)

Check for
updates

Research on Intelligent Control Technology for
Surrounding Rock Disturbance in Hydraulic Shield
Tunneling

Hailong Li, Qinghua Xiao *, Xiaofeng Xu

Sinohydro Engineering Bureau 3 Co.,Ltd. Xi’an, China
*xghbp@swjtu.edu.cn

Abstract. With the widespread application of shield tunneling in large-scale hy-
dropower projects, controlling surrounding rock disturbance has become a criti-
cal challenge. This study focuses on the development of an intelligent control
framework that integrates multi-source sensing, real-time monitoring, machine
learning - based prediction models, and adaptive feedback mechanisms. By ana-
lyzing disturbance mechanisms related to geological conditions, tunneling pa-
rameters, hydrogeology, and in-situ stress, the framework enables accurate per-
ception and dynamic regulation of excavation-induced responses. Key technolo-
gies such as intelligent perception systems, ensemble learning, model predictive
control (MPC), and particle swarm optimization are reviewed and applied. The
results demonstrate improved tunnel stability, reduced environmental risk, and
enhanced construction efficiency.
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1 Introduction

With the growing demand for clean energy in China, the construction of large-scale
hydropower projects has accelerated, making diversion tunnels a critical component of
these systems. Shield tunneling technology, characterized by high efficiency, minimal
environmental disturbance, and enhanced safety, has become the preferred method for
hydraulic tunnel construction !-31. However, the excavation process inevitably induces
disturbances in the surrounding rock mass, posing risks to structural stability and
nearby infrastructure. This highlights the urgent need for systematic investigation and
effective control strategies.

Extensive research has been conducted globally on the mechanisms of excavation-
induced disturbance zones, the mechanical behavior of rock masses, and the stability
of surrounding geological structures . Techniques such as acoustic emission analy-
sis, microseismic monitoring, and thermo-hydro-mechanical (THM) coupling models
have been widely applied to reveal the characteristics of rock mass deformation and
failure under complex geological conditions, offering valuable theoretical and method-
ological support for engineering practice.
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The emergence of artificial intelligence and digital technologies has ushered shield
tunneling into a new era of intelligent construction”-). By integrating advanced sensing
systems, big data analytics, and machine learning algorithms, intelligent control frame-
works now offer the potential for real-time monitoring, predictive analysis, and adap-
tive regulation of rock mass disturbances!'%-!!l, This study aims to systematically review
existing technologies, propose an intelligent control framework tailored for hydraulic
shield tunneling, and explore future trends in its development and application.

This study systematically illustrates the mechanisms, perception, and intelligent con-
trol technologies for surrounding rock disturbance in shield tunneling. A comprehen-
sive intelligent control framework is proposed, aiming to optimize tunneling perfor-
mance, minimize disturbance effects, and ensure long-term tunnel stability. Further-
more, future research directions are explored, focusing on autonomous tunneling sys-
tems, real-time Al-driven decision-making, and integrated intelligent platforms for un-
derground construction.

2 Mechanism Analysis of Surrounding Rock Disturbance in
Shield Tunneling

2.1  Influence of Geological Conditions and Rock Mass Properties

Fig. 1. Geological conditions in shielding engineering.

The mechanical properties of rock mass, particularly tensile, compressive, and shear
strength, play a decisive role in determining its response to shield tunneling. Weaker
rocks are more prone to deformation and damage under excavation-induced stress re-
distribution. Studies have shown that in composite strata, rock mass with a harder upper
layer and softer lower layer tends to experience less uneven settlement than the reverse
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configuration, with deformation increasing as the strength contrast between layers be-
comes more pronounced. Moreover, the structural integrity of layered rocks—such as
joint distribution, dip angle, and interface strength—has a direct impact on tunnel sta-
bility, as shown in Figure 1. Layered rock behaves like stacked plates, and failure pat-
terns may include bedding slip, collapse, or rock breakage, varying with structural ori-
entations relative to the tunnel axis.

2.2 Influence of Shield Tunneling Parameters

Operational parameters of the shield machine, including cutterhead rotation speed,
thrust force, and excavation rate, significantly affect the degree of surrounding rock
disturbance. Excessive cutterhead speed may result in shear failure of the rock mass,
while insufficient speed lowers efficiency. In fractured or faulted zones, a micro-dis-
turbance excavation mode—characterized by reduced parameter values and uniform
advance—has proven effective in minimizing collapse risks. Similarly, improper thrust
can either overstress the rock or hinder progress. Optimizing thrust in conjunction with
torque and rotation speed has been found to enhance TBM performance. Excavation
speed is another critical factor; high-speed advancement risks disturbing the stress bal-
ance in the rock mass, while overly slow speeds increase project duration and cost.
Parameter optimization models based on statistical correlation analysis have been de-
veloped to balance efficiency and stability.

2.3 Influence of External Environmental Factors

Hydrogeological conditions, particularly groundwater, exert both physical and chemi-
cal influences on the rock mass. Water ingress can soften the rock, reduce its strength,
and escalate the risk of tunnel face collapse or water inrush events. Excavation disturbs
the equilibrium of the regional groundwater flow field, potentially leading to sharp de-
clines in water tables, erosion of rock surfaces, and secondary disasters such as ground
settlement and building damage. In addition, the redistribution of groundwater flow can
exacerbate deformation around the excavation zone, calling for enhanced waterproof-
ing and drainage strategies.

