www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Study on the stress and
deformation characteristics of
ultra-deep soft rock tunnel under
complex geological conditions
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Yu-lei Wang?

Under asymmetric three-dimensional high in-situ stress and high pore water pressure, tunnels are
subjected to complex stress conditions, making them susceptible to failure and posing a threat to
water conveyance safety. This study focuses on a large-scale cross-basin water diversion tunnel

from Datong river into Huangshui river, which characterized by ultra-deep and complex geological
conditions. Based on the field measurement data, a parameter inversion method considering the
deformation of tunnel surrounding rock at multiple characteristic points is proposed. Additionally,
considering the fluid-structure interaction effects under the influence of asymmetrical three-
dimensional high in-situ stress and high pore water pressure, the stress-deformation characteristics
of the soft rock tunnel are studied, and the damage evolution characteristics of the surrounding

rock under different in-situ stresses and pore water pressures are analyzed. The results manifest

that intense mutual extrusion of the surrounding rock, leading to volumetric compression, is the
primary cause of the formation of stress concentration and excess pore water pressure. Additionally,
the maximum deformation and the most likely location for gushing water both occur at the tunnel’s
waist. After the implementation of segment support measures, the deformation control effect on the
surrounding rock is remarkable. Notably, the reduction in damage depth across various characteristic
locations due to segment support shows minimal variation. However, in terms of the reduction in
disturbance depth, the tunnel waist significantly outperforms the top and bottom positions. The
damage depth of the tunnel surrounding rock is positively correlated with both in-situ stress and pore
water pressure, but it is more significantly influenced by in-situ stress than by pore water pressure.
These findings can offer some valuable insights and guidance for future similar tunnel construction
project.

Keywords Ultra-deep soft rock tunnels, Parameter inversion, Fluid-structure interaction, Stress and
deformation characteristics, Disturbance and damage

To address the demands of rapid economic growth and rectify the uneven distribution of water resources across
various regions, numerous tunnels'~® with large burial depths, long tunnel lines, large diameters, and complex
geological conditions have been constructed worldwide. This proliferation of tunnels has significantly mitigated
the challenges associated with transregional energy and resource transportation, playing a crucial role in the
economic development of numerous regions. They have become an integral component of contemporary society’s
rapid advancement’-!%. However, as tunnel construction projects venture deeper and into the realm of ultra-
deep areas'!, they unavoidably confront complex geological and stress conditions'?!3. For example, in extremely
deep-buried areas, the in-situ stress may reach tens to hundreds of MPa'4, accompanied by high pore water
pressures (> 3 MPa). In some soft or extremely soft rock tunnels, the saturated compressive strength of the rock
mass is also at a relatively low level (soft rock: 30 to 5 MPa, extremely soft rock: <5 MPa). These factors lead to
increasingly prominent geotechnical hazards such as large deformations of the surrounding rock, gushing water,
and gushing mud during tunnels construction'>-?2. These challenges undoubtedly increase the complexity and
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operational risks of engineering construction and pose more complex scientific and technological problems?.
Consequently, it is imperative to conduct an investigation into the stress and deformation characteristics of the
surrounding rock in ultra-deep tunnels subjected to complex stress and high pore-water pressure.

Many experts and scholars have examined the stability of surrounding rock under intricate conditions. For
instance, Agan? through studied the geological conditions and large deformation characteristics of soft rock in
the Suruc water conveyance tunnel in Turkey, found that rock mass strength, tectonic stress, and groundwater
are important factors affecting large deformations in surrounding rocks. Liu et al.?> explored the features of
surrounding rock pressure and the mechanisms behind deformation pressure formation in the deeply buried
tunnels. They relied on field test data concerning the development of tunnel geological structures, surrounding
rock pressure, and rock deformation in sections with burial depths exceeding 500 m. Guo®® used a combination of
theoretical analysis and on-site monitoring feedback results to analyze the excavation deformation mechanisms
and deformation patterns of tunnel surrounding rocks under extremely high in-situ stress. Li et al.?” focused
on investigating the significant deformation mechanisms of underground rock tunnels under the influence of
complex strata and weak interlayers, and explored the opportunities for constructing secondary primary linings.
Liu et al.?® concluded that deep burial and high in-situ stress put the rock mass in a complex stress state. For hard
and brittle rock masses like diorite and marble, the influence of structural planes is significantly reduced during
excavation, with the rock mass primarily responding by transitioning from deformation to failure.

