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Water leaking into metro segments is related directly to the presence of underground water. However, to date, the underground
confined water channels formed by metro underpass reinforcement structures have not been considered as causes of the problem.
In the present study, based on field investigations and geological data, confined water is identified as the source of segment leakage
on Line 5 of Hangzhou Metro in China. It is then hypothesized that the problem stems from an underground confined water
channel formed under the reinforced structure of the subway. Numerical simulations predict a settlement difference of 8-10 mm
between the reinforcement area and the weak strata, and field monitoring data show this difference to be 8.62mm. This
consistency between the numerical simulations and the field measurements verifies the hypothesis. Finally, given the causes of
underground confined water channels, corresponding technical measures such as piecewise secondary grouting are proposed to
cut them off and avoid metro-segment leakage. The present research results contribute to the causes of and the laws governing the

metro-segment leakage that occurs at subway stations and other reinforced structures.

1. Introduction

The main problem affecting metro tunnels is water leaking into
their segments, herein referred to as metro-segment leakage
(MSL), which has a direct effect on the operating environment
and safety of metro trains [1]. To ensure the safety of metro
projects, there have been many studies of the causes and effects
of MSL, some of which are summarized below.

Ye et al. [2] investigated many cases of tunnel leakage
and proposed as the main cause the fact that a large amount
of groundwater could not permeate quickly from the initial
support after being discharged. Xu et al. [3] used the finite
element (FE) method to subject the seepage and stress fields
of the surrounding rocks and structures to coupling analysis
to obtain the distribution rules for the stress, displacement,
and pore water pressure during construction; the results
showed groundwater to be the direct source of the water flow
causing tunnel leakage. Wang et al. [4] studied seepage in

newly built tunnels by gathering statistics on the seepage in
tunnel projects for the Jiangxi expressway, and they con-
cluded that the tunnel seepage was uneven due to the greatly
varying state of the fissure water in the surrounding rock.
Wang et al. [5] summarized the hazards caused by
groundwater seepage in tunnel engineering, analyzed the
conditions and mechanism of groundwater seepage using a
theoretical model, and then proposed that the amount of
water inflow in a tunnel depends mainly on the permeability
of the soil layer. Li et al. [6] used a numerical model to
analyze the formation of leakage problems in a naked tunnel
and concluded that (i) groundwater leakage is one of the
main causes and (ii) the fracture zone is an area of severe
seepage. Wei et al. [7] gathered statistics from existing re-
search on tunnel leakage and summarized the causes and
hazards of leakage; they identified causes from before,
during, and after construction, such as unreasonable pro-
duction and maintenance of pipe pieces before construction,
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poor grouting quality during construction, and uneven
settlement after construction.

Shin et al. [8] used nonlinear coupled FE analysis to
study how the long-term predicted response of the foun-
dation and lining differ under different hydrological con-
ditions; they compared the permeability of the lining with
that of the soil under different hydraulic boundary condi-
tions and introduced a method for simulating the limited
permeability of the lining. Liu et al. [9] proposed a method
for predicting the amount of groundwater inflow in an-
isotropic and isotropic confined aquifers over time; they
applied the method to field analysis of groundwater inflow in
Guangzhou Metro Line 7 and an underground tunnel in the
city of Huizhou in Guangdong Province, and the mea-
surements showed the method to be effective. Wu et al. [10]
proposed a new numerical method for simulating the local
seepage of shield tunnel linings based on the engineering
background of Shanghai Metro tunnels, and they used the
proposed method to study how groundwater seepage in-
fluences foundation consolidation and tunnel deformation.
Shin et al. [11] used a numerical simulation method to build
a two-dimension model and studied the coupled mechanical
and hydraulic interaction between the segment lining and
the surrounding ground; the results showed that hydraulic
degradation leads to significant changes in pore water
pressure and structural properties and accelerates leakage.
Wu et al. [12, 13] analyzed the factors affecting leakage and
studied its impact in depth by establishing a three-dimen-
sional fluid-solid coupled FE model. The results showed that
the leakage at the retaining wall changes will cause the
change of water flow direction and the decrease of
groundwater level.

