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Abstract: Constructing subways in soft soil strata by shields may cause large displacement of ground
and tunnels during and after construction. To evaluate the corresponding short-term and long-term
displacement, this paper presented a three-dimensional numerical model based on the project of
Suzhou rail transit line S1. This model adopted the modified Cam-clay model to simulate the behavior
of soft soil and can consider the grouting parameters and the water leakage of the assembled segment
lining. In addition, an on-site monitoring project was implemented, and the field observations were
compared with the simulation results. Finally, the sensitivity of key parameters was carried out by the
established numerical model. The results indicated that the grouting volume, the thicknesses of soft
soil under the tunnel, and the tunnel leakage conditions have a significant impact on the ground and
tunnel settlement. Notably, serious tunnel leakage will cause large long-term consolidation settlement,
and the increasing thicknesses of soft soil under the tunnel does not increase the long-term settlement
of the stratum and the tunnel when the tunnel meets the secondary waterproof requirements, but
does increase the corresponding short-term settlement.

Keywords: soft soil; shield construction; numerical model; field observation surface displacement;
tunnel displacement

1. Introduction

The Yangtze River Delta urban agglomeration in China consists of Shanghai and
three provinces, Jiangsu, Zhejiang, and Anhui. In recent years, to promote the regional
integrated development and construct rail transit networks in Shanghai, Nanjing, Suzhou
and other cities, the construction of rail transit within and between cities is being vigorously
developed. For example, the Suzhou Metro Line S1 project connecting Shanghai and
Suzhou is under construction [1,2].

The Yangtze River Delta is located in the lower reaches of the Yangtze River in China,
bordering the Yellow Sea and the East China Sea. Consequently, it is an alluvial plain
formed before the Yangtze River enters the sea and is mainly composed of soft clay and
sandy soil [3,4]. Among soils, the mucky-silty clay is characterized by high moisture
content and low strength coupled with high compressibility and sensitivity, which is one of
the stratigraphic characteristics of the Yangtze River Delta and challenges underground
engineering construction [5,6]. For example, the shield has become the prevalent choice
for tunneling activities in congested urban areas due to its safe working environment and
small disturbance to the surrounding ground. However, when the shield tunnels in (very)
soft clay, both the construction and post-construction period face the challenges of ground
and tunnel settlement control, i.e., Shanghai Metro Line 1 has experienced a maximum
settlement of 288 mm within 12.5 years [7], Nanjing Metro Line 10 has experienced a
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maximum settlement of 240 mm within 5.75 years after the track system was constructed [8],
and Daiba tunnels suffered from excessive settlement due to the ongoing consolidation
of the soft clay layer caused by adjacent construction [9]. This is mainly because the
tunneling disturbance greatly reduces the strength of the soil with high sensitivity and
aggravates the construction settlement. In addition, the deep and highly compressive
soil may also produce larger consolidation settlements [10,11]. Moreover, construction
parameters, such as the grouting volume and the grouting pressure, have a great influence
on the soil loss and the distribution of the pore water pressure, which also affects the
short-term and consolidation settlement of the ground and tunnel [12-14]. Moreover, poor
shield posture and segment posture always accompany shield tunneling in soft soil, which
induces segment seal failure and increases post-construction settlement [15-17].

Scholars conducted extensive research to explore the ground and tunnel settlement
in soft soil, including both construction period settlement [18-26] and long-term settle-
ment [27-32]. The short-term subsidence was studied mostly based on the Peck and modi-
fied Peck empirical formulas based on similar engineering experience, and also includes
theoretical and numerical studies based on formation losses. The research on long-term
settlement mainly focused on the effects of consolidation, secondary consolidation, and
train loads, which were mostly studied using two-dimensional numerical simulations
and on-site monitoring. However, field data were difficult to obtain and mostly used for
qualitative analysis. Moreover, the modified Cambridge model, which is most suitable for
describing the stress-strain relationship of soft clay, was rarely used in previous numerical
simulation studies, especially in the three-dimensional numerical model of long-term settle-
ment. In addition, long-term settlement is closely related to construction disturbance and
parameters. However, it is rare to discuss the influence of construction parameters, such as
grouting amount, grouting pressure, and segment leakage caused by poor construction, on
the long-term settlement of the tunnel.

