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Abstract: Recently, many studies have been conducted on the stratum deformation induced by
earth pressure balance (EPB) shield tunneling in soft soil and sand. Movement laws vary largely
among different strata. However, at present, relevant research mainly focuses on soft soil and sand,
whereas little attention has been paid to the movement law of round gravel stratum with higher
instability. In this study, a field monitoring test was carried out on the EPB shield machine when it
passes through the round gravel stratum. Based on the analysis of monitoring results under different
chamber earth pressures, thrust force, the torque of the cutter, grouting pressure, and grouting
volume, the relationships between shield tunneling parameters and their influence on the disturbance
of the surrounding soil mass were investigated. It was found that the surface deformation shape of
the monitoring section of the south and north lines conforms to the Gaussian curve. The vertical
deformation of the stratum at the tunnel axis is the largest. The maximum value is observed when
the cutter head reaches the monitoring section. The horizontal deformation reaches a maximum
value at the stage of the shield tail pass section. The strata deformation is not only related to the
strata properties but also has a strong positive correlation with the shield tunneling parameters. The
chamber earth pressure is the main factor affecting the stratum deformation before the arrival of the
cutter head, and the grouting volume is the main factor affecting the strata deformation during the
stage of the shield tail pass section.

Keywords: round gravel stratum; field monitoring; strata deformation; chamber earth pressure;
grouting volume

1. Introduction

With the rapid evolvement of the Chinese economy and the acceleration of urban-
ization, the development of urban rail transit has become one of the main approaches to
alleviate urban traffic pressure. According to statistical research, 50 cities in mainland China
launched urban rail transit by the end of 2021, covering a total distance of 9192.62 km, of
which 7253.73 km was covered by subways, accounting for 78.9%. EPB shield machine
excavation is widely used in urban subway tunnel construction because of its fast construc-
tion progress and high degree of mechanization. However, tunneling inevitably breaks the
original balance state of the surrounding soil layers, which causes soil stress redistribution
and additional deformation of the surrounding buildings (structures).

In recent decades, many experts and scholars have studied the law of soil movement
induced by EPB shields when they pass through different strata. Wen [1] found that when
EPB shields pass through different strata, the degree of disturbance to the surrounding soil
layers is also different. Therefore, they correspondingly proposed shield control measures
to reduce soil movement.

At present, most of the strata studies mainly focus on soft clay strata, which have
remarkable engineering characteristics such as high water content, low shear strength, high
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sensitivity, high compressibility, and significantly reduced strength after disturbance [2].
The study on the impact of the London subway tunnel excavation on the surrounding
environment became a typical engineering example in soft clay areas [3-8].

According to field monitoring results, the soil will move “outward” in the radial
direction when the EPB shield machine passes through the monitoring section. The ground
surface will heave first and then settle, which is mainly controlled by the surface pressure
and shield tail grouting pressure [7]. However, Wan et al. [8] monitored the strata displace-
ments caused by EPB tunneling with a large burial depth. The results showed that the soil
had an inward displacement, which is opposite to the “outward” displacement [7]. This
result shows that the burial depth is also a key factor affecting the displacement of the
strata. Similar phenomena were also observed in the Jubilee Line Extension (JLE) project.

Many scholars have carried out research in the coastal area of eastern China as a
typical shield tunnel project in a soft soil area. Lee et al. [9] conducted field monitoring
of Shanghai Metro Line 2 and found that the earth pressure ratio (EPR) is the key factor
affecting the surface heave and settlement at two diameters in front of the cutter head.
Xu et al. [10] conducted a model test using Shanghai Tunnel M8 as a prototype to study the
surface deformation of EPB shield tunneling. The research results show that the surface
heave and settlement in front of the cutter head are related to the dumping rate, which has
a high positive correlation with the ratio of the tunneling speed and the speed of the screw.
Xie et al. [11] found that the surface settlement curve meets the Peck settlement curve when
the large-diameter EPB crosses the soft soil area of Shanghai. Grouting pressure is also
a major factor affecting surface deformation. Zhu et al. [12] monitored and analyzed the
horizontal displacement of soil caused by EPB in clay. The horizontal displacement of soil
is affected not only by the shield tunneling parameters but also by the soil properties of
the crossing strata. It can be seen from the above research that the cutter pressure is the
main factor affecting the surrounding soil deformation when an EPB shield is tunneling in
soft soil.

Some scholars have also studied the stratum deformation of EPB shield tunneling in
sandy pebble stratum. This stratum has low fluidity, high permeability, poor cementing
ability, and high single-stone strength, which is different from the physical and mechanical
properties of soft soil. Shield tunneling control is also different from soft soil, so some
scholars have also conducted preliminary research on this stratum. The surface monitoring
results of Chengdu Line 1 show that the surface settlement caused by the shield tunnel
is mainly affected by the pressure of the cutter, the friction between the shield shell and
the surrounding soil, and the gap of the shield tail. The surface deformation of the sandy
pebble stratum is V-shaped, and its influence range is smaller than that of soft soil. The
shield tail gap is the main reason for the ground loss [13]. Zhang et al. [14] found that the
influence of grouting pressure on surface deformation is greater than that of chamber earth
pressure. The weight of the shield machine and the friction between the shield machine and
the surrounding soil have little influence on the ground settlement. Liu et al. [15] pointed
out that surface deformation is related to the grouting pressure at the shield tail but not to
the grouting volume.

