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Abstract

Shield tunneling often gives rise to excessive long-term horizontal displacement in consolidating soft ground, posing risks to the safety
of adjacent structures. This study investigates the characteristics of long-term horizontal displacement induced by shield tunneling in
consolidating soft ground, with the aim of providing practical guidance for optimizing ground treatment strategies. Firstly, a three-
dimensional numerical model, validated by a case history in Shanghai, is employed to analyze the horizontal displacement of the soft
ground. Comparisons are conducted between the horizontal displacements in normally-consolidated and consolidating cases. Subse-
quently, the influence of the consolidating state on the horizontal displacement is investigated by numerical analyses. The simulation
results indicate that the short-term horizontal displacements follow a similar trend and comparable magnitude in both normally-
consolidated and consolidating soft soil. However, the long-term horizontal displacements display a quite different pattern. The maxi-
mum discrepancy between normally-consolidated and consolidating cases is observed at the ground surface, where the long-term hori-
zontal displacements of the two cases orient toward entirely opposite directions. The discrepancy at the ground surface increases as the
degree of consolidation or the tunnel depth decreases, while it is relatively insensitive to the thickness of the newly filled layer. Finally, an
empirical estimation method is proposed to predict the long-term horizontal displacement at the ground surface for shield tunneling in
consolidating soft ground.
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1 Introduction from the newly filled layer (Karakouzian et al., 2003; Salem

& El-Sherbiny, 2014; Sun et al., 2015). Due to rapid urban-

Over the past decades, land reclamation projects have
been extensively implemented in the coastal cities of China
to meet the escalating land demands (Yan et al., 2023). As
a result of the low permeability and large thickness of the
soft soil buried underground, the underlying layer often
remains in a consolidating state when subjected to the load
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ization, more and more shield tunnels have been or are to
be built in reclaimed land of coastal cities despite the poor
engineering properties of the consolidating soft soil
(Kwong et al., 2019; Schwob et al., 2019; Song et al., 2024).

Due to the lower stiffness and strength of consolidating
soft soil, construction directly in reclaimed areas often
leads to significant horizontal displacement, which threat-
ens the safety of adjacent structures (Whittle & Davies
2006; Chai et al., 2021). Thus, ground treatments are often
implemented beforehand to control the large deformation
in consolidating soft ground (Wang et al., 2019; Zhang
et al., 2023). In practical applications, however, it is unclear
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Nomenclature

a x-coordinate corresponding to H. = H.max

b x-coordinate corresponding to AH, = AH ax
¢’ Effective cohesion

D Diameter of the tunnel

E Young’s modulus

EPWP Excess pore-water pressure

d Secant stiffness corresponding to 0.15 % axial
strain in drained triaxial test

E,  Reference tangent stiffness for oedometer test

E! Reference unloading-reloading stiffness

ESf Reference secant stiffness in triaxial test

E,;»  Compression modulus

e Void ratio

e Reference initial shear modulus

g Gap parameter

H, Consolidation horizontal displacement induced
by tunneling

H.n.x Maximum consolidation horizontal displace-
ment induced by tunneling

Hy, Long-term horizontal displacement at the
ground surface

H Short-term horizontal displacement at the
ground surface induced by tunneling

AH.  Residual consolidation horizontal displacement

caused by consolidating state

AH .x Maximum residual consolidation horizontal dis-

placement
i Shape parameter
k Coefficient of permeability
ky Vertical coeflicient of permeability
kn Horizontal coefficient of permeability
L Thickness of newly filled layer
L. Tunnel axis depth below the water table
m Exponent

Npemax Nondimensional parameter for consolidation
horizontal displacement

R¢ Failure ratio
Uy Initial average degree of consolidation
149 Volume loss ratio
v Poisson’s ratio
Uur Poisson’s ratio for unloading-reloading
w Water content
Tunnel axis depth
Y Unit weight
Pw Unit weight of water
V0.7 Shear strain at which G = 0.772G,
Q' Effective friction angle

which specific zone of the soft soil requires improvement
and what degree of reinforcement needs to be achieved.
Therefore, to develop a rational ground treatment strategy,
it is essential to gain a profound understanding of the
deformation characteristics and to establish a prediction
method for horizontal displacement induced by shield
tunneling.

