Study of Research Progress on Prediction Methods for Safety Performance of Shield Tunnels

[bookmark: _GoBack]Abstract: With the rapid development of urban underground space utilization, shield tunnel engineering is confronting increasingly complex geological conditions and environmental effects. The prediction of safety performance has become a critical technology for ensuring the entire life cycle safety of projects. In recent years, various prediction methods have developed through mutual integration, but there is still a lack of systematic classification and comparative analysis. This article comprehensively reviews the main method systems for predicting the safety performance of shield tunnels, including numerical simulation, model testing, mechanical analytical models, machine learning, and grey theory, etc. It systematically analyzes the theoretical basis, application characteristics, and limitations of each method, clearly explains the applicability of each method, and looks forward to the future development trend of multi-method integration. The aim is to provide a systematic reference for related research.
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0 Introduction
As a technically mature and highly safe tunnel construction method, the shield tunnelling technique has been extensively applied in urban metro systems, road tunnels, hydraulic engineering projects, and utility tunnels (Hu et al., 2025; Wang et al., 2024). However, shield tunnels face numerous risks and challenges during construction and operation, including ground deformation caused by complex geological conditions, failure of support structures, water seepage issues, and the management of surrounding environmental impacts (Al-Khattaf, 2021). The presence of these risk factors may lead to significant economic losses and safety hazards, making the accurate prediction and assessment of shield tunnel safety performance particularly crucial (Liu et al., 2024; Gong et al., 2022).
In recent years, scholars both domestically and internationally have conducted extensive innovative research on predicting the safety performance of shield tunnels, developing multiple prediction methodology systems. These approaches, grounded in different theoretical foundations, each possess distinct characteristics. Numerical simulation methods can account for complex geological conditions and construction processes; model testing methods provide direct insights into structural mechanical behaviour; analytical mechanical models offer straightforward and practical computations; machine learning methods excel at handling high-dimensional non-linear problems; grey theory methods are suitable for small-sample prediction scenarios (Liu & Dai, 2023). However, no study has yet systematically classified, compared, or analysed the development trends of these methods. This paper aims to systematically review research progress in predicting the safety performance of shield-tunnel structures. Through detailed literature review and case analysis, it provides comprehensive technical reference for researchers in related fields. The primary objectives of this review are: firstly, to systematically classify and elucidate the theoretical foundations and implementation pathways of various prediction methods; secondly, to analyse the application effectiveness of each method through representative literature cases; thirdly, to conduct a comprehensive comparative analysis of the methods; and finally, to summarise the limitations of existing research and propose key future development directions.
1 Working environment under complex operating conditions
Shield-driven water conveyance tunnels operate within a complex, multi-dimensional coupled environment throughout their construction and operational lifecycle. The high-risk nature of their working conditions stems from the combined effects of geological conditions, hydraulic loads, environmental corrosion, and external disturbances. Geologically, tunnels frequently traverse soft soils, sand layers, fractured rock formations, and high-water-pressure strata. For instance, water-saturated sand layers may destabilise the tunnel face during shield advancement due to seepage, triggering water and sand surges. Fault zones or karst-developed areas risk sudden water ingress or ground subsidence from abrupt rock strength reduction, jeopardising construction safety. Concurrently, the non-uniformity of alternating soft and hard strata subjects shield machines to uneven stresses, accelerating cutter wear and potentially causing machine jamming, significantly increasing construction complexity and costs. The dynamic nature of hydraulic loads further amplifies structural risks. Water conveyance tunnels endure sustained high internal water pressures (typically 1.0–2.0 MPa) during operation, while transient water hammer effects from pump start-stop cycles or valve adjustments can generate impact loads exceeding steady-state pressures by 30%–50%. This significantly increases the likelihood of segment joint seepage or concrete cracking. Moreover, the complex coupling between external groundwater seepage pressure and internal water pressure subjects the lining structure to prolonged asymmetric loading, accelerating fatigue damage in locally stressed areas. Environmental corrosion remains equally significant: corrosive components such as chloride ions and sulphates in the conveyed water permeate through concrete pores to the reinforcement surface, inducing rust expansion and cracking; Microbial activity reacts chemically with concrete, degrading material strength. Regarding external disturbances, construction near densely populated urban areas may induce ground displacement, causing uneven tunnel settlement; under seismic loads, soil-structure dynamic interactions can displace segment joints, cause bolt shear failure, or even trigger overall instability. The interplay of these complex operating conditions significantly elevates the operational risks of water conveyance tunnels.