Although these research findings have significantly advanced the analysis of tunnel structure deformation
characteristics and stability control, there is still a lack of studies focusing on the deformation and damage
characteristics of ultra-deep buried soft rock tunnels under the coupling effects of asymmetric three-dimensional
high in-situ stress and high pore water pressure. Additionally, in current numerical simulation analyses of deep-
buried soft rock tunnel excavation, the physical and mechanical calculation parameters of the surrounding
rock are mostly obtained through laboratory tests or empirical methods. This often results in a considerable
discrepancy between the obtained parameters and the actual properties of the surrounding rock, making it
difficult to ensure the reliability of the calculation results®.

Therefore, this paper draws upon field monitoring data and employs a parameter inversion method,
considering the deformation of various characteristic points within the tunnel, to analyze the physical and
mechanical parameters of the surrounding rock. This approach ensures the reliability of subsequent calculation
results. Furthermore, by considering the fluid-solid coupling effects under asymmetric three-dimensional high
in-situ stress and high pore water pressure, a three-dimensional numerical model is established under different
simulation conditions at an 800-meter depth. The study investigates the stress deformation, disturbance, and
damage characteristics of the tunnel surrounding rock in both the presence and absence of segment support.
Additionally, the formation mechanism of excess pore water pressure, the distribution of seepage velocity
vectors, and the effectiveness of segments as support structures are discussed in detail. The study also analyzes the
damage evolution characteristics of the surrounding rock under different in-situ stress and pore water pressure
conditions. The results reveal the stress deformation and damage characteristics of ultra-deep soft rock tunnels
under the coupling effects of asymmetric three-dimensional high in-situ stress and high pore water pressure.

Numerical simulation specification

Project introduction and deformation monitoring arrangement

Project introduction

The water diversion tunnel from Datong river into Huangshui river is a large Type-II inter-basin water diversion
project located in Qinghai Province, China. It comprises the main canal for water diversion, Shitouxia Reservoir,
Heiquan Reservoir, and the first phase of the North Canal, etc. (Fig. 1). This project diverts water from the
Datong River across the Daban Mountain into the Huangshui River Basin, providing residential and industrial
water supply to Xining City and the Beichuan Industrial Area.

The diversion tunnel is a key control project of the main canal for water diversion, with a total length of
21.71 km and a maximum burial depth of 1100 m. The tunnel passes through Daban Mountain, where the
geological conditions are extremely complex. TBM (Tunnel Boring Machine) is primary method employed for
construction. The excavation shape of the tunnel is circular, boasting a diameter of 5.93 m, with a supporting
segment (C50) thickness of 0.30 m. During the construction process, a 0.10 m expansion clearance is maintained
between the segment and tunnel wall (Fig. 2b).

The proposed research area is significantly influenced by the F5 Southern Margin Fault Zone of Daban
Mountain (Fig. 2a), with an average burial depth of 830 m. The F5 fault zone is a deep and extensive fault,
trending in a NWW direction and extending up to 500 km. It is characterized as a thrust fault with a strike
direction of 290° to 305°. South of the fault lies the Lower Proterozoic metamorphic rock series, while to the
north are Silurian schists, slates, and Caledonian intrusive rocks. The fault zone consists of cataclastic rocks,
mylonites, and fault gouge, with well-developed joints, and is classified as soft rock. Under high in-situ stress,
the surrounding rock exhibits significant plastic deformation. The primary geotechnical issues in this project
include asymmetric three-dimensional high in-situ stress, fault fracture zones, and high pore water pressure.

