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Abstract: Shield tunneling is widely used in urban subway tunnel construction. Old urban un-
derground pipelines generally have small leakages that are difficult to find. The water leakage
significantly reduces the stability of the stratum, posing a threat to the safety of tunnel shield con-
struction. Therefore, this study established 2D and 3D calculation models for analyzing the law of
the leakage diffusion in the ground under water pressure, and the influences of the pipeline leakage
range and leakage length on the changes in ground settlement during shield tunneling. The 2D
model calculation results show that seepage water mainly diffuses vertically under gravity. As the
pipeline leakage gradually reaches a predetermined depth, the simulation results tend to be consistent
with the test results. The 3D model is more accurate than the theoretical solution in predicting the
ground settlement because it can consider the influences of repeated disturbances in twin tunnel
shield construction. The maximum ground surface settlement increases with the extent of the leakage
length and leakage range, and the range is the main factor determining the settlement. At the interior
of the ground, the seepage water has a greater impact on areas with strong disturbances and large
soil losses.

Keywords: shield construction; pipeline leakage; ground settlement; numerical simulation

1. Introduction

As the traffic pressure on urban roads continues to increase, the construction of sub-
way traffic networks is becoming increasingly crucial. Underground pipelines (particularly
crisscrossing ones) generally face aging, abrasion, and other problems, and their safety and
stability in the construction process of subway tunnels are extremely important. The indus-
try standard stipulates that the basic leakage rate of urban underground pipelines used for
water supply and drainage should be less than 12%. This indicates that pipeline leakage
is common. In unsaturated ground, seepage water changes the physical and mechanical
properties of the soil and increases the pipeline deformation and ground settlement during
shield construction. An evaluation of the adverse effects of pipeline leakage and shield
construction coupling is therefore of great significance for tunnel construction.

In terms of theoretical research, a two-stage method is widely used to analyze the
pipeline responses caused by shield construction, owing to its clear logic and easy so-
lution [1-3]. In addition, many scholars have focused research on the responses of dis-
continuous pipelines owing to shield tunneling [4-7]. In terms of test research, there are
two main deficiencies in the current research. First, most of the test materials are sandy
soil [8-13]; research on the influences of seepage water on unsaturated clay is relatively
limited. Second, actual tunnel construction is a three-dimensional dynamic process, and
most three-dimensional model tests have not yet considered the adverse effects of the
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repeated disturbances in the proximity construction of twin tunnels [14,15]. In simulations
and the actual measurements of pipeline responses, most scholars have considered the
influences of shield construction on the deformation performance of existing underground
pipelines [16-23]. However, they have ignored the change(s) in the ground settlement law
resulting from the construction disturbance under pipeline leakages.

Therefore, based on the tunnel project of Hefei Rail Transit Line 4, in China, this study
established two-dimensional and three-dimensional finite element calculation models.
The two-dimensional model was used to analyze the seepage diffusion law in the plane
under the action of water pressure. Based on this, a three-dimensional finite element
calculation model was constructed for the one-way coupling between the shield tunneling
and pipeline leakage. The rationality of the model was verified by comparing the results
from previous model tests and theoretical calculations. Finally, further consideration was
given to the influences of: (a) the diffusion range of the pipeline leakage water along
the depth direction; and (b) the length of the leakage section along the pipeline length
direction on the changes in the stratum displacement. This study can provide a reference
for predicting and evaluating the risk of shield construction in leakage pipelines.

2. Project Overview

This project consisted of two straight tunnels constructed near the station foundation
pit using the shield method. The distance between the centerlines of the two tunnels was
15 m, and the buried depth of the tunnel center was 15 m. The excavation direction of
the tunnel was perpendicular to the pipeline trend. Before excavation, the pipeline was
found to have a long-term leakage based on drilling. The leakage was small, but a certain
diffusion range had formed in the ground. The maximum buried depth of the pipeline
center was 6 m. The relative positional relationship between the tunnel and pipeline is
shown in Figure 1. The tunnel and pipeline were both in an unsaturated clay stratum. The
relevant parameters of the pipeline and soil are listed in Table 1.

(a) (b)

Figure 1. Layout of measuring points and relative position relationship between tunnel and pipeline:
(a) Plan view; (b) section and layout of measuring points.

Table 1. Calculation parameters of pipeline and soil.

. Burial Outer . .. Elastic . ,
Tunnel Buried . Pipeline Pipeline Poisson’s .
. Depth of Diameter . : Modulus . Soil Loss
Radius Depth of N .. Thickness Stiffness . Ratio of
R/m Tunnel Wim  Tipeline  of Pipeline dim E,,/(N-m?) °f Seil Soil v Rate £
Zo/m D/m PP E/MPa
3 15 6 1.8 0.18 1.82 x 107 9.16 0.29 0.0184

There were six strata within the scope of the project where the tunnel was located.
From top to bottom, they were silty clay, hard clay, medium clay, completely weathered
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sandy mudstone, strongly weathered sandy mudstone, and moderately weathered sandy
mudstone. Their basic physical and mechanical parameters are presented in Table 2.

