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Shallow bias tunnels are sensitive at the entrance section, where the existence of
soil–rock interface (SRI) results in more complex deformation of surrounding rock
and supporting structure. This study investigates the mechanical properties of
surrounding rock and supporting structure of a shallow-buried bias tunnel
crossing the soil–rock interface by a combination of model tests and numerical
simulations. A shallow-buried biased tunnel with significant cracking at its entrance
section is selected in southwest China. The plastic zone distribution, deformation,
and pressure of surrounding rock, as well as the stress and deformation of supporting
structure, are analyzed under different conditions with the tunnel vault, arch haunch,
arch spring, and wall foot crossing the soil–rock interface. The test and numerical
results show that the internal force of the lining structure is the largest at the left arch
haunch and the right arch spring, with cracks occurring in the project. The
surrounding rock and supporting structure are most prominently influenced by
the arch haunch and arch spring crossing the soil–rock interface among different
positions of the tunnel. The supporting structure is subjected to stress in three
modes: there is mainly shearing when the tunnel vault passes through the soil–rock
interface, extrusion and shearing co-exist when the tunnel arch haunch and arch
spring pass through the soil–rock interface, and extrusion is dominant when the
tunnel wall foot passes through the soil–rock interface. Inserting grouting steel pipes
perpendicular to the soil–rock interface on the deep-buried side of the tunnel can
effectively control the deformation of surrounding rock and the stress of supporting
structure.
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Introduction

Shallow buried bias is a common phenomenon in mountain tunnels in southwest China
owing to terrain conditions (Yan, 2018). For example, the shallow-buried biased section
accounts for 60% of the left tube of the Nansai Tunnel of Yunnan Mangliang Expressway.
Shallow-buried biased tunnels are associated with highly weathered overlying strata and weak
rock mass. The weathering degree of overlying strata continues to decrease with an increase in
buried depth, and a soil–rock interface (SRI) emerges between the strong weathering layer and
the medium weathering layer (Kaya et al., 2017; Zhang et al., 2021). Tunnels inevitably
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encounter the SRI during the tunneling process and with increasing
buried depth (Zhou et al., 2014; Liu X. J. et al., 2015). Then, the rock
mass around the tunnel undergo extrusion and slide along the SRI due
to bias pressure, and cracking or falling of secondary lining may occur,
which endangers the safety of construction and operation (Yang and
Wu, 2011; Chiu et al., 2017; Li et al., 2018; Qin et al., 2022).

Numerical studies on shallow-buried biased tunnels have been
conducted worldwide. The deformation and mechanical behaviors of
surrounding rock were revealed by characterizations of rock mass
deformation (Song et al., 2018), ground surface settlement (Wang
et al., 2019), surrounding rock pressure (Liu X. R. et al., 2015; Liu et al.,
2017; Zhang et al., 2022), surrounding rock stress field with different
bias coefficients (Qiu et al., 2022), and sensitive factors in the
surrounding rock loosening zone (Qiao et al., 2021). In addition,
model tests were carried out to examine surrounding rock pressure
and internal force distribution of supporting structure under different
terrain conditions (Lei et al., 2015; Gao and Guo, 2016), and to
evaluate the effects of water immersion (Liu and Lai, 2020; Zhang
et al., 2020). Kong et al. (2016, 2022), Hu et al. (2021), Liu et al. (2021),
Liu et al. (2022), and Qin et al. (2022) combined site monitoring with
numerical analysis to investigate the cracking characteristics of
secondary lining of shallow bias tunnels. The fast Lagrandian
analysis of continua in 3 dimensions (FLAC 3D) numerical model
(Yang et al., 2013; Xiao et al., 2014; Xiao et al., 2016; Yang et al., 2020)
and model tests (He et al., 2015; Lei et al., 2016) were employed to
explore the cracking behaviors and mechanisms of shallow bias
tunnels. Furthermore, shaking table model tests were conducted to
explore the dynamic responses, damage mechanisms, and failure
modes of shallow-buried bias tunnels subjected to dynamic loads
(Xu et al., 2016; Wang et al., 2017; Jiang et al., 2018; Wang et al., 2018;
Liu et al., 2019; Li et al., 2021; Sun et al., 2021).

