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Abstract

The formation mechanism of surrounding rock pressure in large-section
tunnels of underground excavation is still unclear. The traditional methods
for calculating surrounding rock pressure have certain limitations. Based on
the theory of pressure arch and parameter sensitivity analysis, the internal
and external boundaries of the pressure arch are solved by numerical simula-
tion. The loose pressure is obtained according to the distance from the inner
boundary to the inner wall of the tunnel. The pressure arch deformation is
analyzed based on the Winkler model. The surrounding rock pressure is cal-
culated, and the surrounding rock pressure based on the pressure arch theory
is calculated. The calculation method of surrounding rock pressure based on
the pressure arch theory large section tunnel is proposed. The orthogonal ex-
perimental design method was used to select four representative factors: tun-
nel depth H, span B, internal friction angle ¢ and rock weight y. The calcula-
tion results of each group of experiments were compiled and multivariate li-
near regression was used. The method is statistically analyzed, and finally, the
calculation formula of the surrounding rock pressure of the large-section
tunnel affected by multiple factors is obtained and applied to the calculation
of the surrounding rock pressure of the metro station.

Keywords

Pressure Arch Theory, Sensitivity Analysis, Surrounding Rock Pressure,
Orthogonal Test, Numerical Simulation

1. Introduction

The commonly used theory of surrounding rock pressure includes the theory of
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whole soil column, Platts theory, Terzaghi theory, Xie Jiaxiao theory, Bill Bow-
man theory, etc. [1] [2] [3]. In platt’s theory, the upper part of the tunnel arch
needs to form a stable natural balance arch, the range of rock mass acting on the
supporting structure is obtained through its position and the height of the arch
body, and the rock mass firmness coefficient fis introduced. fis not a characte-
ristic parameter of rock mass, and its value needs to be determined by the value
of normal stress o, which is difficult to be obtained through experiments. In
practical application, fis usually determined by empirical formula. Based on the
principle of stress transfer and soil pressure, Terzaghi theory calculates the over-
all stress situation of the rock mass in the upper sliding zone of the tunnel by
analyzing the stress balance of the differential soil stripes, and calculates the lat-
eral pressure of the soil column during the slide by combining the lateral pres-
sure coefficient and Mohr-Coulomb law. On the basis of a large number of ex-
periments, it is recommended that the lateral pressure coefficient should be 1.0,
but in practical engineering, it is inevitable that it does not conform to the value,
which leads to some errors in the application of the theory. Xie Jiaxiao theory in
the theoretical derivation based on the principle of limit equilibrium of soil, the
force balance of the rock pillar and triangular rock mass on both sides of the
calculation model is solved respectively, the friction resistance of the rock mass
on the upper part of the tunnel is calculated by mathematical and mechanical
methods, the parameter A, £, @ and so on were introduced in the process of
theoretical derivation. & angle and calculated friction Angle can only be eva-
luated according to a certain range given by the code, which are difficult to ob-
tain in engineering practice. This makes Xie Jiaxiao theory have some limitations
when applied to the surrounding rock pressure of tunnel engineering solution.
Similar to the Terzaghi theory, the lateral friction resistance on the element body
in Bill Bowman theory is determined by Mohr-Coulomb law, and then the diffe-
rential friction resistance is integrated to obtain the overall friction resistance.
The vertical surrounding rock pressure on the upper part of the tunnel can be
obtained by means of stress balance analysis. However, in practical application,
when the surrounding rock pressure is calculated by Terzaghi theory and Bill
Bowman theory, negative values may occur due to the large cohesion of the rock
mass, which is inconsistent with the actual situation.

Pressure arch is a kind of real arch structure, which is difficult to be observed
in actual engineering. The pressure arch effect is derived from the stress field of
underground engineering rock mass. During tunnel excavation and supporting
construction, the rock mass around the tunnel is disturbed due to excavation,
and an arch structure resisting such disturbing deformation will be produced
within a certain range of the surrounding rock.

The load of the surrounding rock transfers through the arch structure which
forms a self-adjusting stable state between the load generated by the tunnel ex-
cavation and the rock mass itself. When a pressure arch is formed in the sur-
rounding rock of the tunnel, the principal stress on the tunnel vault path will be

deflected in direction and its stress value will also change. The load will be
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transferred to both sides of the tunnel and eventually reach the stable rock mass
at the arch springing. Due to the similar action of tangential wedge in the sur-
rounding rock, the load will gradually become stable.