Based on the project of Suzhou rail transit line S1, this paper presented a three-
dimensional numerical model to evaluate the short-term and long-term displacement of
the soft soil and tunnel when constructing shield tunnels in soft soil. The model adopted
the modified Cam-clay model to simulate the behavior of soft soil and can consider the
grouting parameters and the water leakage of the assembled segment lining. In addition,
the simulation results were compared with the field observations, and the sensitivity of key
parameters was analyzed.

2. Project Overview and Geotechnical Conditions

Suzhou Metro Tunnel-Line S1, constructed in Kunshan, Suzhou, is located in the east
of Suzhou and borders with Shanghai, and is a system of 41.36 km long twin tunnels and a
total of 28 stations spaced at an average interval of 1.523 km along the line. Each tunnel
is 6.6 m in outer diameter and 5.9 m in inner diameter. The tunnels with an axis depth of
9-25 m are constructed with a precast concrete lining, and the length of each lining section
is 1.2 m.

According to the site investigation results, most of the land area in Suzhou is quater-
nary sediments with a total thickness of more than 150 m, and the quaternary deposit within
70 m construction depth along Line S1 primarily consists of silty clay, mucky-silty clay, and
sandy soil. Figure 1 shows the detailed stratigraphic profile between Zhanlanzhongxin
station and Xihuanlu station. In this interval, the shield was mainly excavated in the soil
layer of the mucky-silty clay (2)y, which is widely distributed in the east (the top 460 rings)
and characterized by high water content and compressibility coupled with low permeability
and shear strength.

Earth pressure balance machines fabricated by China Railway Construction Heavy
Industry Corporation Limited were used to the tunnel between Zhanlanzhongxin station
and Xihuanlu station. The EPB shields with a total weight of 530 t were 9100 mm long,
with a cutter head diameter of 6860 mm. In addition, the diameter and skin thickness of
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the front, middle, and rear shields were 6810 and 50 mm, 6800 and 40 mm, and 6790 and
40 mm, respectively.
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Figure 1. Geological profile.

The section of the 240th ring of the left line tunnel was set as the monitoring section
LR240 as shown in Figure 1, and the surface settlement and tunnel displacement of the
monitoring section LR240 were monitored during and after the construction.

3. Three-Dimensional Finite Element Analysis Model
3.1. Numerical Model

The size of the model is 120 m in length, 60 m in width, and 40 m in height. From top
to bottom, the soil consists of silty clay 2);, mucky-silty clay @)y, and silty clay ®;. The
thickness of silty clay (2); is 4 m, and the thickness of mucky-silty clay @)y and silty clay
(®1 can vary. The soil element adopted the three-dimensional eight-node linear element
C3D8P with pore pressure, and the number of meshes is 119,200, as shown in Figure 2.

Figure 2. Schematic diagram of stratum grid division.
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This study used the homogeneous circle method to simulate the tunnel, which indi-
cated a homogeneous cylinder was used to simulate the tunnel, and the elastic modulus of
concrete was reduced to equate the weakening effect of the joints and bolts on the stiffness.
The length of the tunnel is 120 m, with a total of 100 rings. The buried depth of the tunnel is
14.7 m, the outer and inner diameters of the tunnel are 6.6 m and 5.9 m, respectively. More-
over, the excavation gap is 0.13 m, and the influence of grouting material was simulated by
a grouting equivalent layer with a thickness of 0.13 m. Moreover, both the tunnel lining and
the grouting equivalent layer adopted the three-dimensional eight-node non-coordinating
linear element C3D8I, and the number of grids is 14,800, as shown in Figure 3.

Figure 3. Schematic diagram of grid division of tunnel and grouting layer.

