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Abstract: The detailed analysis of the initial ground stress distribution law is an important work
for the safety of tunnel construction and operation. Especially, the high ground stress phenomenon
in the deep-buried tunnel area is common, which has a great impact on the tunnel construction.
Based on the on-site measured ground stress data, the analysis of the initial ground stress field by
numerical simulation and multiple linear regression is mainly described in this study. Following the
comparison and selection of three coefficient estimation methods for the regression equation, the best
regression method is selected for inversion and verification. The distribution characteristic of the
initial ground stress at different buried depths of the tunnel line is obtained. The inversion results of
the initial ground stress in a tunnel area, in China, show that the lateral pressure coefficient gradually
decreases with the buried depth increasing, while the overall lateral pressure coefficient is in the
range of 1.0–2.0, showing a more significant horizontal tectonic. At the area where the tunnel passes
through the fault, a small amount of horizontal tectonic stress is released. The ratio of horizontal
principal stress to vertical principal stress is smaller than that on both sides, which is different from
the distribution characteristic of lateral pressure coefficient without the impact of fault. It shows that
faults have a great influence on ground stress. The lateral pressure coefficient in the area near the
fault must be determined according to the on-site measured results.

Keywords: initial ground stress inversion; numerical simulation; multiple linear regression; deep-
buried tunnel; lateral pressure coefficient

1. Introduction

Ground stress is the inherent force that causes deformation and even breaking of
surrounding rock during tunnel construction without proper design. It seriously affects the
regional stability of strata. Many engineering geological disasters, such as large deformation
of soft rock section and rockburst of hard rock section, are related to the initial ground
stress of stratum rock mass [1]. Therefore, to ensure the safe construction of the tunnel, it is
necessary to test the initial ground stress in the construction area before the construction of
large-scale projects such as the tunnel. In most cases, on-site measuring methods, such as
the mechanical and vibrating wire load sensors, the hydraulic fracturing and so on, are one
of the most advanced and effective methods to obtain the initial ground stress [2–10].

Considering the input cost of economy and manpower, it is generally impossible to
set up boreholes with sufficient density to fully determine the ground stress in the tunnel
area, and the data of the measuring points are discrete and lack representativeness, so
there are many limitations in the measurement of ground stress [11–15]. Therefore, under
the limited on-site measuring data, through effective calculation and analysis methods,
a more accurate ground stress and a wide range of ground stress distribution laws can
be obtained, which plays an important guiding role in tunnel route selection, excavation,
and construction.
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For the limitations of in-situ initial ground stress measurement, many theoretical
analysis methods have obtained good results of ground stress inversion. To date, the
most widely used ground stress inversion calculation methods [16–18] are the lateral
pressure coefficient method, neural network method, regression analysis method, and so
on. The lateral pressure coefficient method is mainly suitable for areas where the geological
tectonism is weak and the terrain is flat [19–21]. The neural network method is mainly
used to solve nonlinear problems, which is in development. Some scholars have shown the
feasibility of its application. Gao and Ge [22] proposed a new type of evolutionary neural
network that the rock mass parameters and the initial ground stress can be determined
at the same time. The on-site measuring data of the ground stress around the Longtan
Tunnel in China were inversely analyzed. The stability of surrounding rock around the
tunnel and the accuracy of the initial ground stress calculated by back analysis are verified
by numerical calculation. Jin et al. [23,24] inversed the parameters of rock mass and
the initial ground stress field in the calculated area with a radial basis function network
and improved backpropagation network with a model under a finite difference software.
Wang et al. [25] established a three-dimensional model of the underground powerhouse.
The factors affecting the initial ground stress field are analyzed, and the results of numerical
simulation are used as test set for training in the network model with radial basis function.
Finally, the inversion results of the ground stress field in this area are obtained.

In the above-mentioned practical application, the neural network inverse analysis
method shows some shortcomings, such as overtraining, slow convergence, and so on [26].
Therefore, the overall maneuverability of it is weak. The regression analysis method is
a calculation method, that is, based on numerical analysis, according to existing data,
the regression relationship between independent variables and dependent variables is
established [27,28]. Combined with the principle of finite element method and regression
analysis method, the rationality and accuracy of ground stress analysis are better. It has
been widely used in the study of the initial ground stress field.

Regarding the measured stress data of the Lanjiayan highway tunnel, a multiple
regression analysis for distribution characteristic of the initial ground stress field of the
whole tunnel with numerical calculation was conducted by Dai et al. [29]. Based on
the measured ground stress data, the multiple regression analysis of the initial ground
stress field of Wushaoling tunnel is conducted by Zhao et al. [30], with a finite element
software, and the complex ground stress state, the value and distribution of stress in
the affected area are determined. The multiple regression analysis reported previously
shows that the inversion result of the ground stress field has a good prediction effect
compared with the lateral pressure coefficient method and neural network method. The
above application studies are all about the accuracy of ground stress inversion and the
analysis of the distribution characteristic of the initial ground stress field. However, in the
construction area of a super deep-buried tunnel, the study of the following aspects, the
comparison and selection of coefficient estimation methods for multiple linear regression
equation of ground stress, and the analysis of the lateral pressure coefficient change are
less. The inversion principle of the initial ground stress field, and the comparison, and
selection of different coefficient estimation methods are mainly described in this study.
Based on a tunnel project in China, the initial ground stress field of the tunnel area is only
inverted to obtain the main characteristics of the initial ground stress field with super
buried depth. The overall content has not been combined with the relevant references to
discuss the possible problems and corresponding preventive measures of the tunnel under
the condition of high ground stress caused by super buried depth.

2. Multiple Linear Regression Inversion Principle of Initial Ground Stress Field

Regarding conventional mountain tunnels, the designed depth of the tunnel is large.
The surrounding rock of the tunnel area is weak. The geological conditions are complex,
and the tectonic action is strong. The poor geology is developed. Especially when the whole
tunnel axis passes through several large fault fracture zones, geological disasters, such as
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landslides and collapses, very easily occur [31,32]. For the comprehensive action of the
above factors, the ground stress in the tunnel area is complex. To grasp the distribution law
of the ground stress field of the tunnel area, understand the stratum environment where
the tunnel structure is located, and ensure the safety of tunnel construction and operation,
it is necessary to measure the ground stress in the tunnel area [33]. Due to the limitation of
geological topography and the input of material resources and manpower, it is impossible
to set up boreholes with sufficient density to fully measure the ground stress in the tunnel
area. Through the regression inversion of the ground stress, the distribution law of the
initial ground stress field can be grasped as a whole, which can provide some reference for
the route selection and construction of the tunnel [34].

