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Abstract

This research examines the effects of vertical jacking construction on the mechanical behav-
ior of shield tunnels. Model tests simulating vertical jacking were performed utilizing a
purpose-built apparatus to quantify the reaction forces generated by the diffusion block
during the jacking operation. A systematic analysis was conducted on the mechanical re-
sponses of shield tunnel lining segments and their interconnecting joints. Utilizing Particle
Flow Code (PFC) methodology, a deformation prediction model specifically tailored for ver-
tical jacking conditions was formulated. Correlating simulation results with experimental
measurements quantified the sensitivity of tunnel deformation to grouting reinforcement,
enabling the identification of an optimal reinforcement zone. Key findings reveal that the
jacking reaction force distribution exhibits pronounced nonlinearity: a substantial increase
precedes failure, followed by rapid post-failure reduction and eventual stabilization in
advanced jacking stages. Tunnel convergence deformation evolves through four distinct
phases: significant growth, rapid attenuation, gradual diminution, and final stabiliza-
tion. The primary zone of influence encompasses the opening ring and its two adjacent
rings. Jacking induces longitudinal bending deformation, with maximum joint opening
occurring at the opening ring. Abrupt longitudinal load fluctuations cause dislocation
between the opening ring and neighboring rings. Internal segment stresses exhibit initial
tensile and compressive increases followed by subsequent relaxation. Externally applied
grouting reinforcement effectively attenuates jacking-induced tunnel deformation. An
optimal reinforcement range was determined at the 60° position relative to the segment
springline, substantially lowering resource consumption and construction risks compared
to conventional reinforcement strategies. These outcomes furnish theoretical underpin-
nings and technical benchmarks for optimizing engineering design and facilitating the
implementation of vertical jacking technology.

Keywords: vertical jacking method; shield segment; jacking reaction force; mechanical
response characteristics; model test; particle flow analysis
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1. Introduction

The vertical jacking method has gained increasing application in shield tunnel con-
struction owing to its minimal spatial footprint, abbreviated construction duration, and
reduced environmental impact. This technique employs hydraulic jacking equipment
to advance pipelines through overlying soil strata, thereby creating functional shafts for
applications including shield ventilation, water extraction, maintenance operations, and
ancillary activities [1,2]. Nevertheless, the mechanical response of tunnel segments during
vertical jacking manifests considerable complexity, characterized by substantial structural
deformation and significant stress perturbations.

In addressing the engineering challenges associated with vertical jacking within shield
tunnels, limited scholarly investigations have been undertaken. Current research has exam-
ined the mechanical characteristics of segments during jacking operations, with numerical
analyses elucidating internal forces acting upon joint bolts. Comparative assessments
against field measurements underscore the necessity for enhanced design methodolo-
gies [3]. Preventive measures addressing mechanical responses at the tunnel invert during
vertical jacking construction warrant formulation [4]. Additionally, three-dimensional finite
element analyses have been employed to evaluate deformation characteristics of segments
and circumferential seams induced by shield tunnel jacking operations [5]. Further clar-
ification is required regarding the damage mechanisms, extent, and progression within
overlying soil strata during jacking, potentially achievable through particle flow simula-
tions and physical model testing [6,7]. Design and construction practices have incorporated
studies on jacking force and reaction force computations, encompassing internal shield
tunnel deformations and vertical displacement variations [8,9].

Notably, a paucity of research addresses the evolutionary development of vertical
jacking reaction forces and their concomitant mechanical impacts on tunnel structures.
During vertical jacking construction, the reaction forces exert substantial influence upon
the tunnel’s basal segments, inducing structural deformations and stress disturbances that
fundamentally alter the global stress state.