Both the tunnel excavation process and the long-term consolidation process adopted
fluid-solid coupling analysis steps, and used the “model change” function to realize soil ex-
cavating and lining construction. The disturbance of shield excavation can be simulated by
the stress releasing method and the convergent displacement method. In this paper, the con-
vergent displacement method was used to simulate the shield excavation. The convergent
displacement method was to preset the convergent displacement during excavation, which
can highlight the main contradiction and reflect the disturbance of shield construction.

Due to the existence of soil loss volume, the soil movement mode at the excavation
profile can be simplified as the soil at the excavation profile is converging to the periphery
of the shield. As shown in Figure 4, by assuming that the convergent displacement of the
top of the excavation profile is dmax, the convergent displacement of the bottom is zero,
and the center of the shield periphery is the convergent point of the displacement, the soil
displacement converging mode was obtained. In this case, the excavation diameter of the
shield machine used is 6.86 m, and the diameter of the shield periphery is 6.81 m, which
adopted the diameter of the shield tail. Consequently, the convergence displacement at any
angle can be calculated by Equation (1) proposed by Zhang (2016).

o Smax \/ 2 7T 2
(5_2(R—R0)( R —2R(R — Ro) cos (0 + 2)+(R Ro)* — Ry 1)
where dmax is the convergent displacement of the vault (m); 4 is the convergent displacement
at any polar angle (m); R is the excavation radius of the shield machine (m); Ry is the outer
radius of the shield tail(m); 6 is the polar angle.
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Figure 4. Schematic diagram of the convergent displacement method.

The following methods were used to simulate the shield construction process. First,
the support pressure of the tunnel face in the front was added. Then, the “model change”
function, which can kill the soil corresponding to a ring segment, was used to simulate
the excavation in the front. At the same time, the lining and grouting layer at the rear was
activated, and the grouting pressure to simulate the effect of simultaneous grouting was
applied. Furthermore, the supporting pressure of the tunnel face adopted the active water
and soil pressure corresponding to the depth of the soil layer, and the grouting pressure
adopted a uniform force, as shown in Figure 5. In the soft soil, the tunneling speed of
the shield is relatively slow, which is generally controlled at 40~80 mm/min. Further
considering the segment assembly time, about eight rings are excavated per day. Converted
to continuous excavation in the numerical model, one ring is excavated approximately
every 3 h.

Unit: m 2.4
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Figure 5. Schematic diagram of shield tunnel excavation.

3.2. Material Properties

The modified Cam-clay model was proposed by Roscoe and Burland (1968) at the
University of Cambridge, UK, based on the triaxial test of normally consolidated clay and
weakly overconsolidated clay. This model can consider the hydrostatic yield characteristics,
compressive stiffness, and shear shrinkage of geotechnical materials, which is suitable
for normally consolidated soils or weakly overconsolidated soils, as well as strongly
overconsolidated soils and other viscous soils. Considering that the soft soil involved
in this project is normally consolidated soil, it is appropriate to adopt the modified Cam-
clay model to simulate the stress-strain relationship of the soils.

The main parameters of the modified Cam-clay model can be obtained by the geologi-
cal survey report, and the specific conversion formulas are as follows.

A= Ce

= 15 (INCL) @)
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where A is the slope of the initial isotropic normal consolidation curve INCL in the semi-
logarithmic coordinate system; « is the slope of the initial compression rebound curve in
the semi-logarithmic coordinate system; M is the spatial slope of the critical state line CSL;
C. is the compression factor; C; is the rebound index; ¢’ is the effective internal friction
angle of the soil.
According to the modified Cam-clay model theory, its yield surface can be written as:

M2p'2 12

2 Pz 2= L/Z ®)
g~ +Mp' - po

Furthermore, it can be rewritten as:

_TEMY P
- szl - M2pl p

Po (6)

where p’ and g are the average effective stress and deviator stress, respectively; py’ is the
initial value of p’.

According to the modified Cam-clay model theory, the void ratio ey of the soil in the
consolidated state is:

eozel—/\lnpo’—i-xln’;—o,

= ¢ f)»ln(N?;p, +p’> +Kln(MqT2ﬂ +1)

@)

where e; is the intercept of the normal consolidation curve INCL.

