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Abstract 

Recognizing the formidable challenge of achieving millimeter-level precision in controlling shield machine attitudes amidst thrust 
forces exceeding thousands of tons on a global scale, a thrust-vectoring automatic shield tunneling technology was introduced to effec-
tively mitigate potential inaccuracies stemming from human intervention. Initially, a load-thrust ‘‘dual-vector” motion control mecha-
nism was adopted, grounded in defining the shield thrust vector and establishing the interactive correlation between shield attitude 
deviation points and thrust action points in both horizontal and vertical orientations through comprehensive data assessments. Subse-
quently, a parallel proportional-integral-derivative control law was devised for stability control of shield machines, delineating the func-
tional link between alterations in shield attitudes and displacements of thrust action points, with initial validation conducted via full-scale 
model trials. A motion trajectory for correcting shield attitudes was devised, and a thrust vector control approach was formulated by 
amalgamating feedforward calculations with feedback adjustments. The application of this thrust-vectoring automatic tunneling technol-
ogy in a large-diameter shield tunneling endeavor yielded the subsequent key findings: a consistent deviation of approximately 2.5% was
upheld between target and actual thrust forces, with actual shield velocity managed within a –1 to +1 mm/min range from the target
value. To ensure robust steering capability of the shield machine, target thrust moments in both horizontal and vertical directions mar-
ginally exceeded actual values, with satisfactory execution. The interplay between shield attitudes and thrust action points in both hor-
izontal and vertical dimensions exhibited a characteristic akin to ‘‘sugar-coated haws on a stick”. Despite notable ‘‘kowtow” occurrences
during segment assembly, statistical analysis indicated that deviations in shield attitude in horizontal and vertical planes were ultimately
contained within –20 to +5 mm and –45 to –28 mm ranges, respectively, markedly surpassing average manual control standards.

Keywords: Shield machine; Automatic shield tunneling; Shield attitude; Thrust vector; Control law; Model test platform; Engineering application
1 Intr oduction

The shield tunneling method has become the predom-
inant technique for constructing long urban tunnels in
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soft, composite, and even rock strata due to its high effi-
ciency and safety (Qian et al., 2024). As one of the most 
mechanized processes in civil engineering, many funda-
mental automatic control challenges within shield machi-
nes were addressed as early as the 1980s. These 
advancements included the regulation of chamber soil
pressure, synchronous grouting, cutterhead rotation
speed, and penetration depth. Despite these develop-
ments, the precise control of shield machine attitudes
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remains heavily reliant on manual operati on experience
(Zheng et al., 2024).

During shield advancement along the designed tunnel 
axis (DTA), operators must closely monitor the shield atti-
tudes as indicated by the guidance system and manually 
control the thrust distribution of the propulsion system, 
which consists of dozens of hydraulic cylinders. To simplify
this process, the cylinders are typically grouped into four or
six fixed units (Wang et al., 2022), i.e., the cylinders within 
each group share a common oil pressure. Operators then 
adjust the target oil pressure of each propulsion group 
based on their experience to ensure that the shield 
machine’s movement trajectory fits complex boundary con-
ditions, such as maintaining shield attitude deviations
within allowable thresholds, minimizing surface settlement
caused by excessive formation loss (Tian & Wang, 2023), 
and ensuring uniform circumferential clearance at the 
shield tail to facilitate the assembly of tunnel segments
(Zeng et al., 2022). 

In recent decades, the scale of shield tunnel construction 
has continued to expand rapidly and is expected to main-
tain a high growth trend in the future. This, however, is 
not compatible with the dilution of a well-trained work-
force, shrinking working-age population, and rising labor 
costs. As the complexity of shield tunnel projects increases 
and construction timelines continue to shorten, the tradi-
tional reliance on oral transmission of operational experi-
ence between masters and apprentices is becoming 
increasingly unsustainable. This reliance leads to significant 
fluctuat ions in construction quality and increases the risk
of safety incidents, imposing unpredictable difficulties and
costs on the future operation and maintenance of com-
pleted tunnels. Given these challenges, the adoption of
intelligent methods to achieve automatic shield tunneling
manifests itself as the optimal solution for eliminating the
need for human intervention.

Currently, studies on the attitude control of shield 
machines primarily focus on theoretical analysis, predictive 
modeling, and intellige nt control. In terms of theoretical
analysis, typical findings include: Yue et al. (2012) analyzed 
the dynamics of the shield postures to describe the coupling 
effect of the equivalent loads and actuators; Festa et al.
(2015) quantified the radial soil displacements induced by 
a shield machine driving in soft strata; Wang et al. (2018)
proposed a mathematical method for determining the tar-
get motions of thrust cylinders to control the shield pose;
Liu et al. (2019) proposed a novel rectification trajectory 
planning method for TBM according to the different atti-
tude deviations and target path; Tang et al. (2022) devel-
oped a calculation model of posture rectification load of 
an earth pressure balance shield. The existing research 
achievements in predictive mo deling primarily leverage
machine learning methods, including the extreme gradient
boosting model (Wang et al., 2019), gated recurrent unit 
(GRU) model (Li et al., 2020), adaptive neuro-fuzzy infer-
ence system model (He et al., 2020), principal component 
analysis (PCA)-GRU model (Zhang et al., 2022), graph 
convolutional network-long and short-term memory 
(GCN-LSTM) model (Fu et al., 2023), and 
Convolutional-GRU model (Wang et al., 2023). These 
approaches have significantly enhanced the accuracy of 
shield attitude predictions. Methods for the automatic con-
trol of shield attitudes are primarily categorized into two
approaches: traditional proportional-integral-derivative
(PID) control methods (Jian et al., 2023; Ren et al., 2019;
Zhang et al., 2023) and machine learning techniques (Cai, 
2022; Fu et al., 2024; Hu et al., 2022; Jia et al., 2023; Xu
et al., 2024; Zhang et al., 2022). However, aside from the 
intelligent system developed in Hu et al. (2022), which 
has been validated through multiple engineering projects 
and long-distance applications, other methods remain in 
the stages of experimental validation and technical
optimization.

The aforementioned studies have significantly con-
tributed to the advancement of automatic shield attitude 
control technology. However, three critical issues remain 
inadequately addressed. First, there is a lack of a rigorous 
scientific understanding of the motion control mechanism 
of shield machines, which forms the cornerstone of auto-
matic shield tunneling technology. Although some achieve-
ments based on machine learning methods have been 
successfully applied in engineering, their limited inter-
pretability becomes evident when facing abnormal situa-
tions. Second, the universality of existing technologies 
remains weak. Current machine learning approaches are 
highly dependent on high-quality data from specific engi-
neering projects. When the shield machine equipment, geo-
logical conditions, or control requirements change, these
technologies often require substantial optimization and
adaptation to accommodate varying boundary conditions.
Third, existing technologies exhibit poor generalizability
across different shield equipment. This implies that they
are either unsuitable for use with current equipment,
requiring extensive modifications for newly manufactured
machines, or lack interoperability with equipment from dif-
ferent manufacturers.

Additionally, a number of studies have been conducted 
on the computational methods for determining shield 
machine thrust and associated load forc es. More specifi-
cally, Zhang et al. (2014) established a predicting model 
for the total load acting on the cutterhead that fully reflects 
the influences of geological, operating, and s tructural
parameters; Sun et al. (2018) presented a dynamic load pre-
diction approach based on heterogeneous in-situ data and 
a data-driven technique; Li and Gong (2019) established a 
model predictive control system for the slurry p ressure;
Kong et al. (2022) developed a load prediction approach 
of an earth pressure balance shield machine based on ran-
dom forest machine learning method; Zhang et al. (20 23)
proposed an intelligent real-time prediction method for 
multi-region thrust of EPB shield machine based on a spar-
row search algorithm-long and sh ort-term memory model;
Wang et al. (2023) established a thrust prediction model for 
the TBM based on the combination of on-site quality
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record data and surrogate model technology; Soranzo et al.
(2023) proposed the deep Q-network algorithm to pr edict
the face support pressure; Xie et al. (2024) developed a 
building information modeling (BIM)-based multi-model 
framework to achieve an automated workflow from 
BIM-bas ed multi-model of shield tunneling to real-time
thrust calculations.

