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Taking China’s first application of domestic shield tunneling in a water-rich sand layer for crossing a high-speed railway as
research background, the influence of changes in the shield tunneling parameters on ground settlement is analyzed based on
field tests, and a construction control method suitable for shield tunneling under a risk source in a water-rich sand layer is
proposed. The test results show that the use of 10% sodium bentonite as the soil modifier for soil pressure balance shield
tunneling into the water-rich sand layer has advantages, while adding 50% loess into the bentonite slurry in the gravel sand
layer can greatly improve the impermeability of the soil; the settlement of soil can be effectively reduced by using the special
segment with grouting holes for deep grouting and applying the adaptive transformation of the shield cutter. Based on the
statistical analysis results, a reasonable range for the cutter head torque, cutter head speed, chamber pressure, bentonite
injection volume, and advanced speed in the water-rich sand layer can provide a construction control basis for similar projects

and provide data support for the compilation of relevant specifications.

1. Introduction

During the application of EPB shield in water rich sand
layer, the determination of shield tunneling parameters is
very challenging due to the problems such as low arched effi-
ciency of surrounding rock, high pore pressure, and easy col-
lapse of tunnel working face [1-3]. If the construction
parameters are set improperly, it is difficult to ensure the
safety of the existing structure when the shield machine
needs to pass through major risk sources. Especially when
the shield machine passes through the railway in operation,
if the ground settlement and track deformation are not
properly controlled, it will pose a great threat to the safe
operation of the existing railway [4]. However, at present,
there are few research results on shield construction process
control in such stratum, and there is no effective construc-
tion control method to control the settlement within the
limits required by the current standard.

Some scholars have studied the characteristics of ground
settlement caused by shield tunnels in adverse strata. In the
soft clay layer, the volume loss caused by shield tunneling
is mostly between 0.5% and 2.0%. Compared with the
settlement-sensitive area in Shanghai, the volume loss
caused by tunnel construction in the newly reclaimed land
area of Hong Kong is likely to be larger, but the operation
of shield machine drivers has a great impact on the settle-
ment, which is not easy to predict [5-7]. Therefore, it is very
important to determine a reasonable range of shield tunnel-
ing parameters. The change in construction parameters also
has a certain impact on surface settlement. For collapsible
loess strata, compared with the filling rate of grouting,
changes in the eccentricity ratio and support pressure ratio
of the shield are more likely to cause surface heave and sub-
sidence [8]. Lin et al. [9] also studied the stress redistribution
and soil arch evolution caused by EPB shield tunneling in
the sand, determined the boundary between the soil arch
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FIGURE 1: The relationship for the location of Metro Line 4 passing through two box bridges.

area and the loose area, and demonstrated the three-
dimensional stress transfer mechanism in the soil arch area.
In the framework of particle thermodynamics, Bai et al. [10,
11] established a new thermal hydro mechanical coupling
mechanism for particle rearrangement of saturated/unsatu-
rated soils. The model can effectively reflect the influence
of saturation, temperature, and phase change on soil defor-
mation. Sohaei et al. [12] carried out several small three-
dimensional model tests to simulate the volume loss during
shield tunneling and found that increasing the relative
density of sand can reduce the surface settlement caused
by tunnel construction. Some scholars have improved and
innovated construction methods to control the surface set-
tlement caused by shields in adverse strata. Ye et al. [13],
Lai et al. [14], and Chen et al. [15] proposed the construction
methods of the double-O-tube (DOT) tunneling method in
soft soil, sleeve valve pipe grouting for pre-reinforcement
and I-steel support for portals in loess areas, rectangular
shafts, and MJS columns to reinforce the sand under the
existing double tunnel to reduce settlement. Wang et al.
[16] reduced the settlement caused by a tunnel beneath a
bridge by adding a U-shaped structure under the bridge as
the expansion foundation of the raft foundation. Yuan
et al. [17, 18] reinforced granite residual soil with glass fiber
and (SH polymer). The micro-interaction mechanism and
impact resistance of the added solid samples were studied
by SEM and drop weight tests. The research shows that the
reinforcement technique has good application effect. Li
et al. [19] adopted pile foundation underpinning technology
to transfer the overlying load of the bridge foundation group
to new underpinning piles, which eliminated the obstacles in
front of the proposed tunnel, provided conditions for shield
construction, and ensured the safe use of expressways above
the tunnel.