Previous research on tunnel seepage was directed
mainly at the following aspects: (i) causes of leakage in
terms of geological conditions (e.g., rock structure) and
construction (e.g., insufficient waterproof design); (ii) in-
fluence of seepage water (e.g., on the deformation of a
subsidence tunnel with surface subsidence water level and
the failure of pipe segments); (iii) relevant laws for seepage
and water leakage (e.g., how groundwater flow changes
over time and the prediction of water leakage). However,
there have been few studies to date on the relationship
between tunnel underpass reinforcement structures and
leakage, and such structures have not been considered as
causes of leakage.

Based on the engineering problems in Hangzhou Metro
Line 5, this paper analyzes and verifies the hypothesis that
the settlement difference will form underground confined
water channel (UCWC) when the tunnel passes through the
station. The UCWC leads the confined water flow to the
region where there is no groundwater and leads to disease
later. First of all, the paper introduces the engineering
background and the leakage situation. The hypothesis of the
source and flow path of the leakage are proposed based on
the field investigations and engineering data. Next, the above
hypothesis is verified by means of numerical simulation,
settlement monitoring, and water composition analysis.
Finally, the technical measures to cut off UCWC are put
forward.
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2. Engineering Background

2.1. Engineering Problems. Hangzhou Metro Line 5 starts at
Jinxing Station in Yuhang District and ends at Maiden
Bridge Station in Xiaoshan District, running through the
northwest of Hangzhou’s main urban area, the central urban
area, and the southern area. Line 5 passes through seven
urban districts, including those of Yuhang, Xihu, and
Xiaoshan, and is a major passenger flow channel. It has a total
length of 56.21 km and a general Z-shaped trend, as shown in
Figure 1. Along that length, the geological conditions between
South Railway Station (SRS) and Tonghui Road Station are
complex, involving shield tunnel construction, mining tunnel
construction, and shaft construction. Both ends of the interval
tunnel were constructed by the shield method, while the
middle section was constructed by mining. The length of the
tunnel constructed by the shield method in the right line is
1218.20m, and the length of the tunnel constructed by the
shield method in the left line is 1226.17 m.

Based on the engineering geological survey data, the strata
comprise mainly silt and silty clay, silty clay, and silty clay with
sand. The groundwater in the shield zone is mainly the pore
water of quaternary loose rocks. According to the water-
bearing medium, occurrence conditions, hydrologic properties,
and hydraulic characteristics of the groundwater, it can be
divided into phreatic water and confined water. The static water
level of the phreatic water is 2.0 m, and it varies seasonally. The
phreatic water is distributed mainly in the shallow filling soil
layer, i.e., the silty clay layer (in the range of rings 0-150), with
less water. It is mainly recharged by atmospheric precipitation
and lateral runoff and discharged via evaporation and lateral
runoff. The confined water is distributed mainly within the
range of rings 50-150 of the shield, as indicated in Figure 1. It is
contained in the silty clay with sand, buried more than 50 m
deep, and rich in water. The water barrier layer comprises the
overlying silty soil, which is rich in water and has obvious
characteristics of deep burial and large water volume.

The research area is located in Xiaoshan District and
includes SRS, which has a frame structure that is divided into
one underground floor and two above-ground floors. The
station foundation is a raft foundation with many piles below.
The section of the tunnel under SRS mainly involves mucky
clay and silty clay. The profile of the SRS section is shown in
Figure 2. The distance between the tunnel lines within the
tunnel crossing range is 10.8 m, and the top of the tunnel is
buried at a depth of 20-25 m. The outer diameter of a tunnel
segment is 6.2m, the inner diameter is 5.5m, the segment
thickness is 0.35 m, and the ring width is 1.2 m. Having ex-
cavated the left tunnel for 12 m, excavation began on the right
tunnel, after which both tunnels remained synchronized until
the end. Excavation of shield machines used for EPB com-
posites earth pressure balance shield machine, produced by
German Herrenknecht AG. Each shield tunneling machine
had a construction mileage of less than 3km and was
comprised of systems for excavation, ballasting, ballasting soil
improvement, pipe piece installation, grouting, power system
control, and measurement guidance, with advanced drilling
and grouting capability. The main parameters of the shield
machines are given in Table 1.
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TaBLE 1: Main parameters of Herrick shield machine.
Number Item Parameter
1 Diameter/length of shield machine 6.450/8.000 m
2 Cutter disc device type/opening rate Panel/36%
3 Cutting disc drive Hydraulic slewing drive
4 Radius of the adaptive minimum curve 250 m
5 Maximum heading speed 8 cm/min
6 Number of thrust cylinders/maximum total thrust 16 sets of twin cylinders/42575 kN
7 Synchronous grouting system grouting pump 2
8 Grouting system cleaning loop 1
9 Shield tail seal/shield tail grease injection hole 3 rows of seal plate brushes/2 x 6
10 Soil pressure sensor/gate emergency closing device 5/1

