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Featured Application: Intensive boreholes were drilled at the Guobo underground station to ob-
tain a large number of rock cores in Chongqing, China. The mechanical properties and softening
coefficients of the mudstone and sandstone were obtained by a series of tests. The in situ stresses
were measured by the acoustic emission method with the core samples in the laboratory. Potential
risks and suggestions were put forward for the underground station construction and operation.

Abstract: Chongqing is a mountain city in western China with a complex geological environment,
which brings many difficulties to the construction of large sections of underground projects. In order
to avoid serious problems in the construction of Guobo Station with large sections, intensive coring
and laboratory tests were carried out to obtain the rock mass properties in detail. The boreholes
reveal that the lithology of the rock mass in the project area consists mainly of mudstone and a small
area of sandstone. The uniaxial compressive strength (UCS) and the Brazilian tensile strength (BTS)
of mudstone are highly scattered, which are 4.43~42.43 MPa and 0.66~4.30 Mpa, respectively, but
they all show a lognormal distribution. The average UCS of sandstone is 65.31 MPa, and the BTS is
3.06 MPa. Meanwhile, the softening coefficients of mudstone and sandstone are 0.33 and 0.73, which
indicate that the water content has a great influence on the mechanical properties of the rock. For the
in situ stress field, the relationship between the three principal stresses is as follows: the maximum
horizontal principal stress > minimum horizontal principal stress > vertical principal stress, and the
lateral pressure coefficient is 2.11~5.71. Based on the present experimental results, it is proposed that
the potential risks of excavation include: (1) bias pressure (2) high in situ stress; (3) surrounding
rock deterioration.

Keywords: mudstone; mechanical properties; softening coefficient; in situ stress; bias stress; deterioration

1. Introduction

Chongqing is one of the central cities in western China. It is also an important hub for
the medium and long–term plans of China’s eight horizontal and eight vertical high–speed
railway networks, and it occupies an important position in China’s railway transportation.
It is located in the Ridge and Valley Province of Chuandong, and the landform is dominated
by mountains and hills, of which mountains account for more than 76%, which is known
as a mountain city. Thus, tunnels have become key projects in local engineering [1,2]. The
main geological and environmental characteristics in the Chongqing region are as follows:
interbedded deposits of mudstone and sandstone are widely distributed and belong to a
typical red layer [3]; crustal movements are very active; rainfall is abundant and strong [4].
These geological and environmental characteristics may produce a complex in situ stress
field. Meanwhile, the surrounding rock is dominated by soft rock, which is easily softened
by water. Such landforms and poor geological conditions adversely impact the construction

Appl. Sci. 2022, 12, 10873. https://doi.org/10.3390/app122110873 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app122110873
https://doi.org/10.3390/app122110873
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-0584-665X
https://doi.org/10.3390/app122110873
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122110873?type=check_update&version=3


Appl. Sci. 2022, 12, 10873 2 of 17

of tunnels, such as large deformation, which often leads to the failure of the surrounding
rock and supporting structure of the tunnel [5,6]. For example, the Jiazhuqing tunnel [7],
Yacambú–Quibor tunnel [8] and Simplon tunnel [9] all experience large deformations due
to the soft surrounding rock and poor geology conditions. In addition to large deformations,
tunnel collapse, water and mud inrush are also common geological disasters in soft rock
tunnel construction [10,11]. Therefore, an in–depth study of the mechanical properties
of rock masses is highly necessary for the typical difficult tunnel projects in this area. It
will help estimate the possible risks of tunnel excavation, and it has important guiding
significance for the design and construction of tunnels in similar geological areas.

