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A reasonable support scheme is the main factor to be considered when constructing tunnels, and it is essential to accurately
calculate the surrounding rock pressure of tunnels. This work focuses on the improved method used to calculate the
surrounding rock pressure of a tunnel affected by the seepage of its weak interlayer. Based on Protodyakonov’s theory, the
simulation result obtained by finite difference method is adopted to determine the modified Protodyakonov’s method (MPM)
used to calculate the surrounding rock pressure of the tunnel taking the angle and position of its interlayer as the entry point.
To confirm the efficacy of the MPM, used for a Chongqing Mountain tunnel affected by the seepage of its weak interlayer, the
other two normal calculation methods were compared with the MPM and field monitoring results. It is shown that the
calculated results of the MPM are closer to those of the field monitoring. MPM meets the requirements of support strength
and can be used as a reference to calculate the surrounding rock pressure of tunnels affected by the seepage of a weak interlayer.

1. Introduction

From 2009 to 2021, the construction of China’s road tunnel
has shown a rapid growth in speed and scale [1-3]
(Figure 1). With the complex geological conditions in China,
the construction of large-scale tunnels would inevitably lead
to disasters. Construction causes technological disasters such
as landslides and flash floods, which disrupt constructions,
delay operations, and place human lives and properties
under serious threat [4]. Among them, groundwater and
weak interlayer are typical representatives. Therefore,
because of this engineering geological situation, it is essential
to put forward a reasonable calculation method for calculat-
ing the surrounding rock pressure of tunnels considering
their seepage and weakness.

To calculate the pressure on the surrounding rock of
tunnels, it was initially thought that the pressure on the sup-

port system mainly came from the gravity of the overlying
soil, and the formula yH was used for the calculation. How-
ever, the computed results differ significantly from the actual
situation. With the continuous development of subsequent
results, the collapse vault theory plus Protodyakonov’s the-
ory and K. T. Erzahi’s idea were used together [5]. Austrian
scholar L.V. Rabcewicz revised the New Austrian tunneling
method, a more practical tunnel construction method, by
summarizing the method used to calculate the surrounding
rock pressure [6]. Furthermore, the energy support theory
was formed through scholars’ systematic results and discus-
sion [7, 8]. According to this theory, the sum of the energy
released by the surrounding rock and the energy absorbed
by the support system are fixed. Therefore, the support sys-
tem should be adjusted to minimize the energy absorbed by
the surrounding rock for it to be stable. To calculate a large
section tunnel with a lower flattening rate, Tricot et al. [9]
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FiGure 1: Growth curve of a road tunnel in China from 2009 to 2021.

used the method for calculating the surrounding rock pres-
sure; it is a more suitable method used for practical engi-
neering. Based on the actual monitoring engineering data,
Chen [10] obtained the law of stress change in the circum-
ferential and radial directions of a rock mass and studied
the self-supporting state of the pressure arch of the sur-
rounding rock. Paolo and InggLorenzo [11] considered that
if the support scheme is not reasonable, the residual stress of
some parts of a tunnel will be released during the excavation
process. This makes the relatively weak surrounding rock
easily gets to the compressive or compressive ultimate yield
state, resulting in the instability of the tunnel [12-14]. Wang
studied the method used for calculating the small clearances
of tunnels with large cross-sections. Based on the calculation
result of the surrounding rock pressure obtained by the code
method, the pressure of the surrounding rock is amplified,
or the elastic resistance of the middle sandwich wall is
reduced according to the influence law of the small-
diameter distance [15-18]. As the method used for calculat-
ing the surrounding rock loses pressure in a shallow tunnel,
a new calculation model used for the surrounding rock pres-
sure in the folded zone is proposed [19]. Sarfarazi et. al.,
Zhang et al., and Zhang and Qui reported that with the mul-
tifactor surrounding rock pressure calculation theory, the
surrounding rock pressure of arbitrary shape and span can
be easily calculated and analyzed, as well as its stability and
safety [20-22]. Wen et al. [23] introduced the weight coeffi-
cients of tunnel depth H, tunnel span B, internal friction
angle ¢, and rock weight y and deduced the calculation for-
mula of the surrounding rock pressure for extensive excava-

