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Abstract: This paper is to investigate the seepage behavior of underwater tunnel with
inclined boundary at the contact between water body and underwater stratum. Extensive
finite element analyses using COMSOL are performed considering various magnitudes of
inclination degree of underwater soil surface. The rationality of the numerical analysis
method is demonstrated via comparing with analytical solutions. It is found that the inclined
boundary has a significant impact on the seepage field of underwater tunnel. The hydraulic
head distribution, streamline evolution, velocity and other aspects are comprehensively
analyzed, and relevant conclusions are drawn. The streamlines in waters are not vertically
downward, but presents a certain acute angle distribution with the stratum direction. And
the interface angle toward the depth is larger. Streamlines will also become denser. The
streamline flows into the tunnel from all directions. And the attenuation speed of water head
in the lower part of tunnel is less than that in the upper part. Thereby serving the optimal
design and construction of practical projects.
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1. Introduction

The first underwater tunnel in the world appeared in the Euphrates River of Babylon in over
2000 BC. In the 1840s, the first modern underwater tunnel was built, which across the
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Thames River. Since 1930s, the establishment of underwater tunnels goes to a climax. In the
past half century, the whole number of underwater tunnels existing in the world was about
the sum of the previous several centuries. However, compared with the fast establishment of
underwater tunnels, the theoretical development of underwater tunnel is only in the initial
stage. How to extract scientific problems from engineering problems and analyze them
qualitatively and quantitatively is a problem worth considering, and how to hold the major
conflicts are the key factors in the theoretical study of underwater tunnels.

The first try of mankind was in 1960s, when Harr[1] used the mirror method to deal with
problems for the first time, which transfered the method of dealing with electromagnetic field
to geotechnical engineering. Subsequently, the mirror image method aroused the interest of
the academic circles. The more classical ones were Fernandez[2], Lei[3]and Joo[4]. The
latter simplified the lining to the boundary of equal liquid energy, taking the classical
Goodman solution [5] as basis. Some other methods also occured. Bobet[6-7] studied the
lining stress field without water, which laid a foundation for tunnel response under different
seepage conditions.

Polubarinova-Kochina[8] obtained an approximate function for the seepage of the circular
tunnel according to the hypothesis that the inflow condition around the hole is at a stable state.
Zhang and Franklin[9] obtained a combined solution, which was suitable for the prediction of
ubiquitous water inflows. Su et al.[10] studied semi-analytical solutions for evaluating
groundwater location and the number of water inflow in tunnel. Ying et al.[11] researched the
response of waves on seepage field. Zareifard[12] studied the seepage of tunnel under the
boundary of cracked lining structure.

In recent years, as an effective method to deal with semi-infinite boundary problems, the
conformal mapping method of complex variable functions has gradually developed. EL
Tani[13] used conformal mapping method to solve the seepage field of tunnel inner wall
under zero water pressure. Kolymbas[14] assumed equal liquid energy at the outside
boundary of the lining, and the theoretical solution of tunnel seepage problem was obtained
by the complex variable function. As a result of using conformal mapping method, Park et
al.[15] mapped the semi-infinite seepage region into different forms of seepage area, and
considered several boundary conditions to obtain theoretical solutions in some special
conditions. Conformal mapping method is a theoretical method of complex variable function.
However, in the face of irregular boundary, the selection of conformal transformation
function will pose a problem. For example, due to the heterogeneity of geotechnical
engineering, multi-layer soil will contain inner boundary. Hu et al.[16] researched the shield
tunnel in heterogeneous media, and found that the interface of the media had much influence.
Rieckh et al.[17] obtained a tunnel boundary element model in anisotropic multilayer media.
Zhang et al. [18] researched the influence of the deformation of multi-layer media on the
tunnel. Khezri et al. [19] studied the lowest supporting pressure of tunnel in multi-layer
media. Huang et al.[20] obtained the response of multi-layer soil to moving load. And more
theoretical and practical contributions in the academic field[21-32].

