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Abstract: Water inflow analysis is critical for subsea tunnel construction. However, existing studies
largely concentrate on the inflow issues pertaining to single-hole tunnels. To address current practical
engineering problems, a three-hole parallel configuration is common for subsea tunnels, which
may alter water inflow patterns due to the influence of their seepage fields. Herein, numerical
simulations are conducted to investigate the water inflow characteristics of a three-hole parallel
subsea tunnel. Specifically, the impact of various factors on the water inflow phenomenon, including
the permeability coefficient of the surrounding rock, the depth of the seawater, the depth of the
tunnel, the spacing between tunnels, and the relative size of the tunnels, are comprehensively studied.
Furthermore, based on the principles of the analytic hierarchy process and fuzzy mathematics, an
exhaustive assessment framework is developed to evaluate the water inflow of three-hole parallel
subsea tunnels. The results indicate that there is a mutual influence between the three parallel tunnels,
differing from the predicted water inflow, which is overestimated in a single-hole tunnel model.
Therefore, the water inflow assessment for a three-hole parallel subsea tunnel system should account
for the inter-tunnel influences. The findings of this study offer valuable insights for the design of
waterproofing and drainage systems in three-hole subsea tunnels.

Keywords: subsea three-hole tunnel; main tunnel; service tunnel; inter-tunnel influences; grading of
water inflow; analytical hierarchy process; fuzzy comprehensive evaluation

1. Introduction

Subsea tunnels serve as a crucial expansion of terrestrial transportation networks,
playing a significant role in enhancing urban spatial organization and facilitating regional
integration and development [1,2]. Because they can ensure all-weather traffic during
snowy, foggy, and windy seasons [3] and have little impact on shipping, they have be-
come an important means of crossing rivers and seas. The construction of subsea tunnels
demands the careful consideration of the significant challenge posed by sudden water
inflow in the unique underwater environment [4]. Accurately predicting and reasonably
evaluating water inflow are crucial in guiding the waterproofing and drainage design of
subsea tunnels, as well as the stability analysis of the surrounding rock formations [5,6].

Many scholars have conducted in-depth analysis on the problem of underwater tunnel
water inflow, proposing research methods such as theoretical analysis, numerical simula-
tion, model experiments, and empirical methods [7-9]. Qin et al. [10] applied Harr’s mirror
method [11] to analyze the seepage characteristics of a single-hole tunnel with the influence
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of a grouting ring and validated the theoretical solution through comparison with numeri-
cal simulations and experimental techniques. Applying the principles of mass conservation
and Darcy’s law, Guo et al. [12] investigated the steady-state seepage field of underwater
double-hole parallel tunnels using the conformal transformation method [13,14] and the
Schwartz iteration method. However, Guo et al.’s solution lacks closure and requires
implementation through a computational program. Li et al. [15] conducted a study on the
water inflow process in subsea tunnels using large-scale physical model experiments and
numerical simulations, analyzing the water inflow mechanism as well as the variations
in structural displacement and pore water pressure during the process. Their results can
provide valuable references for tunnel structural design and disaster warning. Maleki [16]
et al. attempted to correlate the geological and hydraulic parameters of rock mass ex-
perimentally and logically in order to estimate the amount of water flowing into tunnels.
Their methodology was exemplified through an analysis of a tunnel in the Zagros region.
Katibeh [17] conducted an extensive investigation involving more than ten different types
of tunnels in the Iranian region, identifying and summarizing seven key factors influencing
tunnel water inflow. Building upon the geomechanical rock mass rating concept, Katibeh
proposed a site groundwater rating method that categorizes tunnel water inflow into seven
grades based on the perceived level of danger.

Stochastic mathematical methods, such as attribute mathematical models, the analytic
hierarchy process [18], and fuzzy extension theory [19], have been applied in tunnel
engineering for the effective analysis and evaluation of water inflow issues. Despite the
inclusion of indicator analysis, weight evaluation, and other processes in the analysis, the
accuracy and reliability of the evaluation results are widely recognized [20]. Qiu et al. [21]
proposed an enhanced grayscale relationship analysis method (GRA) with an optimal
combination weight approach for evaluating water inflow risks in subsea tunnels with
complex geological conditions. Identifying eight key factors, the method was applied to
assess and grade tunnel water inflow, as exemplified in the Qingdao Jiaozhou Bay undersea
tunnel project. Zarei et al. [22] identified six main factors that affect tunnel water inflow
based on rock mass characteristics under different geological conditions and combined
the analytic hierarchy process (AHP) and statistical methods to estimate tunnel water
inflow. Compared with measured data, the rationality and operability of this method were
demonstrated.

