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The sandy cobble ground has loose structure, uneven particle size, and random distribution characteristics, which may lead to the
local collapse of ground. This paper carried out field tests based on the project of Luoyang urban rail transit. For this, the surface
settlement, pore water pressure, and earth pressure in the test section were measured. The excavation disturbance and influence
range on the soil layer in each stage of earth pressure balance shield tunneling were studied. Meanwhile, based on the key
construction elements in sandy cobble ground, a numerical simulation method was proposed based on shield construction
parameters. The disturbance characteristics of deformation, seepage action, and stress state of the sandy cobble ground during
shield construction were obtained through numerical calculation. The rationality of the simulation results was verified by the
measured tests. The results showed that the measured data were in good agreement with the simulation results. The research
results provide a calculation method for predicting the soil disturbance in the earth pressure balance shield construction in a
sandy cobble ground.

1. Introduction

The earth pressure balance shield method has been widely
utilized in sandy cobble ground. Sandy cobble ground has
the characteristics of loose structure and poor self-stability.
The constitutive model of geotechnical material based on
the thermodynamic process of porous granular material
and its numerical calculation method is of great significance
to study the influence of shield tunneling on the disturbance
of stratum [1, 2]. The sandy cobble ground shows strong
instability from the mechanical mechanism [3, 4], which
brings severe challenges to the application of shield con-
struction. Under complex ground condition and external
environment, how to deal with the coupling of multiphysical
fields in the construction process is an important issue [5, 6].
In fact, there are complex physical-chemical effects between
the rich groundwater and mineral particles in the pores
[7–9]. Therefore, the disturbance during shield tunneling
destroys the original relatively stable state, resulting in col-
lapse or uplift, greater ground loss, and even local ground
failure [10–12]. However, there exist many difficulties in

constructing shield tunnel in sandy cobble ground. Among
them, the soil pressure, tunneling rate, grouting pressure,
and other construction parameters have great disturbances
to the soil [13–15], so the whole construction process has a
great impact on the soil layer. The influence of disturbance
is of great significance to the safety of various facilities and
surrounding buildings.

Coupled with the complexity of the shield construction
parameters, it is easy to cause instability of excavation sur-
face during shield construction [16–18]. A cavity is formed
in the upper ground of the shield tunneling area. Later,
under the combined action of ground load and mechanical
vibration, the ground has a large settlement or even col-
lapses. The tunnel section is partially frozen during shield
construction, and construction parameters such as shield
thrust, cutter head torque, and grouting pressure are signif-
icantly different. When the shield machine is located in the
frozen soil layer, the shield machine deforms under the
influence of the frozen soil force, which causes the deforma-
tion of the tunnel cross section. Hence, the tunnel segment
bears great pressure, and even cracks appear. At the same
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time, the external force/high temperature generated during
shield tunneling melts the soil around the shield [19] and
leads to the migration of soil solid particles [20].

In addition, some tunnels pass through polluted factory
production areas. These areas are seriously polluted, which
has brought great challenges to subway construction. At
the same time, the water-rich sandy cobble ground has a
loose structure, large porosity, and high permeability. Due
to tunnel construction, the water within a certain range
around the tunnel is affected by excavation disturbance,
resulting in the change of microstructure characteristics
and the migration of pollutants [21, 22].

Most researches on the earth pressure and excess pore
water pressure generated by shield construction on the sur-
rounding soil are mainly concentrated on various soil types
such as silt, loess, and clay [23–25], and there is little mea-
sured data on sandy cobble ground. This paper is concen-
trated on the construction project of Luoyang urban rail
transit. The project area is covered by a quaternary system,
which is composed of silty clay, silty sand, and sandy cobble
ground. According to the characteristics of sandy cobble
ground, through numerical analysis and field test, the defor-
mation law and stress state change of the ground when the
shield passes through sandy cobble ground are revealed,
and the reasonable selection of control measures when
shield passes through sandy cobble ground is provided.

2. Field Test

The Suitang station of the construction project of Luoyang
urban rail transit was selected for field test, which is sensitive
to land subsidence caused by precipitation. This station is
located in the botanical garden on the east side of Wang-
cheng avenue in Luoyang city and is arranged along the
planned north-south direction (Figure 1). Meanwhile, the
groundwater level in the construction area is high. To dis-
cuss the surface deformation and earth pressure caused by
soil disturbance, deformation and stress sensors are
arranged in front and above of shield tunnel to test the
deformation and stress state of surface during construction
process. Eight typical sections were selected for testing. The
width of the test section includes the whole width of the
upward (left line) and downward (right line) shield tunnels
and extends to both sides beyond the influence range.