The aforementioned literature has primarily focused on 
the calculation and prediction of thrust force, which has 
significantly contributed to the design of shield machine 
propulsion systems, face stability control, and shield 
machine start-up processes. However, due to insufficient
consideration of attitude control, these outcomes cannot
be directly applied to the automatic control systems
required for shield tunneling operations.

In this study, a novel thrust-vectoring technology was 
introduced to the field of shield tunneling for the first time, 
with the aim of moving beyond traditional trend-based 
control of shield attitudes and developing a precise thrust 
vector control method to enable automatic operation of 
shield machines. After uncovering the motion control 
mechanism of the shield machine, a parallel PID control 
law for shield attitude regulation was formulated to estab-
lish the relationship between changes in shield attitudes 
and the displacement of thrust action points. Subsequently, 
motion path planning and navigation techn ology based on
manual operation experience was developed, and an auto-
matic thrust-vectoring control system was implemented to
achieve precise execution of target steering angles in both
the horizontal and vertical directions. The feasibility, relia-
bility, and interpretability of this technology were thor-
oughly validated through full-scale model testing and its
practical application in a large-diameter shield tunneling
project.

2 Correlation between shield attitudes and thrust vector

2.1 Balance control principle for both shield cutterhead and
tail

When a shield machine advances through soft soil or 
composite strata, its attitudes are primarily influenced by 
three key factors: pressure balance in the cutterhead, slurry 
grouting at the shield tail, and thrust control within the
propulsion system. Of these, the first two are also crucial
components of surface subsidence management.

As illustrated in Fig. 1, effective pressure management in 
the cutterhead involves two primary types of balance: 
material balance and pressure balance. Material balance 
aims to ensure an equal volume exchange between soil 
excavation and spoil removal, while pressure balance is 
designed to effectively support the tunnel face, prevent 
instability, and minimize disturbances to the surrounding
ground. From an automatic control perspective, once the
target advancement speed of the shield machine is set, the
pressure within the slurry chamber (or earth pressure
chamber) can be regulated by correlating it with the flow
rate difference between slurry supply and discharge (or 
the rotation speed of the screw conveyor) through a
closed-loop control system, thereby enabling automatic
adjustment.

The primary objective of synchronous grouting at the 
shield tail is to maintain material balance, specifically to 
provide volumetric compensation for ground loss. The 
total slurry volume required for a single segmental ring is 
initially calculated using theoretical formulas and then 
dynamically adjusted based on the observed surface settle-
ment behavior in the current ring being excavated by the 
shield machine. Subsequently, a proportionate volume of 
slurry, determined in accordance with the total dosage, is 
automatically grouted in synchronization with the net
stroke of the propulsion system. In addition to the grouting
operation, the properties of the slurry itself are important
due to the influence on the uplift performance of both
the shield tail and the segments. Both engineering practice
and in-situ testing have demonstrated that dual-component
slurries offer significant advantages over single-component
slurries (Huai et al., 2022). 

It is noteworthy that automatic control of pressure bal-
ance in the shield cutterhead, as well as synchronous grout-
ing at the shield tail, has been successfully implemented
since the 1980s. In recent years, researchers (Hu et al.,
2022) have further enhanced the control performance of 
these systems by incorporating machine learning tech-
niques. Consequently, this paper shifts the focus toward 
the active control of thrust vector in the propulsion system,
with the aim of optimizing shield machine maneuverability
and stability.
2.2 Definition of shield thrust vector

The definition of the shield thrust vector is depicted 
in Fig. 2. In reference to the shield tunneling direction, the 
center of the propulsion system is designated as the origin 
o, the rightward direction along the horizontal symmetry 
axis and the upward direction along the vertical symmetry 
axis are defined as the positive directions of the x-axis and 
y-axis, respectively. The z-axis is perpendicular to the xoy 
plane, with the positive direction pointing toward the cut-
terhead. The distances from each propulsion force gener-
ated by the corresponding hydraulic cylinder (Fi, i = 1–n)
to the x- and y-axes are defined as the force arms (ex and
ey), with the direction consistent with the positive z-axis.
Based on these definitions, the thrust force along
with its horizontal and vertical moments and , 
can be calculated, as well as the coordinates of the shield
thrust action point S0 .
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Fig. 1. Working principle of shield tunneling (Fw and Fe are the static water and earth pressures at the tunneling face, Fs is the support force generated
from the slurry chamber, Ff is the shield shell skin friction, and Ft is the thrust generated by the propulsion cylinder).

Fig. 2. Schematic diagram of shield thrust vector.
MTh MTv FT Sx FT Sy 3

where n stands for the number of the propulsion cylinder
units.

Subsequently, a three-dimensional angular coordinate 
system is established, with the intersection point between 
the vertical plane containing the shiel d cutterhead’s atti-
tude measurement point and the DTA as the origin O

(see Fig. 2). The rightward direction along the horizontal 
axis and the upward direction along the vertical axis are 
defined as the positive directions of the X- and  Y-axes, 
respectively. The Z-axis is perpendicular to the XOY plane,
with its positive direction aligned with the tunneling direc-
tion. In this coordinate system, both the attitude deviation
points of the shield cutterhead P and the projection 
of the action point S of the shield thrust vector lie within
the XOY plane.

In fact, the shield attitude deviations are within the cen-
timeter range, which is negligible compared to the size of 
the shield machi ne. Similarly, the dimensions of the shield
machine can also be considered insignificant in relation to

(Px Py),
the tunnel axis. Therefore, it can be reasonably assumed 
that the Z-axis coincides with both the tangent to the 
DTA and the direction of the shield thrust vector, the pos-
itive directions of the three axes in the O-XYZ coordinate 
system can be considered consistent with those in the o-

xyz coordinate system. The unit vector of the shield thrust
in the three-dimensional coordinate system is expressed as

its direction components Ultimately, the shield

thrust vector is defined as follows:

FT FT Sx Sy 1 4

Finally, the coordinates for P and S can be directly uti-
lized in the following analysis.

Sx Sy 1 .
2.3 Engineering case study

2.3.1 Data sources
We conducted an extensive investigation into the spatial 

interaction between the shield thrust action point and the
shield attitude deviation point in three representative shield
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tunneling projects, Shanghai Airport Railway Link Line, 
Nanjing Jianning West Road Yangtze River Tunnel, and 
Shenzhen Mawan Cross-Sea Tunnel, operated unde r man-
ual control, corresponding to soft, composite, and rock
strata, respectively.

(1) The Shanghai Airport Railway Link Line is an urban 
rapid transit system running along the east–west axis 
of Shanghai, connecting Pudong International Air-
port and Hongqiao International Airport. A key sec-
tion of this project, spanning 2170 m from the 
working shaft at Meifu Road to the reception shaft 
at Huajing Station, was constructed using a mixed-
mode shield machine with a super-large diameter of
14.07 m. This geological section mainly consists of
silty clay and silty sand interbedded with silty clay.
The variations in the coordinates of the shield thrust
action point, along with the corresponding attitude
deviations of the shield cutterhead in both the hori-
Fig. 3. Variations of the coordinates of the shield thrust action point and th
Horizontal direction, and (b) vertical direction.
zontal and vertical directions, were recorded for rings 
701–855 (a total of 155 rings) in the soft strata, as pre-
sented in Fig. 3. 

