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Abstract: The external water pressure and seepage quantity are crucial factors in tunnel construction
design, especially under complex geological conditions. Both analytical solutions and numerical
simulations can be used to calculate the external water pressure in a shallow circular cross-section
tunnel. Analytical formulas are usually derived based on homogeneous surrounding rock, which
seems somehow unrealistic. In reality, the engineering geological conditions are complex and the
surrounding rock is heterogeneous. Therefore, the results of analytical formulas may deviate from the
actual results. This study takes the No. 1 shallow-buried tunnel in the north bank of the Xiaolangdi
irrigation area as its research background. Based on heterogeneous and anisotropic analyses, the
horizontal permeability, the vertical permeability, the parameters of the lining and grouting circle,
and the position head are the main factors affecting the stability of the external water pressure. The
result shows that the external water pressure increases as the ratio of the horizontal permeability
coefficient to the vertical permeability coefficient increases. Moreover, when a grouting ring is used
to block the water, the lining is guaranteed to have a certain degree of permeability, which helps to
better achieve the purpose of reducing the external water pressure.

Keywords: complicated geological; heterogeneity; anisotropy; external water pressure of lining;
numerical simulation

1. Introduction

An increasing number of tunnel engineering projects have emerged since the con-
cept of deep subterranean construction was implemented. The implementation of these
projects promotes the development of underground space, but also brings many technical
challenges. Among them, groundwater leakage is regarded as a major risk factor, and
its potential consequences include the collapse of the tunnel structure, hazards to work-
ers’ lives, and delayed progress on the project [1,2]. In addition, excessive groundwater
discharge not only affects the construction process, but also may lead to serious environ-
mental problems, or even cause irreversible damage to the ecosystem [3,4]. Under complex
groundwater conditions, accurately calculating the tunnel’s external water pressure has
become a practical problem that cannot be ignored in tunnel construction and operation.
Usually, when assessing the various factors affecting external water pressure, we typically
take into account the geological environment of the tunnel, the permeability characteristics
of the surrounding rock, the permeability of the lining itself, and the impacts of drainage
and grouting measures [5-7].

Currently, there are two main methods for the analysis and treatment of external
water pressure. One is analytical calculation, and the other is numerical calculation. Early
scholars derived an analytical formula for predicting seepage in tunnels using the circular
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tunnel model [8-10]. Subsequent scholars refined this analytical formula and broadened its
application scope, proposing an analytical method that addresses the steady-state seepage
field within tunnels, influenced by the action of the grouting circle [11,12].

Subsequently, scholars have carried out more in-depth research and proposed an
analytical solution to determine the seepage pressure in non-circular tunnels based on a
circular tunnel model. Duan et al. [13] proposed an exact axisymmetric analytical solution
for the seepage flow and external water pressure values of the surrounding rock, lining,
and grouting ring under high outside water pressure. This offers a new theoretical solution
to use when researching the water pressure value of non-circular hydraulic tunnels. Zhao
et al. [14] examined the water pressure and reduction coefficient of a horseshoe section
tunnel lining, and their findings were corroborated by engineering examples. They also
provided recommended values for the thickness of the grouting ring and its external water
pressure reduction coefficient, pertaining to the grouting effect. Yu et al. [15], Liu et al. [16],
and Bi et al. [17] derived an analytical solution that applies to a tunnel seepage field
with a drainage system. With the continuous advancement and refinement of computer
technology, the application of numerical methods in engineering and scientific research
has significantly escalated. In the past few decades, researchers have developed a variety
of software programs based on the finite element method (FEM) and the discrete element
method (DEM). These tools are used for in-depth analyses of steady and transient conditions
of groundwater flow [18,19].

Arjnoi P et al. [20] used ABAQUS to simulate a drainage circular tunnel under steady
groundwater flow conditions and studied the influence of pore water pressure distribution
on lining stress. Zhang et al. [21] used ABAQUS software to develop a three-dimensional
numerical calculation program, taking the Xianglushan diversion tunnel in the water diver-
sion project in central Yunnan as the research background. The program aims to deeply
analyze the influence of lining parameters, grouting layer parameters, and drainage holes
on the seepage pressure of the surrounding rock and linings under different working con-
ditions. Yu et al. [22] and Li et al. [23] used numerical simulations to study the influence of
different waterproof drainage parameters on seepage fields. Lv et al. [24] used MODFLOW
software to evaluate the influence of tunnel excavation on groundwater flow.

