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Abstract

To investigate the impact of subsurface karst cavities on the stability of pipe jacking con-
struction, this study utilizes the Yunnan Central Water Diversion Project as a real-world
case. Employing ABAQUS finite element software to establish a numerical model, it sys-
tematically analyzes construction stability under the specific condition of “karst cavities
present ahead of the excavation direction” in karst formations. The research focuses on
examining the effects of four key scenarios on the displacement and stress response of
surrounding rock and pipe segments. These conditions specifically include the following:
tunnel burial depth (10 m, 15 m, 20 m, 25 m), cavity diameter beneath the tunnel (1–4 m),
cavity filling status, and distance between the cavity and the tunnel (1–4 m). The study
reveals that in composite stratum tunnel construction, when cavities exist in the strata
ahead, multi-area displacements increase progressively with cavity size. Displacement
changes accelerate and magnify when the cutting face of the jacking machine approaches
within approximately 2.5 m of the cavity. However, no significant difference is observed
between soft plastic clay reinforcement and slurry reinforcement effects. When composite
stratum tunnels traverse beneath karst caves, the maximum upward bulge at tunnel bases
occurs at 1-m diameter caves, reaching approximately 2.5 mm. When the diameter of the
cave increases to 4 m, the arching settles to a maximum. As tunnel burial depth increases,
the arch base rises while the crown sinks, with settlement magnitude exceeding bulge
amount. The displacement and stress fields from the initial excavation phase become dis-
turbed, intensify, and then stabilize. When the jacking machine reaches directly above the
cavern, stress at the crown base increases while stress at the crown top decreases. The pipe
bottom exhibits uplift, and the pipe top shows reduced settlement directly above the cavern.
Cavern filling has a minor effect on pipe-segment displacement, with segments deforming
into an approximate elliptical shape. At the completion stage of excavation, the maximum
Mises stress occurs at the top of the launch-end pipe segment. While cavern-related factors
have a limited influence on the pipe-segment Mises stress, this stress gradually increases as
excavation progresses.

Keywords: subsurface cavities; pipe jacking construction; composite strata; numerical
simulation; construction stability
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1. Introduction
Driven by socioeconomic development, the number of tunnel projects in China has

surged significantly, with construction increasingly focused on geologically complex re-
gions. The mountainous terrain and widespread karst formations in central and western
China make tunnel engineering critical for highway and railway development. Sterling
et al. [1] reviewed the development of pipe jacking and microtunneling, focusing their
research on jacking load assessment. They highlighted progress in studying the effects
of friction loads and noted that effective lubrication can reduce friction resistance during
pipe jacking. Sha et al. [2] investigated the primary factors affecting shield tunnel stability,
demonstrating that karst geology has been shown to significantly increase the risks asso-
ciated with shield tunnel construction. When tunnels traverse karst zones, engineering
hazards such as sudden water surges, low bearing capacity of karst foundations, seepage,
surface subsidence, and jacking machine descent may occur. These hazards pose significant
threats to tunnel safety. Furthermore, during pipe jacking construction in karst formations,
common engineering issues include cutterhead instability and collapse, abnormal attitude
deviation, soil collapse at the excavation face, and excessive ground settlement. The pres-
ence of karst cavities ahead of the tunnel axis can alter the mechanical force transmission
patterns during pipe jacking. Research on these influence mechanisms holds significant
theoretical guidance and practical engineering value. Numerous scholars have conducted
multifaceted studies on the impacts of tunnel construction in karst cavities.

Numerous scholars have conducted research based on actual engineering projects:
Zhao et al. [3–6], using the Chaodongyan Tunnel as a case study, investigated the effects of
karst cavities of varying sizes, spacings, and orientations on the stress–strain behavior of
the surrounding rock in pipe jacking tunnels. They employed experimental systems and
finite element software for modeling and analysis, with consistent results between model
tests and numerical simulations. Zheng et al. [7] analyzed the challenges posed by the
Yujingshan Tunnel on the Chengdu–Guiyang High-Speed Railway in Yunnan Province.
They further examined in situ monitoring results of layer-like subsidence beneath giant
karst caverns, tunnel crown settlement, and horizontal convergence. Cheng et al. [8] pro-
posed a method for predicting the grouting volume required to treat karst cavities in shield
tunnels based on the karst cavities along the tunnel section of Guangzhou Metro Line 9.
Zhang et al. [9] presented measurements and predictions of surface responses induced
by tunnels in karst formations in Guangzhou. They proposed a ground subsidence pre-
diction method termed the Extended Deep Learning Approach. This method achieves
precise prediction of tunnel-induced ground subsidence by extending the Conv1d model.
Tang et al. [10] quantitatively analyzed the construction response of pipe jacking tunnels
with karst cavities at different orientations to identify the most unfavorable positions.
Li et al. [11] presented a case study of the Hechi-Baise Expressway Tunnel, adhering to the
optimized management plan for karst cavities in the Hechi-Baise Tunnel. They propose a
comprehensive pre-treatment method tailored to this tunnel, with the optimized treatment
plan primarily encompassing calculating the safe thickness of the tunnel face, reinforcing
the initial support, increasing the thickness of the secondary lining, and incorporating
additional allowance for deformation and grouting. Based on the actual collapse pattern of
shallow tunnels, Yang and Huang [12] established a curved failure mechanism for such tun-
nels. Li et al. [13] independently developed a three-dimensional fluid–solid coupling model
test analysis system to investigate the effects of karst cavity orientation on surrounding rock
stability and variations in surrounding rock stress and seepage pressure. Cheng et al. [14]
addressed the issues of insufficient geological understanding and high disaster risks along
tunnel routes due to limited boreholes. They proposed a method using five factors, includ-
ing cutter torque, to determine foundation composition. The results align with soil testing
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data, aiding in refining tunnel parameters and reducing geological hazards. Su et al. [15],
based on the Liangwangshan Tunnel, presented a case of tunnel failure by karst fissure, and
the failure mechanism and treatment were analyzed. Liu et al. [16] employed a series of
specialized methods—including engineering geological surveys, SATEM, and SLAM-based
LiDAR—at various stages of tunnel construction using the No. 1 Tunnel Project in Linlan
Village, Guangxi, as a case study. Through an in-depth analysis of underground karst
cavities, they provided a high-level technical foundation to ensure tunnel construction
safety. Coli and Castellucci [17] studied a special case: a tunnel designed with consideration
for karst system protection and environmental factors such as sulfates, incorporating corre-
sponding measures. However, due to incomplete safeguards in the relevant regulations
for sulfate-resistant concrete at the time, combined with external pressure and cavitation
effects, the lining experienced unexpected degradation, resulting in unforeseen impacts on
the karst system and a series of subsequent problems. This negative experience provides
valuable lessons for the planning and design of future tunnel projects in karst regions.