When the tunnel was excavated to the 200-300 ring
section, MSL appeared and the damage was serious, as
shown in Figure 3(a). Having found MSL on site, grouting
was implemented to plug the leakage. However, in the

process of grouting, the following abnormal conditions
arose: (i) the grouting pressure of the two grouting ports at
the end of the shield increased gradually and exceeded the
reasonable value, being possibly as high as 1.00 MPa in
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FIGURE 3: Field disease condition. (a) Seepage of the pipe segment. (b) Synchronous grouting pressure. (c) Flow condition of synchronous

grouting line. (d) Field hydraulic test.

various places; (ii) although the grouting pressure increased,
the slurry still could not be injected into the soil at some
locations.

From the grouting pressure records of the grouting
system, the grouting pressure diagram is shown in
Figure 3(b). It shows that the grouting pressure was
maintained at 0.25-0.40 MPa before tunneling to ring 200,
after which it increased significantly and remained above
0.50 MPa, even exceeding 1.00 MPa in many places. Based
on related research [14], the simultaneous grouting pressure
of a shield machine is closely related to the formation
splitting pressure and overlying soil. The results show that a
reasonable grouting pressure for a tunnel with a buried
depth of 20m is 0.32-0.42 MPa. Meanwhile, in previous
tunnel construction in this area, reasonable grouting pres-
sures were also within this range [15]. The above analysis
indicates that a grouting pressure of 0.50 MPa is abnormal.
Given the appearance of MSL, we reason that the abnormal
grouting pressure was caused by high water pressure.

Furthermore, when inspecting the grouting hole, a large
amount of water poured in after the grouting hole was

opened, as shown in Figure 3(c). To obtain the water
pressure accurately, a pressure gauge with a range of
0-2.50 MPa was installed in the grouting hole and measured
the water pressure as being 0.60 MPa. Based on geological
prospecting data, the groundwater in this area is from the
phreatic and confined water at the lower part of the station,
so the phreatic or confined water is the main cause of the
engineering problems. The buried depth of the phreatic
water is 2.0 m as obtained by calculating the water pressure
according to Darcy’s law, and the water pressure caused by
the phreatic water is 0.20 MPa, which is significantly dif-
ferent from the measured value. Therefore, the MSL cannot
be due to the phreatic groundwater but only the confined
water.

However, according to geological survey data, the
confined water is not near where the problems arose (rings
200-300) but rather is located mainly at a depth of 60m
below the station area (rings 50-150), as shown in Figure 1.
Therefore, before finally causing leakage, the confined
water must have flowed along a certain path to the problem
zone.
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2.2. Analysis of the Flow Path of the Confined Water.
According to the above analysis, the source of the MSL was
the confined water, which flowed along a certain path and
reached the leakage zone. Combined with the geological data
and the site construction, the schematic of the specific sit-
uation from the station interval to the problem interval
shown in Figure 4 was drawn. This shows that the confined
water is distributed in the aquifer at a buried depth of 60 m
below the station area (ring segments 50-150). However, the
problems occurred in the strata behind the station interval
(ring segments 200-300). Therefore, we must analyze the
flow of the confined water, which we do here in stages in
combination with Figure 4.