tion of section tunnels. The shear strength of surrounding
rock is always affected by joints. Sun et al. and Jiang et al.
[24-26] visually observed the failure process through a dis-
crete element numerical direct shear test, and the shear
strength is related to the failure form and mechanism.
Numerical simulation combined with engineering experi-
ments verify the effectiveness of the formula. The finite ele-
ment analysis is given to determine the formula of the type
1 fracture toughness using the compact tension (CT) test.
The hollow center-cracked Brazillian sample was used for
validation, simulation, and numerical simulation. The
cross-validation test confirms the results have high
reliability.

To sum up, the related previous scholars have done in-
depth and extensive studies on calculating the surrounding
rock pressure of tunnels and have achieved specific results.
Tesaghi’s theory, Protodyakonov’s theory, and code
methods are commonly used in the computation of sur-
rounding rock pressure in underground engineering design
in China [27-31]. However, little result has been obtained
from the calculation method used for the surrounding rock
pressure due to the simultaneous effect of weak interlayer
and seepage. Compared with the above three calculation
schemes of the surrounding rock pressure of tunnels, it is
found that the calculation method used for the surrounding
rock pressure of tunnels based on Tesaghi’s theory is more
suitable for shallow buried tunnels in terms of principle
and hypothesis, and the calculation results are relatively con-
servative. Protodyakonov’s theory and the code method can
address the characteristics of deeply buried tunnels, while
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Protodyakonov’s theory can more precisely reflect the exca-
vation process.

This work developed a modified Protodyakonov’s
method (MPM) for calculating the surrounding rock pres-
sure of a tunnel under the coupled condition of seepage
and weak interlayer. Based on Protodyakonov’s theory, the
finite difference method is adopted to determine the modi-
fied method of calculating the surrounding rock pressure
by taking the angle and position of the interlayer as the entry
point. The case project of this is the surrounding rock of a
tunnel in Chongqing affected by the seepage of its weak
interlayer. The findings of three alternative calculation
methods were compared with the monitoring results
obtained from Chongqing Mountain tunnel calculated with
the MPM to confirm its efficacy. The results show that the
calculation results of the modified method are closer to those
of the field monitoring, and their values are more significant
than those of the field monitoring. They meet the require-
ments of the support strength. Furthermore, this work dis-
cussed the research results of the modified coefficients
considering the angle and distance of the weak interlayer
to the general significance of the engineering application.

2. Developing MPM for Calculating
Surrounding Rock Pressure

This paper mainly used the modified coefficient to measure
the adverse influence of the corrected weak interlayer and
its seepage on the tunnel support. The assumption condi-
tions of the modified formula obey the assumption condi-
tions of Protodyakonov’s theory and meet the requirement
that the application range contains a single main weak sand-
wich, where the dip angle of the sandwich is x, and the con-
tent is 0~90°. Furthermore, the distance from the tunnel
vault is x,. Within 0~0.5 times the span, the interlayer is in
a saturated state. k; is introduced considering sthe influence
of the dip angle of the interlayer on the surrounding rock
pressure of the tunnel, and k, considers assessing the impact
of the interplay at different positions on the surrounding
rock pressure of the tunnel; the modified simplified formula
is shown as

h = alf

a;=a+h-tan (45" - ¢ /2) W
N 1

q=rkkyyh

e=kikyy(h; +h/2) tan®(45° - ¢_/2)

where k, is the modified coefficient of the dip angle of the
interlayer on the surrounding rock pressure, and k, is the
modified coefficient of the interlayer position on the rock
pressure. The numerical values of k; and k, are fitted and
determined using the finite difference method’s numerical
simulation of monitoring data.