Studies addressing the impact of cavities in various orientations on rock mass stability
include the following: Peng et al. [18] investigated the use of grouting waste material for
backfilling giant karst cavities as a tunnel crossing strategy. They established numerical
models of cross-sectional characteristics for different karst cavities and tunnel distributions,
separately studying the deformation of surrounding rock with and without grouting, as
well as the mechanical response of tunnel linings. Tan et al. [19] used FLAC3D, a commer-
cial software package, to investigate the effect of lateral cavities in karst areas on jacking
construction for expressways, comparing numerical analysis with field measurements.
Wang et al. [20] used a field-constructed tunnel as a case study, employing model tests
and theoretical analysis to examine the effects of karst cavity size and other conditions
on surrounding rock deformation and initial support loading. Liu et al. [21] based their
analysis on a subway shield tunnel project, modeling and analyzing the impact of karst
cavities beneath shield tunnels at different burial depths on surrounding rock stability
using geophysical survey results. To predict the collapse of the rock mass at the tunnel exca-
vation site above a karst cave, Fu et al. [22] obtained an analytical formula for the collapse
surface via variational calculations within the framework of the upper bound theorem.
This analytical solution was subsequently used to examine how rock parameters affect
the collapse surface of the rock mass with a karst cave beneath the tunnel. Zhao et al. [23]
investigated the stability of a rock pillar located above a concealed karst cave ahead of
a roadway. By leveraging the fluid–solid coupling method and the strength reduction
method, they established a fluid–solid coupling model. This model was used to determine
the safety thickness of the rock pillar, which aims to avoid water inrush from the concealed
karst cave. Wang [24], Li [25], and others used finite element software to investigate the
influence patterns of karst cavities at different orientations on the stress–strain behavior of
tunnel linings. Hou [26] and others conducted comprehensive assessments during the con-
struction of the Shenzhen–Huizhou Double-Track Shield Tunnel, delving into the damage
development mechanisms and extent of damage in karst-bearing strata. Bhasin et al. [27]
employed the 3DEC discrete element method to simulate the formation process of large
cavities within underground cavern complexes of hydropower stations in the Himalayan
region. The study analyzed the effects of structural features such as joints and shear zones
on stress redistribution and deformation within the surrounding rock mass, proposing
corresponding support and backfill schemes. Guo et al. [28] examined the influence of
karst cavity filling conditions on tunnel rock mass based on survey data. Huang et al. [29]
derived an analytical expression for the collapse surface between karst cavities and tunnels
based on the upper bound theorem of limit analysis. Chen et al. [30] analyzed the evolution
of water inflow, rock mass displacement, and lining mechanical performance during tunnel
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construction and operation through field testing and numerical modeling. Dong et al. [31]
used finite element software to establish a three-dimensional numerical model of the shield
machine, investigating the impact of karst-cavity-related parameters on maximum ground
settlement under treated and untreated conditions. Yang et al. [32] employed Abaqus soft-
ware modeling to analyze deformation characteristics of blasted excavation rock mass at
varying relative angles between cavities and the tunnel. Eric et al. [33] presented a dimen-
sionless stability chart to evaluate the stability of the residual soil near existing cavities
based on numerical analyses. Gao et al. [34] established a tunnel portal calculation model
with cavern-induced lateral pressure at different locations based on the Leye–Wangmo
Expressway Tunnel, analyzing rock mass deformation patterns under cavern influence.
For assessing the stability of ground with underground cavities, Augarde et al. [35] com-
puted the rigorous bounds of true collapse loads through the use of the finite-element limit
analysis technique. Li et al. [36] analyzed real-time data to study the stress patterns and
underlying mechanisms on tunnel sidewalls during shield advancement, thereby eluci-
dating stress formation mechanisms in large-diameter shield tunnels traversing karst-rich
zones. Mu [37,38] and colleagues established finite-element numerical models based on
field construction monitoring data and ground-penetrating radar results, focusing on how
factors such as karst cavity size, clearance distance from the lining structure, and changes
in position and shape affect the stress and deformation of tunnel lining structures.

This study leverages the actual operating conditions of the Kunming Main Urban Area
Southeast District Water Transmission and Distribution Integration Project—a supporting
initiative of the Central Yunnan Water Diversion Project—to focus on the specific scenario of
cavities beneath pipe jacking operations. The model parameters and construction process in
this study are derived from actual engineering practice. Using finite element analysis, it ex-
pands the investigation to examine the varying effects of different cavity dimensions, burial
depths, distances, and soil parameters, revealing the correlation mechanism between these
operational variables and the stability of pipe jacking construction. The expanded analysis
yields targeted findings, providing foundational data, analytical methods, and a research
framework for broader, comprehensive studies on karst cavern–pipe jacking interactions
across diverse regions and project types. Consequently, this study represents a preliminary
exploratory effort in the field, offering design reference guidelines for mitigating risks in
pipe jacking operations within karst terrain.

This study provides a foundational dataset, standardized analytical methods (finite-
element modeling workflow), and a universal research framework for subsequent investi-
gations into the interaction between sinkholes and pipe jacking in different regions (e.g.,
the karst areas of Southwest China, the red-bed karst areas of South China) and for various
engineering types (e.g., utility tunnel pipe jacking, municipal sewage pipe jacking).

However, it should be noted that the study still has certain limitations. Although the
finite-element model parameters in this research are based on field drilling data, since the
project is still under construction, long-term (over 1 year) monitoring data after pipe jacking
have not been obtained. Therefore, the conclusions cannot yet verify the impact of soil creep
during long-term service on pipeline stability. The model did not account for dynamic
groundwater changes during construction (such as fluctuations in the water table caused by
rainfall), simulating only static water level conditions. This limitation may slightly reduce
its applicability as a reference for similar projects in regions with high rainfall.

2. Project Overview
The Central Yunnan Water Diversion Supporting Project—Kunming Main Urban Area

Southeast District Integrated Water Transmission and Distribution Project—serves as a
pivotal “hub” for realizing the comprehensive benefits of the Central Yunnan Water Diver-
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sion Project. This project primarily focuses on infrastructure development in Kunming’s
southeast district, with two core tasks: first, expanding and renovating Kunming’s Eighth
Water Plant; second, constructing the supporting water supply pipeline network system.