Deformation monitoring arrangement

The main deformation section of the tunnel segments is concentrated around the stake numbers K17+ 151 to
K17+ 192, with a deformation zone spanning approximately 41 m. To comprehensively assess the deformation
of the surrounding rock after excavation and the installation of support structures in this section, deformation
measurement points are strategically positioned at intervals within the research section. These measurement
points are organized into three groups, with an interval of 5 m between each group. Each group comprising
measurements at three locations: the top, waist, and bottom of the tunnel (Fig. 3). The deformation monitoring
section is set to correspond to the area with the maximum segment deformation in this tunnel section.
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Fig. 1. Diagram of water diversion tunnel from Datongriver into Huangshui river in Qinghai province.
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Fig. 2. Diagram of engineering geological and tunnel excavation section.

Numerical model and calculation method

Numerical model

Considering the specific engineering conditions of the research section, a three-dimensional finite difference
numerical model is constructed (Fig. 4). The X-axis denotes the vertical hole axis, the Y-axis corresponds to
the parallel hole axis, and the Z-axis signifies the vertical direction from top to bottom due to gravity. In this
software, to ensure that boundary effects do not compromise the reliability of calculation results, the model’s
calculation range is set to 3 to 5 tunnel diameters***!. Starting from the tunnel excavation boundary, the model
spans 30 m upward, downward, left, and right, resulting in a final model size of 40 m X 65.93 m X 65.93 m. The
model comprises hexahedral mesh elements totaling 139,520 computational units.

The model’s overall length is 40 m, with a simulated excavation length of 20 m. Within the model, the rock
mass, supporting segments, and reserved expansion clearance are represented by solid units. To accurately
simulate the mechanical conduct of the reserved expansion clearance, the deformation modulus and strength
parameters were adjusted to closely resemble foam within the computational framework.
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Fig. 4. Three-dimensional finite-difference computational model.

Calculation method

In the fluid-structure interaction calculation process, the rock mass is treated as an equivalent continuous
medium, where fluid flow within the medium satisfies the Biot equations and follows Darcy’s Law. Additionally,
when utilizing the finite difference method to calculate fluid-structure interaction, encompassing several
key Eqs*?~%: the equilibrium equation, motion equation, constitutive equation, compatibility equation, and
boundary conditions. The specific steps for the fluid-structure interaction numerical analysis in this paper are
as follows:
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a. Establish a three-dimensional model of the initial stratum and apply boundary constraints for displacement,
stress, and seepage.

b. Write and execute a program to apply the initial three-dimensional asymmetric in-situ stress and pore water
pressure. Perform iterative calculations until equilibrium is achieved to simulate the initial stress state of the
surrounding rock in the tunnel.

c. Define parameters such as permeability coefficient and fluid modulus for seepage analysis. Convert the re-
sulting seepage body force into nodal loads, which are then applied to the stress analysis.

d. Perform the tunnel excavation, simultaneously setting up the segment structure elements. Conduct iterative
calculations until the system reaches equilibrium.

Initial in-situ stress field and computational boundary conditions

Extensive long-term in-situ stress measurements have revealed distinct asymmetric three-dimensional stress
conditions within deep rock engineering®’~%’. Compared with shallow rock engineering, stress redistribution
caused by excavation has a more pronounced impact on the stability of deep rock masses, further complicating
the stress dynamics surrounding the tunnel**2. Examination of in-situ stress field test results for this tunnel
section reveals that the horizontal principal stress dominates, with relationship among them as follows:
Oyy =25.8 MPa > 0., =21.9 MPa > 0y, = 18.8 M Pa, and oyy, 0.2, and o4, represent the directions
of the parallel, vertical-vertical, and horizontal-vertical tunnel axes, respectively. Clearly, the in-situ stress field
exhibits pronounced asymmetric three-dimensional stress characteristics. The three-dimensional asymmetric
principal stresses were applied to the model’s boundaries and element nodes using a calculation program written
in the software’s built-in language during the computation.

To accurately reflect real-world engineering conditions, the model is subjected to appropriate boundary
conditions. Specifically, the model’s bottom is fixed, while its front, back, right, and left sides are restricted in the
normal direction and the top remains free. In the context of fluid-structure coupling analysis, the model features
impervious boundaries at the back and front, while the right and left sides, along with the open excavation face,
are equipped with permeable boundaries.