In the ABAQUS/standard, if the soil uses the Gravity type to add gravity load, the
material density should use the dry density of the soil. Therefore, when the saturated
density of soil is known, the dry material density p; is:

€o

The ®)

0d = Psat — Pw
where ps;¢ is the saturated density of the soil; py, is the density of water.
The soil properties of at monitoring section shown in Table 1 were mainly obtained
from triaxial tests and penetration testing, and the corresponding parameters of the modi-
fied Cam-clay model are shown in Table 2:

Table 1. Parameters of the soil layer.

Stratum Psat (g/cm?) o ©) v k (m/s) C. Cs
Silty clay@q 1.72 20 0.35 55x1077 0.245 0.038
Mucky-silty clay @y 1.82 22.3 0.45 6.5x1077  0.299 0.042
Silty clay®1 1.82 26.1 0.3 75x1077  0.286 0.037

Table 2. Parameters of the Cambridge model of the soil layer.

Stratum A K M eq
Silty clay®)1 0.106 0.017 0.772 1.33
Silty silty clay@y 0.13 0.018 0.869 1.63

Silty clay®), 0.124 0.016 1.031 1.49
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The linear elastic constitutive model was used for the tunnel structure and grouting
layer. The segments were made of C50 concrete. While considering the influence of the
joints of the shield tunnel segments, the elastic modulus of C50 concrete needs to be reduced.
Based on the lining loading test of staggered assembling on the ground, the “Standard
Segments for Shield” (1994) formulated by the Japan Road Association stipulated that the
stiffness reduction coefficient # can be taken as 0.6~0.8. In this paper, 7 is taken as 0.8. The
specific parameters are shown in Table 3. In addition, the parameters of the grouting layer
are shown in Table 4.

Table 3. Parameters of the lining.

Material Density (g/cm?®) Elastic Modulus (kPa) Poisson’s Ratio
Lining 25 2.76x107 0.2

Table 4. Parameters of the grouting materials.

Material Density (g/cm?®) Elastic Modulus (GPa) Poisson’s Ratio

grouting layer 1.8 3.5 0.25

3.3. Boundary Conditions

The boundary conditions of the model were composed of geometric boundary condi-
tions and hydraulic boundary conditions. For the geometric boundary condition, the top
surface in this model was a free boundary, and both the bottom and side surfaces were set
with normal constraints. In addition, in order to simulate soil consolidation, reasonable
hydraulic boundary conditions need to be set. In this model, the top surface of the soil
was set as a free drainage boundary, and both the side and bottom surfaces were set as
a constant head boundary. Moreover, the model was given an initial pore pressure field,
which can be calculated by the water pressure. While the water level was set on the ground
surface, and the water pressure at any depth & is y,h.

3.4. Tunnel Seepage Conditions

The shield tunnel is composed of segments assembled, and the quality of assembling
has a great influence on the waterproof performance of the tunnel structure. Concern-
ing “Technical Specifications for Waterproofing of Underground Engineering” (GB50108-
2008) [33], the waterproofing conditions of the tunnel must meet the secondary water-
proofing, which indicates that the average seepage volume of the tunnel is not more than
0.05 L/(m?-d). When the water leakage volume of the tunnel exceeds the above index, the
settlement of the ground and the tunnel will be aggravated. To consider this factor, tunnel
leakage was achieved by directly defining the seepage velocity on the surface or node.
Furthermore, the “Concentrated pore fluid” load was used to simulate the local leakage
of the tunnel, and the “Surface pore fluid” load was used to simulate the full-peripheral
penetration of the tunnel.