To summarize, modern studies on tunnels mainly focus on controlling the infiltration
of tunnels and the external pressure of water. Investigations primarily focus on drainage
tactics, the grouting ring’s thickness and permeability coefficient, and the lining’s thick-
ness and permeability coefficient, aiming to modify the tunnel seepage field in different
conditions. However, the lack of an understanding of the actual geological conditions of
the surrounding rock that describe external water pressure in the analytical solution poses
a significant challenge, primarily due to the complexities of tunnel boundary conditions
and anisotropy. These software packages can not only simulate complex groundwater
flows, but also evaluate the influence of different parameters on the flow characteristics
so as to provide a scientific basis for decision-making. This paper addresses this gap by
utilizing a numerical simulation for analyzing external water pressure, with a particular
focus on the heterogeneous surrounding rock and anisotropic permeability. Many of these
solutions are predicated on assumptions that are more applicable to deeply buried tunnels,
rendering them less accurate for shallow tunnels. Numerical simulation was employed to
address complex problems with a high degree of precision. To accomplish the task of tunnel
waterproofing and drainage, an investigation of the parameters of the composite lining is
crucial. Finally, we studied the influence of a composite lining’s material parameters on
external water pressure under the conditions of heterogeneous geological conditions and
seepage anisotropy.

2. Research Background and Geological Conditions
2.1. Project Profile

The Xiaolangdi north irrigation area project is located on the north bank of the Yellow
River in Henan Province. Itis a large (2) type irrigation area. The No. 1 tunnel in the section
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of pile No. ZG19 + 090 ~ ZG21 + 030 in the research is a part of the hilly bedrock region.
The ground elevation is generally 218~249 m. The tunnel’s subterranean depth is between
16 and 22 m, and the groundwater level is 2.8~20 m higher than the tunnel floor. There are
drainage problems in the construction of underground tunnels, which increases the risk of

a tunnel water inrush. The location of the study area is shown in Figure 1.

B Beiijing

National bound:

0 625 1250

Henan Province

[ ] Provincial administrative region

ary line

2500 km

N

A

112°10'0"E 112°20'0"E 112°30'0"E 112°40'0"E
1 1 1 !

35°20'0"N-]

35°10'0"N-]

Henan
[] Area of study

3590'0"N

34°50'0"N+

[ Xiaolangdi North Bank Irrigation District Engineering
|| Xiaolangdi reservoir

— Railway
— Highway

T
35°20'0"N

35°10'0"N

34°50'0"N

T T T T
112°10'0"E 112°20'0"E 112°30'0"E 112°40'0"E

Figure 1. Location of the study area.

2.2. Geological Conditions

In order to identify the properties and classifications of the surrounding rocks of the
tunnel, an additional borehole, designated as SW20 + 265A, was drilled to a depth of 30 m.
Figure 2 shows the strata distribution. Various mechanical and hydrogeological tests were
conducted to obtain the geomechanical properties of the No. 1 tunnel site. In addition, a
substantial number of permeability tests were conducted within the boreholes throughout

the tunnel to determine the permeability of each layer.
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The surrounding rock lithology of the No. 1 tunnel section is mainly Paleogene strata.
The engineering geological classification of the Paleogene surrounding rock is V class,
and the engineering geological classification of the loess surrounding rock is V class. The
underground water level in this section is high, predominantly situated near the interface
of soil and rock, and the loess in this area exhibits medium permeability, while the bedrock
displays weak permeability. Moreover, this borehole showed that the geological structure
type belongs to a soil-rock bilayer structure. The strata that were drilled can be divided into
five layers. The uppermost stratum of the rock formation is composed of heavy silty loam.
The remaining four layers exhibit alternating strata of sandstone and mudstone. Among
them, the bedrock above the top of the tunnel near pile number ZG19 + 489~ZG19 + 580
is thin. Overlying a 1620 m thick soil layer, the terrain is low-lying, with upper stagnant
water. Also, the integrity of the sandstone rock mass at the top of the cave is poor; there are
well-developed cracks, and it would be easy for a seepage channel to form. Affected by
high groundwater, the surrounding rock may fall and collapse, and there is a problem of
cavern stability. The underground water level in the rock stratum is high, the rock mass is
weakly permeable, and there is a problem of construction dewatering and drainage.