At present, subsea tunnels commonly adopt a three-hole parallel configuration to meet
safety and functional requirements. However, most studies on tunnel seepage phenomena
have focused on single-hole tunnel models. Consequently, this study employs numerical
simulations to analyze the mutual influence between three parallel subsea tunnels and
utilizes the fuzzy comprehensive evaluation method to assess the water inflow in tunnels.
The fuzzy comprehensive evaluation method [23,24] transforms qualitative evaluations
into semi-quantitative assessments, providing an effective solution for addressing fuzzy
and intricate problems that resist straightforward quantification.

2. Verification of Calculation Models and Methods
2.1. Calculation Model

As shown in Figure 1, a certain subsea tunnel adopts a three-hole arrangement of
“Main tunnel + Service tunnel”. The simplified calculation model established in this study
is shown in Figure 2. The main tunnel section is a multicenter circular shape with an
excavation area of approximately 162.7 m?. The service tunnel has a circular cross-section
with an excavation diameter of 7.7 m.

In this study, numerical software is used to simulate the tunnel seepage field. An
isotropic seepage model is employed in the numerical model, with saturation set to 1.0. The
fluid is assumed to have no tensile strength, and a specific hydrostatic pressure is applied
to the seabed surface based on the seawater depth. The left, right, and lower boundaries of
the model are set as impermeable boundaries. Additionally, the pore water pressure at the
tunnel excavation boundary is assumed to be set to 0 following tunnel excavation. Through



Appl. Sci. 2023, 13, 12761

30f16

trial calculations, the model dimensions were determined as 500 m x 200 m x 1 m, taking

into account both solution accuracy and computational efficiency.

Main tunnel (Left) Service tunnel Main tunnel (Right)
Figure 1. Three-hole parallel subsea tunnel.

Model upper boundary set as fixed pore water
pressure boundary (dependent on seawater depth)

wo0c

Tunnel excavation boundary set as fixed
pore water pressure boundary (set to 0)

———
Left, right, and bottom boundaries set as free boundaries
500 m

Figure 2. Computational model for seepage field in three-hole parallel subsea tunnels.

2.2. Numerical Method Validation

To validate the accuracy of the numerical calculation method, the double-hole parallel
tunnel model introduced in reference [25] is employed for analyzing the seepage field
after tunnel excavation. The resultant cloud map of pore water pressure distribution is
illustrated in Figure 3. The water inflow for the double-hole tunnel can be computed
as Q1 =Q; =16.52m%/(m-d). In reference [25], Q; = Q, = 16.21 m?/(m-d); thus, it is
evident that the two datasets exhibit fundamental consistency. In conclusion, the numerical

calculation method employed in this study is well-founded.
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Figure 3. Distribution of pore water pressure during steady seepage (unit: kPa).
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3. Analysis of Factors Affecting Water Inflow

There are many factors that affect the water inflow of tunnels, and they are difficult
to measure [26,27]. In order to facilitate the grade of water inflow, the first step is to
analyze the variation law of water inflow when a single factor changes. For the parallel
configuration of three holes within a subsea tunnel, we primarily analyze the influencing
factors, including the permeability coefficient of the surrounding rock, seawater depth, and
tunnel burial depth, as well as the spacing and relative size between the main tunnel and
the service tunnel. To illustrate the reciprocal influence among the tunnels, a comparative
analysis of the seepage fields between the three-hole tunnel and the single-hole tunnel was
conducted. The related parameters are shown in Table 1. The parameters other than the
variable remain constant during the calculation process.

Table 1. Calculation parameters.