4. Comparing Simulating Results with Monitoring Results

The section of the 240th ring of the left line tunnel was set as the monitoring section
LR240. To verify the reliability of the numerical model, the model calculation results were
compared with the field monitoring results. Table 5 showed the parameters required
for numerical model calculation, which was consistent with the construction parameters
corresponding to the on-site monitoring section LR240. Considering the large disturbance
during the construction process, the leakage conditions of the tunnel adopted the four-level
standard, which indicated that the average seepage volume of the entire tunnel project was
2L/(m2-d).
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Table 5. Parameters for simulating.
Thickness of Grouting Grouting Average
Weak c1ys Seepage
Items . Pressure, pg Filling Rate,
Underlying (kPa) GFR (%) Volume
Layer, Hg (m) ? vs (L/(m?-d))
Values 2 280 150 2

During tunnel construction, the ground settlement and tunnel deviation of the monitor-
ing section LR240 were recorded and compared with the simulated results in Figures 5 and 6.
To distinguish between short-term and long-term settlement, the short-term settlement men-
tioned in this paper refers to the settlement that occurs during the period directly affected by
the shield construction steps, including cutter head excavation, shield body passage, lining
construction, and grouting. The long-term settlement refers to the settlement that occurs
during the consolidation period of soil and slurry after all construction steps are completed.
Thus, the 240th ring segment lining that was assembled corresponds to the sixth day in the
model. In addition, the first 12 days were defined as the construction phase, in which the
consolidation function was not turned on in the model; 13 to 90 days were defined as the
consolidation phase, in which the consolidation function was turned on in the model.

g 0- |

g m«——Soil and grouting begin to consolidate

£ |

g .54 short-term displacement

§ : long-term displacement

T(%‘ u —u— field observations

S -10- 1

Q |
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Figure 6. Simulated and monitored surface displacement time-history curves.

As the filed observations show in Figure 6, there was a settlement in the ground
surface, which was basically within 5 mm, before the segment lining was assembled. This
part of the settlement is mainly due to volume loss in front of the excavation front and
around the shield periphery. After the segments were assembled, the surface began to bulge
and reached the maximum bulge value of 5 mm after three days, which was caused by the
rebound effect of unloading soil and grouting material. Furthermore, the results indicated
that the grouting material and disturbed soil around the segment began to consolidate and
coagulate after three days. As a result, the consolidated settlement occurred. Although the
secondary grouting will cause a rebound of the formation, consolidation settlement will
continue to occur subsequently. Compared with the simulation results, it can be found that
the time-history law of the simulation results and the monitoring results were consistent,
which can be summarized as follows: before the segment was assembled, the stratum
subsided, and after assembling, the stratum first uplifted and then subsided. However,
there were some differences between numerical simulation and field monitoring data in
short-term settlement and long-term settlement. First, the simulated subsidence when the
shield tail passes was larger than the monitored value. This is mainly because the shield
often excavates in the soft soil with the head loaded and the tail raised, which is due to
the heavy cutter head and the low strength of the subsoil, and the raised tail will lift the
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ground uplift. However, this effect was not considered in the numerical simulation. In
addition, the monitored consolidation occurred about three days after the shield tail passed,
which was related to the coagulation time of the grouting. However, in the numerical
simulation, the time for consolidation to occur was artificially set (six days after the shield
tail passes through), and the grouting material hardening was not considered. The reason
the simulated consolidation time was longer than that in the field is to fully present the
whole process of settlement during construction. Moreover, the consolidation settlement
in the field was larger than the simulation. This can be explained by the fact that the
sub-consolidation settlement and the consolidation and cementation effects of grout were
not considered in the numerical model, which are also main components of long-term
surface settlement.

After the segments were assembled, the deviation of the tunnel was monitored for
three days, as shown in Figure 7. The results showed that the segment was in a continuous
floating stage within three days after the segment was assembled, and the maximum
floating amount reached 28 mm, which is consistent with the development of the simulation
results. It should be noted that the floating amount of the segment in the field was larger
than the simulated value. This was mainly related to the state of the grouting material
around the segment. The longer the time and length of the segment lining in the liquid
grouting material are, the greater the floating amount of the segment. The results indicated
that the segment at the monitoring section was affected by the grouting material for about
three days, which is longer than the assumed time and length of the grouting acted on the
segment lining in the numerical model.