A specialized model testing apparatus simulating vertical jacking for shield tunnel
shafts was developed, based on specifications from a water conveyance tunnel inspection
well prototype. Experimental investigations were conducted to delineate the distribution
characteristics of reaction forces throughout the jacking process and to characterize the
stress—deformation behavior of the shield tunnel structure. Particle flow method simula-
tions computed tunnel deformations during vertical jacking, with subsequent validation
against experimental results. Furthermore, the efficacy of varying reinforcement ranges
in tunnel deformation mitigation was assessed, leading to the proposal of applicable
engineering control strategies for deformation management.

2. Model Test Scheme Design
2.1. Experimental Materials and Similarity Ratio

This study investigates a ventilation and inspection shaft for a shield tunnel with
an overburden thickness of approximately 8 m. The test soil layer was obtained from
field investigation samples, primarily comprising common shallow cohesive soils found in
Guangzhou. These samples were collected from the construction site and subsequently re-
molded under controlled laboratory conditions for mechanical property testing. Laboratory
test results indicate that the model test soil layer possesses a unit weight (y) of 18.5 kN/m?,
cohesion (c) of 6.6 kPa, an internal friction angle (¢) of 27.7°, and a compression modulus
(ES1_2) of 5.65 MPa.

The model test tunnel was designed based on a preliminary shield tunnel configuration
featuring a 6 m diameter and an 8 m overburden. The jacking pipe model has a diameter
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of 1.4 m, a wall thickness of 20 cm, and a segment length of 1.0 m. Both the model shield
segment (Figure 1) and the jacking pipe were fabricated from nylon material. Shield
ring joints were simulated using bolts and polyethylene (PE), while longitudinal joints
were modeled via the lateral slot method, consistent with references [10-12]. Applying
similarity principles, primary test parameters were established, encompassing prototype
tunnel characteristics and model geometric and physical indicators (Table 1). Segment joint
parameters were derived from the literature [13-15], with joint dimensions determined
using the equivalent stiffness coefficient similarity ratio.

Figure 1. Tunnel lining model.

Table 1. Tunnel prototype and model parameters.

Parameter PlpeOSlft%Irnent Pipe Segment Elastic l;iiiﬁ;xo?{l:xltﬁ Geometric

Tunnel . Thickness/m Modulus/MPa y Similarity Ratio
Diameter/m of Segment

Prototype 6.0 0.3 34,500 10 10

Model 0.6 0.03 3365
. Circumferential Longitudinal Elastic .
Parameter Joint joint/number joint/number modulus/MPa Size/mm Remark

Prototype 12 10 206,000 ©24.1 =400 M24 bolt

Model - 20 502 100 x 100 x 2.5 Bolt + PE
Groove depth
Model 6 - - 17 mm, width lateral slot
20 mm

2.2. Experimental Device and Plan

The experimental apparatus comprises a model test box, a jacking system, and a
monitoring system (Figure 2).

(1) The study employed a large-scale model box fabricated from transparent acrylic,
measuring 60 cm (length) x 110 cm (width) x 180 cm (height). The base consisted
of 2 cm thick glass, while the side walls were constructed from 1.5 cm thick glass.
Openings were created on both lateral walls, aligned with the shield tunnel model’s
axis and corresponding to the tunnel’s outer diameter. The centerline of these openings
coincided with the tunnel axis to accommodate the installation of jacking devices,
testing apparatus, and data acquisition instruments. A5 cm X 5 cm grid was inscribed
on the jacking side wall to facilitate displacement observation and measurement.
Additionally, three 20 mm thick high-strength glass hoops were uniformly distributed
circumferentially around the model box to ensure sufficient structural integrity to
withstand the applied test loads.
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(2) The jacking system consists of a reaction diffusion block, a thrust frame, and a hy-
draulic jack. The 20 cm wide reaction diffusion block, fabricated from the same
material as the shield tunnel segment, is rigidly affixed to the segment base. The
thrust frame, an open circular structure fabricated from rebar, serves dual functions:
providing temporary support for the jacked pipe section and facilitating the placement
of subsequent pipe sections. The assembly incorporates a TRC108 model hydraulic
jack, with a height of 28.8 cm, a diameter of 6 cm, and a maximum stroke of 20.3 cm.

