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Abstract

Synchronous Thrust and Assembly Technology (STAT), which enables simultaneous shield 
propulsion and segment erection, can improve tunneling efficiency and reduce construction 
duration compared with conventional shield tunneling. However, during STAT construc-
tion, thrust from shield tail jacks directly acts on incomplete segmental lining rings before 
ring closure. Differential jack strokes caused by shield attitude fluctuations and segment 
assembly errors may therefore induce localized asymmetric stress distributions, resulting 
in segment deflection, joint misalignment, and potential structural damage. To evaluate 
these risks, this study develops a case-based methodological framework for assessing the 
mechanical safety of incomplete segmental lining rings and bolts under asymmetric loading 
conditions, using the Shanghai Rail Transit Airport Link Line tunnel as the engineering case. 
A refined finite element model was established to analyze the critical deflection behavior of 
incomplete segmental lining rings subjected to jack thrust during assembly. Field tests were 
conducted to monitor bolt mechanical responses under STAT conditions and to provide 
engineering validation for the numerical results. In addition, the critical differential jack 
stroke was determined based on the shield machine’s maximum design turning radius 
and shield tail clearance. Within the modeled one- to three-segment assembly stages, the 
inter-segment restraint progressively increased, reducing segment deformation and bolt 
loads. No saturation of the clamping effect beyond the third segment was claimed. The 
simulated maximum segment deflection angle corresponds to a differential jack stroke be-
low the shield kinematic limit of 21.9 cm. To maintain the mechanical safety of incomplete 
segmental lining rings within the investigated project conditions, the segment deflection 
angle should be controlled below the minimum damage initiation angle of 0.4°. The nu-
merical model evaluated bolt responses during the single-segment stage; however, field 
measurements were available only after the second segment installation and therefore did 
not directly validate the most unfavorable single-segment stage. By integrating segment 
damage thresholds, bolt stress responses, shield tail clearance, and jack stroke constraints, 
project-specific attitude deviation control criteria were proposed for the investigated large-
bore shield-driven tunnel. It should be noted that these criteria were derived from a specific 
finite element model and limited field measurements from one engineering case; therefore, 
recalibration and further validation are required before applying the proposed thresholds 
to shield tunnels with different diameters, segment geometries, geological conditions, or 
shield machine configurations.
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1. Introduction
Currently, the construction of large-diameter shield tunnels has become a critical com-

ponent of urban underground transportation infrastructure, significantly alleviating traffic 
congestion, preserving ecological environments, and enhancing land-use efficiency [1,2]. 
During tunnel construction, both construction speed and quality are pivotal factors con-
straining the development of transportation systems [3]. Beyond construction efficiency, the 
resilience and safety of shield tunnel systems under uncertain ground and environmental 
conditions have also attracted increasing attention. Recent studies have emphasized that 
the spatial variability in soil properties introduces substantial uncertainty into the seismic 
response of soil–shield tunnel systems, highlighting the importance of considering geologi-
cal uncertainty in tunnel safety and resilience assessment [4]. These requirements drive 
the need for faster tunneling, which can be achieved by simultaneously performing shield 
thrust and segment assembly—a technique that uses Synchronous Thrust and Assembly 
Technology (STAT).

Large-diameter shield tunneling presents numerous challenges, including lower ad-
vance rates and increased segment quantities. The time allocated to thrust propulsion 
and segment assembly directly impacts overall construction progress. As an innovative 
alternative, synchronous thrust–assembly technology has evolved internationally since the 
1990s with several novel methodologies. (1) Lose-Zero Method [5]: This technique utilizes 
redundant cylinder strokes generated during the axial insertion of the key segment for 
segment assembly, enabling partial synchronization while maintaining thrust continuity. 
(2) F-Navi Method: A spherical oscillating mechanism installed in the shield machine’s 
front section enables real-time attitude control, achieving concurrent tunneling and segment 
assembly with linear alignment accuracy. (3) Lattice-Type Cylinder Shield Method: Em-
ploying a double-shield configuration with lattice-arranged cylinders, this method controls 
cutterhead attitude through telescopic motion while providing reverse torque capacities. 
The front shield’s telescoping functionality allows for continuous thrust during segment 
assembly. (4) Dual-Cylinder Synchronous Thrust and Assembly Technology Method: This 
method features a sliding inner cylinder equipped with forward-extending thrust cylinders 
and rear-extending assembly cylinders. For the final method, the sliding-inner-cylinder 
configuration enables simultaneous thrust force application and segment installation within 
the inner cylinder’s reaction zone. Domestic research on STAT remains in its nascent stage, 
with limited engineering applications. A full-scale experimental platform was deployed 
to simulate linear single-ring construction processes, evaluating thrust force control accu-
racy, tunneling speed optimization, shield attitude maintenance and segment compression 
integrity [6]. The results confirmed the feasibility and reliability of synchronous meth-
ods under controlled asymmetric loads, providing critical references for large-diameter 
tunnel applications.

In conventional shield tunneling, hydraulic jacks must wait until segment rings are 
fully closed to propel the shield machine by pushing against completed lining rings. Al-
though existing shield attitude control methods have been widely used in conventional 
shield tunneling, they are not sufficient for STAT operations. Current control approaches 
mainly focus on geometric indicators, such as shield axis deviation, shield tail clearance, 
jack stroke difference, and real-time attitude correction. These methods are effective for 
maintaining shield alignment when the thrust system acts on completed and closed lining 
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rings. However, under STAT conditions, newly erected segments are incomplete and lack 
full circumferential constraints, while shield jack thrust is directly applied to the unclosed 
segmental lining rings. As a result, the load transfer path, segment–bolt interaction, and 
damage evolution mechanism differ substantially from those in conventional tunneling. 
Existing attitude control methods generally do not establish a quantitative relationship 
between shield attitude deviation, differential jack strokes, segment damage thresholds, 
and bolt stress safety. Therefore, they cannot directly determine whether a given shield 
attitude deviation is mechanically safe for incomplete segmental lining rings during syn-
chronous propulsion and segment erection. To address this gap, this study develops a 
coupled segment–bolt mechanical analysis framework and converts critical segment deflec-
tion angles into allowable differential jack strokes, thereby providing a quantitative basis for 
project-specific attitude control criteria under STAT conditions. In contrast, STAT integrates 
segment assembly with shield advancement, thereby reducing downtime caused by sequen-
tial operations [7,8]. However, misalignment between segments during construction often 
induces structural damage and adversely affects connecting bolts. Such issues compromise 
tunnel safety, durability, and long-term maintenance costs [9]. Shield tail clearance pro-
vides critical guidance for shield machine attitude adjustment and segment selection during 
tunneling. Machine vision-based methods enable the precise determination of segment axis 
positions, achieving the real-time measurement of shield tail clearance during construction. 
A large-scale indoor model test platform for shield tunneling was developed to conduct 
shield attitude adjustment experiments, examining soil–structure interactions under both in 
situ attitude adjustment and tunneling attitude adjustment modes [10]. Defects introduced 
during segment assembly may propagate cumulative damage during subsequent construc-
tion phases, ultimately jeopardizing overall tunnel quality [11–13]. Additionally, a model of 
a large-diameter slurry shield traversing existing tunnels was established [14]. The solution 
for semi-infinite saturated soil was applied to deformation prediction, providing safety in-
dices as a preliminary assessment tool for tunnel design. An analytical model for calculating 
the additional response of the segmental lining under asymmetric thrusts was established, 
where the performance was verified via convincing numerical simulations, and an in-depth 
sensitivity analysis was conducted to explore the effect of the critical parameters [15].

Research on segment damage primarily employs three methodologies: experimental or 
field measurement analysis [16], numerical analysis using the finite element method [17,18], 
and theoretical modeling [16]. Most studies integrate field data with the FEM to mutually 
validate findings and investigate damage mechanisms in shield tunnel segments. During 
assembly, inherent errors in segment erectors and segments themselves propagate static 
deviations to adjacent rings, making defect pattern analysis critical for ensuring assembly 
quality. A detailed numerical model of cast iron segment joints was developed and validated 
through full-scale tests, emphasizing crack initiation at key structural zones and joint 
behavior impacts [19]. A statistical analysis of segment damage causes categorizes assembly-
induced defects into three morphological types [20]. A refined FEM model was established 
to analyze damage mechanisms under jack thrust forces, particularly addressing ring face 
unevenness and incomplete inter-segment contact. A mathematical model was subsequently 
proposed to quantify tolerance–contact defect relationships [21]. Recognizing the strong 
correlation between assembly imperfections and structural damage, Japanese engineers 
conducted a survey across 50 projects and 15 contractors, revealing longitudinal cracking 
and corner spalling as predominant failure modes.