Table 2. Basic physical and mechanical parameters of soil.

Soil Name 7: kN/m? C': kPa @': Degrees Ky Es: MPa
Fill 18.8 10 8 0.65 8
Medium clay 19.5 55 14 0.39 12
Stiff clay 19.9 36 16 0.38 13
Fully weathered sandy 19.0 35 18 0.38 )
mudstone
Strongly weathered 213 45 20 032 27.86
sandy mudstone
Moderately weathered 217 50 25 ) 33.64

sandy mudstone

3. Numerical Simulation
3.1. Simulation Analysis of Pipeline Leakage Diffusion

To study the seepage diffusion law of the pipeline under the action of water pressure,
ABAQUS was used to establish a two-dimensional numerical calculation model for the
plane strain. The results from the model grid division are shown in Figure 2. The length and
height of the model were 30 and 15 m, respectively, and the buried depth of the pipeline
centerline was 6 m, consistent with the actual working conditions. The overall model was
divided into 3600 units. The seepage coupling unit CPE4P was used for the soil, and a
plane strain unit was used for the pipeline.

Figure 2. Model meshing diagram.

When conducting a fluid-solid coupling analysis for an unsaturated formation, it is
necessary to define the relationships among the unsaturated soil permeability coefficient,
matrix suction, and saturation. According to indoor test results on the unsaturated clay’s
permeability suction and matrix suction, as shown in Figure 3, the stress parameter values
can be obtained by combining Equations (1) and (2). The test process is described in detail
in the literature [24].

A Kips
Kw - [ﬂw + (bw X (uu - uw))cw} (1)
S, — S;+ (Sn — Si)as (2)

[as + (bs X (g — 1w))7]
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Figure 3. Laboratory test results of soil suction: (a) permeability suction; (b) Matrix suction.

In the above, Ky, is the permeability coefficient; Ky is the permeability coefficient of
the soil in the saturated state; 1, is the air pressure in the soil mass, and is assumed to be 0;
Uy, is the water pressure in the soil mass; S, is the saturation; S, is the maximum saturation,
and the value is 1; S; is the residual saturation; ay,, by, ¢y, as, bs, ¢s are material coefficients,
and their values are 1000, 0.01, 1.7, 1.5 x 10~°, and 3.5, respectively.

To conduct a seepage analysis on unsaturated soil, the initial stress distribution, initial
pore pressure, initial saturation, initial void ratio, and other conditions must be set. Table 3
presents the settings in this study.

Table 3. Setting of model initial conditions.

Initial Pore

Tyvpe Initial Stress Pressure Initial Initial Void
P Distribution (kPa) Saturation Ratio
3 15 6 1.8 0.18

The model boundary conditions mainly included the displacement and seepage bound-
aries. For the two-dimensional plane model, the displacement boundary conditions mainly
constrained the horizontal and vertical displacements at the bottom of the model and hori-
zontal displacements on both sides of the model. The seepage boundary conditions mainly
set the model’s permeable seepage boundary. The top and both sides of the model used
a permeable boundary, whereas the bottom used an impermeable boundary. In addition,
assuming the pipe pressure remained constant, a fixed pore pressure boundary was set at
the leakage points on both sides of the pipe bottom.

Figure 4 shows the calculation results regarding the formation saturation distribution
during pipeline leakage. It shows that under the initial leakage state of the pipeline, the
soil mass at the leakage points on both sides of the pipeline bottom initially reaches the
saturation state and is symmetrically distributed. Under the effect of the pipeline pressure,
the saturated area near the leakage point is larger, exhibiting a crescent shape. The soil
saturation gradually decreases with an increase in the distance from the leakage point. In
the initial leakage state of the pipeline, the leakage water mainly diffuses in the horizontal
direction and most of the top and surrounding areas of the pipeline remain unsaturated,
indicating that a short leakage time cannot cause the soil mass to reach the saturated state
in a large area. Therefore, the initial leakage of a pipeline in the early stage of an actual
project is usually difficult to detect.
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Figure 4. Calculation results of pipeline leakage water diffusion: (a) initial diffusion state; (b) final
diffusion state.

With an increase in the leakage time, the soil around the pipeline in a large area reaches
the saturation state. The leakage water mainly diffuses vertically under the action of gravity.
The final diffusion area of the leakage water exhibits a “heart shape” as a whole. As the
boundary condition at the bottom of the model was set as an undrained boundary, the
pipeline leakage water discharged from the boundary on both sides after converging at the
bottom of the model.