With the development of urban rail transit, an increasing
number of tunnel projects need to cross existing railway
lines. The interaction between railway train operation and

shield tunneling will lead to additional settlement of railways
[20]. Therefore, it is necessary to control the risk of tunnel
construction. Zhao et al. [21] determined that grouting cur-
tain measures are the best reinforcement scheme for shield
tunneling under a railway bridge through a three-factor
and four-level model based on the principle of the orthogo-
nal experiment. Qian et al. [22] analyzed the surface
settlement characteristics of a tunnel passing through a
high-speed railway at different angles in terms of the ground
settlement trough, stratum slip line, and track irregularity to
provide technical support for the safety evaluation of tunnel
crossing high-speed railway projects. Zheng et al. [23] used
the multistage regulation strategy to control the settlement
of the construction of two overlapped tunnels under an
existing line and successfully controlled the ground settle-
ment along the railway by continuously adjusting the shield
tunneling parameters.

However, due to the complexity of geological conditions,
there are few studies on settlement control methods for
shield tunneling under risk sources in water-rich sand layers.
Numerical simulation seems to be an appropriate tool to
control the driving parameter variables and verify the effect
of settlement control measures [24-26]. However, due to
the complex construction conditions in the tunnel section
and numerous shield tunneling parameters, the results of
numerical model calculations are often not ideal and incon-
sistent with the field monitoring results. To ensure the safety
of operating railways during tunnel construction, a section
in front of a railway box bridge is set as a test zone for a field
test. According to the feedback of the field response during
construction, a settlement control method suitable for
adverse strata is proposed, and the influence of the driving
parameters on the surface settlement is analyzed. Based on
the statistical test results, a reasonable range of driving
parameters when the shield underpasses the risk source in
the water-rich sand layer is proposed, which can provide a
reference for similar projects in the future.
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FIGURE 2: Longitudinal profile of the tunnels, the box bridges and geological conditions.

2. Research Background

2.1. Project Overview. The section of Xi’an Metro Line 4
from Shangxin Road station to North Railway Station is con-
structed by shield tunneling, which passes under the box
bridges of the Xibao passenger dedicated line and the
Xicheng passenger dedicated line. This is the first time that
the construction of an undercrossing high-speed railway line
has been carried out in a full section of water-rich sand in
China. The proposed section tunnel has large surface vehicle
flow and heavy traffic, there are many existing buildings on
both sides of the line, and there are many underground pipe-

lines nearby, so it is necessary to strictly control the vertical
displacement of the track. The railway track above the tun-
nel is the ballasted track. According to the provisions of
the Code for Design of Railway Earth Structure (TB 10001-
2016), to ensure the safe operation of the railway, the cumu-
lative vertical displacement of the ballasted track should be
controlled within +10 mm for each single track tunnel.

The relationship for the location of Metro Line 4 passing
through the box bridges of the Xibao passenger dedicated
line and Xicheng passenger dedicated line is shown in
Figure 1. The intersection angle of the left and right tunnels
with the Xicheng box bridge and Xibao box bridge is
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TaBLE 1: Physical and mechanical parameters of the soil layer.

Compression

Soil name Dry dergsﬁy Waterocontent modulus Col}(lgswn Internal frlactlon angle Standard penetration
(gcm™) (%) (MPa) (kPa) O
Plain fill 1.58 20.4 — 22 15 9
Miscellaneous fill 1.75 — — 5 10 —
Loess-like soil 1.63 20.4 9.4 35 23 19
Medium sand 1.57 16.1 14.6 32 64
Gravelly sand 1.96 20.1 15.7 33 60
Fine sand 1.65 18.7 15.7 31 44
Silty clay 1.61 24.7 5.3 33 18 26
Coarse sand 1.63 17.3 13.8 0 34 —
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FI1GURE 3: Layout of the surface settlement monitoring points in the test zone.

approximately 70°, and the two box bridges are four-hole
box structures with a height of 9.8 m. The width of the Xibao
box bridge is 41 m, the width of the Xicheng box bridge is
70.75m, and the distance between the two box bridges is
78.95m. The excavation diameter of the shield machine is
6.28 m, and the outer diameter of the segment is 6 m.