This study focuses on the critical pipeline segment of the project: the raw water
transmission mainline stretching from the newly constructed Eighth Water Plant to the
Shiniu Mountain Elevated Reservoir. This mainline spans 15.43 km and utilizes steel pipes
with a diameter of 1800 mm (DN1800).

In the study of pipe-jacking construction techniques, this paper selected the section
between Well 16 and Well 17 as the primary research focus, with a pipe jacking operation
length of 50 m. Based on geological survey results, the geological conditions in this pipe
jacking area are relatively complex, characterized by a composite geological structure of
“hard rock below and soft soil above.” Moreover, borehole investigations revealed the pres-
ence of karst cavities, primarily developed with diameters below 4 m and predominantly
distributed within a burial depth range of 10 to 25 m. During tunnel construction, the
presence of karst formations may easily cause ground subsidence, posing a threat to the
safety of municipal roads and existing structures.

Engineering geological data for this section indicates the presence of fill soil, red clay,
strongly weathered limestone, and moderately weathered limestone. The fill soil primarily
consists of brownish–gray, gray, and dark gray materials, ranging from moderately dense to
locally loose and slightly moist, with concrete and asphalt pavement at the top and graded
aggregate below. Backfilled approximately four years ago, it is classified as subconsolidated
soil. The physical properties and structural parameters of the construction strata are shown
in Table 1. The exposed layer ranges from 0.6 m to 9.5 m in thickness, with the top elevation
between 1966.35 m and 2045.32 m. Red clay appears reddish–brown or brownish–red,
ranging from hard plastic to locally plastic and slightly moist, containing angular gravel.
The exposed layer thickness is 0.5 m to 23.1 m, with the top elevation ranging from
1962.26 m to 2037.63 m. Heavily weathered limestone, gray to grayish–white with reddish
streaks, exhibiting pronounced differential weathering. The rock is fragmented with well-
developed dissolution joints; the core appears blocky. The rock mass quality is grade V.
Exposed layer thickness: 0.6 m to 45.7 m. Top elevation: 1954.77 m to 2038.90 m. There is
moderately weathered limestone, gray to grayish–white in color, with a cryptocrystalline
dense texture and medium-thick layered structure. The rock cores are predominantly
columnar, featuring well-developed calcite veins and localized dissolution. Rock hardness
ranges from soft to hard, with integrity varying from moderately fragmented to moderately
intact. Basic quality grade: Grade III. Exposed layer thickness: 0.4–32.1 m, with the top
elevation ranging from 1945.54 m to 2043.95 m.

Table 1. Physical properties and structural parameters of construction strata.

Name Severe
/kN·m−3

Internal Friction
Angle/(◦)

Cohesion
/kPa

Poisson
Ratio

Modulus of
Elasticity/MPa

Thickness
(m)

Plain fill 18.6 8.5 19 0.4 19.2 2
Red clay 18.3 11.5 40 0.3 20.7 5.5

Strongly weathered limestone 24 20 150 0.3 8000 5
Moderately weathered

limestone 27.1 30 300 0.25 10,000 12.5

Equivalent circle zone 11 - - 0.2 5 -
Pipe section 78.5 - - 0.25 210,000 -

The rock-breaking mud–water–air pressure-balanced composite pipe-jacking machine
employed in this project has a length of 5000 mm and an excavation diameter of 1880 mm.
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3. Numerical Simulation Studies
3.1. Model Development and Material Parameters

This study, based on a specific pipe jacking project, constructs a three-dimensional
elastoplastic numerical analysis model to investigate the impact characteristics of cavities
at the tunnel face on surrounding rock stability and surface deformation under various
operating parameters. The aim is to provide scientific design references for risk prevention
and control of pipe-jacking construction within karst geological conditions.

Using the ABAQUS numerical simulation platform, a three-dimensional model with
dimensions of 50 m (length) × 35 m (width) × 25 m (height) was constructed. The pipe
jacking machine was set with a diameter of 1880 mm and a length of 5000 mm, with an
overburden thickness of 5.54 m above it. The outer diameter of the pipe section is 1820 mm,
with an inner diameter of 1760 mm. The mud sleeve thickness is determined to be 30 mm
based on the radial difference between the pipe section and the jacking machine, with the
specific arrangement shown in the figure. The simulated strata exhibit varying physical
properties from top to bottom, and the specific parameter values of the jacking structure
are detailed in the table.

During simulation, soil was modeled using the Mohr–Coulomb (MC) constitutive
model, while the pipe section and cavern material employed an ideal elastic constitutive
model. In the finite-element numerical solution process, the type of mesh element plays a
decisive role in the convergence and accuracy of computational results. ABAQUS software
provides an extensive element library. In geotechnical modeling scenarios, solid elements
(e.g., C3D8 series), shell elements (e.g., S4R), and beam elements (e.g., B31) are three com-
monly used categories, typically employed to simulate soil media, support structures, and
load-bearing components, respectively. Among these, three-dimensional solid elements
see the widest application in engineering. Core types include C3D8, C3D8R, C3D20, and
C3D20R. These categories achieve a balance between computational efficiency and accuracy
through different integration rules and node distributions. When contact deformation is
present, reduced-integration elements (e.g., C3D8R) can be selected to enhance computa-
tional convergence. The characteristics of each solid element type are detailed in Table 2.
In this simulation, the pipe jacking, equivalent layers, and soil mass were all discretized
using the C3D8R solid element. The precision of C3D8R is demonstrated through its
adaptability to pipe jacking, isopleth layers, and soil bodies: When simulating pipe jacking,
its linear reduction integration resists shear self-locking, accommodates large deforma-
tions in pipe jacking, and accurately transmits pipe–soil contact forces, balancing both
accuracy and efficiency. When simulating isostatic layers, locally refined meshes ensure
computational accuracy for simplified geometries, transmit interlayer interface forces, and
prevent spurious deformation by monitoring energy ratios. For soil simulation, it supports
Mohr–Coulomb and other constitutive models to reproduce plastic zones, resists mesh
distortion, and captures stress concentrations through critical region refinement—fully
meeting the simulation demands of pipe jacking projects.

Table 2. Comparison of entity unit characteristics.