In a previous study, an indoor model test was used to explore the diffusion law of
leakage water under the action of water pressure [25]. In combination with Yin Zhong-
ping’s [26] experiment on an unsaturated soil dehumidification process, soil color images
under different water contents were taken, and the digital information of the soil colors was
extracted using MATLAB digital image recognition technology. The relationship between
the soil color and matrix suction was established by considering the soil saturation as
an intermediate variable. This study uses the same approach to compare the model test
calculation results with the numerical simulation results and to analyze the pipe leakage
water diffusion law, as shown in Figure 5.

As shown in Figure 5a, in the initial stage of pipeline leakage, the diffusion range of the
leakage water in the test is approximately twice of the simulation result. This phenomenon
is attributed to the fact that the water in the test diffuses at the interface between the pipe
and glass. The diffusion range observed in the test only represents the interface diffusion,
which is significantly higher than the diffusion range of the water in the ground layer as
calculated by the numerical simulation.

As the pipeline leakage gradually reaches the predetermined depth, as shown in
Figure 5b, the diffusion range of the leakage water as obtained by the numerical simulation
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tends to be consistent with the test results. However, the simulation results are larger
than the test results in a part of the area at the top of the pipeline. This is because, in the
simulation, the soil mass is assumed to be homogeneous continuous medium, whereas,
in the actual test, there is a macropore structure in the soil mass. The results are partly
owing to the presence of the natural pore structure in soil, and partly owing to the difficulty
in ensuring uniformity when filling the soil in the test. The existence of pores makes the
seepage water spread more smoothly to the bottom of the pipeline under gravity, so the
deviation at the top of the pipeline is relatively large.

Simulation results Simulation results
Test result / Test result

227

| 242 |

I 1 1

Buried depth }‘Lﬁ

220

30mm Buriedde
’ 330mm  Two O L X
| 299 | |
| ' |
: Buried depth f
Pipe cehterline 400mm oo

Pipe centerline

(a) (b)

Figure 5. Comparison between simulated and measured results of pipeline leakage diffusion (unit:
mm): (a) initial diffusion state; (b) final diffusion state.

3.2. Establishment of Shield Construction Model under Pipeline Leakage

The pipeline leakage was further considered using a three-dimensional shield construc-
tion model based on the research on the two-dimensional leakage process. To eliminate the
influences of the boundary effect on ground settlement and pipeline deformation caused by
the shield construction, the length, width, and height of the model were set to 100, 60, and
50 m. The left and right tunnels in the model each contained 40 segments. Considering the
calculation time and accuracy, the grid size of the shield excavation area was 1 m, whereas
the model boundary adopted a thicker grid size of approximately 3 m. As the pipeline and
leakage area significantly impact the model calculation results, it was necessary to conduct
a densification treatment, and the unit size was taken as 0.5 m. The overall model included
76,325 nodes and 144,367 units. The soil mass and grouting area were simulated by solid
elements, and the shield shell, lining segment, and underground pipeline were simulated
by two-dimensional plate elements, as shown in Figure 6.

To rebuild the real process of the shield construction, the shield thrust gradually moves
to the grid node of the next excavation face with the excavation step when the pressure of
the previous excavation face is cancelled. The force from the cylinder thrust is applied to
the side node of the segment in the form of a line load. When a ring segment has assembled,
the force is applied immediately, and the force from the cylinder thrust of the previous
ring segment is cancelled to simulate the continuous forwards movement of the cylinder
thrust. As the grouting slurry fills in the gap outside the segment and within the outer
profile of the excavation surface, the grouting pressure is the surface load applying on the
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outermost side of the segment. As the excavation face moves forwards, grouting pressure
is applied immediately after segments assembly to simulate synchronous grouting during
shield construction. In this study, the shield excavation process is simulated by applying
and cancelling the above mentioned loads.

(a) (b)

Figure 6. 3D finite element model of pipeline leakage and tunnel excavation: (a) mesh generation of
3D model; (b) simulation of shield construction.

In Zhang Chengping’s [27] definition of a pipeline leakage range, a small pipeline
leakage is defined as the lowest point of the leakage range extending to the midpoint of
the pipeline bottom and tunnel top. To analyze the influences of different ranges and
lengths of leakage sections, the diffusion range and diffusion length of the leakage water
were further refined in the model. The diffusion range was divided into small, medium,
and large ranges. The medium range referred to the pipeline leakage reaching the tunnel
vault, whereas a large range referred to the pipeline leakage reaching the tunnel floor. The
diffusion lengths were divided into 9, 27, and 45 m, as shown in Figure 7.

(a) (b) (0)

(d) (e) ()

Figure 7. Numerical simulation conditions of different leakage ranges and leakage lengths: (a) small
range; (b) medium range; (c) large range; (d) 9 m; (e) 27 m; (f) 45 m.
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It is generally believed that the weakening effect from a pipeline leakage on a soil
mass between pipes and tunnels mainly reduces the shear strength of the soil mass. In
this study, the change in the shear strength index was the main influencing factor in the
numerical simulation, while ignoring the influences of other secondary factors. Based
on the direct shear test results of soils with different water contents [24], a functional
relationship between the saturation and soil shear strength was established to calculate the
formation settlement and pipeline deformation caused by a pipeline leakage. The changes
in the shear strength index with saturation are listed in Table 4.