Many scholars have conducted relevant studies on soft rock tunnels. Bizjak and Borut
Petkovšek [12] studied and analyzed the tunnel rock behaviors of a large span tunnel in
soft rock with a small to medium overburden. They found that the major displacement
component of the tunnel walls was in the vertical direction and that the tunnel convergence
was not stopped until the pipe ring was entirely closed with the inverted construction.
Zhong et al. [13] studied the bottom heave of the Taoshuya tunnel and proposed that the
main reasons for the bottom heave of the soft rock tunnel are the buckling and instability
of the tunnel floor, the softening and expansion of soft rock in water, and the rheology of
soft rock. Under different geological conditions, these three factors have different effects
on floor heave. Piotr Małkowski et al. [14,15] analyzed the in situ measurement results of
coal mine roadway measuring stations and proposed the calculation method for the floor
heave. They found that, in the absence of an impact of geological factors on the stability of
the excavation, the floor upheaval depends on the floor rock’s compressive strength σc and
Young’s modulus E; in the case of rock mass, the condition affected by water depends on the
rock’s compressive strength reduction after submerging rock in the water and, in the case
of the fault, depends on the fault’s throw. It is worth mentioning that the time parameter is
considered in the proposed calculation methods. In addition, a floor heave model, which
covers a dry floor condition in which the parameters of the Hoek–Brown failure criterion
are gradually lowered over time, and a waterlogged floor condition, in which the strength
and strain parameters of the rocks are gradually reduced in line with their progressive
saturation, is also presented. The consistency of the modeling and the observational results
for the waterlogged roadway conditions is high. Hafeezur Rehman et al. [16] discussed the
alternate bed of sandstone, siltstone and shale and their behavior in deep tunnels. Li. [17]
used FLAC3D to calculate the distribution characteristics of the stress field, displacement
field and seepage field of the surrounding rock of a double arch tunnel with or without the
seepage effect. The results showed that the stress field of the surrounding rock without
considering the seepage effect is generally larger than that with considering the seepage
effect. The horizontal stress of the former is 20–30% higher than that of the latter, while
the vertical stress is almost the same. The settlement of the tunnel crown is nearly twice as
large as that without considering the seepage effect, and the horizontal displacement is not
much different.

All the above studies refer to the tunnels that have been excavated or completed, and
few scholars have conducted in–depth studies on the surrounding rocks in the project area
before tunnel excavation.

Therefore, this paper will first conduct laboratory tests on a large number of rock cores
obtained from the intensive boreholes in the project area to obtain the basic mechanical and
softening properties of the surrounding rock. Meanwhile, the in situ stress field will be
determined by the core repositioning technology and acoustic emission method. Finally,
we will discuss the possible problems and corresponding suggestions for underground
station excavation and operation in the near future.

2. Project Overview and Geological Conditions of the Area

The Ridge and Valley Province of Chuandong is located in the east of the Sichuan
Basin. Affected by the distribution, geometric characteristics and fault boundary conditions
of the rigid basement and brittle layer detachment layer in the Sichuan Basin, Ridge and
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Valley Province of Chuandong, has become the most orderly mountain range combination
area in China and also the most Jura–type fold mountain in the world [18–21]. In this
area, there are more than 30 northeast–southwest aligned parallel mountains. Figure 1a
shows the location of the project, which illustrates that the project will be constructed
under significantly difficult geological conditions between Huaying Mountain and Tongluo
Mountain. Meanwhile, the stratum here is the red beds of the eastern Sichuan Basin, which
are continental sedimentary rocks consisting of alternating red mudstone and celadon
sandstone or silts [22,23].
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The Jinshan tunnel area has a low hill landform, with a ground elevation of 225~380 m
and a relative elevation difference of 40~120 m. Meanwhile, the natural slope angle
is between 10~30◦, with some steep gullies. The Guobo underground station will be
built along the Jinshan tunnel by employing the drilling and blasting method, which is a
double–layer underground railway station with a total length of 284 m. Figure 1b shows
the longitudinal section, typical X–sections and corresponding stratum of Guobo Station.
The initial geological survey report indicates that the surrounding rock of the station’s
project area belongs to grades IV~V, and the strata are mainly mudstone in the main body
section and mudstone intercalated with sandstone in the portal section. From the inlet to the
outlet, the dip of the rock stratum gradually turns to the northwest, then to the southwest,
and finally to the northwest, and the dip angle of the rock stratum roughly slows down.
Meanwhile, two sets of rock mass joints exist in the project area; their occurrences are
N85◦W/68◦NE and N80◦W/90◦, respectively. From the X–section, it can be seen that the
Guobo station belongs to a super large section with an excavation width of 23.993 m and
an excavation height of 22.278 m. In the preliminary planning of the station, it is proposed
to adopt the initial support mode of a combination of shotcrete and erecting steel arches. In
addition, advanced support is also considered in some areas to improve the mechanical
properties of the rock mass.