The above research shows that when the shield tunneling passes through different
strata, the stratum deformation law and control methods are different. Nowadays, most of
the strata that EPB shields pass through are soft soil stratum, and some projects are sandy
pebble stratum. There is little research on other strata. This project relies on the section
from Fangxi Road station to Liansheng Road Station of Hangzhou Metro Line 3. The EPB
crossing stratum in this section is mainly a round gravel stratum. The round gravel stratum
is mainly composed of gravel, pebble, and sand. The stratum has a large difference in
particle size. In addition, its anisotropy is greater than that of the soft soil layer and sandy
pebble stratum. It is an unstable layer that is therefore prone to collapse when disturbed.
In order to explore the law of stratum deformation and the control methods to reduce
formation deformation during EPB shield tunneling in round gravel stratum, systematic,
close-up, and high-density field monitoring tests were carried out in this section. This
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research provides beneficial information for engineering similar projects to control stratum
deformation.

2. Field Test Plan
2.1. Project Overview

The Hangzhou Metro Line 3 runs between the Fangxi Road Station and Liansheng
Road Station. As Figure 1 shows, the overall section is generally east-west. The longitudinal
section adopts an energy-saving slope. The buried depth of both the starting point and
endpoint of the tunnel is 9.9 m, and the maximum covering soil depth is 14.5 m. EPB is
adopted as the shield machine. The cutter structure is a spoke and panel type, in which the
opening rate is about 38%. The shield machine has an outer diameter of 6.48 m, an inner
diameter of 6.2 m, and a thickness of 0.14 m. The segment has a staggered arrangement,
with an outer diameter, inner diameter, width, and thickness of 6.2 m, 5.5 m, 1.2 m, and
0.35 m, respectively. The minimum curve radius of the shield tunnel is 450 m, and the
distance between the north-south line is 15.8-45.5 m. The south line is the first line and the
north line is the backward line. The two lines have little influence on each other during
propulsion because the minimum difference in the number of rings between the two lines
is about 200 rings.

Figure 1. Project Overview.

2.2. Geological and Hydrological Conditions

The soil conditions in the interval mainly include: @, plain fill, @, silty clay, @
muddy silty clay, ®; silty clay, @4 round gravel, (20); fully weathered argillaceous siltstone,
and (20); medium weathered argillaceous siltstone. The burial depth of the level of the
hydraulic pressure of the round gravel stratum is 1.79 m. The geological profile of the
monitoring section is shown in Figure 2 (rings from No. 306 to No. 390), and the specific
soil physical and mechanical parameters are shown in Table 1. According to regional data
and regional construction experience, this layer has a high water volume and head and,
as a result, easily suffers from engineering accidents such as sudden surges. The double
line of the interval tunnel passes through the high-pressure gas pipeline. The pipeline is
buried at a depth of 5.8-7.8 m, and the minimum vertical clear distance from the center of
the tunnel is about 5.5 m.



Appl. Sci. 2022, 12, 10553

4 0f22

00 T ®, Plain fill |
19 t = : @), Silty clay |
High Pressure
Steel Gas Pipe @, Muddy silty clay ‘
Buried Depth 5.8m~7.8m
g2 1+ Pipe Top Level —4.53~4.86
100 t ®), Silty clay |
©), Round gravel ‘
Tunnel Axis Line
1 Fully Weathere
S 20), Fully Weathered
16.6 t+ Argillaceous siltstone
198 + (20), Highly weathered
argillaceous siltstone
(20); Medium weathered
S argillaceous siltstone
258 +

Figure 2. Longitudinal geological profile of the interval tunnel.

Table 1. Soil parameters.

. Water Natural Specific . Liquid  Plastic . Compression . Friction
G%):fechomcal Content  Unit Weight Gravity of I‘{]:l:i((l) Limit Limit Pﬁftizn Modulus ((l:(%‘fnsllz‘;n Angle
gory /(%) (kN/m?) Soil Particle (%) (%) (MPa) (‘%
@, Plain fill 30.9 18.2 2.73 0.938 38.7 233 0.34 3.2 10 10
@ Silty clay 26.7 19.5 2.72 0.733 40.1 24.2 0.36 5.5 43 17
@1 Muddy silty clay 454 17 2.73 1.287 38 23.1 0.4 2.3 13 9
®); Silty clay 26.1 19.5 2.73 0.733 40 24.1 0.36 5.5 43 17
@4 Round gravel 225 20.5 2.7 - - 0.26 17 2 34
(20), Fully weathered 219 19.6 19.6 0674  40.1 241 0.28 6 25 27
argillaceous siltstone
(20); Highly weathered 205 203 203 ; ; ; 0.28 6 35 155
argillaceous siltstone
(20); Medium weathered 5, 4 245 245 - - - 028  Incompressible 170 33

argillaceous siltstone

2.3. Field Monitoring Content and Layout

According to the situation of the site, and considering the convenience and accuracy
of monitoring, the site monitoring point area is in the range of rings 330-370. Surface
settlement points (SSP), stratum settlement points, and stratum horizontal displacement
points are respectively arranged in this section. The surface axis settlement points (SASP)
are arranged in intervals of five rings, and the cross-section measuring points are arranged
in intervals of 20 rings. The monitoring section A of the 339 ring south line is equipped
with settlement inclinometer integrated points (SIIP-S) as integrated measuring holes for
stratum settlement and stratum horizontal displacement. The monitoring section B of the
361 ring north line is equipped with settlement inclinometer integrated points (SIIP-N) as
integrated measuring holes for stratum settlement and stratum horizontal displacement, as
shown in Figures 3 and 4.
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Figure 3. Layout map of surface settlement measuring points: (a) south line; (b) north line.
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Figure 4. Profile of soil settlement measuring point: (a) south line; (b) north line.
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Stratum settlement monitoring method: The monitoring section A is located at the
339 ring of the south line. When the shield starts to excavate the 306 ring, the data are
collected every 5 rings during the period from ring 306 to 326. During the period from ring
326 to 348, intensive monitoring is carried out, and each ring is monitored once. During
this period, monitoring is performed at the end of shield tunneling-segment installation to
reduce the soil disturbance caused by shield tunneling; data of rings 348-368 are collected
every 10 rings, and the total number of monitoring times is 27.