2.2. Geological Conditions. According to the field investiga-
tion report, the geological section of the section crossed by
Xi’an Metro Line 4 and the location relationship between
the section and the railway box bridges are shown in
Figure 2. The overburden soil thickness of the left and right
tunnels is approximately 18 m, which is mainly composed of
plain fill, miscellaneous fill and medium sand. The soil layer
under the two box bridges is sand, which consists of medium
sand, coarse sand, and gravel sand. The unfavorable stratum
in the site is loess-like soil, belonging to collapsible loess, but
its content is lower, and the impact on the interval is also
small. The main aquifers are the Holocene alluvial medium
sand layer, coarse sand layer, and the lens of the Middle
Pleistocene silty clay sand layer. The three soil layers have
good water permeability and high water content. The Holo-
cene alluvial medium sand layer and coarse sand layer are

widely distributed. The lens of the Middle Pleistocene silty
clay sand layer is distributed discontinuously.

The geological condition parameters of typical strata are
shown in Table 1. The soil in the tunnel contour line of the
whole project is sandy soil with a large SPT value and high
density, and all of them are located below the normal
groundwater level with a high permeability coefficient. The
water content of sand has a significant impact on the surface
settlement [27], and the construction risk is high when
tunneling in this kind of dense water-rich sand layer. On
the one hand, the driving speed is slow; on the other hand,
it is difficult to establish the pressure balance of the earth
chamber of the shield machine, and the arching effect is
poor, which easily causes the heading face to collapse. If
the surface settlement or track deformation exceeds the limit
value of the specification, it is difficult to guarantee the con-
struction safety of shield tunneling through culverts and the
operation safety of existing railways.

3. Field Test

3.1. Test Zone Setting and Monitoring Scheme. To analyze
the influence of driving parameters on surface settlement
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FIGURE 4: The driving parameters and the surface settlement in the test zone.

when the shield machine passes through a dense water-rich
sand layer, an area with a length of 150 m before the shield
machine passes through two box bridges is set as the test
zone for the field test (as shown in Figure 2). Similar ground
conditions ensure the similarity of the ground settlement
response between the test zone and the zone under the rail-
way. When shield tunneling is performed in the test zone,
the advance speed, cutter head speed, cutter head torque,
chamber pressure, and other driving parameters of the
shield machine are recorded, and appropriate monitoring
points are set in the test zone to monitor the ground settle-
ment to provide the basis for the design and optimization
of the driving parameters when the shield passes through
two box bridges. The horizontal layout of the monitoring

points in the test zone is shown in Figure 3. The monitoring
points are arranged symmetrically along the central line of
the double-line tunnels, with spacings of 4m and 5m in
turn. A monitoring section is set every 10 m along the for-
ward direction of the tunnel centerline, and the surface set-
tlement monitoring point is buried in the undisturbed soil
at a depth of 10cm. The settlement points are monitored
by the first-class settlement levelling measurement. DSZ2
level + indium steel ruler is used as the monitoring instru-
ment, and the reading height difference of each monitoring
point is required to be controlled not to exceed +0.3 mm.

3.2. Statistics of the Shield Driving Parameters. As shown in
Figure 4(a), during the process of shield tunneling through



the test zone, the left line tunnel was first excavated in the soil
layer with more gravelly sand. From ring 250, the ground settle-
ment over the left line tunnel increased rapidly, possibly due to
a sudden drop in the chamber pressure, and the stratum was
sensitive to changes in pressure. Due to the poor flow plasticity
of the sand layer soil, the friction resistance between the sand
particles is large, and the SPT blow count of the sand layer in
this zone is high, so the sand layer is quite dense. When the
cut sand fills the soil bin and screw machine, the cutter head tor-
que increases, which directly reduces the advance speed. At the
same time, the decrease in the amount of grouting at ring 250
also aggravates the increase in surface settlement, and the settle-
ment reaches —16.7mm when shield tunneling reaches ring
285. Then, with the decrease in the cutter head torque and the
gradual stabilization of the chamber pressure, the driving speed
is also improved, and the surface settlement is gradually
reduced, which is controlled within — 10 mm. When reaching
ring 330, the ground settlement suddenly increases to
—18.1 mm, the torque and rotation speed of the cutter head
decrease, and the driving speed increases. Excessive excavation
speed can easily lead to aggravation of the surface settlement.
Therefore, when the shield goes under the railway box bridge
with strict settlement control requirements, the tunnelling
speed should be reduced to ensure the safe operation of the
railway.