(2) The Nanjing Jianning West Road Yangtze River 
Tunnel extends from Hengjiang Avenue on the north 
bank of the river to Huimin Road on the south bank, 
in China. The shield tunnel in Lot 2 of this project, 
with a total length of 2.361 km, crosses typical com-
posite strata characterized by soft upper layers and 
hard lower layers. The upper layer consists of loose 
fine sand, while the lower layer is composed of round 
gravel interbedded with pebbles. This section was 
excavated using a super-large slurry balance shield 
machine with a diameter of 15.07 m. The variations 
in the coordinates of the shield thrust action point 
and the corresponding attitude deviations of the 
sh ield cutterhead, in both horizontal and vertical
directions, were monitored for rings 349–431 (a total
of 83 rings), as presented in Fig. 4.
e attitude deviations of the shield cutterhead with time in soft strata. (a)
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Fig. 4. Variations of the coordinates of the shield thrust action point and the attitude deviations of the shield cutterhead with time in composite strata. (a)
Horizontal direction, and (b) vertical direction.
(3) The Shenzhen Mawan Cross-Sea Tunnel begins at the 
intersection of Mawan Avenue and Moon Bay Ave-
nue and terminates at the intersection of Jinwan Ave-
nue and Xixiang Avenue in China. This tunnel spans 
a total length of 2060 m and was excavated using a 
mixed-mode shield machine of a super-large diameter 
15.55 m. Hard rock strata account for 37.5% of the 
entire tunnel alignment, with significant variability 
in rock strength throughout this section. The average 
uniaxial compr essive strength of the rock is 65 MPa,
with a maximum value reaching 169.8 MPa. The vari-
ations in the coordinates of the shield thrust action
point, along with the corresponding attitude devia-
tions of the shield cutterhead in both horizontal
and vertical directions, were recorded for rings 573–
616 (a total of 44 rings) in the rock strata (Fig. 5).
2.3.2 Data analys is
As illustrated in Figs. 3–5, the coordinates of the thrust 

action point and the attitude deviations of the shiel d cutter-
head exhibit a discernible spatial interaction. This interac-
tion is characterized by an inverse relationship, where 
movement of the thrust action point in one direction is 
accompanied by a corresponding shift in the shield cutter-
head’s attitude in the opposite direction. This ‘‘forward–b 
ackward” dy namic is reflected in the mirror symmetry
observed between the variation curves of both parameters,
which display a high degree of correlation when plotted on
the same graph.

In practical tunneling operations, due to the relatively 
stable nature of the load vector over short time intervals 
or distances, shield operators can steer the machine toward 
the target direction by adjusting the distribution of thrust 
forces across the various propulsion zones, based on their
experience. Fundamentally, the operators’ actions involve
dynamically adjusting the position of the shield thrust
action point to ensure that the changing of the 
thrust force moment s meets the steering requirements.

Once the position of the thrust action point is adjusted, 
the attitude deviations of the shield cutterhead will unde rgo
a corresponding change, which finally results in the mirror
symmetry feature as demonstrated in Figs. 3–5. Therefore, 
there must be quantifiable functional relationships to

(Sx Sy),

move_f0025
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Fig. 5. Variations of the coordinates of the shield thrust action point and the attitude deviations of the shield cutterhead with time in rock strata. (a)
Horizontal direction, and (b) vertical direction.
express the correlation between the changes in the shield
attitudes and the location of the thrust action point

which can be articulated as Eq. (2). Furthermore, this 
functional relationship lays the foundation for adopting 
the thrust-vectoring technology to achieve automatic con-
trol of the shield attitudes in this paper.

DSx y f DP x y 5

It is worth noting that the shield attitudes may exhibit a 
slight delay relative to the movement of the thrust action 
point. Given that the shield machine’s burial depth remains 
relatively consistent in the horizontal direction, while its 
attitude in the vertical direction is influenced by multiple
factors, such as the mass distribution of the shield machine,
variations in burial depth, and the cutting efficiency of the

DPx y 
DSx y ,
upper and lower soil layers, the shield attitude response is 
more sensitive in the horizontal direction compared to 
the vertical direction. Both the data analysis and practical 
operational feedback suggest that adjusting the shield atti-
tude in the vertical direction is more challenging than in the
horizontal direction.

An intriguing phenomenon was then observed: as the 
stiffness of the strata increases from soft ground to rock 
formations, the frequency of shield attitude fluctuations 
intensifies. This increase may be attributed to the vibra-
tions induced by the interaction between the cutting tools 
and the rock. Nevertheless, regardless of the geological
conditions, the shield attitudes are primarily controlled
through manual adjustments of the thrust vector in the
propulsion system under the premise of ensuring the opti-
mal cutting performance of the cutting tools.
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3 Design of steady-state shield tunneling control law

The term ‘‘control law ” (Zhen et al., 2024) originates 
from the field of aviation equipment and is an algorithm 
to form the flight control instructions, which can character-
ize the functional relationship between controlled state 
varia bles and system input signals. Based on the correla-
tion between shield attitudes and thrust vectors presented
in Section 2, this study applies the control law for the first 
time in the field of shield construction. We will first reveal
the motion control mechanism of the shield machine in
Section 3.1, then establish a dedicated control law to 
achieve the steady-state shield tunneling in Section 3.2, 
enabling the precise regulation of both the shield attitudes 
and shield speed. The system input signal corresponds to 
the desired variations in shield attitudes, while the con-
trolled state varia bles are the thrust vectors. The target
variations in shield attitudes will be defined through the
motion path planning technique outlined in Section 3.2, 
and the control methodology for the thrust vector will be
detailed in Section 3.4. 

3.1 Motion control mechanism of shield machine

The structural stiffness of the shield machine is signifi-
cantly higher than that of the surrounding strata. Hence,
as illustrated in Fig. 6, the shield machine can be reason-
ably approximated as a rigid body enveloped by the sur-
rounding geological materials. The interaction between 
the shield machine and the surrounding soil can be simpli-
fied using a soil spring model. Consequently, the loads act-
ing on the shield machine in the vertical direction 
(including its self-weight, the earth pressure, etc.) can be
balanced by the reaction force from the soil springs. Fur-
thermore, the water and soil pressures acting on the cutter-
head, the lateral frictional resistance on the shell, and the
Fig. 6. Illustration of the dual-vecto r motion control mechanism.
different cutting efficiency of the cutters in different soil lay-
ers can all be classified as load vector in the direction of 
shield tunneling. Based on the research and development 
team’s years of construction experience, when the shield 
tunnels over relatively short distances or durations, the
changes in load vector are minimal, thus allowing sufficient
adjustment time for active control of the thrust vector.

Finally, the kinematic model of the shield machine 
advancing at a constant speed can be simplified into a
‘‘dual vector” model (see Fig. 6), comprising the load vec-
tor and the thrust vector. These two vectors, of equal mag-
nitude, form a force couple. By consider ing the distance
dcouple between the two vectors, the moment vector of the
force couple can be express ed as

M shield FTdcouple 6

where FT is the thrust vector.
The moment vector of the force couple possesses both 

direction and magnitude. The direction dictates the yaw 
orientation of the shield machine, and the magnitude gov-
erns the yaw rate.

By aligning the two coordinate systems shown in Fig. 2, 
a clear correspondence can be identified between the dis-
placements of the thrust action point and )  and
the variations in shield attitude and , as depict ed
in Fig. 7. The primary objective of this study is to investi-
gate this interaction to facilitate the automatic control of
shield machine attitude.

3.2 Establishment of parallel PID control system

Among the various control strategies, the PID control 
law is widely regarded as the most robust. Its key advan-
tage lies in its ability to integrate distinct physical quanti-

FL 

M shield 

(DSx DSy

(DPx DPy)
Fig. 7. Interaction between the shield thrust action point and shield
attitude point.

move_f0030
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ties within a unified control framework, thereby enabling 
the formation of a closed-loop control system. The effec-
tiveness of PID control in the attitude regulation of 
thrust-vectoring aircraft is largely attributed to its capacity
to capture and leverage the strong correlation between
changes in fuselage orientation and the resulting thrust tor-
que (Zhen et al., 2024). 

It is worth noting that the shield attitude angle devia-
tions (hx in the horizontal direction and hy in the vertical 
direct ion) are adopted as the controlled state variables,
replacing the previously used attitude deviations . 
This approach provides a more precise characterization 
of the spatial orientation of the entire shield machine, as 
it simultaneously considers the attitudes of both the shield
cutterhead and tail. The calculations for hx and hy (see
Fig. 8) are as follows:

hx 
Px head Px tail

l
7

hy 
Py head Py tail

l
8

where l stands for the length of the shield machine,
and are the attitude deviations of the shield cutter-
head and shield tail in the horizontal direction, respec-
tively, while and are the attitude deviations 
of the shield cutterhead and shield tail in the vertical direc-
tion, respectively.