Parameter Unit Value
Main tunnel area m? 162.7
Service tunnel area m? 38.5
Burial depth of main tunnel m 323
Burial depth of service tunnel m 36.2
Tunnel spacing m 27.5
Seawater depth m 20
Permeability coefficient of surrounding rock m/d 0.13

3.1. Permeability Coefficient

Applying the single-factor variable method, the permeability coefficient of the sur-
rounding rock exhibits a range of 0.01 m/d to 0.15 m/d, and the remaining influencing
factors are held constant. Figure 4 illustrates the correlation between the permeability
coefficient and the tunnel’s water inflow. Whether it is a single-hole tunnel or a main tunnel
with three parallel holes, the water inflow exhibits a linear increase in response to the rising
permeability coefficient. The water inflow in the main tunnel under the three-hole parallel
working condition is comparatively lower than that in the single-hole tunnel under the
same conditions. Additionally, the rate at which water inflow increases with changes in the
permeability coefficient is also relatively lower in the main tunnel.

25 T T T T T
—— The main tunnel in the three-hole tunnel 1
—H— Single-hole tunnel

(3%
(=]

w

Tunnel water inflow (n]3;’(1n-d))

0.02 0.04 0.06 0.08 0.1 0.12 0.14
Permeability coefficient (m/d)

Figure 4. Relationship between permeability coefficient of surrounding rock and water inflow.

3.2. Seawater Depth

Figure 5 illustrates the variation in the water inflow curve as a function of seawater
depth. There is a direct linear relationship between the depth of seawater and the corre-
sponding increase in water inflow. Compared to single-hole tunnels, it was observed that
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the water inflow of a three-hole parallel main tunnel exhibited a lower absolute value and
change rate.

40 T T T T T T T
—H&— The main tunnel in the three-hole tunnel

—e— Single-hole tunnel

(¥ (%)
(=1 wn

Water inflow in the main tunnel (t113,"(|n-d))
(3]
wn

10 1 . . .
10 15 20 25 30 35 40 45 50

Seawater depth (m)
Figure 5. Relationship between seawater depth and water inflow.

3.3. Depth of the Tunnel

Figure 6 illustrates the correlation between the water inflow of the main tunnel and
the tunnel burial depth, which is defined as the depth from the seabed to the center of
the tunnel. The graph presents this relationship for various rock permeability coefficients.
There is a discernible pattern in the water inflow of the main tunnel as the depth of tunnel
burial increases. Initially, there is a decrease in water inflow, followed by a subsequent
increase. It can be found that there is a critical burial depth h;, which minimizes the water
inflow in the tunnel. Furthermore, the figure indicates that variations in the permeability
coefficient of the surrounding rock have no significant impact on the critical burial depth.
In other words, the critical burial depth of the tunnel appears to be independent of the
permeability coefficient of the surrounding rock.

T T T
B k=0.09m/d -©-k=0.11m/d
Ak =0.13m/d <7 k=0.15m/d

16 -

Water inflow in the main tunnel (m*/(m-d))

1
20 h. 40 60 80 100 120
Burial depth (m)

Figure 6. Relationship between the depth of the tunnel and water inflow.

3.4. Tunnel Spacing

Figure 7 illustrates the variation curve of water inflow within the main tunnel as
the distance between the main tunnel and the service tunnel is altered. The water inflow
of the main tunnel exhibits a gradual increase and converges toward the water inflow
of a single-hole tunnel as the distance between the main tunnel and the service tunnel
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expands from 3r; to 30r;, where ) represents the equivalent radius of the multicenter
circular section of the main tunnel. It can be determined that the water inflow in the main
tunnel is lower than that in the single-hole tunnel when the distance between the main
tunnel and the service tunnel falls within a specific range. This trend is particularly evident
when the distance between the main and service tunnels is 3r1. The water inflow in the
main tunnel amounts to only 63.5% of the water inflow observed in the single-hole tunnel.
This observation highlights the mutual influence present in the seepage field between the
main tunnel and the service tunnel during the three-hole parallel working condition. An
overestimation of the predicted water inflow in the main tunnel is caused by disregarding
the influences between these tunnels.

26 T T T T T T T T
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Tunnel water inflow (m3/(m'd))
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( The main tunnel in the three-hole tunnel | <] k,=0.13m/d |7
— = —Single-hole tunnel O k

g . ! | s " | s
20 40 60 80 100 120 140 160 180 200

Tunnel spacing (m)

Figure 7. Relationship between tunnel spacing and water inflow.