After the tunnel excavation, stress mutation will occur in the surrounding
rock due to the disturbance applied to the in-situ stress field, resulting in stress
concentration in the rock mass around the tunnel contour. When the mutation
stress value exceeds the ultimate bearing capacity of rock mass, the surrounding
rock will be destroyed, and the rock mass at the failure point enters a plastic
state, and gradually formed the plastic zone of surrounding rock as the deepen-
ing of failure. In this interaction, the ultimate bearing capacity of the rock mass
is weakened and a stress reduction zone will be formed in a certain area around
the tunnel. Surrounding rock stress reduced zone will continue to transfer and
expand further with the high-stress area to the depths of the surrounding rock,
the stress state of surrounding rock changes from bidirectional stress state to tri-
directional stress state. The ultimate bearing capacity of the surrounding rock
will gradually increase with the increase of the absolute value of the third prin-
cipal stress. And after reaching the critical position, its bearing capacity will ex-
ceed the stress value of the position, so that the plastic zone of the surrounding
rock stops developing and gradually changes to the elastic bearing state.

The range of the stress reduction zone is the range of the loose zone, the loose
zone and the surrounding rock in the elastic state are the range of the pressure
arch, while the rock mass above the pressure arch body is in the state of the
original rock stress.

Ziping Huang et al [4] made a qualitative analysis of the pressure arch through
discrete element (UDEC), but could not determine its precise range. Liang
Xiaodan et al. [5] determined the boundary range of the pressure arch based on
the Flac 2D software and the stress analysis method, and illustrated it with a sin-
gle hole with a buried depth of 800 m. Yu bo, Wang Hujia et al. [6] studied the
characteristics of pressure arch with ANSYS finite element analysis software, and
analyzed the influence of some factors on the formation of pressure arch. Wang
Yunfei et al. [7] combined with Flac3D finite difference software to analyze the
influence of different excavation methods on pressure arch formation. Li Kui [8]
used finite element software (ABAQUS) to study the mechanism of arch forma-
tion of horizontal layered tunnel, recommended the determination method of
internal and external boundary of pressure arch, and discussed the influence
factors of arch formation. C.J. Lee [9] explored the pressure arch range of a sin-
gle chamber of continuous media through centrifuge test and Flac2D simulation.
Jianhong Wu et al [10] conducted mechanical behavior simulation of cutters
rock mass with DDA numerical method, and qualitatively analyzed the arch
shape and development process of surrounding rock pressure with the change of
element stress direction as the judgment index. In addition, B. Shen [11], C.
Callari [12], R.K. Bhasin ef al. [13] and J.B. Martino et al [14] studied the pres-

sure arch from different angles by using finite element or discrete element.
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2. Calculation of Surrounding Rock Pressure Based on
Pressure Arch Theory

According to the pressure arch theory, when the tunnel is excavated, the sur-
rounding rock loose zone, the pressure arch body and the original rock stress
zone are formed from the inside to outside. The tangential stress in the sur-
rounding rock firstly decreases below the stress value of the original rock, and
the stress relaxation occurs in the soil where the stress of this part is less than the
stress of the original rock, which can be regarded as the loose pressure caused by
the failure of the rock mass and the excavation of the tunnel. This stress force
forms part of the surrounding rock pressure. The ultimate bearing capacity of
the surrounding rock increases with the depth of the path and exceeds the stress
value when it reaches the critical position. Because the stress of rock mass inside
the pressure arch is higher than the stress of original rock state before excava-
tion, it will not produce loose pressure. However, due to the action of its own
gravity and the pressure of the upper rock mass, this part of rock mass produces
certain deformation, and the deformation pressure is transferred to the support
structure, forming part of the surrounding rock pressure. Therefore, the sur-
rounding rock pressure is composed of the loose pressure in the loose zone and
the pressure caused by the compression deformation of the pressure arch. Ac-
cording to the above discussion on pressure arch, it can be known that the sur-
rounding rock pressure after tunnel excavation consists of two parts:

1) Loose pressure p, inloose zone:
p=7rH, (1)

H, is the distance between the pressure arch inner boundary and the excava-
tion inner wall;
yis the weight of rock mass.

2) Pressure p, generated by compression and deformation of pressure arch:
Py =ks (2)

sis the compression deformation of the pressure arch.

kis the stiffness of the pressure arch.