F : ,/

@ Model test box

/@ Measuring point

| @ Ground

| Pipe-jacking
Pressure gauges
Jack
Dial gauge
Strain gauge
Diffusion block

|40 segment

" (@) Scaffold

(b) Monitoring system.

Figure 2. Jacking model test device.

The monitoring system integrates displacement monitoring points embedded within
the soil layer, strain gauges affixed to the shield tunnel lining, displacement transducers,
and jack force sensors. Displacement monitoring points were interconnected using plastic
sheets and thin wooden strips. High-definition digital cameras and camcorders recorded
displacement monitoring point variations at five-second intervals throughout the jacking
process. Strain gauges and displacement transducers collected data on shield tunnel lining
stress and deformation during jacking, with particular emphasis on the opening ring
deformation. Monitoring points were primarily positioned on the opening ring O1 and the
adjacent rings N1 to N3.

During the experimental procedure, the model box is initially positioned within the
test soil and prepared via the layered compaction method. Each soil layer is uniformly
distributed throughout the model box, compacted to a height of 5 cm using a flat-faced
rammer, and subsequently leveled with a straightedge. Displacement measuring points are
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embedded at predetermined locations during the soil placement process. A thin layer of
lubricating oil is applied to the contact surfaces between the plastic sheet and the model
box at the designated monitoring points. During the pipe jacking procedure, the jacking
height is determined based on the scale affixed to the front face of the model box.

3. Analysis of Jacking Reaction Force Test Results

When the shield is lifted vertically, the jacking reaction force mainly stems from the
soil weight within the shear failure zone. This force incorporates shear interactions at
the sliding surface between soil layers, the self-weight of the jacking pipe segment, and
frictional resistance along the pipe’s side wall against the surrounding soil. High-definition
image feature points are employed to establish the jacking height, with pressure sensor
readings logged at capture times. Figure 3 displays the reaction force curve for the shield
shaft’s vertical jacking across different heights.
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Figure 3. Jacking reaction force at different stages.

As illustrated in Figure 3, the vertical jacking reaction force demonstrates pronounced
nonlinear characteristics throughout its development. This force evolution can be delin-
eated into three distinct phases: an initial increase, a subsequent decrease, and eventual
gradual stabilization. During the initial phase, as the jacking height attains 0.4 m (h/20),
the reaction force experiences a significant increase. At this stage, the overlying soil layer
becomes subjected to compression, culminating in a maximum pressure of 377 kPa at the
diffusion block. The subsequent phase, corresponding to jacking heights ranging from
0.4 m to 1.6 m (h/20 to h/5), is characterized by shear failure within the overlying soil,
resulting in the formation of a sliding surface and a consequent rapid decrease in reaction
force. Thereafter, as jacking height increases further, the reaction force continues to diminish
at a reduced rate, ultimately stabilizing at approximately 202 kPa.

4. Analysis of Segment Displacement and Stress Results
4.1. Results Monitoring Point Layout

To characterize the displacement response of the opening segment and adjacent struc-
tures during vertical jacking, displacement gauges and strain gauges were installed at
distinct locations within the specimens (Figure 4).
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Figure 4. The arrangement of measuring points for segment stress deformation.

4.2. Analysis of Transverse Convergence Deformation of Segment

Figure 5 presents the incremental displacement of segments at varying jacking stages.
A positive deformation value denotes outward segment deformation, whereas a negative
value indicates inward segment deformation. Further, Figure 6 documents the segment
deformation process throughout the jacking procedure.
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Figure 5. Cont.
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Figure 5. Incremental displacement of segments at varying jacking stages.
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Figure 6. Different stages of segment ring seam opening amount.