3.5. Relative Size

By maintaining a constant area for the main tunnel while varying the cross-sectional
area of the service tunnel, a relationship curve depicting the water inflow of the main
tunnel in relation to S, /S; (the ratio of the service tunnel’s area to the main tunnel’s area)
is established, as illustrated in Figure 8. The water inflow of the main tunnel gradually
diminishes with the increasing S,/S; ratio. Notably, as Sp/S; increases from 0 to 1, the
water inflow of the main tunnel experiences a reduction of approximately 15%. This
underscores the mutual influence existing between tunnels operating under the three-hole
parallel condition.

20 T T T

—O— £,=0.09 (m/d)
- k=011 (m/d)
k,=0.13 (m/d)

—&— k=015 (m/d) ]

o0
T

Water inflow in the main tunnel (m‘”(m-d))
=
)

8 s s :
0 0.2 0.4 0.6 0.8 1
Relative size(5,/5))

Figure 8. Relationship between S, /S and the water inflow of the main tunnel.
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3.6. Analysis of Seepage Field

An analysis of influential factors reveals a reciprocal influence between the seepage
field of the main tunnel and the service tunnel under the three-hole tunnel working condi-
tion. As a result, the water inflow into the main tunnel is reduced compared to a single-hole
tunnel under identical circumstances.

To investigate the reciprocal impact of tunnels in-depth, seepage velocity vector maps
(Figures 9 and 10) and pore water pressure cloud maps (Figure 11) for both the main tunnel
and the single-hole tunnel are drawn when the stable seepage state is completed after the
tunnel excavation. The flow velocity vector field around the single-hole tunnel exhibits a
symmetrical distribution, with the maximum flow velocity occurring at the left and right
arch foot of the tunnel, reaching a peak value of 4.06 x 10~ m/s. Under the parallel
working condition of three holes, the pressure relief effect of the service tunnel causes
a decrease in seepage velocity at the right arch foot of the main tunnel. The maximum
seepage velocity is observed at the left arch foot, reaching a peak value of 3.5 x 1077 m/s.
As a result, the seepage velocity field in the main tunnel exhibits significant asymmetry.

T

%
i o e =

200

00z
8,

Figure 11. Distribution of pore water pressure during steady seepage in tunnels (unit: kPa).
(left) Three-hole tunnel. (right) Single-hole tunnel.
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Examining the contour of pore water pressure reveals that, under the condition of
three parallel holes, mutual pressure relief between tunnels results in a decrease in pore
water pressure in the surrounding rock between tunnels, leading to a sparse contour. The
reduction in seepage rate and smaller water inflow of the main tunnel can be attributed to
the force mechanism.

4. Fuzzy Comprehensive Evaluation System for Tunnel Water Inflow

The fuzzy comprehensive evaluation method, grounded in fuzzy mathematics, offers
a systematic and clear approach to comprehensive assessment [28-30]. The general steps of
the fuzzy comprehensive evaluation method are shown in Figure 12.

Establishing Hierarchical Structure

> Determining Factor Set

Y

Determining Evaluation Set

Y

t
|
|
|
|
Y |
|
|
: > Determining Indicator Weights
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Constructing Judgment Matrices

v

Determining Membership Functions

Y
Calculating Weight Indicators

v

Constructing Fuzzy Matrix

Y
Consistency Checking

v

Fuzzy Evaluation

- . 4

Analytical Hierarchy Process

Fuzzy Evaluation

Figure 12. Fuzzy comprehensive evaluation method.

4.1. Establishment of Evaluation Set and Evaluation Factor Set

Compose a common set of factors that affect tunnel water inflow, called the factor set,
represented by A, as shown in Equation (1):

A={m,ay,...,a;m} 1)

wherea; (i=1,2,3, ..., m) represents the factors that affect the water inflow of the tunnel,
and these factors exhibit a certain degree of fuzziness.
At the same time, the evaluation results of tunnel water inflow will form a general set
B, as shown in Equation (2):
B ={by,by,..., by} )

where bj (j=1,2,3, ..., n) represents the evaluation results of tunnel water inflow when
various factors affecting tunnel water inflow occur. According to the actual engineering
situation, the evaluation set is divided into five grades: very severe, severe, relatively
severe, slightly severe, and mild, represented by levels V, IV, 1], 1I, and I, as shown in
Table 2.