3. Calculation of Seepage
3.1. Analytical Solution

Here we propose a circular, homogeneous, isotropic tunnel, as shown schematically
in Figure 3, with the following assumptions: The tunnel is thought to be in a steady state,
and the surrounding rock, lining, and grouting ring are homogeneous and continuous
isotropic media of different materials. The groundwater flow follows Darcy’s law [25,26].
Furthermore,

ro—the outer radius of the tunnel,

rm—the outer radius of the secondary lining,

r.—the outer radius of the primary support,

rge—the outer radius of the grouting ring,

rs—the outer radius of the surrounding rock,

H—the outer head of the tunnel,

Hp—the outer water head of the lining,

H.—the outer water head of the support,

Hg—the outer water head of the grouting ring,

Ks—the permeability coefficient of the surrounding rock,

Kg—the permeability coefficient of the grouting ring,

K.—the permeability coefficient of the primary support,

Km—the permeability coefficient of the secondary lining.

Yi

SAVA -

&

Figure 3. Tunnel simplified model.

To satisfy the seepage continuity equation (Laplace Equation):

V2H =0 (1)
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The Z axis and the water flow are perpendicular, so %—Ig: 0. At the same time, about

the tunnel axis Z, the head field function H exhibits symmetry, thus %—Ig: 0. One way to
simplify Formula (2) is as follows:

1d/ dH
rdr(rdr) =0 ©)
Furthermore, r # 0, thus
dH
rw =C 4)

Based on the above modeling analysis, an analytical formula for the calculation of
tunnel seepage can be derived under specific assumptions.

(1) Analytical formula for the seepage volume in the Harr Tunnel

Utilizing the mirror method, Harr [5] reimagined the semi-infinite seepage field of
a tunnel as the superposition of two infinite seepage fields. This was predicated on the
assumption that the initial water table is horizontal and remains constant, the groundwater
is in a steady state and conforms to a radial flow, and the medium is homogeneous and
isotropic. Consequently, the following analytical formula for calculating the seepage

quantity was derived:
2nHK
Q= 05 (%)
In [1 + (2H/r0)2]

(2) Analytical formula for seepage flow in the Goodman Tunnel

Goodman [6] simplified Harr’s formula using the condition H >> r to obtain the
seepage calculation for the tunnel. Goodman'’s formula is suitable for the calculation of
water inflow in high head or deep buried tunnels under runoff conditions.

2nHK

Q= In(2H/r)

(6)

(3) Analytical formula for seepage flow in the Ying Hongwei Tunnel

Ying Hongwei [8] developed an analytical formula to describe the seepage field of
deeply buried underwater tunnels that include grout rings and liners, utilizing the mirror
method. This formula is suitable for conditions with a constant groundwater level, as well as
for both deeply and shallowly buried lined tunnels within homogeneous isotropic aquifers.

2K H

= 2h Ks s Ks n

)

3.2. Numerical Calculation Method

The tunnel seepage field is numerically simulated using Midas. With the tunnel in
its center, the computational model has dimensions of 60 m x 40 m x 30 m, ry =2.16 m,
¢ =2.36 m, and rg = 2.86 m, respectively. There is a water table 20 m above the bottom
of the tunnel in this segment, which is submerged at a depth of 22 m. The model-related
material parameters are shown in Table 1.
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Table 1. Model-related material parameters.

Material E/GPa K/(m-s—1) u
Heavy silt loam 5.6 1.2 x 1073 0.4
Mudstone 11.0 1x1077 0.32
Sandstone 15.0 1x107° 0.25
Grouting ring 20.0 2x 1077 0.3
Secondary lining 26.5 1.5 x 107 0.2

Note: E—Elastic modulus, K—Permeability coefficient, u—Poisson’s ratio.