Simulated condition settings

Two calculation conditions for the water pipe segment are established for comparative analysis to investigate
the tunnel’s stability within the context of ultra-deep weak strata and assess the effectiveness of segment support
measures under these geological conditions. The simulation conditions are delineated in Table 2. Furthermore,
as the collection of monitoring data on surrounding rock deformation occurred after the completion of segment
support construction, subsequent numerical inversion analysis of the physical and mechanical parameters of the
tunnel rock mass is performed under the simulated conditions of working Condition 2.

In Table 1, H. represents the distance between the original static water level of groundwater in specific tunnel
sections within the study area and the tunnel floor, which amounts to approximately 700 m. /3. represents the
reduction coefficient for external water pressure. The studied section of the tunnel is located within a large fault
zone and is generally fractured due to structural influences, the groundwater connectivity is relatively high.
Taking into account the gushing water observed during its construction process and following the determination
table for the external water pressure reduction coefficient in the Specification for Design of Hydraulic Tunnel (SL
279-2016)"%, the value range is from 0.65 to 1.0. This study takes 0.8 for analysis. Therefore, the external water
pressure value in the calculation condition considering the effect of groundwater is 5.60 MPa.

Inversion of the computational parameters

Given the influence of surrounding rock characteristics, multi-field coupling, size effects, and other factors,
conventional rock mass testing techniques often fail to accurately represent the physical and mechanical
parameters of the tunnel rock mass under actual conditions. Therefore, this paper employs parameter inversion
theory and numerical calculation methods, combined with field fragment deformation monitoring data from
the tunnel, to conduct an inverse analysis of the computational parameters required for the surrounding rock.

Parameter inversion method
According to the calculation parameters required for simulation analysis, the inversion parameters in this paper
are determined as follows:

S = [E,C,go,/,b,k] (1)

where E represents the elastic modulus, ¢ denotes the internal friction angle, ¢ stands for the cohesive force,
represents the Poisson’s ratio, and k signifies the permeability coefficient.

Condition | Whether to consider segment support | Asymmetric three-dimensional stress | External water pressure Calculation mode

1 Oza 18.8 M Pa

2 oyy | = | 25.8 M Pa 10008 He = 5.60 M Pa | Fluid-structure interaction
Oz 21.9 M Pa

Table 1. Calculation of working condition setting scheme.
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Given the arrangement of in-situ deformation monitoring positions at the segment’s bottom, waist, and top,
the convergence of the three characteristic measuring points is expressed as follows:

M™ = {mi,ma,m3} ()

where  mi = (ma1 +maz +mas)/3m3 = (mp1 +mp2 +mgs)/3,m3 = (mc1 +me2 + mes)/3,
mai, MBi, Mci (i=1, 2, 3), represent the convergence values of in-situ deformation monitoring at tunnel
section measurement points.

During numerical computational analysis, the convergence of the three characteristic measuring points (M)
depends on the computational parameters (S) of the tunnel rock mass, denoted as:

M = f(E,c,¢,u,k) ©)

By considering a set of parameters (S) to be solved, the calculated deformation convergence values of the three
characteristic measuring points can be obtained through numerical simulation:

M = {m1,mz, ms} (4)

Based on the permissible range of parameters to be inverted, the deformation convergence values of the three
characteristic measuring points for the tunnel under different parameter combinations are calculated. This
is achieved by minimizing the absolute sum of the differences between these calculated values and the field
monitoring values as follows:

3

W(S) =Y lmi —mi] (5)

i=1

Through numerical simulation, when a set of computational parameters for the rock mass yields the minimum
value of ¥(S), it is considered that these parameters closely approximate the true physical and mechanical
parameters of the tunnel rock mass.

Laboratory test results

For establishing the initial parameters of the numerical model, standard triaxial compression tests are conducted
on rock mass samples from the tunnel section. These rock mass samples are transformed into cylinders
measuring 100 mm in height and 50 mm in diameter, with an error margin not exceeding 0.05 mm. The TIMC
multi-field coupling testing machine is employed for these tests (Fig. 5), and radial confining pressure is applied
hydraulically.

