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Abstract: TBM tunnelling trajectory adjustment is a significant issue in guaranteeing a tunnel project.
This paper proposes a theoretical method of trajectory adjustment aimed at synchronously reducing
bias angle and distance. The proposed method can be divided into three steps. First, the need for
manual intervention in the tunnelling trajectory is determined based on the current bias angle and
distance. Next, if manual intervention is required, a theoretical relationship is established using
the current bias angle and distance as an input and the rotated angle of the TBM main beam as
an output. Finally, a series of constraints according to the normal working conditions of the TBM
are incorporated into the method. These constraints ensure that the method remains within the
acceptable range of TBM operation. Using mechanical parameters such as the cutterhead diameter
and cutter spacing of the TBM used in the sixth section of the Qingdao Metro Project, a model suitable
for the project is established, and the model is modified by the tunnelling trajectory data collected in
the field. This method provides a reference for TBM drivers to use to correct the tunnelling trajectory
while considering the specific conditions of the project.
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1. Introduction

The tunnel boring machine (TBM) is a large-scale piece of equipment which is used for
excavating tunnels, particularly in hard rock environments. TBMs have gained popularity
in tunnel construction and other underground spaces due to their advantages of fast
tunnelling, cost-effectiveness, and high levels of security.

However, the working environment of the TBM is underground and covered by
surrounding rock, the properties of which are uncertain, making it challenging to accurately
determine the TBM’s position and control its tunnelling trajectory to align with the planned
route [1-3]. Although TBMs are equipped with a measurement system used to measure the
tunnelling bias condition compared to the expected trajectory, human experience alone is
often insufficient to effectively control the tunnelling trajectory. Consequently, deviations
from the intended trajectory can occur, leading to time and economic losses as well as
compromised project quality [4].

Hence, controlling the TBM’s tunnelling along the expected trajectory is a critical issue
in TBM tunnelling and has garnered significant attention from researchers.

Research in the field of TBM trajectory adjustment can be divided into two categories
based on the objectives. The first category focuses on controlling the tunnelling direction
of the TBM by adjusting the tunnelling parameters, primarily the stroke of thrust and
gripper cylinders. For example, Shao et al. built a three-dimensional tunnelling direction-
controlling dynamic model which was used to adjust the tunnelling direction according to
the need by controlling the thrust and gripper cylinders [5,6]. Zhou et al. used a hybrid
method including a convolutional neural network (CNN) and a long-term and short-
term memory network (LSTM) to establish a relationship model with multiple tunnelling
parameters as the input and the horizontal and vertical tunnelling attitude as the output,
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and this model can be used to predict the TBM tunnelling direction [7]. In addition, many
researchers, such as Manabe et al., Sugimoto et al., and Festa et al., made efforts with great
reference value [3,8-12]. These research studies provide valuable insights and references
for TBM trajectory adjustment.

In contrast, the second category focuses on macroscopically designing the tunnelling
trajectory in order to make it close to the expected route. For example, Hu et al. established
an LSTM real-time tunnelling deviation prediction model. Compared with the model only
based on theoretical analysis, the analyzing process of this model includes the geological
factors [13]. Zhang et al. incorporated the Grey prediction (PID) strategy into the TBM
trajectory adjustment and built a trajectory adjustment dynamic model which can optimize
the tunnelling trajectory in real time by analyzing the difference between the current
and expected tunnelling direction [14]. Xie et al. proposed a strategy for controlling the
TBM tunnelling trajectory using the hydraulic thrust system principle and hydraulic load
simulation test, and the tunnelling direction and position were well controlled using this
method [15]. Wang et al. conducted kinematic analysis of the thrust system of the TBM
and developed a control system for the multiple thrust cylinder system of the TBM, and
this is useful for controlling the TBM attitude [16]. In addition, other studies conducted by
researchers are helpful with this problem [7,17-24].