Ground deformation induced by shield tunneling can be
categorized into two parts: short-term deformation and
long-term deformation. Short-term deformation, induced
by stress relief and volume loss during tunneling, has been
extensively investigated. To date, analytical methods
(Sagaseta, 1987, Loganathan & Poulos, 1998; Dalong
et al., 2020), empirical methods (Peck, 1969; O’Reilly &
New, 1982; Mair et al., 1993), and numerical methods
(Lambrughi et al., 2012; Kavvadas et al., 2017) provide
accurate predictions for the short-term deformation, which
is often carefully monitored and controlled during tunnel-
ing. On the contrary, excessive long-term deformation is
observed within soft soil, posing potential risks to the
safety of the metro system (Shen et al., 2014; Di et al.,
2020; Tian et al., 2022). Unlike the short-term response,
the mechanism of long-term deformation is relatively com-
plex, as it is influenced by various factors such as shield
driving parameters, hydro-mechanical characteristics of
surrounding soil, and hydraulic boundary conditions.

In recent years, a number of studies have been con-
ducted on the subject of long-term deformation induced
by shield tunneling (Wongsaroj et al., 2011; Cao et al.,
2014; Soga et al., 2017; Zhang et al., 2021; Shen et al.,
2023; Wang et al., 2024). Currently, the numerical method
has gained popularity in simulating the long-term response
to shield tunneling, due to its capability in modeling the
complex construction sequences and the coupled hydro-
mechanical behavior of the soil. Ochmanski et al. (2020)
proposed a three-dimensional finite element model to
investigate the surface vertical deformation during and
after shield tunneling. They found that the post-
construction deformation, resulting from excess pore-
water pressure dissipation, equals or exceeds the short-
term deformation observed during shield tunneling.
Wongsaroj et al. (2013) carried out a number of numerical
simulations considering various soil permeabilities and lin-
ing seepage coefficients, and developed an estimation
method for predicting the consolidation deformation
induced by tunneling using normalized charts. On the basis
of the work of Wongsaroj, Laver et al. (2017) incorporated
a more realistic water flow pattern and developed an empir-
ical method for predicting the distribution of
consolidation-induced vertical and horizontal displace-
ments. In addition, the impacts of water leakage (Zhang
et al., 2015; Gong et al., 2022), fluctuation in groundwater
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table (Yoo, 2016; Shivaei et al., 2020), and soil constitutive
model (Wang et al., 2012; Jallow et al., 2019) on long-term
deformation have also been extensively studied.

In general, the existing studies primarily focused on sce-
narios in normally-consolidated soft ground, and very little
research has been conducted on tunneling in consolidating
scenarios (Zhang et al., 2024). In such ground conditions,
shield tunneling induces a more intricate pattern of long-
term deformation due to the combined effects of volume
loss and self-weight consolidation. It is indicated that the
current prediction methods, established for normally-
consolidated soft ground, are not suitable for consolidating
scenarios. Therefore, the influence of consolidating state on
the long-term settlement has been investigated, and an
empirical model has been proposed to predict the
tunneling-induced long-term settlement at the ground sur-
face in a consolidating scenario (Wang et al., 2024). The
results showed that the short-term settlements are similar
in normally-consolidated and consolidating scenarios,
whereas the long-term settlement is significantly larger in
consolidating soft ground. However, another fundamental
deformation index, horizontal displacement, remains unex-
plored in the consolidating scenario.