Through conducting compression tests under various confining pressures (0 MPa, 5 MPa, 10 MPa, 15 MPa,
and 20 MPa), the stress responses of surrounding rock elements at different depths are simulated. Data on
deviational stress, axial strain, and radial strain during these tests are recorded. Upon analyzing the laboratory
test results and referring to handbook of hydraulic structure design®4, the initial computational parameters of the
tunnel rock mass are determined (Table 2). In accordance with the design specifications for hydraulic concrete
structures®’, the parameters of the reinforced segments are established as well.

Parameter inversion analysis

Because the deformation at the tunnel study section tends to stabilize when measured deformation in the
segment, the direct measurement data from the field is utilized as the objective function for the inversion
parameters. According to field measurement data, the measured convergence values of the three characteristic
deformation monitoring points on each tunnel section are presented in Table 3. This table includes the measured
mean values of deformation convergence on the tunnel top, waist, and bottom, which are 2.44 cm, 4.22 cm, and
0.49 cm, respectively. The diagram in Fig. 6 illustrates the deformation of the segment at the construction site.

Following the proposed parameter inversion method, numerical inversion calculations of the tunnel rock
mass mechanical parameters are conducted using the simulation conditions of Condition 2 and the measured
mean value of deformation convergence at three characteristic points. As depicted in Table 4, the result yields
a set of inversion values for the computational parameters of the tunnel rock mass corresponding to the (.S)
minimum value.

The calculated deformation convergence values for the top, waist, and bottom of the tunnel are 2.58 cm,
4.40 cm, and 0.49 cm, respectively (Fig. 7). The relative errors in comparison with the measured values and
the calculated values are as follow: 5.42%, 4.09%, and —4.08%, respectively. These errors in the numerical
deformation values of each characteristic point and the field monitoring values fall within a reasonable range.
This suggests that the surrounding rock calculation parameters derived from the inversion analysis closely
approximate the actual parameters on-site, validating the dependability of the numerical simulation results.

Results and discussion

Given the symmetrical nature of the tunnel under investigation, we present the distribution of various calculation
results within the tunnel and rock mass more directly through semi-models. This includes the simulation results
of the distribution of principal stress, seepage velocity vectors, pore-water pressure, deformation, damage, and
disturbance in the tunnel surrounding rock.
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Fig. 5. TIMC rock mass testing machine.

Density | Elastic modul Bulk modul Shear modul Cohesi Friction angle | Poisson’s ratio | Permeability coefficient
Types p (kg/m?) | E (GPa) K (GPa) G (GPa) C(MPa) |¢(°) u k (cm/s)
Surrounding rock | 2680 2.58 1.95 1.01 1.34 22.80 0.28 12x1074
Segment (C50) 2450 34.50 17.27 14.78 - - 0.167 -

Table 2. Initial calculation parameters of rock mass and segment.
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Monitoring locations of the tunnel | Monitoring point | Measured value of deformation convergence/cm | Measured mean value/cm
Al 2.49
Top A2 2.06 2.44
A3 2.77
B1 4.15
Waist B2 3.53 4.22
B3 4.98
C1 0.58
Bottom C2 0.51 0.49
C3 0.38

Table 3. Deformation convergence measured and calculated values of the monitoring points.

Fig. 6. Deformation of segment on site.

Density | Elastic modul Bulk modul Shear modul Cohesi Friction angle | Poisson’s ratio | Permeability coefficient
Types p (kg/m?) | E (GPa) K (GPa) G (GPa) C(GPa) |¢(°) u k (cm/s)
Surrounding rock | 2680 2.73 2.28 1.05 143 23.50 0.30 1.0x107*

Table 4. Rock mass mechanical parameter obtained through numerical inversion.

Distribution of principal stress and pore-water pressure

Principal stress distribution

The tunnel rock mass computational parameters acquired from the parameter inversion analysis, were used to
simulate the calculation and analysis of working conditions 1 and 2. The principal stress distribution results
under different simulated working conditions are illustrated in Fig. 8.