This research belongs to the second category, aiming to optimize the tunnelling tra-
jectory to closely match the expected route and simultaneously eliminate deviations in
distance and direction. The proposed method can obtain a feasible region of the rotated
angle of the main beam used to adjust the tunnelling trajectory according to the current
bias angle and distance. The method consists of three steps. First, the need for manual
intervention in the tunnelling trajectory is determined based on the mode of tunnelling
attitude. Then, in cases requiring manual intervention, a theoretical relationship between
the current bias condition (bias angle and distance) and the rotated angle of the main beam
used for controlling the tunnelling trajectory is established. Finally, several constraints are
established based on the requirements for the normal operation of the TBM, and a feasible
region for selecting the rotated angle is obtained. This feasible region serves as a reference
for the TBM driver to adjust the tunnelling trajectory, allowing them to select a suitable
rotated angle within the obtained feasible region.

This paper is organized as follows: Section 2 introduces the TBM tunnelling trajectory
adjustment method. In Section 3, the method is applied to the TBM of the sixth section of
the Qingdao Metro Project, and a detailed trajectory adjustment model is formed. Section 4
adjusts the model by comparing the calculated results of the proposed model and the field
tunnelling data. Section 5 concludes this paper.

2. Method
2.1. Overview of the Method System

In actual projects, different types of TBMs use different trajectory adjustment methods.
Double-shield TBMs typically adjust the main beam direction by changing the stroke of the
thrust cylinder systems, which in turn adjusts the tunnelling direction, while open-type
TBMs adjust the main beam direction and tunnelling direction by changing the stroke
of the left and right gripper cylinders. Regardless of the TBM type, the common goal of
trajectory adjustment is to change the direction of the main beam based on the existing
tunnelling bias condition, as shown in Figure 1 [21]. This process is conducted based on
human subjective experience, making it challenging to control the accuracy and efficiency of
trajectory adjustment. This paper proposes a theoretical method to quantify this task. The
tunnelling bias condition of the TBM, including the bias angle and bias distance in both the
horizontal and vertical directions, is quantitatively described using four physical quantities,
as shown in Figure 1. Correspondingly, a suitable rotated angle of the main beam will be
obtained by the proposed method, which is directly related to the tunnelling trajectory.
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Figure 1. Flowchart of the TBM tunnelling trajectory: (a) bias angle and distance; (b) rotated angle of
the main beam used to control tunnelling trajectory.

Ideal TBM trajectory adjustment should have two key characteristics. First, it should
be infrequent. The resultant force and tunnelling direction should not require frequent
adjustments. For TBM tunnelling, there is a certain distance permitted between the actual
and expected measured point. Tunnelling within the permitted deviation can be achieved
without human intervention. Additionally, the direction of the main beam should be
considered during trajectory adjustment. If the deviation directions of the key point and
main beam are opposite, meaning that the TBM can naturally and gradually return to
the expected trajectory, then the tunnelling state can be maintained. For example, if the
measured point deviates to the left of the expected position, while the main beam slightly
deviates to the right, the measured point will naturally move to the right, reducing its
deviation without the need for human control. The second key characteristic is being
smooth and progressive. The angle deviation of the TBM main beam and cutterhead
should be limited. Excessive angle deviation results in a large bias moment acting on the
cutterhead. This can be harmful to the cutters, especially the cutter located on the edge of
the cutterhead.

According to the above considerations, a TBM trajectory adjustment method with
constraints is proposed. The method consists of three steps:

(1) Judging the current tunnelling state. In this step, the horizontal and vertical deviation
of the measured point and main beam are used to judge the necessity of trajectory
adjustment. There are two criteria for judgement; one is if the actual deviation from
the measured point meets the requirements of the permitted value, and the other is
if the deviation direction of the measured point and main beam are opposite. Only
when neither of these criteria are met does the tunnelling need human controlling and
the method continue. This step is described in Section 2.2.

(2) Building and conducting the TBM trajectory adjustment model. Based on the field-
measured data, the theoretical relationship between the TBM controlling parameter
(bias angle of the main beam) and the trajectory parameters (bias angle and distance)
are researched. This step is described in Section 2.3.

(3) Constructing the constraints of the main beam bias angle. In this step, the bias angle
of the main beam and cutterhead is controlled in order to protect the cutters from
abnormal wear. Specifically, a permitted difference of the penetration of adjacent
cutters is determined. Combining this difference value with the fixed cutter spacing,
the permitted bias angle of the main beam and cutterhead can be calculated, which is
used as a constraint in the process of calculating the bias angle of the main beam. This

step is described in Section 2.4.