Three surface settlement monitoring sections D1-D3
were set up in the test section. The surface settlement test
uses a high-precision level instrument to test the settlement
and its change with time when it reaches and leaves the area.
Two ground settlement monitoring sections D4-D5 are set
to monitor ground settlement. Ground settlement using
ABS settlement pipe (the diameter is 53mm) is buried by
drilling method. There are 6 settling magnetic rings at the
top of the central line of the up or down tunnels and 12 set-
tling magnetic rings between the central lines of the up or
down tunnels.

Three monitoring sections of earth pressure and pore
water pressure are set up from D6 to D8, which are perpen-
dicular to the direction of tunnel excavation. The earth pres-
sure gauge is used to measure the stress in the soil layer

facing the direction of the tunnel during tunneling, and the
pore water pressure gauge is used to measure the change of
pore water pressure in the ground during many engineering
construction process [26–29]. During the burying process,
the sensor is fixed on a special fixed bracket, and the sensor
is placed in the borehole with a set depth through the guide
rod. Four measurement holes are set for each section, which
are located on the central axis of the up and down tunnels,
the central line of the distance between the two tunnels,
and the side line of the tunnel. The sensor is set in front of
the central line of the tunnel. The earth pressure gauge is
arranged from the surface to the depth direction, and five
measuring points are set for each measuring hole. The bur-
ied depths are 6, 8, 10, 13, and 16m. The pore water pressure
gauge is arranged from the surface to the depth direction,
and three measuring points are set for each measuring hole.
The buried depths are 10, 13, and 16m.

3. Numerical Simulation of Shield
Tunnel Construction

3.1. Physical Model and Boundary Conditions. Abaqus finite
element software was used for modeling, which is mature
and can better simulate the on-site environment of the con-
struction area [30–32]. The diameter of the double-track cir-
cular tunnel is 6.4m. Considering the boundary effect on the
simulated excavation, the calculated size of the model is
taken as 85m × 159m × 50m, as shown in Figure 2. The
model includes four parts: soil, shield machine, segment,
and other generation layers. The model has 160, 775 ele-
ments and 231, 679 nodes. The left line tunnel excavation
depth is 58.5m, the right line tunnel excavation depth is
45m, and the excavation is carried out at 1.5m per ring.
The left tunnel excavates 39 loops, and the right tunnel exca-
vates 30 loops. To reduce the boundary effect on the model,
the model adopts homogeneous boundary conditions, and
the same displacement constraints are imposed on the left
and right sides in the X direction and the front and back
sides in the Y direction, respectively. The upper boundary
(ground surface) of Z is a free boundary, and the lower
boundary is a fixed boundary. In the pore water pressure dis-
sipation/stress coupling analysis besides the normal load and
displacement boundary conditions, it is necessary to set the
corresponding load and boundary conditions for the pore
water pressure. The pore water pressure is set at the drainage
boundary at 9m below the ground surface.

Figure 1: Shield tunnel measurement field layout.
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3.2. Physical and Mechanical Parameters. The test results
show that due to the large internal friction angle of sandy
cobble ground, the failure criterion of the Mohr-Coulomb
theory can better reflect the shear failure process of actual
geomaterials. Combined with the suggested results of the
mechanical parameters of each soil layer in the geotechnical
engineering survey report, the main parameters of the
ground are shown in Table 1. Both the shield shell and the
tube sheet ring adopt the isotropic elastic material constitu-
tive. The elastic modulus and Poisson ratio of the shield shell
material are taken with reference to the parameters of the
steel. Due to the heavy weight of the shield machine head,
it is converted into the density of steel. The lining is poured
with C50 concrete, and the segmented segment ring is con-
sidered as a homogeneous ring. Since the lining ring is
formed by the staggered joints of multiple segments, the
effective efficiency of bending stiffness η = 0:85 is introduced
considering the influence of joint on ring stiffness.