Through Comparing and analyzing the nephogram results for the maximum and minimum principal
stresses distributions(Y =0 is the starting section of excavation) in the two conditions revealed that, with or
without segment support, both the tunnel excavation face and palm face are under compression by reason of the
surrounding rock undergoes extrusion deformation into the tunnel interior. Tensile stress occurs in a specific
range on the segment’s inner surface layer of the waist, the outer shoulder to the top, and the outer lower part
to the bottom when segment support is present, with a maximum tensile stress of 0.82 MPa. This tensile stress
observed in the segment is primarily attributed to its stress state. Due to the surrounding rock’s larger squeezing
deformation around the segment’s waist by contrast with other areas enhances the surrounding rock’s supporting
effect at the waist of the segment. Besides, under the surrounding rock’s joint restraint at the segment’s top and
bottom, tensile stress occurs in certain regions of the segment.

The results of research also demonstrate a reduction in both the minimum and maximum principal stresses
of the surrounding rock following the application of segment support. Specifically, the maximum principal
stress drops from 30.30 MPa to 27.94 MPa, while the minimum principal stress is decreased from 21.07 MPa to
20.11 MPa. This phenomenon primarily stems from the absence of segment support, allowing the surrounding
rock’s deformation to intensify gradually as its internal extrusion increases unchecked. By contrast, segment
support significantly constrains the tunnel’s deformation, thereby weakening the internal extrusion of the
surrounding rock. Furthermore, stress concentration within a specific depth range along the tunnel wall and
tunnel face is also caused by the surrounding rocK’s deformation.
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Vector distribution of pore-water pressure and seepage velocity

Figure 9 presents the simulation results of vector distribution for pore-water pressure and seepage velocity under
various simulated working conditions. From the changes in pore-water pressure within the tunnel, after tunnel
excavation, far-field pore water flows toward the free surface under the influence of pressure, eventually reaching
a steady state. Furthermore, it adopts the form of a funnel, due to drainage effects from the tunnel’s exposed
face. The maximum pore-water pressure under condition 1 and 2 is 6.24 MPa and 6.05 MPa, respectively, both
exceeding the pore-water pressure value of 5.60 MPa resulting from hydrostatic pressure. The excess pore-water
pressure is formed, and its occurrence areas coincides with the stress concentration regions. The main reason
for its formation is the volume compression caused by the intense mutual extrusion in the surrounding rock.

Analysis results in Fig. 10 indicate a consistent distribution pattern of pore-water pressure in the surrounding
rock under the two different simulation conditions. Additionally, the pore-water pressure gradually increases
from zero at the tunnel face to the interior. However, the gradient of pore-water pressure at the tunnel face and
waist changes more rapidly than at the top and bottom. This suggests a higher likelihood of water inflow on
either sides of the tunnel, which aligns with water inrush scenarios appeared during actual excavation.

In addition, a comparative analysis of Fig. 11 revealed that the presence of segment support leads to different
distribution patterns of seepage velocity vectors on the free face of the tunnel under the two conditions. Under
Condition 1, the vectors point inward along the tunnel diameter, while under Condition 2, they point downward
along the tunnel wall. The seepage conditions at the tunnel face are consistent under both working conditions,
with the seepage velocity vector distribution showing diffusion towards the tunnel interior along the face.
However, with segment support, the rate of water inflow per unit time at the tunnel face significantly increases
compared to the case without segment support. The occurrence of this phenomenon is primarily due to the
hindered drainage of the tunnel wall caused by the support of the segments, resulting in the tunnel face not only
bearing the drainage in the tunnel excavation direction but also the drainage from the tunnel surrounding water
bodies. Therefore, for ultra-deep tunnels in water-rich environments, drainage measures must be implemented
on the tunnel face and both waist sides following excavation and support.

Deformation characteristics of tunnel and the effectiveness of segment support

The radial deformation distribution under the two Conditions (Fig. 12) and the comparison of surrounding rock
longitudinal displacement profiles (LDP) deformation at various characteristic positions of the tunnel (Fig. 13)
reveal that as the excavation progresses, the surrounding rock deformation tends to stabilize gradually. Without
segment support, the tunnel’s maximum radial deformation is 24.88 cm, whereas with segment support, it is
reduced to 14.58 cm (accounting for the reserved 10 cm deformation expansion gap during tunnel excavation,
resulting in a maximum radial deformation of the segment at 4.58 cm). Both occurrences are observed at the
upper part of the tunnel waist. In Condition 1, the maximum deformation at the bottom, waist, and top of the
tunnel is 17.44 cm, 23.63 cm, and 21.71 cm, respectively. In Condition 2, the corresponding deformations are
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Fig. 8. Numerical results of principal stresses distribution of tunnel rock mass under different simulated
conditions.