The figure illustrates that segment convergence displacement undergoes four distinct
stages: substantial increase, rapid decrease, gradual decline, and eventual stabilization,
each corresponding to increasing jacking height. Initially, segment ring deformation is most
pronounced, particularly during initial jacking operations. As the jacking force intensifies,
the tunnel experiences increased settlement at both the crown and invert, resulting in
significant waist convergence compared to the initial state. Following overlying soil shear
failure, the jacking force decreases sharply, thereby inducing invert rebound while the waist
deforms outward. As the jacking height increases further, the invert exhibits continued
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rebound, the waist undergoes outward expansion, and the crown experiences slight uplift
until segment deformation stabilizes during later stages. This behavior aligns with the
jacking force distribution presented in Figure 3.

Under vertical jacking force influence, the opening ring (O1) and adjacent segments
(N1 to N3) primarily exhibit vertical deformation responses. Recorded maximum set-
tlements at the base measure 2.55 mm, 1.68 mm, 1.20 mm, and 0.75 mm, respectively.
The opening ring experiences notably greater deformation than adjacent rings, with N3
displacement measuring only 44.6% of N1 displacement, indicating a more than twofold
difference. This observation indicates that the jacking force influence zone encompasses
the opening ring and its two adjacent rings. Additionally, the opening ring’s maximum
horizontal displacement is 1.18 mm, substantially less than its vertical displacement. Conse-
quently, segment vertical displacement characteristics warrant primary consideration when
designing reinforcement strategies during jacking operations, with particular emphasis on
vertical reinforcement measures.

4.3. Deformation Analysis of Segment Joint
(1) Segment opening

Based on the findings depicted in Figure 5, the longitudinal settlement of the shield
tunnel under the most unfavorable jacking conditions (presented in Figure 7) was examined.
The tunnel structure was represented by a longitudinally discontinuous beam model. The
imposition of jacking reaction forces generates longitudinal bending deformation, leading
to maximum joint opening within opening ring pairs. Simultaneously, abrupt longitudinal
load transitions induce segment dislocation, causing maximum displacement between
the opening ring and its adjacent ring. Consequently, the assessment of segment joint
deformation concentrated on measurements obtained from the bottom joint K1 (located
within opening ring pairs) and bottom joint K2 (situated between the opening ring and an
adjacent ring).
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Figure 7. The dislocation amount of segment ring seam in different stages.

Figure 8 displays the distribution of the segment ring seam opening amount relative
to different jacking heights. A positive value indicates the segment is relatively open, while
a negative value denotes closure. The seam opening trend mirrors the development of
jacking force and segment displacement: initially increasing, subsequently decreasing, and
finally stabilizing. The maximum recorded opening is 0.22 mm, observed at the bottom
of the K1 joint—the junction between the two open segments in the middle ring. At this
location, the outer side of the segment annular seam is open. Conversely, the maximum
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opening at the K2 joint is only 0.04 mm, equivalent to 18% of the opening at the open ring.
Unlike displacement effects, the opening significantly impacts longitudinal transmission
attenuation. Tunnel displacement primarily stems from segment structure deformation,
with annular seam joint deformation contributing minimally.
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Figure 8. Segment stress curves at different stages.

(2) Segment dislocation

Based on the preceding analysis of segment dislocation characteristics, joint D1—located
between the opening ring O1 and the adjacent standard ring N1—along with two disloca-
tion deformation measurement points at joint D2 (situated between rings N1 and N2), were
identified. Staggered platform deformation monitoring was accomplished by measuring
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the vertical displacement difference between two ring sections using dial gauges positioned
at their bases (Figure 9).
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Figure 9. Particle flow calculation model.