The increasing number of tunnel segments introduces structural complexity due to 
inter-segment joints. Since bolts are embedded within segments and their stress states 
cannot be visually inspected, ensuring their mechanical safety has become a critical focus. 
Researchers have investigated bolt behavior through full-scale tests, numerical simulations, 
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and analytical models. Finite element joint models [22] were refined using local stiffness cor-
rection factors, revealing that joint influence zones are limited, and lining rings fail primarily 
due to segment rotation and localized compression. The interaction mechanisms of relative 
radial displacements between adjacent rings under localized loads were explored [23], 
demonstrating that longitudinal horizontal displacements significantly affect deformation 
patterns and internal force distributions. A beam-joint discontinuity model [24] was de-
veloped to analyze shield jack thrust and angular deviations, identifying these parameters 
as key factors influencing segment and circumferential bolt stresses. Existing studies have 
predominantly focused on the failure mechanisms of segments and bolts, analyzing these 
two components in isolation. However, under STAT conditions, the mechanical interactions 
between these structures differ significantly, necessitating a refined investigation into their 
combined stress states to ensure structural integrity and operational safety.

To provide an engineering basis for the proposed attitude control criteria, the Shanghai 
Rail Transit Airport Link Line (Western Section) was selected as the case project in this 
study. This project represents a practical large-bore shield-driven tunneling case in which 
the STAT method was applied during construction. It is not merely a background project 
but serves as the engineering source for determining shield machine parameters, segment 
geometry, construction procedures, numerical modeling conditions, and field test arrange-
ments. Specifically, the shield machine configuration, segmental lining dimensions, and 
synchronous propulsion–segment erection process of this project were used to establish 
finite element models and define asymmetric loading scenarios. In addition, field mea-
surements of bolt mechanical behavior were carried out on site to validate the numerical 
results and support the establishment of attitude control criteria. Therefore, the following 
project overview is introduced to clarify the engineering context, data source, and practical 
validation basis of the proposed methodology. With advancements in tunneling technology, 
significant differences exist between the internal structural forces of conventional shield 
methods and those under STAT [25,26]. Compared to traditional tunneling, newly as-
sembled segments in STAT lack hoop effects on both sides, and unclosed segment rings 
directly bear jack thrust forces. Assembly errors under such conditions critically impact the 
ultimate load-bearing capacity of the segment–bolt system [27–29]. This study proposes 
a methodological framework to establish control criteria for mitigating asymmetric stress 
effects on segments and bolts during STAT, aiming to reduce damage risks. To address the 
mechanical safety issues of incomplete segmental lining rings and connecting bolts under 
STAT conditions, this study aims to establish a systematic attitude control framework for 
large-bore shield-driven tunneling subjected to asymmetric loading. The specific objectives 
are to clarify the stress redistribution and damage evolution mechanisms of incomplete 
segmental lining rings during simultaneous propulsion and segment erection, evaluate 
the mechanical response and safety state of circumferential and longitudinal bolts, and 
determine the allowable shield attitude deviation during construction. To achieve these ob-
jectives, refined finite element models are developed to simulate the load-bearing behavior 
of segmental linings under different asymmetric loading modes, including radial inward 
deflection, radial outward deflection, and lateral deflection. Field tests are further conducted 
to monitor bolt stress responses under STAT conditions and to verify the reliability of the 
numerical results. On this basis, the critical deflection angles of segments are converted 
into corresponding differential jack strokes according to the geometric relationship between 
shield attitude deviation and jack displacement. By integrating segment damage thresh-
olds, bolt stress safety, shield tail clearance, and the maximum design turning radius of 
the shield machine, quantitative attitude control criteria are finally established to validate 
structural safety, guide segment erection, and provide construction control standards for 
large-diameter shield tunneling under STAT.
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2. Case Project and Engineering Background
2.1. Description of Case Project

The Shanghai Rail Transit Airport Link Line (Western Section) is Shanghai’s first 
regional railway line operating in a metro-style format. Spanning approximately 68.6 km 
with an east–west alignment, this project connects two major transportation hubs: Shanghai 
Hongqiao International Airport and Shanghai Pudong International Airport. It comprises 
nine stations and is divided into three segments, the Puxi Section, Pudong Section, and 
River-Crossing Section, with 56.7 km of underground tunnels. The entire line adopts a 
double-track railway system, utilizing multiple China Railway High-speed regional electric 
units with a maximum design speed of 160 km/h. Key shield tunneling sections include: 
Shield Tunnel TBM No. 1: Meifu Road Shaft → Piston Vent Shaft → Huajing Station (2148 m 
total). Shield Tunnel TBM No. 2: Meifu Road Shaft → Shaft No. 3 → Shaft No. 2 (5657 m 
total). The alignment and segment divisions are illustrated in Figure 1.

Figure 1. Schematic diagram of shield route.

2.2. Geological Condition
The tunnel primarily traverses three geological strata, Layer ⑤1  silty clay, Layer ⑥1  silty 

clay, and Layer ⑦1  silty sand with clay interbeds, with detailed stratigraphic configurations 
illustrated in Figure 2. The alignment crosses a region with a well-developed surface water 
system, characterized by interconnected rivers and canals, including Chunshen Creek, 
Meilong Canal, and multiple unnamed waterways.

Preliminary geotechnical investigations reveal a complex groundwater regime com-
prising: phreatic water in shallow soils; semi-confined aquifers within Layer ④t  silty sand, 
Layer ⑤1t  silty sand–clay interbeds, Layer ⑤32  silty sand–clay interbeds, and Layer ⑤42  silty 
sand; and confined aquifers in Layers ⑦, ⑧2 , and ⑨. The hydraulic connectivity between 
surface water and groundwater systems poses significant challenges for attitude control 
during large-diameter shield tunneling in this hydrogeologically sensitive zone [30].
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Figure 2. Longitudinal geological profile of the soil layers. Circled numbers denote the stratigraphic 
layer codes, and colors represent different soil types, as defined in the legend. Red dots and connecting 
lines indicate the locations of the enlarged geological profiles.

2.3. STAT Method and Mechanical Equipment
The large-diameter shield tunneling machine employed in this project was indepen-

dently developed by Shanghai Tunnel Engineering Co., Ltd. (conceptual model shown in 
Figure 3). Key specifications include a shield diameter of 14.07 m, total weight of 3200 t, 
total length of 99 m (16 m main drive section), cutterhead diameter of 14.05 m, and maxi-
mum advance rate of 60 mm/min. To address the project’s technical complexity, the STAT 
process adheres to a “uniform pressure per segment block” principle, enabling the real-time 
monitoring of hydraulic cylinder pressures and stroke variations. The operational sequence 
comprises three cyclic phases. First, thrust cylinders corresponding to the first segment 
retract while maintaining pressure continuity. Cylinder thrust transitions smoothly to the 
operational load case. Second, following first segment fixation, its corresponding cylinders 
extend while second segment cylinders retract. Thrust redistribution maintains equilibrium 
across active segments. Third, the process iterates until all three segments achieve full 
circumferential closure. During construction, the shield machine aids the transition of 
thrust system pressure control from a passive response in conventional thrust mode to 
active control in STAT mode through thrust cylinder pressure regulation, as illustrated in 
Figure 4. Jack retraction and thrust force configuration are automatically executed by the 
shield machine. Unlike traditional thrust methods, under STAT conditions, thrust forces are 
rationally allocated to unassembled segments, optimizing load distribution and minimizing 
asymmetric stress concentrations.

During the synchronous assembly–propulsion process, the shield machine attitude 
is controlled by adjusting the pressure distribution of the hydraulic cylinders (Figure 5). 
It can be observed that the thrust of the cylinders is not uniformly distributed along the 
circumferential direction; instead, it exhibits a certain degree of asymmetry depending on 
the attitude control requirements and segment erection conditions. Cylinders with higher 
loads are primarily concentrated in the direction of attitude correction, ensuring the align-
ment control of the tunneling axis and the precision of segment installation. Overall, this 
thrust distribution reflects the dynamic coordination and real-time regulation mechanism 
of the propulsion system under synchronous assembly–propulsion conditions.
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Figure 3. Schematic diagram of shield machine model.