4.2. Evaluation Index System of Water Inflow

In the process of determining the indicators of influencing factors, this study comprehen-
sively considers the impact of surveying, design, and construction on tunnel water inflow.
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Table 2. Classification of tunnel water inflow grades.

Water Inflow Grade Water Inflow Evaluation Risk Value
I Mild (generally no risk of inrush) 0~20
1I Slightly severe (possible occurrence of fissure inrush) 20~40
III Relatively severe (possible occurrence of localized inrush) 40~60
v Severe (possible occurrence of localized inrush) 60~80
A% Very severe (possible occurrence of large-scale inrush) 80~100

The influencing factors are shown in Figure 13. Five primary indicators (A1-As) were
selected, covering the physical-mechanical characteristics of the surrounding rock (A1),
hydrogeological conditions (A;), geometric features (A3), tunnel construction methods (A4),
and tunnel profile shape (As). For the physical-mechanical characteristics, considerations
include the surrounding rock grades (A1), degree of joint fissure development (A12),
rock mass integrity index (A;3), and rock weathering degree (A14). The hydrogeological
conditions encompass the soil permeability coefficient (A1), seawater depth (Az;), and
tunnel burial depth (Ay3). Geometric characteristics analysis involves the relative size (A31)
and tunnel spacing (Asp). The tunnel construction methods consider the impact of shield
tunneling (A41) and the drilling and blasting method (A4y). Cavity shape analysis examines
differences in the multicenter circular section (As1) and circular section (Asp) water inflow.
The tunnel water inflow evaluation indicator system is presented in Table 3.

Indicator Layer

Criteria Layer Surrounding rock grades (4;,)

Joint fissures

Physical mechanical characteristics development degree (4,,)

of surrounding rock (4,)

Rock mass integrity index (4;3)

Rock weathering
degree (A4,4)

Permeability coefficient (A4,,)

Hydrogeological conditions

S ter depth (4
of tunnel engineering (4,) cawater depth (4:.)

Tunnel burial depth (A4,3)

Relative size (4;,)

Geometric characteristics

of tunnel engineering (4;)

Tunnel spacing (4s,)

Drilling and
blasting method (A4s,)

Tunnel construction
methods (4,)

Shield method (A4,,)

Multicenter circular (A4s,)

]

Tunnel profile
shape (4s)

Circular (4s,)

N R R I I I R I I R R R EEEE BN R,

Figure 13. Hierarchy of influencing factors.
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Table 3. Evaluation index system for tunnel water inflow.
Target - . Assessment of Water Inflow
Layer Criteria Layer Indicator Layer I I T IV v
Surrounding
g} rock grades IL1I 11T v \Y% VI
& Physical-mechanical Joint fissure Undeveloped Moderately Developed Highly Disordered
w A development degree developed developed
By characteristics of Rock mass inteerit
2 surrounding rock . sHy Kv>075 075> Kv>055  055>Kv>035  0.35>Kv>015 Kv<015
= index (Kv)
2 . .
a Rock Slightly Moderately Highly Completely
g weathering degree Unweathered weathered weathered weathered weathered
s ) Permeability 5 » y
5 Hydrogeological coefficient (m/d) <0.01 0.01~0.05 0.05~0.1 0.1~0.15 >0.15
5 conditions of tunnel Seawater depth (m) <10 10~20 20~30 30~40 40~50
5 N .
& engmeering Tunne burial 20~40 40~60 60~80 80~100U10-20  <10U>100
g epth (m)
— Geometric characteristics Relative size >1 0.7~1.0 0.3~0.7 0.1~0.3 <0.1
It of tunnel engineering Tunnel spacing (m) <25 25~50 50~75 75~100 >100
=) Drilling and blasting o o Drilling and o o
8 Tunnel method blasting method
= construction methods Shield method Shield method — — — —
5 . . Multicenter
3 . Multicenter circular — . — — —
= Tunnel profile shape circular
Circular Circular - —_ — —_

4.3. Establishment of Index Weights

The index weight quantifies the significance of factors influencing tunnel water inflow,
ranging from 0 to 1. A higher value indicates a greater impact on the evaluation set. These
weights adhere to the normalization principle, ensuring that their sum equals 1. In the fuzzy
comprehensive evaluation method, the determination of factor weights is important. This
is typically achieved through expert evaluation methods and the analytic hierarchy process.