As shown in Figure 2, the boreholes in the project area of the station are divided into
the body section and the portal section. The borehole range of the body section is from
HMDK15 + 388 to HMDK15 + 673, including an intensive boring area from HMDK15 + 493
to HMDK15 + 553. Three rows of boreholes are arranged longitudinally; one row is
arranged in the centerline of the tunnel, two rows are arranged at 13 m on each side of the
centerline of the tunnel, and 22 boreholes are bored in each row. A total of 66 boreholes
are drilled in less than 300 m, and the borehole density of the body section is extremely
high. Meanwhile, there are two boreholes, 4–4 and 4–6, at the tunnel entrance section. The
boreholes reveal that the lithology of the rock cores taken from borehole 4–4 is sandstone
and that the lithology of the rock cores taken from the other boreholes is mudstone.
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3. Test Methods

In this paper, the comprehensive experimental studies on the mudstone and sandstone
taken from boreholes were carried out according to “Methods for determining the physical
and mechanical properties of coal and rock (GB/T 23561.10—2010)” [24], including an
X–ray diffraction component analysis, uniaxial compression test (UCT), Brazilian splitting
test (BST), softening coefficient test, and triaxial compression test (TCT). Meanwhile, the in
situ stresses in the project area were also measured by the acoustic emission (AE) method.

3.1. Sample Preparation

The rock cores of each borehole were drilled, cored and ground to obtain standard
samples, and the prepared samples from different boreholes are shown in Table 1 and
Figure 2d. A semi–quantitative phase analysis using X–ray diffraction shows that the
main components of mudstone included 34.3% quartz, 22.2% illite, 21.3% muscovite and
14.5% albite, and that of sandstone included 53.4% quartz, 14.7% albite, 14.7% sylvite and
13.0% anorthite.

3.2. Test Equipment and Materials

The UCT, BST and TCT were carried out using the MTS 815 triaxial physical property
test system (Figure 3) developed by Mets Industrial Systems Co., Ltd. (Adachi, Tokyo) This
servo–hydraulic system has high sensitivity and is an accurate and advanced piece of rock
mechanics test equipment. The maximum uniaxial load can reach 4600 kN, the maximum
triaxial load is 2600 kN, and the confining pressure can be increased to 140 MPa with only
a 0.5% error. During the tests, the loading mode was set as the displacement control at a
loading rate of 0.12 mm/min.

The softening coefficient test was carried out by using the Instron 1346 electrohydraulic
servo test machine (Figure 4). The samples were divided into a dried group and a saturated
group before testing. The samples of the dried group were prepared by placing the
samples into a 105 ◦C constant temperature oven for 24 h, and the method used for the
saturation specimens was to soak the dried samples in water for 24 h (Figure 5). During
the experiments, the loading mode was first set as the force control, at a loading rate of
30 kN/min for mudstone and 60 kN/min for sandstone, and then to the displacement
control at a loading rate of 0.12 mm/min.
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Table 1. Rock samples prepared from different boreholes.

Borehole No. Test Content Specimen No. Number of Samples

1–2,1–5,1–9,1–11,1–13,
1–17,1–21

UCT and TCT
(Sample size: ϕ50 × 100)

UCT:
Drill core No.–A– number 23

2–2,2–5,2–9,2–11,2–13,
2–17,2–21 BST

(Sample size: ϕ50 × 25)

BST:
Drill core No.–B– number 45

3–2,3–5,3–9,3–11,3–13,
3–17,3–21,
4–4,4–6

TST:
Drill core No.–C– σ3

6

1–14,4–4

Softening coefficient test Dried group:
Drill core No.–D– number 5

(Sample size: ϕ50 × 100) Saturated group:
Drill core No.–E– number 5

1–1,1–4,1–8,1–10,1–12,
1–14,1–18,1–22 In situ stress test Vertical group:

Drill core No.–E– number 72

2–1,2–4,2–8,2–10,2–12,
2–14,2–18,2–22

(Sample size: ϕ50 × 100 for horizontal
group and ϕ25 × 50 for vertical group)