Table 4. Corresponding relationship between shear strength parameters and saturation.

Shear Saturation
Strength
Parameters 30% 40% 50% 60% 70% 80% 90% 100%
C/kPa 11.81 32.13 65.51 72.24 62.33 45.23 29.59 14.21
/() 32.5 29.27 26 22.72 19.45 16.18 12.91 9.64

3.3. Determination of Parameters

Considering the complexity of pipeline leakage diffusion in actual conditions, the
following assumptions were made for the calculation model. The stratum was considered
to be homogeneous and isotropic. The soil was unsaturated and the groundwater level was
low, so the influence of groundwater was not considered. In the processes of the pipeline
leakage and twin tunnel excavation, the internal pressure of the pipeline was a fixed value;
and in the numerical simulation, it was assumed that the soil followed a hardened soil
model (HS model). The HS model parameters of typical strata in the Hefei area from a
previous study [28] were used for the numerical simulation and are listed in Table 5.

Table 5. Hardened soil model (HS model) parameters of the stratum.

Strongly Moderately
Parameters  Unit Fill Mg:ll;;m Stiff Clay Wesa::s;ed We;a;rl:;;ed
Mudstone Mudstone
Yunsat KN/m? 18.8 19.5 19.9 21.3 21.7
Vsat kN/m? 18.8 19.5 19.9 21.3 21.7
c’ kN /m? 10 55 36 45 50
¢’ ° 8 14 16 20 25
Ky - 0.65 0.39 0.38 0.32 0.30
P ° 0 0 0 0 0
Eggf kN/m? 8054 12,167 13,286 27,860 33,640
E: 2{; kN/m?2 8054 12,167 13,286 27,860 33,640
m - 0.8 0.8 0.8 0.5 0.5
E,’frf kN/m? 24,162 36,501 39,858 83,580 100,920
Vur - 0.2 0.2 0.2 0.2 0.2
p”f kN/m?2 100 100 100 100 100
Ry - 0.9 0.9 0.9 0.9 0.9
Eg kN/m? 8054 12,167 13,286 27,860 33,640
e - 0.8 0.7 0.6 0.5 0.5

4. Rationality Verification of the Model

It is necessary to verify the applicability of the three-dimensional finite element model,
particularly considering that most of the existing studies do not consider the impacts of
pipeline leakages. In addition, the analytical solution generally has high accuracy and
is in good agreement with the actual working conditions. Therefore, first, an analytical
study was conducted under the condition that the pipeline does not leak. Then, the results
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from the analytical solution were compared with the numerical simulation results from
this study, so as to verify the reliability of this model for the analysis of shield construction.

4.1. Analytical Study on Ground Settlement Caused by Shield Construction Considering Multiple
Factors

From the present research [29], the factors influencing the ground settlement caused
by shield construction can be summarized into four parts: the additional thrust P, of the
excavation face, friction P, between the shield shell and soil, grouting pressure P3, and
ground loss Vius. The ground settlement caused by various factors can be expressed
as follows.

The additional thrust of excavation face P, is calculated as follows:

==(4) — (27 (R Pyxyyy |( 1 _ 6zhy 1. 4
ut) = fo Jo Rt | (am — )+ w2 NN ey 13 ) A0t

27 R Pyxyyay 1 6zhy, 1 4
fO 0  16m |\ M3 N® a; + mﬂz - W{lg, rdrdf

®)

N _r2m R Pyyxqp z—hq; 6Zh]l(2+h11)
w1 (t) — Jo 0 167 M3 N5
fzn R Py, |:<Z_h1r _ 6zhy, (z+M1,)

z—hy 4
)m + =5 @ N(N+z+h11)a3} rdrd0-+
z—I _ 4
0 Jo “lem |\ M e )”1 T N(N+z+h1,)a3} rdrdd

(4)

The friction between the shield shell and soil P5 is calculated as follows:

__ 2 P 6zh .
Uz(t) =Jo m 0] 7211)(6271'?2’ |:<]V1I3 — iﬁzz)tﬁ + %tlz — 7N(N+j+h2,)2 u3] Rd]d9+

270 ] ParXoryor 1 6zhy 1 4 .
Joo Jo Zre | (o — N )+ w02 — g3 | R

©)

J— 2 P. —h 6zhy (z+h —h .