2.2. Judge the Current Tunnelling State

In this paper, permitted deviation and the consistency between angles and distances
are used as the two indexes to judge whether trajectory adjustment is necessary for the TBM.
When the two indexes are not satisfied, trajectory adjustment is conducted by controlling



Appl. Sci. 2023,13, 10876

40f17

the thrust ratio of the four groups of thrust cylinders, which are located on the top, bottom,
left, and right of the main beam. The two judging indexes are described in detail as follows.

Index 1: Limited by the tunnelling accuracy; it is difficult to completely excavate the
tunnel along the designed trajectory. A small deviation is permitted, and the permitted
deviation is used to judging whether trajectory adjustment is required. Usually, there are
measurement points located on the TBM shield, and the distance between the actual and
designed location of the measurement points, recorded as dj, and d,, are used to characterize
the deviation distance of the TBM in this paper.

Index 2: Distance and angle are used to describe the tunnelling deviation and deter-
mine the necessity of trajectory adjustment. For example, if the measurement points are
located left of the designed position, while the actual tunnelling direction is right compared
with the designed route, as shown in Figure 2a, then the bias distance will decrease with
the continued excavation of the TBM. On the contrary, if the measurement point is located
to the right of the designated position, as shown in Figure 2b, then the bias distance will
increase, and the tunnelling trajectory needs manual intervention. Overall, if the bias
angle and distance consistently deviate from the desired direction, then the TBM cannot
automatically return to the design route with further excavation, and manual intervention
is required for trajectory adjustment.

(b)

Figure 2. Flowchart of the consistency between the bias angle and distance; (a) same direction,

(b) opposite.

2.3. Excavation Trajectory Design

This step aims to solve this problem and design a scientific and safe route to adjust the
TBM so as to excavate along the expect trajectory. With this target, a three-stage trajectory
adjustment strategy is proposed and depicted in Figure 3.
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Figure 3. The flow chart of the trajectory adjustment strategy with three stages.

In this method, the known variables, i.e., the basis of the trajectory adjustment, are the
initial bias angle 6; and distance dy. The controlled index is the rotated angle of the main
beam in the three stages and is recorded as a1, a3, and a3. On this basis, the curvature and
the curvature radius of the tunnelling trajectory should be determined.

The TBM tunnelling can be divided into several sections with the same length  which
are commonly referred to as “rings” in the actual project. Due to the slightly rotated
angle of the main beam, the TBM’s turning trajectory can be approximated as a broken
line composed of multiple short lines (Figure 4), and the included angle difference of the
adjacent line is «. On this basis, the curvature K and curvature radius p can be calculated

by the following equation.
I

smnug; — 2'Pi (1)
1 2-sinw;

Adjusted
trajectory

Original
trajectory

Figure 4. Flowchart of calculating the tunnelling curvature.

The curvature of the first-stage tunnelling trajectory K; can be calculated using the
rotated angle of the main beam «1. Further, the length of the first-stage tunnelling trajectory
s1 and the bias distance d; can be calculated as

0
=g 3)
1-— 0
d1=d0+d/1=do+(;?sl) 4)

Similarly, in the second and third stages, a fixed curvature is also used to adjust the
bias distance. In detail, the values of the curvature of the second and third stages are
the same, but their directions are opposite. Therefore, the second and third stages can be
regarded as a pair of inverse processes; in other words, when the measurement point of the
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TBM reaches half of the bias distance d;, the TBM tunnelling curvature turns to the opposite
direction, and the third stage starts, while the bias angle is recorded as 6. The rotated
angle of the main beam and the tunnelling curvature in the second stage are recorded as a5
and Ks.

The second and third stages are a pair of reciprocal process, so their reductions of the
TBM bias distance are the same and are recorded as d} and d. Ideally, when the bias angle
of the TBM reaches 0, the bias distance reaches 0 exactly. With this target, the relationship
between the increment of bias distance in each stage d,, d’2, and dé and the initial bias
distance d can be expressed by the following equations.