The shield construction produces a shield tail gap, which
is composed of the volume occupied by the thickness of the

shield shell, the reserved lining installation clearance, and
the overexcavation clearance. In the numerical simulation,
the shield tail gap is extended to an equivalent layer with
uniform thickness to simulate the influence of formation
loss. According to the measured data on site, the size of
the shield tail gap is about 60mm. Due to the high perme-
ability of sandy cobble ground, it is difficult to guarantee
the quality of grouting. This paper simulates the thickness
of the shield tail gap as 120mm. To simulate the mechanical
properties of the grouting material at different stages, linear
elastic materials are used to simulate the property changes of
the single-liquid active slurry.

During the solidification stage, the elastic modulus of the
slurry increases slowly during fluid solidification, and the
increase in the elastic modulus of the slurry during plastic
solidification is more obvious. According to the actual solid-
ification process of synchronous grouting material at the tail
of shield, the simulation is divided into three cases [33–35].
When the liquid grouting material is separated from the
shield shell, the elastic modulus of the so-called equivalent
layer is 0.5MPa. For short-term solidified grouting material,
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Figure 2: Calculation model: (a) soil layers and (b) segment.
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the elastic modulus is taken as 4MPa. For long-term solidi-
fied grouting material, the elastic modulus is taken as
400MPa.

This paper mainly considers the influence of the excava-
tion surface support pressure and grouting pressure on the
stresses and deformations of the ground during the con-
struction of the shield tunnel. After the shield tail passes
through the section, the grouting pressure dissipates in a
short time and reaches uniformity [36, 37]. As the grout
solidifies, the grouting pressure disappears, and the grout
begins to withstand the water and earth pressure in the for-
mation and is transferred to the lining. Based on this, it is
determined that the grouting pressure in the finite element
simulation is only the time after the shield tail is separated
from the ring segment. With the shield advances, the grout-
ing pressure disappears. The distribution form of grouting
pressure usually has the uniform grouting form uniformly
distributed in the whole ring and the distribution form con-
sidering gravity. Through the simulation analysis of shield
tunnel excavation under several different grouting pressure
distribution forms, it is found that the nonuniform grouting
form considering the influence of gravity is roughly consis-
tent with the measured values. In addition, the field mea-
sured data shows that the grouting pressure on the upper

part of the outer ring of the segment is the smallest, and
the grouting pressure in the lower part is the largest, which
is linearly distributed from top to bottom. Therefore, this
simulation uses nonuniform distribution to act on the
periphery of the pipe segment and the inner surface of the
soil, and the upper and lower grouting pressure results are
consistent with the measured data (Figure 3). In the process
of shield construction, the chamber earth pressure is the
construction control parameter. This simulation approxi-
mates that the chamber earth pressure is equal to the front
thrust, which acts on the circular excavation surface. The
result of the size is determined according to the field mea-
sured data (Figure 4).

3.3. Numerical Simulation Method. Pore water pressure
mainly occurs in the upper sandy cobble ground. The aqui-
fer is mainly a very strong water-rich ground. Therefore,
fluid structure coupling analysis should be carried out in
numerical simulation. The numerical simulation adopts the
direct coupling method, and the analysis results are obtained
by using the coupling element of displacement and pore
water pressure. This coupling method is realized by calculat-
ing the element matrix or element load of displacement and
pore water pressure. The fluid-solid coupling problem is

Table 1: Calculation parameters.

Soil layer Density (g/cm3) Elastic modulus (MPa) Poisson’s ratio Cohesion (kPa)
Internal friction
angle (kPa)

Permeability coefficient
(m/s)

Clay 1.81 6.13 0.3 21 20 1:74 × 10−5

Cobble 2.2 55 0.23 1 42 1:62 × 10−3

Cobble 2.2 60 0.23 2 42 1:62 × 10−3
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Figure 3: Measured results of grouting pressure on the left line.
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saturated seepage problem; that is, the soil layer below the
groundwater is considered to be saturated. The finite ele-
ment mesh is fixed on the soil skeleton, and gas or liquid
can flow through the mesh, but the continuity equation of
the fluid needs to be satisfied. The Biot’s theory was used
to calculate the mechanical properties of the soil, and For-
chheimer’s permeability law was used to simulate liquid per-
meability [38]. In addition, this discussion focuses on the
distribution of excess pore water pressure as well as the dis-
sipation process under the fluid-structure coupling effect.