Monitoring section B is located at ring 361 of the north line. Data collection starts
when the shield tunneling reaches ring 324. Data are collected every 6 rings from ring
324 to 348. Intensive monitoring is carried out from ring 348 to 370, once per ring. During
this period, monitoring is carried out near the end of the shield tunneling—pipe installation
to reduce the disturbance caused by shield tunneling to the soil; data of rings 370-390 are
collected every 10 rings, and the total number of monitoring times is 27.

Monitoring method of horizontal displacement of stratum: monitoring data of section
A from ring 325 to 355 are collected every 2 rings, with a total number of 15 monitoring
times. Monitoring data of section B from ring 345 to 375 are collected every 2 rings, with a
total number of 15 monitoring times.

3. Measured Analysis of Stratum Deformation
3.1. Surface Settlement Analysis

Surface settlement is one of the most important indicators to measure the safety of
shield tunneling. If the settlement exceeds the allowable value of field monitoring, it will
cause pavement collapse, endanger the safe use of surrounding buildings, and even cause
engineering accidents.

The specific layout of field monitoring of the surface section of the south line is
shown in Figure 3a. The surface cumulative deformation curve of section A is shown
in Figure 5. The data are obtained from the cumulative deformation values of section
measuring points in the daily monitoring report. The positive value represents the surface
heave and the negative value represents the surface settlement. The results show that due
to the comprehensive influence of thrust force, grouting pressure, shield tail void, and other
factors, the surface deformation of the section experienced the changing trend of the first
heave and then settlement, which is distributed in the Gauss curve. During the period of
the cutter passing through the section, it is affected by grouting at the shield tail. As can be
seen from Figure 5a, the maximum heave value of the ring 330 section reaches 3.09 mm,
which increases by 2.02 mm compared with the deformation before reaching the measuring
point. Figure 5b shows that the maximum heave value of the ring 350 section is 4.11 mm,
which increases by 2.27 mm compared with the deformation before reaching the measuring
point. The shield tail prolapse produces voids so that the overlying soil moves downward,
resulting in large settlements on both sections. After the cutter passes far away from the
monitoring section, the settlement increases further with the dissipation of excess pore
water pressure, consolidation, and compression of soil. The final settlement of the ring
330 section is —2.21 mm, and that of the ring 350 section is —1.96 mm.

The specific layout of the surface section of the north line is shown in Figure 3b.
The cumulative surface deformation curve of section B is shown in Figure 6. The results
show that during shield tunneling, the surface section experiences a continuous settlement
process. The surface deformation is relatively gentle before the cutter reaches the front of
the section, and the curve law conforms to the Peck settlement curve. Comparing Figure 6a
with Figure 6b, the maximum settlement of the ring 350 ring is —1.68 mm and that of
the ring 370 section is —1.88 mm during the crossing section. After the shield tail passed
through the section, the soil collapsed into the gap at the shield tail, and the two sections
caused large settlements of —3.96 mm and —4.35 mm, respectively. After the cutter passes
far away from the section, the settlement is further increased due to soil consolidation
and compression. The final settlement of the ring 350 section is —5.18 mm and the ring
370 section is —5.45 mm.
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Figure 6. Surface section deformation of the north line: (a) SSP-N-350; (b) SSP-N-370.

From the above analysis, it can be seen that the settlement caused by different shield
tunneling stages differs. Tables 2 and 3 calculate the proportion of surface deformation
caused by each shield tunneling stage of the double line.

Table 2. Proportion of surface deformation during construction of the south line.

Stage of Shield Tunneling

Monitoring Cutter Cutter Crossi Tail Final
Section before below rossing Pass mna
. . Section . Settlement
Section Section Section
SSP-S-330 13% 19% 5% 57% 6%
SSP-S-350 18% 16% 6% 42% 18%
Table 3. Proportion of surface deformation during construction of the north line.
Stage of Shield Tunneling
Monitoring Cutter Cutter Crossin Tail Final
Section before below g Pass
. . Section . Settlement
Section Section Section
SSP-N-350 9% 11% 12% 44% 24%
SSP-N-370 6% 12% 16% 46% 20%
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In the stage of the shield tail passing section, the section deformation of rings 330 and
350 on the south line accounted for 57% and 42% of the total deformation, respectively. The
section deformation of rings 350 and 370 on the north line accounted for 44% and 46% of
the total deformation, respectively. The surface deformation of the double line is close to
50% of the total deformation. The above data show that the surface settlement is the largest
at the stage of the shield tail passing through the section.

This conclusion is consistent with the key stage of settlement formation summa-
rized [16,17]. The grouting stage after the shield tail passes through the section needs to be
considered for surface settlement.

3.2. Analysis of Vertical Displacement of Stratum

Figure 7 is the time history curve of the surface vertical displacement of monitoring
section A. The horizontal axis represents the distance between the cutter head and the
monitoring section. A positive value indicates that the cutter has passed through the
section, whereas a negative value indicates that the cutter has not reached the section. The
vertical axis represents the vertical displacement of the ground surface. A positive value is
the ground heave, whereas a negative value is the ground settlement.