30
[ ]
short-term displacement
254 .
long-term displacement
n —n— field observations

[\
(e}
|

[
[w)
|

Surface displacement/mm
W O

0

—1T T "~ T T "~ T T "~ T "~ T "~ T "~ T T "~ T "~ T "~ T°
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90
Time/day

Figure 7. Simulated and monitored segment displacement time-history curves.

The horizontal settlement trough of the ground surface after the shield machine passed
completely during the construction period was compared with the field observation. As
shown in Figure 8, the simulated surface settlement trough presented a standard bell-
shaped curve, with a maximum settlement of —10.98 mm directly above the tunnel axis.
The simulated results were consistent with the value and distribution of the monitored
surface settlement trough. However, the monitored surface settlement trough had a certain
asymmetry, which was different from the simulation results. The possible reason is that
the shield machine has a large horizontal axis deviation during the tunneling process, and
the numerical model established in this paper does not consider the deviation of the shield
machine from the tunnel axis.
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Figure 8. Simulated and monitored surface subsidence trough.

5. Sensitivity Analysis

Shield construction in the soft soil layer will cause short-term and long-term settlement
of the ground surface and tunnel. For the long-term settlement of surface and lining, it is
difficult to analyze theoretically because it is affected by many factors, such as the thickness
of soft soil under the tunnel and tunnel leakage. In addition, due to the high time cost
of on-site monitoring methods, the field study of long-term settlement prediction is not
suitable. In contrast, a sophisticated numerical model considering a variety of influencing
factors can simulate the long-term settlement through fluid-solid coupling, which can
greatly reduce the time and cost of field monitoring.

Based on the established model, this paper systematically analyzed the effects of
grouting pressure, grouting filling rate, the thickness of soft soil under the tunnel, and
tunnel leakage on the short-term and long-term settlement of the surface and tunnel. The
parameters and values of the sensitivity analysis are shown in Table 6.

Table 6. Parameters for sensitivity analysis.

Items Values
Grouting pressure, pg (kpa) 280 (240; 260; 280; 300)
Grouting filling rate, GFR (%) 200 (100; 150; 200; 250; 300)
Thickness of underlying soft soil, Hs (m) 8 (6; 8;10;12)
Average seepage volume, vs (L/ (m2-d)) 2 (0.05;0.5; 2; 3)

Note: the values outside the brackets are the basic values of the corresponding items for sensitivity analysis of
other parameters, and the values in the brackets are the variables of the corresponding items for themselves
sensitivity analysis.

5.1. Grouting Pressure

The vertical displacements of the surface above the tunnel axis and tunnel top at
y = 60 m in the model were selected to monitor, and the developments of the displacements
of the surface and tunnel within 90 days under different grouting pressures were obtained,
as shown in Figure 9.
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Figure 9. Displacement of surface and tunnel under different grouting pressure. (a) Development of
surface displacement with time; (b) Development of segment displacement with time.

The results showed that the surface displacement during the construction period and
consolidation period were less affected by the grouting pressure applied during construc-
tion as shown in Figure 9a. Compared with the surface settlement, the displacement of the
tunnel top was slightly affected by the grouting pressure, especially the settlement during
the construction period. As shown in Figure 9b, the floating amount of the tunnel increased
with the grouting pressure increasing, while the settlement during the consolidation pe-
riod was basically the same, which led to a positive correlation between the cumulative
settlement of the tunnel and its settlement during the construction period.

5.2. Grouting Filling Rate

The vertical displacements of the surface above the tunnel axis and tunnel reach the
top at y = 60 m within 90 days under different grouting filling rates were obtained, as
shown in Figure 10. The grouting filling rate had a significant impact on the settlement of
ground and tunnel during construction and consolidation, especially for the construction
period. As shown in Figure 10a, the surface settlement decreased while the grouting filling
rate increased, which was mainly because the ground loss caused by the excavation during
construction decreased significantly with the high grouting filling rate. In addition, the
greater buoyancy of the tunnel induced by the high grouting rate also reduced part of
the ground settlement, as shown in Figure 10b. For the time for deformation stability of
stratum and tunnel, there was no significant difference with different grouting filling rates,
which indicated that the consolidation time mainly depended on the soil surrounding the
shield and was less affected by the grouting filling rate.