Faced with these formidable challenges, systematic safety performance prediction serves as the core technical approach to ensuring the full lifecycle safety of shield-driven water conveyance tunnels. Its significance spans three dimensions: risk prevention, service life assessment, and operational optimisation. At the risk prevention level, numerical simulations predict face stability during construction, enabling avoidance of collapses by adjusting parameters such as advance rate and soil chamber pressure. During operation, hydraulic transient analysis models precisely locate water hammer pressure peaks and optimise valve operation strategies, reducing pipe rupture risks by over 60%. For service life assessment, integrating corrosion kinetics theory with machine learning algorithms quantifies chloride ion diffusion depth and reinforcement corrosion rates. Combined with time-varying reliability theory, this dynamically evaluates structural remaining life, providing scientific basis for maintenance decisions. Within the operational optimisation dimension, predictive safety analysis guides monitoring system deployment: finite element analysis identifies high-stress zones for prioritised fibre-optic sensor placement to track microcrack propagation. Without such foresight, localised damage may evolve into through-cracking undetected, triggering water supply disruptions and incurring billions in direct economic losses. Thus, safety performance prediction serves not only as an ‘early warning system’ for engineering safety but also as a ‘decision-making instrument’ for optimising resource allocation. Its application significantly enhances the resilience and sustainability of major infrastructure, holding profound implications for the stable operation of socio-economic systems.
2 Safety Performance Prediction Methods
2.1 Numerical Simulation
Numerical simulation represents the most widely applied research methodology for predicting the safety performance of shield-driven tunnels. This approach employs computer simulation techniques to establish three-dimensional numerical models of the entire shield tunnel construction process, enabling relatively accurate simulation of the interaction mechanisms between the tunnel and surrounding rock and soil masses.
Regarding software platforms, numerical analysis programmes such as ANSYS, ABAQUS, and FLAC3D are extensively employed. For instance, Yan, Z. et al.[1] used three-dimensional finite element simulation to reveal the long-term mechanical behavior of a three-layer composite lining water diversion tunnel: there is a threshold effect of 0.5 MPa for the internal water pressure - when it is below the threshold, the steel lining dominates the pressure-bearing, and the bolt stress gradually increases; after exceeding the threshold, the pressure-bearing capacity of the segments increases, and the bolt stress surges. The stress of the reinforcing bars increases year by year during long-term operation, and the circumferential strains of the self-compacting concrete and the segment concrete continue to develop but do not crack. The bolt stress slightly decreases due to creep relaxation; extreme overpressure (1.8 MPa) causes tensile damage to the concrete arch top/bottom of the tunnel, providing key mechanical response patterns and failure threshold references for the long-term safety assessment of similar tunnels. Additionally, Chen, X. et al.[2] employed ABAQUS software to establish a three-dimensional finite element model accounting for dynamic changes in the shield tail void, simulating stress path variations in the surrounding soil during shield advancement. Findings revealed that the hardening process of the grout body at the shield tail significantly influences ground settlement. When the elastic modulus of the grout body increases to three times its initial value within 24 hours, it effectively controls subsequent settlement. The advantage of numerical simulation methods lies in their ability to account for complex geological conditions and non-linear construction processes. However, they exhibit low computational efficiency and high sensitivity to input parameters; inappropriate parameter selection can lead to substantial deviations in computational results.
2.2 Model Testing
Model testing employs physical scaled experiments to simulate the construction and operational processes of shield-driven tunnels, enabling direct observation and measurement of the interaction behaviour between rock masses and structures. Although this method entails higher costs and longer durations, it provides intuitive experimental data that numerical simulations struggle to yield.
Liu, X. et al.[3] developed a large-scale shield tunnel model testing system employing a 1:30 geometric scale. Centrifuge tests simulated ground responses induced by shield tunnelling under varying overburden thicknesses. Novel transparent soil technology visualised internal soil deformation, revealing a three-stage progression of ground settlement during shield advancement: initial micro-settlement, rapid settlement during the advance phase, and gradual consolidation in the later stage. Regarding the performance of support structures, Wang, Y. et al.[4] designed full-scale model tests for segment joints. Using a hydraulic servo loading system, they simulated hydrostatic and earth pressure variations during tunnel operation. The tests measured deformation, crack propagation, and internal force distribution at the joint locations, establishing a joint stiffness degradation model. This research provides crucial experimental evidence for assessing the long-term performance of shield-tunnel structures. The limitations of model testing methods primarily lie in the difficulty of completely avoiding scale effects and the relatively high cost of experiments, rendering them unsuitable for large-scale parameter analysis.