This study is carried out based on a shallow-buried bias tunnel
with severe cracking in the secondary lining of entrance section in
southwest China. Model tests and numerical simulations are
conducted to investigate the pressure distribution, deformation
characteristics, and plastic zone of surrounding rock, and to
characterize the stress of supporting structure when different
positions of the tunnel cross the SRI. The failure mechanisms of
supporting structure under four conditions of crossing the SRI at
different positions of the tunnel are revealed. The reinforcement effect

of inserting grouting steel pipes perpendicular to the SRI is also
analyzed.

Engineering background

A left-right separated primary road tunnel in the southwest region
of China is selected in this study (Figure 1). The tunnel with the design
width of 10.25 m and the height of 8.55 m has a design speed of 80 km/
h. The left and right tunnel tubes are 3060 and 3030 m long,
respectively; their maximum burial depths are 455 and 457 m,
respectively. The ground elevation of the mountain where the
tunnel centerline is located ranges from 2130 to 2620 m, with a
relative height of 490 m. The longitudinal slope of the right tube is
1.94%. The inlet section of the tunnel is located in the slope area in
front of the mountain with a natural slope of 35°, which was basically
stable before excavation.

The strata at the entrance of the tunnel from top to bottom consist
of gravel-containing silty clay, gravel, and strongly weathered basalt,
along with a small amount of moderately weathered basalt (Figure 2).
Both gravel-containing silty clay and gravel have a limited anti-
scouring ability, while joints and fissures are well developed in
highly weathered basalt, resulting in broken soft rock with poor
self-stabilizing capacity.

Cracks of the secondary lining appeared at the entrance section of
the right tunnel tube after pouring. The maximum width and depth of
the cracks were 2.18 and 245 mm, respectively. The lining cracks
developed from k35+780 to k35+815. The cracks mainly extended
longitudinally along the tunnel axis and paralleled each other. The
cracks were primarily located at the left arch haunch and the right wall
foot (Figure 3; Hu et al., 2021). The detailed cracking states and site
investigation methods can be referred to the literatrue of Hu et al.
(2021).

The entrance section of the tunnel consists of an open section
(5 m) and a buried section. The buried section adopts a composite
lining, and the design of composite lining supporting structure is
shown in Figure 4 (Hu et al., 2021).

FIGURE 1
Terrain of the tunnel entrance section.

FIGURE 2
Geological cross-section profile of the tunnel entrance section.
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Model tests

Model materials

The model scale is 1 : 50, and the model test is designed
according to the similarity theory. A similar material of
surrounding rock is prepared with barite powder, silt, and oil
(Figure 5A); lining support material is prepared with gypsum,
water, and barite powder (Figure 5B; Xu et al., 2021). The shear
strength of the model material of surrounding rock and the
mechanical performance of gypsum are shown in Figure 6.

The ratio of mechanical parameters closest to similar materials is
selected, namely, .5: .08: .42 for the upper ground layer, .65: .25: .1 for
the lower rock layer, and 1 : .9: .2 for the initial support material. The

mechanical parameters of the materials for model tests of surrounding
rock and supporting structure are summarized in Table 1.

Model tests

The following parameters are measured in the model tests: the
circumferential internal force (resistance strain gauge) on both sides of
the supporting structure, the principal stress of the supporting
structure (0°–45°–90° resistance strain rosette), the surrounding
rock pressure (foil miniature earth pressure cell), and the surface
displacement (linear displacement meter). The cross-section layout of
the test elements is shown in Figure 7A. Themodel tests are carried out
in a visual tunnel model test chamber (1.50 m × .75 m × 1.0 m) with

FIGURE 3
Crack distribution of secondary lining at the entrance section of the tunnel.