2.2.1. Upwelling Stage. As shown in Figure 4, below the
station area is an aquifer (buried depth 60 m) that contains a
large amount of confined water and above which is the
aquitard (buried depth 40-60m) that restricts the flow of
that confined water. However, at the bottom of the station
structure area are many engineering piles with a length of
70 m. This pile foundation penetrates the aquitard, thereby
allowing the confined water in the aquifer to rise along the
pile holes and surge to the top of the tunnel.

2.2.2. Circulation Stage. After the upwelling confined water
reaches the top of the tunnel, it is still a distance of ~50-100
rings from the leakage interval. For confined water to flow to
the problem zone, there must be a UCWC as shown in
Figure 4. This UCWC is analyzed in detail in Section 3.

2.2.3. Downwelling Stage. Figure 4 shows the presence of
geological exploration boreholes in the strata behind the
station. With a diameter of 200 mm and drilling to depths of
40-60 m, these exploration boreholes penetrate the silt and
silt-clay and reach the vicinity of the tunnel. Having flowed
along the UCWC to the formation above the problem zone,
the confined water seeps down the boreholes and eventually
into the tunnel segment to cause MSL.

The flow paths in the upwelling and downwelling stages
can be verified from construction drawings and geological
prospecting data. However, the UCWC must still be ana-
lyzed and verified.

2.3. Assumption on the Cause of UCWC. According to re-
lated research [16-21], different strata stiffnesses during
tunnel excavation lead to settlement differences occurring
under the influences of gravity stress and the tunnel exca-
vation. As shown in Figure 5, the contact surfaces between
different strata become weak structural surfaces that open
under the action of stress. Finally, interlaminar fissures
extend in the normal direction.

Based on the above research, we make the following
assumptions about what caused the UCWC. During the
tunnel excavation, settlement occurred in the strata sur-
rounding the station structure. The many pile foundations in
the lower part of the station structure strengthened the strata
within a certain range by compression, while the rest of the

strata remained weak. As shown in Figure 5, the difference in
properties between the reinforced area and the soft soil layer
resulted in different degrees of deformation under pressure.
The amount of settlement changed suddenly on the weak
structural surfaces, which opened in the normal direction
where those changes were large, and the faults formed into a
flow channel. In Section 3, we use numerical simulations and
field measurements to support this hypothesis.

3. Numerical Simulation Analysis of UCWC

3.1. Establishment of the Model. To verify the hypothesis about
the origin of the UCWC, we used the FLAC 3D FE software for
modeling and analysis. Based on the UCWC assumption, we
determined the main research area as being the interval strata
through the station. Because of the large size of the complete
station (X x Y=120 m x 60 m), we selected part of the tunnel
through the station (i.e., segment rings 75-100, buried depth
0-40 m) for modeling for the convenience of calculation. The
location is the area marked in Figure 5. Figure 6 shows the FE
mesh of the model: Figure 6(a) is the three-dimensional dia-
gram of the FE model, and Figure 6(b) is the section diagram of
the model. The overall size of the model was 60 m x 30m
x40m (Xx Yx Z).

Based on the location and soil properties, the strata were
divided as follows into five layers with a total depth of 40 m:
(i) the station area (with a thickness of 5m), (ii) the rein-
forced area (5m), (iii) the area of silt and silty soft soil (5 m),
(iv) the silty clay area (10 m), and (v) the sandy silty clay area
(15m). The distribution is shown in Figure 6(b), and the
physical parameters of each soil layer are given in Table 2.
Because of the existence of the raft pile foundation, the
parameters of the reinforced area are improved. The elastic
modulus of the pile foundation was converted by equivalent
formula, and the parameters of the reinforced zone were
obtained after calculation. The formula is shown below.

E'V* =E, V" +E,V,, (1)

where E* is the elastic modulus of the equivalent reinforced
area (to be calculated), V* is the volume of the reinforced
area (9000m>), E; is the initial elastic modulus of the
reinforced area (8.4 MPa), E, is the elastic modulus of the
pile foundation (31500 MPa), and V, is the volume of all pile
foundations in the model (211 m>).