When the right line tunnel is driven, as shown in
Figure 4(b), the fluctuation range of the chamber pressure
and advance speed in the whole test zone is wide, and the
parameter control is not ideal. The fluctuation of surface set-
tlement is relatively large between ring 240 and ring 270. After
entering ring 270, the fine silt in front of the shield tunnel
decreases, the gravelly sand increases gradually, and the sur-
face subsidence increases rapidly. This is mainly because the
increase of large soil particle content in the stratum leads to
the decrease of the stratum’s resistance to deformation [28].
Under the condition that the mixing ratio of foaming agent,
bentonite, and other materials injected into the shield machine
excavation surface is not applicable to the stratum, the distur-
bance degree and range of the ground displacement and pore
water pressure on the excavation surface are significantly
increased, resulting in large surface settlement. Therefore,
the stability of the water rich sand layer in this area should
be improved by studying the properties of the gravelly sand
and adjusting the slurry concentration.

Through the monitoring of the surface settlement of the
test zone, it is found that the settlement value of many moni-
toring points is more than 10 mm and the maximum settle-
ment value is — 18.1 mm. If the shield machine still performs
the construction of the tunnel under the box bridges according
to these driving parameters, the surface settlement will not be
smaller than the limit value required by the specification, thus
causing a substantial threat to the operating railway above. In
addition, there are few studies on the soil improvement of
shield tunnels in water-rich sand layers [29, 30], and the
parameters are often set according to engineering experience,
which directly affects the success or failure of the project.
Obtaining a suitable soil conditioner for a water-rich sand
layer is also a difficult problem. Therefore, based on the statis-
tics and analysis of the driving parameters and ground settle-
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ment values in the test zone, a series of optimization control
measures are proposed to ensure the safety and stability of
shield tunneling under railway box bridges.

4. Settlement Control Methods of Shield
Construction in a Water-Rich Sand Layer

4.1. Soil Improvement Agent and Its Proportion. The soil
improvement agent can strengthen the working face of the
formation by filling and bonding the original porous
medium with its improved slurry. In the practical applica-
tion process, the diffusion and flow of slurry also need to
consider the influence of medium heat transfer coefficient,
groundwater level fluctuation, and other factors. Existing
studies have shown that the heat transfer coefficient and
water level change of porous media will have an impact on
the migration of soil particles and the formation stiffness
[17, 18, 31]. Therefore, it is necessary to focus on the design
of bentonite slurry improvement test to ensure that the soil
improvement effect in the water rich sand layer meets the
settlement control requirements of the shield tunnel under
the railway box bridge. First, through engineering experi-
ence, different concentrations of sodium bentonite slurry
were prepared for the expansion test, and the viscosity curve
of bentonite slurry with time is shown in Figure 5. When the
addition ratio of bentonite is less than 10%, the increase in
slurry viscosity with mixing time is not obvious. When the
addition ratio of bentonite is greater than or equal to 10%,
the slurry viscosity increases with increasing bentonite addi-
tion and mixing time. Considering the economy of the pro-
ject, sodium bentonite with an expansion time of 18h and a
concentration of 10% was selected as the modifier.
Combined with engineering experience and relevant
research, the permeability of sand has an important rela-
tionship with the particle size and composition of solid
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TAaBLE 2: Test results for improving gravel sand with bentonite and
loess mixed mud.

Mass ratio of loess to Permeability coefficient ~ Slump
bentonite (cm/s) (mm)
1:3 1.83x 107 110
2:3 6.36x 107 120
3:3 3.47x107° 160

components [10, 11], and the different injection ratio of
slurry will lead to the change of solid components. There-
fore, it is necessary to set different mud injection ratios for
testing and determine the permeability coefficient and
slump of various improved sands to determine the optimal
injection ratio. The test results are shown in Figure 6. As
shown in Figure 6, the impermeability of the improved
soil is obviously improved after adding bentonite mud.
When the mud injection ratio exceeds 20%, the increase
in sand impermeability gradually slows with increasing
mud injection quantity. Therefore, considering the econ-
omy and improvement effect, the mud injection ratio is
set to 20%. At this time, the slump of medium fine sand
and medium coarse sand is between 100 and 150 mm,
which meets the requirements of the optimal slump of
shield construction ballast soil, and the permeability coef-
ficient reaches the order of 10 cm/s. However, for gravel
sand, the slump is only 65mm at this time, and the
improved permeability coefficient is not ideal, which only
reaches the order of 10*cm/s. Therefore, it is necessary
to find a more suitable modifier for gravel sand in combi-
nation with engineering applications.