Figure 4. Schematic diagram of thrust force redistribution under STAT mode: (a) parameter initializa-
tion of synchronous jacking; (b) coordinated control of synchronous jacking; (c) thrust coordination 
control; (d) steady-state control of synchronous jacking.
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Figure 5. Pressure distribution of shield machine hydraulic cylinders under synchronous assembly–
propulsion conditions: (a) full circumferential thrust equilibrium stage; (b) asymmetric thrust regu-
lation stage; (c) synchronous excavation–segment erection stage; (d) thrust system state reset stage.

The shield machine transitions to STAT mode under verified safe operating conditions. 
Under ideal operational parameters, the machine advances at a rate of 30 mm/min, with 
individual segment assembly requiring approximately 5 min. By implementing STAT, the 
segment assembly time per ring is reduced by 35 min (construction efficiency increased by 
nearly 30%), significantly enhancing tunneling efficiency while imposing stricter require-
ments on the material transport system [31,32].

3. Overall Program Design
This study proposes a systematic methodological framework to establish attitude 

control criteria for large-diameter shield tunneling under STAT, focusing on load effects and 
the damage-deformation mechanisms of unclosed segment rings (including bolts) under 
asymmetric stress states. A finite element model was developed to calculate the critical 
deflection angles of unclosed segment rings subjected to high thrust forces during assembly, 
incorporating nonlinear contact mechanics at bolt–segment interfaces. Field load tests on 
bolts were conducted under STAT conditions, quantifying stress redistribution patterns 
and preload attenuation rates through strain gauge arrays and digital image correlation. 
The critical differential jack stroke was derived from the shield machine’s maximum design 
turning radius and shield tail clearance. By integrating these parameters, comprehensive 
attitude control criteria were established to optimize STAT safety.

Under STAT conditions, segment rings are prone to asymmetric stress states, which 
concurrently affect the mechanical behavior of connecting bolts. The asymmetric stress dis-
tribution in unclosed segment rings during assembly primarily originates from two sources: 
positional asymmetry and external load inclination-induced asymmetry. To investigate 
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these effects, finite element numerical simulations of actual segment configurations were 
conducted to quantify stress redistribution under asymmetric loading. Complementary me-
chanical analyses, including numerical modeling and field tests, were performed on bolts to 
validate the structural safety of both segments and bolts under such asymmetric conditions. 
By integrating these findings with the critical differential jack strokes corresponding to the 
shield machine’s maximum turning radius, comprehensive attitude control criteria were 
established (Figure 6).

Figure 6. Overall research workflow integrating numerical simulation, field validation, and attitude 
control criteria.

3.1. Asymmetric Stress Effects on Unclosed Segment Rings
During STAT in large-diameter shield tunneling, unclosed segment rings are subjected 

to external loads comprising jack thrust and self-weight. The asymmetric stress states in 
segments primarily arise from angular misalignment between segments and jacks, which 
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is caused by suboptimal shield machine attitude during construction. Numerical simu-
lations in this study assume the initial position of unclosed segments to be parallel and 
suspended relative to closed rings. Attitudinal deviations in segments are modeled by 
converting alignment errors into radial and tangential force components exerted by jacks. 
The allowable deflection range for segments is defined based on the maximum angular 
deviation between the shield and segments and the critical differential jack stroke derived 
from shield kinematic constraints. To analyze asymmetric mechanical responses, the FE 
model simulates actual loading scenarios while accounting for bolt-induced inter-segment 
constraints. This approach systematically investigates the stress redistribution patterns and 
damage evolution mechanisms of segments under asymmetric and locally eccentric loading 
conditions inherent to STAT.

1. Model establishment

A tunnel segment model was developed based on the Shanghai Rail Transit Airport 
Link Line (Western Section) project, employing finite element methods for refined structural 
modeling. Bolt holes corresponding to critical connections were selectively incorporated 
into the segments to analyze stress states between newly assembled rings. During the 
STAT process, jack thrust forces directly act on segments, which are temporarily secured in 
position before bolts and embedded inserts are fixed using sleeve couplers. The detailed 
segment configuration is illustrated in Figure 7.

 

Figure 7. Schematic of model geometry.

2. Parameter selection

This study primarily utilizes FE modeling to investigate load transfer mechanisms 
between segments, bolts, and ancillary components. Three-dimensional models of segments, 
cushion layers, and waterstop rubber gaskets were developed, with concrete behavior 
simulated using an elastoplastic damage constitutive model. Key material and geometric 
parameters are provided in Tables 1 and 2. The assembly process of three interconnected 
segments was simulated under the most adverse conditions (maximum burial depth) to 
evaluate STAT-induced damage. By imposing tilt angles aligned with axial forces, damage 
progression was analyzed in both single- and multi-segment configurations (up to three 
segments, accounting for bolt-induced angular constraints). The simulation results reveal 
asymmetric damage patterns and localized failure mechanisms under eccentric loading 
inherent to STAT.

3. Numerical implementation and contact settings

To improve the reproducibility of the finite element analysis without changing the 
original modeling framework, additional details regarding the numerical implementation, 
contact settings, and convergence control were added in the revised manuscript. The 
concrete segments, cushion layers, and waterstop rubber gaskets were discretized using 
three-dimensional solid elements, while local mesh refinement was applied around bolt 
holes, segment joints, contact interfaces, and regions subjected to jack thrust, where stress 
concentration and damage initiation were expected. The mesh density adopted in the 
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simulations was selected to ensure stable stress transfer and contact behavior in the key 
local regions of the segment–bolt system.

Table 1. Geometric parameters of model inputs.

Input Parameters Value

Diameter of tunnel (m) 13.6
Standard thickness of segments (mm) 550

Standard length of segments (m) 2.03
Standard angle of segments (°) 42.35

Number of rubber strips per segment (pcs.) 1
Number of nitrile cork liners per segment (pcs.) 1

Thickness and width of waterstop rubber strips (mm) 20 and 70
Nitrile cork liner thickness and width (mm) 5 and 300
Standard number of segment ring bolts (pcs) 4

Standard number of segment longitudinal bolts (pcs) 3

Table 2. Material parameters of model.

Input Parameters Value

Density of concrete (kg/m3 ) 2450
Young’s modulus of concrete (GPa) 36

Poisson’s ratio of concrete (-) 0.2
Stiffness of bolt system (kN/mm) 9.18

Density of bolt (kg/m3 ) 7850
Young’s modulus of bolts (GPa) 200

Poisson’s ratio of bolts (-) 0.3

Contact interactions were defined between adjacent segment surfaces, segment–
cushion interfaces, and segment–waterstop rubber gasket interfaces. A surface-to-surface 
contact formulation was adopted to describe the interaction between these components. 
Normal contact behavior was defined using hard contact to prevent mutual penetration 
under compression, while tangential behavior was described using a penalty friction formu-
lation to allow for limited relative sliding along the interfaces. The bolt–embedded insert 
connection was represented using mechanical coupling constraints so that the load transfer 
between bolts and segments could be captured while maintaining numerical stability.

The nonlinear finite element analysis was performed using an implicit solver. Geo-
metric nonlinearity was considered because segment deflection, interface separation, and 
contact state changes occurred during the assembly process. The jack thrust was applied 
incrementally to improve convergence stability. During the simulations, convergence was 
controlled by the residual force and displacement criteria of the nonlinear solution pro-
cedure. No severe element distortion, abnormal contact penetration, or non-convergent 
response was observed in the adopted models, indicating that the numerical results were 
stable for the modeling strategy used in this study.

It should be noted that a complete mesh independence study with coarse, medium, and 
fine meshes was not included in the present revision because it would require additional 
full-scale nonlinear contact simulations for all assembly positions and loading scenarios. 
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Considering the high computational cost and the engineering focus of this study, the 
current revision instead supplements the numerical implementation details and explicitly 
acknowledges this limitation. Future work will further conduct systematic mesh sensitivity 
analysis and parametric numerical stability evaluation to quantify the influence of mesh 
density and contact parameters on the predicted segment damage thresholds and bolt 
stress responses.

