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FOREWORD

The rapid and sustained advancement of urbanization has increasingly rendered the development
of underground space a crucial and, in many contexts, an inevitable strategy for alleviating urban
traffic congestion and addressing the growing scarcity of land resources. Metro engineering,
particularly deep excavation construction, poses exceptionally severe challenges to safety
monitoring and risk early warning due to its inherently large scale, complex and uncertain
environmental conditions, and elevated risk profiles. When confronted with monitoring data
that are high-frequency, multi-source, heterogeneous, and fundamentally nonlinear, traditional
monitoring approaches and conventional prediction theories have gradually and clearly revealed
their significant limitations.

Entitled “Theory and Engineering Applications of Intelligent Deformation Monitoring and
Prediction for Deep Subway Excavations”, this book aims to systematically establish and
elaborate a high-frequency intelligent monitoring system that encompasses multiple physical
quantities and multiple scales, together with a rigorous nonlinear time-series prediction theory.
The research work and achievements presented herein are primarily based on sustained theoretical
explorations, dedicated equipment development, and extensive engineering verifications
conducted by the author and the research team over the past several years, relying on a series of
metro deep excavation projects (e.g., Shaoxing Metro Line 2 and Wuxi Metro Line 4).

The book elaborates in considerable detail on the underlying principles, system configurations,
and practical engineering applications of a suite of intelligent monitoring methods. These methods
include multi-channel strut axial force sensing, integrated water level gauges, fixed inclinometers,
hydrostatic leveling, terrestrial laser scanning, and multi-mode multi-frequency Global Navigation
Satellite System (GNSS). Furthermore, it provides an in-depth investigation into the progressive
evolution of prediction theories, tracing a clear trajectory from the classical Autoregressive
Integrated Moving Average (ARIMA) model to advanced deep learning models—such as the
Gated Recurrent Unit (GRU), Long Short-Term Memory (LSTM), and Bidirectional Long Short-
Term Memory (BiLSTM)—and ultimately to the Spatiotemporal Mamba (ST-Mamba) model,
which seamlessly integrates both spatial and temporal features to achieve superior predictive
performance.

The chapters of this book are designed to be relatively independent in their thematic focus while
remaining tightly interrelated and mutually reinforcing. Collectively, they form a complete and
coherent technical closed loop that extends from “intelligent perception” at the data acquisition

stage to “scientific prediction” at the decision-making stage. It is sincerely hoped that the



publication of this book will offer valuable theoretical reference and practical technical insights
for scholars, engineers, and practitioners dedicated to the field of underground engineering safety,
and will jointly promote the continuous advancement of metro construction toward a paradigm

that is demonstrably safer, smarter, and more efficient.
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CHAPTER-1

Introduction

1.1 Background and Significance

Metro engineering constitutes a critical category of infrastructure that significantly alleviates
urban traffic pressure, conserves scarce land resources, and fosters environmentally sustainable
green mobility. As of August 2021, a total of 247 urban rail transit lines had been put into
operation across China, spanning a cumulative operating mileage of 7,970 kilometers, with a
substantial number of additional lines still under active construction. Constrained by the intense
scarcity of underground space in urban environments, metro stations and running tunnels are
frequently constructed using the deep excavation method. Deep excavation engineering involves a
series of closely coupled and highly complex procedures, including earth excavation, dewatering,
installation and staging of support systems, and soil improvement. The construction-induced
disturbances can markedly alter the in-situ stress field and seepage field of the surrounding soils,
thereby triggering a spectrum of risks such as deformation of the retaining structures, variations
in the internal forces within the support system, fluctuations in the groundwater table, and ground
surface settlement in the vicinity. Consequently, conducting systematic, reliable, and high-
precision deformation monitoring together with scientifically rigorous prediction represents
the core technical approach for ensuring construction safety and controlling the environmental
impacts.

The objects of deformation monitoring for deep excavations can be broadly classified into
two major categories: the supporting—retaining system itself and the adjacent environment.
Monitoring of the supporting—retaining system primarily encompasses the axial forces in steel
struts and/or reinforced concrete struts, deep horizontal displacement of the retaining structures,
groundwater levels, and the settlement and horizontal displacement at the top of the retaining
structures. Monitoring of the adjacent environment mainly includes ground surface settlement
around the excavation, and deformation of nearby buildings, structures, and utility pipelines.
Traditional monitoring methods largely rely on manual geometric leveling, total stations, portable
inclinometers, and electric water level gauges. Although these approaches can achieve relatively
high accuracy under certain specific conditions, they generally suffer from a set of pronounced

drawbacks: high labor intensity, low monitoring frequency, poor data continuity, difficulty in
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