FIGURE 4
Supporting system of the tunnel mined section (units: cm).
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two reserved openings based on the upper and lower bench excavation
method. Excavation of the upper half section is 4 cm ahead of the
lower half section, and the cyclical footage is 4 cm (Figure 7B).

Structural stress varying with excavation

The first principal stress
Strain rosettes are laid on the 12-cm section of the lining structure,

and variation in the first principal stress of the lining structure
monitoring part with the excavation step is calculated. The first
principal stress at each monitoring point increases with the
advance of tunnel excavation (Figure 8). There is a slow increase in
the first principal stress on the outside of the structure, which reaches
its maximum value at 16.5 kPa in the vault (Figure 8A). Specifically,

the first principal stress in the left wall foot and inverted arch increases
remarkably after the first excavation step of the upper bench. It
continues to increase slowly after passing the monitoring section
and then levels off.

The first principal stress on the inside of the structure increases
considerably with excavation and also peaks at the vault, reaching
26.6 kPa (Figure 8B). The variation in the first principal stress is
smaller on the outside than on the inside. Overall, the principal stress
changes rapidly when the excavation step is just initiated. After the
excavation reaches the middle of the tunnel, the principal stress
basically doesn’t increase, and the mechanical conditions of the
lining structure gradually stabilize to reach the final mechanical
state. This indicates that excavation of the latter half section of the
tunnel has minimal effect on the entrance section.

The third principal stress
Variation in the third principal stress of the lining structure with

the excavation step is illustrated in Figure 9. In the course of tunnel
excavation, the third principal stress at each monitoring point outside
the structure exhibits an overall slow upward trend with minor
changes (Figure 9A). The maximum compression exists near the
right wall foot, with the third principal stress of −23.6 kPa. When
the excavation approaches the monitoring section, the third principal
stress value at the left arch-spring and the left wall foot increases
suddenly.

FIGURE 5
Materials used for orthogonal tests: (A) Surrounding rock material preparation and (B) Gypsum specimens.

FIGURE 6
Material properties: (A) Shear strength of similar material of surrounding rock and (B) Mechanical performance of gypsum.

TABLE 1 Mechanical parameters of model materials for the surrounding rock and
supporting structure.

Material γ (kN/m3) E (GPa) μ c (kPa) φ (°)

Upper surrounding rock 17.6 0.06 0.36 0.8 27.5

Lower surrounding rock 20.0 0.60 0.32 4 34.0

Supporting structure — 0.56 0.2 — —
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FIGURE 7
Model tests: (A) Cross-section layout of test elements and (B) Photographs of model tests.

FIGURE 8
First principal stress of lining structure: (A) Stress at the 12-cm section outside of the structure and (B) Stress at the 12-cm section inside of the structure.
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Distinct changes occur in the third principal stress on the inside of
the lining structure (Figure 9B). Before the excavation, the third
principal stress is located at the left wall foot, with the third
principal stress of −28.3 kPa. After the excavation is completed, the
largest third principal stress occurs at the left arch spring, −13.6 kPa.
The third principal stress at the vault is first compressed and then
tensioned during excavation, whereas at other points of the lining
structure, the stress decreases minimally. With continuous advance of
excavation distance, the third principal stress at each part of the lining
gradually decreases and tends to be stable.

Circumferential stress of supporting structure

Data are collected from the inner and outer strain gauges at the
two monitoring sections on the model. The final circumferential
strain values are used to obtain the circumferential stress of the
monitoring points on the monitoring section of the lining model.

On the outer side of the supporting structure, the vault is
compressed most seriously at −34.5 kPa and the left wall foot is
tensioned the most at 29.8 kPa. On the inner side, the left wall foot
is most severely compressed at −24.1 kPa and the right wall foot is
tensioned to a maximum of 43.9 kPa (Figure 10). The results show
that the disturbance of surrounding rock has a strong influence on
the circumferential stress of supporting structure during
excavation.