Shield tunnel is usually studied as a discontinuous pro-
cess [39, 40]. The forward movement of shield is actually
the migration of shield stiffness and load. The method of
unit activation and removal is used to deal with the change
of unit stiffness. When the excavation surface advances for-
ward, the shield head gradually deepens, and the shield tail
gradually comes out, which may cause damage to the sur-
rounding engineering environment [41, 42]. When the
shield moves forward, other structures connected to the
shield must also move forward simultaneously. The length
of each forward advance is the width of segment unit, and
the unit material is changed at the same time.

4. Stratum Deformation and Stress Distribution

4.1. Tunnel Surface Settlement. During the tunneling process
of the shield machine, the soil disturbance gradually spreads
to the lateral sides, resulting in a funnel area on the top of
the tunnel. Shield tunneling not only causes the settlement
of the ground directly above the tunnel, but also causes the
settlement of the soil layer around a certain range of the axis;
the calculated surface settlement is shown in Figure 5. From

Figure 5, after the left line shield excavation is completed, the
finite element macroscopic simulation of the sandy cobble
ground surface lateral settlement takes on a classic Gauss
curve distribution proposed by Peck formula, and the sur-
face settlement at the top of the tunnel takes on a V shape.
The maximum values occurred at the center axis of the tun-
nel, and the ground surface within twice the tunnel diameter
had obvious subsidence. When the excavation of the right
line tunnel is completed, the surface settlement on the two
tunnels takes on a W shape.

The use of the Peck formula is based on the results of
two important parameters, i.e., the width of the settlement
trough as well as the formation loss rate. The Gauss method
is used to fit the measured data and the simulated results.
The goodness of fit of the measured results R2 = 0:9860,
and the goodness of fit of the simulation results R2 =
0:9990, states clearly that the Gauss method has a better sim-
ulation effect. Finally, the average result of the simulation
result of settlement trough width i is 5.6m, which is slightly
larger than the average result of the measured result of
3.31m. The settlement tank width is much narrower than
that of general clay and sand. The calculated maximum set-
tlement Smax is 12.84mm, which is basically the same as the
average measured result of 11.28mm.

Research results show that the surface settlement
induced by shield tunnel excavation can be defined into five
stages according to time: (a) initial settlement, (b) excavation
surface settlement (or uplift), (c) through settlement, (d) tail
joint settlement, and (e) subsequent consolidation settle-
ment. Figure 6 shows the comparison of settlement duration
curves of typical monitoring points. The settlement curve
trend of the six observation points is roughly the same.
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However, the sandy cobble ground has loose structure,
uneven particle size, irregular cobble distribution, and
almost zero cohesion. Therefore, it has the characteristics
of high sensitivity and force sensitivity. The destruction of
sandy cobble ground is sudden, and the stability time after
destruction is relatively short. Therefore, compared with clay
layer, there is no obvious creep deformation stage.

Figure 6 shows that the simulation results are nearly con-
sistent with the actual measured surface settlement curve.
However, due to the particularity of sandy cobble ground,
the ground settlement lag caused by shield tunneling in this
ground is extremely significant. As shown in Figure 6, when
the shield cutter head is far away from the measuring point
5th to 11th, the settlement duration curve is a short section
of the platform, followed by a sudden severe settlement. This
is because the tunnel is disturbed by the shield to form a cavity,
which can maintain stabilization itself within a certain period
of time, but under the disturbance of the ground load, it grad-
ually extends to the ground surface, causing an obvious col-
lapse and also showing hysteresis.

The lag settlement process of ground surface is usually
divided into different processes. The cobbles above the cutter
head become loose and form a loose area. After the shield
tunneling is overexcavated or shut down for a long time, the
loose cobbles enter the soil. In the front and upper part of
the cutter head, it causes ground loss and forms a cavity. How-
ever, due to the relatively large internal friction angle of the
sandy cobble stratum, it has a certain arching effect, and the
ground of the hemispherical dome is self-stable at this stage.
Due to the rise of groundwater level, surface dynamic load,
and other factors, the surface of self-stabilizing sandy cobble
ground dome gradually peels off and develops to the surface.
Finally, the ground penetrates to form a collapsed hole.