The general steps of the analytic hierarchy process are as follows:

(a) Establishing Hierarchical Structure: This entails defining the target problem clearly,
identifying relevant influencing factors, constructing a hierarchical framework for
these factors, and subsequently developing an evaluation system that encompasses
the entire problem.

(b) Using Scale Values for Relative Significance: To assess the relative significance of
factors at the same level, it is advisable to utilize scale values. These values aid in con-
structing a correlation judgment matrix, with the scale values and their explanations
shown in Table 4.

(¢) Calculating Eigenvalues and Eigenvectors: Perform calculations for the eigenval-
ues and eigenvectors of the matrix. After normalization, obtain the weight values
corresponding to each factor.

(d) Conducting Consistency Check: Check for consistency by calculating the consistency
index (CI) using Equation (3). Determine the average random consistency index from
Table 5 and calculate the consistency ratio (CR) using Equation (4). If the calculated
CR < 0.1, the judgment matrix is considered consistent.

Amax — 11

Cl= n—1

®)

where Amax is the maximum eigenvalue of the correlation judgment matrix, n is the order
of the matrix, and CI is the consistency index.

CI
R=— 4
CR =7 @)

where RI is the average random consistency index and CR is the consistency ratio.
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Table 4. The AHP pairwise comparison scale.

Numerical Values Explanation

1 When comparing two factors, factor i is as equally important as factor j
When comparing two factors, factor i is slightly more important than factor j
When comparing two factors, factor i is more important than factor j
When comparing two factors, factor i is significantly more important than factor j
When comparing two factors, factor i is absolutely more important than factor j
2468 The comparison results of the importance between factors i and j fall within the ranges of
T 1-3,3-5,5-7, and 7-9
The comparison results of the importance between factors j and i are reciprocals of the comparison

O N 01 W

Reciprocal results between factors i and j
Table 5. Average random consistency indicators.
n 1 2 3 4 5 6 7 8 9 10
RI 0 0 0.52 0.89 1.12 1.26 1.36 1.41 1.46 1.49
In the establishment of the judgment matrix, adherence to the principles of objectivity,
directionality, and measurability is maintained. A detailed analysis of the weights assigned
to both the indicator and criterion layers will be presented.
(1) Weight analysis of indicator layer
The weight judgment matrix for the physical-mechanical characteristics of the sur-
rounding rock is shown in Table 6. Assuming that the maximum eigenvalue of this matrix
is Amax and the corresponding eigenvector is 7, through calculation, it can be obtained
that Amax = 4.061, 7 =[0.393, 0.158, 0.393, 0.056]" and 1 is the weight. Simultaneously, the
consistency ratio CR = 0.02 < 1 can be calculated from Equations (3) and (4) and passes the
consistency check.
Table 6. Weight judgment matrix for the physical-mechanical characteristics of the surrounding rock.
Physical-Mechanical Characteristics of Surrounding Rock A A1l A1z A1z A1g Weight CR
Surrounding rock grades (A11) 1 3 1 6 0.393
Joint fissure development degree (A17) 1/3 1 1/3 4 0.158 0.03
Rock mass integrity index (A13) 1 3 1 6 0.393 )
Rock weathering degree (A14) 1/6 1/4 1/6 1 0.056
Moreover, the calculation of additional indicator layer parameters follows a similar
methodology, and the results are presented in Tables 7-10.
Table 7. Weight judgment matrix for tunnel engineering hydrogeological conditions.
Hydrogeological Conditions of Tunnel Engineering A, Axn Ap Az Weight CR
Permeability coefficient (A1) 1 4 5 0.674
Seawater depth (Ap) 1/4 1 3 0.226 0.08
Tunnel burial depth (A3) 1/5 1/3 1 0.100
Table 8. Weight judgment matrix for tunnel geometric characteristics.
Geometric Characteristics of Tunnel Engineering A3 Az Az Weight CR
Relative size (A31) 1 1/2 0.333

Tunnel spacing (Asp) 2 1 0.667 0
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Table 9. Weight judgment matrix for tunnel engineering construction methods.
Tunnel Construction Methods A4 Agqq Ay Weight CR
Drilling and blasting method (A41) 1 3 0.750 0
Shield method (A47) 1/3 1 0.250
Table 10. Weight judgment matrix for tunnel profile shape.
Tunnel Profile Shape A5 Asp Asp Weight CR
Multicenter circular (Asq) 1 2 0.667 0
Circular (Asp) 1/2 1 0.333

(2) Weight analysis of criteria layer

Applying the same methodology as described above, the weight judgment matrix for
the criteria layer can be deduced, and the detailed outcomes are presented in Table 11. The
summary of weights for the final indicator layer and criteria layer is shown in Table 12.