Surrounding rock pressure

After the excavation is completed and the structure is stabilized,
surrounding rock pressure is redistributed and dramatically
changed. The trend of surrounding rock pressure (Figure 11) is
consistent with that observed for the circumferential stress of the
supporting structure (Figure 10). Large pressure changes also occurs
at the left arch haunch (2.86 kPa) and the right wall foot (6.53 kPa),

FIGURE 9
Third principal stress of lining structure: (A) Stress at the 12-cm section outside of the structure and (B) Stress at the 12-cm section inside of the structure.

FIGURE 10
Circumferential stress of supporting structure (unit: kPa).

FIGURE 11
Pressure of surrounding rock (unit: kPa).
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both of which are located at the SRI. This indicates that the
maximum surrounding rock pressure occurs on the deep-buried
side, with the peak value at the SRI.

Numerical model and parameters

The full-scale numerical model is constructed using the FLAC 3D
finite difference software, and the test results are inverted to the
engineering entity for comparative analysis. The stratum and the
supporting structure are simulated by solid elements using the
Mohr-Coulomb model and elastic model, respectively. The SRI is
simulated using interface elements (Figure 12).

The initial supporting structure is applied after excavation. The
parameters of supporting materials are calculated according to the
equivalent stiffness, and the elastic modulus of steel arch and
reinforcement mesh is converted to the elastic modulus of
shotcrete (Yu et al., 2016; Luo et al., 2018). The conversion of
elastic modulus is as follows:

Ε � E0 + SgEg

Sc

The specific parameters of surrounding rock and supporting
structure are listed in Table 2.

Comparative analysis of numerical
simulations and model tests

To facilitate comparison with numerical results, model test results
are inversely derived into the actual scale of the project.

Ground surface settlement

The vertical displacements of surrounding rock surface are
compared between model tests and numerical calculations for
monitoring points at the same position (Figure 13). Based on
model tests, the vertical displacement curve of ground surface is
similar to that of Peck curve. The maximum value appears on the
right side of the tunnel centerline, but the left and right sides are
asymmetrical. Within 0–15 m from the left and right sides of the
tunnel centerline, there are remarkable changes in the vertical
displacement of the surface on the deep-buried side. This indicates
that surface displacement on the deep-buried side is strongly disturbed
by excavation. The surface displacements based on numerical
simulations and model tests show basically consistent patterns,
although the model test results are greater than the numerical
simulation results.

FIGURE 12
Numerical model of surrounding rock and supporting structure.

TABLE 2 Material parameters for the numerical model.

Material ρ (kg/m3) E (GPa) υ c (MPa) φ (°) Ks (GPa) Kn (GPa)

Silty clay with crushed stone layer 1,850 0.06 0.4 0.1 25 — —

Strongly weathered basalt layer 2,000 0.3 0.31 0.4 32 — —

Supporting structure 2,500 27.5 0.2 — — — —

Soil–rock interface (Ji et al., 2016) — — — 0.05 15 2.46 2.46

FIGURE 13
Vertical displacement of surrounding rock surface.
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Principal stress of supporting structure

The first principal stress envelope curves of the supporting structure
show that the maximum value is distributed in the vault and left arch
haunch of the lining structure (Figure 14). As for the third principal stress of
the lining structure, large values are distributed in the left arch spring and
the right arch spring (Figure 15). In these parts, evident stress concentration
occurs because of the following reasons: 1) due to the effect of load on the
deep-buried side, the tunnel has a tendency to slip to the lower right side;
and 2) due to the constraint of surrounding rock on the shallow-buried side,
the arch haunch is under considerable pressure. The stress in the arch
spring and inverted arch is smaller than that in other parts. The full-scale
numerical simulation results are basically consistent with the final internal
force distribution of the lining structure in model tests.