We apply the control law to shield tunnel construction 
and develop a parallel PID control system for the auto-
matic regulation of shield attitude and speed, as illustrated
in Fig. 9. Specifically, the system includes three controllers: 
the first controller uses the target steering angle in the hor-
izontal direction as the input signal and outputs the corre-
sponding target horizontal thrust force moment; the 
second one uses the target steering angle in the vertical
direction as the input signal and outputs the corresponding
target vertical thrust force moment; and the third one takes

(Px Py), 

Px head 
Px tail 

Py head Py tai l
Fig. 8. Definition of shield attitude angle deviation (Pinitial and Ptarget are 
the initial and target attitude angle deviation points, respectively).
the target shield speed as the input signal and outputs the 
corresponding target thrust force. These three PID con-
trollers operate in parallel to determine the final target
thrust vector, which is then executed by the control system.

However, due to the multiphase nature and inherent 
uncertainty of geotechnical media, the attitude control of 
shield machines is fundamentally different from that of avi-
ation systems. The shield machine, surrounded by soils and 
rocks, exhibits a significantly lower response sensitivity 
compared to aircraft. Consequently, once the shield atti-
tude deviates, a considerable tunneling distance is required 
for attitude correction. During this correction process, the
safety of both the tunneling equipment and the surround-
ing environment must be carefully considered. As a result,
it is widely acknowledged that achieving millimeter-level
precision in controlling the attitude of a machine with
thrust forces reaching thousands of tons is an immense
challenge.

In summary, the core contributions of this paper focus 
on two key aspects: determining the target steering angles 
of the shield machine and generating and executing the cor-
responding target thrust vectors.

3.3 Generation method for target steering angles

3.3.1 Calculation method of regression distance

In general, due to the inevitable solidification time of the 
synchronous grouting slurry, the assembled segmental 
rings tend to experience vertical displacement (primarily 
uplift, though occasional settlement may occur) after 
detaching from the shield tail. To meet tunnel construction 
accepta nce standards, the primary objective of shield atti-
tude control is to position the segmental rings within an
allowable range near the DTA following any horizontal
or vertical displacement (see Fig. 10(a) and (b)). To facili-
tate this, we introduce the concept of construction tunnel 
axis (CTA) to represent the position where the shield tail
should ideally be located (see Fig. 10(c)). The CTA is par-
allel to the DTA in the 3D space. As illustrated in Fig. 10 
(c), a control point can be freely selected on the shield 
body, simplifying the shield machine to a vector (i.e., a 
directed line segment originating from the control point). 
In this study, the control point was selected at the center
of the shield cutterhead and was subsequently used for
motion path planning and trajectory formation.

As shown in Fig. 11, practical experience indicates that 
shield machines tend to adopt specific attitudes once they 
enter stable tunneling conditions. These attitudes are typi-
cally used as control targets after the shield machine has 
traveled a certain regression distance, i.e., the shield
machine reaches the CTA after advancing a specific dis-
tance from its deviation relative to the CTA.

This paper proposes a method for determining the 
regression distance based on the construction experience 
of our research team. The calculation methods for both
the horizontal and vertical directions are consistent, with
the larger value being adopted. Taking horizontal shield
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Fig. 9. Parallel PID control system and are the proportional coefficients in the horizontal and vertical direction for attitude control,
respectively; and are the integral coefficients in the horizontal and vertical direction for attitude control, respectively; and are the 
proportional and integral coefficients for speed control, respectively).

Fig. 10. Definition of CTA and control point. (a) Vertical direction, (b) horizontal direction, and (c) control point and preset attitudes.

Fig. 11. Schematic diagram of motion path planning.

(Kp h Kp v 
K i h K i v Kp s K i s 
attitude control as an example, the safety threshold and 
warning threshold for the attitude deviation of the control 
point relative to the CTA are set to m1 and m2, respectively.
The regression distance s, which is primarily determined by 
the attitude deviation of the control point m0 and the
motion trend of the shield machine relative to the CTA,
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Fig. 12. Calculation flow chart of regression distance.
can be calculated as shown in Fig. 12. The specific calcula-
tion process is detailed as follows.

Determine whether the attitude deviation of the control 
point relative to the CTA m0 exceeds m1.

If not, further assess whether the motion path of the 
shield machine, while maintaining its current attitude and
advancing forward, will intersect with the CTA.

If the assessment result is affirmative, calculate the dis-
tance n1 between the current projection of the control point
onto the CTA and the point of intersection (Fig. 12(a)). If 
n1 > l, set s = l;  if  n 1 ≤ l, set s = n1.

If the assessment result is negative, locate the final pro-
jection of the control point on the CTA when the attitude 
deviation reaches m1, and calculate the distance n2 between
the current and final projections (Fig. 12(b)). If n2 > 5, set 
s = l;  if  n 2 ≤ 5, set s = l + 5 – n2.

If m0 exceeds m1, assess whether the motion path of the 
shield machine, while maintaining its current attitude and
advancing forward, will intersect with the CTA.

If the assessment result is affirmative, locate the final 
projection of the control point on the CTA when the
attitude deviation reaches m1, and calculate the distance 
n3 between the current and final projections (Fig. 12(c)). 
If n3 > l, set s =  2l;  if  n 3 ≤ l, set s = l + n3.

If the assessment result is negative, locate the final pro-
jection of the control point on the CTA when the attitude 
deviation reaches m 2, and calculate the distance n4 between
the current and final projections (Fig. 12(d)). If n4 > 5, set 
s =  2l;  if  n 4 ≤ 5, set s = 3l – n4.

In addition to shield attitudes, the effect of the shield tail 
clearance is also considered in the calculation of the regres-
sion distance.

If the current minimum shield tail clearance exceeds half 
of the safety threshold, its impact on the regression dis-
tance can be neglected.

If the current minimum shield tail clearance is less than 
half of the safety threshold and exhibits a decreasing trend, 
the number of segmental rings required to adjust the shield
tail clearance, denoted as T, is set to 3.

If the current minimum shield tail clearance is less than 
half of the safety threshold but is trending upward, T is set
to 2.
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The regression distance D, which accounts for both 
shield attitudes and shield tail clear ance, can then be calcu-
lated using the following formula:

D k  s  d seg T 9

where k represents the influence parameter of geological 
conditions on the regression distance, determined based 
on actual construction conditions, and dseg denotes the
width of the segmental ring.
3.3.2 Motion path planning and navigation method

As illustrated in Fig. 13, three typical motion path types 
are utilized in practical applications of this technology, cor-
responding to different scenarios in both the horizontal and 
vertical directions. During the design phase, various trajec-
tory types, such as circula r curves, cubic polynomial
curves, straight lines, and transition curves, can be selected
and combined, provided that smooth transitions between
different curve types are maintained.

The design of the cubic polynomial curve motio n path is
illustrated in Fig. 14 to demonstrate the generation of tar-
get steering angles, and the function expression is provided
below.

y a0x3 b0x2 c0x d0 10

where a0, b0, c0, and d0 are the unknow n coefficients to be
determined.

The slope at any point on the cubic polynomial curve is
given by

y 3a0x2 2b0x c 0 11

The solution of all partial factors must satisfy the fol-
lowing four conditions:

When x 0 y m0 12

When x D y 0 13

When x 0 y 3a0x2 2b0x c 0 tanw 14
Fig. 13. Schematic diagram of mo
When x D y 3a0x2 2b0x c0 0 15

where W is the attitude angle deviation relative to CTA at 
the starting point of the motion path.

As shown in Fig. 11, the motion path is divided into seg-
ments, and the target steering angle in the horizontal or 
vertical directions for each segmen t can be calculated and
then provided. Ultimately, the target steering angle of the
shield machine for each segment can be expressed as

Du arctan Y 1 arctan Y 0 16

where and represent the slope values at the start and 
end points of each segmented advance distance,
respectively.