The multiple linear regression of the initial ground stress field is based on the multiple
linear regression numerical analysis method, which decomposes the complex geological
processes in the formation of ground stress into a variety of simple basic factors acting
alone [35]. Using the superposition principle of elasticity, the results of many basic factors
are regarded as independent variables and the ground stress at the corresponding points
in the ground stress field is regarded as a dependent variable. Then, a linear relationship
between the two variables will be established. The initial ground stress field analysis
by using multiple linear regression method is only based on the on-site measured data.
The differences of methods and technical operations in the process of obtaining on-site
measured data are not taken into account. The main implementation method is shown
in Figure 1.

Figure 1. Principle of regression inversion of initial ground stress.
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2.1. Establishment of the Three-Dimensional Geological Model
2.1.1. Determination of the Model Range

In the process of initial ground stress regression inversion, two principles [35,36] are
generally followed to determine the calculation range: (1) the model calculation range
includes all the main areas of the tunnel area, and the main geological structures existing
in the area, etc.; (2) the boundary of the model is clear and transparent, and it is best to
choose in the ridge or river valley. The former is to make the model contain as much data
as possible. The more abundant the measured ground stress data, the more accurate and
reliable the curve fitting effect will be. The ground stress field inverted by the model is
more consistent with the ground stress field in the actual stratum. The latter is for better
positioning of the model, and it is easier to impose a single control condition in the process
of numerical simulation.

2.1.2. Determination of Model Boundary Conditions

The formation of in-situ ground stress of rock mass is affected by rock mass density,
geological tectonism, topography and geomorphology, groundwater action, crustal temper-
ature, and the mechanical properties of the stratum [37]. The gravity stress of stratum and
geological structures are chosen as the main factors affecting the initial ground stress in this
study. The following five different stress fields are selected, and the stress state is simulated
and calculated by applying displacement and stress conditions. The following different
stress field models do not show the boundary constraints, and only the self-weight stress
and tectonic displacement boundary conditions are shown. The boundary conditions that
the model should have were added in the actual simulation calculation.

(1) gravity stress: the required physical and mechanical parameters of surrounding rock
such as unit weight, elastic modulus, Poisson’s ratio, cohesion, and internal friction
angle can be extracted from the geological survey report, and the gravity stress field
is simulated by applying gravity stress in the Z direction to the model (See Figure 2a).

(2) horizontal tectonic stress in X direction: the horizontal tectonic stress in the X direction
of rock mass in the model is simulated by applying normal unit horizontal displace-
ment Ux to the model boundary parallel to the YOZ coordinate plane (See Figure 2b).

(3) horizontal tectonic stress in the Y direction: the horizontal tectonic stress in the Y
direction of rock mass in the model is simulated by applying normal unit horizon-
tal displacement Uy to the model boundary parallel to the XOZ coordinate plane
(See Figure 2c).

(4) shear tectonic stress [38] in the horizontal plane: horizontal shear tectonic stress is
simulated by the two implementations, applying a pair of horizontal displacements
U’x parallel to the X-axis and opposite direction to the model boundary interface
parallel to the XOZ coordinate plane and applying a pair of horizontal displacements
U’y parallel to the Y-axis and opposite direction to the model boundary parallel to the
YOZ coordinate plane (See Figure 2d).

(5) vertical shear tectonic stress: vertical shear tectonic stress is simulated by applying a
pair of vertical displacements Uz with opposite directions on both sides of the model
boundary in the XOZ coordinate plane (See Figure 2e).
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Figure 2. Cont.
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Figure 2. Different stress states. (a) Applying gravity stress; (b) Applying horizontal squeezing stress
in the X direction; (c) Applying horizontal squeezing stress in the Y direction; (d) Applying shear
stress in the XOY coordinate plane; (e) Applying shear stress in XOZ coordinate plane.

2.2. Multiple Linear Regression of Ground Stress Field
2.2.1. Coordinate Transformation of Ground Stress Measured Results

The geological survey results of the initial ground stress are expressed in the direction
of East, West, South, and North and the corresponding dip angle, which do not correspond
to the coordinate system of the three-dimensional geological model and cannot be directly
substituted into the multiple linear regression model for calculation. Therefore, while
using the measured ground stress to carry out multiple linear regression for the equivalent
ground stress field of the tunnel, it is necessary to conduct coordinate transformation [39]
on the measured ground stress of the on-site measuring points. The coordinates of the
corresponding points in the coordinate system of the three-dimensional geological model
can be obtained. Then, decomposing the measured ground stress, nine stress components
in the three-dimensional spatial coordinate system are transformed and obtained. While
the ground stress measurement is conducted with the hydraulic fracturing method, it is
generally considered that the measured vertical stress is the vertical principal stress [40],
that is, τxz = τzx = 0 and τyz = τzy = 0. Therefore, the principal stress in the XOY
coordinate plane is only needed to decompose in the plane coordinate system. σx, σy, τxy
and τyx are accordingly obtained. Taking the due north direction as the polar coordinate
X-axis direction, the transformation formula of stress component from polar coordinate to
Cartesian coordinate is as follows.

σx = σr+σθ
2 + σr−σθ

2 cos 2θ − τrθ sin 2θ

σy = σr+σθ
2 − σr−σθ

2 cos 2θ + τrθ sin 2θ

τxy = τyx = σr−σθ
2 sin 2θ + τrθ cos 2θ

(1)

In the formula:
σr—Radial stress value of initial ground stress at measuring point in polar coord-

inate system;
σθ—Circumferential stress value of the initial ground stress at the measuring point in

the polar coordinate system;
τrθ—Shear stress value of initial ground stress at measuring point in polar coord-

inate system;
θ—The angle between the initial ground stress direction of the measuring point and

the x-axis in the polar coordinate system;
σx—x direction stress component of initial ground stress at measuring point in Carte-

sian coordinate system;
σy—y direction stress component of initial ground stress at measuring point in Carte-

sian coordinate system;
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τxy, τyx—Shear stress component of initial ground stress at measuring point in Carte-
sian coordinate system.