Horizontal group1:
Drill core No.–F– number 96

3–1,3–4,3–8,3–10,3–12,
3–14,3–18,3–22

Horizontal group2:
Drill core No.–G– number 96

Horizontal group3:
Drill core No.–H– number 96
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The in situ stress measurement tests were carried out by the MTS 815 system and PCI–II
multichannel acoustic emission instrument (Figure 5). The core specimens for the in situ
stress measurement of the project area were obtained with a cover depth of approximately
60 m. For the selected cores, a new incorporating non–oriented core ground reorientation
method was used to locate the surface accurately [25], and then the “four–direction method”
was adopted to obtain samples (Figure 5). The four–direction method involves drilling
three samples in the vertical direction to determine the vertical in situ stress by obtaining
the Kasai points of the samples. Four samples are drilled at 45◦ intervals in the horizontal
direction at three angles to determine the direction of the horizontal maximum principal
stress, the horizontal minimum principal stress, and the horizontal principal stress by
obtaining the Kasai points of the samples.
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Figure 5. AE test system and in situ stress measurement samples.

4. Test Results and Analysis
4.1. UCT and BST

Figure 6 shows the complete stress–strain curves and the load–displacement curves
of the mudstone and sandstone specimens in the natural state under the UCT and BST.
The main mechanical properties of the samples are obtained, which are listed in Table 2.
It can be seen that the stress–strain curves all have five stages: crack closure stage, elastic
deformation stage, crack initiation and stable crack growth stage, unstable crack growth
to failure stage and post–peak stage. Meanwhile, the ultimate deformation of sandstone
is much greater than that of mudstone. Although the mudstone all drills from the project
area, the strength of the samples varies greatly from the different boreholes. The uniaxial
compressive strength (UCS) of mudstone ranges between 4.43~42.43 MPa, with an average
UCS of 18.60 MPa, and the Brazilian tensile strength (BTS) ranges between 0.66~4.30 MPa,
with an average value of 1.51 MPa. This indicates that the mechanical properties of
the rock mass in the project area are highly scattered. After a statistical analysis of the
results, as shown in Figure 7, it can be found that the distribution of the UCS and BTS of
mudstone basically conforms to a lognormal distribution, and the ratio of the UCS to BTS
is approximately 10. Meanwhile, the average UCS of sandstone is 65.31 MPa, and the BTS
is 3.06 MPa. The former is approximately 21.34 times greater than the latter one.
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Figure 6. Typical stress–strain curves (a) and the load–displacement curves (b) of the mudstone and
sandstone specimens under UCT and the BST.

Table 2. Mechanical properties of rock specimens tested in a natural state.

Borehole No. Lithology UCS (MPa) BTS (MPa) Young’s Modulus
(GPa)

1–2 Mudstone 4.43 1.47 1.3
1–5 Mudstone 11.66 1.23 2.4
1–9 Mudstone 14.88 1.13 2.4

1–11 Mudstone 16.48 1.60 2.7
1–13 Mudstone 23.02 2.03 2.5
1–17 Mudstone 15.30 3.59 2.2
1–21 Mudstone 19.86 0.93 4.9
2–2 Mudstone 19.84 0.85 1.9
2–5 Mudstone 15.23 1.08 1.7
2–9 Mudstone 21.38 1.34 2.9

2–11 Mudstone 10.60 1.36 2.3
2–13 Mudstone 22.27 0.85 3.6
2–17 Mudstone 13.36 0.85 1.7
2–21 Mudstone 35.89 1.98 4.3
3–2 Mudstone 14.10 0.66 1.7
3–5 Mudstone 12.72 1.97 2.1
3–9 Mudstone 19.48 1.47 2.6

3–11 Mudstone 27.80 1.91 3.3
3–13 Mudstone 14.24 1.02 3.2
3–17 Mudstone 42.43 4.30 5.2
3–21 Mudstone 21.45 1.01 2.1
4–6 Mudstone 12.68 0.70 1.2
4–4 Sandstone 65.31 3.06 8.5
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4.2. TCT