3.4 Automatic control of thrust vector

Thrust vectoring technology (Afridi et al., 2023;
Invernizzi & Lovera, 2018; Invernizzi et al., 2020) was ini-
tially introduced in the aerospace sector during the 1970s, 
with the first vector-propelled aircraft developed in the 
1990s. The core principle of this technology involves utiliz-
ing the thrust vector generated by the engine to produce 
additional control torque through nozzle defl ection,
thereby enabling precise attitude control and significantly
enhancing aircraft maneuverability. In recent years, the
thrust-vectoring technology has also witnessed rapid
advancements in the field of naval engineering (Zhou & 
Zhao, 2020). 

3.4.1 Control method of thrust vector
The construction scheme of shield tunneling is a periodic 

combination of downt ime, initiation, and advancement, as
shown in Fig. 15: the shield machine starts from a halted or 
paused state and keeps advancing until a predesigned exca-
vation length is reached, followed by the downtime of the
next excavation cycle. During the tunneling process, the
shield thrust vector involves two key pieces of information:

Du 

Y 1 Y 0 
tion path planning strategies.
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Fig. 14. Calculation diagram of motion path (cubic polynomial curve) and are the attitude deviations of the shield cutterhead and shield tail,
respectively).

Fig. 15. Schematic for the cycle of shield tunneling process (V is the shield speed, V0 and V’ stand for the initial and adjusted speeds, respectively).

(xhead xtail 
thrust force and the location of thrust action point. The 
former ensures the uniform advancement of the shield 
machine, while the latter determines its steering ability. In 
this paper, the control of the thrust vector includes two 
technologies: feedf orward setting and feedback adjustment.
The former is to start the shield machine based on geotech-
nical theory, and the latter is driven by the improved PID
control law (Section 3.2) to maintain the tunneling speed 
and correct the shield attitudes.

The general process of thrust vector feedforward calcu-
lation ,  a  nd  is shown in Fig. 16, 
and for a detailed explanation of the method , please refer
to reference (Xie et al., 2024); it will not be reiterated here.

From a control perspective, regulating the thrust force is 
relatively straightforward. After the shield machine is initi-
ated using the thrust vector feedforward results

and , the driving speed is continuously 
monitored in real time. If the shield’s advancement speed 
drops by 5 mm/min, the targe t thrust force is increased
at a rate of 1% per second, based on the current thrust
force until the shield speed recovers to the prede-
fined setpoint. Once the shield speed reaches and stabilizes
at the desired value, the latest target thrust force

is held con stant.

(FT initial , Mh initial Mv initial )

(FT initial ,
Mh initial , Mv initial )

FT initial ,

FT final
( FT final FT initial D F )
During this adjustment process, as detailed in Sec-
tion 2.1, the differential flow rates between the slurry sup-
ply and discharge (or the rotational speed of the screw 
conveyor) are automatically controlled through a closed-
loop feedback system. This ensures that the pressure within
the slurry chamber (or soil chamber) is maintained at the
specified setpoint.

Referring to Figs. 8 an d 9, the control law equations for 
feedback adjustment of thrust action point displacements
in both directions and are expressed as follows.

DSx Kp hDhx t K i h 

t 

0 
Dhx t dt 17

DSy Kp vDhy t K i v 

t 

0 
Dhy t dt 18

where and are the proportional coefficients in the 
horizontal and vertical direction, respectively; and 
are the integral coefficients in the horizontal and vertical 
direction, respectively; t denotes the sampling period.

The four aforementioned control law coefficients are 
determined by a mach ine learning method, i.e., the ridge
regression algorithm (Wang et al., 2022). Ridge regression 
is an improved least squares estimation method that

(DSx DSy) 

Kp h Kp v 
K i h K i v 
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Fig. 16. Flowchart of thrust vector feedforward calculation.
sacrifices some accuracy by introducing bias, thereby 
reducing the sensitivity to multicollinearity and improving 
the model’s robustness. This method is considered more 
practical and reliable than ordinary least squares, particu -
larly in the presence of outliers, due to its enhanced fitting
capability. The process for determining these coefficients is
illustrated in Fig. 17 and explained as follows.

Given a sample x described by d-dimensional attributes 
(x1, x2, x3, , xd), where xi represents the value of the i-th
dimensional attribute of sample x. The linear model can be
expressed as

f  x x1x1 x2x2 xdx d b 19

where b is the bias term, and x represents the weight coef-
ficients for each feature dimension. By solving for x an d b,
the final model is determined. In practical applications, the
bias term is often set to zero.

From a geometric perspective, the least squares method 
is used to solve this linear regression problem by minimiz-
ing the loss function L(x), where L(x) is defined as

L x 
N 

i 1 
xT x i yi

2 20

where N is the numbe r of samples.
Let X be the matrix of multiple samples, and Y be the 

corresponding output of the linear model, then, equation
(19) can be transformed as

Y Xx b 21
In matrix form, the loss func tion can be rewritten as

L x xT XT Xx 2xT XT Y YTY 22

To find the optimal x, take the derivative of L(x) with 
respect to x and eq uate it to zero. This gives the closed-
form solution for x:

x XT X 1 
X TY 23

Ridge regression extends the linear regression model by 
adding an L2 regularization penalty term, which helps to 
prevent ov erfitting by penalizing large coefficient values.
The modified loss function is expressed as

p x L x k x 2 24

where k is the regularization parameter that controls the 
strength of the penalty. The larger the value of k, the stron-
ger the regularization effect. In the current model, we use
the combination of cross validation and empirical estima-
tion to determine k.

By solving the ridge regression loss function, the weight
vector x can be computed as

x XT X kI 1 
X TY 25

where I is the identity matrix.
Furthermore, the moments of thrust force in the hori-

zontal and vertical directions and can be 
adjusted based on the feedforward calculation results and
are expressed as

Mh final FT final Sx0 D Sx 26

Mv final FT final Sy0 D Sy 27

where and are the initial position coordinates of the
thrust force.

3.4.2 Execution method of thrust vector
In this paper, the method for alloc ating the target thrust

vectors ,  a  nd  generated by the auto-
matic system to each propulsion cylinder is relatively 
straightforward, requiring only the satisfaction of a set of 
constraint equations. It is important to note that, unlike 
traditional shield propulsion systems, which are grouped 
into fixed zones, newly manufactured shield machines are 
capable of independent oil pressure control for each
propulsion unit, allowing for flexible partitioning of the
propulsion system. As an example, a three-zone configura-
tion for the newly manufactured shield machine is illus-
trated in Fig. 18, which will be implemented in the
subsequent demonstration project.

The shield propulsion system, consisting of multiple 
hydraulic cylinders, is divided into three zones, i.e., from 
Zone A–C. Zones A and B contain an equal number of 
propulsion cylinders, while the remaining cylinders are 
assigned to Zone C. It is required that the number of cylin-
ders in Zone C be greater than that in either Zone A or
Zone B. The target oil pressure within each zone is main-
tained uniformly across all cylinders. The configuration

(Mh final Mv final )

Sx0 Sy0 

Mh final Mv final )(F T final ,
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Fig. 17. Flowchart of ridge regression algorithm.

Fig. 18. Schematic diagram of the distribution of the target thrust vector.
of the three zones dynamically adjusts in response to 
changes in the position of the target thrust action point. 
The goal is to align the target thrust action poi nt as closely
as possible with the symmetry axis of Zone C. For a
detailed explanation of this adjustment mechanism, please
refer to Zhu et al. (2023), which will not be reiterated here. 
The target thrust for each zone is denoted as FA, FB,  and
FC, and the unique solution for the thrust distribution
can be determined from the following three constraint
equations.

F T final F A F B F C 28

M2 
h final M2 

v final sin b F A F B RA sin a 29

M2 
h final M2 

v final cos b F CRC F ARA F BRB cos a

30

where is the angle between the symmetry axis of Zones A 
and B and the positive half of the Y-axis, and b is the angle 
between the line connecting the thrust action point and the
center of the propulsion system and the negative half of
the Y-axis. RA, RB, and RC denote the distances from the

a 
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Fig. 19. Closed-loop execution principle of target oil pressure.
target thrust action points of Zones A, B, and C to the cen-
ter of the propulsion system, respectively.