2.2.2. Multiple Linear Regression Equation

According to the principle of the multiple linear regression method [41], taking the
calculated value of initial ground stress corresponding to the on-site point under different
boundary conditions as the independent variable and the calculated value of ground
stress regression as the dependent variable, the regression calculation equation is obtained
as follows.

σ̂jk = C0 +
n

∑
i=1

Ciσ
i
jk (2)

In the formula:
σ̂jk—initial ground stress calculation value of stress component j at measured point k;
C0, Ci—undetermined coefficient in multiple linear regression equation;
n—number of boundary conditions, five working conditions are discussed in this study;
σi

jk—in-situ ground stress component caused by the gravity stress mode and each sub
tectonic stress mode, respectively.

σjk = σ̂jk + ε (3)

In the formula:
σjk—initial ground stress measured value of stress component j at measured point k;
ε—the error between the in-situ value of initial ground stress and the calculated

regression value, which obeys normal distribution and is independent of each other.
To maximize the fitting degree of the multiple linear regression curve and obtain the

regression equation that can best reflect the actual ground stress field, it is necessary to
minimize the sum of total deviation squares between the measured data and the regression
calculation data while minimizing the sum of the regression squares. Assuming the number
of on-site measured points is n, and the stress state of a point in the area is represented
by 6 stress components. The following calculation equation for the sum of total deviation
squares ST , the sum of regression squares SR, and the sum of residual squares Se can be
obtained. See Equations (4)–(6):

ST = SR + Se =
n

∑
k=1

6

∑
j=1

(
sjk − sjk

)2

(4)

SR =
n

∑
k=1

6

∑
j=1

(
ŝjk − sjk

)2

(5)

Se =
n

∑
k=1

6

∑
j=1

(
σjk − σ̂jk

)2

=
n

∑
k=1

6

∑
j=1

(
σjk −

(
C0 +

n

∑
i=1

Ciσ
i
jk

))2

(6)

Following calculating the partial derivative Ci, its partial derivative is made equal to
zero, and the normal Equation (7) for calculating the regression coefficient Ci are obtained.
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2.2.3. Determination Method of the Regression Coefficient

Based on the diversity of coefficient estimation methods for multiple linear regression,
the ordinary least square method (OLS), ridge regression (RR), and lasso regression (LR)
are selected to estimate the coefficients of the regression equation. The regression fitting
results are compared and selected. To achieve the best fitting effect, the coefficients of each
fitting method are estimated based on minimizing the sum of residual squares of the fitting
values, and the main principles are shown in Table 1.

Table 1. Coefficient estimation method principle for multiple linear regression [42].

Coefficient
Estimation Method Constraint Function Penalty Item Advantages Disadvantages

OLS argmin
n
∑

k=1

m
∑

j=1

(
σjk − σ̂jk

)2
—

The fitting value
can have a good

unbiased estimation

Easy to underfit or overfit,
and unable to solve the

problem of
multicollinearity

RR argmin
n
∑

k=1

m
∑

j=1

(
σjk − σ̂jk

)2
+ λ‖Ci‖2

2
Norm L2

Solving the problem of
multicollinearity, and

preventing over-fitting,
norm L2 has an

analytical solution

Give up unbiased
estimation, reduce

accuracy, and it is difficult
to eliminate variables with

low correlation

LR argmin
n
∑

k=1

m
∑

j=1

(
σjk − σ̂jk

)2
+ λ‖Ci‖1

Norm L1

Solve the problem of
multicollinearity, prevent

over-fitting, produce
sparsity, and eliminate

variables with
low correlation

Norm L1 has no
analytical solution.

Note: in the formula, λ is super-parameter and non-negative, Ci is the coefficient of the regression equation, and
in Lasso regression, the coefficient whose absolute value is less than λ/2 will be forced to zero.

2.2.4. Regression Effect Test

To judge the regression effect of the regression equation on the measured ground stress,
it is necessary to test its significance, and to judge whether the calculated value of ground
stress regression as a dependent variable has a significant multiple linear relationship with
the calculated value of the initial ground stress corresponding to the measured points under
different boundary conditions. The insignificant factors should be eliminated, and then
the inversion calculation should be carried out again. For the comparison and selection
of the subsequent regression equations of the initial ground stress field, the regression
results using different coefficient estimation methods are compared. The test method used
is shown in Table 2.
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Table 2. Significance test method.

Test Methods Expression Significance Analysis

Multiple correlation coefficient (R) R =
√

SR
ST

The closer the R-value is to 1.0,
the more significant the linear

relationship between
independent variables and

dependent variables is.

Standard deviation consistency
statistic (F) F = SR/m

Se /(n−m−1)

Under the specified
significance level, the more

significant the corresponding
F statistics is less than the F
value of variables, the more

significant the linear
relationship between

independent variables and
dependent variables is.

Durbin-Watson statistic (D-W) [43] —

The closer the D-W statistic is
to 2.0, the weaker the

multicollinearity among the
independent variables and the
stronger the independence of

the independent variables.

3. Case Study
3.1. Measured Results of In-Situ Stress in the Tunnel Area

The maximum burial depth of a tunnel in China is 1100 m. There are 8 tunnel sections
with a buried depth of more than 500 m, a total of 10,055 m. Two sections with a buried
depth of more than 800 m, is a total of 3885 m. During the measurement, the in-situ
stress test was carried out on 13 holes along the tunnel line, and the test method was the
hydraulic fracturing method. Each measuring point is tested at the bottom of the hole, and
the test range of the hole depth is 91 m~946 m. The area that the tunnel passes through
is dominated by V-class surrounding rocks with poor mechanical properties [44]. The
relatively complete area is mixed with grade IV-class surrounding rocks [44].

The maximum horizontal principal stress is in the range of 8.08~35.25 MPa, the
minimum horizontal principal stress range is in the range of 7.46~20.86 MPa, and the
vertical principal stress range is in the range of 4.79~23.93 MPa. In hole 9, the maximum
value of maximum horizontal principal stress (35.25 MPa) and the maximum value of
minimum principal stress (20.86 MPa) are measured at the same time, and the vertical
principal stress is 22.69 MPa. In hole 1, the minimum value of maximum horizontal
principal stress (8.08 MPa) and the minimum value of minimum principal stress (7.46 MPa)
are measured at the same time, and the vertical principal stress is 4.79 MPa. According to
the analysis of the test results, the ground stress increases linearly with the increase of the
hole depth. The magnitude relationship of the three principal stresses is as follows (from
large to small): maximum horizontal principal stress, minimum horizontal principal stress,
and vertical principal stress, indicating that the ground stress in the tunnel area is mainly
horizontal tectonic stress.