The TCT was only conducted for mudstone, which is widely distributed in the project
area. To avoid the discreteness of the triaxial compressive strength, since the samples are
taken from different boreholes, the TCT was conducted on samples whose strength was
near the mean value of the UCS. The confining pressure is determined as four gradients
of 0 MPa, 4 MPa, 8 MPa and 12 MPa according to the measured in situ stress results and
uniaxial compressive strength. The triaxial compressive strength of mudstone conforms to
the general law of previous studies on soft rock; that is, with increasing confining pressure,
the triaxial compressive strength of the sample also increases. From the stress–strain curve
(Figure 8a), it can be seen that the elastic modulus and residual strength of the samples also
increase with increasing confining pressure. Figure 8b shows the Mohr–Coulomb strength
curve of the mudstone. Figure 8c shows the Mohr’s circles obtained according to the mean
value of the triaxial test. Through the linear Coulomb envelope, it can be calculated that
the cohesion is 2.90 MPa, and the internal friction angle is 40.0◦.
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However, in rock masses, due to the existence of joints, fissures and weathering condi-
tions in complex environments, the rock parameters obtained from laboratory tests cannot
be directly adopted by the project. It is necessary to provide the mechanical parameters of
rock mass in the project area based on the test parameters of intact rock in the laboratory
by a reasonable model. The Hoek–Brown criterion is widely used in this process [26–28],
and the expression is:

σ1 = σ3 + σc(mb
σ1

σc
+ s)

α
(1)

mb = mi
(GSI−100

28 ) (2)

s = e
GSI−100

9 , α = 0.5(GSI > 25) (3)

s = 0, α = 0.65− GSI
200

(GSI < 25) (4)

σcm =
√

sσc (5)

Erm = Ei

(
0.02 +

1

1 + e
60−GSI

11

)
(6)

where σ1 and σ3 are the maximum and minimum principal stresses of the rock, σc and σcm
are the uniaxial compressive strength of the intact rock and rock mass, respectively, Ei and
Erm are the Young’s modulus of the intact rock and rock mass, respectively, mb and mi are
the Hoek–Brown constants of the rock mass and intact rock, respectively, and GSI is the
geological strength index.
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σ1, σ3, σc and mi can be obtained from the TCT. The initial survey results in the project
area show that there is a strongly weathered layer in the surrounding rock of the project
area, and the integrity coefficient KV is 0.66–0.72. The integrity of the rock mass is relatively
good, but with severe weathering conditions. According to the quantified GSI rock mass
classification system [29], the GSI value of the rock masses in the project area ranges
between 40 and 50. Table 3 shows the mechanical parameters of the rock mass in the project
area. With the increase in the GSI value, the UCS of the rock mass increases, but all of them
are less than 1 MPa. The engineering mechanical properties of rock masses are very poor.

Table 3. Mechanical parameters of rock mass.

mi α GSI mb s UCS (MPa) Young’s Modulus (GPa)

13.36 0.5

40 1.567 0.0013 0.481 0.42
42 1.683 0.0016 0.544 0.48
44 1.808 0.0020 0.614 0.55
46 1.942 0.0025 0.692 0.63
48 2.086 0.0031 0.779 0.72
50 2.240 0.0039 0.875 0.81

4.3. Softening Coefficient Test

Table 4 shows the main softening characteristics of the mudstone and sandstone, which
are obtained by the UCT of the dried and saturated samples. The softening coefficient of
mudstone is as low as 0.33, which indicates that the moisture content has a significant effect
on the strength of mudstone. The softening coefficient of sandstone is 0.73, which reveals
that the moisture content also has a great effect on the strength of sandstone. In addition,
the stress–strain curve also shows that the Young’s modulus of the saturated group is
significantly lower than that of the dried group for mudstone, while this characteristic is
not obvious for sandstone.

Table 4. The softening coefficients of mudstone and sandstone samples.

Specimen
No. Lithology UCS (MPa) Group Average

Value (MPa)
Softening
Coefficient

1–14–D–1 Mudstone 54.12 dried

61.59

0.33

1–14–D–2 Mudstone 69.05 dried

1–14–D–3 Mudstone 17.90
The specimen has
cracks before test

(excluded)

1–14–E–1 Mudstone 17.64 saturated

20.381–14–E–2 Mudstone 18.59
The specimen has

cracks before
test(excluded)