According to the above theoretical analysis and Equation (1) and Equation
(2), it can be deduced that the surrounding rock pressure p under the pressure

arch theory is
p=p +p,=yH +ks 3)

According to the judgment criterion of the internal boundary of the pressure
arch [4] [5], the thickness of the loose rock mass between the internal boundary
of the pressure arch and the inner wall of the tunnel can be obtained and p,
can be obtained, so the calculation of surrounding rock pressure also includes
the pressure p, generated by the compression deformation of the pressure
arch body.

For the calculation of p,, based on the Winkler model theory, the surround-

ing rock above the tunnel vault is simplified and assumed to be a continuous
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(1+,u)(1—2,u)H

elastic material. Winkler model belongs to the calculation model of linear elastic
foundation, which is widely used in the structure calculation of underground
engineering. According to this model theory, the pressure value p at any point on
the foundation surface is proportional to the displacement s at that point, and the
soil is assumed to be multiple independent elastomers, that is p(x,y)=ks(x,),
k is the coefficient of the foundation bed. The rock mass in the actual project is
different from the assumed calculation. However, it is more convenient to ana-
lyze the mechanical behavior of surrounding rock by this method, and it can
provide reference for practical engineering. According to the above hypothesis,
the pressure arch can also be regarded as an elastic structure. Due to the gravity
of itself and the upper rock mass, the pressure arch will compress and produce a
certain amount of deformation s. The stiffness of the arch body is & and the
surrounding rock pressure caused by its deformation is p, = ks. In winkler’s
model, kis related to deformation modulus £and poisson’s ratio .

When the depth of the substratum from the base is within 1/4 - 1/2 of the base

width, Hooke’s law is suggested by Gorbunov-Posadov to calculate:

(When both sides of the compressed layer are free to deform)

(When only one side of the compressed layer is free to deform) ()

(When free deformation is not allowed on either side of the compressed layer)

According to Equation (4), the stiffness & of the pressure arch is:

=— (5)

Eis the elastic modulus of rock mass, #, is the thickness of pressure arch.

The compression displacement value s of the pressure arch can be obtained by
using MIDAS/GTS NX finite element numerical analysis software. Combined
with the numerical simulation results and the Judgment criterion of pressure
arch boundary, the specific range of the pressure arch can be obtained, the path
from the vault to the surface can be defined, and the displacement value of the
rock mass in the elastic state can be taken as the compression value s. According
to the elastic-plastic principle, the displacement value corresponding to the
maximum tangential stress of the rock mass is the displacement value s, of the
elastomer. s, also includes the overall subsidence displacement of the pressure
arch due to excavation, so it cannot be taken as the true displacement of the
arch, and the subsidence value of arch body s, should be subtracted.

The displacement value of the middle position of the pressure arch was se-
lected as the overall subsidence value s, of the arch. At the same time, the dis-
placement value of the point also includes the deformation value of the rock
mass at the point, that is, the product of the strain value and unit length. To sum

up, the deformation s of the pressure arch is:
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s=5 -5, (6)

In Equation (6), s, is the displacement value of the maximum point of tangen-
tial stress on the vault path after tunnel excavation; s, is the overall displacement

of the pressure arch.

3. Calculation of Pressure Arch Theory Surrounding Rock
Pressure Based on Multi-Factor Influence

The determination of surrounding rock pressure in engineering practice is re-
lated to many factors. For the calculation of surrounding rock pressure under
the influence of multiple physical parameters of tunnel surrounding rock, the
orthogonal experimental design can be used to carry out the research, and the
influence degree of each physical parameter on the calculated value can be ana-
lyzed, and the calculation method of surrounding rock pressure based on the

pressure arch theory can be simplified into a practical calculation formula.

3.1. Parameter Sensitivity Analysis

Parametric sensitivity analysis is a method often used to analyze system stability:
Suppose that a characteristic P of the system is mainly related to n factors, and
the relation between this characteristic Pand ais a function, and the relation can
be expressed as P = f{a;,a,,-,,}. If all the factors in the system are in a
certain benchmark state o« = {af ,a;,-~~,a:} , the characteristics of the system
are P. At this point, a factor can be made to vary within a certain range of the
benchmark state and changes in system characteristics can be observed as the
parameter changes. This analysis can be used for each factor. Therefore, the
deviation degree with respect to benchmark state 7 of system characteristics P
under the changes of various factors is called parameter sensitivity analysis.