4. Boundary condition

During segment assembly, the initial positioning of the first segment undergoes pe-
riodic rotation due to its tapered geometry, which is the primary cause of positional 
asymmetry. Jack thrust forces exhibit gradient escalation with increasing tunnel depth 
in STAT, resulting in non-uniform load distribution across individual segments. Addi-
tionally, distinct boundary conditions and constraints are applied to segments at different 
assembly positions.

Under STAT conditions, segments are subjected to external loads comprising jack thrust 
and self-weight. The asymmetric stress distribution manifests as angular misalignment 
between segments and jacks, primarily caused by suboptimal shield attitude during con-
struction (Figure 8). The allowable deflection range is governed by two critical parameters: 
the maximum angular deviation between shield and segments and the critical differential 
jack stroke derived from shield kinematic limits. The assembly process involves complex 
segment–cushion–segment interactions. Compared to unclosed segment rings, closed rings 
exhibit reduced relative displacements due to hoop effects generated by annular structural 
interactions, effectively constraining deformation.

Figure 8. The relationship between the stress direction of the segment and the jack: (a) The force of 
the jack from the outside in. (b) The force of the jack works from the inside out. (c) Lateral force.

3.2. Mechanical Behavior of Bolts Corresponding to Unclosed Segment Rings
3.2.1. Numerical Simulation of Bolts

After segment assembly, the progressive advancement of jacks induces dynamic 
changes in bolt stress states. Given the critical role of bolt integrity in overall tunnel safety, 
numerical simulations of bolt mechanical behavior are imperative. The simulation setup is 
detailed in Figure 8a.

The numerical modeling of bolts under STAT conditions was conducted to quantify 
stress evolution. By incorporating failure angles at distinct segment locations and assembly 
sequences, this study analyzes radial and lateral stress redistribution in bolts during deflec-
tion events. This approach enables a systematic evaluation of bolt safety thresholds during 
segment failure initiation.

A deflection angle of 2° was prescribed as a comparative numerical loading case to 
examine bolt stress responses under inward radial, outward radial, and lateral deflection 
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modes. This prescribed angle was selected for consistent comparison among the three 
loading modes and should not be interpreted as a critical segment failure angle or an 
allowable construction limit.

3.2.2. Field Test of Bolts
1. Content and purpose of test

In tunnel construction, lining structures are categorized into circumferential bolts and 
longitudinal bolts based on their spatial orientation. This experimental study comprises two 
components. (a) Single-segment testing: In order to determine the normal bolt axial force 
and bending moment transfer distribution, according to the different positions of the bolt, a 
circumferential bolt test and longitudinal bolt test can be used. (b) STAT ring testing: In 
order to determine the distribution of bolt axial force and bending moment transfer under 
the synchronous thrust and assembly mode, a circumferential bolt test and longitudinal 
bolt test can be used according to the different positions of the bolts. By varying tilt angles 
and loading conditions, damage progression was investigated in both single-segment and 
multi-segment configurations (clusters of up to three segments, incorporating angular 
constraints imposed by inter-segment bolts).

Bolts represent critical weak points in shield tunnel lining rings, with their mechanical 
performance significantly influencing the overall structural behavior of the lining sys-
tem [33–36]. Unlike conventional shield tunneling, this metropolitan railway tunnel project 
employs large-diameter shield tunneling combined with the innovative STAT method. To 
ensure the safety and rationality of lining design, it is imperative to clarify bolt mechanical 
behavior under STAT conditions. This investigation aims to validate parameter selection in 
structural calculations and construction design while proposing quality control require-
ments and optimization strategies to achieve optimal technical and economic benefits. Bolt 
stress was measured using strain gauges. Specialized bolt instrumentation was implemented 
(symmetrical grooves were machined at the bolt tail ends, with strain gauges precisely 
mounted within the grooves).

2. Test specimen and equipment

The bolts employed in this project are Grade 8.8 high-strength bolts with a yield 
strength of 640 MPa. In the bolt–segment model, bolts were fixed to corresponding em-
bedded bolt hole inserts using tie constraints to simulate realistic mechanical interactions. 
The data acquisition system utilized the DH3823 distributed signal testing and analysis 
system, comprising three core components: an Ethernet switch, power controller, and 
data acquisition units. The testing system was configured by connecting computers to 
DH3823 distributed data loggers through power or communication cables, signal input 
cables, Ethernet cables, and a POE switch, forming an integrated measurement network.

3. Test procedure

The test segments were pre-positioned by the experimental team, with sensor wires 
pre-stripped and secured along segment edges. Temporary protective covers were applied 
to prevent wire damage during hoisting and transportation (Figure 9a). Instrumented 
bolts, pre-fitted with strain gauges, were radially aligned and lowered with segments 
(Figure 9b). Data acquisition cables were circumferentially arranged, as illustrated in Fig-
ure 9c. Due to on-site constraints and construction schedule limitations, rapid test setup was 
conducted during intermittent pauses in segment installation and shield thrust. The data 
acquisition software used was initialized and tested in advance to ensure system integrity. 
Post-assembly, junction boxes pre-connected to measurement channels were mounted on 
segments using custom brackets, with all cable connectors systematically engaged.
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(a) 

   
(b) (c) (d) 

Figure 9. Test configuration diagram: (a) Bolt model. (b) Bolt wrapping. (c) Arrangement of data 
acquisition lines. (d) Bolt strain gauge wiring.

To optimize time efficiency during bolt installation, the rapid wiring of strain gauges 
was prioritized. Each bolt head was equipped with four terminals, grouped into pairs 
corresponding to individual data acquisition (DAQ) channels. DAQ cables were securely 
fastened using quick-connect clamps (Figure 9d), with this standardized procedure applied 
uniformly across all bolts. Each DAQ cable was systematically labeled to match its assigned 
bolt identifier. Upon the completion of all connections, the computer-based DAQ system 
initiated continuous data recording, ensuring the comprehensive archival of stress–time 
histories. Following data acquisition, all instrumentation was sequentially disassembled.

Due to the uninterrupted STAT construction process, limited installation time, and 
restricted access to several bolt locations, only Ring 1488 was instrumented. Therefore, 
the field measurements were used as case-based engineering evidence rather than as a 
statistically representative dataset.

3.3. Acquisition of Differential Jack Strokes Corresponding to Shield Machine Deflection Angles
In STAT mode, the asymmetric stress effects on unclosed segment rings were analyzed 

through numerical simulations. Critical failure angles were determined based on these 
simulations. Furthermore, a finite element model of connecting bolts was developed to 
investigate their mechanical behavior under STAT conditions, with validation via field 
tests confirming bolt integrity under non-destructive states. Interactions between adjacent 
segments were analyzed under varying deflection angles, converting these angles into 
corresponding differential jack strokes. These values were then compared with the shield 
machine’s kinematic limits to verify the feasibility of critical failure angles. The analysis 
confirmed that segment damage initiates when deflection angles exceed tolerance thresholds 
derived from jack stroke differentials.

During STAT operations, deviations in shield machine attitude critically influence 
segment loading. Misalignment between jacks and segments induces compounded geo-
metric discrepancies between the shield and lining. As illustrated in Figure 10, the angular 
deviation between the shield axis and segment axis can be calculated from differential jack 
strokes using established geometric relationships:

𝛿 = 𝐷 sin 𝛼 =
𝐷𝑤 + 𝐷𝑛

2 sin 𝛼 (1)
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where 𝛿 is the differential stroke between the upper and lower jack groups or between 
the left and right jack groups; 𝛼 is the angular deviation between the shield axis and the 
segment axis; D is the effective jack-zone diameter; and Dw  and Dn  are the outer and inner 
diameters of the segmental lining, respectively.

Figure 10. Differential jack stroke and shield turning angle: 𝛼, shield–segment angular deviation; 𝛿, 
differential jack stroke; L1 , effective longitudinal distance to the shield tail; L2 , shield-tail clearance. 
The dashed line marks the shield end plane; the circle and arrow indicate the enlarged region; the 
square denotes a right angle. Gray: shield; brown: jacks; blue: lining; red: cutterhead.