By extending the authors’ previous research, this study
further investigates the characteristics of long-term hori-
zontal displacement for shield tunneling in consolidating
soft ground and establishes an empirical method for pre-
dicting the long-term horizontal displacement at the
ground surface. Specifically, a three-dimensional numerical
model is developed and validated using field measured data
from a case history in Shanghai. Subsequently, to better
understand the influence of consolidating state on the
long-term horizontal displacement, a simplified model
based on the validated model is established. A series of
numerical simulations is conducted, and comparisons are
made between consolidating and normally-consolidated
cases. Moreover, influences of other factors such as the ini-
tial degree of consolidation, tunnel axis depth, and thick-
ness of newly filled layer are analyzed and discussed.
Finally, an empirical method is proposed to predict the

long-term horizontal displacement at the ground surface
for shield tunneling in consolidating soft ground.

2 Three-dimensional numerical simulation
2.1 Description of the model

2.1.1 General description

A three-dimensional numerical model is developed to
investigate the characteristics of tunneling-induced defor-
mation in consolidating soft ground. The model geometry
of shield tunneling is depicted in Fig. 1. For three-
dimensional excavation simulation, the dimensions of the
model are determined as follows: 6z for the domain half-
width, 6z, for the domain length, and z, + 4D for the
domain height. Here, z, represents the tunnel axis depth
below the ground surface, and D denotes the tunnel diam-
eter. After the excavation process, a slice is extracted along
the monitoring section to serve as the equivalent two-
dimensional model for simulating the long-term response
(Wongsaroj et al., 2013). As for boundary conditions, no
displacement restrictions are applied to the top plane, while
the displacements of the bottom boundary are fixed. All
lateral boundaries are specified with roller supports. Fur-
thermore, both the bottom and lateral boundaries are con-
sidered to be impermeable. The monitoring section is
positioned at Y = 2z,.

To accurately capture the nonlinear stress—strain rela-
tionship and the small-strain stiffness, the hardening soil
model with small-strain stiffness (HSS) (Benz, 2007) is
employed, which has been widely adopted for excavation
simulations. In order to specifically investigate the effects
of consolidating state on ground deformation, the creep
behavior of soil is not considered. The shield, lining, and
grout are modeled as solid elements with a linear elastic
constitutive model. It is noted that the lining is modeled
by a continuous element without any joints, with its mod-
ulus set to 0.75 times that of an individual lining segment to
account for joint presence (Lee & Ge, 2001). Table 1 sum-
marizes the material properties of the tunnel and grout.

(b)

Fig. 1. Model geometry of shield tunnel (half of the model is shown). (a) Excavation simulation, and (b) long-term response.
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Table 1

Material properties of tunnel and grout.

Modeling part 7 (kN/m?®) E (GPa) v
Shield 78.5 200.0 0.2
Lining 25.0 259 0.2
Hardened grout 24.0 0.4 0.25

Note: y is the unit weight; E is the Young’s modulus; v is the Poisson’s
ratio.

2.1.2 Numerical simulation process

First, a 3D numerical model incorporating tunnel geom-
etry is developed. Prior to the excavation simulation, con-
stitutive model parameters are assigned to each soil layer.
The initial consolidating state is achieved through the fol-
lowing procedure:

(1) The geostatic stress state of the original strata (ex-
cluding surface fill layers) is established through equi-
librium analysis.

(2) The surface fill layer is subsequently activated, and a
coupled hydro-mechanical analysis is performed until
the target average consolidation degree (Up) is
reached. U, is defined as s; /s,cx100%, where s; repre-
sents current settlement at time ¢, and s., represents
ultimate settlement under complete consolidation.

(3) The ground deformation is reset to zero while pre-
serving all other state variables.