3.2. Establishment of FLAC 3D Model

The length ×width of the model is 21,000 m × 7600 m. The height of the highest point
of the model is 5065 m from the bottom, and the trend of the tunnel is roughly parallel
to the X-axis. The whole model is extended according to the actual contour map of the
tunnel area, which can reflect its topographic and geomorphological features. The model
includes the fault structural zone along the tunnel. Boundary condition of the numerical
model is shown in Table 3. The physics and mechanical properties of rock mass are shown
in Table 4. The fault is dominated by tectonic breccia. All parameters are determined by
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laboratory and field tests, all of which follow the relevant specification [45]. The FLAC 3D
model is shown in Figure 3. The model uses Midas GTS/NX software to divide the grid,
in which the maximum grid size is 100 m and the number of elements is 4087841. For the
numerical simulation analysis with FLAC 3D software, the mechanical properties of the
material follow the elastic constitutive model. The mechanical properties of materials are
presented in terms of the mechanical properties of the rock mass from the site.

Table 3. Boundary condition of the numerical model.

Boundary Condition Ux Uy U’x U’y Uz

Displacement/m 0.1 0.1 0.1 0.01 0.1

Table 4. Stratigraphic lithology and physical and mechanical parameters.

Lithology Unit Weight
γ/kN·m−3

Elastic Modulus
E/GPa Poisson’s Ratio µ

Internal Friction
Angle ϕ/◦ Cohesion c/kPa

Uniaxial
Compressive

Strength f /MPa

Mudstone 23.0 1.3 0.35 23 400 11.2
Sandstone 24.7 7.0 0.3 35 800 35.0
Limestone 25.7 15.0 0.25 43 1000 41.4

Tectonic breccia 22.5 0.81 0.3 25 200 —

Test methods Densitometer
method Triaxial compression test Direct shear test

Unconfined
compressive
strength test

Figure 3. 3D geological model.

3.3. Coefficients Determination of Regression Equation

According to the selected five boundary constraint conditions and the distribution
of 13 on-site measured points, the established three-dimensional geological model is nu-
merically simulated, and the theoretical values of stress components at 13 corresponding
measuring points of model are obtained. To verify the reliability of the inversion results
of the ground stress by the multiple linear regression, the calculated data of measuring
points 1 and 2 are retained not to participate in the regression fitting calculation. Based
on the calculation results of the three-dimensional geological model under five boundary
conditions, each component of the ground stress at the corresponding point of the model is
taken as the regression target value. The application of three linear regression coefficient
estimation methods is realized by using Python code, and the multiple linear regression
coefficients of each group are obtained as shown in Table 5. The multiple linear regression
equation of the initial ground stress field in the tunnel area is obtained as Equations (8)–(10).
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Table 5. Regression results of three coefficient estimation methods.

Coefficient Estimation Method C0 C1 C2 C3 C4 C5

OLS 376.510 0.994 449.840 139.220 −37.940 −17.010
RR 303.703 0.978 442.477 144.120 −49.772 −32.500
LR 394.779 1.003 433.987 140.273 −37.052 −22.863

The equations with different coefficient estimation methods are as follows.

OLS : σm = 376.510 + 0.994σg + 449.840σt1 + 139.220σt2 − 37.940σt3 − 17.010σt4 (8)

RR : σ m = 303.703 + 0.978σg + 442.477σt1 + 144.120σt2 − 49.772σt3 − 32.500σt4 (9)

LR : σ m = 394.779 + 1.003σg + 433.987σt1 + 140.273σt2 − 37.052σt3 − 22.863σt4 (10)

In the formula:
σ m—the stress component of a point in the equivalent stress field calculated by

the model;
σg —the stress component of a point under the independent action of the gravity stress

field calculated by the model;
σt1 —the stress component of a point under the independent action of horizontal

squeezing stress in the X direction calculated by the model;
σt2 —the stress component of a point under the independent action of horizontal

squeezing stress in the Y direction calculated by the model;
σt3 —the stress component of a point under the independent action of shear stress in

the XOY coordinate plane calculated by the model;
σt4 —the stress component of a point under the independent action of shear stress in

the XOZ coordinate plane calculated by the model.
It should be noted that the components represented by σg , σt1 , σt2 , σt3 , and σt4

correspond to σm , and the equation should be substituted into the calculation in kPa.

3.4. Regression Results Analysis of Initial Ground Stress
3.4.1. Significance Test of Regression Analysis

The significance test of the regression analysis results obtained by the three coefficient
estimation methods is shown in Table 6.

Table 6. Significance test results of the regression equation.

Coefficient Estimation Methods λopt R F Durbin-Watson
Statistic (D-W)

OLS — 0.9630 183.63
1.88RR 0.03489 0.9627 182.13

LR 17.57536 0.9629 183.33

As can be seen from Table 6, in the significance test results of the regression equation
obtained by the three coefficient estimation methods, the multiple correlation coefficient
is close to 1.0, and the fitting effect is good. According to the F test distribution table,
F0.05(5, 60) = 2.37. Compared with the results of the significance test, under the condition
that the confidence degree of significance level reaches 95%, there is a very significant
linear relationship between the dependent variable “ground stress component regression
calculated value” and the independent variable “the calculated value of initial ground stress
component corresponding to the measured point under different boundary conditions”.
The fitting result of the multiple linear regression equation of the initial ground stress is
reliable. It can be seen from D-W = 1.88 that there is only slight multicollinearity among the
sample variables selected for regression analysis, while the statistics are close to 2.0, so it can
be considered that the sample variables are independent of each other. The significance test
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results of OLS and LR analysis are the same. Therefore, considering the multicollinearity
between variables and the unbiased estimation of regression fitting values, the coefficient
estimation of the initial ground stress field regression equation is conducted and extended
by the lasso regression method in the follow-up case.