2.1. Permeability Coefficient of Dynamic Change under
Seepage Condition. The contact surface relationship between
the soft and weak interlayer and the surrounding rock is

treated by the interface, and the seepage effect during the
excavation of the surrounding rock of the tunnel is simu-
lated using the flow-solid coupling medium. Finally, the
dynamic change of the permeability coeflicient under the
seepage state of the surrounding rock during the excavation
is realized by Fish language.

The permeability coefficient in weak FLAC3D differs
from the soil mechanics concept. The international unit of
permeability coefficient K is m*/Pa/sec, and the conversion
relation between the permeability coefficient K (cm/s) in soil
mechanics is expressed as

k(m?/Pa/sec) = K(cm/s) x 1.02 x 107°. (2)

Weak FLAC3D also has the advantage of implementing
some postprocessing functions in the Fish language. The
permeability coefficient in all numerical simulations in this
paper is obtained from the model test multiplied by 1.02e-
6 to perform the simulation [32]. The Kozeny-Carman
equation is widely used, and the Kozeny-Carman equation
for the variation of the permeability coefficient with porosity
is shown as

Ke—p=—, (3)

where K is the permeability coefficient of rock masses; K, is
constant, approximately equal to 5; @ is porosity, %; X is
body surface area; S, is pore surface area.

It can be seen from Equation (3) that a proportional rela-
tionship exists between the porosity and permeability coeffi-
cient of rock. The relationship between volumetric strain
and porosity is shown as

O=1- , (4)

where @, is original porosity %, and ¢, is under volumetric
strain.

The relationship between the permeability coefficient
and volumetric strain is shown as

%:Hiy0+%y. (5)

Through the correlation between the stress-strain state
of the surrounding rock and the permeability coefficient,
the equation of permeability coefficient and volumetric
strain is written into the software as a command stream in
a Fish language for calculation. The real-time permeability
coefficient is obtained by monitoring the volumetric strain
of the model unit during the simulation calculation in
FLAC3D [33-35].

2.2. Establishment of the Numerical Simulation Model and
Setting of Boundary Conditions. The numerical simulation
is based on a mountain tunnel project in Chongqing, and
FLAC3D finite difference software is used for the numerical



TaBLE 1: Physical parameters of surrounding rock and weak interlayer.

Geofluids

Type

Surrounding rock

Weak interlayer

Bulk density gamma (KN/m?)

Elastic modulus E (MPa)

Poisson’s ratio of mu

Cohesion C (KPa)

Internal friction angle ¢ (*)

Unconfined compressive strength RC (MPa)
Permeability coefficient K (cm/s)

24.9
9300
0.23
2160
36.5
32.3
5.10e-06

22
2000
0.31
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Figure 2: Contact surface and weak interlayer grid diagram.

simulation. For the numerical simulation, hexahedral,
wedge, and column grids are used to form the essential grid
cells of the model, with a total number of 39324 cells and
43654 nodes. The physical parameters of the surrounding
rock and the weak interlayer are selected as shown in
Table 1, and the contact between the weak interlayer and
the adjacent surrounding rock is simulated by the contact
surface cell of the Coulomb shear intrinsic model (in
Figure 2). The dimension of the numerical simulation is 54
m x 54m x 18 m. The tunnel is a single horseshoe-shaped
tunnel with a span diameter of 13.5m, a clear height of
9.45m, and an interlayer thickness of 0.675m (Figure 3).
Taking the center of the elevation arch as the origin, the tun-
nel extends by 27m along the x-axis in both positive and
negative directions, and 18 m along the y-axis, which is the
longitudinal length of the tunnel. More-Coulomb elastoplas-
tic constitutive model is used for the simulation of the sur-
rounding rock and its weak interlayer. The method
adopted for the constitutive model is the “mixed discrete
method” which is used to simulate the plastic characteristics
of the surrounding rock and its interlayer. This method is
more accurate and applicable than the “discrete integrated
method” commonly used in finite elements.

Stress boundary conditions. The numerical simulation
models the entire submerged layer, i.e, 61.5m to 115.5m
below the ground. The model above the submerged layer is

FIGURE 3: Grid diagram of numerical model.
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TaBLE 2: Weak interlayer with different inclination angles corresponding to the surrounding rock pressure value of left hance, right hance,

and the vault.