The construction sequence is simulated through step-by-
step excavation, with each excavation length equal to that
of a lining segment (Kavvadas et al., 2017). Each excava-
tion step consists of: (1) removing soil ahead of the tunnel
face while simultaneously activating support elements (i.e.,
shield and lining); (2) achieving mechanical equilibrium;
and (3) performing a coupled hydro-mechanical analysis
corresponding to an excavation step duration. Previous
numerical studies indicate that the pore-water pressure
and stress distributions at the monitoring cross-section sta-
bilize once the shield tail has advanced beyond a distance
equivalent to 4D from the cross-section. Thereafter, the

Hardened | Grout pressure|

B e s

 Shell friction -~ - -

Face pressure

cross-section can be extracted as an equivalent two-
dimensional model for long-term consolidation simulation
(Wongsaroj et al., 2013). The groundwater table is assumed
to remain constant throughout the tunneling and subse-
quent consolidation phases.

The schematic of shield tunneling simulation is depicted
in Fig. 2. The conical geometry of the shield is simplified as
a cylindrical form in the numerical model. Overexcavation
is simulated by a thin layer around the shield, with a low
elastic modulus assigned to it (Comodromos et al., 2014).
During excavation, the surrounding soil gradually intrudes
into the thin layer until it touches the shield surface. The
numerical procedure is programmed to attach the outer
node (i.e., Node 1) to the corresponding inner node (i.e.,
Node 2) once the deformation of the outer node exceeds
the thickness of the thin layer. Consequently, the shield
provides normal support to the surrounding soil, allowing
sliding while preventing penetration.

Table 2 presents the key construction parameters of
shield tunneling. The face pressure at the tunnel axis is
designed to match the horizontal earth stress and varies
with depth due to the density of soil slurry. The cutter tor-
que is applied to excavation face by shear stress, with the
face assumed as an impermeable boundary. During shield
tunneling, the shield-soil interface is always in a sliding
state. The Coulomb friction law is implemented at the
shield-soil interface to simulate the sliding behavior
(Zheng et al., 2015). It is noted that the shell friction forces
are distributed to the nodes of the surrounding soil through
FISH program in FLAC3D. The shear stiffness k; is set to
zero, and the normal stiffness k&, is set to:

+4G/3}

k, = 10 x max {K (1)

where K represents the bulk modulus, G denotes the shear
modulus, and Az, corresponds to the minimum zone
width in the normal direction.

The grouting pressure is considered to be uniformly dis-
tributed, exerting on the surrounding soil ranging from st
to 7th ring behind the shield tail. Furthermore, a corre-
sponding force exerted by hydraulic jacks is applied to

Node 1
Node

—

-1:-—" Thin layer
*=  Interface —»
Shield >

Fig. 2. Schematic of shield tunneling simulation.
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Table 2
Key construction parameters used in the numerical model.

Face support Cutter torque

Shell friction coefficient Grouting pressure

oyt 94z = zo) 446 kKN-m

0.25 1.20.

Note: o, is the horizontal earth pressure at the tunnel axis; y; is the unit weight of soil slurry; o is the vertical earth pressure at the

tunnel crown.

achieve equilibrium within the comprehensive force system.
The force exerted by jacks is modeled as a uniformly dis-
tributed pressure acting on the lining (Song et al., 2023).
The total jack force equals the sum of the shell friction
force and the face pressure.

2.2 Verification of the numerical model

In this section, the proposed numerical model is verified
by a case history of Metro Line 2 in Shanghai (Lee et al.,
1999). The shield has a diameter of 6.34 m and a length
of 6.0 m. The outer diameter of the tunnel is 6.2 m. The
length and thickness of each lining are 1 m and 0.35 m,
respectively. The average tunneling advancement rate is
about 12 m per day. Figure 3 presents the site layout plan
of the project. The up-running tunnel is constructed first,
and upon its completion, the down-running tunnel excava-
tion begins. The monitoring section (S2) is located at the
crossroad of Nanjing Road and Chengdu Road.

Figure 4 depicts the cross-sectional profile of the case
study. Table 3 summarizes the general properties of each
stratum, as determined through site investigations (Lee
et al.,, 1999) and supplemented by relevant literature
(Zhang & Huang, 2014). The tunnel axial depth is about
15 m, and the tunnel is located between a mucky clay layer
and a silty clay layer. In the numerical model, a uniform
distribution of lining leakage is employed. The permeabil-
ity coefficient of the lining is set to be 1/100 that of the sur-
rounding soil (Zhang et al., 2015; Song et al., 2023).