However, there are few studies on seepage problems facing complex boundaries. Conformal
transformation method is complex and not applicable to complex boundary calculation, and
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it is applicable to semi-infinite space with horizontal boundary. In the long sedimentary
history of soil, the heterogeneity is first manifested in the non-level of underwater soil
interface. In order to be applicable to more practical engineering situation, this paper
attempts to study non-horizontal seepage boundary in finite field.

2. Materials and Methods

2.1 Tunnel physical model

Fig.1 shows the whole physical model of the underwater tunnel to describe the engineering
problem. In this paper, for the high efficiency of deduction, the (0.0) of coordinate system is
set on the surface of the top soil. The underwater soil layer is distributed obliquely. The dip

K

angle of the stratum is ¢. The permeability coefficient of soil is 's. Water depth directly

above the tunnel is H, and tunnel buried depth is hb. The radius of tunnel is I'. The

h, . The whole

distance between the tunnel and the impermeable boundary at the bottom is
area is expressed in a polar coordinate, the polar axis is expressed as #n, and the angle is

written as B .

Water level

Water area H
Soil surface

0,0)

H Ks

P

Tunnel

Fig.1 Physical model of the underwater tunnel
2.2 Model assumptions
The model calculated in this paper is based on the four assumptions as follows,which can
make the problem be simplified reasonably.
(i)The soil is isotropic media.
(i) The tunnel is circular and located in the finite space.
(i) The seepage field is stable and conforms to Darcy’s law.
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3. Numerical Analysis of Seepage Field

3.1 Establishment of numerical model

COMSOL is used to establish the numerical calculating model. Fig.2 shows the size of the
calculation case and the mesh division condition. The width of calculation area is 100m. The
radius of tunnel is 5.15m, and the coordinate of the tunnel center is (50,50). The total height
of the model is 200m, and the deepest depth of the water area is 100m. The left boundary of
the water area is the impervious boundary. The left boundary of soil is set as permeable
boundary. The right boundary of soil is set as impervious boundary. The pore water pressure
at the tunnel position is 0 as outlet boundary, and the bottom boundary is regarded as

impervious boundary. Soil permeability coefficient is taken as 1x10™ m/s. The total number

of grid cells is 843. Among them, the number of vertex elements is 8 and the number of
boundary elements is 77. Firstly, it is assumed that the formation inclination angle is 45
degrees.

2007 or

07 m[
T T T T T T T T T T = T T T T T
-100 -80 -60 -40 -20 ] 20 40 60 80 100 120 140 160 180 200

Fig.2 Mesh division of model
3.2 Results of numerical simulation
Apply a hydraulic head of 80m to the model, we can obtain the hydraulic head distribution,
which is shown in Fig.3.
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Fig.3 Hydraulic head distribution of the model

It can be seen that the streamlines in waters are not vertically downward, but presents a
certain acute angle distribution with the stratum direction in Fig.3. And the interface angle
toward the depth is larger. Streamlines will also become denser. Streamlines located high on
the interface of inclined soil layer often have a greater degree of bending. Moreover, at the
oblique interface position, the streamline turns. The angle between streamline in water and
the interface of inclined soil layer is smaller than that between streamline in soil. However,
the difference between the two included angles gradually decreases towards the depth of the
interface. When the water flow just enters the soil layer, the water head shows strong
heterogeneity. In the deep part of the oblique interface, the water head decays sharply, while
in the shallow part, although it passes through more soil layers, the water head decays slowly,
and the decay also presents strong nonlinearity. Between the shallow soil layer and half the
tunnel depth, the angle between the water head isoline and the horizontal direction decreases
with the increase of the depth. In the soil above the tunnel, the water head presents an
inverted saddle distribution. Finally, the streamline flows into the tunnel from all directions.
And the attenuation speed of water head in the lower part of tunnel is less than that in the
upper part. And we can see the distribution of fluid velocity in soil in Fig.4.
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Fig.4 Fluid velocity distribution of the model