@ (t) = : 7 O] 12’63;2] {(zMazl _ 6z 211(55 21) )al + ZN321 a + N(N+42+hz[)a3} Rdjdo+
271t ] Poxo, —hy, 6zhy, (z+hy, —hy, 4 :

fo 0 %63;2 [(ZMaz - : ](\]5 2 )>al + ZN32 ap + N(N+z+h2r)03} Rd]d9

(6)

The grouting pressure P3 is calculated as follows:
u3(x,y,2,t) = 031(x,y,2,t) + T3 (%, 1,2, ) @)

w3(x,y,z,t) = W31(x,y,2,t) + W3 (X,Y,2,1) 8)
The ground loss V) is calculated as follows:
v4(x,y,2) = vg(x,y,2) + V4 (X, Y, 2)

_ —RXy+L/24b)  h 1 + 1 _
2 htd; ) (y+L/2+b)2+(h—2)2 ' (y+L/2+b)*+(h+z)?

4z(h+z) ) 4Rg(x)—g?(x) B ' |:(]/+L/2+b)21n/\l(x)
(+L/2+b)2+ (b2 e Bl exp | G ©)

zz(ln/\,(x)—lnél(x)):| L ZRG-L/2) { 1 1
2

(h+d,))? h+d; (y—L/2)*+(h—z)* + (y—L/2)%+(h+z)F

4z(h+z) . 4Rgy (x)—g2(x) . (y—L/Z)zln/\,(x) 22(In Ay (x)—Iné,(x))
[(ny/2)2+(h+z)2]2 } 4R2 By(x) - exp [ (+R)? + (i, )2
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wa(x,y,z) = wy(x,y,2) + wa (X, Y, 2)
_ R? h—z + h+z _ ZZ[(yJFL/ZJFb)Z*(h*Z)Z] .
2 L2400 ()t T (L2407 (2 (gL 24b) - (ht2))
4Rg;(x)—g3(x) ) (y+L/24b)*In A (x) | 22(InA;(x)—Ing;(x))

R2 h—z " hiz _ 22[(y—L/2)*=(h+2)°]
2\ WL/ (-2 (L2 [(y—L/2)+ (h42)?]

4Rg, (x)—g2(x) (y—L/2)*In A, (x) | Z2(InAy(x)—Ind,(x))
%B,(x) -exp[ . (h+R)? + (h+d,)?

The relevant parameter definitions can be found in a previous study [30]. The total dis-
placement can be obtained by the superposition of the horizontal and vertical displacements
of the stratum owing to the above four factors, as follows:

o(x,y,z,t) =01(x,y,2,t) +02(x,y,2,t) + 03(x, y,2,t) + v4(x, Y, 2) (11)
w(x,y,z,t) =w1(x,y,2t) +W2(x,y,2,t) +W3(x,y,2,t) + wa(x,y,2) (12)

4.2. Comparison between Theoretical Analysis and Simulation Results without Leakage

To facilitate analysis of the calculation results, the layout of the measuring points in
the calculation model is shown in Figure 8.

Figure 8. Layout of monitoring points.

With no leakage from the pipeline, the vertical displacement of the stratum obtained
by the simulation calculation after the left line tunnel is shown in Figure 9. The figure
shows that after the left line tunnel is completed, the maximum ground settlement occurs
at the arch crown of the left line tunnel, with a settlement value of 21.4 mm. Under the
influence of excavation unloading, the tunnel floor heaves with the amount of 25.9 mm.
The settlement value directly above the left line tunnel at the surface is the largest. With
an increase in the distance from the tunnel centerline, the settlement value caused by the
excavation gradually decreases.
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Figure 9. Calculation results of ground vertical displacement after the excavation of the left line tunnel.

The surface unit node A3 above the left line tunnel of the model stratum centerline,
surface node A4 above the two tunnel centerlines, and surface node A5 above the right line
tunnel are considered, as shown in Figure 8. Based on the present research [25], similar
model tests are conducted on the coupling effects of the shield tunneling and pipeline
leakage. The vertical displacement change curves of the three monitoring points during
the excavation of the left line tunnel are drawn and compared with the theoretical analysis
and test results, as shown in Figure 10.

0 1 |
C o s s b A aaaa

PP R R 5
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E I
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=20 15 -0 -5 05 100 15 20

Distance from ground centerline (m)

Figure 10. Comparison of theoretical analysis, test, and simulation results of ground vertical displace-
ment after excavation of left tunnel without leakage.

Figure 10 shows that the surface settlement curves obtained from the simulation re-
sults, test results, and theoretical analysis, conform to the three-stage change trend. At
the initial stage of shield tunneling, the ground settlement of the stratum center increases
slowly. As the horizontal distance between the excavation face and stratum center de-
creases, the ground settlement increases rapidly. When the shield passes through the
range of measuring points and exceeds the area affected by the excavation disturbance, the
settlement value at the measuring point gradually stabilized. The surface settlement values
obtained by the numerical simulation are higher than the test results, and the deviations
between the simulation values and test values at the stability stage at the A3, A4, and A5
measuring points are 4.5, 5.4, and 2.2 mm, respectively. The factors causing these deviations
can be divided into two aspects. First, the uneven surface pressure distribution of the
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model in the test process decreases the surface settlement value. Second, because certain
material parameters in the numerical simulation adopt empirical values, the simulation
results also have certain deviations.