1–14–E–3 Mudstone 23.11 saturated

4–4–D–1 Sandstone 87.40 dried
89.08

0.73
4–4–D–2 Sandstone 90.76 dried

4–4–E–1 Sandstone 69.46 Saturated
64.634–4–E–2 Sandstone 59.79 Saturated

Figure 9 shows the typical complete stress–strain curves and failure photos of the
mudstone and sandstone samples. For mudstone, the curve of the dried group rises faster
in the pre–peak area, and the ultimate strength is greater, but the brittleness is higher than
that of the saturated group. The failure modes are all shear failures. For sandstone, the
rising rate of the curve in the pre–peak area of the dried group and saturated group is close,
and the brittleness is higher than that of mudstone. The ultimate strength of the dried
group is higher than that of the saturated group. The failure mode of the dried group is a
shear failure with a crisp sound and rock block collapse. However, the failure mode of the
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saturated group shows shear and splitting failures. It should be noted that, in the softening
coefficient test, the strength of the mudstone samples in the saturated state is higher than
the average value in the natural state shown in Section 4.1. On the one hand, the samples
are taken from 1–14 boreholes, and the UCS in the natural state is higher than the average
value. On the other hand, it also shows that the water content in the surrounding rock of
the project area with shallow cover depth is close to the saturated state due to coring in the
rainy season.
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In general, the strength of the surrounding rock of Guobo station is highly sensitive
to water. In the construction and operation management of tunnels, the prevention and
control of the risk caused by precipitation and groundwater should be carefully considered.

4.4. In Situ Stress Test

To obtain the in situ stress in the project area, the Kaiser points of the samples were
obtained by the AE method. The Kaiser point of the samples in the vertical group is its
vertical principal stress. The horizontal principal stress and the maximum principal stress
direction are calculated from the three Kaiser points in the horizontal group by the principle
of elasticity: 

σH = 1
2 (σI + σIII) +

1
2cos2θ (σI − σIII)

σh = 1
2 (σI + σIII)− 1

2cos2θ (σI − σIII)

tan2θ = 2σII−σI−σIII
σI−σIII

(7)

where σI, σII and σIII are the Kaiser points in the directions of 0◦, 45◦ and 90◦ of the
horizontal group, σH and σh are the maximum and minimum principal stresses of the
horizontal direction, and θ is the direction of the horizontal maximum principal stress.

Figure 10 and Table 5 show the in situ stress distribution at each measuring point. Ver-
tical stress is basically equivalent to gravitational stress. The relationship between the three
principal stresses is as follows: the maximum horizontal principal stress (σH) > minimum
horizontal principal stress (σh) > vertical principal stress (σV). The directions of the max-
imum horizontal principal stress are consistent; in the WNW direction, the azimuth is
distributed in N 45◦ W~N 65◦ W, and σH ranges from 4.25 to 7.36 MPa. The ratio of
the maximum horizontal principal stress to the vertical principal stress (lateral pressure
coefficient) is from 2.11 to 5.71, with an average value of 3.39, which varies greatly in
the project area. On the one hand, this is caused by the larger or smaller lateral pressure
coefficient measured at a few boreholes. The lateral pressure coefficient measured at most
boreholes is between 3.17 and 3.72. On the other hand, the lateral pressure coefficient may
be related to the distribution of the major joints and local groundwater in the project area.
The existence of the joints affects the stress transmission of the rock mass, and seepage of
the rock mass also has a certain impact on in situ stress [30], which may lead to a local stress



Appl. Sci. 2022, 12, 10873 12 of 17

concentration. When the lateral pressure coefficient is large, a tensile stress concentration
may occur on the side walls of the roadway (circular section > 3, square section > 1.2) after
excavation, and the value and range of tensile stress will increase with the increase of the
lateral pressure coefficient [30–32]. Since the tensile strength of the rock mass in the project
area is extremely low, the stress on the side walls of the station shall be mainly considered
to avoid large tensile stress concentration zones on the side walls after the excavation of
the rock masses in the station. In addition, the absolute value of the in situ stress is not
very high; however, compared with the mudstone with a low strength, which is widely
distributed in the project area, the in situ stresses are relatively high. Therefore, it is an
unfavorable factor to be considered during excavation.
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(a) the first row, (b) the second row, and (c) the third row at the Guobo station.

Table 5. In situ stress measurement results of the project area.

Borehole
No.

