
Clearances — technological clearances one and two at the joints,
reduced to the fastening of the first and second rail, are
indicated with separate blocks. The weight and dimensions of
the gear stages are used to compute the numerical values of
their moments of inertia. The viscous friction coefficients c ,

By Coppr and B,, as well as the stiffness of the working and

connecting thrusts, are also necessary for modelling. Along the
longitudinal axis, the deformation of a metal rod is the thrust:

n(i)z
(268)c, =c, =E -~ where d is the thrust diameter, 1 is the

thrust length, and E is the steel modulus of elasticity. Because
the direct connecting thrust and the working thrust in the
model have the same length and diameter, it is assumed that
their rigidities are equivalent. The internal viscous friction

coefficient is calculated to be between 1 x 10° and 1 x 10"
based on the research findings (Akimov, Kolotilo, and Markov
2000). Currently, a lot of systems use both an induction motor
(IM) and a DC motor (DCM). The frequency converter (FC) can
be powered by direct current (DC) from an autonomous voltage
inverter or alternating current (AC) from a rectifier.
Consequently, the system under development can be integrated
into a switch control circuit utilising both direct current motors
(DCM), such as the sequential excitation motors MSP-0.1,
MSP-0.15, and MSP-0.25, commonly employed in Ukraine, as
well as induction motors (IM).In the DCM of sequential
excitation, the electromagnetic and electromechanical
processes are described by the following equations:

- di ;
|u— (La+Lv) x T (ra+rv)1 te,
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and serial mass connection

The electric drive of a switch can be replaced from a DCM to an
IM with frequency control using the model presented in this
paper. A mathematical model of a switch is proposed as a
solution, which is based on a structural diagram figure above.
Rather than a DCM/IM block, an FC-IM block is employed.
Because an induction motor is a nonlinear, three-dimensional
object with a pretty complicated structure, the given set of
equations (268) for DCM does not accurately describe or model
an electric drive with an Im in the (Figure 190) bellow
illustrates the equivalent circuit of the IM in the electric drive.

X, R

o '
Figure 190: Phase-equivalent induction motor circuit

To accurately describe the IM mathematically, the coordinate
system and model configuration are crucial, as they depend on
the input and output signals, control system structure, and
motor power source characteristics.

This study modelled an electric drive setup using a coordinate
system orientated along the rotor flux linkage. For the
simulation, the following assumptions were made: In a
three-phase induction motor, the stator and rotor have
symmetrical windings, air gap is uniform, magnetic field is
sinusoidal, and rotor and stator axes do not align, resulting in
an arbitrary angle. To transition from multiphase harmonic
signal mathematical description to orthogonal two-phase
coordinates, a generalised vector notion is utilised.


https://paperpile.com/c/WhyjyQ/OnvZ
https://paperpile.com/c/WhyjyQ/OnvZ

. 2m . Am

. . . 2, j 2
(269)1:%(1A+ ai +a.i)a=e ,a =e

3

are the vectors
taken into the account of spacial displacement of the windings;

P = P = _ 2m ;= 2m
i, =1 coswt, i, = Imcos(mt ) i,= Imcos(u)t + 3 the

following equation is obtain by substituting the values of the
instantaneous current into the equation above to obtain:

. 2m . 21

(270) iS = %Im(cosa)t +e 7. cos(wt — ZTT[) +¢° x cos(wt + 2Tﬂ)) =

, For an arbitrary-speed rotating coordinate system, the
equations can be stated as:

S

. dly .
uS=RSLS+ p” +}u)k1p5
(271) s a¥, . _
U, = RRlR +— t ](ook wR)LIJR

W =L+ LG
b = Lis + Ly

-3 i
M = - ka. Mod(t]JR X ls)

dmm
— =M—Mn

Where w = pw ; as p is the number of pole in the machine; J is

the moment of inertia of the rotor. In a squirrel-cage motor, the
vectors Lpsand v, diverge due to scattering of the stator and

rotor windings. The following applies to them:
Q7)W= (L +Li +L isb = (L +L)i +L i,wherethe

leakage inductance of windings is L, and the leakage
inductance of the main leak is L . In this context, it os

considered the inductances associated with the stator and rotor
windings.(273) L =@ +L) L= +L) Control systems

for AC electric drives typically contain coordinate converters to
convert three-phase variables to two-phase model variables
and vice versa. The direct transformation for the coordinate
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Figure 191: Movement oscillogram of switching drive: A
Siemens equipment; B mathematical model
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Figure 192: A three-mass structure with a series connection of

- 1] il f ; foll -
The angular speed, displacement, and torque of the IM are
denoted by the letters a and b, respectively.