Figure 11 shows the calculation results for the ground vertical displacement after the
twin tunnel is completed without leakage. It shows that the maximum settlement and uplift
value points of the twin tunnel still appear at the arch crown and bottom plate of the left
line tunnel after the tunnel is completed. Compared with Figure 9, the settlement and uplift
values increase slightly, consistent with the conclusions from the model test. This shows that
the displacement field generated by twin tunnel excavation is not a simple superposition
of the displacement fields generated by single-tunnel excavations. At this interval, the
repeated disturbance of the right tunnel excavation still impacts the distribution of the
displacement field at the axis of the left tunnel. The settlement of the stratum center after
the excavation of the twin tunnel is 18 mm, i.e., evidently increased relative to the case in
the completion of the left line construction.

Figure 11. Calculation results of ground vertical displacement after excavation of twin tunnel.

The A3, A4, and A5 nodes of the model are used to draw the vertical displacement
change curve of the three nodes during the excavation of the right line tunnel for compari-
son with the theoretical analysis and test results, as shown in Figure 12.

I
I
. I Bl

) i : -t Theoretical
g I < —=— A3
= gk A
g 8 «at —o— A4
= —A— AS
Q .
E-12fF N vy Increase | Experimental
= v
2 g /,__:_slo_wly_ v A3
s ,..,.i:;x-- P 4 | ot AL
ERl) - Incrzlatse ! ot AS
= x rapudly | . .
> | Increase | Slmulzigve

_20 .

Tend to : rapidly Range of : s
be stable! measuring! points
-24 1 | - 1 L 1 [ 1 AS
=20 -15 -10 -5 0 5 10 15 20

Distance from ground centerline (m)

Figure 12. Comparison of theoretical analysis, test, and simulation results of ground vertical displace-
ment after excavation of twin tunnel without leakage.

Figures 9-12 show that, compared with the test results, the prediction of the theoretical
solution for the excavation of a single tunnel is more accurate. Whereas, for the excavation
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of the twin tunnel, the formation process of the displacement field is more complex. For ex-
ample, the prediction deviation of the theoretical solution is relatively large. The numerical
simulation can consider the impact of repeated disturbances in the shield construction of a
twin tunnel, and the prediction is more accurate.

5. Analysis of Influence of Pipeline Leakage Diffusion Range and Leakage Length
Change Rule of Ground Displacement under the Influence of Pipeline Leakage

Based on the rationality verification of the three-dimensional model, further consider-
ation was given to the influences of: (a) the diffusion range of the pipeline leakage water
along the depth direction; and (b) the length of the leakage section along the pipeline
length direction on the changes in the stratum displacement. Nine numerical simulation
conditions were established, as listed in Table 6.

Table 6. Numerical simulation condition Nos. of different pipeline leakage ranges and lengths.

Leakage Length
9m 27m 45m
Leakage Range

Small range 1 2 3
Medium range 4 5 6
Large range 7 8 9

In the numerical simulation analysis steps, the pipeline began to leak after the initial
geostress was balanced. After the seepage diffusion range and diffusion length reached the
set values for the corresponding working conditions, the left line tunnel was excavated first,
and the right line tunnel was excavated again after the excavation of the left line tunnel was
completed. This section analyzes the change rule of the stratum displacement in this order.

Using the overall coordinate system in the model, the pipeline length direction was
set as the X-axis, tunnel excavation direction was set as the Y-axis, and stratum depth
direction was set as the Z-axis. Figure 13 shows the numerical simulation results for the
surface settlement when the leakage was completed under different working conditions (Z
axis direction).

. Max Settlement: 0.4359 mm -

) (b) (©)

(d) (e) 6y

(8) (h) (@)

Figure 13. Calculation results of surface settlement caused by pipeline leakage under different
conditions: (a) No. 1; (b) No. 2; (c) No. 3; (d) No. 4; (e) No. 5; (f) No. 6; (g) No. 7; (h) No. §; (i) No. 9.
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Furthermore, it shows that under the influence of the pipeline leakage, the surface
settlement presents an elliptical distribution. The surface settlement range gradually
increases with an increase in the pipeline leakage range and leakage length. In the same
leakage range, with an increase in the leakage length, the surface settlement range mainly
extends along the X-axis, whereas the Y-axis direction remains unchanged. However, for
the same leakage length, with an increase in the leakage range, the surface settlement range
mainly extends along the Y-axis direction, whereas the X-axis direction remains unchanged.

To further analyze the change rule of the affected area S and settlement value V with
the leakage range and length, respective curves for S and V with the leakage range and
length are shown in Figure 14.
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Figure 14. Variation of S and V with leakage range and leakage length: (a) the change rule of S and V
with leakage length under different leakage ranges; (b) the change rule of S and V with leakage range
under different leakage length.