Buried Depth of
Measuring Point

(m)

σV
(MPa)

σg
(MPa)

σH
(MPa)

σh
(MPa)

θ
(◦)

1–1 58.00 1.42 1.57 4.88 3.43 −56.08
1–4 58.50 1.88 1.58 6.29 1.21 −56.82
1–8 57.20 1.73 1.54 5.78 1.87 −48.61

1–10 60.00 1.99 1.62 6.48 1.77 −62.30
1–12 48.50 1.86 1.31 6.27 2.35 −57.83
1–14 64.53 1.64 1.74 5.20 3.38 −51.33
1–18 65.26 1.62 1.76 5.13 3.18 −58.61
1–22 61.30 1.47 1.66 4.79 2.14 −61.34
2–1 60.00 1.95 1.62 4.12 2.93 −51.03
2–4 60.49 1.79 1.63 5.68 1.68 −60.46
2–8 58.82 1.73 1.59 5.15 2.04 −58.90

2–10 60.00 1.70 1.62 4.35 3.02 −51.33
2–12 58.30 1.75 1.57 6.21 2.18 −56.47
2–14 64.10 1.91 1.73 6.11 2.53 −54.12
2–18 63.30 1.71 1.71 5.65 2.52 −57.01
2–22 68.00 1.51 1.84 5.53 2.32 −56.48
3–1 64.00 2.16 1.73 7.36 2.11 −54.15
3–4 64.00 1.49 1.73 5.54 1.68 −62.75
3–8 60.45 1.52 1.63 5.19 2.35 −63.64

3–10 60.00 1.26 1.62 7.20 2.01 −54.25
3–12 58.00 1.59 1.57 4.25 3.29 −50.42
3–14 65.50 1.35 1.77 5.46 1.89 −55.23
3–18 58.80 1.91 1.59 6.64 2.27 −51.94
3–22 68.00 1.70 1.84 6.93 1.55 −58.38

σV: vertical principal stress; σg: gravitational stress; σH: maximum horizontal principal stress; σh: minimum
horizontal principal stress; θ: direction of maximum horizontal principal stress.
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5. Discussion

The lab test and initial geological survey show that the station project area is located
in Yubei District, Chongqing, which is rich in seasonal precipitation. The terrain fluctuates
greatly, and the surrounding rock is mainly mudstone with strong softening properties
when encountering water. Meanwhile, the relative value of the in situ stress is high. There-
fore, the possible risks in the station excavation and subsequent operation mainly include
the following: (1) large bias pressures and asymmetric deformation of the surrounding
rock; (2) high in situ stresses, which may lead to large deformation during excavation;
(3) long–term water–rock interactions, which can result from the surrounding rock in
deteriorating continuously, and engineering defects may occur in the service life.

5.1. Bias Pressures

The geological section map of the project area shows that the terrain of the station
excavation area fluctuates greatly. In some sections, the cover depth difference between the
left and right sides of the station is large, causing the vertical pressure to be biased. Taking
the entrance section as an example (Figure 11), a simplified diagram of the bias calculation is
obtained based on the geological profile and the code for the design of railway tunnels [33].
The rock mass friction angle (ϕc) is taken as 23.52◦ when the GSI is 50, and the top plate
friction angle (θ) is taken as 14.11◦, which is 0.6 times ϕc. According to the same method,
the bias pressure on three typical bias sections is calculated (Table 6). The data shows that in
the sections HMDK15 + 388, HMDK15 + 520 and HMDK15 + 560, the differences between
the loads on the vault of the deeply buried side and the shallow buried side are 36.30 kPa,
13.21 kPa and 29.47 kPa, respectively, and those on the arch bottom are 53.12 kPa, 21.10 kPa
and 41.24 kPa, respectively. With increasing cover depth, the load difference on both sides
of the tunnel increases obviously. Such a large difference indicates that the bias pressure
cannot be ignored during excavation. Asymmetrical deformation of the surrounding rock in
the working face and an unsymmetrical stress state of the primary support structure easily
occur during bias pressure tunnel excavation [34]. Therefore, the pre–reinforcement method
of pipe shed grouting should be adopted to improve the unfavorable stress state of the
lining under bias pressure [35]. Considering the large excavation section, the double–side
heading method with double–side supports also can be adopted to ensure stability during
the excavation of Guobo station [36].
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Table 6. Bias load at some typical sections of the Guobo station.