Studies of the condition of the switching surfaces, where
wave-like traces are visible, corroborate the existence of
oscillations in the switch's kinematic line. The presence of
characteristic mats on both pillows is indicative of the
emergence of elastic vibrations in both thrusts. These
vibrations, in turn, lead to vibrations of both wits, which
substantiates the necessity of considering the electric drive of
the switch as a three-mass electromagnetic switch (EMS).
Based on the observations made by the service workers, the
depth and width of undulating formations are determined by



the existence of "backlashes” in the kinematic line of the
switch as well as the magnitude of those backlashes.

Conclusion

The study evaluated thrust and torque prediction models for
TBM cutterhead design. The Japanese method derives
equations incorporating vertical stress relaxation from tunnel
crown to ground surface, showing that effective vertical stress
decreases with increasing active earth pressure coefficient. The
Modified Japanese method employs a polar coordinate
framework to explicitly calculate water and earth pressures
relative to TBM diameter, producing higher thrust and torque
estimates than the Japanese method, with ~2 MN difference in
shield-soil frictional resistance (F,) and ~0.2 MNm difference
in frontal and cutter edge resistance torques (T, T5). The CSM
model, applicable to rock TBMs, formulates thrust and torque
from cutter penetration mechanics, where penetration depth
directly increases the cutting coefficient; under identical
penetration depth, uniform pressure distribution (shape
coefficient = 0) yields relatively higher values.

TBMs are marvels of modern engineering, capable of
excavating tunnels through diverse geological environments
with precision and efficiency. The cutting-edge technology
employed in their design—from the cutting head to the spoil
removal system and advanced control mechanisms—ensures
safe and efficient tunnelling. As tunnel projects continue to
increase in complexity, TBMs will remain essential for
overcoming the challenges of underground construction.

the surface and extends to the surface along a horizontal angle
of 450, gradually forming fatigue spalling. Damage to the main
bearing will not only lead to the increase in the peak vibration
response of the TBM, but also cause the response of more
frequency components. The kurtosis, impulse factor and
margin factor of vibration signal can characterise the damage
degree of bearing. By monitoring the time-domain indexes of
vibration signals, the damage degree of the main bearing can
be mastered in real time, providing a reference for the
maintenance of the main bearing.

It is clear that the likelihood of the soil collapsing decreases
with the depth of the tunnel boring machine since it will be
farther below the water table and avoid the relaxation mode. To
prevent water table intrusion when navigating the TBM to the
upper surface, an injectable boring machine with bentonite
must be used. However, this will significantly increase the cost
of building the TBM because the bentonite-mixed soil requires
a separate factory to separate it from the soil and enable safe
disposal.

A theoretical examination of prestressing anchor lengths, both
anchorage and free, is conducted to establish design
parameters. The mechanical model of the bearing arch is
utilised to derive formulae for calculating axial force in tunnel
vaults and side walls, as well as bearing arch thickness. This
design approach may serve as a reference for similar support
projects.

The prestress time-change curve can be broadly categorised
into two phases: a rapid decline phase followed by a stable
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phase. Higher design prestress values correlate with more
pronounced axial force decay. Increasing prestress effectively
enhances the proportion of active support force relative to total
support force, thereby diminishing passive support effects and
achieving the desired support outcome.

Utilising field engineering case studies, calculations are
performed for the thickness and axial force of surrounding
rock vaults and sidewalls under five distinct surrounding rock
conditions. The bearing arch thickness diminishes as
surrounding rock strength increases. For lower-grade
surrounding rock and soil, when the bearing arch thickness
surpasses 16 m, additional robust support measures become
necessary to maintain surrounding rock stability

The current research examined the rockbreaking process of
TBM disc cutters using the ABAQUS-based VUMAT subroutine
in conjunction with the Lemaitre damage model and the D-P
yield criteria. Twenty-five sets of orthogonal numerical
simulations were run, together with a full-scale rockbreaking
test on the RCM. The ideal values of the specified parameters

D , k,and B were foundtobe 9 x 10~* 0.1,and 0.8, respectively,
cl

after comparing the errors of the normal force, rolling force,
and specific energy between the experimental and numerical
findings.

The normal force, rolling force, and specific energy were
investigated in relation to the cutter spacing, as determined by
the parameters and the numerical method presented. While the
forces of the second cut grew linearly with the cutter spacing,
the normal and rolling forces of the first cut tended to stay
constant. In line with the cutter spacing of the TBM used in this
tunnel project, the ideal cutter spacing for the kind of rock
under study (hard sand rock taken from the West Qinling
tunnel) was around 72 mm.

Whenever there is a change in load torque or electromagnetic
torque, the DTC drive system reacts rapidly. A torque ripple of
approximately 120 N-m is present in 7e. Factors such as sample
duration, motor velocity, flux, and voltage vector—all of which
are correlated with the digital controller's processing capacity
and switching frequency—influence torque ripple.