After establishing the functional relationship between system characteristic P
and n factors, it is necessary to determine the reference parameter set of n fac-
tors, this parameter set needs to be determined in the specific problem studied.
Then, sensitivity analysis can be carried out for each influencing factor. Given a
range of parameters ¢, and floating within this range, the characteristics P can

be expressed as:
* * * *
sz(al"“7ak—1’ak’ak+1"“’an) (7)

when each value of ¢, is taken, the corresponding calculated value of system
characteristic P will be obtained. The analysis results are sorted out and the
curves can be drawn with the results. The slope of the curve can represent the
sensitivity of Pto parameters o, .

In fact, system characteristic P is often influenced by multiple parameters, but
through the above analysis, the sensitivity of system characteristic P to a single
factor can only be obtained. Therefore, the joint action of multiple influencing
factors should be considered in the analysis of surrounding rock pressure.

According to the research results of Liu Zhuo [15] on parameter sensitivity
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analysis of surrounding rock pressure, when the surrounding rock pressure is
calculated by combining the pressure arch theory, the sensitivity of internal fric-
tion Angle ¢ in the sensitivity analysis is the highest, while the other high sensi-
tivities are tunnel span B, rock mass weight y and tunnel buried depth 4. How-
ever, the sensitivity of the cohesion ¢, poisson’s ratio 4 and elastic modulus E of
surrounding rock is very low, which can be ignored in the calculation of sur-

rounding rock pressure.

3.2. Calculation of Surrounding Rock Pressure under the
Influence of Multiple Factors

By using parameter sensitivity analysis, it can be realized that the influence de-
gree of rock mass density, internal friction Angle, tunnel span and buried depth
is higher in the process of surrounding rock pressure calculation. However, the
relationship between the above factors is not clear, and the tunnel surrounding
rock pressure in actual engineering is affected by a number of factors, the calcu-
lation of surrounding rock pressure should also consider the combined effect of
the above factors. Therefore, the highly sensitive tunnel depth A, tunnel span B,
internal friction Angle ¢ and rock mass weight y were introduced into the or-
thogonal test.

The study of complex problems often involves the analysis of the mutual in-
fluence of various factors. Orthogonal experimental design is a research method
that is often used to analyze the interaction of multiple factors and simulta-
neously analyze multiple levels.

The method combines the orthogonality of multiple levels of these factors and
selects a representative part from all the combinations. These selected experiments
have the characteristic of uniform dispersion. For the analysis of multi-factor in-
fluence, orthogonal experimental design is a fast, efficient and economic research
method [16].

A representative part is selected from the complete combination scheme,
which is a major feature of the orthogonal experimental design, and then this
part of the experiment is calculated and the results are analyzed by using statis-
tical methods [17]. Therefore, it is necessary to select some tests with the cha-
racteristics of comparability and dispersion to form the optimal test scheme as
far as possible. In 1951, Genichi Taguchi proposed the concept of orthogonal ta-
ble, which can be used for orthogonal experimental design, and has the above
two characteristics, which makes the orthogonal experimental design more
conducive to practical application. The meaning of the symbol L (q'”) of the
orthogonal table is: L is the orthogonal table, g represents the number of factor
levels, m represents the number of columns of the orthogonal table, that is, the
number of factors that can be accommodated. 2 represents the total number of
tests after combination. When calculating the surrounding rock pressure in
combination with the pressure arch effect, the four influencing factors including
the tunnel’s buried depth A, tunnel span B, internal friction Angle ¢ and rock

mass weight y need to be taken into account. The buried depth of the tunnel is
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50 m, 60 m, 70 m and 80 m, the rock mass weight is 18 kN/m’ 20 kN/m’, 23
kN/m® and 26 kN/m’, the internal friction angle is 25°, 30°, 35°, 40" and the
tunnel span is 10 m, 13 m, 16 m and 20 m. By looking up the orthogonal table, it
was found that L, (45 ) could be used for the orthogonal design of this section.
Although it has an empty column, the number of tests designed was more suita-
ble than L, (34 ) According to the arrangement of orthogonal test table, the ho-
rizontal values of each factor are listed in Table 1. Moreover, for the insensitive
factors required in the numerical simulation, the value shall be determined ac-
cording to the median value of class IV surrounding rocks given in the railway
tunnel design code (TB 10003-2016).

Based on Equation (3) and MIDAS/GTS NX numerical calculation, the sur-
rounding rock pressure values of the models established by the 16 orthogonal

tests in Table 1 are obtained, and the results are listed in Table 2.

Table 1. Orthogonal array table L ((4%).