The occurrence of delayed settlement is mainly related to
the special engineering geological properties of sandy cobble
ground. Sandy cobble ground has large porosity, local for-
mations sandwich lens sand layers, strong water permeabil-
ity, and poor self-stability. Affected by the precipitation of
surrounding structures along the shield tunnel and other
factors, fine particles such as silt and fine sand in the ground
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Figure 5: Surface settlement on: (a) left line and (b) right line.
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are lost with the precipitation, resulting in a large gap
between cobble particles, loose ground structure, and cobble
skeleton structure. Under the influence of shield construc-
tion disturbance, the cobble skeleton is damaged, and a
ground cavity with certain self-stabilizing ability is formed.
Over a period of time, the ground cavity gradually developed
and penetrated and eventually extended to the ground under
the influence of groundwater coupling, ground load, con-
struction disturbance, and other factors. The delayed settle-
ment is extremely random, so the surface settlement result
alone cannot fully reflect the ground loss, and it is impossi-
ble to predict the surface subsidence caused by the evolution
of the cavity in the ground.

4.2. Ground Settlement. The ground settlement at the top of
the tunnel increases with the increase of buried depth, and
the settlement above the tunnel reaches the maximum value.
The ground settlement below the tunnel decreases with the
increase of buried depth, and the soil uplift at the bottom
of the tunnel is the largest. Figure 7 shows the comparison
of layered settlement of soil layer above the tunnel axis.
From the simulation results in Figure 7(a), it can be seen that
the difference in the layered settlement result at different
depths before the shield tail is released. After the shield tail
is released, the layered settlement gradually increases with
the increase of the depth of the measuring point. The time
history curve of layered settlement showed a downward
trend as a whole, and the settlement increased significantly
after the shield tail protruded. Due to the high sensitivity
of the sandy cobble ground, the measured result fluctuates
greatly, but the overall trend is the same, and both show a
downward trend. The final settlement increases with the
increase of the depth of the measuring point, indicating that

the excavation amount of the shield machine is normal and
the soil is not excessive. The body is only disturbed by the
tunneling of the shield machine, and the measured result
basically fluctuates around the simulated result. In Figure 7
(b), during the shield cutter head passes the 2nd and 5th
rings of the measurement point, the layered settlement at
4.3m below the ground suddenly increases. At this time,
the amount of excavation in the tunnel is too large, forming
a collapsed arch. A large cavity is formed above the tunnel.
The ground settlement above the cavity increases suddenly,
and the settlement in the cavity is difficult to detect. After
this situation, no timely measures were taken, which caused
the collapsed arch to be disturbed and destroyed after the
cutter head passed the 10th ring of the measurement point,
resulting in severe ground settlement.

From Figure 8(a), it can be seen that the time history
curve of layered settlement at the depth of 1m to 7m shows
a downward trend, and the layered settlement result gradu-
ally decreases with increasing the depth of the measuring
point. The simulation results in Figure 8(b) show that the
stratum settlement curve at 9m-16m shows an uplift trend,
and the uplift amount increases with increasing the depth of
the measuring point. Figure 8(a) shows the downward trend
for the actual measured results of the 4 measuring points,
which shows the upward trend. The overall trend is consis-
tent with the simulation results. Nevertheless, it is worth
noting that the measured results at 7.7m and 9.7m are sig-
nificantly higher than those at other depths. The settlement
first increases and then decreases from the surface to the
ground. This may be due to the shield tunneling disturbance
in water-rich sandy cobble ground. During the construction
process, the silt and fine sand form a cavity in the middle of
the ground due to piping and loss under the seepage action.
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The calculation results reveal the general law of the
settlement in shield construction, but the sandy cobble
ground has strong instability, and its instability mecha-
nism is extremely complex. By comparing the monitoring
and calculation results, we can find the abnormal condi-
tions in the construction process, which is of great signif-
icance for timely implementing corresponding treatment

measures during shield construction, preventing the con-
tinuous development of ground damage and avoiding
collapse accidents.

4.3. Earth Pressure. Figure 9 shows that the simulated result
of the incremental earth pressure at the positions 6m and
8m on both sides of the shield tunnel gradually decreases
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Figure 7: Settlement time history curve of soil layer above tunnel axis: (a) TCC-01 and (b) TCC-02.
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with the excavation of the shield, and the incremental earth
pressure at the measuring points at the depth of 10m and
13m gradually decreases with the excavation of shield. The
earth pressure at the buried depth of 16m decreases with
the excavation. The sandy cobble ground is sensitive to
stress, and the data fluctuates greatly. The variation range
of longitudinal earth pressure increment on both sides of

the shield tunnel is about 2 kPa, and the variation is very
small. Apparently, the disturbance range of shield construc-
tion on sandy cobble ground is about twice the aperture.