Table 11. Criterion layer weight analysis.

Grade of Water Inflow in Subsea Tunnels Aq Ay Az Ay As Weight CR
Physical-mechanical characteristics of surrounding rock (A1) 1 3 5 6 8 0.493
Hydrogeological conditions of tunnel engineering (A;) 1/3 1 4 5 7 0.283
Geometric characteristics of tunnel engineering (A3) 1/5 1/4 1 3 5 0.124 0.07
Tunnel construction methods (A4) 1/6 1/5 1/3 1 3 0.066
Tunnel profile shape (As) 1/8 1/7 1/5 1/3 1 0.034
Table 12. Criteria layer and indicator layer weight sets.
Criteria Layer Weight Cw:ig}alt]“;zter Indicator Layer Weight Indicator Layer Weight Set
. . Surrounding rock grades 0.393
Physical-mechanical s
o f 1 1
character}stlcs of 0.493 J om{t{ OICSELII;Z sdsei‘;ef ggprfift;?filrtlg:free 8332 Ay = {0.393,0.158,0.393, 0.056}T
surrounding rock Rock weathering degree 0.056
Hydrogeological conditions Permeability coefficient 0.674
Lo 0.283 0.493 Seawater depth 0.226 A, = {0.674,0.226,0.100} "
of tunnel engineering 0.283 Tunnel burial depth 0.100 =1 }
Geometric characteristics of A=q0 Relative si 0.333
eometric characteristics o 0.066 elative s1ze . _ T
tunnel engineering 0124 0.034 Tunnel spacing 0.667 As = {0.333,0.667}
Tunnel construction methods 0.066 Dnlhngsiriﬁ;ﬁsettlﬁf dmethod 8;28 Ay = {0.750,0.250}
. Multicenter circular 0.667 T
Tunnel profile shape 0.034 Circular 0333 As = {0.667,0.333}

4.4. Membership Function

In this study, the trapezoidal membership function in the univariate linear membership
function is used to establish the membership degree of evaluation indicators. The general
mathematical model is shown in Figure 14.

4.5. Multi-Factor Fuzzy Evaluation

By using fuzzy transformation between the single-factor evaluation matrix and the
weight set, the results of the fuzzy comprehensive evaluation model can be obtained, as
shown in Equation (5).

T=AR (5)

where T is the fuzzy evaluation vector, A is the weight set vector, and R is the single-factor
evaluation matrix. According to the principle of maximum membership, the position of the
maximum value in the vector T is the grade of water inflow under this working condition.
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Figure 14. Trapezoidal membership function.
5. Engineering Application of the Graded Evaluation of Water Inflow
To validate the applicability of the fuzzy comprehensive evaluation system for water
inflow, a case study was conducted using a three-hole parallel subsea tunnel project as an
example to assess the grading of water inflow. The basic engineering parameters are shown
in Table 13. To explore the mutual influence between tunnels, the grade of water inflow
is divided into two situations: (1) considering the mutual influence between tunnels, the
evaluation indicators include tunnel geometric characteristics (tunnel spacing and relative
size); (2) without the mutual influence between tunnels, the water inflow grade adopts a
single-hole tunnel model.
Table 13. Engineering parameters.
Parameter Value Parameter Value
Surrounding rock grades IV-level Permeability coefficient (m/d) 0.093 (m/d)
Joint fissure development degree Developed Seawater depth (m) 19m
Rock mass integrity index (Kv) 0.41 Tunnel burial depth (m) 35m
Rock weathering degree Moderately weathered Relative size 0.50
Tunnel construction methods Drilling and blasting method Tunnel profile shape Multicenter circular

)

Considering the mutual influence between tunnels

The weight of evaluation indicators is first calculated, and the corresponding evalua-
tion matrix is obtained using a trapezoidal membership function. Multiplying the weight
of the indicator layer by the corresponding evaluation matrix can obtain the fuzzy matrix
of the indicator layer. The specific calculation results are shown in Table 14.