3.4.2. Comparison between Regression Fitting Value and On-Site Measured Value

According to the multiple linear regression equation and the calculation results of
the ground stress field of the three-dimensional geological model under each boundary
condition, the regression calculation value of each stress component at each extracted point
is obtained. The difference between the regression value and the measured value is called
the relative error for the ground stress. The relative errors of ground stress inversion results
at 13 measuring points are shown in Figure 4. The comparison of regression results of the
three coefficient estimation methods is shown in Table 7.

Figure 4. Cont.
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Figure 4. Relative error between the regression value and the measured value of different measuring
points. (a) OLS; (b) RR; (c) LR.

Table 7. Error comparison of regression results of three coefficient estimation methods.

Coefficient Estimation
Method

Absolute Value of Mean
Relative Error (AMRE)/% Number of AMRE > 10%

OLS 4.73 6
RR 4.99 7
LR 4.76 5

From the analysis of Figure 4, it can be seen that, including the samples of point 1 and
point 2 which are not involved in the regression calculation, under the three coefficient
estimation methods, most of the absolute value of relative errors between the measured
values and the regression values of initial ground stress are controlled within 10%. Among
them, there are only 6 data exceeding 10% under the OLS method and only 5 data exceeding
10 % under the LR method, accounting for 6.4% of all statistics. Meanwhile, the fluctuation
of the absolute value of relative error is small, and the average value of the ridge method is
the largest, at 4.99%. The mean relative error of OLS is close to that of LR, and the minimum
is 4.73% with the OLS method, which indicates that the values of regressed and measured
are relatively close. The regression fitting result of the ground stress is reasonable and
reliable, which can well reflect the distribution of the initial ground stress field in the tunnel
area. To sum up, when considering the small relative error, the OLS method is very close to
the LR method, and the relative error of the LR method is less regarding the larger data
value, which shows that the LR method has a good effect on the regression fitting of the
initial ground stress field.

3.5. The Inversion Results Analysis of Initial Ground Stress

Using the calculation results of each stress component of different stress states in the
3D geological model, combined with the multiple linear regression equation, the ground
stress nephograms at different depths of the longitudinal section along the tunnel in China
are finally calculated, as shown in Figure 5. To explore the distribution of the initial ground
stress field of the surrounding rock around the tunnel, the initial ground stress data of
500 m, 800 m, and 1100 m were extracted from the mileage section DK872~DK880 with
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large depth fluctuations of the tunnel, respectively. Nine points were extracted for each
type of buried depth, and the measuring point interval is 1000 m. Using the multiple linear
regression equation of the initial ground stress field, the stress components of different
stress states in the three-dimensional geological model were superimposed and calculated.
The principal stress at the extraction point is obtained as shown in Table 8.
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Figure 5. Principal stress nephogram. (a) Vertical principal stress nephogram; (b) Maximum horizon-
tal principal stress nephogram; (c) Minimum horizontal principal stress nephogram.

Table 8. The principal stress of the extraction points of the model beyond the fault (Unit: MPa).

Depth/m Measuring Point Number 1 2 3 4 5 6 7 8 9

500.0
σV 12.6 13.4 11.9 11.4 9.9 9.9 12.4 13.1 13.5

σMaxh 22.2 21.7 17.9 14.8 14.2 15.2 21.9 19.4 19.7
σMinh 19.1 18.9 16.5 14.3 12.8 13.3 16.7 16.0 15.4

800.0
σV 20.1 20.7 18.4 16.1 14.7 15.7 20.2 20.4 19.0

σMaxh 29.1 26.8 21.3 18.0 18.2 20.3 24.0 24.1 24.2
σMinh 25.5 23.9 20.2 17.6 16.0 17.0 21.1 20.9 20.5

1100.0
σV 27.6 26.8 23.8 20.7 19.3 21.1 25.2 24.9 23.1

σMaxh 34.8 32.0 26.6 23.5 23.5 25.4 28.9 29.7 30.7
σMinh 30.8 28.5 24.6 21.2 19.7 21.6 27.2 27.2 26.2

Surface elevation/m 4200 4100 4150 4250 4300 4250 4150 4000 3950

Note: σV represents vertical principal stress; σMaxh represents maximum horizontal principal stress; σMinh
represents minimum horizontal principal stress.

According to the analysis in Table 8, the lateral pressure coefficient of the tunnel line
area gradually decreases with the tunnel buried depth increasing. The lateral pressure
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coefficient in the direction of large horizontal principal stress with a buried depth of 500 m
ranges from 1.5 to 1.8, and the lateral pressure coefficient in the direction of small horizontal
principal stress ranges from 1.1 to 1.5; The lateral pressure coefficient in the direction of
large horizontal principal stress with a buried-depth of 800 m ranges from 1.3 to 1.5, and the
lateral pressure coefficient in the direction of small horizontal principal stress ranges from
1.1 to 1.3; The lateral pressure coefficient in the direction of horizontal large principal stress
with a buried depth of 1100 m ranges from 1.2 to 1.3, and the lateral pressure coefficient in
the direction of horizontal small principal stress ranges from 1.0 to 1.1.

Further extracting the stress value, the relationship between the principal stress value
and mileage at the tunnel axis is obtained, as shown in Figure 6.

Figure 6. Principal stress distribution at different buried depths along the tunnel.