Equation (1) represents a simplified planar kinematic relationship. It assumes rigid-
body rotation and coplanar shield and segment axes and uses the mean segment diameter as 
the effective distance between opposite jack zones. The elastic deformation of the shield, jack 
clearance, shield–soil interaction, and operational disturbances are not included. Therefore, 
the calculated differential jack stroke represents a deterministic geometric estimate rather 
than the actual stroke variation under all field conditions.

During shield tunneling construction, the dynamic attitude deviation in the shield ma-
chine significantly influences the stress state of segment structures. Under STAT conditions, 
such deviations may induce severe engineering hazards. When the jack thrust forces exhibit 
uneven distribution (non-axisymmetric with angular bias) or the differential jack strokes 
exceed design tolerances, the relative positional relationship between the shield machine 
and segments undergoes substantial tilting. This not only induces stress concentration at 
segment joints and amplifies joint misalignment but may also trigger localized concrete 
cracking or even structural instability. Therefore, the real-time monitoring and adjustment 
of shield attitude deviations (including axial deviation angles and differential jack strokes) 
are critical for ensuring STAT construction quality. By constraining the shield machine’s 
actual turning angles, construction risks can be effectively mitigated, thereby enhancing the 
safety and durability of tunnel structures.

3.4. Construction of Shield Attitude Control Criteria Under STAT Mode
The formulation of shield attitude control criteria is based on a dual-constraint analysis 

involving segment deflection angles and critical differential jack strokes. Specifically, quanti-
tative control metrics can be established through two complementary mechanical mapping 
relationships. Segment deflection angles (including joint bolt stress states) are monitored 
to inversely derive jack stroke differentials, which are then compared with design tolerance 
thresholds. Jack stroke differentials are computationally extrapolated to predict segment 
deflection angles, which are evaluated against critical deflection thresholds.

Both methods provide foundational criteria for engineering controls, with core metrics 
encompassing segment deflection angles and jack stroke differentials. Regardless of the 
primary metric, the process constitutes an optimized constraint analysis, ensuring segments 
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remain within elastic stress states during assembly. This prevents structural damage in-
duced by localized stress concentrations or joint misalignments. By establishing coupled 
mechanical mapping relationships between these dual metrics, the framework enables com-
prehensive and precise dynamic adjustments of shield attitude. This approach significantly 
enhances segment assembly quality and structural safety in tunnel engineering.

Critical failure angles vary across different segment locations during assembly simula-
tions. The results indicate that segments initiate failure the earliest during outward radial 
deflection. To ensure construction safety, segment integrity must be preserved at every as-
sembly stage. Figure 11 illustrates the mechanical responses and geometric parameters dur-
ing simulated deflection. The following can be obtained based on geometric relationships:

Radial deflection:
𝛿 = L3 sin𝛽 (2)

Lateral deflection:
𝛿 = L4 sin𝛽 (3)

where L3  denotes the vertical distance between the segment base and arc crown, and 
L4  represents the segment chord length (Figure 12). The segment deflection angle can 
be converted into a controlled differential jack stroke value. Additionally, collision risks 
between deflecting segments and the shield shell must be evaluated via Figure 11b. This 
allows for the translation of shield angular deviation into permissible jack stroke differential 
limits, which are subsequently adopted as attitude control criteria for large-diameter shield 
tunneling under STAT conditions.

(a) 

(b) 

(c) 

Figure 11. Deflection and stress analysis during the assembly of segments: (a) Radial inward deflection. 
(b) Radial outward deflection. (c) Deflection along the side of the tunnel.
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Figure 12. The geometric parameters of the segment: R1 , inner radius; R2 , outer radius; h, perpendicu-
lar distance from the ring center to the segment-base chord; L3 , vertical distance between the segment 
base and arc crown; and L4 , segment chord length.

The differential jack strokes of 0.7 cm and 11.7 cm were obtained by substituting the 
minimum radial and lateral damage initiation angles into Equations (2) and (3), respec-
tively. These values represent conservative structural control limits among the investigated 
assembly conditions. In contrast, 21.9 cm represents the kinematic upper limit derived from 
the shield geometry and design turning condition, rather than the structural safety limit.

4. Research Results
The mechanical behavior of unclosed segment rings under asymmetric stress condi-

tions remains inadequately characterized during STAT. A comprehensive understanding of 
load effects during asymmetric assembly is therefore critical. Numerical simulations were 
developed to analyze stress responses and damage mechanisms under actual engineering 
constraints. Beyond jack thrust forces, gravitational effects on segments vary depending 
on their spatial orientation, inducing distinct rotational tendencies. Consequently, the 
coupled interactions between gravity and jack thrust must be rigorously evaluated in STAT 
processes. To address this, a three-segment assembly sequence was modeled using finite 
element analysis. The 3D FE model explicitly simulates segments, cushion layers, and seal-
ing gaskets, enabling the direct observation of mechanical behavior and damage evolution 
during assembly.

During segment assembly, segments undergo deflection under jack thrust forces, result-
ing in angular misalignment between newly installed segments and previously assembled 
rings. Beyond thrust forces, inter-segment contact quality directly governs final segment 
alignment. Curved segments exhibit distinct rotational tendencies under gravitational 
effects depending on their spatial orientation, which further induces bending deformations. 
This study focuses on the coupled mechanical interactions during STAT assembly, where 
segments are subjected solely to gravity and jack thrust forces.

4.1. Calculation and Analysis of Segments
4.1.1. Radial Interaction

Under jack thrust forces, segments undergo deflection during assembly, creating angu-
lar misalignment with adjacent rings. The gravitational-induced deflection varies signifi-
cantly depending on segment positioning. The finite element model adopts a consistent 
N–mm–MPa unit system; therefore, all displacement values shown in Figures 13–15 are 
expressed in millimeters and are not normalized:
1. Crown position assembly: Segments exhibit inward rotation due to the asymmetric 

compression of waterstop rubber gaskets and cushion layers. STAT-induced thrust 
forces drive the segment toward closed rings, resulting in the greater internal deforma-
tion of gaskets compared to external regions (Figure 13).
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2. Haunch position assembly: Segments similarly deflect inward but with asymmet-
ric load distribution disrupting structural symmetry. This asymmetry arises from 
differential ground reaction forces on the segment’s curved geometry (Figure 14).

3. Invert position assembly: When the initial assembled segment is at the bottom com-
pared to the first segment assembled at the top and side, the tendency of the push-on 
end of the segment toward inward deflection is the lowest (Figure 15).

  
(a) (b) 

 
(c) 

Figure 13. Interaction and displacement of crown position assembly: (a) First segment assembly. 
(b) Second segment assembly. (c) Third segment assembly. Displacement unit: mm.

 

(a) (b) 

 
(c) 

Figure 14. Interaction and displacement of haunch position assembly: (a) First segment assembly. 
(b) Second segment assembly. (c) Third segment assembly. Displacement unit: mm.
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(a) (b) 

 
(c) 

Figure 15. Interaction and displacement of invert position assembly: (a) First segment assembly. 
(b) Second segment assembly. (c) Third segment assembly. Displacement unit: mm.

4.1.2. Axial Interaction
Throughout this study, no direct contact between segments was observed, aligning 

with actual assembly conditions where gaps are maintained by cushion layers and waterstop 
rubber gaskets. Asymmetric stress states induced by shield attitude deviations manifest as 
two distinct modes: radial deflection and lateral deflection. Segments exhibit radial inward 
deflection or radial outward deflection, primarily influenced by initial positional errors (as-
sembly misalignment) between the shield and segments. Segments undergo lateral tilting, 
directly attributed to differential jack strokes exceeding geometric tolerance thresholds.

4.2. Calculation and Analysis of Bolts Based on Segment Deflection
4.2.1. Inward Radial Deflection

During single-segment assembly, only four longitudinal bolts are engaged. The maxi-
mum bolt stress occurs at the bolt–segment contact zones, where localized stress concen-
trations are observed. The detailed thread geometry was not explicitly modeled, and the 
bolt–insert connection was idealized using a coupling constraint. Therefore, the analysis 
focuses on the global stress response of the bolt shank rather than local thread-root stresses 
or interface slip. The calculated peak stresses may consequently be underestimated and 
should not be interpreted as direct predictions of thread failure. As shown in Figure 16a, 
when the initial segment is positioned at the haunch, the two right-side bolts exhibit the 
highest shank stresses. Specific regions of the bolts experience compression aligned with 
segmental squeezing under gravitational effects, while tension occurs near bolt–segment 
interfaces, likely due to localized stress concentrations.