The in situ pore-water pressure is plotted in Fig. 5(a),
with the groundwater level about 1.5 m below the ground
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Fig. 3. Schematic site layout plan at section S2.
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Fig. 4. Soil profile and instrumentation layout (section S2).

surface. It is found that the measured pore-water pressure
exceeds the hydrostatic pressure, indicating that the ground
is in the consolidating state to a certain extent. Figure 5(b)
depicts the excess pore-water pressure (EPWP) of the
ground. Considering the relatively high permeability coeffi-
cient of layer 5-2, the EPWP within and below this layer is
assumed to be zero. It is found that the EPWP approxi-
mately follows a parabolic distribution from layer 1 to
layer 5-1. Consequently, the parabolic EPWP is incorpo-
rated into the initial state of the consolidating soft ground
in the simulation. The soil parameters, as presented in
Table 4, are derived from the relevant study by Gu et al.
(2021).

The field data of the monitoring line, positioned 1D
away from the tunnel centerline, are employed to verify
the accuracy of the numerical model. Figure 6 compares
the computed and measured transverse horizontal displace-
ment along the depth. It is noted that the recording time
starts once the advancing shield face reaches a distance of
3D before the monitoring section, and S, = 1D denotes that
the shield tail has passed the monitoring section by 1D. It is
observed that the trends of computed results are in good
agreement with field measurements. Therefore, the numer-
ical model is acceptable for the subsequent analyses on
short-term and long-term horizontal displacements.
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Table 3
General properties of soil strata.
Soil layer Depth y e Eq» kn ky

(m) (kN/m?) (MPa) (cm/s) (cm/s)

1&2 0-2.9 18.7 0.97 1.96 2.09 x 107° 3.27 x 1077
3 2.9-9.5 18.0 1.13 1.54 6.72 x 107° 2.66 x 1077
4 9.5-16.0 17.0 1.44 0.85 1.05 x 107° 1.82 x 1077
5-1 16.0-21.5 18.3 1.01 2.17 3.60 x 107° 3.00 x 1077
52 21.5-26.8 18.3 0.98 2.70 2.11 x 107 247 x 107°
6 26.8-30.2 19.9 0.70 4.00 3.60 x 107° 3.00 x 1077
7 30.2-37.1 20.1 0.64 6.67 5.00 x 1073 -

Note: e is the void ratio; Eg;_; is the compression modulus; &y, is the horizontal coefficient of permeability; k, is the vertical coefficient of permeability.

(@ 0 (b) O
L Layer 1&2 . Layer 1&2
5 [ Hydrostatic 5 N RN <
- e Insitu i R
[ Layer 3 — — -Simulated Layer 3 \ e
*\
~10F ~10F v
Gl Bl ,
% t Layer 4 % Layer 4 /I
AIst N5t o e
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20 20 [~ e Insitu
[ Layer 5-2 [ Layer 5-2
25 M 1 M 1 M 1 M 25 M 1 M 1 M 1 M 1 M
0 50 100 150 200 0 2 4 6 8 10

Pore-water pressure (kPa)

Excess pore-water pressure (kPa)

Fig. 5. Summary of the in situ conditions. (a) Pore-water pressure, and (b) excess pore-water pressure.