Increasing the jacking height elevates the jacking reaction force, accentuating the load
differential between the opening ring and the adjacent ring. Annular joints D1 and D2
exhibited rapid dislocation increases followed by significant decreases upon load reduction.
Ultimately, dislocation values gradually diminished and stabilized. Maximum dislocations
occurred at peak jacking reaction force: 0.24 mm at D1 and 0.08 mm at D2, representing
approximately 33% of D1’s dislocation. This behavior mirrors the opening response,
demonstrating notable longitudinal influence attenuation. The limited influence range
contributes minimally to tunnel displacement. Longitudinal opening test results confirm
that segment openings remain below the joint bolt’s elastic limit deformation value of
1.11 mm [16]. This measurement is substantially lower than the 2 mm control value for
subway ring seam openings [17], while segment dislocations are markedly below the 3 mm
control threshold [18]. Additionally, these test results corroborate longitudinal opening and
dislocation assessments derived from lateral displacement measurements.

4.4. Damage Analysis of Segment Structure

To investigate the potential for damage to the shield segment during the vertical
jacking process, 23 stress measurement points were symmetrically positioned within the
opening ring and on the inner side of the two adjacent rings. Figure 10 illustrates the
stress variations experienced by the segments at distinct construction stages, where positive
values denote tensile stress and negative values indicate compressive stress. Throughout
the vertical jacking process, both the opening ring and the adjacent ring demonstrated
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comparable circumferential stress distribution patterns. This similarity indicates that
the vault region is subjected to tensile forces while the inner bottom side experiences
compressive forces due to jacking. Notably, the compressive stress exhibited an initial
increase followed by a subsequent decrease.
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Balls (19191)
I 5.5000E-03

5.0000E-03
4. 5000E-03
4.0000E-03
3.5000E-03
3.0000E-03
2.5000E-03
2.0000E-03
- 1.5000E-03
1.0000E-03
5.0000E-05
5.6806E-08

Wall group Any
Facets (5)
load_plate

Figure 10. The vertical displacement cloud diagram after segment construction is completed.

The upper section of the arch waist undergoes initial compression followed by tension,
while the lower section experiences tensile stress. This tensile stress exhibits an initial
increase followed by a subsequent decrease. This phenomenon is attributed to the jacking
reaction force, which, during the initial jacking phase, displaces the top cover outward.
Consequently, the opening ring segment O1 and the adjacent ring segment N1 are subjected
to increased overburden soil pressure, inducing subsidence in the upper portion of the
segment and resulting in tension on its inner side. Specifically, point P undergoes tension,
causing the arch waist to converge and inducing tension on its inner surface. As overburden
pressure diminishes throughout the jacking process, the waist expands outward, leading to
a compaction tendency on its inner side.

The maximum tensile and compressive stresses of the segments are presented in
Table 2. Vertical jacking alters the stress distribution within the soil layer, subsequently
inducing redistribution of stress disturbances within the segment. This phenomenon pri-
marily affects the opening ring and adjacent ring, while stress disturbances in segments
beyond the adjacent ring remain minimal. The maximum tensile and compressive stresses,
occurring at the opening ring under jacking force application, are 0.57 MPa and 2.24 MPa,
respectively. These stress levels are generally low and significantly below the segment’s
strength control threshold. During testing, a systematic investigation focused on cracks at
the segment bottom and lower waist region, consistent with the structural stress character-
istics. Based on observational data and measured stress values, no tensile or compressive
damage cracks were observed in the segment structure within the detectable range.

Table 2. The maximum tensile and compressive stress of segment ring.

Maximum Maximum
Monitoring Rings Circumferential Circumferential Tensile
Compressive Stress/MPa Stress/MPa
Opening ring O1 —224 0.57
Adjacent ring N1 —0.16 0.10

Adjacent ring N2 —0.08 0.04
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5. Analysis of Segment Reinforcement Measures

To mitigate the impact of jacking force on tunnel structures, three approaches are
available: reducing the thrust force, enhancing segment strength, and increasing the
foundation’s bearing capacity. For specific projects, the jacking force typically remains
constant. Moreover, augmenting segment toughness presents considerable challenges due
to technical complexity and substantial costs. However, foundation reinforcement emerges
as a more viable solution. To evaluate grouting reinforcement efficacy and determine
its appropriate range of reinforcement, engineering numerical analysis is employed to
perform modeling.