Left hance surrounding

Dip angle of rock pressure

interlayer (°)

Vault surrounding
rock pressure

Right hance surrounding
rock pressure

(MPa) (MPa) (MPa)

0.345 0.127 2.209

0.382 0.151 2.357
10 0.429 0.185 2.486
15 0.508 0.238 2.756
20 0.633 0.306 3.262
25 0.737 0.361 3.811
30 0.883 0.424 4.172
35 1.03 0.516 4.688
40 1.14 0.6 5.102
45 1.303 0.696 4.588
50 1.162 0.771 4.2
55 1.047 0.736 3.867
60 0.922 0.717 3.424
65 0.797 0.66 3.166
70 0.712 0.596 2.863
75 0.636 0.555 2.572
80 0.562 0.478 2.4
85 0.532 0.413 2.173
90 0.502 0.271 2.088

replaced by a load of equivalent overburden height of
1.233e6 Pa. According to the model boundary, the front,
back, left, right, and bottom of the numerical model are set
as an impermeable boundary, and the top surface and exca-
vation surface are set as accessible permeable interfaces. The
lateral pressure coefficient at the bottom of the model is
taken as K, = 0.5 based on the actual working condition.

Seepage boundary and stress boundary generation. In the
control boundary conditions, first the calculation of stress
field is turned off, and then the seepage field is opened,
followed by seepage field balance calculation, and so on.
Each node and the unit of pore water pressure field are gen-
erated after turning off the seepage mechanics equilibrium
calculation based on the seepage boundary individual bal-
ance with mechanics. Then, the corresponding stress field
is developed. In other words, the stress limit on the water
is added to the seepage limit after the initial seepage
equilibrium.

After the first stress field is formed on the ground and
the seepage field, excavation occurs. The mechanical equilib-
rium is first performed separately after completing the exca-
vation. This is done to simulate the process of stress
redistribution to form a new stress field after excavation
unloading. Then, the seepage field and stress field are
opened simultaneously to simulate the transient seepage cal-
culation using a fluid-solid coupling, and the excavation
cycle is repeated eight times. Each working condition is con-
sistent with the model boundary in the calculation process,
and the simulation calculation of constant water level and

constant ground stress field is considered. Monitoring points
at the left arch waist, right arch waist, and arch top are set up
to monitor the surrounding rock pressure value during the
whole excavation process.

2.3. Solutions of the Modified Coefficient

2.3.1. Influence of Dip Angle of Interlayer under Seepage
Condition. To further analyze the influence of the interlayer
dip angle, the interlayer angle was altered to 0~90°, and the
surrounding rock pressure was observed at the correspond-
ing position.

(1) The influence rule of angle change on the pressure of
left hance, right hance, and the surrounding rock of
the vault is shown in Table 2

Table 2 shows the change of the surrounding rock pres-
sure of different angle interlayers in an anhydrous state. It is
possible to see that when the infill angle is less than 45°, the
pressure of the surrounding rock at an angle of inclination
increases. The surrounding rock pressure decreases when
the interlayer’s angle is more significant above 45°. The
interlayer’s angle has an apparent influence on the sur-
rounding rock pressure. The maximum value is reached in
the interlayer’s angle range of 40° to 60°. The surrounding
rock pressure of the interlayer with different dip angles pre-
sents a Gaussian distribution. Therefore, Gaussian distribu-
tion is intended to be used to fit the surrounding rock
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pressure of the interlayer at different dip angles. The Gauss-
ian formula is shown as

e—Z((x1 —xu)z/wz)

y=yot (6)