Figure 4 shows a simplified model for the calculation of the seepage field of a sub-
merged tunnel, taking into account the grouting ring, initial support, and secondary lining,
with the following assumptions:

(1) The tunnel has a circular cross-section.

(2) The water table line is the upper border. The water pressure at the left and right
boundaries is set according to the gradient of the groundwater depth change. Also,
the model’s bottom is set to an impermeable border. Drainage is accomplished
through consistent seepage through the lining.

(38) The soils are all continuous, anisotropic media, the soils and water are incompressible,
and there is adequate groundwater recharge in the seepage field.

(4) The amount of tunnel drainage does not affect the groundwater level, i.e., there is
a fixed distance between the center of the tunnel and the line that represents the
groundwater level.

(5) Isotropic homogeneous continuous media are used for the grout rings, initial support,
and secondary lining.

(6) The seepage obeys Darcy’s law and the tunnel is in a steady state of seepage.

““\\V""’

(a) Model diagrams with finite element method (b) Model of tunnel lining structures

Figure 4. Computational model for numerical simulation.

The horizontal permeability coefficient of the soil around the borehole is Ky. The
vertical permeability coefficient is Ky Permeability runs in the same directions as the
main coordinate axes, and the coefficients are all constants. The datum is set on the
bottom surface.

3.3. Comparison of Analytical and Numerical Calculations

According to the section design, the permeability coefficients are as follows:
Ke=1x10"°m/s, Kg =5 x 107 m/s, Kc =5 x 107 m/s, and Ky =1 x 10~ m/s.
The H terms are 9 m, 12 m, 15m, 17 m, 19 m, and 20 m, respectively. A comparison between
the results of each analytical calculation and the numerical solution at various depths of
the tunnel is presented in Figure 5.
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Figure 5. Comparison between analytical solutions and numerical simulations.

Upon analyzing the calculation results, it becomes evident that as the horizontal
coordinate /H increases, the H experiences a gradual decline. Concurrently, the seepage
volume, as determined by both the analytical formula and numerical calculation, also
diminishes progressively. In terms of comparison, Harr’s formula yields the highest values,
whereas Ying's formula results in the lowest. Notably, the numerical outcomes fall within
the range defined by the Goodman and Ying formulas.

This is because Ying's formula accounts for the water-blocking effect of the grouting
ring, which results in a relatively small calculated seepage volume. Furthermore, Harr’s
and Goodman'’s formulas are typically applicable to high head or deeply buried tunnels,
where the overall water head of the tunnel seepage field tends to be greater, leading
to a higher calculated seepage volume. The results calculated using these formulas for
the seepage quantity of tunnels in shallow-buried tunnels or fractured media are often
on the higher result. Generally, these analytical formulas effectively solve the problem
of calculating the groundwater inflow into a tunnel, based on the assumption that the
surrounding rock constitutes a homogeneous and isotropic seepage environment within a
deeply embedded tunnel. However, for tunnels situated in complex geological settings,
where the surrounding rock is heterogeneous and the tunnel is shallowly buried, the
calculated outcomes can markedly diverge from the real data. In contrast, the numerical
calculation method takes into account the impact of a heterogeneous and anisotropic
seepage field, yielding results that are more aligned with reality.

4. Discussion
4.1. Analytical Formulas

Estimating the external water pressure in anisotropic seepage scenarios involves
considering factors like the horizontal and vertical permeability coefficients, as well as the
permeability and thickness of the grouting/lining [27,28].