In Fig.4, We can see that there are two areas where large velocity is concentrated, one is the
deepest part of the inclined stratum, and the other is the middle and lower part of the tunnel.
There is a very interesting phenomenon at the oblique interface. Driven by gravity potential
energy and water head, the movement of water flow in the waters presents two trends: on the
one hand, it slides down the slope, on the other hand, it seeps into the inclined soil layer. The
velocity of water flowing downward in the deepest part of the slope reaches the maximum,
but it begins to decay rapidly after entering the lower soil layer, and the water head is even
smaller than the velocity after energy attenuation due to seepage at the same depth. On the
one hand, because the area with large velocity is relatively small compared with the
surrounding area, the velocity is easy to dissipate; on the other hand, the velocity in the soil
layer is relatively uniform, and the difference decreases gradually before entering the tunnel.
However, when the water flows into the tunnel, the velocity increases sharply, which is
consistent with the continuity of flow. When the flow is constant and the cross-section
decreases gradually, the velocity increases sharply, which is also well reflected here.

4. Verification of Numerical Results

In order to verify the correctness and rationality of the numerical solution, analytic derivation
is adopted for the same model. Firstly, the Laplace equation satisfied by the flow field is
given.

0°H, 0°H,
4+ —=
aXZ ayZ

0 D)

In which, H,is the total hydraulic head in seepage field.

The general solution of the Laplace equation satisfies Fourier form is:

H,=C,+C,Ing, +i[(c3(pn“ +C,p," )cosuﬂn] (2)
u=1
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The equation of inclined boundary can be written as

— hb
sin B, —tan@-cos S,

P
So the hydraulic head distribution on the boundary can be expressed as
H,=H—-tanéd-¢, -cos 3,

The hydraulic gradient in polar coordinate system can be expressed as

i:_%g+i%g
op, " @, OB,

The right boundary equation can be expressed as
@,-cospB =L
The right boundary is impermeable, so the flow velocity Vs is 0.
Tunnel boundary:
@, =r
The pore pressure at the boundary is 0, then
H,—¢,sing, =0
The lower boundary equation can be written as

@ 'Sinﬂn = _hc

(3

(4

(5)

(6)

)

(8

(D
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Combining the general solution and boundary conditions, the following equations can be

obtained:
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The undetermined coefficient Cl, Cz, CB, Cican be solved, and the expressions of

undetermined coefficients are as follows:

C, = Az(BzKe — BSK2)+ Ai(BzDsK4 —B,D,K; —B;D,K, +B;D,K, + B,D,K; — B4D3K2)
Bl(D2K3 - Dus)_ Bz(Dle —DK, +D:K, - D4K3)+ Bs(Dle —D;K;+ DK, - D4K2)_ B4(D2K3 - Dus)
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Substitute specific numerical values according to the example model, and compare with the
numerical results, as shown in Fig.5. Taking the head distribution of the left and right vertical
lines of the tunnel for analysis, we can see that they are highly consistent, thus verifying the

1

|

cosup,

h,

~Cosup, D,

sin S, —tan@-cos S,

r.LI

correctness and rationality of the numerical solution.

Hadraulic head (m)

Fig.5 Comparison between analytical solution and numerical results
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5. Parametric Analysis

In practical engineering, the inclination degree of underwater soil surface is different. This
paper studies the influence of different stratum inclination angles on seepage field, and
provides reference for practical engineering construction. Change the inclination angle of the
upper boundary, and take the inclination angles of 15 degrees, 30 degrees, 60 degrees and 75
degrees to study the response of seepage field. Fig.6 to Fig.9 show the hydraulic head