A
w\/1/2

(2) Gaussian distribution is used to fit the surrounding
rock pressure of the left hance of the interlayer at dif-
ferent dip angles (Figure 4), where y,=0.413, A =
32.3, w=32.5, and R?> =0.961 > 0.95. FLAC3D sim-
ulation results show that the pressure of left hance
surrounding rock without interlayer is 0.095Mpa,
so the modified coefficient k;; of the interlayer with
different dip angles is obtained. The calculation for-
mula is shown in Equation (7). Gaussian distribution
is used to fit the surrounding rock pressure of the
right hance of the interlayer at different dip angles
(Figure 5), where y, =0.094, A =37.2, w=45.9, and
R?=0.974 > 0.95. FLAC3D simulation results show
that the right hance surrounding rock pressure with-
out interlayer is 0.095 MPa; the modified coefficient
k,, of interlayer with different dip angles is obtained.
The calculation formula is shown in Equation (8).
Gaussian distribution was used to fit the surround-
ing rock pressure of the sandwich vault at different
dip angles (in Figure 6), where y, =2.16, A = 106,
=32.2, and R*=0.975>0.95. FLAC3D simulation
result was used to obtain the pressure of the sur-

rounding rock of the vault of the weak interlayer
tunnel with 0 times of the span between the tunnel
walls. The tunnel wall is 0.857 MPa, and the modi-
fied coefficient k,; of the interlayer with different
dip angles is obtained. The calculation formula is
shown as

= 0.413 + (32'2/32-5\/77/5) o 2((1-46.5/32.5%)
" 0.095 ’

(7)

—2((x,-55.4)2/45.9?
L 0094+ (37.2145.9/m2)e (M ENIES)

" 0.095 ’
2.16 + (106/32.2/7/2) ¢ 2((=41:1)7132:2) )
i = 0.857

2.3.2. Influence of the Position of the Interlayer under Seepage
Condition. To further explore the influence of the interlayer
position, the distance between the interlayer and vault is
changed by 0~0.5m, and the surrounding rock pressure is
monitored at the relevant position.

(1) The influence rule of position change on the pressure
of the left hance, right hance, and surrounding rock
of the vault is shown in Table 3

Table 3 shows the change of the surrounding rock pres-
sure of the interlayer with different distances from the vault
in an anhydrous state. We can observe that with the increase
in the spacing of the vault, the pressure around the rock
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decreases, and the decrease is evident when the space is less
than 0.2 D. The pressure curve of the surrounding vertical rock
of the interlayer vault with different spacing presents the form
of the exponential function. This chapter intends to use the

exponential function to simulate the situation. Through the
nonlinear curve fitting of the surrounding rock pressure of
the interlayer with different distances from the vault in an
anhydrous state, the trend of the surrounding rock pressure



TaBLE 3: Weak interlayer with different locations corresponding to the surrounding rock pressure values of left hance and right hance and

the vault.

Distance to vault/ Left hance surrounding rock pressure/ Right hance surrounding rock pressure/

Vault surrounding rock pressure/

D MPa MPa MPa
0 1.140 0.600 5.640
0.1 0.824 0.361 4.643
0.2 0.641 0.235 4.038
0.3 0.579 0.163 3.730
0.4 0.500 0.140 3.044
0.5 0.464 0.103 2.794
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FiGurek 7: Fitting curve of the relationship between the surrounding rock pressure of left hance and the weak interlayer at different locations.

changing with the angle of the interlayer is obtained. The expo-
nential function is adopted for this fitting, is shown as

Y=Yo +A e (10)

(2) Exponential distribution is used to fit the pressure of

the surrounding rock on the left hance of the inter-
layer at different angles (in Figure 7), where y, =
0.434, A, =0.704, £, =0.171, and R* =0.982> 0.95.
According to the FLAC3D simulation results, the sur-
rounding rock pressure of the left hance of the weak
interlayer tunnel with zero span spacing to the tunnel
wall is 1.086 Mpa, and the modified coefficient k;, of
the position of different weak interlayers is obtained.
The calculation formula is shown in Equation (11).
Exponential distribution is used to fit the surrounding