Table 4
Parameters for soil constitutive model.
Parameter Soil layer

1&2 4 5-1 5-2 6 7
¢ Effective cohesion (kPa) 5.3 7.5 10.7 5.9 5.5 0 0
o’ Effective friction angle (°) 31.0 28.1 24.0 30.2 30.8 38.3 37.1
EY Reference secant stiffness in triaxial test (MPa) 2.00 1.57 0.87 2.21 2.75 4.08 6.80
Erfy Reference tangent stiffness for oedometer test (MPa) 1.59 1.25 0.69 1.76 2.19 3.24 5.40
ES Reference unloading-reloading stiffness (MPa) 15.47 13.71 10.81 16.35 18.58 24.04 35.25
Gyt Reference initial shear modulus (MPa) 44.0 37.2 28.3 40.1 443 63.2 62.5
Y0.7 Shear strain at witch G = 0.772G, (10’4) 3.2 32 32 3.2 32 3.2 39
m Exponent 0.65 0.65 0.65 0.65 0.65 0.65 0.70
Ry Failure ratio 0.95 0.83 0.55 0.94 0.95 0.95 0.95
Vur Poisson’s ratio of unloading-reloading 0.20 0.20 0.20 0.20 0.20 0.20 0.20

3 Characteristics of long-term horizontal displacement

3.1 Simplified numerical model

According to the case history presented in Section 2.2
and incorporating typical tunnel geometry in practice, a
hypothetical shield tunneling is modeled to investigate the

influence of the consolidating state on the horizontal dis-
placement of the surrounding soil. The diameter of the tun-
nel is taken as 6 m. The length of the shield and the width
of a segment lining are 9 m and 1.5 m, respectively. An

overexcavation layer of 2 cm thickness is considered in
the model. The stratum, plotted in Fig. 7, is simplified into
three layers (i.e., newly filled layer, soft clay, and bedrock).
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(a) Horizontal displacement (mm)
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Fig. 6. Comparison between computed and measured horizontal displacements. (a) S; = 1D, and (b) three months later.
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Fig. 7. Simplified stratum and tunnel geometry in consolidating soft
ground.

The numerical simulation process and parameters in this
section are consistent with the aforementioned model in
Section 2.1, unless otherwise specified. To simulate the
behavior of the soft clay layer, the HSS constitutive model
is employed in this section. Furthermore, to save computa-
tion time, the Mohr-Coulomb constitutive model is
employed for the bedrock layer and newly filled layer.
The soil parameters for each soil layer are listed in Table 5.

Table 5
Soil parameters for each soil layer.
Parameter Soil layer
Newly filled layer Soft clay Bedrock
(MCQC) (HSS) (MC)
7 (kN/m?) 18.2 16.8 21.0
¢ (kPa) 6.13 10.6 32.7
o (°) 29.9 24 30
E (MPa) 3.81 - 5200
EX (MPa) - 2.02 -
Ef (MPa) - 1.92 -
E (MPa) - 13.9 -
G (MPa) - 28.3 -
707 (107 - 3.2 -
m - 0.65 -
R¢ - 0.55 -
Vyr - 0.2 -
v 0.35 - 0.22
k (cm/s) - 2% 1077 -

Note: k is the coefficient of permeability.

It is noted that the parameters for soft clay are adopted
from the properties of mucky clay as reported by Gu
et al. (2021). It is assumed that the permeability of the soft
clay is isotropic and the bedrock layer is impermeable. A
drainage boundary is set at the top of the soft clay layer
to facilitate consolidation, which is assumed to be constant
during the excavation and throughout the subsequent
consolidation process. Given that this study focuses on
the effect of the consolidating state of the soft ground,
the lining segments are considered impermeable.

In this section, short-term deformation refers to the
result measured when the tail of the shield has passed the
monitoring section by 4D. Long-term deformation is
derived from the coupled hydro-mechanical analysis until
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excess pore-water pressure fully dissipates. The consolida-
tion deformation is defined as the incremental deformation
taking place after short-term deformation.