Combined with the widespread distribution of loess in
the Xi’an area, gravelly sand is improved by adding loess into

bentonite mud. Improved sand with a bentonite mud injec-
tion ratio of a 20% is selected, and the mass ratios of the
improved sandy and bentonite are 1:3, 2:3, and 3:3 to
adjust the amount of loess. The test results are shown in
Table 2. It can be seen from the table that when the mix ratio
is 3:3, the improved gravelly sand impermeability coefficient
reaches 3.47 x 10~ cm/s, and the slump reaches 160 mm.
The addition of loess greatly improves the impermeability
of gravelly sand, and the workability is also improved (as
shown in Figure 7), thereby meeting the construction needs.

4.2. Ground Reinforcement Method. Grouting reinforcement
is an effective method to reduce the ground settlement and
ensure that the shield passes through the risk source with
strict settlement control requirements [32]. Because ground
grouting easily has adverse effects on the original foundation
piles under box bridges and there are potential safety haz-
ards, deep grouting of steel pipes is considered to strengthen
the soil to control the surface settlement. The permeability of
the water-rich sandy layer is good, the water content is large,
and the demand for grouting is also large. However, the six
grouting holes of the ordinary segment cannot meet the
demand, so the segment structure is reformed. As shown
in Figure 8, the number of grouting holes can be increased
to 16 in each ring on the special segment after the transfor-
mation. During construction, the steel flower pipe is driven
into the segment grouting hole and then extends out of the
segment for 3m. The 1:1 cement water glass double slurry
is used to reinforce the soil within 3 m around the segment
to meet the larger grouting demand of shield tunneling in
the water-rich sand layer.

4.3. Adaptive Transformation Method of the Shield Cutter. The
sand soil has poor fluidity and a large friction force. According
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to the statistics of the wear of the shield cutters in the test zone,
it is found that the average wear of the cutters in the left line is
12mm and that in the right line is 11 mm. According to the
geological survey report, the buried depth of shield tunneling
under the railway box bridge zone is larger, the standard pen-
etration value of the stratum is higher, and the wear of the
shield cutter is expected to be greater. When the traditional
tearing knife is used in construction, the friction on both sides
is uneven, and it easily fractures, which causes local damage to
the tearing knife. This not only reduces the stability of the tear-
ing knife but also aggravates the disturbance of the soil around
the shield machine and threatens the safe operation of the rail-
way train above. As shown in Figures 9 and 10, the adaptabil-
ity of the shield cutter is improved. The protection block is
added in the upper, lower, and center to improve the stability
of the tearing cutter in use. In addition, the dentate outer wall
is arranged on the side of the protection block, and a dumping
groove is arranged on the upper protection block to share the
cutting pressure of the cutter. The adaptive transformation of
the shield cutter not only reduces the damage of uneven fric-
tion to the cutter itself and reduces the frequency of replacing
the tool but also further reduces the disturbance to the sur-
rounding soil, which is conducive to reducing ground
settlement.

5. Rationality Evaluation of the Construction
Control Method Based on Monitoring

5.1. Monitoring Scheme. To ensure the construction safety of
the tunnel and verify the rationality of the construction con-
trol method of shield tunneling under the risk source, the
ground settlement and the settlement of the box bridges in
the process of shield tunneling under the box bridges are
monitored. The layout plan of the monitoring points is
shown in Figure 11. A surface settlement monitoring section
is set every 5 meters, and the box bridge settlement monitor-
ing points are arranged on the bridge deck. Similarly, a box
bridge deck settlement monitoring section is set every 5
meters. To facilitate monitoring, the settlement value of the
bridge deck is used to replace the settlement value of the rail-
way to observe the effect of the application of the construc-
tion control method.

Shield tunneling construction under railway box bridges
is a level I risk source. To quickly obtain more accurate mon-
itoring data, the automatic remote measurement and control
system combined with the manual monitoring method is
used to observe the deformation of the box bridge deck
and surface for 24 hours. As shown in Figure 12(a), the Leica
TS50 maglev automatic total station is fixed on the pier of
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the forced alignment, and each measuring point of the box
bridge is fixed on the bridge deck of the box bridge with
expansion bolts (see Figure 12(b)). The total station trans-
mits the monitoring data to the computer through the
CDMA module at a certain time interval, and the monitor-
ing personnel use the computer to transmit the monitoring
command to the total station in the remote control room,
thereby realizing automatic remote measurement and
control.