rock pressure of the right hance of the interlayer at dif-
ferent angles (Figure 8), where y, = 0.086, A; = 0.513,
t, =0.161, and R*=0.976 > 0.95. According to the
FLAC3D simulation results, the surrounding rock
pressure of the right hance of the weak interlayer tun-
nel with zero span spacing to the tunnel wall is
0.571 MPa, and the modified coefficient k,, of the dif-
ferent interlayer positions is obtained. The calculation
formula is shown in Equation (12). The exponential
distribution is used to fit the surrounding rock pres-
sure of the interlayer vault at different angles (in
Figure 9), where y, =1.58, A, =4.01, t; =0.421, and
R?=0.968 > 0.95. According to the FLAC3D simula-
tion results, the surrounding rock pressure of the tun-
nel vault without a weak interlayer is 5.371 Mpa, and
the modified coefficient k,, of the interlayer with dif-
ferent dip angles is obtained. The calculation formula
is shown as
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1.58 + 4.01e*/0421
2= (13)
5.371

2.4. Determination of the Modified Formula. According to
Section 2.3, the pressure of the surrounding rock of the vault
with different dip angles and different positions of inter-
layers increases by different multiples. The increased multi-
ple of the interlayer with varying grades of dip is the
modified coefficient k,;, and the growth multiple of the inter-
layer at different positions is the modified coefficient k,. The
MPM of the left hance, right hance, and vault is modified as
follows:

q,=kpkpyh
qr = krlkrzyhr . (14)
q, =k kpyh,

3. Case Application of the MPM

The reasonableness and effectiveness of the MPM used for
the mountainous tunnel in Chongging region is validated.
The surrounding rock pressure of the project’s field is mon-
itored. The monitoring results are compared with the results
of the surrounding rock pressure calculated with the com-
monly used code methods, Protodyakonov’s method, and
MPM.

3.1. Overview of the Case Project. The case project is a moun-
tain tunnel with single-hole double-track in Chongqing. The
tunnel length is 853 m, its buried depth is 110 m, span length
is 23.60m, and height is 20.83 m. The tunnel is a curved
wall-round vault section. The survey area is within the struc-
tural belt of the southeast arc of Sichuan, and the site is in
the western wing of the Nanwenquan anticline. The strata
dip is about 290°, and the dip angle is about 60°. The inter-
face plane of sandstone and sandy mudstone is poorly com-
bined, and the phenomenon of thin-bedded marginalization
appears. According to the engineering characteristics of the
proposed tunnel, the diving layer is 40 m below the ground,
and there is mainly bedrock vein-like fissure water and open
layer pore water (upper stagnant water) related to the pro-
posed project. A typical AK29+834 section was selected to
study the influence of the weak interlayer on the surround-
ing rock pressure of the tunnel structure. The upper step sec-
tion of the surrounding rock in the layered excavation is
shown in Figure 10. A weak interlayer with a thickness of
1.2m~1.6m and a dip angle of 70° crosses the vault between
the inclined rock layers. According to geological prospecting
data and field observations, the lithology of an interlayer is
mostly strongly weathered mudstone, which has low
strength and large compression modulus, and the water
strength of an interlayer soil is significantly reduced or even
lost.

To study the surrounding rock pressure of the initial
support, the surrounding rock pressure of the initial support
at the left and right hance is monitored from the excavation
process to the excavation stability period. The earth pressure
box is buried in the surrounding rock in contact with the ini-
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FIGURE 10: Typical study cross-section.

Vault

N

Left hance Right hance

20.83 m

77777V 77
& A 777

WW///

23.6m
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TaBLE 4: Surrounding rock pressure monitoring value of initial
support excavation.

Date Right hance Left hance Vault
September 16 0.000 0.000 0.000
September 30th 0.005 0.007 0.445
October 14 0.008 0.081 0.590
October 28 0.035 0.085 0.603
November 11 0.041 0.094 0.623
November 25th 0.045 0.097 0.628
December 9 0.048 0.102 0.647
December 23 0.050 0.105 0.654

tial support. The monitoring points are distributed in the
same section, and the monitoring points arranged are firm
and reliable to ensure that the monitoring data are accurate
and effective. The detailed distribution section of the earth
pressure box is shown in Figure 11.