Once FA, FB,  and  FC are determined, the average thrust 
per cylinder in each zone can be calculated and subse-
quently converted into the corresponding target oil pres-
sure for each cylin der. The precise implementation of
these target oil pressures will ensure the accurate realiza-
tion of the desired thrust vector (see Fig. 19). 

4 Large-scale model testing validation

4.1 Model test platform

As illustrated in Fig. 20, a super-large model test plat-
form (13 m × 8  m  × 8 m) mainly consisted of a steel outer 
frame, a load system, a model shield machine, a sliding 
support, and steel segments, which was established to ver-
ify the feasibility of this thrust-vectoring automatic shield 
tunneling technology. Two prisms, mounted on one side
of the horizontal symmetry axis of the shield shell, are uti-
lized to continuously measure the real-time attitude angle
deviations of the shield machine (hx and hy) and the atti-
tude deviations of the shield cutterhead and .

The load system consisted of 6 groups of dual hydro-
cylinders evenly distributed around the circumference with 
a diameter of 3.6 m. The inner diameter of the load hydro-
cylinder, the diameter of the piston-rod, and the maximum 
cylinder stroke were 360, 280, and 3000 mm, respectively. 
Each thrust unit was equipped with an independ ent pro-
portional reduction valve for pressure control, and it could
actively output non-constant load vectors (with a maxi-
mum load capacity of 1.38 × 104 kN) to simulate various
load conditions encountered by the shield machine.

A real metro shield machine with a diameter of approx-
imately 6.8 m was innovatively modified by removing com-
ponents such as the cutter head, front shield, and shield 
tail, while retaining the middle shield, propulsion system, 
and segment erector. A load-bearing circular ring was 
installed at the front of the model shield machine to sup-
port the jacks of the loading system. The model shield
machine has a total length of approximately 5.7 m and a
total weight of about 1.60 × 105 kg, with the propulsion

(Px Py)
system consisting of 17 groups of dual hydro-cylinders. 
The inner diameter of the propulsion hydro-cylinder, diam-
eter of the piston-rod, and maximum of the cylinder stroke 
were 240, 200, and 2200 mm, respectively. An independent 
proportional reduction valve was employed to achieve 
closed-loop control of the target oil pressure for each group 
of dual hydro-cylinders, whi ch was also equipped with an
oil pressure sensor and a travel sensor. The cylinder stroke
sensor model is BTL5-S111B-M2450-K-K15 (resolution:
5 × 10–6 m), and the pressure sensor model is MBS3050-
060G3583 (resolution: 0.4 MPa).

It is important to note that, due to practical constraints, 
it was unable to embed this oversized testing platform into 
the soil. To increase the test difficulty, a hemispherical 
single-point contact was established between the model 
shield machine and the sliding support, which constrains 
the vertical displacement of the model shield machine only, 
leaving other degrees of freedom to remain unconstrained. 
This design aims to maximize the response of the shield
attitude to assess the feasibility of this technology. The
detailed introduction about the testing platform, as well
as the calculation methods for the distribution of the set
load force vectors and thrust vectors to each group of dual
hydro-cylinder, could also be referred to Zhu et al. (2023). 

Then, PID control law equations for the model test are 
established as follows, based on Fig. 9. 

DSx Kp1Dhx t K i1 

t 

0 
D hx t dt 31

DSy Kp1Dhy t K i1 

t 

0 
D hy t dt 32

DF Kp2DV  t  K i2 

t 

0 
DV t dt 33

where and are the proportional coefficients; and 
are the integral coefficients; is the increment of 

thrust force, is the shield speed deviation, is 
the attitude angle deviation in the horizontal direction,
and is the attitude angle deviation in the vertical
direction.

Due to the relatively simple and controllable environ-
mental conditions in this model test, the two proportional
coefficients and in the shield attitude PID control 
law equations were subject to repeated tuning and valida-
tion. The final tuned values for these coefficients were
determined to be 1000 and 10, respectively. Similarly, the
coefficients and for speed control were set to 50 
and 0, respectively. The sampling period employed in the
control system was 5 ms.

4.2 Model test scheme

The variation in geological loads is indirectly replicated 
through active control of the load vector applied by the 
loading system, given that the rotation angle of the model
shield machine can only undergo minimal changes. To

Kp1 Kp2 K i1 
K i2 DF 

DV  t  Dhx t 

Dhy t 

(Kp1 K i1) 

Kp2 K i2 
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Fig. 20. Model test platform.
rigorously evaluate the feasibility of the proposed technol-
ogy, simulations of uniform linear shield advancements 
with zero attitude angle deviations in both the horizontal 
and vertical directions were performed. These simulations 
aimed to assess the self-adaptive response of the shield 
thrust vector, which is generated by the automatic control 
system. To ensure the operational safety and stability of the 
tunneling process, the driving speed of the model shield 
machine was precisely controlled at approximately 
15 mm/min throughout the test. Additionally, the contact
interface between the sliding support located at the base
of the shield machine and the ground sliding rail, along
with the auxiliary anti-rollover brackets mounted on both
sides of the shield machine, was meticulously designed to
ensure the stability and safety of the shield’s advancement.

The following two test scenarios are considered with the 
procedure designed as shown in Fig. 21. Test scenarios 1 
and 2 aim to validate the correction control capability of 
the shield machine at the same burial depth and varying
burial depths.

4.3 Data analys is

4.3.1 Analysis of the results from test scenario 1

Figure 22 illustrates the comparison of horizontal coor-
dinates of thrust an d load force action points throughout
the entire process. During Phase 1, the load force vector 
remained stable, and the horizontal coordinates of the 
thrust action point exhibited a high degree of alignment 
with those of the load force. This consistency can be attrib-
uted to the manual operation of the propulsion system,
which maintained the shield attitude in a nearly unchanged
state.

In Phase 2, the horizontal attitude deviations of the 
shield cutterhead responded promptly to changes in the 
load force acti on point, as the propulsion system was no
longer under manual control. As shown in Fig. 22, the 
model shield machine initially rotated to the right, followed 
by a rotation to the left. However, due to the prolonged 
duration of the horizontal moment at 1000 kN m, the ini-
tial rightward displacement (+7 mm) was smaller than
the subsequent leftward displacement (–19 mm). By the
end of Phase 2, the horizontal attitude deviation reached
–12 mm.

Upon entering Phase 3, the thrust-vectoring automatic 
control system was activated. It was observed from
Fig. 2 2 that the coordinates of the thrust action point 
quickly increased to approach those of the load force 
action point, and after oscillating for approximately 30 s, 
gradually converged to a stable value. During this oscilla-
tion period, the amplitude of the coordinates of the thrust 
action point decreased progressively until it overlapped
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(a) 

 

(b) 

Fig. 21. Procedure design for both test scenarios. (a) Test scenario 1, and
(b) test scenario 2.
with those of the load force acti on point. As shown in
Fig. 22, the shield attitude steadily returned to its initial 
state, with a final deviation in the range of –1 to –3 mm.

4.3.2 Analysis of the results from test scenario 2

Test scenario 2 simulated an extreme working condition 
for the model shield machine, in which both the load force 
and its horizontal moment followed distinct variation 
paths simultaneously. The target sh ield speed and horizon-
tal attitude deviation of the shield cutterhead were set to
13 mm/min and –2 mm, respectively. As shown in Figs. 23 
and 24, the thrust vector (comprising the thrust force and 
horizontal coordinates of its action point) responded effec-
tively to variations in the load force vector, maintaining a
high degree of cooperativity throughout the process.

More specifically, a consistent deviation of approxi-
mately 1000 kN existed between the two forces due to
system friction. A small amplitude fluctuation in the hori-
zontal coordinates of the thrust action point was observed; 
however, no delayed response or significant overshoot 
occurred. Owing to the excellent adaptive response capabil-
ity of the thrust vector, the overall shield speed of the
model shield machine was maintained within an error
range of –1 to +2 mm/min relative to the set value (see
Fig. 23), while the horizontal attitude deviation of the 
shield cutterhead was con trolled within an error range
of ±3 mm (see Fig. 23). 