During the assembly of two adjacent segments, circumferential bolts are engaged. 
The maximum compressive or tensile stresses in bolts occur when the first segment is 
positioned at the invert. Under inward deflection, circumferential bolt shanks predominantly 
exhibit minor tensile stresses. Localized compression is observed near the threaded regions 
(Figure 16b shows the lowermost circumferential bolt), likely due to contact forces with 
concrete. The clamping effect from dual-segment assembly alleviates compressive stresses 
in longitudinal bolts. The positioning of segments has negligible influence on bolt stresses 
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during two-segment assembly. The highest stresses in longitudinal bolts manifest in the four 
outermost bolts between the two segments, where compressive forces dominate—consistent 
with the segment displacement patterns described in prior sections. During third segment 
assembly (Figure 16c), reduced segment mobility due to geometric constraints results in 
more uniform stress distribution, with mitigated compression/tension extremes. Minor 
stress concentrations persist at shank–thread transition zones.

   
(a) (b) (c) 

Figure 16. Stress on the bolt when the initial segment is in the upper part deflected inwards by 2°: 
(a) First segment assembly. (b) Second segment assembly. (c) Third segment assembly.

4.2.2. Outward Radial Deflection
When the first segment is assembled at the invert and subjected to outward radial 

deflection, compressive stresses dominate in the bolt shanks, with the outermost bolts 
experiencing the highest compression (Figure 16a). At the invert, segments exhibit the most 
severe outward deformation, resulting in the maximum bolt stresses under outward radial 
deflection. Figure 17b,c demonstrate that the lowermost circumferential bolts in two- and 
three-segment assemblies exhibit peak stress concentrations. During two-segment assembly, 
stress distribution remains relatively uniform, with localized compression observed only 
on the threaded sides of bolts. The engagement of circumferential bolts mitigates outward 
deflection, thereby reducing stress severity in longitudinal bolts. Under outward radial 
deflection, the calculated global bolt-shank stresses remained below the yield strength; 
however, local thread-root stresses were not evaluated.

  
(a) (b) (c) 

Figure 17. Stress on the bolt when the segment is deflected outwards by 2°: (a) First segment assembly. 
(b) Second segment assembly. (c) Third segment assembly.

https://doi.org/10.3390/buildings16214324

https://doi.org/10.3390/buildings16214324


Buildings 2026, 16, 4324 21 of 30

4.2.3. Lateral Deflection
After the first segment is assembled, bolts primarily experience compressive stresses 

under lateral deflection, with the maximum stress concentrations localized on the com-
pression side of the segment (as shown in Figure 17a). Following the assembly of the 
second segment, compressive stresses in bolts are mitigated, resulting in more uniform 
stress distribution across bolt shanks. However, the maximum stress positions remain 
consistent with those observed during single-segment assembly, occurring in longitudinal 
bolts (Figure 18b,c).

   
(a) (b) (c) 

Figure 18. Stress on the bolt when the segment is on the waist side at a deflection of 2°: (a) First 
segment assembly. (b) Second segment assembly. (c) Third segment assembly.

4.3. Analysis of Bolt Test
To validate the reliability of the simulation results, in situ engineering tests were 

conducted to verify the accuracy of theoretical and numerical models. The experimental 
protocol prioritized monitoring the mechanical responses of segments and bolts, including: 
bolt stress–strain behavior using embedded strain gauges, inter-segment gap variations 
measured via laser displacement sensors and load-bearing capacity thresholds under maxi-
mum and operational pressures. These metrics ensured structural stability during assembly 
(experimental setup detailed in Figure 19).

The tests were implemented within the Shanghai Regional High-Speed Rail Link 
project, focusing on bolt mechanics under STAT. Bolts were instrumented with symmet-
rical machined grooves and planar surfaces (Figure 19e). Strain gauges were bonded to 
bolt shanks using epoxy adhesive, followed by silicone encapsulation for environmental 
protection. Segment No. 1488 was selected for instrumentation, with DAQ systems and 
cabling pre-installed at the invert to capture real-time stress data.

Given the time-saving nature of STAT operations, which enable continuous segment 
assembly without pauses, and considering the large tunnel diameter of 14 m that rendered 
some bolt locations inaccessible, this experiment focused solely on post-assembly bolt stress 
measurements after two-segment synchronization. The tested segment was positioned at 
the invert (Ring 1488), with shield attitude deviations recorded as follows during thrust. 
Horizontal deviations are 5 mm of shield head and 20 mm of shield tail. Vertical deviations 
are 34 mm of head and 29 mm of tail, inducing predominant inward radial misalignment. 
Therefore, the field test does not provide direct evidence of bolt integrity during the extreme 
single-segment loading stage, which was evaluated only through finite element analysis. 
Strain gauges were interfaced with data acquisition systems via quick-connect modules, 
ensuring rapid and reliable signal transmission despite spatial constraints.
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(a) (b) (c) 

  
(d) (e) 

Figure 19. Facilities and arrangement of bolt test: (a) Circumferential bolt strain measurement points. 
(b) Longitudinal bolt axial gauge. (c) Test segment assembly. (d) Schematic diagram of bolt detection 
position. (e) Posting of strain gauges on bolts.

4.3.1. Bolt Forces in STAT Mode
Following segment installation, bolts are tensioned to generate initial preloads caused 

by frictional interactions between bolts and embedded inserts during impact drilling. Under 
STAT conditions, data acquisition commenced with the installation of segment B3 (first 
in sequence). Subsequent assembly phases were timed as follows: B4 (second segment) 
installed at 63 s, B1 (third segment) installed at 181 s, and B2 (fourth segment) installed at 
391 s. This staggered assembly sequence ensured the systematic monitoring of bolt preload 
evolution during STAT operations.

In Figure 20, B3 and B4 denote the monitored segment identifiers. Labels B3–1 to 
B3–4 and B4–1 to B4–4 denote individual circumferential bolts, whereas the suffix “S” 
denotes longitudinal bolts; B3 S–1, B3 S–2, and B4 S–1 identify the corresponding monitored 
longitudinal bolts. These labels represent different instrumented bolts rather than different 
gauge locations on the same bolt. All strain gauges used for the plotted curves were 
mounted on the bolt shanks. The measured stress distribution is illustrated in Figure 20. 
Observations reveal that first segment bolts exhibit minor stress reduction during second 
segment thrust, likely due to load redistribution. Second segment bolts maintain stable 
stress profiles, indicating equilibrium under progressive thrust. Third segment assembly 
induces significant stress fluctuations caused by abrupt thrust redistribution and shield 
machine vibrations. However, overall stress mitigation occurs as three segments form a 
clamping effect, reducing bolt loads compared to dual-segment configurations. Notably, 
circumferential bolts in STAT exhibit minimal stress variation, confirming their structural 
safety under operational loads. For the monitored Ring 1488, the recorded stress variations 
did not exhibit abrupt escalation or bolt failure during the monitored period. However, the 
installation preload was not independently measured, and corresponding tightening-torque 
records were unavailable. Therefore, the absolute total bolt stress and the quantitative 
safety margin relative to the 640 MPa yield strength cannot be determined from the present 
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data. The field results are used only as case-based evidence of bolt stress evolution for one 
monitored ring.

 

Figure 20. Bolt stress during STAT mode. B3 and B4 denote segment identifiers; numbered labels 
represent circumferential bolts; and “S” labels represent longitudinal bolts. All strain gauges were 
mounted on the bolt shanks.

4.3.2. Bolt Forces in Non-STAT Mode
This experiment conducted bolt stress testing on segments B3 and B4 under non-

synchronous assembly conditions, with stress evolution profiles derived from field data 
(Figure 21). Bolt B3–2 exhibited minimal stress with stable behavior throughout assem-
bly. Bolt B3–1 maintained initial stability before rising to a steady-state stress of 20 MPa. 
Despite both sensors monitoring the same bolt, B3–1 recorded lower magnitudes due to 
asymmetric load paths post-assembly. B4 bolts demonstrated initial stability followed by 
progressive stress escalation (peak: 15 MPa) during shield advancement, stabilizing with 
minor oscillations. This confirms stress equilibration under sustained thrust loads.