The data obtained during the excavation are shown in
Table 4. The surrounding rock pressure monitoring values
of the left and right hance and vault reached a fixed deal
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F1GURE 12: Curve of real-time monitoring surrounding rock pressure.
TaBLE 5: Comparison between calculated results and monitoring results.
Surrounding rock pressures Vault/MPa Left hance/MPa Right hance/MPa
access method Numerical Error Numerical Error Numerical Error
Code method 0.278 -57.5% 0.0417~0.0834 -60.3%~-20.5% 0.0417~0.0834 -16.6%~66.8%
Protodyakonov’s method 0.136 -79.2% 0.011 -89.5% 0.011 -78%
MPM 0.908 38.8% 0.159 51.4% 0.133 166%
Field monitoring value 0.654 0 0.105 0 0.05 0

Note: Error = (calculated result — monitoring result)/monitoring result x 100%.

after October 23 and tended to be stable. The curve of the
surrounding rock pressure change is shown in Figure 12.

3.2. Analysis of the Results of Three Calculation Methods.
The monitoring results and the values of the surrounding
rock pressure calculated by the commonly used code
method, Protodyakonov’s method, and the MPM derived
are listed in Table 5.

The comparative analysis in Table 5 shows that the mon-
itoring values in the field are generally larger than those cal-
culated in the Code for Design of Road Tunnel, indicating
that the surrounding rock pressure calculated by the code
method is smaller than the monitoring values in the case
of weak interlayers. The surrounding rock pressure values
of the vaulted roof and the left and right hance of the tunnel
with weak interlayer calculated using the Presbyterian theory
are smaller than those monitored in the field. Therefore, the

surrounding rock pressure calculated by the code and Proto-
dyakonov’s theory method cannot reach the support
strength of the surrounding rock of the tunnel with a weak
interlayer, and the relative safety risk is significant. At the
same time, the pressure value of the surrounding rock calcu-
lated by the modified formula is greater than the field mon-
itoring value, and the two values are close. The errors of the
surrounding rock pressure calculated by the MPM with the
area monitoring results are 38.8%, 51.4%, and 166%, respec-
tively. Therefore, to satisfy the support strength of the vault
and the right hance, it is more appropriate to conservatively
consider the calculation scheme of the support strength of
the left hance. Compared with the usual calculation method
used for the surrounding rock pressure, the result obtained
from the surrounding rock pressure calculated with the
MPM has more guiding significance for the support design
of similar engineering with the weak interlayer tunnel.
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4. Discussion

The calculation result of the surrounding rock pressure of a
mountain tunnel with single-hole double-track in Chong-
qing obtained by MPM is greater than the monitoring values
(Table 5); while the calculation results of the other two
methods are less than the monitoring values. To ensure that
the supporting measures meet the requirements of strength,
MPM could be used as a recommended method to calculate
the surrounding rock pressure. It is safer than the other two
methods and relatively suitable. Hence, the calculation
results of the surrounding rock are partially conservative.
As the pressure value of the surrounding rock calculated
by the modified general theory is 1.66 times larger than the
field monitoring value, the following points are discussed
plus the limitations and shortcomings of the resulting work.

4.1. Application Effect of Examples

(1) The calculation results of surrounding rock pressure
obtained by normative method and Protodyakonov’s
theory are generally lower than 50% (Table 5). So, it
is difficult to use them for this project. However, the
result of the modified Protodyakonov’s theory is
about 40-50% higher than the actual monitoring
results, which is in a reasonable range and relatively
safe in engineering. As the constitutive model of nor-
mative method and Protodyakonov’s theory is an
elastic model, and is used for homogeneous sur-
rounding rock, the modified Protodyakonov’s
method adopts the elastic-plastic constitutive model
and is used for heterogeneous surrounding rock with
a weak interlayer. The results of the modified Proto-
dyakonov’s method are safe and conservative based
on a statistical method