(1—cosby)

s )

dh =dy = p-(1 —costy) =

I-(1—cosby) I-(1—cosby)
_ g g _
0=do+dy—dy—dy=do+ 2-sin g sin ©)

Ideal trajectory adjustment should satisfy Equation (6), where dj and 6, are the known
variables, namely the mentioned bias distance and bias angle. The selection of &1, ap, and 6
requires manual intervention. This equation is the expression of the optimized tunnelling
trajectory. Specifically, the rotated angles of the main beam used in the second and third
stages are equal, but their direction is opposite. It is necessary to adjust the rotated angle
to zero at the transition between the second and third stages. During this transition, the
TBM needs to excavate a short distance while keeping the main beam along the tunnelling
direction. Compared to the total distance of the trajectory adjustment, the distance of the
transition is relatively small and is ignored in the construction of the proposed model.

2.4. Constraints of the Main Beam Bias Angle

In this section, constraints for the main beam bias angle are introduced when the two
criteria discussed in Section 2.2 are not satisfied. Equation (6) represents the expression of
the optimized tunnelling trajectory. However, it is evident that this equation has multiple
solutions. Therefore, three types of constraints are established in this section to limit the
range of solutions and address this issue.

1.  Constraints of the initial and maximum bias distance

Generally, manual trajectory adjustment is only required when the bias distance
reaches a certain threshold, represented by domin. Additionally, throughout the entire
tunnelling process, the bias distance is limited and cannot exceed dimax. The purpose of
Aomin is to limit the frequency of trajectory adjustments, while dj,,x ensures the quality of
the tunnelling trajectory. In the proposed method, these constraints can be expressed using
the following equations. The values of dymin and dimax are generally determined by the
construction enterprise based on the characteristics of the TBM and tunnel [25,26].

{dO > dOmin
dl > dlmax

@)

2. Constraints of the main beam rotated angle

The protection of TBM cutters should be considered during trajectory adjustment.
To address this, a constraint is proposed in this paper. The TBM cutterhead is equipped
with dozens of cutters arranged at equal intervals in the radius direction. To ensure
the even distribution of tunnelling load among different cutters and protect them from
abnormal damage, the penetration differences between adjacent cutters are limited, which
is also a key reason for frequently updating cutters. During trajectory adjustment, the
cutterhead will rotate slightly with the main beam, forming an included angle between
the cutterhead and tunnel face, which leads to penetration differences between cutters in
different positions. The relationship between the rotated angle of the cutterhead and the
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penetration of each cutter is illustrated in Figure 5. The permitted penetration differences
between adjacent cutters are recorded as p’, and the cutter spacing is recorded as s. The
permitted rotated angle of the main beam, 6’, which is also the cutterhead, can be calculated
using Equation (8).

/

aj = tan~! % (8)

Cutter space

Cutters  Cytterhead

Rotated angle

' V1 Penetration

Tunnel face

Figure 5. Flowchart of the relationship between the rotated angle of the cutterhead and TBM penetration.

3. Constraint of the total tunnelling distance

The total length of tunnelling deviation from the expected trajectory is always limited,
as the TBM needs to return to the expected trajectory as quickly as possible. The route
length is measured as a straight line. In this method, the bias angle of the TBM is assumed
to be small enough to be ignored, and the tunnelling length deviating from the expected
trajectory is considered to be approximately the sum of sy, s, and s3. The total length
of tunnelling deviation from the expected trajectory, smax, can be expressed using the
following equation.

$1+52 +53 < Smax )

3. Case Study
3.1. Project Overview

To modify and improve this research, the area from Heluobu station to Zhuamashan
station in the sixth section of the Qingdao Metro Project is investigated, which is located
in Shandong Province, China. This area covers a total length of approximately 1750 m
and was excavated by a TBM with a diameter of 6.0 m from the mileage of YDK48+844
to YDK50+593. The tunnel runs from northwest to southeast. The landform along the
tunnel mainly consists of hills. The depth of the tunnel is not exceeding 50 m. According to
the China hydropower classification (HC) method, the surrounding rock along the tunnel
mainly consists of class II and III rock. The tunnel has a large altitude range, ranging from
15 to 30 m, which poses substantial difficulty to the vertical trajectory adjustment of the
TBM. Part of the geological profile of the project is shown in Figure 6.

— Boundary of the tunnel Altitude (m)

A A A A
YDK48+000 YDK49+000 YDK50+000 YDK51+000

Figure 6. Part of the sixth section of the Qingdao Metro Project geological profile.