In conclusion, the results of these two tests preliminarily 
demonstrate the feasibility of thrust-vectoring automatic 
shield tunneling technology in achieving precise adjust-
ments of shield attitude and shield speed. This provides a 
solid foundation for the potential application of this tech-
nology in future practical engineering projects. However, 
due to limitations in the experimental conditions, this 
model test could not cover all the special working condi-
tions that may be encountered in practical engineering
applications, e.g., the impact of poorly set synchronous
grouting parameters, which may lead to tail uplift issues
affecting the application efficacy of this technology.

5 Practical application in engine ering project

5.1 Project overvi ew

Shanghai-Nantong Railway is a double-track high-
speed railway that connects Shanghai with Nantong, a city
in Jiangsu Province, China. As illustrated in Fig. 25, 
Wusongkou Yangtze River Tunnel spans a total length 
of 7.275 km. The main shield tunnel extends for a length 
of 6.77 km and is a double-bore, single-track underwater
tunnel with segmental rings measuring 2 m in width. A
total of 3385 segmental rings were used in the construction.

The stratigraphic distribution of the entire shield sec-
tion, as shown in Fig. 26, belongs to a typical soft soil 
layer. The land segment is 1871 m long and primarily tra-
verses the following strata: ②3 silty clay, ③2 silt sand, ④ 
silty clay, ⑤1 clay, and ⑤2 silt. The river crossing segment 
is 4799 m long and primarily traverses the following strata: 
⑤1 clay, ⑤2 silt, ⑤3-1 silty clay, and ⑤3-11 silt layer. The
tunnel features a maximum longitudinal gradient of 9.0‰
and a minimum turning radius of 778 m. The overburden
thickness ranges from a minimum of 6.26 m to a maximum
of 29.2 m.

Two domestically manufactured shield machines, as 
shown in Fig. 2 7, each with an excavation diameter of 
10.69 m, commence tunneling from Working Shaft No. 3 
in Pudong New District, crossing the Huangpu River and 
the Yangtze River in succession, before being received at 
Working Shaft No. 2 in Baoshan District. The maximum 
driving speed of the shield machine is 80 mm/min, with a 
maximum working pressure of 0.8 MPa. The total power 
of the main drive is 2400 kW, and the rated torque is 22 
950 kN m. The propulsion system of the shield machine
consisted of 22 groups of dual hydro-cylinders evenly dis-
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Fig. 22. Variations in the horizontal coordinates of thrust and load action points, and changes in shield attitude in test 1.

Fig. 23. Variations in thrust, load forces, and shield speed in test scenario 2.
tributed around the circumference with a total thrust of 139 
800 kN. The inner diameter of the hydraulic cylinder, and 
the diameter of the piston-rod were 340 and 260 mm, 
respectively. All the dual hydro-cylinders were controlled
independently, and the pressure distribution method for
each hydro-cylinder based on the target total thrust vector
has been explained in Section 3.4.2.

The thrust-vectoring automatic shield tunneling technol-
ogy was first implemented on the right line of Wusongkou 
Yangtze River Tunnel project. During the initial applica-
tion of this technology, to achieve gradual correction of
the shield attitude, the target steering angles provided by
the path planning module were relatively small, which
did not meet the shield operator’s habitual need for quick 
corrections. This occasionally led to manual overrides of 
the system. After repeated technical discussions, the psy-
chological concerns of the shield operators were addressed. 
Construction commenced in March 2023 and was com-
pleted in January 2024. Algorithm debugging took place 
between the 385th and 633rd rings, while the demonstra-
tion phase was carried out from the 634th ring to the 
3261st ring, covering a total of 2628 rings, which accounts 
for 77.6% of the tunnel’s total length. Among these, 396 
segmental rings (792 m, from the 2866th ring to the
3261st ring) were continuously and automatically con-
trolled for shield attitude. Notably, a world record for
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Fig. 24. Variations in the horizontal coordinates of thrust and load action points, and changes in shield attitude in test scenario 2.

Fig. 25. Plan diagram of the engineering project.

Fig. 26. Geological profile.
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Fig. 27. Key parameters of the shield machine.
the longest distance driven by a large-diameter shield 
machine in soft strata within a single month, 868 m, was
achieved in October 2023.

5.2 Analysis of applicati on results

5.2.1 Thrust force and shield speed

Ten consecutive segmental rings, ranging from the 
2969th ring to the 2978th ring, were selected as a represen-
tative c ase for data analysis and technical assessment of the
system’s application performance. Figure 28 presents the 
variations between the target and actual thrust forces for 
these ten rings. It is evident that the target total thrust gen-
erated by the thrust-vectoring automatic control system
Fig. 28. Thrust force 
was slightly higher than the actual thrust values. This mar-
gin was intentionally designed to ensure the shield 
machine’s stable advancement without reducing its speed 
during continuous excavation. Owing to the precise regula-
tion of the oil pressure in each propulsion hydraulic cylin-
der, the actual thrust forces are closely aligned with the 
target values, with a deviation of approximately 2.5%. As
shown in Fig. 2 8, minor manual adjustments were made 
to the shield speed. The actual speed responded promptly 
and effectively to these adjustments. Overall, the shield 
machine maintained a consistent operational speed of 
approximately 60 mm/min, with the deviation between 
the actual and target speeds controlled within a narrow 
range of –1 to +1 mm/min. This confirms the effectiveness
and shield speed.
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of the thrust-vectoring automatic control system in regulat-
ing the shield speed, even in complex tunneling
environments.

5.2.2 Thrust force moments

Figure 29 presents a comparison between the target and 
actual thrust force moments in both the horizontal and ver-
tical directions. There is a high level of cooperativity 
between the target and actual moments in the two direc-
tions. However, throughout the entire process, the target 
values for both the horizontal and vertical mo ments were
slightly greater than the actual values, maintaining a small
deviation (approximately 10.0%) between the target and
actual values. This approach was intended to ensure the
thrust vector’s ability to correct the shield attitudes.

In the actual shield tunneling process, the adjustment of 
the shield attitude is relatively sensitive and responsive due 
to the stable overburden depth and geological characteris-
tics in the horizontal direction. However, in the vertical 
direction, the stability of the shield machine is relatively 
poor due to the direct influence of its own self-weight. 
Moreover, the physical properties of the geological layers
may vary more significantly in the vertical direction, poten-
tially resulting in greater load changes on the shield
machine during the attitude adjustments, thereby increas-
ing the control difficulty.

5.2.3 Shield attitud es
As illustrated in Fig. 30, the spatial interaction between 

the thrust action point and the shield attitudes in both the
horizontal and vertical directions, as discussed in Section 2, 
displayed a cooperative relationship resembling the struc-
ture of ‘‘sugar-coated haws on a stick”. Specifically, when 
the thrust action point moved in one direction, the shield 
attitude deviated in the opposite direction. Once the shield
attitude reached the designated target values, the thrust
action point shifted in the reverse direction to prevent over-
Fig. 29. Comparison between the target an
correction. As a result, the overall trajectory of the shield 
attitude relative to the target values exhibited an ‘‘S-
shaped” pattern, which aligns with the conventional oper-
ational experience in shield tunneling. The range of hori-
zontal movement for the thrust action point was between 
–0.2 and 1.0 m, while in the vertical direction, it ranged
from –1.0 to –0.4 m. Compared with the traditional manual
control, the automation system significantly improved the
stability of the shield machine.

There is a situation that requires explanation. When the 
shield tunneling reached rings 2969 and 2970, issues arose 
with ground spoil obstruction due to the extreme weather 
conditions. To avoid the clogging of the grouting pipeline, 
the construction team implemented a strategy of pausing 
the shield machine approximately every 0.2 m of advance-
ment for about 2 h, until the ground spoil could flow freely. 
Consequently , the intelligent control system also experi-
enced multiple start-stop cycles. During data processing,
the data from the shield downtime phases were deleted,
which resulted in an asymmetrical representation of the
changes particularly in the vertical direction. However, it
can be seen from Fig. 30 that the intelligent control system 
still played an effecti ve role in adjusting the shield attitudes.