Unit Type Precision Analysis Time Contact Analysis

C3D8 Poor Short Applicable
C3D8R Accurate Short Applicable
C3D20 Accurate Long Not applicable
C3D20R Accurate Long Not applicable

When defining material uncertainty boundaries, Phoon et al. [39] systematically elabo-
rated a quantitative framework for geotechnical parameter uncertainty, including Bayesian
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updating, random field modeling, and reliability design methodologies. The book provides
statistical tables of the coefficient of variation for parameters of materials like clean fill
and weathered rock, which can be directly used to determine the fluctuation range of
elastic modulus and Poisson’s ratio. Yang et al. [40] revealed the decay pattern of elastic
modulus in clean fill under wet–dry cycles through triaxial tests and numerical simulations,
suggesting that when the compaction degree fluctuates by ±5%, the uncertainty boundary
of E is ±20%. Gao et al. [41] statistically analyzed 275 red clay samples, finding that elastic
modulus E has a 25% coefficient of variation. Poisson’s ratio ν correlates significantly with
crack development degree, and they recommend µ± 2σ for defining parameter boundaries.
Atkinson and Li [42] pioneered the degradation mechanism of chemical dissolution on
limestone elastic modulus. Experiments indicate that acidic solutions can reduce E by
30–50% and increase Poisson’s ratio ν by 10–20%. Saber et al. [43] analyzed elastic modulus
degradation in concrete pipe segments under corrosive environments, suggesting an 8–15%
reduction in E and a 5–10% increase in Poisson’s ratio ν due to chloride ion permeation.

The mesh partitioning employs a sweeping neutral axis method, with uniform mesh
sizes of 150 mm set for both the pipe sections and the slurry layer (equivalent layer). For
the soil-layer meshing, a cross-shaped cut was applied to the soil at the tunnel’s central
location. Soil regions farther from the tunnel were meshed more sparsely. Along the
pipe-jacking tunnel path, the mesh size was set to 150 mm to match the contact with the
slurry and pipe sections. As the mesh transitions toward the surrounding soil layers, the
mesh size progressively grows to 3000 mm. The entire model comprises 71,670 elements
and 116,765 nodes. The node count of 116,765 corresponding to 71,670 elements aligns with
typical engineering model scales [44]. Further refinement to 100,000 elements could increase
computation time by 3–5 times (e.g., 1172 min for 150,000 E2 elements [44]) while yielding
a less-than-2% accuracy improvement. Reducing the number of cells to 50,000 may result in
a maximum deviation of 8–12% in the calculated cave ceiling settlement values. Increasing
to 100,000 cells narrows the deviation to 2–4%. Considering the project’s permissible error
margin (±5%), the error range of 71,000 cells (3–6%) falls within the acceptable tolerance.
Therefore, this configuration is selected as the optimal cost-performance solution. And
Abaqus officially recommends limiting the number of elements in 3D models involving non-
linear contact analysis to under 100,000 to prevent solution divergence. The 71,000 elements
used in this study, combined with the reduced integration element (C3D8R), comply with
this recommendation while ensuring convergence and reducing computational resource
consumption. For pipe–soil contact simulation, the surface-to-surface contact method
within the contact pair approach was selected. For the pipe–soil contact region, the lower
half of the pipe segment was assumed to contact the mud, while the upper half contacted
the soil. The mesh division results for each component of the numerical analysis model are
shown in Figure 1.

The cave-filling material adopts an elastic structural constitutive model. The mechani-
cal parameters of the cave-filling material are shown in Table 3.

Based on the distribution and size of karst cavities identified in geological surveys,
cavity sizes are defined as follows: no cavities, 1 m diameter, 2 m diameter, and 4 m
diameter (approximately 0.5×, 1×, and 2× the pipe section diameter). Cavities are located
30 m from the launch portal. Three scenarios were simulated within the cavities: unfilled,
filled with clay, and filled with slurry. To facilitate quantitative analysis, cavities were
modeled as cylindrical structures positioned in the lower half of the tunnel. Figure 2
illustrates the location of cavities ahead of the jacking tunnel in composite ground within
the finite element model.
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(a) Soil mesh 
partitioning (b) Soil mesh front view (c) Pipe section mesh partitioning 

Figure 1. Mesh division status for various components.

Table 3. Mechanical properties of karst-cave-filling materials.

Name Bulk Density/(kN·m−3) Modulus of Elasticity/MPa Poisson Ratio

Soft plastic clay 15 20 0.30
Mud 11 60 0.35

Figure 2. Three-dimensional finite element model of a pipe jacking tunnel in a karst area.

3.2. Boundary Conditions

For the boundary conditions of the model, full-degree-of-freedom constraints are
applied at the bottom, meaning displacements in the X, Y, and Z directions are fixed.
Lateral boundaries (including both sides and front/rear) employ normal displacement
constraints, under which the soil can only displace tangentially along the boundary. The
ground surface is set as a free boundary condition with no constraints applied. Specific
details are shown in Figure 3.

Figure 3. Stratigraphic boundary conditions.
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Monitoring point layout: The Figure 4 illustrates the displacement monitoring points
for this study. In the analysis of the karst cavities ahead of the tunnel, the primary focus is
on points A, B, C, and D, corresponding to the ground surface, the top of the cavity, the
area ahead of the cavity, and the mid-cavity position, respectively.

 
Figure 4. Monitoring point layout diagram.

4. Simulation Results and Analysis
4.1. Analysis of Surrounding Rock Displacement Response
4.1.1. Influence of Tunnel Burial Depth on Surrounding Rock Displacement

To investigate the effect of a 2-meter-diameter karst cavity located 1 m below the
tunnel bottom on surrounding rock displacement in pipe jacking tunnels at different burial
depths, tunnels with burial depths of 10 m, 15 m, 20 m, and 25 m were constructed.

Figure 5 shows the variation curves of displacement at the arch bottom and arch top
of the surrounding rock for pipe jacking tunnels at different burial depths as a function of
jacking distance. The figure indicates that for jacking tunnels buried at 10 m, 15 m, 20 m,
and 25 m depths, the greatest displacement changes—specifically uplift at the arch base
and settlement at the arch crown—occur during initial jacking. Subsequent displacement
rises are minimal, stabilizing over time. This behavior stems from the long-term evolution
of the strata, where displacement and stress fields have reached equilibrium. Tunnel
excavation disturbs the strata, disrupting the original equilibrium. This causes sudden
and concentrated stress release in the surrounding rock, leading to a sharp increase in
displacement. Simultaneously, as the tunnel burial depth increases, the initial stress in the
surrounding rock grows. After excavation disturbance, the released stress becomes greater,
resulting in larger displacements at both the arch crown and base.

 
(a) Arch bottom displacement (b) Arch displacement 

Figure 5. Displacement curves of surrounding rock for pipe jacking tunnels at different burial depths
as a function of jacking distance.
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Figure 6 shows the vertical displacement contour maps around the tunnel rock mass
and cavities after completing the pipe jacking excavation at burial depths of 10 m, 15 m,
20 m, and 25 m.