Figure 10 depicts the variation of earth pressure incre-
ment at different depths of the tunnel centerline of D6. This
shows that the increase of earth pressure at the buried depth
measuring point at 6m is small. The variation of the increase
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of earth pressure at the buried depths of 8, 10, and 16m can
be divided into several stages. At first, the shield arrives at
the front desk, and the increase of earth pressure is in the
stage of slow increase. The cutter head reaches the first four
rings of the section, i.e., about 6m. When the cutter head
reaches the section in the shield tunneling stage, the increase

of earth pressure is affected by the support pressure on the
excavation surface and decreases rapidly after reaching the
extreme result. When the shield passes through the measur-
ing point, the earth pressure fluctuates to a certain extent
due to the disturbance of friction between the soil layer
and the shield shell. This factor is not considered in the
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Figure 9: Time history curve of earth pressure of soil layer: (a) measured values and (b) calculation values.
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simulation process of this model, so it is different from the
measured data. When the shield tail reaches the measuring
point, the earth pressure increment reaches the peak again
due to the simultaneous grouting pressure. In the recovery
stage, the earth pressure increment began to decrease after

the shield tail was 6m away from the section and then grad-
ually stabilized. In addition, the earth pressure increases
when the shield is driving dynamically. When the static sec-
tion is assembled or closed, the earth pressure decreases. At
the same time, due to the sensitive force of sandy cobble
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Figure 10: Earth pressure increment time history curve at different depths of tunnel centerline: (a) measured values and (b) calculation
values.
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ground, the measured data fluctuates greatly, but the
response time to disturbance is short.

4.4. Excess Pore Water Pressure. Figure 11 shows the varia-
tion of excess pore water pressure over time at the depths
of 10, 13, and 16m on both sides of the tunnel. At the posi-

tion of transverse and longitudinal lines, there are two
extreme results when the shield machine arrives and exits
at the tail of the shield machine. Actually, the two extreme
results are nearly the same. The results state clearly that
the influence of the excavation surface support pressure on
the excess pore water pressure of the soil layer near the
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Figure 11: Excess pore water pressure time history curve at different buried depths of longitudinal lines on both sides of the tunnel: (a)
measured values and (b) calculation values.
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tunnel is the same as that of the grouting pressure. At the
same time, the sandy cobble ground is highly permeable,
the excess pore water pressure induced by the shield con-
struction dissipates quickly, the data are different from clay
layer, and the cumulative effect of excess pore water pressure

is very small. The change of the longitudinal excess pore
water pressure on both sides of the shield tunnel is very
small. During shield tunnel construction in sandy cobble
ground, the disturbance range of formation excess pore
water pressure is about twice the tunnel diameter. It can be
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Figure 12: Excess pore water pressure time history curve at different buried depths of tunnel centerline: (a) measured values and (b)
calculation values.
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found that when the shield passes through, the increase of
excess pore water pressure at the center line of the tunnel
reaches the maximum (Figure 12), and the change is much
greater than the longitudinal line on both sides of the tunnel.

5. Conclusion

The width of the sedimentation trough of the sandy cobble
ground is much narrower than that of the general clay and
sandy soil layer. The maximum settlement result is basically
consistent with that of the measured result. At the same time,
the simulation results can simulate the five stages of normal
settlement during shield construction, but cannot simulate
the delayed settlement characteristic of sandy cobble ground.

By comparing the calculated results of layered settle-
ment, the abnormal conditions in the construction process
can be predicted in advance to a certain extent. The exis-
tence of cavities in the stratum is of great significance for
the timely adoption of corresponding treatment measures
to prevent the continuous development of ground damage.

The sandy cobble ground is sensitive to stress, and the
responses of pore water pressure and earth pressure were
very obvious. Actually, this process fluctuates greatly. The
earth pressure and pore water pressure at the center line of
the tunnel were significantly higher than the longitudinal
lines on both sides of the tunnel; at this time, the earth pres-
sure on the center line of the tunnel increases. The influence
range of shield construction cross section is about twice the
drilling radius, and the influence range of longitudinal sec-
tion is about 6m. The peak result is reached when the cutter
head reaches and the shield tail exits.
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