3.2. Trajectory Adjustment Model

In order to apply the proposed method for TBM trajectory adjustment, we need to
know the values of several constraints introduced in Section 3.2. These constraint values
vary depending on the specific TBM used. By combining the design parameters of the TBM
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used in the sixth section of the Qingdao Metro Project with the actual project requirements,
we obtain the values of these constraints and establish the TBM trajectory adjustment model.
These constraints and their values are summarized in Table 1. Among them, the main beam
rotated angle is calculated according to the limitation of the penetration difference between
adjacent cutters (5 mm) and the actual cutter spacing (73 mm), and the total tunneling
distance is set to one ring.

Table 1. The constraint values suitable for the TBM used in the sixth section of the Qingdao Metro
Project.

Aomin A1max %] Smax

40 mm 60 mm 6.82 x 1072 1800 mm

When the values of these constraints and the initial bias angle and distance are known,
reasonable tunnelling trajectories can be calculated using the method proposed in Section 2.
The main beam rotated angles (x1 and ) are used to express the tunnelling trajectory.
As an example, assuming an initial bias angle of 9 mm/m and a bias distance of 40 mm,
multiple trajectories meeting the constraints can be obtained through calculation. Some of
these trajectories are listed in Table 2.

Table 2. Partly combinations of the calculated trajectory parameters.

a1(x10-2) p1 (mm) s1 (mm) dy (mm) ay(x10-2) p2 (mm) 0, Sp (mm) s1+ s+ s3 (mm)
6.82 13,201.45 118.81 40.53 6.82 13,201.45 5.54 x 1072 731.61 1582.03
6.82 13,201.45 118.81 40.53 5.16 17,435.39 4.82 x 1072 840.60 1800.00
2.41 37,420.08 336.78 41.52 6.82 13,201.45 5.54 x 1072 731.61 1800.00
4.00 22,506.00 202.55 4091 5.77 15,597.16 5.12 x 1072 798.73 1800.00
5.00 18,007.50 162.06 40.72 5.47 16,470.90 497 x 1072 818.97 1800.00

Table 2 shows five combinations of & and «a5. In the first combination, &7 and a5, reach
their permitted maximum value of 6.82 x 1072, resulting in a rapidly corrected trajectory
with a total tunnelling distance of 1582.03 mm. However, the trajectory adjustment process
could be slower and steadier. In the second and third combinations, the total tunnelling
distance reaches its maximum of 1800 mm. In the second combination, &, is fixed at its
maximum, while in the third combination, a5 is fixed at its maximum. The values of «; in
the second combination and «; in the third combination are calculated to be 5.16 x 102
and 2.41 x 1072, respectively.

Figure 7 illustrates the relationship between «q and «;, representing different trajectory
adjustment schemes. Each point on the figure represents a combination of a; and a; as
well as a trajectory adjustment scheme. The five black points with numbers correspond
to the five schemes listed in Table 2. The dotted lines and curves represent the constraints
proposed in this paper. The orange area is formed by the overlapping of the red and yellow
areas, indicating that the schemes in this area do not satisfy both the main beam rotated
angle and total tunnelling distance constraints. Only the schemes located in the green area
satisfy all of the constraints and are permitted. It is important to note that these results are
based on the assumed condition with an initial bias angle of 9 mm/m and a bias distance
of 40 mm. The results will differ for different conditions, including the location of each
constraint and the area. In other words, the model can calculate the reasonable area of
the trajectory adjustment scheme based on the initial bias angle and distance, thereby
providing the TBM main driver with a reference.
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Figure 7. Reasonable trajectory adjustment scheme suitable for the example.

4. Model Modification

In order to modify and validate the proposed method and model, a partial dataset of
horizontal and vertical trajectory data from the investigated area is collected and studied.
Data collection and analysis were conducted on a ring-by-ring basis. Specifically, the
horizontal and vertical bias angles and distances, as well as the main beam rotated angle
of each ring, were recorded as a set of data for further analysis. The proposed method’s
two judgment criteria are applied to the data, extracting only the samples that require
manual intervention for further study. The tunnelling trajectories of these samples were
then calculated using the proposed model and were compared to the actual trajectories
controlled by the TBM main driver.