Under the anisotropic seepage scenario, the external water pressure can be calculated
by means of Equations (8) and (9):

H| LeIn(rm/r0)| + ho | Xeln(r/re) | + Reln(re /rm) — Inat
Hy, — [Kr; } ! [Kg Il Ke ®)
{K—zln(r/rc) + &In(re/rm) + ﬁln(rm/ro)} — Ina

Hn—External water pressure.
f—Reduction coefficient.
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4.2. Calculation Results Analysis

Make the following assumptions: Ky = 1 X 1072 m/s, Kc=5x10"7m/s,
Kg =5 x 1078 m/s, the permeability coefficient of the perimeter rock level takes the value of
Kx =1 x 107° m/s, and the vertical permeability coefficient takes the value of
Ky=1x 107® m/s. Taking H values of 10 m, 12 m, 14 m, 16 m, 18 m, and 20 m, Figure 6
shows the numerical computation cloud diagram. Numerical simulations of the seepage
quantity and water pressure under various tunnel head height circumstances are compared
in Figure 7.
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Figure 6. Numerical calculation results for different H values.
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Figure 6 illustrates how the seepage quantity and external water pressure increase
linearly with underground head height. In general, seepage volume rises uniformly with
changes in H; the Hy, increases first rapidly and then slowly as the head changes. The Hy,
increases at a rate of 20% when H < 14 m. When H > 14 m, the H,, increases at a rate of
12%. Overall, the trends in Hy, and Q are consistent with each other.

5. Parametric Analysis
5.1. Horizontal and Vertical Permeability Coefficient of Surrounding Rock

To account for the impact of percolation anisotropy, the vertical permeability co-
efficients of the soil body Ky are set to 1 x 107® m/s, 2 x 107® m/s, 3 x 107® m/s,
4 x107%m/s,5 x 107 m/s, and 6 x 10~® m/s. The horizontal permeability coefficients
Kyaresettol x 107 m/s,2 x 107°m/s,5 x 107> m/s, 1 x 1074 m/s,and 2 x 10~%* m/s.
The variation curves of the permeability coefficient of the surrounding rock and the water
pressure outside the lining are displayed in Figure 8.

—8— K =2x10" m/s

24 —e—K=1x10"m/s
—-A—Kx=5><10'5 m/s
23k —v— K =2x10" m/s
_ —+— K =1x10"° m/s
[+
2,1 K=1x10° m/s
B 2
Z
£
T 21
20 U
19 L 1 M | 1 1 s 1 1 1 1 1 s 1
0 1 2 3 4 5 6 7

6
K, (10 m/s)
Figure 8. Ky and Ky's influence on Hy,.

Increases in the K or Ky can enhance the H,, provided that the material properties of
the composite lining remain unchanged. When Ky =2 x 107* m/s, Ky =1 x 107°m/s and
Hp =2.16 x 10> kpa. When Ky =5 x 107> m/s, Ky =2 x 107 m/s and Hp, = 2.14 x 102 kpa.
Allin all, a correlation exists between Ky and Ky, This correlation has an effect on Hy,, which
is due to the fact that the surrounding rock is anisotropic.

To better explain the impact of percolation anisotropy, let n = Ky /Ky. The magnitude of
the ratio n, which represents the relationship between the horizontal transverse permeability
coefficient Ky and the vertical permeability coefficient Ky of the soil, can quantify the extent
of variation in seepage properties across different directions in the surrounding rock. A
higher value of n indicates a more pronounced seepage anisotropy. Suppose the soil’s
horizontal transverse permeability coefficient, Ky, is a variable with a value of 1 x 10=® m/s.
Let n take on values of 1, 5, 10, 20, 50, 80, 100, and 200. The corresponding variation curves
of the permeability coefficient of the surrounding rock and the water pressure outside the
lining are depicted in Figure 9.
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Figure 9. Change in the Hy, under different values of .

As can be seen in Figure 9, a correlation exists between n and Hp,, due to the fact
that the surrounding rock is anisotropic. The increase in the n value will enhance the
Hp, provided that the material properties of the composite lining remain unchanged.
Furthermore, when Ky equals 1 x 10~ m/s and Ky is also 1 x 107° m/s (ie, n =1,
indicating seepage anisotropy), the Hp, is 1.9 x 102 kpa. In comparison, when 1 = 10,
Hy, increases to 2.04 x 102 kpa, representing a 7% rise; and when n = 50, H, reaches
2.12 x 10% kpa, a 12% increase. This illustrates that neglecting seepage anisotropy can lead
to an underestimation of the water pressure acting on the lining.