2.3 Analytical Mechanical Models
Analytical mechanical models predict the safety performance of shield-tunnel structures through mathematical derivations based on theories such as elasticity and plasticity mechanics. These methods offer straightforward calculations, making them suitable for preliminary engineering design and rapid safety assessments.
Hu, D. et al. [5]addressed the issues of unclear stratum disturbance mechanism and insufficient accuracy of traditional settlement prediction in the construction of rectangular tunnels. They proposed an innovative method based on complex function and Maxwell-Betti reciprocity theorem: by defining two stress states to establish an explicit expression for ground loss, combined with conformal mapping to transform the rectangular tunnel into a circular tunnel to obtain the analytical solution for displacement, and correcting the Loganathan formula to expand its application range; the verification through numerical models and 5 actual engineering cases showed that the prediction values of the three projects had smaller errors (MAE, RMSE) compared to the measured values, confirming that this method can effectively improve the reliability of settlement prediction for rectangular tunnel construction, and providing theoretical support for engineering risk control. Lin, X. T. et al.[6] addressed the need for evaluating the resilience of the lining in shield tunneling, proposing an analysis method based on a multi-level disturbance-recovery model: by introducing dual indicators of tunnel diameter convergence and settlement to construct an evaluation system for resilience, combined with existing research to formulate classification standards, and exploring the influence of the degree of performance recovery, decision-making time, and degradation during the evolution stage on the resilience. The case was applied to the excavation of the side pit, and it was found that relying solely on the diameter convergence indicator would overestimate the resilience of the lining (the calculated value was higher), while the settlement indicator could better reflect the actual degradation, and the evolution stage in the performance curve significantly weakened the resilience capacity, verifying the necessity of multi-indicator collaborative evaluation and the reliability of the model. Zhang, J. et al. [7]proposed a systematic probabilistic assessment method to address the safety hazards caused by the accidental overloading of waste accumulation in Shanghai's shield tunnel. This method comprehensively considers the three uncertainties of soil characteristics, overloading scale, and occurrence probability. Through analyzing the Shanghai tunnel case, it was found that the maximum height and average rate of overloading have a significant impact on the performance of the tunnel structure. By combining historical operation data, the credibility of future performance prediction can be enhanced. The research results provide a quantitative tool that takes into account both randomness and practical engineering requirements for the dynamic risk assessment of the impact of accidental overloading on tunnel construction and operation. While mechanically analytical models offer high computational efficiency and clear physical interpretation, they struggle to accommodate complex geological conditions and non-linear construction processes, resulting in limited predictive accuracy.
2.4 Machine Learning
Machine learning methods represent a prominent research focus in recent years for predicting the safety performance of shield-tunnel construction. This approach establishes non-linear mapping relationships between input parameters (geological conditions, construction parameters) and output indicators (ground settlement, structural stress) by analysing historical monitoring data.
Regarding algorithmic applications, techniques such as Support Vector Machines (SVM), Random Forests (RF), and Neural Networks (NN) have been extensively studied. Han, S. et al.[8] proposed a stacked ensemble classifier integrating multiple models—including Random Forest (RF), XGBoost, and CatBoost—for a water conveyance tunnel project in Xinjiang. They employed Bayesian optimisation to refine hyperparameters. Using TBM excavation parameters as input, the study constructed a real-time rock mass grade prediction model. After dataset balancing via the SMOTE algorithm, the Macro-F1 score improved by 3.30%–5.68%, with recall consistently exceeding 0.95. This method has been implemented for dynamic rock mass stability early warning during construction of a water conveyance tunnel in Xinjiang. Wang, X. et al. [9]pointed out that traditional total station monitoring of tunnel deformation has drawbacks such as reliance on reflective prisms, human errors, and insufficient frequency. They systematically reviewed the engineering application advantages of six emerging technologies: robotic total station, real-aperture radar, laser scanning, visual-laser fusion, MEMS wireless sensing, and optical fiber sensing. By comparing and analyzing the monitoring accuracy and applicable scenarios of various technologies in actual cases, they aimed to provide technical selection basis for tunnel construction safety monitoring and promote the precise application of intelligent equipment in real-time deformation warning and structural stability guarantee. Additionally, Liu, D.[10] proposed a method for assessing the safety of shield tunnels based on semi-supervised learning and stacking ensemble algorithm. By improving the membership calculation of the multi-dimensional normal cloud model, unlabelled data with the same pattern as the defect samples were generated. Random forest, extra tree and gradient boosting classifiers were used for semi-supervised learning to expand the defect database and optimize the performance of the classifiers. Three stacking models were constructed by integrating the optimized classifiers through the stacking algorithm. The best model was selected based on indicators such as accuracy and precision.The limitations of machine learning methods primarily lie in their strong dependence on data quality and quantity, coupled with poor model interpretability, necessitating cautious application in engineering practice.