  
(a) 10 m (b) 15 m 

 
(c) 20 m (d) 25 m 

Figure 6. Vertical displacement contour map of the tunnel surrounding rock and karst cavities after
pipe jacking excavation.

As shown in Figure 6, with increasing burial depths of the pipe jacking tunnel, the
displacement at the crown and base of the tunnel continues to increase due to excavation
disturbance. Furthermore, settlement occurs at the crown of the tunnel, while uplift occurs
at the base. Greater burial depth in pipe jacking tunnels boosts vertical and lateral earth
pressures—key to displacement changes. Excavation upsets stress balance: the crown,
losing support under stronger vertical pressure, settles more as the depth swells; the
crown base, freed from overlying pressure, rebounds, and its uplift also rises with depth
due to lateral pressure compression. Moreover, a deeper burial amplifies pre- vs. post-
excavation stress differences. Thus, both crown and crown base displacements increase
with burial depth.

4.1.2. Effect of Karst Cavity Size on Tunnel-Surrounding Rock Displacement

When constructing the simulation model, the dimensions of the caverns were set to
1 m, 2 m, 3 m, and 4 m, respectively. These dimensions maintain specific proportional
relationships with the tunnel diameter, corresponding to 0.55 times, 1.1 times, 1.65 times,
and 2.2 times the tunnel diameter. Additionally, the caverns were positioned 1 m above the
bottom of the pipe jacking tunnel.

From Figure 7 provided by the model, the displacement trends of monitoring points
at the crown and base of the pipe jacking tunnel are clearly visible. Careful analysis yields
the following conclusions: When the cavern diameter is 2 m, 3 m, or 4 m, the displacement
values at the crown and base show minimal difference. As the diameter of the cavern
increases, the upward bulging of the tunnel floor decreases, while the downward settlement
of the crown increases. Specifically, when the cavern diameter is 1 m, the upward bulging
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of the tunnel floor reaches its maximum value of approximately 2.5 mm; when the cavern
diameter expands to 4 m, the maximum downward settlement of the crown can reach
5.9 mm.

 
(a) Arch bottom displacement (b) Arch displacement 

Figure 7. Tunnel displacement variation curves for caves of different sizes.

This occurs because karst cavities change the support conditions and stress transfer of
the tunnel’s surrounding soil. Smaller cavities increase arch-bottom rebound, while larger
ones weaken arch-crown soil support and worsen settlement. At 1 m cavities, intact arch-
base soil has strong rebound (max uplift ~2.5 mm), and undamaged arch-crown support
causes minimal settlement. Cavities of 2–4 m are transitional: soil support is not severely
impaired, so the gap between arch-crown settlement and arch-base uplift is smaller. For
cavities > 4 m, large ones weaken arch-top soil support (settlement reaches 5.9 mm at 4 m),
while also impairing arch-bottom soil integrity, reducing rebound capacity and thus uplift.

4.1.3. Influence of Backfill Condition on Tunnel Surrounding Rock Displacement

Figure 8 presents displacement variation curves for the tunnel under different karst-
cavity-filling conditions. The figure reveals that when karst cavities exist beneath the pipe
jacking tunnel, the filling status of these cavities has a negligible effect on displacement
changes at monitoring points on the crown and base of the tunnel arch. The greater the
amount of cavern filling material, the larger the upward bulging of the tunnel crown,
while the downward settlement of the tunnel crown decreases. Furthermore, the filling
condition of the cavern material has almost no effect on the maximum settlement value
of the tunnel crown. This is due to more cavern fill providing stronger support under
the tunnel: post-arch excavation and a greater rebound force cause more uplift, while the
surrounding soil compacts more—stabilizing arch-crown loads and reducing settlement.
Meanwhile, the max arch-crown settlement stays nearly unchanged, as it mainly depends
on the total weight of the overlying soil layer. The fill does not change this weight, only
distributing pressure more evenly, so the max settlement value remains unaltered.

 
(a) Arch bottom displacement (b) Arch displacement 

Figure 8. Tunnel displacement variation curves under different karst-cavity-filling conditions.



Eng 2025, 6, 334 12 of 25

4.1.4. Influence of Spacing Between Karst Cavities and Tunnels on Surrounding Rock
Displacement

To investigate how the relative distance between a pipe jacking tunnel and a karst
cavity in composite strata affects rock mass stability, a numerical calculation model was
established. The model assumes a cavity diameter of 2 m, with distances between the cavity
and the tunnel bottom set at 1 m, 2 m, 3 m, and 4 m.

Figure 9 illustrates how the deformation of the tunnel-crown and crown-base rock
mass changes as the pipe jacking advances. Research findings indicate that the greater
the relative distance between the tunnel and the cavern, the larger the displacement at the
crown base and the smaller the settlement at the crown. When the relative distance is 2 m,
3 m, or 4 m, the displacement difference between the crown and the base is smaller than
when the relative distance is 1 m.

 
(a) Arch bottom displacement (b) Arch displacement 

Figure 9. Influence curve of spacing between karst cavities and tunnels on tunnel displacement.

At the start of the jacking operation, both the crown and base displacements increased
rapidly. Displacement reached its maximum value when the excavation length reaches
15 m. Specifically, at a relative distance of 1 m, the maximum upward bulge at the arch
bottom: 1.36 mm; the maximum downward settlement at arch crown: 5.6 mm. At a relative
distance of 2 m, the maximum bulge at the arch bottom: 1.45 mm; the maximum settlement
at the arch crown: 4.6 mm. At a relative distance of 3 m, the maximum arch bottom uplift
was 1.56 mm, and the maximum arch crown subsidence was 4.5 mm; when the relative
distance reached 4 m, the maximum arch bottom uplift was 1.60 mm, and the maximum
arch crown subsidence was 4.2 mm.

This is because the greater the relative distance between the tunnel and the karst
cavities, the less interference the cavities exert on the surrounding soil: the soil beneath the
arch bottom provides more complete support, allowing for more substantial rebound after
excavation, resulting in greater displacement (uplift) of the arch bottom; meanwhile, the
soil above the arch crown experiences minimal stress influence from the cavities, leading to
more stable deformation and consequently smaller settlement of the arch crown.

4.2. Analysis of Surrounding Rock Stress Response
4.2.1. Effect of Tunnel Burial Depth on Surrounding Rock Stress

Figure 10 shows that tunnel crown pressure increases with greater burial depth. When
the pipe jacking machine excavates directly above a karst cavity, crown pressure begins
to decrease due to the redistribution of pressure released by excavation. Vertical pressure
at the arch base rises when the pipe jacking machine reaches the cavity’s location, then
decreases and fluctuates after excavation. This occurs because the heavier machine above
the cavity increases earth pressure, which subsequently decreases as lighter pipe sections
are advanced.
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(a) Arch bottom stress (b) Arch stress 

Figure 10. Effect of burial depth on vertical stresses in tunnels.