12.58 cm, 14.40 cm, and 10.47 cm, reflecting a decrease of 42.05%, 39.06%, and 39.97%. The effectiveness of
segment support is evident.

Under the two working conditions, the tunnel’s waist deformation at the characteristic position is the most
prominent, after which comes the top and the bottom. Additionally, following the implementation of the
segment support, the maximum deformation at the palm face decreased from 18.53 cm to 14.18 cm, a reduction
of 23.48%. This reduction is significantly smaller compared to other positions in the tunnel. On one hand, this
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Fig. 9. Numerical results of pore-water pressure distribution under different simulated conditions.

is because no direct support measures were applied to the tunnel face; on the other hand, the increased gushing
water further exacerbated its deformation, partially offsetting the additional reinforcement effect provided by
the segment support.

Disturbance and damage analysis

Reinforced and unreinforced states under actual conditions

Analyzing the depth of damage and disturbance distribution under the two simulated conditions (Figs. 14 and
15), we observe that the maximum damage and disturbance depths under Condition 1 are 6.41 m and 13.5 m,
respectively, while under Condition 2, they are 4.33 m and 8.00 m, respectively, both occurring at the waist of
the tunnel. Without segment support, the damage depths at the tunnel’s top and bottom are 3.81 m and 3.41 m,
respectively, and the disturbance depths are both 8.00 m. With segment support, the damage depths of the top and
bottom are reduced to 2.42 m and 2.36 m, respectively, and the disturbance depths are both reduced to 5.98 m.
For both calculation conditions, the disturbance depth at the same characteristic position is 1.9 to 2.5 times the
damage depth, and under the same working condition, the damage depth of the tunnel’s top is marginally larger
than at the bottom, whereas the disturbance depth remains roughly the same. Furthermore, the damage depth at
the bottom, waist, and top of the surrounding rock is reduced by 30.79%, 32.45%, and 36.48%, respectively, when
comparing support with segments to no segment support. In the same case, the disturbance depth is reduced by
25.25%, 40.74%, and 25.25%, respectively. Notably, the reduction in damage depth across various characteristic
locations due to segment support shows minimal variation. However, in terms of the reduction in disturbance
depth, the tunnel waist significantly outperforms the top and bottom positions.

After applying reinforcement measures (Condition 2), the damage depth of the surrounding rock at the top,
waist, and bottom of the tunnel showed a substantial decrease. However, this depth remains significant relative
to the tunnel diameter (5.93 m), which inevitably weakens the overall load-bearing capacity of the surrounding
rock, exacerbating the creep effect. As deformation of the surrounding rock continues to accumulate, the
support structure may fail to withstand the increasing pressure, leading to deformation or damage. This analysis
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Fig. 10. Numerical results of pore water pressure at multiple characteristic locations under different simulated
conditions.

aligns with the phenomenon observed in subsequent tunnel operation, where the support segments experienced
misalignment due to compressive deformation of the surrounding rock.

Importantly, during the calculated cycles, each zone undergoes various states according to the failure
criterion. In Fig. 14(c) and (d), “None” indicates no failure in the zone, “Tension” and “Shear” represent the
surrounding rock plastic state on account of tension and shear. “Previous” and “Now” (-p, -n) signify the plastic
state in the previous and current cycles, respectively.
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Fig. 11. Numerical results of seepage velocity vectors under different simulated working conditions.
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Fig. 12. Numerical results of radial deformation of the tunnel under different simulated conditions.

Damage evolution characteristics
In order to investigate the damage evolution characteristics of the surrounding rock under different in-situ stress
and pore water pressure conditions, this study complements the actual operating condition (Condition 2) with
the following numerical simulation schemes (Table 5): Condition 3 and Condition 4: The three-dimensional
asymmetric in-situ stress remains unchanged, while the pore water pressure is reduced by 0.8 times (4.48 MPa)
and increased by 1.2 times (6.72 MPa), respectively.