3.2 Modeling cases

This section presents numerical simulations of tunneling
in both normally-consolidated (referred to as “Normal”
case) and consolidating (referred to as “Under” case) soft
ground. Two scenarios (i.e., Uy = 100% and U, = 90%)
are selected for comparison of horizontal displacements
between ‘“Normal” and “Under” cases. Furthermore,
numerical simulations with different geological conditions
are performed to evaluate the influence of three key factors
on the horizontal displacement in consolidating ground: (1)
initial average degree of consolidation (Up); (2) tunnel axis
depth (z); and (3) thickness of newly filled layer (L).
Through parametric analysis, the sensitivity of long-term
deformation to various parameters is evaluated, providing
guidance for optimizing tunnel designs in similar geological
conditions. Table 6 lists all the numerical modeling cases
conducted in this section. The parameter ranges for the
parametric study represent typical engineering conditions
in China: Uy is 80% to 100% (Liu et al., 2014; Chai et al.,
2021); z is 12 to 24 m (Shen et al., 2014; He et al., 2020);
and L is 3 to 6 m (He et al., 2020).

3.3 Comparison between “Normal” and “‘Under” cases

Comparisons between the transverse horizontal dis-
placements at x = 6 m in the “Normal” (N-1) and “Under”
(U90-1) cases are plotted in Fig. 8. The results show that
the short-term horizontal displacement along the depth
exhibits a comparable trend and magnitude in both “Nor-
mal” and “Under” cases. However, significant differences
occur in long-term horizontal displacements between these
two cases. Both absolute and relative differences in long-
term horizontal displacements between ‘“Normal” and
“Under” cases are plotted in Fig. 9. It can be seen that
the absolute difference generally increases with decreasing

Table 6
Numerical modeling cases.

“Normal” case “Under” case

No. Up(%) z(m) L(m) No.  Up(%) =z(m) L(m)
N-1 100 18 3 U80-1 80 18 3
U85-1 85
U90-1 90
U95-1 95
N-1 100 18 3 U90-1 90 18 3
N-2 4 U90-2 4
N-3 5 U90-3 5
N-4 6 U90-4 6
N-5 100 12 3 U90-5 90 12 3
N-6 15 U90-6 15
N-1 18 U90-1 18
N-7 21 U90-7 21
N-8 24 U90-8 24

Horizontal displacement (mm)
-8 —6 —4 -2 0 2

—
(=)
1

N
9}
T

= N-I short-term

0L ° U90-1 short-term ®
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Fig. 8. Comparisons between transverse horizontal displacements along
the depth in “Normal” and “Under” cases.

depth and reaches its maximum at the ground surface.
Moreover, the maximum relative difference is approxi-
mately 180%.

Considering the maximum absolute difference in the
long-term horizontal displacement occurs at the ground
surface, the subsequent analysis will focus on the surface
horizontal displacement. Figure 10 presents a comparison
between the surface horizontal displacements in the “Nor-
mal” (i.e., N-1) and “Under” (i.e., U90-1) cases. Note that
for x > 0, where x represents the distance from the tunnel
centerline, positive (negative) values of horizontal displace-
ment correspond to movement away from (towards) the
tunnel. Conversely, for x < 0, positive (negative) values
of horizontal displacement correspond to movement
towards (away from) the tunnel.

Similar to the horizontal displacement along the depth,
the consolidating state has little impact on the short-term
horizontal displacement at the ground surface. In terms
of long-term response, the surface soil continues to move
inward in the normally consolidated soft ground, whereas
it shifts outward in the consolidating soft ground. Possible
reasons are as follows:

(1) In the “Normal” case, consolidation settlement
results from the dissipation of tunneling-induced
EPWP. As shown in Fig. 11, the surface consolida-
tion settlement at the tunnel centerline is larger than
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Fig. 9. Differences in long-term horizontal displacements between “Nor-
mal” and “Under” cases.
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Fig. 10. Comparison between surface horizontal displacements in “Nor-
mal” and “Under” cases.

that at the side boundary, leading to an inward ten-
dency at the ground surface.