Shield arrived section Shield tail pass section

40 [ SIP-S-3 SIP-S-2  SIIP-S-1

—o— SIIP-S-1
—Oo— SIIP-S-2
3.0} —— SIIP-S-3

35+

2.5 b Tunneling

direction

15 F

Shield Machine o/ X

Settlement/Heave(mm)

.5
—-40 -30 20 -—10 0 10 20 30 40 50

Distance from tunnel face(m)
Figure 7. Development of surface settlement during tunneling in Section A.

The surface vertical displacement experienced the following four stages during shield
tunneling: (1) When the cutter moves gradually close to section A, the vertical displacement
of the surface gradually rises (0-3.2 mm) under the joint action of thrust force and chamber
earth pressure. When the cutter reaches the section, the heave is close to the maximum.
(2) When the cutter passes through section A, the soil above the shield machine is no longer
affected by thrust force and chamber earth pressure. Due to the combined influence of
shield posture, shield tail void, and grouting pressure, settlement occurs in the monitoring
section. With the excessive grouting pressure, the section soil heaves again. The grouting
pressure not only affects the vertical displacement of the soil behind the shield tail but
also penetrates into the soil in front of the shield tail, resulting in a change in the vertical
displacement of the soil. (3) When the shield tail passes section A, the existence of the gap
at the shield tail will theoretically produce soil settlement. However, due to the influence
of grouting, and a large grouting pressure (0.249 MPa) is applied at this time, the soil
continues to rise by about 0.1 mm compared with the previous stage. (4) When the shield
tail is far away from section A, the soil deformation of the section is no longer within the
radiation range of the grouting effect, and with the dissipation of pore water pressure, the
soil still has a consolidation settlement of about 0.6 mm.

Figure 8 shows the vertical displacement of stratum soil in monitoring section A. The
field monitoring results show that the development law of ground deformation at 2 m,
4 m, 6 m, and 8 m below the surface with the advance of the shield is basically consistent
with the ground deformation, and generally experiences the four development stages of
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Shield arrived section

time history change described above. The stratum with large deformation is 6 m below the
surface (located in the middle and lower part of the silt-silty clay layer) and 8 m below the
surface (at the bottom of the silt-silty clay layer). In Figure 8a, the cumulative maximum
heave at 6 m below the surface is 4.21 mm, and the cumulative maximum heave at 8 m
below the surface is 4.47 mm. In Figure 8b, the cumulative maximum heave at 6 m below
the surface is 3.81 mm, and the cumulative maximum heave at 8 m below the surface is
4.09 mm. In Figure 8c, the cumulative maximum heave at 6 m below the surface is 3.29 mm,
and the cumulative maximum heave at 8 m below the surface is 3.64 mm.

Shield arrived section

Shield tail pass section Shield tail pass section
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Figure 8. Vertical displacement of stratum soil in Section A: (a) SIIP-S-1; (b) SIIP-S-2; and (c) SIIP-S-3.

In summary, major increments in heave deformation values occur in the stage before
the shield cutter reaches the monitoring section. Due to the extrusion disturbance of shield
tunneling on the front soil, the heave deformation of soil increases. When the shield crosses
the monitoring section, the shield tail grouting has a great impact on the soil deformation
value of the section. Under the joint action of grouting pressure and grouting volume, the
shield tail passing the section reaches the maximum value.

Figure 9 is the time history curve of the surface vertical displacement of monitoring
section B. As shown in Figure 9, the surface vertical displacement experiences the following
five stages during tunneling: (1) When the cutter head is far away from section B, the
vertical displacement of the ground surface hardly changes. (2) When the cutter approaches
section B, under the joint action of thrust force and chamber earth pressure, the soil in front
of the shield is extruded and deformed. The surface begins to rise, and the amount of heave
increases gradually (about 0-1.5 mm). (3) When the cutter passes through section B, the soil
layer above the shield machine is no longer affected by thrust force and the chamber earth
pressure. Due to the influence of shield posture and the existence of shield tail clearance,
the monitoring section has a settlement. As the shield moves forward, the section soil layer
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rises again due to the excessive grouting pressure at the tail of the shield. This phenomenon
shows that the grouting pressure not only affects the vertical displacement of the soil
behind the shield tail but also penetrates into the soil in front of the shield tail, resulting in
a change in the vertical displacement of the soil in front. (4) When the shield tail is about to
pass section B, and due to the existence of a gap at the shield tail and the fact that the shield
crossing layer is a round gravel layer, the porosity is large. After the gap is generated, the
soil above falls rapidly and causes a large settlement (about 1-1.5 mm). (5) After the shield
tail passes through section B, the consolidation settlement (about 0.7 mm) of the surface
soil occurs with the gradual dissipation of pore water pressure.

40 Shield arrived section Shield tail pass section
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Figure 9. Time history curve of surface vertical displacement of section B.