Figure 11 shows the vertical stress field contour map of the surrounding rock after
excavation for tunnels at different burial depths. Near the crown of the pipe-jacked tunnel,
vertical stresses exhibit a “downward arching” phenomenon. This occurs because exca-
vation disturbs the surrounding rock, reducing stress release at the crown. Stress values
above and below cavities are low, attributed to the formation of a soil arch effect in the
overlying soil during excavation, which redistributes vertical stresses horizontally.

Figure 11. Stress field contour map of tunnel surrounding rock after excavation at different burial depths.

4.2.2. Influence of Cave Size on Tunnel Rock Mass Stress

Three-dimensional finite-element modeling was used to analyze caverns with diame-
ters of 1 m, 2 m, 3 m, and 4 m, positioned 1 m above the bottom of the pipe jacking tunnel.
Figure 12 shows the vertical earth pressure at the tunnel crown and base, along with its
variation curve during pipe jacking advancement.

As shown in Figure 12, when only the diameter of the cavern is altered, a larger
diameter results in reduced vertical pressure at the tunnel bottom. Prior to the jacking
machine reaching 2 m directly above the cavern, vertical pressure begins to decrease due
to excavation unloading; as the jacking machine passes through, pressure increases again.
During subsequent excavation, the vertical pressure gradually decreases and stabilizes.
The vertical pressure at the crown is less affected by changes in cavern diameter. Before the
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pipe jacking machine is 2 m directly above the cavern, the pressure also begins to decrease
due to excavation unloading, then stabilizes within a 10 m range.

 
(a) Arch bottom stress (b) Arch stress 

Figure 12. Effect of karst cavity diameter on vertical stress in tunnels.

4.2.3. Influence of Backfill Condition on Tunnel-Surrounding Rock Stress

Figure 13 shows the curve illustrating the effect of cavern-filling conditions on vertical
stresses in the tunnel. It can be observed that prior to the jacking machine reaching 2.5 m
from the cavern, vertical stresses at the arch bottom and arch top monitoring points above
the cavern remain largely unaffected. Under different filling conditions, the trend of stress
variation at the arch bottom and arch top remains consistent. The greater the cavern filling,
the higher the vertical stress at the arch bottom, while the impact of filling status on arch-top
stress is negligible.

 
(a) Arch bottom stress (b) Arch stress 

Figure 13. Effect of karst-cavity-filling conditions on vertical stress in tunnels.

This is because the stress trends at the arch base and arch crown remain consistent
under different filling conditions. The amount of filling only alters the strength of support,
not the underlying stress logic. The more cavities are filled, the more solid the support
at the arch base becomes, enabling it to bear greater pressure and thus generating higher
vertical stress. Conversely, the stress at the arch crown primarily depends on the weight
of the overlying soil layer; the filling beneath does not affect this weight, making its
influence negligible.

4.2.4. Effect of Spacing Between Karst Cavities and Tunnels on Surrounding Rock Stress

Finite element models were established at distances of 1 m, 2 m, 3 m, and 4 m from
the tunnel bottom, with the karst cavity diameter fixed at 2 m. Figure 14 illustrates the
variation in vertical pressure at the tunnel crown and crown base with advancing distance
when the cavity is positioned 1 m, 2 m, 3 m, and 4 m from the tunnel top. Vertical pressure
at the arch bottom rises as the relative distance between the cavern and tunnel grows. At
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short distances, within 2.5 m before the midpoint directly above the cavern, vertical stress
at the arch bottom slightly decreases due to excavation unloading. Beyond this point, stress
first increases then decreases before stabilizing. The vertical pressure at the arch crown
shows little change with increasing distance from the cavern. It begins to decrease at 2.5 m
ahead of the cavern and stabilizes approximately 10 m before the receiving end portal.

 
(a) Arch bottom stress (b) Arch stress 

Figure 14. Effect of distance between karst cavities and tunnels on vertical stresses in tunnels.

4.3. Pipe Section Displacement Response Analysis
4.3.1. Effect of Tunnel Burial Depth on Segment Displacement

Figure 15 shows the vertical displacement contour map of pipe sections at different
burial depths. To avoid stress concentration, the third pipe section was selected.

Figure 15. Vertical displacement contour map of pipe sections at different burial depths.

Figure 16 shows the vertical displacement curves of pipe sections at different burial
depths. Figure 15 presents the contour map of overall vertical displacement of the jacking
pipe after excavation completion at various burial depths.

As shown in Figure 16, the vertical settlement values of the left and right arch ribs
are essentially equal. At different burial depths, the vertical displacement of each char-
acteristic point on the pipe section increases with increasing tunnel burial depths, with
the maximum displacement occurring at the tunnel crown. The displacement of the pipe
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section increases sharply upon entering the soil before stabilizing. The uplift displacement
at the pipe bottom increases 3 m before reaching directly above the karst cavity due to the
jacking machine squeezing the cavity, then decreases upon reaching the cavity’s apex. The
settlement displacement pattern at the pipe top is similar: displacement values decrease
3 m before reaching the cavity, increase again upon reaching the apex, and approach the
stable values observed at greater distances. As burial depth increased from 10 m to 25 m,
the final pipe-bottom displacements were 0.66 mm, 1.01 mm, 1.33 mm, and 1.41 mm,
respectively. The pipe-top settlement values were 3.26 mm, 4.1 mm, 5.38 mm, and 6.14 mm,
respectively. At 25 m burial depth, the settlement at the top of the pipe was approximately
4.35 times the uplift value, and the displacement values at 20 m and 25 m burial depths
were relatively close.

 
(a) Bottom displacement (b) Pipe-top displacement 

Figure 16. Vertical displacement curves of pipe sections at different burial depths.

The horizontal displacement of the pipe jacking at different burial depths is shown in
Figure 17.

Figure 17. Contour map of horizontal displacement of pipe sections at different burial depths.

Figure 17 shows the horizontal displacement curves of the pipe waist at different
burial depths.
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As shown in Figure 18, the horizontal displacement of the pipe section increases with
burial depth. At a burial depth of 25 m, the displacement was approximately 2.1 times
that at 10 m. The lateral arching displacements at the mid-section of the pipe segment
ultimately reached 1.58 mm, 2.22 mm, 2.76 mm, and 3.29 mm, respectively. The horizontal
displacement was greater in the middle and upper sections due to the stable lower compos-
ite strata and significant deformation in the upper part. The horizontal displacement at the
left and right arch crowns was nearly identical. The pipe section’s horizontal displacement
increased sharply upon initial penetration into the soil before stabilizing, then began to
increase again upon reaching the area above the karst cavities.