5.1. Particle Flow Calculation Model

The computational domain incorporates boundary effects comprehensively. The
model extends 20 m along the X-direction and 22 m along the Y-direction, with the geo-
logical formation characterized as a homogeneous clay layer. Within this computational
framework, particle interactions are modeled utilizing the contact bond model. The meso-
scopic parameters of the clay particles are calibrated via the previously described numerical
simulation testing methodology [19] (Table 3). Additionally, as established in reference [20],
the ratio of normal to tangential stiffness (\(k\)) within the inter-particle contact bonding
model is specified as 2.5, while the ratio of normal to tangential bond strength is 1.

Table 3. Mesoscopic parameters of soil sample.

Calibration Normal and Contact Coefficient Normal Tangential

Moc.iel Taqgentlal Modulus E  of Friction Bonding Bond

Particle Stiffness (N/m?) U Strength Strength
Size (mm) Ratio (kPa) (kPa)

2~4 mm 25 7 x 10° 0.7 9 9

In the model container, soil particles are deposited via the gravitational deposition
method, achieving equilibrium under the combined action of interparticle contact forces
and gravitational forces. To ensure computational validity and operational efficiency, the
ratio of the model’s short-side dimension to the average particle diameter must exceed 25.
Consequently, particle diameters ranging from 0.05 m to 0.1 m are selected.

Bonded particle assemblies are employed to model the segment, with circular particle
units generated at the segment location. The segment exhibits a thickness of 0.3 m, with a
corresponding particle diameter of 0.3 m. The elastic modulus is 34.5 GPa and the Poisson’s
ratio is 0.2. A rigid wall element represents the thrust pad, which sustains the jacking
reaction force. Additional particles are generated at the base of the diffusion block to
accurately represent the actual thickness of the reinforced concrete structure.

A parallel bonding contact model governs interactions both between segment units
and between the diffusion block and segment. The contact modulus is 34.5 GPa, with a
normal-to-shear stiffness ratio (kn/ks) of 1 and a friction coefficient of 0.5.

Based on the model test results, it was observed that segment displacement peaks
when the jacking pipe is elevated to approximately h/16. Therefore, the model calculations
simulate the jacking process up to h/16—prior to overburden soil failure—while also
replicating the jacking excavation procedure. A jacking reaction force of 377 kPa is applied
to the diffusion block (Figure 8c), which subsequently transfers stress to both the shield
segment and the foundation.
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5.2. Model Rationality Verification

Figure 10 depicts the displacement contour plot corresponding to the completion of
tunnel construction and the advancement to h/16. As shown in Figure 10, upon tunnel
construction completion, the segment structure manifests significant elliptical deformation,
with a maximum settlement of 5.5 mm occurring at the crown. It should be noted that the
shield tunnel model test does not simulate the actual excavation process, consequently
limiting its capacity to accurately represent displacements occurring at the tunnel invert
during the excavation phase.

To validate the computational model, the incremental displacement measured at the
tunnel invert during the model test is compared with numerical calculation results, as
presented in Figure 11. The data in Figure 11 demonstrate that the computational results
effectively capture the deformation characteristics of the segment structure, exhibiting
strong agreement with experimental measurements. The average displacement discrepancy
is on the order of 10%, indicating the robustness of the three-dimensional computational
model and the reliability of the model test outcomes.

Location/mm

Displacement/mm

——Test results ™
—a—Calculated results

Figure 11. Comparison of test and calculated displacement results.

5.3. Analysis of Foundation Grouting Reinforcement

Based on limited prior investigations into foundation reinforcement via pipe jacking
force [4,21], which proposed grouting reinforcement within angular sectors spanning
120° to 360° exterior to the force-applied segment, this study extends this methodology.
Specifically, this research established gradient and full-cycle reinforcement conditions
encompassing 30° to 180° beyond the segment under the foundation model’s reaction force.
Consistent with Reference [22], the grouting reinforcement thickness was specified as 1.5 m.
The grouted soil layer was assigned the following properties: unit weight y = 21 kN/m?3,
elastic modulus *E* = 1050 MPa, cohesion *c* = 500 kPa, and friction angle ¢ = 33°.
Mesoscopic parameters were derived using the aforementioned calibration methodology.