From Figures 5 and 6, it can be seen that the distribution characteristics of the stress
field along the tunnel are closely related to the topographic. When the topographic relief in-
creases, the stress isoline density increases, and the ground stress change gradient increases,
which is consistent with the distribution characteristic of the actual ground stress field.
The maximum vertical principal stress along the tunnel is 18.3 MPa, which is about at the
mileage of DK874+000. The maximum value of the maximum horizontal principal stress is
26.8 MPa, which is about at the mileage of DK880+000; The maximum value of the mini-
mum horizontal principal stress is 23.3 MPa, which is about at the mileage of DK880+000.
The overall stress characteristics from large to small are as follows: the maximum horizontal
principal stress, the minimum horizontal principal stress, and the vertical principal stress,
which indicates that the horizontal tectonic stress is dominant in the tunnel area and the
horizontal tectonic stress is significant. Compared with the uniaxial compressive strength
of the rock mass in Table 4, the ratio of surrounding rock strength to the ground stress is
less than 0.5, indicating that the ground stress is high and prone to large deformation [44].
There is F3 fault at the tunnel mileage of DK878+000. The horizontal tectonic stress is
slightly released [32], and the ratio of horizontal principal stress to vertical principal stress
is smaller than that of both sides. The reduction of the geo-tress at the fault makes the
stress of the tunnel structure uneven, which is very disadvantageous to the tunnel structure.
At this time, the structure needs to be strengthened, and the adaptive implementation of
support becomes inevitable [46]. F2 fault also exists at the tunnel mileage of DK876+500,
and the regional tectonic stress is partially released [32]. The ratio of horizontal principal
stress to vertical principal stress of the adjacent area shows the same trend. The trend
is different from the analysis results of the lateral pressure coefficient beyond the fault,
indicating that the influence of fault fracture zone on ground stress is significant. It can be
seen that the lateral pressure coefficient in the super deep and super high ground stress
area must be determined only by a more thorough investigation and an on-site test. It can
be seen that the inversion results of in-situ ground stress need to be verified by more on-site
measured results, and the accuracy and precision of the inversion results have a large room
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for improvement. The algorithm solution of the analysis and inversion application for the
corresponding in-situ ground stress field law is very meaningful.

4. Conclusions and Discussions

Combined with the results of hydraulic fracturing and the numerical simulation, the
initial ground stress field in the tunnel area is in inversion according to the principle of
multiple linear regression analysis with three coefficient estimation methods. The accuracy
and rationality of the regression results are verified by comparing and analyzing with the
measured data. The distribution law of ground stress and the change characteristics of
lateral pressure coefficient at different buried depths and tunnel axis are obtained. The
main conclusions with discussions are drawn as follows:

(1) Through the comparison and selection of three coefficient estimation methods for
regression equation, to ensure the minimum mean square error and consider the mul-
ticollinearity among variables, the significance test result of the regression equation
obtained by the Lasso regression method is the best, which shows a good application
effect in the inversion of the initial ground stress field. In addition, with more verifica-
tion of on-site monitoring results, the predictive feasibility of regression analysis can
be more assured.

(2) The lateral pressure coefficient along the tunnel line decreases gradually with the
tunnel depth increasing. While the buried depth of the tunnel increases by 300 m, the
lateral pressure coefficients of horizontal large and small principal stresses decrease
by 0.1~0.3. The overall lateral pressure coefficient is in the range of 1.0~2.0, showing a
relatively significant horizontal tectonism.

(3) At the area near the fault, the horizontal tectonic stress is slightly released, resulting in
the ratio of horizontal principal stress to vertical principal stress gradually increasing
with the increase of tunnel depth. This trend is different from the analysis results
of lateral pressure coefficient law beyond the fault, indicating that the influence of
fault fracture zone on ground stress has gradually become one of the more dominant
factors. Therefore, the lateral pressure coefficient in the super deep area needs to be
determined by an on-site test. The structure of the rock massif, the position of the
layer surfaces, the direction of the natural movements, the width of the fragmentation
zone, etc., also have a great influence on regional in-situ stress, and the discussion
and analysis of these aspects are of great research significance.

Author Contributions: Conceptualization, Z.T. and J.Z.; methodology, Z.T., J.Z. and R.Y.; software,
X.W. and J.G.; validation, X.W., J.G. and R.Y.; formal analysis, R.Y. and J.G.; investigation, R.Y.; data
curation, J.G. and R.Y.; writing—original draft preparation, R.Y.; writing—review and editing, R.Y.
and J.G.; visualization, X.W. and J.G.; supervision, Z.T. and X.W.; project administration, Z.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The participant’s personal identification information used
in the study did not include personal information. Ethical review and approval were not required for
the study.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ding, J. Measurement and Research of Ground Stress; Earthquake Publishing House: Beijing, China, 1982.
2. Bock, H.F. 16—Measuring in situ rock stress by borehole slotting. In Rock Testing and Site Characterization; Hudson, J.A., Ed.;

Pergamon: Oxford, UK, 1993; pp. 433–443. [CrossRef]
3. Fujii, Y.; Makasi, M.; Kodama, J.; Fukuda, D.; Goto, K.; Kumakura, S.; Kanaoka, M.; Dassanayake, A.B.N. Tangent modulus

method—An original method to measure in-situ rock stress. Tunn. Undergr. Space Technol. 2018, 82, 148–155. [CrossRef]

http://doi.org/10.1016/B978-0-08-042066-0.50023-9
http://doi.org/10.1016/j.tust.2018.08.005


Appl. Sci. 2022, 12, 8986 17 of 18

4. Guo, Z.; Jiang, Y.; Pang, J.; Liu, J. Distribution of ground stress on Puhe coal mine. Int. J. Min. Sci. Technol. 2013, 23, 139–143.
[CrossRef]

5. Scelsi, G.; De Bellis, M.L.; Pandolfi, A.; Musso, G.; Della Vecchia, G. A step-by-step analytical procedure to estimate the in-situ
stress state from borehole data. J. Pet. Sci. Eng. 2019, 176, 994–1007. [CrossRef]

6. Huang, M.; Wu, A.; Wang, Y.; Han, B. Geostress measurements near fault areas using borehole stress-relief method. Trans.
Nonferrous Met. Soc. China 2014, 24, 3660–3665. [CrossRef]

7. Zhou, H.; Chen, S.; Li, H.; Liu, T.; Wang, H. Rockburst prediction for hard rock and deep-lying long tunnels based on the entropy
weight ideal point method and geostress field inversion: A case study of the Sangzhuling Tunnel. Bull. Eng. Geol. Environ. 2021,
80, 3885–3902. [CrossRef]

8. Wei, Y.H.; Liu, F. Research on Risk Classification and Assessment Method for Tunnels Crossing under High-speed Railway
Subgrade. Mod. Tunn. Technol. 2020, 57, 46–54, (In Chinese). [CrossRef]

9. Seto, M.; Nag, D.K.; Vutukuri, V.S. In-situ rock stress measurement from rock cores using the acoustic emission method and
deformation rate analysis. Geotech. Geol. Eng. 1999, 17, 241–266. [CrossRef]

10. Skrzypkowski, K. Case Studies of Rock Bolt Support Loads and Rock Mass Monitoring for the Room and Pillar Method in the
Legnica-Głogów Copper District in Poland. Energies 2020, 13, 2998. [CrossRef]