Figure 14 shows that under the same leakage range, the strongly affected area S
increases approximately linearly with an increase in leakage length. This means that with
the increase of the leakage length, the scope of the strongly affected area increases linearly
along the X-axis. At the same leakage length, S expands with the increase of leakage range,
and its increment also gradually increases. This shows that the increase in the leakage range
causes the surface settlement area to expand along the Y-axis. Under the joint influence
of the leakage range and length, the increment of the strongly affected area gradually
increases. The weak influence area has the same rule. In the same leakage range, the
maximum surface settlement Vnax increases with the expansion of the leakage length, and



Sustainability 2022, 14, 16802

Surface settlement (mm)
|
wn

|
%)
(=]

its increment gradually decreases. This shows that the increase of the initial leakage along
the X-axis has an evident effect on the settlement value, and that the maximum settlement
value gradually stabilizes with the further increase of the leakage length. In addition, under
the same leakage length, the increase of the leakage range has an evident impact on Vpay;
it makes Vmax increase exponentially, indicating that the leakage range is the main factor

affecting the surface settlement.

To analyze the law of the ground settlement caused by the tunnel excavation under
the influences of different leakage ranges and lengths, the shield construction of the left
and right tunnels should be conducted immediately after the pipeline leakage reaches the
preset range and length. Figure 15 shows the surface settlement curves after the completion

of the left and right tunnels under different calculation conditions.

Condition No.
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Figure 15. Surface settlement curve after twin tunnel construction under the influence of pipeline
leakage: (a) single tunnel construction completed; (b) twin tunnel construction completed.

Figure 15 shows that under the influence of the pipeline leakage, the surface settlement
caused by the tunnel excavation gradually increases with increases of the leakage range
and leakage length. After the excavation of the left tunnel, the surface settlement mainly
occurs just above the axis of the left tunnel. The maximum ground settlement under
Condition 1 (small scope, leakage length of 9 m) is 14.4 mm, whereas that under Condition
9 (large scope, leakage length of 45 m) is 29 mm, nearly double. When the right tunnel is
constructed, the maximum ground settlement will shift to the center line of the two tunnels.
The maximum ground settlement under Condition 1 is 18.5 mm, and that under Condition
9is 36.1 mm. This means that with increases in the leakage range and leakage length, the
reduction of the soil strength between the pipeline and tunnel will significantly increase
the ground settlement caused by the shield tunneling, especially with a large leakage range

and length. This adverse effect cannot be ignored.

According to the nine monitoring points in the model, as shown in Figure 8, the soil
displacement values after the construction of the left and right tunnels under different
conditions were calculated and used to analyze the soil displacement change rule at

different depths of the stratum, considering the influence of the seepage water.

Tables 7 and 8 indicate that with increases in the pipeline leakage range and leakage
length, the soil displacements at different stratum depths increase after tunnel construction
completion. As the measuring point was located on the vertical profile of the pipeline in
the center of the stratum, the soil displacement at 3 m below the surface was slightly less
than that at the surface, owing to the influence of the pipeline stiffness. This implies that
the displacement of the soil above the pipeline decreases with an increase in depth. For
the measuring point at a buried depth of 9.9 m, after the excavation of the left tunnel, the
displacement value of the measuring point on axis 3 is the maximum, and those on axes 4
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and 5 are the minimum. After the construction of the right tunnel, the displacement values
of the measuring points of axes 3 and 5 are the largest, whereas that of axis 4 is the smallest.

Table 7. Displacement values of measuring points after completion of twin tunnel construction under
different leakage ranges (the leakage length is 45 m, unit: mm).

Leakage Depth of Single Tunnel Construction Completed Twin Tunnel Construction Completed
Ranges Measuring Axis Axis Axis Axis Axis Axis
Points/m 3 4 5 3 4 5
0 —15 -9.7 —4.6 —17.4 -19 -17.7
Small 3 —14.6 —10.3 —4.4 —16.7 —18.7 —17.2
9.9 —16.7 -5 -1.2 -17.7 —-9.7 —18.1
0 -17.9 —13.5 -72 —20.4 —22.2 -20.7
Medium 3 —17.4 —13.2 —6.9 -19.9 —21.6 —20.3
9.9 —18.8 —49 -1.3 -21 -9.9 —21.5
0 -29 —24.7 -171 —32.4 —36 —34
Large 3 —28.4 —24.2 —16.6 —31.3 —35.5 —33.4
9.9 —31.1 —6.3 —14 —34.7 —11 —34.9
Table 8. Displacement values of measuring points after completion of twin tunnel construction under
different leakage lengths (large-range leakage, unit: mm).
Leakage Depth of Single Tunnel Construction Completed Twin Tunnel Construction Completed
Lengths/m Mea.lsuring Axis Axis Axis Axis Axis Axis
Points/m 3 4 5 3 4 5
0 —18.2 —16.5 —74 —21.2 —26.9 —-21.9
9 3 -17.3 —16.2 —6.9 —19.8 —26.4 —20.4
9.9 —18.9 —45 -3 —21.3 -89 —22.2
0 —25.8 —22.8 —14.2 —-29.1 —-33.9 —30.6
27 3 —25.2 —22.3 —14 —28.3 —33.4 -30
9.9 —26.7 —5.4 -0.7 —30.2 —10.1 -31
0 -29 —24.7 -171 —32.4 —36 —34
45 3 —28.4 —242 —16.6 —31.3 —35.5 —33.4
9.9 —31.1 —6.3 —-1.4 —34.7 —11 —34.9