 

Figure 21. Bolt stress during non-STAT mode.

The overall consistency between the measured and simulated stress trends provides 
case-based support for the finite element model. However, the single-ring measurement 
does not constitute statistical validation.

4.4. Shield Attitude Deflection Angle
During shield tunneling, the deflection of the shield machine creates an angular devia-

tion (deflection angle) between its axis and the designed tunnel alignment. This angular 
deviation alters the relative distances between individual jacks and the tunnel axis, gener-
ating differential jack strokes. Larger deflection angles result in more pronounced stroke 
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differentials. Under STAT conditions, deflection angle variations directly impact segment 
assembly accuracy and stress distribution, as segments are installed concurrently with 
shield thrust. Controlling jack stroke differentials within permissible thresholds is critical 
to ensuring segment assembly quality. Excessive differentials may induce segment mis-
alignment or uneven bolt loading, compromising tunnel structural stability. In practice, the 
critical differential jack stroke corresponding to a given deflection angle can be calculated by 
integrating the shield machine’s maximum design turning radius and shield tail clearance. 
This provides a scientific basis for real-time shield attitude control and risk mitigation.

As shown in Figure 10, L1  is the effective longitudinal distance from the shield rotation 
reference point to the shield tail, and L2  is the available transverse clearance between the 
shield tail and the segmental lining. When the shield reaches the geometric turning limit, 
the maximum angular deviation is expressed as

sin 𝛼max = 𝐿2
𝐿1

(4)

For the investigated shield machine, L1  = 28.0, and L2  = 0.47 m; therefore,

𝛼max = arcsin(
𝐿2
𝐿1

) = arcsin(
0.47
28.0) = 0.962° (5)

The segment outer diameter is Dw  = 13.6 m, and the segment thickness is 0.55 m; thus, 
the inner diameter is Dn  = 12.5 m, and the effective diameter is

𝐷 =
𝐷𝑤 + 𝐷𝑛

2 =
13.6 + 12.5

2 = 13.05 m (6)

Substituting D and 𝛼max  into Equation (1) gives

𝛿max = 𝐷 sin 𝛼max = 13.05 ×
0.47
28.0 = 0.219 m = 21.9 cm (7)

Therefore, the shield tail clearance enters the calculation directly through L2 , and 
21.9 cm represents the project-specific geometric or kinematic upper limit rather than a 
structural damage threshold.

4.5. Establishment of Control Criteria for Shield Attitude Deflection
Finite element simulations of segment–bolt systems reveal the stress states during 

assembly. Under asymmetric loading, unclosed segment rings exhibit reduced structural 
safety, leading to critical damage at specific deflection angles. These angles correlate with 
allowable differential jack strokes to mitigate risks. Concurrently, bolt stresses gradually 
diminish during assembly, as validated by numerical simulations and field tests. Analysis 
confirms that bolt stresses remain below yield thresholds, ensuring structural integrity 
under STAT conditions. By integrating asymmetric and locally eccentric loading scenarios, 
this study quantifies bolt stress responses during segment failure initiation. Numerical 
simulations in Section 4.1 identify critical failure angles across segment positions, with 
detailed values provided in Table 3. These results demonstrate that bolt safety is preserved 
even under extreme asymmetric loads inherent to STAT operations.

In this study, the critical segment angle was defined as the first loading increment 
at which localized concrete damage appeared in the FE results based on the adopted 
elastoplastic damage model. It represents damage initiation rather than complete structural 
failure or a measured crack-width limit. Bolt safety was evaluated by comparing the 
calculated and measured stresses with the yield strength of 640 MPa. No additional safety 
factor or probabilistic uncertainty factor was applied; therefore, the reported thresholds 
should be interpreted as project-specific deterministic limits.
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Table 3. Attitude control criteria of segment assembly.

Segment 
Deflection Stress Diagram Assembly 

Location
Assembly 
Sequence

Structure 
Deflection 

Angle

Shield Tail 
Jack Stroke 
Differential

Assembly 
Part

Assembly 
Sequence

Radial 
deflection to 
the tunnel  

Crown

First piece 0.60° 1.05 cm

Crown

First piece

 

Second piece 0.71° 1.25 cm

Third piece 0.60° 1.05 cm

Haunch

First piece 0.57° 1.00 cm

Second piece

 

Second piece 0.78° 1.37 cm

Third piece 0.79° 1.39 cm

Invert

First piece 0.64° 1.12 cm

Third piece

 

Second piece 0.71° 1.25 cm

Third piece 0.60° 1.05 cm

Radial 
deflection to 

the outside of 
the tunnel

 

Crown

First piece 1.20° 2.13 cm

Haunch

First piece

 

Second piece 1.00° 1.76 cm

Third piece 0.58° 1.02 cm

Haunch

First piece 1.10° 1.93 cm

Second piece

 

Second piece 0.76° 1.37 cm

Third piece 0.58° 1.02 cm

Invert

First piece 0.58° 1.02 cm

Third piece

 

Second piece 0.76° 1.37 cm

Third piece 0.40° 0.70 cm

Lateral 
deflection 
along the 

tunnel
 

Crown

First piece 1.40° 12.0 cm

Invert

First piece

 

Second piece 1.81° 15.5 cm

Third piece 1.38° 11.8 cm

Haunch

First piece 1.41° 12.1 cm

Second piece

 

Second piece 1.82° 15.6 cm

Third piece 1.37° 11.7 cm

Invert

First piece 1.39° 11.9 cm

Third piece

 

Second piece 1.89° 16.2 cm

Third piece 1.38° 11.8 cm

Finite element simulations of segment assembly reveal position-dependent critical 
damage initiation angles. Within the deterministic FE simulations conducted for the inves-
tigated project, outward radial deflection produced the lowest damage initiation threshold 
among the considered loading modes. Specifically, damage initiation was first observed at a 
segment deflection angle of 0.40°, corresponding to a differential jack stroke of 0.70 cm. This 
result should be interpreted as a model-based deterministic threshold rather than a statisti-
cally bounded failure probability, because formal uncertainty analysis was not conducted 
in the present study. The 0.40° value was obtained from the most unfavorable configuration 
among the modeled one- to three-segment incomplete-ring stages. It is therefore regarded 
as a conservative early-stage control threshold for the investigated project, rather than a 
threshold validated for every subsequent assembly stage, including key-segment insertion 
and ring closure. Mechanically, outward radial deflection tends to reduce the effective 
contact restraint between adjacent segments, cushion layers, and waterstop rubber gaskets, 
thereby weakening the temporary clamping effect of incomplete segmental lining rings. 
Meanwhile, the eccentric jack thrust path increases local compression and bending effects 
near segment edges and joint regions, leading to earlier stress concentration and damage 
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initiation than inward radial or lateral deflection under the investigated conditions. For 
the investigated project, the segment inner radius is R1  = 6250 mm, and the outer radius is 
R2  = 6800 mm, based on the segment outer diameter of 13.6 m and thickness of 550 mm. 
The segment chord length is L4  = 4912.88 mm, and the corresponding vertical geometric 
distance L3  = 1006.91 mm, which was obtained from the project segment geometry, as 
defined in Figure 12. These geometric dimensions were subsequently used in Equations 
(2) and (3) to convert the critical deflection angles into differential jack strokes. Using 
Equations (2) and (3), the corresponding critical differential jack stroke was calculated. 
Collision analysis confirmed that outward-deflecting segments maintain safe clearance 
from the tunnel lining. This enables direct correlation between segment deflection angles 
and controlled jack stroke differentials, establishing angular-to-stroke conversion as a viable 
control strategy.

As shown in Table 3, the initial failure angle of the segment is 0.4°, corresponding to 
a differential jack stroke of 0.7 cm, while the maximum deflection failure angle of 1.82° 
corresponds to a stroke differential of 15.6 cm. However, based on the geometric turning 
relationship of the shield machine in actual engineering applications, the maximum allow-
able differential jack stroke does not exceed 21.9 cm. Notably, this upper threshold was not 
reached in the simulated failure angle scenarios, indicating that structural damage initiates 
before the kinematic limits of the shield are approached.