2.5 Grey Theory
Grey theory constitutes a methodology specifically suited to forecasting within small-sample, information-poor systems. By generating grey sequences and establishing differential equation models, this approach predicts system development trends, offering distinct advantages for short-term safety prediction in shield-tunnel construction.
Zheng, Q. et al.[11] employed grey theory to develop predictive models for tunnel rock mass convergence deformation and crown settlement. Integrating these models with field measurements, they analysed the deformation stability of underground tunnel rock masses from both relative displacement and deformation rate perspectives. Jiang, Q.[12] developed a theoretical model for tunnel deformation analysis using regression analysis and grey theory, predicting final settlement and convergence values. Results indicated cumulative tunnel settlement initially increased rapidly over time before stabilising at a slower rate. Regarding model refinement, Zhang, Y.[13] proposed an enhanced GM(1,1) model incorporating sequence operators. This addresses the issue of poor prediction accuracy when historical data sequences exhibit excessively rapid increases or decreases, significantly improving forecasting precision. Grey theory methods offer the primary advantage of low data requirements, making them suitable for early-stage engineering predictions. However, their long-term forecasting accuracy is limited, necessitating integration with other methodologies.
3 Comprehensive Comparative Analysis
Through systematic analysis of the aforementioned five prediction methodologies, existing research exhibits the following characteristics and developmental trends. From an evolutionary perspective, shield tunnel safety performance prediction techniques have progressed from empirical formulas to theoretical analysis, from physical testing to numerical simulation, and subsequently towards data-driven approaches. In recent years, multi-method integration has become a primary trend, exemplified by the combination of numerical simulation and machine learning, or the complementary use of model testing and theoretical analysis. Regarding application effectiveness, each method type has distinct suitability: mechanical analytical models are appropriate for preliminary design and rapid assessment; numerical simulation methods suit detailed mechanism analysis and parameter studies; model testing methods provide intuitive observation of physical phenomena; machine learning excels at handling complex nonlinear problems; grey theory methods suit early-stage prediction where data is scarce.
Current key challenges include: firstly, the relatively independent development of these methods, lacking an effective integrated framework; secondly, insufficient research on long-term performance prediction for shield-tunnelled tunnels; thirdly, the technical systems for real-time prediction and dynamic feedback control remain imperfect; finally, the application of uncertainty quantification analysis in prediction is not yet sufficiently advanced. Future research should prioritise the following directions: firstly, developing hybrid prediction models that integrate multiple methodologies, such as novel techniques like Physically Informed Neural Networks (PINNs); secondly, strengthening research into long-term performance prediction by incorporating time-varying factors like material ageing and environmental changes; thirdly, advancing the development of integrated systems for real-time monitoring and predictive early warning; and fourthly, deepening research into uncertainty analysis and reliability assessment methodologies.
4 Conclusions and Outlook
This paper systematically reviews the research progress on primary methods for predicting the safety performance of shield-tunnel construction, encompassing five categories: numerical simulation, model testing, analytical mechanical modelling, machine learning, and grey theory. Through detailed theoretical analysis and literature review, the following conclusions are drawn: numerical simulation methods effectively reflect complex geological and construction conditions, yet computational efficiency and parameter sensitivity remain key constraints; Model testing methods offer intuitive physical insights but entail high costs and suffer from scale effects; analytical mechanical models are computationally straightforward and practical, yet their applicability is rather idealised; machine learning methods achieve high prediction accuracy but rely heavily on extensive data and exhibit poor interpretability; grey theory methods are suitable for small-sample predictions but have limited long-term forecasting capability.
Current research exhibits the following gaps: a systematic framework for multi-method integration remains unestablished; development of long-term performance prediction models is inadequate; real-time prediction and control technologies are immature; and applications of uncertainty quantification analysis lack depth. Future research should prioritise developing intelligent prediction methods integrating multi-source information, strengthening research on full-lifecycle performance prediction for shield-tunnel systems, establishing real-time prediction and early-warning systems based on digital twins, and deepening studies on reliability assessment methods under conditions of uncertainty.
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