4.1. Data Preparation

Based on the sixth section of the Qingdao Metro Project, the bias angle and distance
in the horizontal and vertical direction were recorded for a total of 57 rings. Positive and
negative values represent biases in different directions. In the horizontal direction, positive
values indicate bias to the right of the expected trajectory, while negative values indicate
bias to the left. In the vertical direction, positive values indicate that the TBM is above the
expect trajectory, while negative values indicate that it is below. These data are used to
judge whether manual intervention is required for the tunnelling trajectory based on the
proposed criteria. The bias angle and distance for the 57 rings are shown in Figures 8 and 9.

20 - 100
L —— Bias angle

-+-- Bias distance 1

Bias angle (mm/m)
(urur) ddue)sIp serg

Number of rings

Figure 8. The bias angle and distance in the horizontal direction.
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Figure 9. The bias angle and distance in the vertical direction.

Tunnelling trajectories requiring manual intervention must satisfy two criteria. First,
their bias distance must exceed 40 mm, and second, their bias angle and distance must be
towards the same direction. As observed in Figures 8 and 9, most samples in the horizontal
direction have bias distances within the range of —40 mm to 40 mm. Additionally, some
remaining samples have opposite bias angles and distances, such as rings 286# and 292#,
with bias angles of 5 mm/m and 8 mm/m and bias distances of —46 mm and —42 mm.
These samples do not meet the proposed criteria. Therefore, only the horizontal trajectories
of rings 136#, 142#, 1894#, 232#, and 626# require human intervention and will be further
studied using the proposed method and model in Section 4.2. Similarly, the vertical
trajectories of samples 286#, 334#, 356#, and 363# are suitable for the method and model,
resulting in a total of nine samples listed in Table 3.

Table 3. Basic information about the samples needing human invention using the proposed method.

Number of Rings Direction Bias Angle (mm/m) Bias Distance (mm)
136 Horizontal 4 50
142 Horizontal 1 45
189 Horizontal 6 44
232 Horizontal 7 44
626 Horizontal 4 53
286 Vertical -3 —43
334 Vertical 4 42
356 Vertical -5 —53
363 Vertical -1 —57

4.2. Analysis of the Trajectory Adjustment of the Target Samples

The proposed model is analyzed using nine target samples listed in Table 3, each with a
different bias angle and distance. According to their bias angle and distance, corresponding
possible combinations of a1 and «; are calculated by the proposed model. Considering
that the TBM does not have the function of recording the actual rotated angle of the main
beam and the cutterhead & and a5, in this project, the actual &1 and a; are approximately
calculated according to the propulsion stroke of the thrust cylinder. In detail, the TBM is
equipped with four groups of thrust cylinders located at the top, bottom, left, and right of
the main beam, as Figure 10 shows. In general, the stroke of cylinders in the same group is
consistent, while the difference from the stroke of different groups of cylinders results in
the included angle between the cutterhead and the tunnel face. Therefore, the rotated angle
can be calculated according to the stroke of each group of cylinders and their geometric
center, as Equation (10) shows [27].
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l- Cylinder
Group B . Geometry
center

Figure 10. The diagram of the thrust cylinder distribution.

As Equation (10) shows, oy and ay represent the rotated angle of the main beam
in the horizontal and vertical direction; s4, sp, sc, and sp represent the cylinder stroke
of each group; d4c means the distance between the geometric centers of group A and C;
and dpp means the distance between the geometric centers of group B and D. Usually,
constant rotated angles of the main beam are used during the excavation process in a single
ring. Therefore, a1 and «, are recorded as the same value, i.e., the calculated results of
Equation (10). The comparison results of the actual rotated angle of the nine target samples
and the corresponding trajectory adjustment feasible region calculated by the proposed
model are shown in Figure 11.

As Figure 11a-i shows, the main beam rotated angles used in the actual project of
the nine samples are located below their feasible region. According to the analysis from
Section 3 of this paper, these samples are located in the yellow area, which means that the
tunnelling distances used to correct their tunnelling trajectory are longer than 1800 mm
(one ring). In order to verify this conclusion, the changing rules between the bias distance
and the tunnelling distance of these target samples are calculated by the proposed method.
The results are shown in Figures 12 and 13. Specifically, the bias distances shown in
Figures 12 and 13 only represent their absolute value, while their direction information can
be found in Table 3.