5.2. Grout Ring's Parameters

Let n =1, 20, 50, 80, and 100, and let ¢y represent the grouting circle thicknesses of
0.5m,0.6m,0.7m,0.8m,0.9m,and 1m. Kgis5 x 107°m/s,5x 107" m/s,5 x 108 m/s,
5x 1072 m/s,and 5 x 10719 m/s. The relationship between the external water pressure
and grout ring parameters is depicted in Figure 10.

H,(<10" kpa)
N
z
.
H,y(<10" kpa)
N
N
.

L L L L L
1010 10 108 107 10 10 0.4 0.6 0.8 1.0 12
K, (m/s) 1, (m)
(a) (b)

Figure 10. Relationship between Hy, and grout ring parameters.

As shown in Figure 10, under steady conditions, with the increase of tg, Hpy, first
decreases rapidly, which produces an impressive water-blocking effect, then changes to
a consistent decline, with the pace of reduction slowly decelerating. The Hy, rises with
an increase in n when the grouting circle’s thickness remains constant. When n = 1, the
surrounding rock is seepage isotropic, and the value of Hy, is at its lowest. In addition,
when tg > 0.9 mand Kg >5 x 10~ m/s, when the parameters are modified, the variation in
Hy, is relatively unremarkable. It can be found that increasing the thickness of the grouting
ring has a positive effect of reducing the external water pressure of the lining, but blindly
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increasing the thickness of the grouting ring is also unreasonable. Oddly, a rise in Kg
leads to a significant increase in Hy,, followed by a gradual deceleration in the growth rate.
Obviously, reducing the Kg has a significant beneficial effect on the Hp,, so reducing the
permeability coefficient of the grouting ring is an effective construction method to control
the external water pressure in the project. In summary, the effectiveness of controlling
the Hy, in the tunnel does not simply require increasing the grouting ring’s thickness or
reducing the grouting ring’s permeability. Instead, there is an optimal parameter value that
is relatively economical and reasonable.

5.3. Lining Parameters

In order to consider the influence of lining parameters on external water pressure, first,
let the lining thickness be represented by the values t, = 0.35 m, 0.45 m, 0.55 m, 0.65 m,
0.75 m, and 0.85 m. It is assumed that the values of Ky, are 1 x 107®m/s, 1 x 10~/ m/s,
1x108m/s, 1 x 102 m/s,and 1 x 10719 m/s. The relationship between the external
water pressure and the lining parameters is calculated in Figure 11.

26}
24 ////.X/:
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o) 5 o« e
L4l g22t )//l
E 23} ?, / - —=—n=200
pL 220} / > —e— =100
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20} N 6

1011 1010 109 10°® 107 10° 0.2 0.4 0.6 0.8 1.0 12
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(a) (b)

Figure 11. Relationship between Hy, and lining parameters.

By observing the graph, we can observe that t,, and Ky, have the highest impact on the
Hp, of the tunnel, and the Hy, is also enhanced by permeability anisotropy, which is directly
attributable to the 7. It should be noted that one of the main factors in the analysis is that
when the Ky, > 1 x 1078 m/s, the Hy,, decreases and the rate of reduction gradually speeds
up. When the Ky <1 x 10-8 m/s, the Hy, increases, and the growth rate gradually changes
and becomes steady. As the permeability coefficient of the lining increases, the external
water pressure decreases. This is because with the increase of the lining’s permeability
coefficient, groundwater enters the tunnel through the lining, resulting in an increased
water inflow. This leads to the dissipation of pore water pressure and a decrease in the
lining water pressure.