The outer diameter of a tunnel segment was 6.2 m, the
inner diameter was 5.5m, and the buried depth was 20 m.
The numerical simulation of tunnel excavation was con-
sistent with the actual situation on site. The specific steps
were as follows: (i) the initial ground stress was balanced; (ii)
the tunnel on the left was excavated first, after which seg-
ments were assembled; the length of each excavation was
1.2m; (iii) after the left tunnel had been excavated for 10
rings and assembled, excavation of the right tunnel began; in
other words, both tunnels were excavated synchronously,
with a distance of 1.2 m for each excavation, after which the
pipe pieces were assembled immediately; (iv) the left tunnel
was finished first, after which excavation of the right tunnel
continued until it was also finished. The tunnel excavation
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and the assembling of the pipe pieces were simulated by
means of killing zones and activating shells. A shield tunnel
segment was a C50 reinforced-concrete tube segment with a
thickness of 0.35m and a width of 1.2 m. The physical pa-
rameters of the tunnel segments and the underground
structure of the station are given in Table 3.

The following basic assumptions were used in the
modeling. (1) Solid elements were used in the model to
simulate the strata, which obeyed the Mohr-Coulomb yield
criterion. (2) The underground structure of the station was

simulated by solid elements that were modeled separately
and obeyed the linear elasticity criterion. (3) Shell units were
used to simulate the lining structure of the shield tunnel. (4)
The surface and the surrounding layers were uniformly
layered and distributed. (5) The interface unit was simulated
at the critical plane of the reinforced area. (6) The left and
right boundaries were constrained by the X-direction dis-
placement, and the front and rear boundaries were con-
strained by the Y- and Z-direction displacements of the
bottom boundary.



Advances in Civil Engineering

(a)

Station area

Reinforcement area

Silt and silty clay

Silt clay

Silt clay with sand

(b)

FIGURE 6: Schematic diagram of the model. (a) Three-dimensional diagram. (b) Strata distribution profile.

TaBLE 2: Mechanical parameters of strata.

No Strata Thickness Density (kg/ Bulk modulus Shear modulus Cohesion Friction angle
' (m) m’) (MPa) (MPa) (kPa) ()
1 Station area 5.0 2480 5.6 1.2 15 48
o  Reinforcement 5.0 2400 210 95 15 15
area
3 Silt and silty clay 10.0 1900 15 7.2 15 36
4 Silty clay 5.0 1910 12.9 59 40 40
5  Silty clay with sand 15.0 2010 25 11.5 400 43
TaBLE 3: Mechanical parameters of underground structure.
No. Structure Thickness (m) Density (kg/m3 ) Elastic modulus (MPa)
1 Roof 1 2500 3000
2 Wall 1 2550 3000
3 Foundation 3 2550 3000
4 Segment 0.35 2500 34500

3.2. Analysis of Simulation Results. Having established the
numerical model, the simulation was carried out according
to the excavation situation of the tunnel. Through numerical
calculation, the results were obtained and analyzed. To
analyze the process whereby the UCWC developed with the
tunnel excavation, Figure 7 shows a cloud map of the dif-
ferent excavation stages at the position of ring 90. As shown
in Figure 7, with excavation of the left tunnel, obvious
deformation occurred above the tunnel, the deformation at
the interface between the reinforced zone and the soft soil
layer was abnormal, and there were faults directly above the
tunnel. With excavation of the right tunnel, the location of
the interface above the right tunnel also changed suddenly,
and the abrupt areas above the tunnel on the left and right
sides were connected. As the tunnels on both sides were
excavated simultaneously until the end of the excavation, the
abrupt area always existed.

Also, to analyze the spatial location distribution of the
UCWC and obtain a preliminary understanding of the
settlement deformation, we selected the cross section cloud
map of the 90th circular pipe section of the tunnel, as