5.2. Analysis of the Monitoring Results

5.2.1. Settlement Analysis of the Box Bridge Deck. When
shield tunneling occurs under the Xibao box bridge and
Xicheng box bridge, the settlement data of five typical mon-
itoring sections of the bridge deck are selected for analysis, as
shown in Figure 13. Because the two box bridges have four

hole box structures, the settlement curve of the bridge deck
fluctuates in a zigzag pattern due to the supporting effect
of the diaphragm. The bridge deck above the diaphragm eas-
ily experiences uplift, and the maximum heave value is
1.9 mm. The maximum settlement of the bridge deck occurs
between two diaphragms, which is — 1.9 mm. After adopting
the construction control method of shield tunneling under
the risk source, the heave and settlement values of the box
bridge deck are controlled within +2 mm, which is far less
than the control requirement of +10 mm stated in the spec-
ification. This provides necessary conditions for shield
tunneling to safely pass through the Xibao and Xicheng
box bridges and demonstrates the rationality and effective-
ness of this construction control method.

5.2.2. Analysis of Surface Subsidence. Taking section DB4,
section DB7, and section DB10 as the research objects, the
surface subsidence data are analyzed. Monitoring focuses
on the whole tunneling process of the shield before reaching
the risk source, during passing, and after leaving the risk
source [33, 34]. As shown in Figure 14, in stage 1, when
the shield machine reaches the front of the Xibao box bridge,
the ground heave and settlement between the Xibao and
Xicheng box bridges are approximately +Omm, and the
shield has little effect on the ground settlement. In stage 2,
in the process of tunneling through the Xibao and Xicheng
box bridges, the growth rate of surface settlement increases
sharply, and the settlement of section DB4 closer to the
Xibao box bridge changes most significantly. With the con-
tinuous adjustment and change in the advance speed of the
shield machine, the cutter head torque, the cutter head
speed, and the chamber pressure, the surface settlement
increases slightly. The maximum settlement value occurred
in stage 3, which was —2.1 mm, and the settlement rate slo-
wed down greatly in this stage. Thirty-four days later, the
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shield construction of the underpass Xibao and Xicheng box
bridges was complete, and the shield machine gradually
moved away from the risk source and entered stage 4 of set-
tlement development; at this time, the settlement value
tended to be stable. In the whole process of the shield pass-
ing through the box bridge, the ground heave and settlement
value are controlled within —2.1 mm~0.8 mm; that is, this
construction control method can greatly reduce the settle-
ment in the full section water-rich sand layer, which pro-
vides the necessary conditions for the safe operation of the
train above.

6. Preliminary Determination of a Reasonable
Range of Driving Parameters Based on
Statistical Analysis

6.1. Analysis of the Influence of the Driving Parameters on the
Surface Settlement in the Test Zone. The surface settlement
caused by shield tunnel construction is affected by multiple
shield tunneling parameters. The rationality of tunneling
parameter selection will play a decisive role in surface settle-
ment control, construction quality and efficiency. To opti-
mize the driving parameters, the relationship between the

driving parameters and the surface settlement is studied
according to the monitoring records of the test zone. The
shield machine cuts the soil in front of the face through
the cutter head to complete the tunnel excavation and to
maintain the stability of the excavation face; it needs to pro-
duce a certain soil pressure to balance the water and soil
pressure of the excavation face. Based on this, the advance
speed, cutter head torque, cutter head speed, and chamber
pressure are selected as the key parameters of tunneling.
As shown in Figure 15, the maximum value, minimum
value, and average value of surface settlement corresponding
to different driving parameters are counted, and the change
trend of surface deformation under the influence of key driv-
ing parameters is analyzed. S, is the minimum value,
Simax 18 the maximum value, S, is the average value of
the left line, Sg,;, is the minimum value, Sg,, is the maxi-
mum value, and Sy, is the average value of the right line.
In the process of driving in the test zone, the range of
surface heave and settlement is —18.1 mm~2.6 mm. The
advance speed of the shield machine is mainly controlled
between 70 and 115mm/min. With the increase in the
advance speed, the disturbance of the shield machine to
the soil increases correspondingly, and the surface
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settlement §;,,,, and Sg,,, caused by the left and right line
shields also increase. The high-speed tunneling state is unfa-
vorable, and more precise requirements are introduced for
the control of shield machine propulsion equipment, excava-
tion equipment, grouting equipment, etc., which easily
increases the construction risk. Therefore, the advance speed
should be reduced to maintain the stability of excavation.
The variation in the cutter head torque is large, the mini-
mum value is 2300 kN/m, and the maximum value is 4800
kN/m. When the cutter head torque value reaches 3750
kN/m, with the increase of cutter head torque, the growth
rate of the surface settlement value S;,,, increases sharply.
When the cutter head torque increases to approximately