Second, it is noteworthy to mention that due to the change of ty,, the Hy, will also
change. The detailed information is as follows. From the trend of the overall change, the
bigger the value of 7, the less sensitive Hy, is to thickness. The impact of the ¢, on the Hy,
is governed by the n value. From Figure 10, it can also be seen that the greater the thickness,
the lower the permeability coefficient and the smaller the impact of external water pressure,
because the larger the thickness, the smaller the permeability coefficient. The lining blocks
all underground water outside the lining, the pore pressure cannot dissipate, and the
external water pressure is almost equal to the hydrostatic pressure. Therefore, the value of
the thickness should balance drainage and pressure relief with environmental protection.
If the lining thickness is too small, it will increase the amount of seepage and damage
the environment. If the lining thickness is too large, it will increase the external water
pressure, which is not conducive to the stability of the lining, and will also increase the
project’s cost. In general, to maintain the tunnel’s structural integrity, the lining requires
a specific thickness. Finally, enhancing the ty, while increasing Ky, serves as an efficient
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strategy to lower the Hy,, thereby preserving the tunnel structure’s safety and carrying out
the drainage operation.

5.4. Relationship Between Tunnel Lining Drainage and External Water Pressure Reduction Factor

In order to consider the relationship between tunnel lining drainage and the external
water pressure, it is necessary to consider the relationship between tunnel rise drainage and
the external water pressure discount factor. Changes of drainage are achieved by changing
the permeability coefficient of the lining.

The equivalent permeability coefficient of the surrounding rock Ke =1 x 10~°> m/s, the
ratio of horizontal to vertical permeability coefficient 7 is 20, the thickness of the tg is 0.5 m,
and the ratios of the equivalent permeability coefficient of the surrounding rock to the
permeability coefficient of the grouting ring are 1, 10, 50, 100, 200, and 500. The relationship
between the lining drainage volume and the reduction coefficient of the external water
pressure is shown in Figure 12.

0.7
06 - —=— KK,
—e— K /K,~10

05 —— K JK,=50
= —v— K JK,~100
W 04T —— K JK,=200
E KJK,=500
~ 03
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1 1 1 1 1 1 1 1 1 ] ]
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00 01 02 03 04 05 06 07 08 09 10 1.1
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Figure 12. The relationship between Lining drainage volume and reduction coefficient.

As can be seen from Figure 12, the lining drainage and the discount factor have
an inverse relationship. When the tunnel drainage is 0, i.e., the lining is impermeable
and the reduction coefficient is 1. No matter how the permeability coefficient of the
grouting circle is adjusted, it is impossible to change the reduction coefficient, which
indicates that consideration must be given to controlling the reduction coefficient to enable
the lining to have a certain degree of permeability. When K./Kg > 100, the discount
coefficient is between 0 and 1, the trend of the discount amplitude of the tunnel drainage
is slower, and the smaller the permeability coefficient of the grouting ring, the smaller
the tunnel drainage. In this case, continuing to reduce the permeability coefficient of
the grouting ring does not have much effect on the seepage, which shows that in the
implementation of effective grouting ring plugging measures, it is necessary to ensure that
the lining has a certain permeability to achieve the purpose of reducing the fold reduction
coefficient. All in all, appropriately increasing the permeability coefficient of the lining
and reducing the permeability coefficient of the grouting ring as much as possible are
reasonable construction methods.

6. Conclusions

(1) Water pressure outside the lining will rise in response to increases in the horizontal
and vertical permeability coefficients of the surrounding rock; the larger the n value, the
greater the impact on external water pressure.

(2) For the Hp, influenced by the Kg and t, a reduction in the K and an increase in
tg can lower the Hy,. However, once the grouting circle parameter value reaches a certain
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point, the effect of water plugging becomes less noticeable. Consequently, in actual projects,
the parameters of the grouting layer must be judiciously managed to meet the specific
requirements for tunnel water sealing.

(3) The Hpy, will decrease with decreasing ¢, and increasing Ky, yet inadequate lining
thickness may compromise tunnel construction safety. Consequently, raising the t,, and
keeping a certain permeability can be an effective strategy to reduce the Hy, while ensuring
the structural integrity and safety of the tunnel.

(4) There is an inverse relationship between the liner drainage and the discount factor.
When implementing the grouting circle to block the water, it is necessary to ensure that
the lining has a certain degree of permeability, in order to better achieve the purpose of
reducing the external water pressure.

(5) In addition to the above aspects, our research work still has shortcomings. The
current analysis fails to fully consider the important impact of heavy rainfall infiltration on
groundwater dynamics. The influence of rainfall infiltration on external water pressure
should be considered in the follow-up work.
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