shown in Figure 8(a), from which we see the following. (1)
The settlement in the station and reinforced areas was
small, being mostly around 5mm and never exceeding
10 mm. Also, the settlement change in this part of the area
was continuous, without abrupt change; this was because
the soil properties of this area were reinforced by the pile
foundation. (2) Deformation of the soft soil layers under
the reinforced area was uniform and continuous. More-
over, it was affected greatly by the tunnel excavation, and a
large settlement deformation of 10-30 mm occurred in the
area surrounding the tunnel. The largest settlement de-
formation of up to 25.12 mm occurred in the tunnel arch.
(3) Because of the large differences in properties between
the soft soil layer and the soil in the strengthened area, the
deformation between the soft soil layer and the strength-
ened area was discontinuous and abrupt changes occurred.
The settlement at the bottom of the reinforced area was
5-10mm, but that in the silt and silty clay at the top
changed suddenly to more than 15mm. The area with a
large settlement difference was concentrated directly above
the tunnel.
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The longitudinal cloud diagram was intercepted along
the center of the model, as shown in Figure 8(b), which
shows the following. (1) The settlement among all layers was
consistent with that of Figure 8(a). The amount of settlement
above the reinforced area was small, with values of 0-5 mm.
The lower part of the soft soil area had a large settlement of
10-30 mm. (2) Fissures appeared in the interface of the
reinforced area and the channel and silty clay and became
connected along the direction of tunnel excavation.

Figures 7 and 8 give an initial intuitive understanding of
the distribution of the UCWC, but the specific deformation
values of various layers, including surface subsidence,
cannot be analyzed quantitatively. Therefore, we extracted
specific data on the different buried depths at the pipe slice of
ring 90 and plotted Figure 9(a) to analyze further the nu-
merical deformation law. The rules are as follows. (1) The
surface settlement (the settlement curve at Z=0m) was
affected less by the tunnel excavation, and the overall change
was relatively uniform, remaining at 4mm. (2) The subsi-
dence of the station area was slightly larger than the surface
subsidence, with a value of 6 mm. (3) The overall settlement
in the reinforced area was small, with a value of 8 mm. (4) In
the area with a buried depth of 10-15m, the settlement
deformation was obviously affected by the tunnel

excavation, with a maximum subsidence value of 22 mm and
an obvious W shape at the center of the tunnel, which
conforms to the theory of a W-shaped subsidence trough
[22-26]. (5) The deformation of the silty clay area
(Z=15-25m) was in line with a Gaussian settlement curve.
(6) A settlement difference was found between the rein-
forced area and the silty clay. The amounts of settlement
above and below the interface were approximately 8 and
19 mm, respectively, corresponding to a settlement differ-
ence of approximately 11 mm.

To understand the numerical development law of the
settlement difference, we plotted Figure 9(b), which shows
that, after the left tunnel was excavated, the settlement
difference was 11.1 mm. This was distributed above the left
tunnel and increased to 13.3mm as the right tunnel was
excavated, and the distribution area also began to extend to
the right tunnel. After the synchronous excavation, the
settlement difference tended to decrease, ranging from 11.7
to 12.0 mm. After the excavation, the settlement difference
was stable at 10.9 mm and was concentrated above the two
tunnels.

In summary, the hypothesis about the UCWC is shown
to be correct. The large differences in soil properties led to
differential settlement during tunnel excavation, and a



Advances in Civil Engineering

SIS
1
o 4
L
(=}
[
o
w
o
|
(=}
S
o
(o))
2

}

|
—_ | | | |
S 0 RN O N A N
1 1 1 1 1 1 1 1 1

)j

| i
®
1.l

-10 4
-12 4
-14 4

Settlement (mm)

I
—
=N

1

-18 4
-20 4
-22 4
-24 4

—a— Z=0m —— Z=-15m

—o— 7=-5m —— /Z=-25m
—— Z=-10m-UP

—— Z=-10m-DOWN

()

—— Z=-30m
—e— Z=-40m

o
—
o
N}
=}
w
S
'S
=)
T
S
o
S

Settlement difference (mm)

-12 4
-14 4

—a— Left side excavation —— Both sides excavation

—e— Right side excavation —=— Excavation complete

(b)

FIGURE 9: Settlement curve. (a) Settlement of different depths; (b) settlement difference of each step.

laminar fissure of 8-10 mm formed. Under the action of
confined water, the fissure developed to form a channel for
the flow of confined water, which eventually led to engi-
neering problems.

3.3. Verification of Field Measurement Data. To ensure safe
construction, staff at the project site conducted real-time
monitoring of the subway tunnel under the SRS section. The
stratified settlement at the center position of the two tunnels
was chosen for measurement, and the measuring points were
arranged at the positions of rings 90, 140, and 190, corre-
sponding to measuring points 1-3, respectively, in Figure 4.
The stratified settlement was monitored using a telescoping
tube settlement gauge.