Figure 12 depicts the maximum segment displacement corresponding to varying
reinforcement ranges. The minimal segment displacement, approximately 2.16 mm, oc-
curred with 120° foundation reinforcement. This value closely aligns with the maximum
opening displacement of 2.23 mm observed under 60° reinforcement. These findings
demonstrate that segment-external grouting reinforcement enhances the soil layer’s ca-
pacity to constrain segment deformation, thereby inhibiting the progression of segment
displacement and joint dilation. Notably, effective reinforcement beneath the segment
was achieved within a significantly narrower 60° range, contrasting with the 120° to
360° range suggested in prior studies. Consequently, meticulous monitoring of grouting
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reinforcement—specifically regulating grouting pressure to prevent localized segment
flotation within allowable tolerances—is critical in practical engineering applications.

Displacement/mm

2.5

0 60 120 180 240 300 360
Reinforcement angle/®

Figure 12. Displacement corresponding to different reinforcement ranges.

6. Conclusions

The vertical jacking model test yielded significant insights into the reaction force

distribution pattern and mechanical response of shield tunnels under jacking conditions. A

particle flow model was established to evaluate tunnel deformation, with results validated

against empirical testing. Furthermore, the efficacy of grouting reinforcement in mitigating

tunnel deformation was systematically analyzed, culminating in the formulation of an

optimized reinforcement strategy. The principal conclusions are summarized as follows:

)

@)

®)

4)

Jacking Reaction Force Characteristics: The jacking reaction force demonstrates pro-
nounced nonlinear behavior, characterized by rapid pre-failure escalation, substantial
post-failure reduction, and subsequent stabilization during advanced jacking stages.
This behavioral pattern delineates critical operational phases and informs the opti-
mization of jacking parameters to minimize structural impacts.

Tunnel Deformation Response: Jacking forces induce longitudinal bending and seg-
ment opening in the tunnel structure, with maximum displacement manifesting be-
tween opening segment rings. Abrupt longitudinal load transitions cause maximum
dislocation at the interface between the opening and adjacent rings. Deformation
attenuation occurs principally along the longitudinal axis, predominantly affecting
the opening ring and its immediate neighbor. These deformation mechanisms are
critical for enhancing predictive accuracy and maintaining structural integrity during
jacking operations.

Segment Stress Distribution: Jacking forces redistribute internal stresses within seg-
ments. The vault experiences tensile stresses while the invert sustains compressive
stresses, both exhibiting initial stress escalation followed by reduction. The upper
haunch transitions from compression to tension, whereas the lower haunch remains
under tension. Crucially, the structure maintains low stress levels without evidence
of tensile or compressive failure, demonstrating adequate resilience to withstand
jacking-induced stress variations.

Grouting Reinforcement Efficacy: External segment grouting effectively mitigates
jacking-induced deformation. An optimal reinforcement angle of 60° at the segment
base is established. Notably, conventional practice employs broader reinforcement
ranges than necessary, potentially increasing material consumption and construction
risks. Restricting the reinforcement zone enhances construction efficiency while
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maintaining structural performance, thereby optimizing resource utilization and
enhancing both economic efficiency and structural safety.

(5) Engineering Practice Implications: This research provides a scientific foundation for
developing reinforcement strategies and engineering protocols for vertically jacked
shield tunnels. The identified optimal reinforcement angle and stress distribution
patterns directly inform segment design and construction methodologies, reducing
deformation risks and ensuring long-term stability. Moreover, understanding reaction
force nonlinearity enables precise control of jacking parameters, effectively mitigating
soil failure and structural damage risks.
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