Figure 10 shows the vertical displacement of soil mass on section B. The field mon-
itoring results show that the development law of stratum deformation at2 m, 4 m, 6 m,
8 m, and 10 m below the surface with the advance of the shield is basically consistent with
the surface deformation, and large stratum deformation occurs at 6 m below the surface
(located in the middle and lower part of the silt-silty clay layer) and 10 m below the surface
(the interface between round gravel layer and silty clay layer, closest to the top of the
tunnel). In Figure 10a, the cumulative maximum heave at 6 m below the surface is 1.71 mm
and the cumulative maximum settlement is 7.37 mm; the cumulative maximum heave at
10 m below the surface is 2.78 mm and the cumulative maximum settlement is 6.9 mm. In
Figure 10b, the cumulative maximum heave at 6 m below the surface is 1.03 mm and the
cumulative maximum settlement is 5.51 mm. The cumulative maximum heave at 10 m
below the surface is 1.44 mm and the cumulative maximum settlement is 5.34 mm. In
Figure 10c, the cumulative maximum heave at 6 m below the surface is 2.57 mm and the
cumulative maximum settlement is 6.43 mm. The cumulative maximum heave at 10 m
below the surface is 3.85 mm and the cumulative maximum settlement is 6.23 mm. In
summary, the maximum heave deformation occurs at the stage before the shield cutter
reaches the monitoring section. Due to the extrusion disturbance of shield tunneling on the
soil in front, the heave deformation of the soil increases. The maximum settlement is at a
long distance after the shield tail passes through the monitoring section. Due to the shield
tail passing section, the existence of a gap at the shield tail will produce a corresponding
settlement. In addition, the dissipation of excess pore water pressure after crossing leads to
consolidation settlement of the soil, which further increases the settlement of the soil.
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Figure 10. Vertical displacement of stratum soil in section B: (a) SIIP-N-1; (b) SIIP-N-2; and
(c) SITP-N-3.

3.3. Analysis of Horizontal Displacement of Stratum

Figure 11 shows the horizontal displacement curve of each measuring point of the
monitoring section A at different times. For construction safety purposes, the inclinometer
tube at the monitoring point is buried 9 m deep and is not drilled into the bottom of the
tunnel. The SIIP-S-1 measuring point is 1 m away from the tunnel axis and is located in the
upper part of the tunnel, with little influence on the horizontal displacement. The SIIP-S5-2
and SIIP-5-3 measuring points are 4 m and 6 m away from the tunnel axis, respectively, and
are located above the tunnel. The horizontal displacement is significantly affected by the
tunnel construction. When the shield tail passes through the section, stress release occurs
in the soil; however, it is influenced by the grouting pressure, and the outward expansion
deformation of the soil continues to increase. The maximum deformation values of SIIP-S-2
and SIIP-5-3 are 4.15 mm and 3.19 mm, respectively. The soil deformation is basically stable
when it is far away from the monitoring section. With the dissipation of excess pore water
pressure and the curing shrinkage of slurry, the horizontal deformation of soil shrinks and
SIIP-S-2 and SIIP-S-3 reach the stable values of 3.75 mm and 2.87 mm. This development
pattern is the same as the conclusion of Jiang et al. [18].
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Figure 11. Horizontal displacement of stratum soil in monitoring section A: (a) SIIP-S-1; (b) SIIP-S-2;
and (c) SIIP-S-3.

Figure 12 is the horizontal displacement curve of each measuring point during the
monitoring of section B at different times. The monitoring results show: (1) During shield
tunneling, the soil around the tunnel expands and deforms from the point of approach-
ing the measuring point to crossing, and the maximum deformation values of SIIP-N-1,
SIIP-N-2, and SIIP-N-3 are 1.35 mm, 1.21 mm and 1.08 mm, respectively. Because the shield
shell produces extrusion friction with the surrounding soil during construction, it has an
obvious disturbance effect on the soil. After the shield tail passes the section, under the
influence of grouting pressure at the shield tail, the outward expansion deformation of the
soil continues to increase, and the maximum deformation values of SITP-N-1, SIIP-N-2, and
SIIP-N-3 reach 2.46 mm, 2.05 mm and 1.83 mm, respectively. When far away from the mon-
itoring section, the excess pore water pressure dissipates, the slurry solidifies and shrinks,
and the horizontal deformation of the soil shrinks inward. The maximum deformation val-
ues of SIIP-N-1, SIIP-N-2, and SIIP-N-3 reach 2.26 mm, 1.68 mm, and 1.54 mm, respectively.
(2) The maximum horizontal displacement of the soil at the south line monitoring point is
concentrated at 2-4 mm, and the maximum horizontal displacement of the soil at the north
line monitoring point is concentrated at 1-3 mm. This is because the grouting pressure of
the south line is concentrated at 0.21-0.27 MPa, while the grouting pressure of the north
line is concentrated at 0.18-0.22 MPa, which is much smaller than that of the south line.
The grouting pressure has a great impact on soil deformation disturbance. (3) As for the
south line, in each tunneling stage, the deformation value close to the tunnel monitoring
point is greater than the tunnel monitoring point. This shows that the compaction effect of
the surrounding soil is obvious during shield tunneling, and with the distance from the
monitoring point of the shield, the horizontal displacement gradually decreases and the
compaction effect gradually weakens. This conclusion is consistent with Yu et al. [19].
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Figure 12. Horizontal displacement of stratum soil in monitoring section B: (a) SIIP-N-1; (b) SIIP-N-2;
and (c) SIIP-N-3.

4. Analysis of Shield Tunneling Parameters
4.1. Chamber Earth Pressure and Thrust Force

In shield tunneling, the shield machine is mainly pushed by the thrust force. The
chamber earth pressure reduces the soil deformation in front of the cutter by balancing the
earth pressure in front of the cutter. The chamber earth pressure and thrust force in this
study are obtained by real-time monitoring of the shield control system. The chamber earth
pressure is the average value of each earth tank pressure. Thrust force is the superposition
value of each thrust force.

The preset value of the chamber earth pressure refers to the calculation method of
static earth pressure and loose earth pressure proposed by Yang et al. [20]. The value
range of the static earth pressure and Terzaghi loose earth pressure are 0.24-0.30 MPa and
0.23-0.36 MPa, respectively. As shown in Figure 13, the actual chamber earth pressure
of the south line is in the range of 0.22-0.27 MPa, and the north line is in the range of
0.22-0.23 MPa, indicating that the preset chamber earth pressure is reasonable.
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Figure 13. Measured values of thrust force and chamber earth pressure: (a) south line; (b) north line.