Internal force of supporting structure

The internal force distribution of the supporting structure is
basically consistent between full-scale numerical simulations and

model tests (Figure 16). Larger values of positive bending moment
are distributed in the vault and inverted arch of the lining structure,
whereas larger values of negative bending moment are distributed in
the arch haunch and arch spring. There is small bending moment in
other parts of the structure, and the bending moment is
asymmetrically distributed due to bias (Figure 16A). The axial
force values of the lining are all negative, and the lining structure
is basically in a compressed state. The maximum axial force appears in
the left arch spring and the right arch spring of the lining. The axial
force values in the vault and the right arch haunch are relatively large,
with small values in the other parts of the lining (Figure 16B). The
numerical results and the test results are well-fitted.

Mechanical analysis with different SRI-
crossing positions

To further reveal the relationship between the tunnel and the SRI,
four relative position relationships are established, with the tunnel
vault, arch haunch, arch spring, and wall foot crossing the SRI. The

FIGURE 14
First principal stress of lining structure in numerical simulations andmodel tests (unit: MPa): (A) Stress outside the lining structure and (B) Stress inside the
lining structure.

FIGURE 15
Third principal stress of lining structure in numerical simulations andmodel tests (unit: MPa): (A) Stress outside the lining structure and (B) Stress inside the
lining structure.
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influence of relative position change on surrounding rock deformation
and lining structure stress is analyzed. The model size is 75 m × 50 m ×
37.5 m. The stratum and supporting structure are consistent with the
earlier description in Section 4. The secondary lining is added to the
supporting structure and simulated by solid elements using the
Drucker-Prager material model. The material parameters of the
secondary lining are provided in Table 3.

Deformation of surrounding rock

The deformation of surrounding rock at different positions of the
supporting structure crossing the SRI is shown in Figure 17. The
largest displacement of surrounding rock occurs with the arch spring
crossing the SRI (2.12 cm), followed by that with the arch haunch
crossing the SRI (1.36 cm). The displacement of surrounding rock

FIGURE 16
Structural internal forces in numerical simulations and model tests: (A) Bending moment of lining structure (unit: kNm) and (B) Axial force of lining
structure (unit: kN).

TABLE 3 Material parameters of secondary lining.

Bulk modulus (GPa) Ksner (MPa) qdil qvol Shear modulus (GPa) Tensile strength (MPa)

16.8 7.4 0.25 0.255 12.5 2.2

FIGURE 17
Surrounding rock displacement under four different conditions: (A) Tunnel vault crossing the soil–rock interface; (B) Arch haunch crossing the soil–rock
interface; (C) Arch spring crossing the soil–rock interface; and (D) Wall foot crossing the soil–rock interface.
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with the vault and wall foot crossing the SRI is .96 and .87 cm,
respectively. The maximum displacement always occurs near the
vault, with a bias toward the deep-buried side. Further analysis
reveals that as the SRI moves down relative to the supporting
structure, surrounding rock displacement is influenced by the
supporting structure more prominently.

Plastic zone of surrounding rock

The plastic zone of surrounding rock at different positions of the
supporting structure crossing the SRI is shown in Figure 18. The
plastic zone of surrounding rock displays a distinct asymmetric
distribution after tunnel excavation. It is mainly distributed in the
ground layer above the SRI and shows a remarkable shear slip
surface. The distribution pattern of the plastic zone is similar to
that of surrounding rock deformation. When crossing the SRI, the
tunnel arch haunch and arch spring impose a strong influence on the
plastic zone of surrounding rock. Shear failure mainly occurs along
the SRI, with tensile failure primarily on the surface and
inverted arch.