Depth of tunnel Rock mass weight  Internal friction angle =~ Tunnel span

Group Him YI(N/m?) o B/m
1 50 18 25 10
2 50 20 30 13
3 50 23 35 16
4 50 26 40 20
5 60 18 30 16
6 60 20 25 20
7 60 23 40 10
8 60 26 35 13
9 70 18 35 20
10 70 20 40 16
11 70 23 25 13
12 70 26 30 10
13 80 18 40 13
14 80 20 35 10
15 80 23 30 20
16 80 26 25 16

Table 2. Calculation results of surrounding-rock pressure under different parameters.

Group 1 2 3 4 5 6

Surrounding-rock pressure value/kPa  90.28 123.04 157.14  203.06 131.98  159.63
Group 7 8 9 10 11 12

Surrounding-rock pressure value/kPa 104.09  151.27  138.13  144.62 132.66  138.78
Group 13 14 15 16

Surrounding-rock pressure value/kPa  98.96 103.08  184.63  192.39
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3.3. Multiple Linear Regression Analysis of Surrounding Rock
Pressure

Based on the calculated results of surrounding rock pressure, regression analysis
method can be used for mathematical statistical analysis. Regression analysis is
to establish a statistical analysis model based on the results of orthogonal expe-
riment, which can be used to study the relationship between variables and estab-
lish an approximate relation to control and predict variables. Multiple linear re-
gression analysis can be used to analyze the linear relationship of multiple va-
riables. According to the numerical results of the orthogonal experiment, this
method is used to make mathematical statistics analysis, and the practical calcu-
lation formula of surrounding rock pressure is obtained.

Four influencing factors involved in the orthogonal experiment were selected:
tunnel depth A, tunnel span B, internal friction Angle, and rock mass weight,

respectively, to establish the multiple linear regression equation:
p=py+BH~+ BB+ pp+ Py (8)

B B By and B, are partial regression coefficients, £, is the constant term set for
linear regression.

The multiple linear regression function of MATLAB analysis software was
used to solve the coefficients of the above regression model. The linear regres-

sion equation can be obtained by substituting into the data model:

p =-83.6625+0.1758 H + 6.40035 —0.5789¢ + 6.6057y 9)

R test, F test and f test were used to calculate the R value of 0.934 by
MATLAB, which was close to 1, indicating that the correlation coefficient was
significant. Fvalue was calculated to be 58.9724, and given a significant level of
a=0.05, F,=293 was obtained by looking up the F distribution table.
F > F, means that the linear assumption is valid. Calculate the 7"value of the
coefficient before each independent variable, namely 7(1) = 5.493, 7(2) = 10.871,
T(3) = —3.152, 7(4) = 2.846. Given a significance level of « =0.05, look up the ¢
distribution table to get a critical value T, =2.1448.

It can be known that |7} | 2T , then the regression coefficient S, (i =1, 2,3,4)
has significant significance, and the regression equation should be retained for

each variable.

4. Application Examples

Chongqing metro underground station was selected for analysis and verification.
The tunnel span of the station is 23.30 m, the buried depth is 35 m, and the sur-
rounding rock level is IV. The station is constructed by double-wall guide pit
method, and the core rock is curved with a minimum thickness of 6.90 m and a
width of 8.20 m on both sides. The construction sequence is shown in Figure 1.
When the surrounding rock pressure affected by the construction process is
taken into account, the tunnel section is simplified to some extent. The simpli-

fied model is shown in Figure 2.
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Figure 2. The model of simplified calculation.

By substituting the rock mass weight y, tunnel depth A, tunnel span Band in-
ternal friction Angle ¢ of the example station into formula (9), the basic sur-
rounding rock pressure values of the three guide tunnels under the pressure arch
theory can be obtained. p, = p, =128.27 kPa, the surrounding rock pressure
value of the middle guide tunnel is p, =119.95kPa.

5. Conclusion

The surrounding rock pressure is mainly composed of the loosening pressure of
the lower rock mass of the pressure arch and the deformation pressure of the
rock mass inside the pressure arch, which acts on the support structure. Based on
the theory of pressure arch, the calculating formula p=p +p,=y-H, +k-s
of surrounding rock pressure is deduced. By using the method of sensitivity
analysis, through orthogonal experiments and regression analysis, the pressure
calculation formula of subway station tunnel with a large section is established:
p =-83.6625+0.1758H +6.4003B —0.5789¢ + 6.6057y . It is also applied to the
underground excavation of subway station using double-side guide pit method,
and the correct surrounding rock pressure value is obtained. It is of guiding sig-
nificance for the theoretical analysis and engineering practice of surrounding

rock pressure in large section tunnel.
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