At the same time, it is found from the two figures that the thrust force has a good
positive correlation with the chamber earth pressure. Figure 13a shows that when crossing
section A, the chamber earth pressure and thrust force fluctuate greatly. The chamber earth
pressure rises rapidly from 0.23 MPa to 0.25 MPa when the shield tail comes out, increases
by 8.7%, and then stabilizes to about 0.24 MPa. To ensure the stability of the soil pressure
in front of the cutter, the thrust force needs to be applied synchronously. It rises rapidly
from 9296 kN at the crossing section to 11056 kN (an increase of 18.9%) and stabilizes to
about 10750 kN after strong fluctuation.

As shown in Figure 13b, the fluctuation of chamber earth pressure and thrust force is
relatively small. The chamber earth pressure rises rapidly from 0.220 MPa when crossing
the section to 0.229 MPa when the shield tail is disengaged, increases by 4.1%, and then
stabilizes to about 0.225 MPa. The thrust force changes synchronously, rapidly decreases
from 15,686 kN to 14,952 kN when crossing the section, then decreases by 4.9%, and then
basically stabilizes to about 13,750 kN.

From the above analysis, it can be seen that the trends of chamber earth pressure and
thrust force of the south line and the north line are different during crossing. Although the
geological conditions of sections A and B are similar, the building environment is different.
As shown in Figure 1, there are many large buildings near section A of the south line, while
there are open spaces around section B of the north line. Therefore, during crossing, the
earth pressure in the south line section is significantly released. To ensure the stability of
the pressure in front of the cutter, there is a phenomenon of rapid rise.

4.2. Torque of Cutter

The torque of the cutter indicates the difficulty of the cutter to cut the soil. Figure 14
shows the cutter torque before and after the shield machine crosses the monitoring section
on the south and north lines. It can be seen from the figure that the torque of the cutter
on the south line gradually increases when it approaches the monitoring surface, and
fluctuates and decreases after the shield tail passing section. The north line fluctuates and
declines before the shield tail passing section and rises again after it comes out of the fifth
ring road behind the shield tail. The changing trend of torque is basically consistent with
the thrust force trend in Figure 13, which is consistent with the conclusion of Xu et al. [13].
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Figure 14. Measured value of torque of cutter: (a) south line; (b) north line.

4.3. Grouting Pressure and Grouting Volume

In the process of shield tunneling, ring-shaped gaps are generated between the seg-
ment and the soil after the shield tail passing section, which leads to settlement of the soil
above. Therefore, grouting is needed to supplement the gap.

Due to the high permeability of the round gravel stratum, the grouting dissipation
and slurry loss at the shield tail are more obvious than those in the soft soil layer, which
makes the grouting volume and pressure difficult to control. The surface is also prone to a
large settlement. As can be seen in Figure 15a, the grouting pressure of the south line is
concentrated at 0.16-0.28 MPa, and the grouting amount is 20-53 m>. In the stage of the
shield tail pass section, the grouting volume and grouting pressure rise rapidly to varying
degrees. This is because the earth pressure acting on the south line is greatly released. After
the shield tail passing section, a large amount of grouting pressure and volume are needed
right away to supplement the gap at the shield tail. Therefore, the grouting volume and
pressure fluctuate greatly after the shield tail passing section.

There is only vacant land above section B of the north line, so the earth stress released
and the stratum are relatively small. As shown in Figure 15b, the grouting pressure of the
north line is concentrated at 0.11-0.23 MPa, and the grouting volume is concentrated at
20-38 m?, which is significantly smaller than that of the south line. The fluctuation degree
is relatively small as well.



Appl. Sci. 2022,12, 10553

16 of 22

Shield arrived section A Shield tail pass section A 60

0.30 ‘ ‘
(a) l I
- . ! 455
028 _a— Grouting volume 1
. I
0.26 |.—"— Grouting pressure | 950
~_~ I
s A 1 . >
%0.24 - ! # )
‘d‘:); A A\ A\ A‘ 140 E
2022 ! =2
o
55020 | ./.\. ‘ 2
£ 1% 5
Soist u 1 &
S WU
0.16 |- - 120
I
I
0.14 |- 1 415
I
! ! ! ! 10
-40 30 20 -10 0 50
Distance from tunnel face(m)
028 Shield arrived section B Shield tail pass section B 55
(®) |
026 o Grouting volume | 150
| —a— i !
0.24 Grouting pressure | 1us
—_ |
j+] —~
Ay 022 ! o
= A A H40 E
< 1 g
z ‘ 1% 2
B o018 N s
a A A A 430 w0
o A| &
= 0.16 ( 8
‘E‘; - ' 2
3 ‘ 425 8
oty ‘ S
L ] I J 20
012 o |
! u
0.0 You i 115
I I
008 1 1 1 1 I 1 1 1 10
-40 30 20 -10 0 10 20 30 40 50

Distance from tunnel face(m)

Figure 15. The relationship between grouting pressure and grouting volume: (a) south line;
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5. Discussion

Shield tunneling in round gravel stratum has significant requirements of parameter
control, such as chamber earth pressure, thrust force, torque of cutter, grouting pressure,
and grouting volume. This study analyses these parameters to explore the size and law
of the influence of tunneling parameters on the vertical deformation of the stratum in the
round gravel stratum, which has a certain guiding and reference function for the actual
project construction.