5. Discussion
The present study established an integrated attitude control framework for large-

diameter shield tunneling under STAT conditions by combining numerical simulations, 
field tests, and engineering validation. Although the proposed criteria provide a practical 
reference for shield construction, several issues require further discussion.

The earlier damage initiation observed under outward radial deflection can be ex-
plained by the mechanical characteristics of incomplete segmental lining rings under STAT 
conditions. Unlike completed rings in conventional shield tunneling, incomplete segmen-
tal lining rings cannot provide full circumferential confinement during assembly. When 
outward radial deflection occurs, the segment tends to rotate away from the completed 
ring, reducing interface compression between the segment, cushion layer, and sealing gas-
ket. This weakens the temporary clamping effect formed during segment assembly and 
amplifies the eccentric transfer of jack thrust. Consequently, local compression, bending 
deformation, and stress concentration develop more rapidly near the segment edges and 
bolt-joint regions. In contrast, inward radial deflection tends to push the segment toward 
the completed ring, which partially enhances contact restraint, while lateral deflection is 
more strongly affected by the interaction between adjacent segments and bolts. Therefore, 
outward radial deflection was identified as the most unfavorable loading mode in the de-
terministic simulations of the present case project. Nevertheless, because the thresholds 
were obtained from a project-specific FE model, they should not be regarded as general 
uncertainty-bounded criteria. Future studies should incorporate parametric sensitivity 
analysis, construction randomness, material variability, and additional field monitoring 
data to quantify the uncertainty range of the proposed control thresholds. The FE model 
considered only one- to three-segment assembly stages. The reduction in bolt loads from 
the two-segment to the three-segment configuration indicates increasing restraint within 
the modeled range but does not demonstrate that the clamping effect becomes saturated 
after the third segment. Key-segment insertion and ring closure involve different boundary 
conditions and require further full-sequence analysis.

First, compared with conventional shield tunneling, STAT introduces a unique loading 
mechanism in which jack thrust acts directly on incomplete segmental lining rings before 
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ring closure. Under such conditions, the load transfer mechanism between segments and 
bolts becomes more complex due to the absence of complete circumferential constraints. The 
numerical results indicate that asymmetric loading significantly affects stress redistribution 
and damage evolution within the segment–bolt system. In particular, radial outward deflec-
tion represents the most unfavorable loading condition, where structural damage initiates 
earlier than under other loading modes. This finding suggests that construction quality 
control should focus on preventing excessive outward displacement during assembly.

Second, the field measurements showed larger bolt stress responses than the finite 
element predictions. Installation prestress, construction tolerances, installation errors, 
and variations in embedded-component positions may have contributed to this difference. 
However, no direct preload measurements, tightening-torque records, or statistical error 
distributions were available. Therefore, the contribution of each factor and the absolute 
safety margin relative to the bolt yield strength cannot be quantified in the present study. 
Further evaluation requires instrumented bolt-tightening tests and repeated measurements 
from additional rings. This difference is mainly due to three key factors: (a) bolt prestressing 
induced by impact-drill installation procedures; (b) construction and assembly uncertainties, 
including assembly tolerances and installation errors; and (c) local variations in the positions 
of embedded components. These factors inevitably influence the actual stress distribution 
in the segment–bolt system. Therefore, although the proposed finite element model can 
effectively capture the overall mechanical behavior, introducing construction uncertainties 
into numerical simulations would further improve predictive accuracy.

Only Ring 1488 was monitored in the present field test; therefore, repeatability and inter-
ring variability could not be statistically evaluated. Multi-ring monitoring is recommended 
in future studies.

Third, the proposed shield attitude control criteria were established based on a specific 
large-diameter shield project. Although the methodology itself is generally applicable, 
the threshold values obtained in this study may vary with project characteristics such as 
tunnel diameter, segment geometry, geological conditions, shield machine configuration, 
and construction parameters. Therefore, the direct application of the current criteria to 
other projects should be conducted cautiously, and calibration based on project-specific 
conditions is recommended.

The angle–stroke relationships adopted in this study are based on deterministic rigid-
body geometry. In practice, ground variability, shield–soil interaction, hydraulic system 
response, assembly tolerances, and operational disturbances may alter the actual relation-
ship. A complete uncertainty propagation analysis would require additional parameter 
distributions, repeated simulations, and multi-ring field measurements, which were un-
available in the present study. Therefore, the proposed values should be calibrated before 
application to other projects.

Finally, several limitations remain in the present study. The numerical simulations 
mainly considered static asymmetric loading conditions and simplified some complex 
construction interactions. Time-dependent effects, such as dynamic loading induced by 
machine vibration, cyclic loading during continuous tunneling, and long-term structural 
response, were not explicitly investigated. Future research should focus on developing more 
comprehensive numerical models incorporating bolt pretension, construction randomness, 
and soil–structure interaction effects. In addition, more field monitoring data from different 
engineering projects are required to further validate and optimize the proposed attitude 
control criteria. The omission of detailed thread geometry and the use of an idealized tie 
constraint may suppress local stress concentrations at the thread roots and relative slip at 
the bolt–insert interface. No dedicated sensitivity comparison with threaded or frictional-
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contact models was performed. Therefore, the present conclusions are limited to the global 
bolt-shank response, while local thread failure requires further refined analysis.

In addition, although local mesh refinement and nonlinear convergence checks were 
adopted in the finite element simulations, a systematic mesh independence study using 
multiple mesh densities was not performed in the present work. Therefore, the predicted 
damage initiation angles and bolt stress responses should be interpreted as deterministic 
results based on the adopted modeling strategy. Future studies should further evaluate 
mesh sensitivity, contact parameter sensitivity, and numerical uncertainty to improve the 
reproducibility and generality of the proposed control criteria.

6. Conclusions
Under the innovative STAT mode, critical safety risks arise from asymmetric stress 

distribution in unclosed segment rings and excessive segment deflection. The novelty of 
this study lies in linking shield attitude control with the mechanical safety of incomplete 
segmental lining rings and bolts under STAT conditions. Unlike conventional attitude 
control methods that mainly rely on geometric deviation indicators, the proposed framework 
quantitatively couples segment damage thresholds, bolt stress safety, shield tail clearance, 
and jack stroke constraints. This enables the conversion of critical segment deflection 
angles into allowable differential jack strokes, providing a project-specific quantitative 
basis for attitude control during simultaneous propulsion and segment erection. The main 
conclusions are summarized as follows:
1. The critical failure angles of segments and bolt safety during assembly were inves-

tigated, and field measurements from Ring 1488 provided case-based support for 
the simulated bolt stress trends under the recorded construction conditions. The 
project-specific geometric or kinematic upper limit of the differential jack stroke was 
determined to be 21.9 cm, while all simulated conditions remained below this value. 
The differential jack strokes corresponding to the damage initiation conditions listed in 
Table 3 were all below 21.9 cm, suggesting that, under the investigated conditions, seg-
ment damage may initiate before the shield approaches its kinematic stroke limit. The 
obtained failure angles can provide practical guidance for engineering construction.

2. Shield attitude deviations in actual engineering are multidimensional and lead to 
complex asymmetric loading conditions. Numerical simulations under a 2° deflec-
tion condition indicated that bolt stresses remained within safe limits, demonstrating 
adequate structural safety.

3. The measured bolt stress responses exceeded the finite element predictions. Because the 
installation preload, tightening torque, and statistical uncertainty were not measured, 
the discrepancy could not be quantitatively partitioned, and the field results should 
not be interpreted as an absolute assessment of the bolt yield-strength margin.

4. For the modeled early-stage incomplete-ring configurations, the minimum radial dam-
age initiation angle was 0.4° (corresponding to 0.7 cm), while the minimum lateral 
damage initiation angle was 1.37° (corresponding to 11.7 cm). These values should be 
regarded as conservative, project-specific control references pending validation over 
the complete ring-assembly sequence.

5. Based on the interaction between segment failure mechanisms and shield ma-
chine operating constraints, corresponding attitude control criteria were established, 
providing practical guidance for optimizing assembly procedures and improving 
construction efficiency.

6. The conclusions should be interpreted within the scope of the investigated project. 
Bolt pretension was not explicitly included in the numerical model, the proposed 
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thresholds are project-specific, and no formal uncertainty analysis was conducted. 
Further validation is therefore required before applying the criteria to other projects.
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