11. Ito, T.; Igarashi, A.; Kato, H.; Ito, H.; Sano, O. Crucial effect of system compliance on the maximum stress estimation in the
hydrofracturing method: Theoretical considerations and field-test verification. Earth Planets Space 2006, 58, 963–971. [CrossRef]

12. Ju, W.; Jiang, B.; Qin, Y.; Wu, C.; Wang, G.; Qu, Z.; Li, M. The present-day in-situ stress field within coalbed methane reservoirs,
Yuwang Block, Laochang Basin, south China. Mar. Pet. Geol. 2019, 102, 61–73. [CrossRef]

13. Liu, W.D.; Li, F.; Wu, M.L.; Liao, C.T. The study on ground stress measurement and the stress distribution rule on E-W both sides
of fault F17 of ore body II in Jingchuan orefield. Procedia Eng. 2011, 26, 1712–1719. [CrossRef]

14. Yang, X.; Pang, J.; Lou, H.; Fan, L. Characteristics of in situ stress field at Qingshui coal mine. Int. J. Min. Sci. Technol. 2015,
25, 497–501. [CrossRef]

15. Yuan, F.; Liu, J.; Li, P. Inversion and formation mechanism of high geostress field in the valley area of Laxiwa project. Rock Soil
Mech. 2007, 28, 836–843.

16. Zhao, C.; Xiao, M.; Chen, J.T. Inversion analysis method for in-situ stress field under complex geological conditions. J. Huazhong
Univ. Sci. Technol. (Nat. Sci. Ed.) 2017, 45, 87–92. [CrossRef]

17. Hou, M.X.; Ge, X.R. Study on fitting analysis of initial stress field in rock masses. Rock Soil Mech. 2007, 8, 1626–1630. [CrossRef]
18. Zhang, S.-R.; Hu, A.-K.; Wang, C. Three-dimensional inversion analysis of an in situ stress field based on a two-stage optimization

algorithm. J. Zhejiang Univ. Sci. A 2016, 17, 782–802. [CrossRef]
19. Cheng, Y.M. Seismic lateral earth pressure coefficients for c–ϕ soils by slip line method. Comput. Geotech. 2003, 30, 661–670.

[CrossRef]
20. Bai-Quan, L.; Ting, L.; Quan-Le, Z.; Chuan-Jie, Z.; Fa-Zhi, Y.; Zhen, Z. Crack propagation patterns and energy evolution rules of

coal within slotting disturbed zone under various lateral pressure coefficients. Arab. J. Geosci. 2015, 8, 6643–6654. [CrossRef]
21. Long, Y.; Liu, J.; Lei, G.; Si, Y.; Zhang, C.; Wei, D.; Shi, H. Progressive fracture processes around tunnel triggered by blast

disturbances under biaxial compression with different lateral pressure coefficients. Trans. Nonferrous Met. Soc. China 2020,
30, 2518–2535. [CrossRef]

22. Gao, W.; Ge, M. Back analysis of rock mass parameters and initial stress for the Longtan tunnel in China. Eng. Comput. 2016,
32, 497–515. [CrossRef]

23. Jin, C.; Ma, Z.; Zhang, Y. Application of neural network in rock mass mechanical parameters and ground stress field inversion.
Rock Soil Mech. 2006, 8, 1263–1267.

24. Jin, C.Y.; Ma, Z.Y.; Zhang, Y.L.; Sha, R.H.; Chen, Q.F. Application of neural network to back analysis of mechanical parameters
and initial stress field of rock masses. Rock Soil Mechan. 2006, 27, 1263–1266. [CrossRef]

25. Wang, Z.; Liu, H.; Jiang, T.; Wan, S. Back analysis of initial stress field based on neural network RBF model. In Proceedings of
the 1st International Conference on Civil Engineering, Architecture and Building Materials, Haikou, China, 18–20 June 2011;
pp. 3223–3228.

26. Hao, Z.; James, J.S. Complex fracture network simulation and optimization in naturally fractured shale reservoir based on
modified neural network algorithm. J. Nat. Gas Sci. Eng. 2021, 95, 104232. [CrossRef]

27. Adeyemi, E.A.; Musa, A.I. Performance analysis of empirical models for predicting rock mass deformation modulus using
regression and Bayesian methods. J. Rock Mech. Geotech. Eng. 2020, 12, 1263–1271. [CrossRef]

28. Inna, N.P.; Vladislav, I.G.; Dmitriy, A.M. Operational method for determining bottom hole pressure in mechanized oil producing
wells, based on the application of multivariate regression analysis. Pet. Res. 2021, 6, 351–360. [CrossRef]

29. Dai, C.; He, C.; Chen, Z.Q.; Wang, Y.; Yang, W.B. Inverse analysis of initial ground stress field of deep embedded and extra long
highway tunnel. Zhongguo Gonglu Xuebao/China J. Highway Transp. 2017, 30, 100–108. [CrossRef]

30. Zhao, D.; Li, G.; Chen, Z.; Li, S.; Xia, W. Three-dimensional FE regression analysis of multivariate geostress field of Wushaoling
Tunnel. Yanshilixue Yu Gongcheng Xuebao/China J. Rock Mechan. Eng. 2009, 28, 2687–2694.

31. Li, X.; Chen, J.; Ma, C.; Huang, L.; Li, C.; Zhang, J.; Zhao, Y. A novel in-situ stress measurement method incorporating non-oriented
core ground re-orientation and acoustic emission: A case study of a deep borehole. Int. J. Rock Mech. Min. Sci. 2022, 152, 105079.
[CrossRef]

http://doi.org/10.1016/j.ijmst.2013.03.004
http://doi.org/10.1016/j.petrol.2019.01.100
http://doi.org/10.1016/S1003-6326(14)63512-3
http://doi.org/10.1007/s10064-021-02175-9
http://doi.org/10.13807/j.cnki.mtt.2020.06.006
http://doi.org/10.1023/A:1008981727366
http://doi.org/10.3390/en13112998
http://doi.org/10.1186/BF03352601
http://doi.org/10.1016/j.marpetgeo.2018.12.030
http://doi.org/10.1016/j.proeng.2011.11.2358
http://doi.org/10.1016/j.ijmst.2015.03.026
http://doi.org/10.13245/j.hust.170817
http://doi.org/10.16285/j.rsm.2007.08.027
http://doi.org/10.1631/jzus.A1600014
http://doi.org/10.1016/j.compgeo.2003.07.003
http://doi.org/10.1007/s12517-014-1728-9
http://doi.org/10.1016/S1003-6326(20)65398-5
http://doi.org/10.1007/s00366-015-0428-8
http://doi.org/10.1016/S1872-1508(06)60035-1
http://doi.org/10.1016/j.jngse.2021.104232
http://doi.org/10.1016/j.jrmge.2020.03.007
http://doi.org/10.1016/j.ptlrs.2021.05.010
http://doi.org/10.19721/j.cnki.1001-7372.2017.10.013
http://doi.org/10.1016/j.ijrmms.2022.105079