Condition 5 and Condition 6: The pore water pressure remains constant, while the three-dimensional
asymmetric in-situ stress is reduced by 0.8 times and increased by 1.2 times, respectively (Fig. 16).

Comparative analysis of the results shows that when one of the two variables—in-situ stress and pore water
pressure—remains constant while the other varies, the damage depth of the surrounding rock is positively
correlated with both variables. For instance, taking the waist of the tunnel as an example, when the in-situ stress
or pore water pressure are reduced by 0.8 times, the damage depth of the surrounding rock decreases by 5.24%
and 18.01%, respectively, compared to the normal operating condition. Conversely, when they are increased by
1.2 times, the damage depth increases by 6.70% and 15.94%, respectively. Therefore, the analysis indicates that
the damage depth of the surrounding rock is more significantly influenced by in-situ stress than by pore water
pressure, with the top and bottom of the tunnel exhibiting similar trends.

Conclusions

This study takes a large cross-basin water transfer project tunnel as an example, based on the fluid-structure
interaction analysis theory and a proposed inversion method of surrounding rock parameters, the stress and
deformation characteristics of the soft rock tunnel under the influence of asymmetrical three-dimensional
high in-situ stress and high pore water pressure are studied, and the damage evolution characteristics of the
surrounding rock under different in-situ stresses and pore water pressures are analyzed. The primary findings
are summarized as follows:
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Fig. 13. Comparison of LDP of the surrounding rock deformation at various characteristic locations in
Condition 1 and Condition 2.

(1) The relative errors between the calculated deformation values, based on inversion parameters, and the
measured values at characteristic points are approximately 5%. These errors fall within a reasonable range,
ensuring the reliability of the subsequent simulation results.

(2) The primary cause of the formation of excess pore-water pressure and stress concentration is the
volumetric compression resulting from the intense mutual extrusion of the surrounding rock. Furthermore,
water effusion is more likely to appear on both sides of the tunnel. With segment support, the rate of water
effusion on the palm face significantly increases compared to condition without support. Therefore, for ultra-
deep water-rich tunnels, after excavation and support, attention should be focused on implementing drainage
measures at the tunnel waist area and the palm face.

(3) Deformation of the tunnel rock mass is most prominent at the waist, followed by the top and the bottom
under both conditions. After the implementation of segment support, the deformation control effect on the
surrounding rock is remarkable.

(4) Under both conditions, the maximum damage and disturbance depth of the surrounding rock in the
tunnel are concentrated at the waist. Notably, the disturbance depth at each characteristic position is 1.9 to 2.5
times greater than damage depth. The reduction in damage depth across various characteristic locations due to
segment support shows minimal variation. However, in terms of the reduction in disturbance depth, the tunnel
waist significantly outperforms the top and bottom positions.

(5) The analysis of the damage evolution characteristics of the surrounding rock under different in-situ stress
and pore water pressure conditions shows that the damage depth of the tunnel’s surrounding rock is positively
correlated with both in-situ stress and pore water pressure. Nevertheless, the influence of in-situ stress is more
significant than that of pore water pressure.
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Fig. 14. Numerical results of damage and disturbance distribution under different simulated working
conditions.
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Condition | Whether to consid gment support | Asymmetric three-dimensional stress External water pressure Calculation mode
Oza 18.8 M Pa

3 Yes <Uyy> = <25.8 MP(I) 1000,36 H. x 0.8 = 4.48 M Pa | Fluid-structure interaction
Oz 21.9 M Pa
Oza 18.8 M Pa

4 Yes <O'yy> = (25.8 MPCL) 1000561’]5 X 1.2 = 6.72 M Pa | Fluid-structure interaction
Ozz 21.9 M Pa
Ozx 15.0 M Pa

5 Yes <0yy> x 0.8 = (20.6 MPa) 10008.H. = 5.60 M Pa Fluid-structure interaction
Ozz 17.5 M Pa
Oza 22.6 M Pa

6 Yes <Uyy> x12= <31.0 MP(I) 10008 H. = 5.60 M Pa Fluid-structure interaction
Ozz 26.3 M Pa

Table 5. Working condition setting schemes.
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