5.1. Influence of Chamber Earth Pressure and Thrust Force on Surface Deformation

As described in Section 4.1, the chamber earth pressure and thrust force have a great
impact on the surface deformation before the shield arrival section. Lee et al. [21] concluded
that through the centrifugal model test, the double diameter of the tunnel excavation surface
is the tunneling influence range. Therefore, the values of the chamber earth pressure and
thrust force around the first five rings of the cutter are selected to establish a relationship
diagram with the corresponding surface deformation, as shown in Figures 16 and 17.

As shown in Figure 16a, before the cutter reaches the monitoring section, the surface
deformation shows an increasing trend, and the thrust force also shows an increasing trend.
When the ring number is 335-339, it increases first and then decreases. This is because the
proportion of highly weathered argillaceous siltstone increases, the proportion of round
gravel stratum decreases, the friction between soil and shield shell decreases, and the soil
still heaves. To ensure small surface deformation, the thrust force needs to reduce. In
Figure 16b, ground settlement is observed before the shield cutter reaching the monitoring
section, and the thrust force tends to increase to maintain small surface deformation. The
thrust force of the north line is significantly greater than that of the south line, and the
surface deformation is in the state of settlement. Combined with the analysis of crossing
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stratum, it is found that the proportion of other strata with natural unit weight greater than
round gravel stratum in the south line is less than that in the north line, so the static earth

pressure of soil in the north line is greater, and the thrust force required for propulsion is
also greater.
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Figure 17. The relationship between chamber earth pressure and surface deformation: (a) south line;
(b) north line.

As shown in Figure 17a, when the cutter reaches the monitoring section, the surface is
heaved, and the chamber earth pressure shows an increasing trend, which is in line with
the basic law of chamber earth pressure and surface deformation. In Figure 17b, the surface
deformation tends to decrease, but the chamber earth pressure fluctuates. This is because
the change in chamber earth pressure has a greater impact on the surface deformation than
the thrust force. At the same time, the geological situation of the crossing section is highly
complex. To ensure small surface deformation, the chamber earth pressure needs to be
continuously adjusted. Therefore, the fluctuation of chamber earth pressure on the north
line is greater than that on the south line.

In soft soil areas, the relationship between the thrust force, chamber earth pres-
sure, and surface deformation is similar to that of rounded gravel strata, both being
positively correlated [9,22].

5.2. Influence of Torque of Cutter on Surface Deformation

Due to the high correlation between the torque of the cutter and thrust force, the law
of the cutter torque and ground deformation is similar to that of thrust force. As shown in
Figure 18a, the torque of the cutter is positively correlated with the surface deformation,
and there is a significant downward trend in rings 336-337 and 345-347 because of the
increasing proportion of fully weathered argillaceous siltstone in the crossing section. In
Figure 18b, the torque of the cutter fluctuates and the surface is a settlement. The reason is
related to the complexity of crossing the stratum.



Appl. Sci. 2022,12, 10553

18 of 22

»
o

2,600

—*— Torque of cutter —e— SIIP-S-1 N (a)
35| —®SASP-S-330 4 SIIP-S-2 ) - 2,400
SASP-S-350 5 s][p_s_3*\ /i
. *_ /0 42200 ~
230 N E
L ;
& u Shield  Shield i Shield 5 o9 &
% 251 /1 arrived # | arrived | arrived ‘g
£ / :SeCliOﬂ ' section 'section {1800 3
= / ¢ X o
S 20 ! a7, 1 5
5 ! KX | 1,600 2
L / I I 1 =3
k= [ x4 **x /| i g
|53 L * A | S
wn 1.5 *7 ! ! 1 2
/ | 208 N | - 1,400
/ ! v !
[ ] | \ /o |
1.0 \/ i
! V. ! 1,200
| i
0.5 : L L L L 1,000
325 330 335 340 345 350 355
Ring No.
1.8 3,800
16 L (®) —*— Torque of cutter
” * . —=— SASP-N-350 73000
Ao Al SASP-N-370 15400
12 [} | & —e—SIP-N-1 ’
g 10 J ‘w‘ —a— SIIP-N-2 43200 2
Eosp [, SIIP-N3 | 13000 Z
z 06F | | ! =t
S LA ! +2.800 2
T 04 * ! I E
i
£ oaf X * ¥ 1 2:600
\ A
5 oof * | 12400 8
= ' \ /[ 2
502} i | VS =
D o4l | Shield *Shleld |/ ishield 72200 &
06l | arrived | arrived | *‘" rarrived 2,000
o8k : section : section \// :section 1500
N ‘ L :
. L il L i 1,600
345 350 355 360 365 370 375

Ring No.

Figure 18. Influence of torque of the cutter on surface deformation: (a) south line; (b) north line.

The torque of the cutter also has a high correlation with the thrust force in the soft soil
area [23]. Therefore, the relationship between cutter torque and surface deformation is also
positively correlated, which is consistent with the case of round gravel strata.

5.3. Effects of Grouting Pressure and Grouting Volume on Surface Deformation

The grouting is controlled by the grouting pressure and grouting volume. Bezuijen et al. [24]
concluded based on monitoring data that the influence of shield tail grouting is mainly
concentrated in the 2-3 rings of the shield tail. Therefore, the extracted shield tail grouting
pressure, grouting volume, and the corresponding surface deformation are plotted in
Figures 19 and 20.

As shown in Figure 19a, after the shield tail passing section, the grouting pressure
increases first and then decreases, and the surface tends to settle. This is because the
grouting pressure increases rapidly after the shield tail passing section so that a large
amount of slurry replenishes the ring-shaped gap. When the void is filled, the grouting
pressure needs to be reduced, otherwise, it will cause surface heave. However, although
the grouting pressure fluctuates in Figure 19b, the overall grouting pressure is lower than
that of the south line. Therefore, the surface deformation of the northern line shows a
settlement trend.