As Figures 12 and 13 show, all of the tunnelling distances used to correct the bias
distance of the target samples are greater than 1800 mm, and this conclusion is consistent
with the comparison results of the actual main beam rotated angles and their feasible
regions, which are shown in Figure 7. In addition, the tunnelling distances of rings 142#
and 232# in the horizontal direction and rings 286# and 334# in the vertical direction
are relatively small—less than 2000 mm. Meanwhile, their actual main beam rotated
angles are also relatively close to the corresponding feasible regions, which are shown in
Figure 11b,d f,g, respectively. Contrarily, the calculated tunnelling distances of rings 136#,
189#, and 626# in the horizontal direction and rings 356# and 363# in the vertical direction
are more than 2000 mm, which is also reflected in Figure 11a,c,e,h,i. In fact, in the actual
tunnelling, it is difficult to correct TBM bias within a distance of one ring; longer tunnelling
distances are always used. In order to adapt to this situation, in actual tunnelling, more
flexible models and feasible regions are needed, and the model should be further enriched
and modified.
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Figure 11. The trajectory adjustment feasible regions and corresponding actual value of the nine
target rings. (a) The horizontal direction of 136th ring; (b) The horizontal direction of 142nd ring;
(c) The horizontal direction of 189th ring; (d) The horizontal direction of 232nd ring; (e) The horizontal
direction of 626th ring; (f) The vertical direction of 286th ring; (g) The vertical direction of 334th ring;
(h) The vertical direction of 356th ring; (i) The vertical direction of 363rd ring.
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Figure 12. The changing rules between the bias distance in the horizontal direction and the tunnelling
distance of the target rings.
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Figure 13. The changing rules between the bias distance in the vertical direction and the tunnelling
distance of the target rings.

4.3. Modification of the Proposed Model

According to the field samples, it is found that the feasible region obtained by the
proposed model is too small, and the model needs to be modified. The reason for the results
is that the constraint of the total tunnelling distance is set to be too strict. To resolve this,
the value of this constraint is adjusted to be multiple values, and correspondingly, multiple
feasible regions with different levels are obtained. The multiple values of the constraint of
total tunnelling distance are set in the range from 1 ring (1800 mm) to 1.5 rings (2700 mm)
with the step of 300 mm. Taking the case given in Section 3 as an example, the modified
model is changed to the one shown in Figure 14.

0.10

e < 1800mm mm [2100, 2400]mm
[ [1800, 2100lmm N [2400, 2700]mm

0.08f

0.06f

0.04

0.02F

L L 1 1
0.00 0.02 0.04 0.06 0.08 0.10
Oy

Figure 14. Feasible region calculated by the modified model for the example.

As Figure 14 shows, the feasible region calculated by the modified model is divided
into three parts with different filled colors, and these parts represent potential combinations
of a1 and ay within the different total tunnelling distances. Among them, the lightest green
region represents trajectory adjustment schemes in which the total tunnelling distance
used for trajectory adjustment is less than 1800 mm—this is the same as the feasible region
calculated by the originally proposed model—while the remaining three regions filled in
different depths of green represent total tunnelling distance ranges of [1800, 2100] mm,
[2100, 2400] mm, and [2400, 2700] mm, respectively. Compared with the originally proposed
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model, a looser constraint is used in the modified model, which results in more ranges for
trajectory adjustment and makes the results closer to the field data.

5. Discussion
5.1. Existence of the Solution Space of a1 and aq

In the proposed model, three constraints are developed to limit the selection range of
a1 and wp. In general, there is a solution space of a1 and «; that satisfies the three constraints
at the same time. However, when the bias distance and angle reach a high level, the three
constraints cannot be satisfied at the same time, and the proposed method is not suitable
for this situation. In this section, the above cases and the applicability of the model will
be researched.