Figure 18. Horizontal displacement curves of pipe waist at different burial depths.

4.3.2. Effect of Cave Size on Segment Displacement

Figure 19: vertical displacement curves of pipe segments under different cavern sizes.
Figure 20: horizontal displacement curves of pipe mid-sections under different cavern sizes.

Figures 19 and 20 show that the vertical displacement of pipe segments is similar for
caverns with diameters between 1 and 3 m, but increases significantly at 4 m, with the
maximum uplift at the pipe bottom being approximately 3.5 times greater than for other
diameters. When the pipe section advances over the karst cavity, displacements at the pipe
bottom, top, and waist decrease. The pipe-top displacement increases sharply as the section
enters the tunnel before stabilizing; larger cavities cause greater displacement, which is
significantly larger than the pipe bottom displacement. The horizontal displacement pattern
of the pipe arch waist is similar to that of the pipe bottom: larger cavities result in smaller
horizontal displacement.

 
(a) Pipe bottom displacement (b) Pipe top displacement 

Figure 19. Vertical displacement curves of pipe sections at different cave dimensions.

This occurs because when the pipe section passes over a karst cavity, support exists
beneath it, reducing displacement at the pipe bottom, top, and arch. When the pipe top
first enters the tunnel without support, displacement suddenly increases before stabilizing.
Furthermore, larger cavities cause greater displacement at the pipe top, which is signifi-
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cantly larger than the displacement at the pipe bottom. Horizontal displacement at the arch
waist is similar to that at the pipe bottom: larger cavities result in looser surrounding soil
and weaker confinement, leading to smaller displacement.

Figure 20. Horizontal displacement curves of pipe waist at different cave dimensions.

4.3.3. Effect of Grout Filling Condition on Segment Displacement

The vertical displacement curves for pipe segments under different backfill conditions
are shown in Figure 21, while the horizontal displacement curves for pipe mid-sections
under different backfill conditions are presented in Figure 22. The figures indicate that
when the pipe segment approaches the karst cavity within 5 m, deformation trends and
magnitudes are similar regardless of backfill presence. Increased filling volume ultimately
leads to slightly greater displacement in all directions for the pipe section. This occurs
because the intact formation and enhanced bearing capacity after filling cause stress release
in the excavated soil, resulting in increased upward uplift forces on the pipe section.
Increasing grout volume ensures sufficient soil support strength, reduces the risk of jacking
machine nose failure, and guarantees safe pipe jacking excavation.

  
(a) Bottom displacement (b) Pipe-top displacement 

Figure 21. Vertical displacement curves of pipe sections with different filling conditions.

Figure 22. Horizontal displacement curves of pipe waist at different filling conditions.
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4.3.4. Effect of Spacing Between Karst Cavities and Tunnels on Segment Displacement

As shown in the Figure 23, significant displacement changes occur during the initial
stage of the pipe section entering the tunnel. As the distance between the cavern and the
tunnel steadily rises, both the vertical and horizontal displacements of the pipe section
exhibit a progressive upward trend. When the pipe section advances to the area directly
above the karst cavity, the relatively weaker support provided by the overlying soil above
the cavity leads to a reduction in soil heave. This indicates an increased likelihood of the
jacking machine to experience a nose-down phenomenon, potentially causing the pipe
section to sink. Concurrently, the soil pressure on the pipe top decreases accordingly,
resulting in a slight rebound of the settlement. Additionally, the horizontal displacement at
the mid-section of the pipe also exhibited a decreasing trend.

 
(a) Bottom displacement (b) Pipe-top displacement 

Figure 23. Vertical displacement curves of pipe sections at different spacings between karst cavities
and tunnels.

The horizontal displacement at the pipe waist position is shown in Figure 24 below.

Figure 24. Horizontal displacement curve of the pipe waist at different spacings between caves
and tunnels.

4.4. Stress Response Analysis of Pipe Sections
4.4.1. Effect of Tunnel Burial Depth on Segment Stress

Figure 25 displays the Mises stress distribution contour map of the pipe section after
completion of the pipe jacking excavation operation. This image clearly reveals that the
maximum Mises stress occurs at the upper center of the final pipe section. At a burial depth
of 10 m, the maximum Mises stress is 43.6 MPa. When the burial depth increases to 25 m,
the maximum Mises stress rises to 109.9 MPa—a 2.52-fold increase compared to the stress
value at 10 m.

The Mises stress gauges are arranged at the top, bottom, left, and right of the pipe
section. Based on these gauges, the Mises stress distribution across all gauges in the pipe
body during the final jacking stage was measured, with the specific results shown in
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Figure 26. As observed in Figure 26, the Mises stress values in all directions are nearly
consistent throughout the entire pipe jacking structure.

(a) 10m 

(c) 20m 

(b) 15m 

(d) 25m 

Figure 25. Mises stress distribution contour map of the pipe section after excavation operations.

Figure 26. Mises curves for different pipe jacking paths.

Since the Mises stress values are nearly uniform across all directions, the Mises stress
values at the midpoint of the bottom of the third section of the pipe at different burial
depths were selected to analyze their changes during the jacking process.

As shown in Figure 27, the Mises stress at each monitoring point rises with increasing
burial depths, exhibiting a similar deformation trend. This is because the greater the burial
depth, the greater the overburden pressure (vertical + lateral) borne by the measurement
point. Since Mises stress reflects equivalent stress intensity, an increase in total pressure
directly leads to a rise in its value.

Figure 27. Mises stress curves for pipe segments at different buried depths in pipe jacking tunnels.
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4.4.2. Effect of Cave Size on Segment Stress

This figure illustrates how the Mises stress experienced by the pipe segments varies
with different cavern sizes. As clearly shown in Figure 28, the fluctuations in Mises stress on
the segments remain relatively small when cavern dimensions change. However, overall,
stress incrementally increases as the jacking excavation progresses forward. The maximum
stress value is approximately 5.5 MPa, while the minimum value is around 3 MPa.

Figure 28. Mises stress curves for pipe sections at different cave dimensions.

When the size of a cavern changes, the Mises stress in the tunnel segments fluctuates
minimally because the segments are rigid structures primarily bearing pressure transmitted
from the surrounding soil. As long as the cavern does not completely undermine the
supporting soil, the pressure transmitted to the segments remains relatively stable, resulting
in small stress fluctuations.