First principal stress of secondary lining

The secondary lining stress at different positions of the supporting
structure crossing the SRI is shown in Figure 19. The first principal
stress is located near the vault and the left arch haunch. The first
principal stress of the secondary lining reaches its maximum value at

2.3 MPa when the arch spring passes through the SRI, followed by that
with the arch haunch crossing the SRI. The first principal stress at the
wall foot is the lowest, only 1.02 MPa. These results indicate that above
the arch spring, the first principal stress gradually decreases with the
upward movement of the SRI. The largest tensile stress of the structure
appears near the vault of the deep-buried side, where cracking occurs
first. The structure is compressed near the arch spring and the wall
foot, but within a safe range.

Deformation and load-bearing patterns
of secondary lining

The deformation results of the secondary lining are uniformly
enlarged by 100 times (Figure 20). When the tunnel arch spring passes
through the SRI, the secondary lining deformation reaches its
maximum value at 2.13 cm. In other cases, the secondary lining
deformation ranks in descending order with the tunnel arch
haunch, vault, and wall foot crossing the SRI. When the tunnel
passes through the SRI, the upper rock and soil mass loses support
because of excavation, and consequently slides along the SRI. The
supporting structure is then subjected to extrusion and shearing in the
following three modes.

1) With the tunnel vault crossing the SRI, the supporting structure is
mainly subjected to shearing, and shear failure may occur at the
vault position. 2) With the tunnel arch haunch and arch spring
crossing the SRI, the supporting structure is subjected to both
extrusion and shearing. Shear failure may occur at the intersection

FIGURE 18
Plastic zone of surrounding rock under four different conditions: (A) Tunnel vault crossing the soil–rock interface; (B) Arch haunch crossing the soil–rock
interface; (C) Arch spring crossing the soil–rock interface; and (D) Wall foot crossing the soil–rock interface.
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FIGURE 19
First principal stress of secondary lining under four different conditions (unit: MPa): (A) Tunnel vault crossing the soil–rock interface; (B) Arch haunch
crossing the soil–rock interface; (C) Arch spring crossing the soil–rock interface; and (D) Wall foot crossing the soil–rock interface.

FIGURE 20
Structural displacement of secondary lining under four different conditions (unit: m): (A) Tunnel vault crossing the soil–rock interface; (B) Arch haunch
crossing the soil–rock interface; (C) Arch spring crossing the soil–rock interface; and (D) Wall foot crossing the soil–rock interface.
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of the SRI and the tunnel, whereas tensile cracking caused by
extrusion may occur on the deep-buried side of the supporting
structure, and the extrusion is stronger when the tunnel arch spring
passes through the SRI. 3) With the tunnel wall foot crossing the
SRI, the supporting structure shows the least deformation, and the
stress of the supporting structure is dominated by squeezeing. On
the deep-buried side of the supporting structure, the positions of
the arch haunch, the vault, and the inverted arch can produce large
extrusion deformation and tensile stress. On the shallow-buried

side of the supporting structure, the arch haunch to the wall foot
can produce outward extrusion deformation.

Control effect of grouting steel pipes

According to the deformation characteristics of surrounding rock
and supporting structure with different SRI-crossing positions, the
cracking of the secondary lining is mainly attributed to the shear and

FIGURE 21
Ground reinforcement of grouting steel pipes: (A) Detailed design of grouting steel pipe and (B) Numerical simulation of ground reinforcement.

FIGURE 22
Controlling effects of grouting steel pipes: (A) Deformation of surrounding rock (unit: m); (B) Plastic zone of surrounding rock; (C) Deformation of
secondary lining (unit: m); and (D) First principal stress of secondary lining (unit: Pa).
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extrusion of the rock mass caused by the sliding of the upper rock and
soil mass after tunnel excavation. In such tunnels, the sliding of the
upper rock and soil should be controlled. It is recommended to insert
grouting steel pipes or anti-slide piles perpendicular to the SRI on the
upper part of the deep-buried side of the tunnel. Taking the tunnel
arch haunch crossing the SRI as an example, the effect of grouting steel
pipes on controlling rock mass deformation and supporting structure
stress is analyzed by the numerical simulation, and the specific design
of grouting steel pipes is shown in Figure 21. Grouting steel pipes are
simulated by anchor cable elements with the elastic modulus of
210 GPa and slurry bonding force of 15 kN.