According to the three stages of the proposed trajectory adjustment method, the
bias distance reaches its maximum at the end of the first stage, and the maximum is not
permitted to exceed 60 mm. Based on Equation (6), the maximum bias distance is related
to the original bias distance, original bias angle, and the rotated angle of the first stage
«q. In this section, the maximum is set to 60 mm, the «; is set to its maximum—which is
calculated by Equation (6)—and a relationship between the original bias angle and bias
distance can be calculated. This relationship represents a series of situations, and in these
situations, the permitted maximum of w4 is used to adjust the TBM, and the maximum bias
distance reaches 60 mm. Further, if the original bias distance and angle are larger than
these situations, then the maximum bias distance will exceed 60 mm or the a; will be larger
than the permitted value; in other words, the proposed constraints cannot be satisfied at
the same time, and the proposed model is not suitable for these situations. The above
relationship between the initial bias angle and distance is shown in Figure 15.

80
— Boundary of the applicable scope
[ ® Example used in the 3™ Section
L = ®  Field data used in the 4 Section
E
E | <
g @
E 40r~ ]
|
=]
g2 |
-5}
20
3 L L L 1 2 1 L 1 '
0 20 40 60 80 100

Bias angle (mm/m)

Figure 15. Combination of the bias angle and distance suitable for the proposed model.

As Figure 15 shows, the curve indicates a series of critical situations. If the original bias
angle and distance are located on this curve, and the rotated angle & is set to its maximum,
then the maximum of the bias distance exactly reaches 60 mm. In addition, in the situations
below to the curve, more flexible a1 can be used to adjust the trajectory of TBM, and the
proposed method and model is suitable for these situations. On the contrary, the proposed
method and model is not suitable for the situations above the curve.

5.2. Limitation and Further Researches

This research proposed a theoretical method of TBM trajectory adjustment, and it is
modified by the field data to be suitable for actual projects. However, this research still has
some limitations which require further research to be corrected. The main limitations are
summarized as follows.
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1.  Inthe proposed method, rational rotated angles of the main beam are used to deal with
different initial TBM bias conditions. However, the rotated angle cannot be directly
controlled by the TBM drivers and is instead indirectly controlled by controlling
the stroke of the main thrust cylinder system. Therefore, the results of this research
are only a reference for TBM tunnelling and cannot be directly used in the field. To
address this limitation, the relationship between the thrust cylinder strokes and the
rotated angle of main beam should be studied, and this will be an important part of
our further studies.

2. Considering the complexity of TBM trajectory adjustment, the tunnelling route in this
paper is assumed to be straight line, which is the most common situation in actual
projects. However, there are still some conditions in which the TBM is tunnelling
along curves. For curve trajectories, the proposed method is not suitable, and a more
perfect theoretical method suitable for curve trajectories should be further researched.

6. Conclusions

This study introduces a theoretical method for adjusting the tunnelling trajectory
of a TBM. It calculates a feasible region for the rotated angle of the main beam, which
controls the tunnelling trajectory based on the current bias angle and distance. The model
is developed using the mechanical parameters of the TBM used in the sixth section of the
Qingdao Metro Project and is validated and refined using field trajectory data from the
same project. The main conclusions of this study are as follows.

A method for adjusting the TBM tunnelling trajectory is proposed, and it takes the
current bias angle and distance as an input and determines the rotated angle of the main
beam as an output. Through theoretical calculations, the relationship between the input
and output is established. Additionally, a set of constraints is proposed based on the normal
working conditions of the TBM, limiting the feasible solutions to a specific region known as
the feasible region. The calculated feasible region can serve as a reference for TBM drivers
to control the tunnelling trajectory, thereby eliminating deviations in distance and direction.

The proposed method involves several unknown variables that represent the TBM’s
mechanical parameters, such as the cutterhead diameter and cutter spacing. These un-
known variables are determined based on the TBM used in the sixth section of the Qingdao
Metro Project, and a trajectory adjustment model is developed accordingly. To test this
model, an example with an assumed bias angle and distance is presented, and the corre-
sponding feasible region is calculated.

Furthermore, trajectory data are collected from the same project in order to test and
refine the proposed model. The results indicate that the constraints on the total tunnelling
distance used in the original model are too strict, resulting in the rotated angle of the main
beam in the field falling outside the feasible region. Therefore, a modified model with
looser constraints is proposed, incorporating multiple levels of feasible regions based on
the difference in total tunnelling distance.

These findings contribute to the understanding and practical application of TBM
tunnelling trajectory adjustment, providing valuable insights for future projects.
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