20
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Figure 10. Displacement of surface and tunnel under different grouting filling rate. (a) Development
of surface displacement with time; (b) Development of segment displacement with time.

5.3. Thickness of Underlying Soft Soil

Super soft soil such as mucky-silty clay has a significant impact on the short-term and
long-term settlement of the ground and the tunnel. This section presents the settlement of
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the ground and tunnel with different thicknesses of soft soil under the tunnel as shown in
Figure 11, and the results indicated that the thickness of the underlying soft soil layer had a
significant effect on the displacement of the ground and the tunnel.
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Figure 11. Displacement of surface and tunnel under the different thickness of the soft underlying
layer. (a) Development of surface displacement with time; (b) Development of segment displacement
with time.

As shown in Figure 11a, the surface displacement during the construction period
decreased with the thickness of the underlying soft soil increasing. However, there was
no obvious difference in the consolidation settlement corresponding to the thickness of
the underlying layer during the consolidation period. The results indicated that the con-
solidation area of the soft soil around the tunnel with different thicknesses was relatively
close when the tunnel seepage water conditions were the same. Compared with the ground
displacement, the tunnel exhibited obvious uplift during the construction period. As
shown in Figure 11b, the amount of uplift increased with the increase of the thickness of the
underlying soft soil layer, which was consistent with the surface deformation during the
construction period, while in the consolidation stage, there was no significant difference
in tunnel settlement (about 3 mm) and consolidation time (about 60 days) under different
underlying layer thicknesses. Consequently, it can be inferred that the deep underlying
soft layer does not increase the consolidation settlement of the stratum and tunnel under
the conditions of tunnel Grade 4 waterproofing in theory, but will cause significant ground
uplift and tunnel floating during construction, which played a major role in the cumulative
deformation of the ground and the tunnel.

5.4. Tunnel Leakage

The long-term settlement of the soft soil and the embedded tunnel is significantly
affected by the seepage conditions of the lining. According to the “Technical Specification
for Waterproofing of Underground Engineering” (GB50108-2008), the first-level standard
for tunnel waterproofing is that no water seepage is allowed, the second-level standard
is that the average seepage volume of the tunnel is not more than 0.05 L/(m?-d), and
the fourth-level standard is the average seepage of the tunnel, which is no more than
2 L/(m?-d). For urban subways tunnels, the waterproof requirement is the second-level
standard. However, due to the poor posture control of the shield machine and the poor
quality of the segment assembled during the construction period, the shield tunnel may
experience greater water leakage, which will aggravate the long-term settlement of the
ground and the tunnel. This section divided the leakage of the tunnel into full-peripheral
seepage and partial seepage and discussed the influence of tunnel seepage conditions on
the long-term deformation of the ground and the tunnel.

Figure 12 shows the surface and tunnel settlements during the consolidation period
under different tunnel seepage volumes, as shown in Table 6 in the full-peripheral seepage
condition. The results indicated that the tunnel seepage volume had a significant impact
on the long-term displacement of the surface and tunnel. When the waterproof level
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of the tunnel reaches Grade II or above, the surface and the tunnel will not undergo
consolidation settlement, on the contrary, a slight uplift will occur. This can be explained as
follows: the soil around the tunnel cannot undergo consolidation settlement in the case
of small tunnel leakage, because the tunnel seepage volume was too small to form an
effective seepage path to change the pore water pressure and effective stress state of the
soil around the tunnel. In this case, the displacement of the stratum and the tunnel was
mainly controlled by the unloading rebound of the soil. In addition, from the perspective
of the duration of consolidation, the time required for stabilizing increased with the tunnel
leakage volume increasing, and the consolidation time for the maximum seepage volume
was nearly 60 days.
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Figure 12. Displacement of surface and tunnel under different tunnel seepage volume. (a) Develop-
ment of surface displacement with time; (b) Development of segment displacement with time.