(2) From the analysis of engineering factors on-site,
there is a sequence of engineering construction.
The on-site support at the right hance starts first,
and the surrounding rock is relatively stable due to
the short exposure time, so the on-site monitoring
value is relatively small. The amended form needs
to be improved because site engineering significantly
impacts the surrounding rock pressure, considering
the influence of the site building method, support
time, support stiffness, and tunnel deformation

(3) According to the analysis of the on-site geological
survey report, due to the surrounding rock’s com-
plex and changeable geological conditions, the
numerical simulation results inevitably deviate from
the actual site. This may also be one of the reasons
why the MPM results are larger than the field mon-
itoring results

4.2. Influencing Factors of the Modified Coefficient. In this
study, only the influence of dip angle and position of the
interlayer under seepage condition is corrected, and the
MPM needs to be applied in some homogenous fields to
explore the development law of the results. Because of the
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problem of the modified coefficient, the following should
be the focus of the research team in the future.

(1) From the aspects of geology, rock mass correction
can be done separately, considering the boundary
conditions (different head and different states of in
situ stress, deformation, and bearing load), and more
abundant weak intercalation characteristics (such as
the thickness of the interlayer, clip layer upon layer,
mezzanine type, quantity, distribution, and extended
range), the surrounding rock pressure calculation
method of correction can be perfected for solving a
more comprehensive range of practical engineering
problems

(2) From the engineering aspect of the correction, the
form and stiffness of supporting structures and the
sequence of controlled blasting and excavation in
construction can be investigated based on the cave
factors (such as the shape of a three-center vault,
semicircular vault, and cut round vault; depth, scale,
thickness of overburden layer, and axis direction of
the tunnel). These are the breakthrough points for
future results

4.3. Applicability of the MPM. According to the survey
report, the method applies only to the rock mass class, which
is IV level, weak formation period of V level, and single weak
intercalation in situ stress. The phreatic aquifer change rela-
tive to the base of deep-buried tunnel mode is not large.
Thus, the study determines the water head and in situ stress
state affected by the action of seepage under the weak inter-
calations of horseshoe-shaped deep-buried tunnels.

As the results of the numerical simulation of the fitting
modified coefficient are more influenced by engineering
and geological effects (such as buried tunnel depth, span,
sectional shape, the trend of the tunnel, and lithology of
the surrounding rock combined with the shape), this paper,
considering the weak interlayer’s angle and distance modi-
fied coefficient, mainly provides a train of thought. However,
the application layer of universal significance needs further
discussion.

5. Conclusions

For the surrounding rock of the tunnel under the seepage
condition of weak interlayer, this work proporsed MPM,
which is a novel calculation method of tunnel surrounding
rock pressure considering the influence of interlayer angle
and position.

(1) In the process of determining the modified coeffi-
cient, the corresponding surrounding rock pressure
under the influence of the interlayer’s angle presents
the distribution rule of the Gaussian state, and the
change of the surrounding rock pressure under the
influence of the interlayer position presents the dis-
tribution rule of the exponential function. The max-
imum value is reached in the interlayer’s angle range
of 40" to 60°. With the increase in the distance
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between the sandwich vault, the surrounding rock
pressure decreases, and the decrease is more obvious
when the distance is less than 0.2D. Therefore, the
variation of the vertical surrounding rock pressure
of sandwich vault with different spacing presents
the distribution form of the exponential function

(2) The surrounding rock pressure monitoring value in
engineering is compared with the surrounding rock
pressure calculated by three schemes, namely, the
code method, Protodyakonov’s theory method, and
the MPM of Protodyakonov’s theory. It is found that
the result obtained from the surrounding rock pres-
sure calculated with the MPM is the most suitable

(3) The analysis results show that the surrounding rock
pressure calculated by the code method and the Pro-
todyakonov’s theory method is too small to reach the
support strength of the surrounding rock of the tun-
nel with a weak interlayer, and the relative safety risk
is significant. The pressure values calculated by the
modified formula are greater than those monitored
in the field, and the values calculated by the two
schemes are close. On the premise of satisfying the
support strength of the right vault and the left vault,
it is more appropriate to conservatively consider the
calculation of the support strength of the excellent
vault
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