Conversely, stress incrementally increases during the jacking and excavation advance.
This occurs because as excavation progresses forward, the length of the segment exposed
to soil pressure grows longer, leading to an accumulation of soil pressure. Consequently,
the stress gradually increases.

4.4.3. Effect of Filling Conditions on Segment Stress

Figure 29 illustrates how the Mises stress of the third pipe section varies with the
advancement of the jacking process under different filling conditions of the cavern (e.g.,
completely unfilled, partially filled, or fully filled). This figure clearly shows that the
filling status of the cavern has minimal impact on the pipe section’s Mises stress. More-
over, throughout the entire jacking process, the Mises stress of the pipe section generally
increases progressively.

Figure 29. Mises stress curves for pipe sections under different filling conditions.
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4.4.4. Effect of Spacing Between Karst Cavities and Tunnels on Segment Stress

Figure 30 illustrates the variation in Mises stress of the third pipe section during jacking
construction, under conditions where the distance between the cavern and the tunnel differs.
The figure clearly shows that the separation distance between the cavern and the tunnel
exerts a negligible influence on the pipe section’s Mises stress. Furthermore, throughout
the entire jacking process, the Mises stress of the pipe section generally increases gradually.

Figure 30. Mises stress curves for pipe sections at different distances between caverns and tunnels.

5. Conclusions
(1) In composite geological tunnel construction scenarios, when karst cavities exist

within the rock mass ahead of the tunnel, displacement values at the cavity’s mid-section
(mid-cavity), roof area, surface above the roof, and surrounding rock ahead of the cavity all
exhibit an increasing trend as the cavity’s scale expands. When the pipe jacking machine’s
excavation face is relatively distant from the karst cavity, displacement changes at monitor-
ing points remain minimal, limiting their impact on tunnel construction. However, as the
excavation face progressively gets closer to the cavity—specifically within approximately
2.5 m—the rate of displacement change at monitoring points begins to accelerate signif-
icantly, with displacement values increasing sharply. Furthermore, both soft plastic clay
and slurry demonstrate effective consolidation capabilities when addressing karst cavities,
with no discernible performance difference observed between the two materials in terms of
consolidation effectiveness.

Larger karst cave scale causes greater displacement of the cave wall, roof, overlying
surface, and surrounding rock ahead of the excavation—this compresses pipe sections
(causing cracks/misalignment), weakens roof rock bearing capacity (triggering collapse),
induces ground subsidence (threatening nearby structures), and reduces working face
stability. Pipe jacking machines have limited displacement impacts when far from the cave,
but approaching the ~2.5 m critical distance leads to a sharp acceleration in displacement
rate and magnitude. This elevates risk from manageable to high-hazard, making conven-
tional controls ineffective and endangering equipment safety. Soft plastic clay and slurry
show no significant differences in reinforcement effectiveness; flexible selection by site
conditions can limit cavity-surrounding displacement, reduce construction complexity, and
prevent reinforcement failure.

(2) When cavities exist beneath tunnels in composite strata, variations in cavity di-
ameter significantly affect tunnel segment displacement. At a cavity diameter of 4 m, the
reduced support capacity of overlying soil leads to increased settlement displacement at
the tunnel segment crown. As the tunnel segments progressively advance in composite-
formation tunnel construction scenarios, the displacement and stress states at the tunnel
crown and base exhibit specific patterns when parameters such as burial depth, karst cavity
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diameter, internal filling material volume, and horizontal distance between the cavity and
tunnel vary. Specifically, the arch-bottom region exhibits uplift, while the arch-top region
experiences subsidence, with the subsidence at the arch top exceeding the uplift at the arch
bottom. During the initial excavation phase, the displacement and stress fields—originally
in a relatively stable state—become disturbed. This leads to a noticeable increase in dis-
placement at monitoring points along both the arch bottom and arch top. As subsequent
excavation progresses, displacement values will steadily level off.

The stress conditions experienced by the tunnel crown remain largely unchanged.
Before the pipe jacking machine reaches the area directly above the karst cavity, stress states
at both the crown and base of the tunnel section above the cavity remain relatively stable,
showing no significant fluctuations. Once the pipe jacking machine reaches directly above
the karst cavity, stress at the arch-bottom position above the cavity will increase, while
stress at the arch-crown position will correspondingly decrease.

As can be seen, when the diameter of a karst cavity reaches 4 m, the weak soil support
above causes a sharp increase in crown settlement, potentially damaging the pipe section.
Changes in parameters such as tunnel burial depth and cavity diameter can result in crown
settlement exceeding crown uplift, causing unbalanced forces on the pipe section and
increasing the risk of misalignment and fracture. Displacement at the crown and base
of the arch suddenly increases due to disturbance from prior excavation, posing a risk
of surrounding rock collapse. When the pipe jacking machine reaches directly above a
cavern, stress at the base of the arch increases (risking pipe-section crushing), while stress
at the crown decreases (weakening support), further heightening the collapse risk. These
changes can directly cause pipe section damage and surrounding rock instability, requiring
focused management.

(3) When directly above the karst cavity, both the pipe-bottom uplift and pipe-top
settlement will decrease. Additionally, the filling volume of the karst cavity has a relatively
minor impact on pipe segment displacement. Under loading, the pipe section undergoes
vertical compression deformation while simultaneously extending laterally on both sides,
exhibiting an overall elliptical deformation profile.

During the excavation completion phase of the pipe jacking operation, the maximum
Mises stress value was observed in the top region of the launch-end pipe section. Overall,
the distribution of Mises stress along the pipe length is nearly uniform across different
orientations. Research indicates that the diameter of cavities, the quantity of internal
filling material, and variations in the spacing between cavities and the tunnel exert a
relatively limited influence on the Mises stress experienced by the pipe sections. However,
as excavation progresses, the Mises stress experienced by the pipe sections exhibits a
gradual upward trend.

The upward bulging of the pipe bottom and reduced settlement at the pipe top directly
above the cavern are beneficial for construction safety; however, the pipe section will exhibit
elliptical deformation (vertical compression and lateral extension), potentially leading to
joint leakage or structural cracking. Regarding stress distribution, the Mises stress at the
launch-end crown reaches its maximum (representing a weak point), while stress along
the pipe body remains uniform. Cave parameters (diameter, fill volume, and spacing)
exert limited influence. However, continuous excavation progressively increases stress
within the pipe section; exceeding the load-bearing limit will cause structural failure. There-
fore, key control measures must focus on managing oval pipe section deformation, stress
accumulation, and the crown weak point at the launch end to ensure construction safety.
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