In practice, local leakage is often more likely to occur than full-peripheral seepage.
According to the requirements of “Technical Specification for Waterproofing of Under-
ground Engineering” (GB50108-2008), the water leakage of a single leaking point is not
more than 2.5 L/d. Figure 13 showed the settlement of the stratum and the tunnel at
different seepage positions. As shown in Figure 13a, the surface consolidation settlement
caused by the tunnel top leakage was the largest, and the surface settlement caused by the
tunnel bottom leakage was the smallest. However, the tunnel consolidation settlement was
the opposite of ground settlement. As shown in Figure 13b, the tunnel settlement caused
by the tunnel bottom leakage was the largest, and the tunnel settlement caused by the
tunnel top leakage was the smallest. A possible reason was the redistributed pore water
pressure and effective stress caused by different tunnel seepage points were different. For
the conditions of tunnel top leakage, the stress redistribution area of the soil was above the
tunnel, where the largest consolidation settlement of the ground occurred. Therefore, in this
case, the surface settlement was the largest. For the condition of the tunnel bottom leakage,
the stress redistribution area of the soil was mainly under the tunnel, which led to a larger
consolidation settlement of the soil under the tunnel and induced a greater displacement of
the tunnel. However, due to the transfer of the soil consolidation area, the consolidation
settlement of the soil above the tunnel and the resulting surface settlement was significantly
reduced. For the leakage of the sidewall of the tunnel, the consolidation settlements of
the ground surface and tunnel were between those that occurred in the condition of the
leakage condition of the tunnel top and bottom.

Based on the above analysis, when the tunnel reached Grade II waterproofing and
above, the long-term settlement of the ground and the tunnel basically did not occur. How-
ever, once the Grade II waterproof requirement was not met, the consolidation settlement
of the ground and tunnel will occur. In addition, the impact of local leakage in the tunnel
on the long-term settlement of the ground and tunnel was significant. Especially for tun-
nels, the bottom leakage will aggravate the long-term settlement of the tunnel and cause
significant uneven settlement, which is very detrimental to the operation of the tunnel.
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Figure 13. Displacement of surface and tunnel under different seepage points. (a) Development of
surface displacement with time; (b) Development of segment displacement with time.

6. Conclusions and Discussions

To evaluate the short-term and long-term displacement of the soft soil and tunnels
when constructing a metro in soft soil, this paper presented a three-dimensional numerical
model based on the project of Suzhou rail transit line S1. The modified Cam-clay model
was used to simulate the strain-softening effect of soft soil. Moreover, the proposed model
can consider the grouting parameters and the water leakage of the assembled segment
lining, which have a great impact on the settlement of soft soil and tunnel during and
after construction. In addition, the simulation results of the project of Suzhou rail transit
line S1 were compared with the field observations, and the sensitivity of key parameters
was carried out by the established numerical model. The results showed that the grouting
volume, the thicknesses of soft soil under the tunnel, and the tunnel leakage conditions
have a significant impact on the stratum and tunnel settlement. Notably, the tunnel leakage
conditions have the greatest impact on the long-term consolidation settlement. Moreover,
when the tunnel meets the secondary waterproof requirements, the increase of the thick-
nesses of soft soil under the tunnel basically does not increase the long-term settlement of
the stratum and the tunnel but increases the corresponding short-term settlement.

Compared with previous studies, this paper obtained the entire history of surface
and tunnel displacement by linking construction period factors and long-term settlement.
The obtained results can be used to guide the construction of similar projects. However,
the proposed three-dimensional model has some shortcomings, such as the inability to
consider the consolidation and cementation of the grouting material, the sub-consolidation
settlement of subsoil, and the attitude of the shield machine, which also have significant
effects on the short-term and long-term settlement of tunnels and formations. Thus, related
research needs to be further studied in the future.
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