Section Mileage Slope Angle α(◦) e1′ (kPa) e1(kPa) e2′ (kPa) e2(kPa)

HMDK15 + 388 22.42 22.96 59.26 45.14 98.26
HMDK15 + 520 12.70 19.65 32.86 43.33 64.43
HMDK15 + 560 19.22 29.19 58.66 51.92 93.16

5.2. High In Situ Stresses

High in situ stresses will lead to engineering problems for the construction of a large
section tunnel. Some scholars believe that an in situ stress greater than 30 MPa is an
extremely high in situ stress, and others think that the high in situ stress should be defined
from the perspective of the strength–stress ratio, that is, the ratio of the maximum principal
stress of the surrounding rock and its strength, and in situ stress should be lower than
a certain value, which can be regarded as high in situ stress [37]. However, no matter
how high in situ stress is defined, research and engineering practices show that when the
strength–stress ratio is lower than a certain value, the tunnel is prone to large deformation
during excavation. The strength–stress ratio of the surrounding rock in the Guobo station
project area is 0.12~0.21 (GSI = 50), the grade of large deformation is serious, and serious
large deformation may occur during excavation [38]. Based on the experience of similar
working conditions, circular yielding support technology can be used to control the tunnel
displacement by making the elastic–plastic deformation of the pressure device absorb and
consume energy [39,40].

5.3. Surrounding Rock Deterioration

The water–rock interaction is a problem faced in almost all tunneling projects [41].
A large number of studies have shown that long–term water–rock interactions in soft
rock tunnels are an important cause of tunnel damage during their construction and
operation, with many tunnels suffering from water softening of mudstone [42]. The
softening coefficient test has shown that the surrounding rock of the station is sensitive to
water. In the seasonally precipitation–rich area, the shallow buried surrounding rock will
be subjected to the repeated action of wetting and drying for a long time, which will reduce
the mechanical properties of the surrounding rock. The Laifosi Tunnel in Chongqing,
with its geological conditions very similar to those of Guobo Station, was found to have
a number of serious to severe defects approximately 4 years after opening for operation.
Then, the first remediation of the tunnel defects was carried out in 2010. Unfortunately,
after approximately 10 years of treatment, tunnel defects continued to develop, and disease
treatment had to be resumed again in 2020. One of the main reasons for the continuous
development of the tunnel defects was the continuous deterioration of the mudstone caused
by long–term water–rock interactions. Lessons learned from the past can guide one in
the future. This reminds us that when building the Guobo station with a larger section,
we must reinforce the surrounding rock more effectively. Furthermore, we should also
take more careful waterproofing and drainage measures, not only during the construction
period but also during the entire service life of the station, to ensure that the station will
not suffer from damage.

6. Conclusions

(1) The rock mass in the Guobo station project area is mainly mudstone, and sand-
stone is only found at borehole 4–4. The UCS of mudstone in the natural state is
4.43~42.43 MPa, with an average value of 18.60 MPa. The BTS is 0.66~4.30 MPa, and
the average value is 1.51 MPa. The strength of the mudstone specimens differs greatly
from different boreholes, but both the UCS and BTS obey lognormal distributions.
The average UCS of sandstone in the natural state is 65.31 MPa, and the average BTS
is 3.06 MPa.
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(2) The softening coefficients of mudstone and sandstone are 0.33 and 0.73, respectively,
which indicates that the water content has an important impact on the strength of
both mudstone and sandstone but has a greater effect on mudstone.

(3) The in situ stress field in the project area is affected by horizontal tectonism. The
relationship of the principal in situ stresses is: σH > σh > σV. In the area with a
cover depth of approximately 60 m, the maximum horizontal principal stress ranges
between 4.25~7.36 MPa. The azimuth is distributed between N45◦W~65◦N◦W, and
the lateral pressure coefficient is 2.11~5.71, with an average value of 3.39. A large
lateral pressure coefficient may cause a tensile stress concentration on the side walls
of the station after excavation.

(4) The uniaxial compressive strength of the rock mass at Guobo station does not exceed
1 MPa. The strength–stress ratio of the surrounding rock is only 0.12~0.21 when
the GSI is 50, which indicates that the tunnel is prone to large deformation during
excavation.

Based on the present experimental results and risk analysis results, we propose the
following suggestions for the excavation and support methods of the station: (1) in terms of
the excavation method, the double–side heading method with double–side supports may
be the best excavation method; (2) in terms of the support methods, the pre–reinforcement
method of pipe shed grouting should be adopted to improve the unfavorable stress state of
the lining under bias pressure. Aside from this, it is also advisable to reserve enough defor-
mation space, to improve the strength of the initial support and to perform waterproofing
during the whole life cycle of the station.
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