There are three distinct vibration modes that can occur in a
gear gearbox system, as determined by dynamic analysis: rigid
motion, rotational, and planet. The vibration amplitude of the
second stage component is the smallest of the three stages
when comparing vibration displacements.

The low frequency domain, which is close to the mesh
frequency and the low-order natural frequency (22 = 308 Hz, Z3
= 529 Hz), is where meshing forces mostly vibrate. At the
changing point of load torque, the meshing forces of the first
stage of planet gears change more visibly than those of the
other two stages, and they rise with each stage according to the
gear ratio.

The torque ripple worsens the vibration displacements of the
gear transmission system under electromagnetic torque 7e, in
comparison to the dynamic responses under idealised
piecewise torque (3). To demonstrate the effect of
electromagnetic torque Te, the dynamic index ¢ is suggested
and examined. At the same point, the sun gear § is at its



biggest. The effects on components in the second stage are
minimal compared to those in earlier stages. Also, when torque
increases, the vibration levels of all the parts get much worse.
The 2-DOF dynamics of the hoisting gantry are meticulously
modelled in this study. The connections between the
crossbeam and guide lines are modelled as high-stiffness
rotational springs to introduce the supplementary rotational
motion. Subsequently, a synchronisation control scheme that is
model-based is devised. Within it, the propulsion allocation is
intended to regulate the rotational angle within a very narrow
range, and the motion tracking controller is synthesised using
the ARC theory to ensure the desired motion tracking
precision. Extensive analysis and demonstration of theoretical
performance. In conclusion, the proposed scheme's efficacy in
managing dual-cylinder synchronisation and linear motion
tracking is confirmed by comparative simulations. From
comprehensive modelling to control design and validation, the
work provides a viable control solution for the dual-cylinder
mechanisms under unbalanced loads. Thrust allocation is
simple to understand and independent of exact measurement
signals, making it easy to implement and achieve high-level
synchronisation. Experiments will be conducted in the future
to further validate the performance in an actual lifting gantry.
The CAM4 ring tail seal passage in the first two TBM cycles
caused high vertical pressures (~300 kPa) from eccentric shield
alignment during curve steering. Jack forces shifted
orientation, concentrating loads on the outer curve side. Grout
effects were minor initially but later altered gradients.
Eccentric loading produced small but permanent ring
distortions (<0.03%D) and minor skew, with behaviour
matching FE models. The unbedded ring acted arch-like, with
ovalisation under modest pressure gradients dominating
curvature. DFOS mapping detected a longitudinal crack at the
outer springline from combined ram shoe spalling stresses and
hoop tension, plus near-opening of left-side joints.
Deformation patterns stabilised by the end of cycle two.

A smooth, clog-free rock flow was observed in the short screw
conveyor, with efficiency stabilising over time; durability
should be reinforced at high-wear zones, optimal performance
achieved at 10-13 rpm rotational speed and 0.6—09
pitch-to-diameter ratio, while larger particle size, higher
installation angles, and extreme speeds reduce efficiency.
Typically, there are four categories for the selection of shield
jacks. The velocity of each shield jack group can regulate the
duration of each shield jack group. The segment plane remains
perpendicular to the back shield axis throughout the curved
excavation process. Consequently, each shield jack group
should be augmented with varying jack speeds based on the
curvature direction. However, the assumption made in this
study was that the extension speed of a group of shield jacks
was the same.Consequently, it is challenging to evaluate the
unilateral extension of the shield jack concurrently with
articulation jack operations during excavation.

The paper offers an electro-hydraulic thrust system to control
shield driving speed, thrust pressure, and cylinder motion
synchronously. A closed-loop control approach with a
proportional pressure relief valve and flow control valve is
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effective for achieving target thrust performance. The
technology further reduces synchronous error by adjusting for
displacement errors between the reference and following
cylinders using a controller. The test findings indicate a +3 mm
synchronous error under high pressure differences. Overall, the
study shows that the proposed tunnel drive shield advance
control methods are effective in theory and practice. Research
on this project is ongoing, considering unknown geological
conditions, nonlinear soil dynamics, and the electro-hydraulic
system in in situ tunnelling.

A mathematical and simulation model of an electric switching
drive has been constructed in the form of a two- and
three-mass electromechanical system based on DC and AC
motors. This system serves as the primary executive
component of the automation system that is utilised by
Ukrainian railways. As the goal of modelling, the starting data
came from the SP-6m turnout switch, which is the most
prevalent type of turnout switch. In order to take into
consideration the activities that are taking place in the
mechanical subsystem, it is demonstrated that while designing
an electromechanical system of a switch, it is necessary to take
into account the size of the clearances as well as the dynamics
of their change. It has been determined through both
simulation and experimentation that the spread of the
deviation values of the main coordinates of the electric
switching drive during transients does not exceed 5%. This was
calculated using the approach of simulation.
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