The numerical results (Figure 22) show that after inserting grouting
steel pipes, the deformation of surrounding rock is reduced by 32%
compared with that before inserting grouting steel pipes. In particular,
the deformation is markedly reduced near the grouting steel pipes. The
plastic zone of surrounding rock is also changed distinctively, the shear
slip surface disappears, and the surrounding rock is only subjected to
tension. In addition, the first principal stress of the secondary lining is
reduced by 34% and the secondary lining is mainly squeezed after
inserting grouting steel pipes. The reinforcement area of the grouting
bolts is mainly subjected to unsymmetrical pressure, and the
unsymmetrical pressure state of the structure disappears.
Furthermore, the deformation of the secondary lining is reduced by
43.9% after inserting grouting steel pipes. In summary, both the stress
and deformation of the secondary lining are effectively controlled by
inserting grouting steel pipes.

Conclusion

In this paper, a combination ofmodel tests and numerical simulations
is used to characterize the deformation of surrounding rock and the stress
of supporting structure in a shallow-buried biased tunnel crossing the
soil–rock interface (SRI). A highway tunnel in southwest China with
severe cracking of the secondary lining at the entrance section is taken as
an example. The major findings are as follows:

1) The surface displacement is the largest along the tunnel centerline
and decreases toward both sides, with the deep-buried side being
influenced more than the shallow-buried side. When the arch
spring of the tunnel passes through the SRI, it has the greatest
influence on the displacement of surrounding rock. The
deformation of surrounding rock is smaller for the tunnel arch
haunch crossing SRI than that for the tunnel arch spring crossing
the SRI. When the tunnel vault and inverted arch cross the SRI, the
deformation of surrounding rock is relatively small.

2) The plastic zone of surrounding rock exhibits a remarkable
asymmetric distribution after tunnel excavation. It is mainly
located in the stratum above the SRI on the deep-buried side of
the tunnel, showing a distinct shear slip surface. The plastic zone is
changed most prominently when the tunnel arch haunch or arch
spring passes through the SRI, and it is least influenced when the
tunnel vault passes through the SRI. The surrounding rock slides
along the SRI, resulting in the first failure of the left arch haunch
and the left arch spring. The plastic zone tends to continuously
expand upward from the left arch haunch and has emerged in the
surface soil over a large range.

3) The surrounding rock pressure peaks at the crossing positions of
SRI and tunnel, when the tunnel arch haunch or arch spring passes

through the SRI. The law of surrounding rock pressure is
consistent with the outer circumferential stress of the
supporting structure.

4) When the tunnel arch spring passes through the SRI, the first
principal stress is concentrated at the left arch haunch (2.3 MPa).
As the SRI moves upward relative to the tunnel position, the first
principal stress at the left arch haunch decreases with the tunnel
arch haunch and vault crossing the SRI, in contrast to the slow
increase at the inverted arch. When the tunnel wall foot passes
through the SRI, the stress is relatively low at the left arch haunch.

5) When the tunnel crosses the SRI, the supporting structure is
subjected to extrusion and shearing in three different modes:
mainly shearing (tunnel vault crossing the SRI), simultaneous
extrusion and shearing (arch haunch and arch spring crossing
the SRI), and mainly extrusion (wall foot crossing the SRI).

6) Inserting grouting steel pipes perpendicular to the SRI on the deep-
buried side of the tunnel can effectively control the deformation of
surrounding rock. Compared with that before inserting grouting
steel pipes, the deformation of surrounding rock is reduced by 32%,
and its shear slip surface disappears. In addition, the
unsymmetrical pressure effect of the secondary lining is
markedly alleviated, and its first principal stress is reduced by 34%.
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