distribution at different angles.
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Fig.8 Hydraulic head distribution when the slope angle of soil surface is 60 degrees
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Fig.9 Hydraulic head distribution when the slope angle of soil surface is 75 degrees
According to Fig.6 to Fig.9, it can be seen that with the change of formation inclination angle,
the hydraulic head distribution has a certain change, which is most obviously reflected in the
change of streamline. When the inclination angle is 15 degrees, the streamline tends to be
vertically distributed, and the acute angle between the streamline and the formation surface is
also very large. The angle between the streamlines in the water area and the oblique interface
of the soil layer gradually increases with the increase of the interface depth. Up to half the
buried depth, the head loss is almost linearly distributed with the depth, however, down to
half the buried depth, the head loss is obviously nonlinear. It is distributed in inverted saddle
shape above the tunnel. With the gradual increase of inclination angle, the distribution of this
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inverted saddle shape is gradually smooth. And the nonlinearity of head loss in shallow soil
layer is gradually obvious. The response of flow velocity field to the change of dip angle is

shown in Fig.10 to Fig.13.
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Fig.10 Flow velocity distribution when the slope angle of soil surface is 15 degrees

180

160

140

120

100

80

60

40

20

50

100

150

m

79.12

1 77.36
1 75.61
1 73.85
1 72.09
1 70.34
{ 68.58
1 66.82
1 65.06
1 63.31
1 61.55
1 59.79
1 38.03
1 36.28
1 54.52
1 52.76
1 51.01
1 49.25
1 47.49
4 45.73

%107

16

12

110

Fig.11 Flow velocity distribution when the slope angle of soil surface is 30 degrees
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Fig.13 Flow velocity distribution when the slope angle of soil surface is 75 degrees
According to Fig.10 to Fig.13, when the inclined angle of underwater stratum boundary is 15
degrees and 30 degrees, the increase of flow velocity in the deepest part of the inclined
boundary is not particularly obvious, but when the angle is 60 degrees, the flow velocity at
this position increases significantly, but when the angle becomes 75 degrees, the flow
velocity in the deepest part of the interface decreases significantly. This is because the
convergence of velocity is not obvious when the inclination angle of the stratum is small, but
the velocity increases sharply when the inclination angle of the stratum increases further.
However, when the inclination angle continues to increase, the fluid in the water area is
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mainly seepage, and the flow on the interface is not the main movement trend, so the velocity
in the deepest part of the interface will not be too large. This can be used for reference in
practical engineering construction and optimization design.

6. Discussion

When the hydraulic seepage boundary is inclined, it can be seen that the seepage field is
different from the traditional seepage energy distribution, because the inclined boundary
surface will cause energy accumulation, and the greater the inclination angle, the more
energy accumulation will have a great influence on the pore pressure and velocity around the
hole, resulting in extremely uneven distribution of pore pressure and velocity around the hole.
In practical engineering, targeted waterproof measures should be taken for safety. For
example, when the inclination angle of the inclined surface is small, The middle part is the
place where the tunnel velocity is high, so the waterproof design should be strengthened here.
When the inclination angle is slightly large and relatively large, the places where the tunnel
velocity is high are the lower part and the bottom part, so the waterproof design and
waterproof measures during construction should be followed up, which is safer.

7. Conclusions

Inclined stratum has significant influence on water head, streamline and velocity. The
streamlines in waters are not vertically downward, but presents a certain acute angle
distribution with the stratum direction. And the interface angle toward the depth is larger.
Streamlines will also become denser.

The angle between streamline in water and the interface of inclined soil layer is smaller than
that between streamline in soil. However, the difference between the two included angles
gradually decreases towards the depth of the interface.

When the water flow just enters the soil layer, the hydraulic head shows strong heterogeneity.
In the deep part of the oblique interface, the water head decays sharply, while in the shallow
part, although it passes through more soil layers, the water head decays slowly, and the decay
also presents strong nonlinearity.

The streamline flows into the tunnel from all directions. And the attenuation speed of water
head in the lower part of tunnel is less than that in the upper part.

When the inclination angle is small, the streamline tends to be vertically distributed, and the
acute angle between the streamline and the formation surface is also very large. The angle
between the streamlines in the water area and the oblique interface of the soil layer gradually
increases with the increase of the interface depth.

With the gradual increase of inclination angle, the distribution of this inverted saddle shape is
gradually smooth. And the nonlinearity of head loss in shallow soil layer is gradually
obvious.
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