It is extracting the field measured value of the measurement
points and simulated values of the numerical model, drawing a
diagram of curves as shown in Figure 10. These show that the
layered settlements at the positions of rings 90, 140, and 190
have basically the same variation trends. The three measuring
points all indicated that the abrupt subsidence change occurred
at the boundary between the reinforced area and the weak
strata. The settlement difference of the boundary surface at the
position of ring 90 was 8.62 mm, that at ring 140 was 9.95 mm,
and that at ring 190 was 8.4 mm. The settlement differences at
these three measuring points indicate that, along the direction
of tunnel excavation, there was always a large settlement dif-
ference at the interface. That is, the UCWC extended along the
direction of tunnel excavation, which is consistent with the
spatial distribution rule obtained by numerical simulation in
Figure 8(b).

Also, the numerical simulation results are validated by
comparing the simulated numerical values at the position of
ring 90 with the field measurements in Figure 10. Ring 90
was chosen for this comparison because the spatial simu-
lation range of the numerical model covered the positions of
rings 75-100. Figure 10 shows that the measured surface
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Figure 10: Comparison of data.

settlement was 3.42 mm while the corresponding simulated
value was 4.24 mm, and the settlement measured at 5 m
depth was 5.74 mm while the corresponding simulated value
was 6.25 mm. The settlement changed dramatically at the
boundary surface of the strata with a buried depth of 10 m.
The measured value above the boundary surface was
8.13mm while the corresponding simulated value was
8.25mm. The measured value below the interface was
16.75mm while the corresponding simulated value was
19.14 mm. The measured value of settlement at a depth of
15m was 17.57 mm while the corresponding simulated value
was 18.69 mm. The deviation between the measured and
simulated values at different buried depths is marked in
Figure 10, which shows the numerical deviations as being
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0.82, 0.51, 0.12, 2.39, and 1.12 mm. Most of these numerical
differences were around 1 mm, and the largest was 2.39 mm,
which appeared in the subsidence mutation region.

Although the measured and simulated values deviate
somewhat at the interface, their overall variation trends are
consistent. Regardless of whether the numerical simulation
results or the measured values are considered, the settlement
for buried depths of 0-10 m is small and uniformly continuous,
with sharp changes in the position of the boundary surface at
10m and then returning gradually to a uniform and contin-
uous state. Also, the numerical simulation errors of 1-3 mm are
considered acceptable in practical engineering applications
[27], so these results are applicable in that context.

At the same time, water composition analysis was carried
out to further determine the water source in the leakage zone
based on the Code for Water Analysis of Railway Engineering.
The components of the disease zone were analyzed, such as
SO, Mg2+, CO,, CI', pH, and total salinity, and then the
composition indexes of the confined and phreatic water in this
area were examined. Finally, the compositions of three water
samples were compared. Statistics for the equipment, reagents,
test methods, and analysis results for the water composition
analysis are given in Table 4. Comparison shows that the values
of SO, Mg2+, pH value, and erosion CO, for the water
sample from the problem range were close to those for the
confined water sample and significantly higher than those for
the submerged water sample, while the values of Cl™ and total
salinity were lower than those for the confined water sample
but higher than those for the submerged water sample.

The above suggests that the water in the leakage zone was
confined water that was upwelling along the sides of the
borehole perfusion piles already constructed in SRS. The
results of the water composition analysis determined that the
leakage was caused by the flow of interval confined water;
i.e, the existence of the UCWC caused confined water
within the station interval (rings 50-150) to flow to the
problem interval, which verifies the UCWC hypothesis.

4. Technical Measures and Effects

From analyzing the MSL, we reasoned that the problem was
caused by the circulation of confined water leading to serious
water leakage that waterproofing and synchronous grouting
alone could not address. To ensure safe tunnel operation, we
made the following suggestions.

(1) The synchronous grouting material should be
changed from the original inert slurry material to
active slurry material, and cement slurry should be
used to increase the stone rate and strength.