Based on this, the fuzzy matrix of the water inflow criteria layer of the main tunnel
can be obtained in the case of three parallel holes:

AKy 0 0 05232 04768 0
AyKy 0.0503 0.0954 0.3287 0.5256 0
Ri=| Ask; | =] 0 06667 03333 0 0
AsKy 0 0750 0 0 0
AsKs 0 06667 0 0 0

By substituting Ry into Equation (5), the evaluation vector T = (0.0143 0.1816 0.3924
0.3840 0) can be obtained. The maximum value in the Ty vector is 0.3924, which is in the
fourth place. Based on the principle of maximum membership, the judgment is made,
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taking into account the mutual influence between tunnels. Under this working condition,
the water inflow is level III.

Table 14. Calculation results of the fuzzy matrix of the i indicator layer.

Grades
Parameters Evaluation Matrix
I II II1 v \%
Surrounding rock grades 0 0 0.3 0.7 0 0 0 03 07 0
Joint fissure development degree 0 0 1 0 0 K — 00 1 0 O
Rock mass integrity index 0 0 0.6 0.4 0 1710 0 06 04 0
Weathering degree of rock mass 0 0 0.2 0.8 0 0 0 02 08 0
Permeability coefficient 0 0 0.22 0.78 0 0 0 022 078 0
Seawater depth 0 0.2 0.8 0 0 KE={(0 02 08 0 o0
Buried depth of tunnel 0.5 0.5 0 0 0 05 05 O 0 o0
Relative size 0 0 1 0 0 Ka — (0 010 0)
Tunnel spacing 0 1 0 0 0 570100 0
Drilling and blasting method 0 1 0 0 0 Ki — (0 100 0)
Shield method 0 0 0 0 0 7\ 0000
Multicenter circular 0 1 0 0 0 Ke — 01 0 00
Circular 0 0 0 0 0 > (0 000 o)

(2) Not considering the mutual influence between tunnels

Adopting a single-hole tunnel model, without considering the mutual influence be-
tween tunnels, the evaluation indicators remove the geometric features of tunnels (tunnel
spacing and relative size) and still use the fuzzy comprehensive evaluation method to
grade the water inflow of tunnels under the same conditions, obtaining the fuzzy matrix of
the criteria layer:

0 0 05232 04768 0
R, _ | 00503 0.0954 03287 05256 0
2= 0 07500 0 0 0
0 06667 0 0 0

Substitute R, into Equation (5) to obtain the evaluation vector T, = (0.0151 0.1265
0.3940 0.4268 0). Based on the principle of maximum membership, without considering the
mutual influence between tunnels, the water inflow under the same conditions is level IV.
Consequently, in certain engineering projects, using a single-hole tunnel seepage model
without considering the mutual influences between tunnels may result in overestimating
tunnel water inflow, leading to the waste of water-blocking materials.

6. Conclusions

This study focuses on a three-hole parallel subsea tunnel as its research subject. By
conducting a single-factor analysis of water inflow, the study employs the analytic hierarchy
process and fuzzy evaluation method to establish a comprehensive fuzzy evaluation system
for water inflow. The main conclusions are as follows:

(1) Under the condition of three parallel tunnels, the water inflow increases linearly with
the rise in permeability coefficient and seawater depth. As the burial depth increases,
it exhibits a trend of initially decreasing and then increasing. The water inflow rises
with an increase in tunnel spacing, approaching the water inflow of a single-hole
tunnel. Conversely, it decreases with an increase in the relative size between the
service tunnel and the main tunnel.

(2) Under the condition of three parallel holes, there is mutual influence of the seepage
field between subsea tunnels, which leads to a decrease in pore water pressure and a
decrease in seepage velocity between tunnels. Using a single-hole tunnel model can
lead to a higher predicted value of tunnel water inflow.
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(3) The water inflow evaluation system, constructed based on the fuzzy comprehensive
evaluation method, can quantitatively process various influencing factors and classify
water inflow grades. Engineering cases have demonstrated that neglecting the mutual
influence between tunnels in a single-hole tunnel model can result in an increased
water inflow grade. Therefore, in the grading evaluation system for three-hole parallel
subsea tunnels, the mutual influence between tunnels should be considered.
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