This phenomenon can be explained by the superposition method, which is used to
analyze the ground settlement law under the repeated disturbances of the twin tunnel
during construction over a short distance. From the present research [30,31], the ground
settlement mainly consists of the excavation settlement, consolidation settlement, and
secondary consolidation settlement; of these, it is more necessary to consider the secondary
consolidation settlement during tunnel operation. The ground losses caused by shield
tunneling and soil reconsolidation caused by disturbances or shear failures around the
tunnel are the fundamental reasons for ground settlement. Figure 16 shows a surface
settlement trough caused by the excavation of the twin tunnel, where 1 is the surface
settlement curve after the excavation of a single tunnel, Smay is the peak value of the surface
settlement, R is the tunnel radius, D is the tunnel spacing, H is the tunnel burial depth,
and S is the main influence angle of the tunnel excavation. Specifically, p represents the
included angle between the line from the outer edge of the settlement trough to the bottom
of the tunnel excavation outermost contour line and horizontal line. According to Table 7
and Figure 16, after the left tunnel is completed, all measuring points on axis 3 are located
within the main influence angle range; therefore, the settlement value increases with the
increase in depth. Two measuring points, E4 and B5, are located near the boundary line of
the influence angle. If they are above the boundary line, the settlement value is higher than
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that of the surface. In contrast, the settlement value gradually decreases with an increase
in depth. After the construction of the left and right tunnels, the settlement values of the
measuring points of axes 3 and 5 gradually increase with the depth. The settlement value
of point E4 depends on the relative position of the monitoring point and point O. Therefore,
the displacement change rule of each measuring point can be determined based on the
layout depth of the measuring point and influence angle 8. Based on the above analysis,
combined with the soil displacements at different depths, as shown in Tables 7 and 8, it can
be concluded that the influence of the leakage on the ground settlement is related to the
amount of soil loss and disturbance degree. In the same stratum, the influence of a water
leakage is greater in areas with strong disturbances and large soil losses.

Figure 16. Surface settlement trough caused by the excavation of a twin tunnel.

6. Conclusions

This study was based on a tunnel project of Hefei Rail Transit Line 4, in China. First, a
two-dimensional model was established to analyze the seepage diffusion law in the plane
under the action of water pressure, and a three-dimensional finite element calculation
model was constructed for the one-way coupling between the shield tunneling and pipeline
leakage. The rationality of the model was verified by comparing it with the results from a
model test and theoretical calculations. Finally, considering the influences of the diffusion
range of the pipeline leakage along the stratum depth and leakage length along the pipeline
direction, the change rule of the stratum settlement was analyzed, and the following
conclusions were drawn.

(1) The seepage water mainly diffuses vertically under the action of gravity. As the
pipeline leakage gradually reaches the predetermined depth, the leakage diffusion
range calculated by the numerical simulation tends to be consistent with that in the
test results. However, owing to the existence of a large pore structure in the soil
during the test, the leakage water is more likely to spread to the bottom of the pipeline
under the action of gravity. Therefore, the error in the numerical simulation at the top
of the pipeline is slightly larger than that at the bottom.

(2) Under the condition that the pipeline does not leak, the theoretical solution is more
accurate for predicting the excavation settlement of a single tunnel. In the calculations
for twin tunnel excavation, the numerical simulation can consider the influence of
repeated disturbances of the left and right tunnel construction, and is more accurate
than the theoretical solution. Thus, the rationality of the three-dimensional calculation
model is verified.

(3) Through an influence analysis and calculation of the leakage parameters, it can be
concluded that the surface settlement caused by pipeline leakage exhibits an elliptical
distribution. Increases in the leakage length and scope cause the surface settlement
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range to expand along the pipeline length and stratum depth, respectively. The
maximum surface settlement increases with the expansion of the leakage length
and leakage range, of which the leakage range is the main factor determining the
maximum surface settlement.

(4) For the soil displacement at different depths owing to the excavation of the double-
track tunnel, the variation rule is determined by the arrangement depth of the measur-
ing points and influence angle B. The influence of leakage on the formation settlement
is related to the amount of soil loss and degree of disturbance. In the same stratum,
the influence of the water leakage is greater in areas with strong disturbances and
large soil losses.
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