(2) Long-tube binary grouting should be used in the
leakage section to carry out radial secondary
grouting reinforcement in the 3.5 m range around
the section tunnel segment so that the void is filled
with slurry and consolidated to improve the sur-
rounding rock. This would form hoop protection on
the outer circumference of the tunnel, thereby cut-
ting off the UCWC and weakening the influence of
water seepage on the tunnel, as shown in Figure 11.

(3) Using new grouting material, the initial setting time,
hardening rate, early strength, late strength, and
impermeability of the grouting material are the key
parameters affecting its application effectiveness.
Sulphoaluminate cement should be used for this
application.

(4) Given that monitoring is essential in construction,
the monitoring and measurement should be
strengthened. During the grouting process, it is
necessary to monitor in time, pay close attention to
the deformation of the strata after grouting, and
adjust the grouting parameters in time.

(5) Because the physical characteristics of the strata in
the Hangzhou area are similar to those in the
Shanghai area, the construction of jet grouting with
a triple fluid system-twin jet in the Shanghai area
should be used for reference. Meanwhile, in the
design stage of jet grouting, relevant methods
should be used to reasonably estimate the excess
pore water pressure and the influence of jet
grouting on ground movement [28-34].

These technical measures were adopted and grouting
material tests were carried out. The synchronous grouting
material was changed from inert slurry to active slurry, and a
second grouting was carried out. The site construction drawing
is shown in Figure 12(a). After the measures were taken, good
results were achieved, cutting off the flow channel and reducing
the occurrence of MSL effectively, as shown in Figure 12(b).

The present practice showed that discovering and cutting
off the UCWC are the key to preventing MSL in the later
stage. On this basis, the technical measure of sectional
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TABLE 4: Main indicators of water composition analysis.

Composition
Total
Item SO4* (mg/L) Mg*" (mg/L) salinity pH CO, (mg/L) Cl (mg/L)
(mg/L)
Instrument
and Conical flask, pipette, burette, volumetric flask, acidity meter and matching compound electrode, evaporating dish
equipment
HCI solution, Ammomum .buffer 1% Standard buffer Ca(}Ozt powder, ‘ .KZCrO4
EDTA-2 Na solution, chromium black . indicator, indicator, NaCl
Reagent . . 1 Na,CO; solution, saturated . .
solution, solution of solid indicator, Na,S solution KCl solution Na,COj; solution, solution, AgNO;
Ba and Mg solution HCI solution solution
. EDTA-2Na Weight Acidometer Acid-base AgNO3.
Method Volumetric method . o o volumetric
complexometric titration ~ method titration titration
method
Leakage 84.50 274.87 1418 6.44 11.31 722.62
section
Phreatic water 10.96 13.45 149 7.26 3.51 23.13
Confined 72.45 226.38 5094 6.63 7.02 2838.23
water

FIGURE 12: : Photographs of site construction and effect. (a) Scene of secondary grouting. (b) The condition of the pipe after grouting.

grouting was proposed, and good results were achieved in
practical engineering. The present research results have a
certain reference value for similar projects.

5. Conclusions

Based on the Hangzhou Metro Line 5 project, herein we
analyzed the MSL problems in the project by means of field
investigations, geological data, numerical simulations, and
monitoring measurements, and we draw the following
conclusions:

(1) The source of the MSL problem was confined water,
not phreatic water. The flow of confined water leads
to the occurrence of engineering problems.

(2) Reinforcing the foundation in the station area led
to differences in the properties of different rock
strata. Under the action of excavation and dis-
turbance, the settlement difference was increased
further and laminar flow fractures formed,
forming a UCWC. By analyzing the settlement

characteristics of the tunnel excavation, the set-
tlement values between strata were obtained where
the tunnel passes under the reinforced structure.
The field monitoring data further verified the
UCWC hypothesis.

(3) The technical measure of sectional grouting is ef-
fective in alleviating the MSL problem and is effective
in practical engineering.

However, this study has the following shortcomings.
Although the trends of the results from the numerical
simulations and field measurements verified the UCWC
hypothesis, the numerical model simulated a relatively ideal
situation without considering other factors in construction,
which resulted in a certain deviation between the numerical
simulation results and the measured data.

Data Availability
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