In general, all propulsion hydro-cylinders are locked to 
prevent the shield machine from retreating during the pro-
cess of assembling segments into a ring. However, due to 
the partial loss of thrust force within the segment assembly 
area, both the thrust and its action point are subject to fluc-
tuations. This instability can, in turn, result in a ‘‘kowtow” 
phenomenon in the shield cutterhead’s vertical attitude, 
with maximum attitude variation even exceeding 15 mm, 
while the influence of t his phenomenon is comparatively
minimal in the horizontal direction. As illustrated in
Fig. 30(b ), the shield attitude tends to return to the target 
values during the tunneling of the subsequent ring, further 
demonstrating the effectiveness and reliability of the thrust-
vectoring automatic shield tunneling technology. While
d actual moments of the thrust force.

move_f0145
move_f0150
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Fig. 30. Interaction between the shield attitudes and the moment of thrust force. (a) Horizontal direction, and (b) vertical direction.
additional factors, such as soil compression around the 
shield cutterhead and slight reductions in the support force 
acting on the tunnel face, also contribute to this phe -
nomenon, the stabilization of the thrust vector remains a
critical issue that warrants further investigation in future
research.

To comprehensively elucidate the application stability 
of this thrust-vectoring automatic control system, this 
study presents the attitude deviation data of shield cutter-
head for the segment rings ranging from the 2969th ring
to 3068th ring, as depicted in Fig. 31. Despite the influ-
ence of abrupt attitude changes during the shield down-
time, the overall control of the shield attitudes in the 
horizontal direction is maintained within the range of 
–20 to +5 mm. In comparison to the target value of
–5 m, the control accuracy of the shield attitude is found
to be from –15 to +5 mm. In the vertical direction, the
shield attitudes are controlled within the range of –45 to 
–28 mm, relative to the target value of –32 mm, with con-
trol accuracy ranging from –13 to +4 mm. Drawing from 
construction experience, the control accuracy of shield 
attitudes under traditional manual control of large-
diameter shield machines is ±30 mm in the horizontal
direction and ±50 mm in the vertical direction. Compara-
tive analysis reveals that this thrust-vectoring automatic
shield tunneling technology significantly enhances the
shield attitude control quality, thereby demonstrating its
controllability and reliability.

The control accuracy of key parameters characterizes 
the level of automation control for this technology. There-
fore, we have listed the control accuracy of key parameters 
that reflect the advantages of this technology, including 
shield thrust and its moments, shi eld speed, and shield atti-
tudes, as shown in Table 1.

move_t0005
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Fig. 31. Variations in shield attitudes over 100 consecutive segment rings.

Table 1 
Control accuracy of the intelligent control system.

No. Object Range 

1 Control accuracy of thrust force 2.5% 
2 Control accuracy of thrust moments 10.0% 
3 Control accuracy of shield speed –1 to +1 mm/min
4 Shield attitude in horizontal direction –20 to +5 mm
5 Shield attitude in vertical direction –45 to –28 mm
6 Accuracy of attitude control considering the ‘‘kowtow” phenomenon in horizontal direction –15 to +5 mm
7 Accuracy of attitude control considering the ‘‘kowtow” phenomenon in vertical direction –13 to +4 mm
6 Conc lusions

In this study, a thrust-vectoring automatic shield tunnel-
ing technology for shield machines was innovatively pro-
posed based on an in-depth analysis of the motion 
control mechanisms governing shield tunneling operations. 
This technology integrates a control law for regulating 
shield attitude and speed, a motion path planning and nav-
igation fram ework, and an automatic thrust vector control
method. The proposed system was validated through com-
prehensive full-scale model tests and real-world engineering
applications. The main contributions of this research are
summarized as follows.

(1) Based on the defined shield thrust vector, a novel 
load-thrust ‘‘dual vector” motion control mechanism 
was introduced, and the moment vector generated by 
the interaction of the load and thrust vectors determi-
nes the yaw direction and yaw capability of the shield 
machine. Through data analysis from engineering 
projects conducted in soft, composite, and rock
strata, a dynamic interaction between the shield atti-
tude and the thrust action point was observed. This
interaction was verified across varying geological
conditions, demonstrating its robustness.
(4)

A control law governing the thrust-vectoring auto-
matic control system of shield machines was formu-
lated using a parallel PID control system. This 
control law quantifies the relationship between varia-
tions in shield attitude and the displacement of the
thrust action point. The feasibility and effectiveness
of this control approach were preliminarily validated
through full-scale model tests.

(2) 

(3) Building upon the manual driving experience of 
shield tunneling machines, the motion path design 
and the generation of steering angles for each seg-
mented advance distance were implemented following 
the introduction of the concept of CTA. An auto-
matic control method for the thrust vector was devel-
oped, integrating feedforward calculation with 
feedback adjustment, driven by a fusion of mechani-
cal principles and data analytics. This method was
thoroughly validated through practical application
in a large-diameter shield tunneling project, where it
contributed to the achievement of a world record
for monthly shield tunneling advance.
Due to the high degree of coordination and consis-
tency between the target and actual thrust vectors, 
stable shield machine operation was maintained 
under the control of the thrust-vectoring automatic
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control system. A deviation of approximately 2.5% 
between the target and actual thrust forces was sus-
tained, ensuring uniform-speed advancement. Fur-
thermore, the target moments of the thrust force 
were deliberately set slightly higher than the actual 
values to enhance the shield machine’s attitude 
adjustment capability. A key interactive feat ure,
resembling the ‘‘sugar-coated haws on a stick” pat-
tern, was identified, which confirmed the precise con-
trol relationship between the total thrust action
points and the shield attitude deviation points.

Although the effectiveness and efficiency of the proposed 
method has been verified by both in-door laboratory tests 
and one engineering project, several important research 
topics remain to be explored, including the application of 
thrust-vectoring technology in composite and rock strata 
to assess its generalizability, the development of thrust vec-
tor maintenance method s during segment assembly to
address the ‘‘kowtow” phenomenon, and the implementa-
tion and application of this technology on existing shield
machines to evaluate its portability. These issues are cur-
rently being addressed.

It is also important to note that the classic PID control 
law was solely employed for system debugging purposes to 
assess the functionality of the intelligent control system, the 
computation and execution of target pressure for the thrust 
cylinders, and the responsiveness of the shield attitudes.
However, due to safety concerns in engineering applica-
tions arising from the non-uniform nature of actual geolog-
ical strata, the classic PID control was not deployed in
practice.

Furthermore, although the control principles for thrust-
vectoring in the propulsion systems are consistent across 
different types of shield machines, the application of this 
technology will not be limited by the type of shield 
machine. Currently, we have completed minor modifica-
tions on two existing traditional metro shield machines 
(earth pressure balance shield with a diameter of 6.76 m 
and equipped with a four-zone propulsion system) to 
enable automatic tunneling capabilities. These two modi-
fied machines have successfully completed the excavation 
of the section tunnel between Linghe Road Station and 
Yanggao North Road Station on Shanghai Metro Line 
21 (with a total length of approximately 1900 m for both 
the up and down lines). Moreover, the interaction between 
the shield and the surrounding rock-soil mixture varies
with different geological formations. For instance, when
tunneling through composite strata, the interaction differs
from that in soft soils, primarily reflected in the tuning
results of the core parameters for shield attitude control
law. Now, we are currently developing a 12 m diameter
slurry balance shield, which is expected to be applied in
an engineering project in Macao by June 2025. Considering
that the ridge regression algorithm can achieve stable and
compatible results either using time or distance as a vari-
able in Eqs. (17) and (18), without involving issues of algo-
rithm convergence, the determination of feedback duration 
or distance will be further evaluated according to the geo-
logical conditions, aiming to enhance the adaptability of
this new technology in composite strata.

Data availabil ity

The data that support the findings of this study are 
available from the corresponding author upon reasonable
request.
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