4400 kN/m, SLavg reaches a maximum, and then the surface
settlement value decreases with increasing cutter head tor-
que. As shown in Figure 15, the rotation speed of the cutter
head is maintained between 1.5 and 1.7r/min. When the
rotation speed of the cutter head is less than 1.5 r/min, the
surface settlement values S, and Sg,,, are relatively small
and are maintained within 5mm. When the rotation speed
of the cutter head is greater than 1.5 r/min, the surface settle-
ment values S; ., and Sy, begin to increase and finally fluc-
tuate at approximately 10 mm. This is mainly because the
faster the cutter head speed is, the stronger the cutting
capacity of the cutter head to the soil and the greater the dis-
turbance to the surrounding strata, while the settlement
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increases. Therefore, to reduce the risk of shield construc-  between 0.5 and 0.9 bar, and during the excavation of the left
tion, the cutter head speed should be properly controlled  tunnel is between 0.7 and 1.4bar. The fluctuation of the
to prevent it from being too high. In Figure 15(d), the cham-  chamber pressure in the right tunnel is small, and the surface

ber pressure during the excavation of the right tunnel is  settlement caused by the chamber pressure Sg,,, is smaller
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TaBLE 3: Optimum control range of the driving parameters.

Driving parameters Optimum control range
5760~6120 (kN/m)
0.6~0.9 (r/min)
1.3~1.5 (bar)
1.4~3.8 (m%)
20~21 (mm/min)

Cutter head torque

Cutter head speed
Chamber pressure
Bentonite injection volume

Advance speed

than §;,,,, which indicates that the smaller and more stable
chamber pressure in the water-rich sand layer is conducive
to the control of the surface settlement.

In the actual process of shield tunneling, many factors
affect the surface settlement, and the relationship between
them and the driving parameters is complex, so it is difficult
to conform to a certain variation law. However, the fluctua-
tion range of the driving parameters and the influence trend
on the surface settlement can provide some reference for the
optimization of driving parameter control in the process of
shield tunneling in a water-rich sand layer.

6.2. Analysis of the Driving Parameters of Shield Tunneling
under Risk Sources. The settlement control of shield tunnel-
ing under the railway box bridge is ideal, which is insepara-
ble from the reasonable control of the driving parameters.
Figure 16 shows the driving parameters recorded during
the construction of the left line tunnel. To reduce the ground
settlement and control the driving attitude, the advance
speed of shield tunneling under the box bridge is reduced
compared with the test zone. After ring 440, with increasing
cutter head speed, the advance speed increases from 20 mm/
min to 30 mm/min, which indicates that the different stra-
tum conditions have a certain impact on the advance speed
of the shield machine. Compared with the gravelly sand stra-
tum, when driving in the medium sand stratum with rela-
tively large standard penetration, the cutter head speed is
relatively low, and the driving speed is slow. Based on the
analysis of the cutter head speed in the test zone, the cutter
head speed is reduced to reduce the soil settlement. Before
the 440 ring, the cutter head speed is constant at 0.6 r/min
under the setting of the construction personnel. When the
shield machine approaches the Xicheng box bridge, the stra-
tum condition changes from medium sand to gravel sand,
and the cutter head speed increases to 0.9 r/min. The change
in the chamber pressure is small, and it is stable between 1.1
and 1.7 bar. The cutter head torque data have high discrete-
ness, and the variation law is consistent with that of the ben-
tonite injection data, which indicates that the soil
improvement effect has a great influence on the cutter head
torque and the uneven size of the soil blocks cut by the
shield machine makes the cutter head torque fluctuate more
easily. Compared with the test zone, the cutter head torque
increases obviously, which may be due to the following two
reasons: One reason is that the depth of this zone is deep,
which makes the friction torque between the cutter head
and soil larger; the other is that the penetration of the cutter

Geofluids

head in this zone is larger, which makes the resistance of the
stratum larger when cutting.

6.3. Statistical Test of the Driving Parameters. According to
fuzzy set theory [35], a fuzzy statistical test is carried out
on the driving parameter data of shield tunneling under
box bridges in a full section water-rich sand layer to analyze
and obtain the reasonable driving parameters range for the
shield machine.