3 Intelligent Perception Technology for Surrounding Rock
Disturbance

The intelligent perception of surrounding rock disturbance refers to the real-time sens-
ing, identification, and interpretation of stress and deformation behaviors during shield
tunneling using advanced sensing technologies and intelligent algorithms, as shown in
Figure 2. Compared with traditional sensing methods, intelligent perception empha-
sizes data fusion, adaptive learning, and dynamic decision-making, enabling more ac-
curate and timely detection of disturbance patterns in complex geological environ-
ments.
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Sensors

Fig. 2. Shield Tunnel Information Perception System

The perception system integrates multi-source sensor data—including displacement,
stress, strain, acoustic emission, and micro-seismic signals—through sensor arrays de-
ployed across key tunnel sections. These sensors collect multidimensional data in real
time, which are then transmitted to centralized platforms for preprocessing and corre-
lation analysis. By applying edge computing and filtering algorithms, the system can
perform on-site preliminary diagnostics to reduce response delay and computational
burden.

Machine learning and artificial intelligence play a central role in the interpretation
layer of intelligent perception. Algorithms such as deep neural networks, recurrent neu-
ral networks (RNN), and unsupervised clustering are employed to identify hidden pat-
terns, classify disturbance types, and estimate spatial propagation trends. When inte-
grated with geological models and tunneling parameters, these intelligent tools allow
for real-time understanding of the evolving rock mass behavior under excavation-in-
duced stress redistribution.

Moreover, intelligent perception systems are designed with closed-loop feedback
mechanisms. The insights gained from monitoring and analysis are immediately fed
into control systems, enabling real-time adjustment of shield parameters—such as
thrust force, cutterhead speed, and slurry pressure—to mitigate disturbance effects.
This synergy between perception and control creates a self-adaptive tunneling process
that enhances construction safety, minimizes environmental impact, and supports the
long-term stability of the tunnel structure.

4 Intelligent Control Technology for Surrounding Rock
Disturbance

Intelligent control system of surrounding rock disturbance during shield tunneling is
grounded in a multidisciplinary theoretical framework that includes the complexity of
geotechnical media, micro-disturbance control theory, and modern intelligent control
theory, as shown in Figure 3. Rock and soil are highly heterogeneous and nonlinear
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materials, making them difficult to model with traditional deterministic methods.
Therefore, adaptive and robust control strategies are essential. The concept of micro-
disturbance control emphasizes minimizing stress redistribution and deformation
through precise pre-construction geological assessments, real-time monitoring, and
feedback-based optimization. Intelligent control theory, integrating control engineer-
ing, computer science, artificial intelligence, and operations research, enables the ap-
plication of methods such as expert systems, fuzzy logic, neural networks, and genetic
algorithms to achieve high-precision automated control in complex tunneling environ-

ments.

Intelligent Control
Framework

The intelligent control framework typically involves a three-phase process, as shown
in Figure 4, pre-construction investigation and decision-making, monitoring and feed-
back during excavation, and long-term post-construction stability evaluation. Predic-
tive models are trained using sensor data and geotechnical records to anticipate disturb-
ance risks. Control algorithms then adjust tunneling parameters such as thrust force,
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cutterhead rotation speed, and slurry pressure. Integrated systems may employ ensem-
ble learning techniques—Ilike random forests, GBDT, and stacking—to enhance pre-
diction accuracy and resilience. Real-time perception data is transmitted to a centralized
platform, where risk levels are analyzed, strategies simulated, and optimal actions de-
termined. These closed-loop systems continuously refine their models based on ongo-
ing feedback, thereby improving construction safety, efficiency, and adaptability.

To ensure effective execution, intelligent control systems incorporate advanced al-
gorithms and responsive feedback mechanisms. Fuzzy logic controllers handle uncer-
tainty in soil behavior, while PID controllers maintain operational stability by correct-
ing deviations in pressure or load. Model Predictive Control (MPC) anticipates future
disturbance trends, allowing proactive parameter adjustments. Meanwhile, machine
learning—based adaptive control systems use historical and real-time data to fine-tune
operational responses dynamically. Real-time feedback loops rely on wireless sensor
networks to monitor stress, deformation, and fluid pressures. Data is filtered and ana-
lyzed using Al techniques, with decision-support systems issuing alerts or adjusting
control actions in response to detected anomalies. Together, these technologies form a
robust platform for the intelligent mitigation of surrounding rock disturbance during
shield tunneling.

5 Conclusions

This study explores intelligent technologies for controlling surrounding rock disturb-
ance in shield-driven hydraulic tunnels. By analyzing key disturbance factors—such as
geological heterogeneity, tunneling parameters, and in-situ stress—a comprehensive
control framework is proposed, integrating multi-sensor monitoring, machine learning
prediction, and adaptive regulation. The system applies fuzzy logic, PID, MPC, and
particle swarm optimization to achieve real-time parameter adjustment and risk mitiga-
tion. Results show significant improvements in tunnel stability, safety, and efficiency.
Looking ahead, intelligent tunneling control will trend toward autonomous, data-driven
platforms that unify perception, prediction, and decision-making, promoting safer and
more sustainable underground construction.
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