Appl. Sci. 2022, 12, 8986 18 of 18

32. Suo, L.; Xu, Z.X.; Feng, T.; Wang, Z.W.; Yin, X.J.; Lin, Z.H.; Li, W. Back-Calculation of In-situ Stress of Railway Tunnel in
Xianshuihe Fault Belt. J. Southwest Jiaotong Univ. 2022, 57, 331–338. (In Chinese) [CrossRef]

33. Zhou, Z.H.; He, C.; Meng, W.; Wang, B.; Kou, H.; Chen, Z.Q. Back Analysis of Initial Geostress Field in Tunnel Site of Granitic
Intrusive Rock Stratum. J. Southwest Jiaotong Univ. 2022, 57, 322–330. (In Chinese) [CrossRef]

34. Zhang, C.; Feng, X.T.; Zhou, H. Estimation of in situ stress along deep tunnels buried in complex geological conditions. Int. J.
Rock Mech. Min. Sci. 2012, 52, 139–162. [CrossRef]

35. Zhao, H.; Ma, F.; Xu, J.; Guo, J. In situ stress field inversion and its application in mining-induced rock mass movement. Int. J.
Rock Mech. Min. Sci. 2012, 53, 120–128. [CrossRef]

36. L’uboš, S.; Rostislav, M.; Ivo, B. Present-day stress inversion from a single near-surface fault: A novel mathematical approach. J.
Struct. Geol. 2018, 117, 163–167. [CrossRef]

37. Van Loock, F.; Brassart, L.; Pardoen, T. Implementation and calibration of a mesoscale model for amorphous plasticity based on
shear transformation dynamics. Int. J. Plast. 2021, 145, 103079. [CrossRef]

38. Zhang, B.; Hu, H.; Liang, S.; Niu, T.; Guo, Z.; Song, G. Ground stress Characteristics of Schist of Erdaoya Tunnel and Physical
Properties of Rock Masses. Geotech. Geol. Eng. 2017, 35, 2123–2135. [CrossRef]

39. Roger, A.P. Coordinate Transformations. In International Geophysics; Academic Press: Cambridge, MA, USA, 2013; Volume 98,
pp. 111–141. [CrossRef]

40. You, M.Q. Study on the method of measuring in-situ stress by hydraulic fracturing method. Chin. J. Geotech. Eng. 2005,
27, 350–353, (In Chinese). [CrossRef]

41. Howard, M.; Jerry, W. Chapter 4—Matrix Algebra and Multiple Linear Regression: Part 1—Quasi-Algebraic Operations, Multiple
Linear Regression, The Least Squares Method. In Chemometrics in Spectroscopy, 2nd ed.; Academic Press: Cambridge, MA, USA,
2018; pp. 27–35. [CrossRef]

42. David, J. Linear Regression; Academic Press: Cambridge, MA, USA, 2017. [CrossRef]
43. Howard, M.; Jerry, W. Chapter 65—Linearity in Calibration, Act III Scene II: A Discussion of the Durbin-Watson Statistic, a

Step in the Right Direction. In Chemometrics in Spectroscopy, 2nd ed.; Academic Press: Cambridge, MA, USA, 2018; pp. 433–440.
[CrossRef]

44. TB10003-2016; Professional Standards Compilation Group of People’s Republic of China. Code for Design of Railway Tunnel.
China Railway Publishing House Co., Ltd.: Beijing, China, 2017.

45. GB/T 50123-2019; Ministry of Water Resources of the People’s Republic of China. Standard for Geotechnical Testing Method.
China Planning Press: Beijing, China, 2019.

46. Skrzypkowski, K.; Zagórski, K.; Zagórska, A.; Apel, D.B.; Wang, J.; Xu, H.; Guo, L. Choice of the Arch Yielding Support for the
Preparatory Roadway Located near the Fault. Energies 2022, 15, 3774. [CrossRef]

http://doi.org/10.3969/j.issn.0258-2724.20210945
http://doi.org/10.3969/j.issn.0258-2724.20200074
http://doi.org/10.1016/j.ijrmms.2012.03.016
http://doi.org/10.1016/j.ijrmms.2012.05.005
http://doi.org/10.1016/j.jsg.2018.09.013
http://doi.org/10.1016/j.ijplas.2021.103079
http://doi.org/10.1007/s10706-017-0232-x
http://doi.org/10.1016/B978-0-12-385237-3.00006-2
http://doi.org/10.3321/j.issn:1000-4548.2005.03.022
http://doi.org/10.1016/B978-0-323-91164-1.00004-9
http://doi.org/10.1007/978-3-319-55252-1
http://doi.org/10.1016/B978-0-12-805309-6.00065-9
http://doi.org/10.3390/en15103774

	Introduction 
	Multiple Linear Regression Inversion Principle of Initial Ground Stress Field 
	Establishment of the Three-Dimensional Geological Model 
	Determination of the Model Range 
	Determination of Model Boundary Conditions 

	Multiple Linear Regression of Ground Stress Field 
	Coordinate Transformation of Ground Stress Measured Results 
	Multiple Linear Regression Equation 
	Determination Method of the Regression Coefficient 
	Regression Effect Test 


	Case Study 
	Measured Results of In-Situ Stress in the Tunnel Area 
	Establishment of FLAC 3D Model 
	Coefficients Determination of Regression Equation 
	Regression Results Analysis of Initial Ground Stress 
	Significance Test of Regression Analysis 
	Comparison between Regression Fitting Value and On-Site Measured Value 

	The Inversion Results Analysis of Initial Ground Stress 

	Conclusions and Discussions 
	References