As shown in Figure 20a, after the shield tail passing section, the grouting amount
increases first and then decreases, but the surface shows a tendency toward continuous
settlement. This is because the grouting volume increases rapidly after the shield tail
passing section so that a large amount of grout replenishes the ring-shaped gap. When the
gap is filled, over-injection should not be carried out, otherwise, it will cause the surface
to heave. In Figure 20b, although the grouting pressure fluctuates, the overall grouting
volume is smaller than that of the south line. Therefore, the surface deformation of the
north line shows a settlement trend. After ring 356, the surface settlement values all exceed
1 mm or even reach 1.5 mm. This is because the proportion of fully weathered argillaceous
siltstone and medium weather argillaceous siltstone after ring 356 decreases, while the
porosity of the round gravel stratum increases after being disturbed. As a result, the overall
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void ratio of soil in the crossing section increases, the leakage of slurry increases, and the

surface settlement increases.

In similar projects in soft soil areas, the influence of grouting volume and grouting

pressure on surface deformation is similar to that of round gravel stratum. However, the
values of grouting volume and grouting pressure are relatively smaller [14,22]. This is

because the low void ratio and high water content of the soft soil prevents the grouting
slurry from penetrating and spreading [23]. Therefore, the effect of grouting pressure and

grouting volume on surface deformation in round gravel stratum is different from that in
soft soil. This phenomenon should be emphasized.
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5.4. Discussion on Vertical Displacement Anomaly of Stratum in North Line

The stratum deformation is affected by the soil properties, which mainly include soil
unit weight, compressive modulus, and other factors. There is an abnormal phenomenon in
Figure 10, that is, the vertical displacement at 6 m from the ground surface is the maximum.
The vertical displacement at 8 m and 10 m depths are relatively close to the shield tunnel
and with large disturbance.

There are two reasons for this phenomenon. The first is that in the synchronous
grouting stage, the continuous application of grouting pressure after the shield tail gap
filled with grouting slurry will increase the surrounding soil displacement. In the meantime,
the transmission of grouting pressure offsets the excavation unloading stress at a certain
depth, reducing the vertical displacement at this depth (Figure 21). The blue line indicates
the stratum settlement caused by shield tunneling at this depth, the red line indicates
the stratum heave caused by grouting at this depth, and the overlapping part is the final
settlement value of the stratum.

Ground Surface

R R R R R IR R IR R R RIS T 00
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Figure 21. Figure of abnormal vertical displacement of stratum on the south line.

The second reason is that the monitored soil stratum is muddy silty clay with a
compressive modulus of 2.3 MPa, which is smaller than the compressive modulus of the
next layer of silty clay (5.5 MPa) and is easily deformed by external disturbances.

As the thickness of the silty clay layer with heavy overlying soil is small (silty clay
layer is 1.8 m thick, muddy silty clay layer is 6.3 m thick), the vertical displacement is
caused by the nature of the stratum and the tunneling environment is relatively limited.
Ultimately, the vertical displacement of the stratum at a depth of 6 m is greater than that at
a depth of 8 m and 10 m.

6. Conclusions

This study took the shield tunneling construction of the round gravel stratum in the
access section of Hangzhou Metro Line 3 as the background and relied on field monitoring
data of the test section. In the monitoring area, the variation law between the tunneling
parameters such as chamber earth pressure, thrust force, the torque of the cutter, grouting
volume and grouting pressure and the deformation of the surface section, vertical displace-
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ment, and horizontal displacement of the stratum during the shield tunneling process were
analyzed. The main conclusions are summarized as follows:

(1)  When the EPB shield passes through the round gravel stratum, the chamber earth
pressure, thrust force, torque of the cutter, grouting pressure, and grouting volume
are all positively correlated with the surface. Before the shield arrives at the section,
the influence of chamber earth pressure, thrust force, and torque of the cutter on the
surface deformation are mainly affected by the change in the stratum soil pressure in
the tunneling stage, and the chamber earth pressure is the tunneling parameter that
affects the surface deformation the most. In the stage of the shield tail passing section,
the grouting volume and grouting pressure on the surface deformation are mainly
affected by the change in the void ratio of the stratum, and the grouting volume is the
tunneling parameter that has the greatest influence on the surface deformation.

(2) During the process of the EPB shield passing through the round gravel stratum, the
deformation curve of the surface corresponds to the Gauss curve, and the curve law
conforms to the settlement form of the Peck formula. The heave value of the southern
line reaches the maximum during the crossing stage, and the northern line reaches
the maximum when it approaches the monitoring surface.

(3) The stratum around the southern line was heaved before the shield arriving section,
fluctuated during the crossing stage, decreased after the shield tail pass section, and
finally stabilized. The closer it is to the tunnel, the greater the degree of disturbance
and the greater the change in the vertical displacement of the ground surface. The
stratum displacement of the north line is weak before the shield arriving section
reaches the heave degree, and it is in a settlement state during the crossing stage
and after the shield tail passing section. Combining the three aspects of soil layer
thickness, soil compressive modulus, earth stress release, and grouting pressure offset,
the problem that the settlement value at the depth of 6 m is greater than that at the
depth of 8 m and 10 m is explained.

(4) The horizontal displacement of the soil increases along with the depth fluctuation
and the maximum value is observed at a depth of 10 m. In the tunneling stage, the
minimum value occurs when the shield does not reach the monitoring section, and
the maximum value is reached when the shield tail passes the section. The closer to
the tunnel axis, the greater the horizontal displacement along with the depth.
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