The advance speed is an overall reflection of the tunnel-
ing situation of the shield machine. Taking the advance
speed as an example, the statistical test takes V =[0.50]
mm/min as the domain of the advance speed. Fuzzy set A
represents the fuzzy concept for a “reasonable driving
speed.” To determine the membership degree of a fixed driv-
ing speed to A, the membership frequency f is calculated. As
shown in Figure 17, taking the driving speed v, =20 mm/
min as an example, the membership frequency f of the “rea-
sonable driving speed” of the shield is stable at approxi-
mately 0.55 with the increase in the number of samples, so
A(v,y) = A(20) = 0.55 can be applied. Similarly, the member-
ship frequency f of other fixed driving speeds to the “reason-
able driving speed” can be obtained. In the monitoring data
of this test, the minimum driving speed is 5mm/min, and
the maximum driving speed is 40 mm/min, which can take
4.5mm/min as the starting point and 40.5 mm/min as the
ending point. The driving speed [4.5,40.5] mm/min is
divided into 46 small areas with a length of 1 mm/min, and
each small area is represented by the median value to calcu-
late the membership frequency and obtain the membership
frequency. The calculation results are shown in Table 3.

By calculating the membership frequency related to the
advance speed, the membership frequency histogram is
drawn as shown in Figure 18(a). The graph is continuously
depicted, that is, the membership function curve is obtained.
The membership function approximately obeys the Gauss-
ian distribution, and the correlation coefficient is 0.95. The
fitting is good. In the theory of fuzzy sets, the element v
whose membership frequency is greater than 0 is called the
support set of fuzzy set A, denoted as suppA, and the ele-
ment whose membership frequency is greater than « is
called the « cut set of fuzzy set A, denoted as A . To obtain
a reasonable value range for the advance speed, the confi-
dence level o = 0.5 is selected [36], that is, the advance speed
when the membership frequency is greater than 0.5 is the
reasonable value range of the advance speed, in this project:
A, ={20,21}. In the same way, the reasonable range of the
other driving parameters, such as the cutter head torque,
cutter head speed, chamber pressure, and bentonite grouting
volume, can also be determined by the above fuzzy statistical
test method. The membership frequency histogram is shown
in Figures 18(b)-18(d), and the specific numerical range cal-
culated is shown in Table 3.

The results of the fuzzy statistical test are obtained by
mathematical analysis based on the measured data. Through
the analysis and statistical testing of the driving parameters
of shield tunneling under box bridges, a reasonable control
range of the cutter head torque, cutter head speed, chamber
pressure, bentonite injection volume, and advance speed is
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time of 18h and a concentration of 10% should be

used as the improver. After driving through the grav-
elly sand layer, the improvement effect of this mod-
ifier is not ideal. After adding 50% loess into the
bentonite slurry, the impermeability of gravelly sand
is greatly improved, the workability is obviously
improved, and the improvement effect is good. The
sand layer can be improved by using special seg-
ments with grouting holes for the secondary grout-
tlement and the driving speed in shield tunneling,

ing reinforcement of the surrounding soil and
and appropriately reducing the driving speed is

effect of surface settlement control in the water-rich
adding protective blocks for shield cutters

(2) There is a great correlation between the surface set-

(©)

Bentonite injection volume (m3)

% Membership frequency

FiGure 18: The membership frequency and the membership function of the driving parameters.

Membership function

rich sand layer, sodium bentonite with an expansion

source in a full section water-rich sand layer to provide a ref-
(1) When the EPB shield machine is used in the water-

proposed when shield tunneling is performed under a risk
erence for similar projects.

This paper introduces the construction control method
combining soil improvement, stratum reinforcement, and
shield machine adaptive transformation, which can effec-
tively reduce the disturbance of water-rich sand layer caused
by tunnel construction, ensure the railway operation safety
when the shield is constructed, and have good social and
economic benefits. The main conclusions are as follows:

7. Conclusions
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conducive to reducing the surface settlement; differ-
ent stratum conditions have a certain impact on the
driving parameters. Compared with the gravelly
sand stratum, when driving in the medium sand
stratum with larger standard penetration, the driving
speed is slower, and the cutter head speed is lower;
the change in cutter head torque is greatly affected
by the bentonite injection volume, and the fluctua-
tion law is consistent with the injection volume of
bentonite

(3) Based on the statistical analysis of the driving
parameters of shield tunneling under railway box
bridges, a reasonable range of driving parameters is
proposed, which provides a reference for the control
of driving parameters when shield tunneling is under
a risk source in a similar adverse stratum and
reduces the increase in surface settlement caused by
the individual experience. However, since the rea-
sonable value range is calculated based on this pro-
ject, its applicability needs to be further verified
and improved in future engineering practice
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