(2) In the “Under” case, the EPWP is generated not only
by the shield tunneling but also originates from the
consolidating state of the soft ground. The excava-

15
®  N-1 short-term
i e  U90-1 short-term
10F —A—N-1 long-term

—v— U90-1 long-term

Surface horizontal displacement (mm)
(=)

— 1 5 1 1 1 : 1 1 1
-120 -90 -60 30 0 30 60 90 120
Distance from tunnel centerline (m)

Fig. 11. Long-term surface consolidation settlements in “Normal” and
“Under” cases.

tion unloading generates negative pore-water pres-
sure below the tunnel, which reduces the EPWP in
the consolidating soil. Consequently, the consolida-
tion settlement above the tunnel is less than that at
the lateral boundaries, leading to an outward ten-
dency at the ground surface.

In the “Under’ case, the long-term horizontal displace-
ment at the ground surface (Hy) is simplified to three parts
(shown in Fig. 12): (a) short-term horizontal displacement
at the ground surface induced by tunneling (Hy); (b) con-
solidation horizontal displacement induced by tunneling
(H.); (c) residual consolidation horizontal displacement
caused by consolidating state (AH, = Hy — Hy — H,). As
discussed above, H; can be regarded as the same in
“Under” and “Normal” cases. Besides, it is found that
there is a comparable increase in excess pore-water pressure
after tunneling in the “Under” and “Normal” cases (Wang
et al., 2024). Thus, it can be assumed that H,, resulting

(c)AH=H,~ H,— H,

———N-1 short-term
———N-1 long-term
———U90-1 long-term

Surface horizontal displacement

Distance from tunnel centerline

Fig. 12. Schematic diagram for the components of long-term horizontal
displacement at the ground surface.
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from the equilibration of tunneling-induced excess pore-
water pressure, remains consistent in both cases. Conse-
quently, the difference in Hy between consolidating and
normally-consolidated cases primarily lies in the third part
(i.e., AH,).

3.4 Parametric studies

3.4.1 Influence of initial average degree of consolidation

The short-term horizontal displacements at the ground
surface induced by tunneling (H,) under different initial
average degrees of consolidation (Up) cases are plotted in
Fig. 13. It is noted that the solid line and the hollow sym-
bols represent simulated results in the “Normal” and
“Under” cases, respectively. The comparison demonstrates
that both the values and the distributions of H in the
“Under” cases are almost the same as those in the “Nor-
mal” case.

However, the long-term horizontal displacements at the
ground surface (Hy), as plotted in Fig. 14, exhibit a quite
different pattern in the “Under” cases. To be specific, with
the decrease in U,, the direction of Hp transitions from
towards the tunnel to away from the tunnel. Figure 15
depicts the residual consolidation horizontal displacements
caused by the consolidating state (AH,). It can be observed
that the absolute value of AH, increases as U, decreases,
and the distance from the peak value of AH, to the tunnel
centerline decreases with the decrease of U,. The different
directions of Hy may necessitate the adoption of different
ground improvement strategies.

3.4.2 Influence of tunnel axis depth

Figure 16 depicts the short-term horizontal displace-
ments at the ground surface induced by tunneling (H;) in
“Normal” and “Under” cases with different tunnel axis
depth (z) values (i.e., U90-1, U90-5 to U90-8; N-1, N-5
to N-8). It is observed that with the increase of z, the max-
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—2F N-1
i o U95-1
-4 A U90-1
- v U85-1
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-120 90 -60 30 0 30 60 90 120
Distance from tunnel centerline (m)

Fig. 13. Short-term horizontal displacement at the ground surface under
different U,

15

H; (mm)

_15 1 1 1 I 1 1 1
-120 -90 -60 30 0 30 60 90 120

Distance from tunnel centerline (m)

Fig. 14. Long-term horizontal displacement at the ground surface under
different U,,.

-120 -90 -60 -30 0 30 60 90 120
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Fig. 15. Residual consolidation horizontal displacement under different
Uo.
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o U90-8 z=24m . .
—-60 =30 0 30 60
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Fig. 16. Short-term horizontal displacement at the ground surface under
different z.
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imum value of H decreases, whereas its influence range
increases. The hollow symbols (i.e., the “Under” cases)
align with the corresponding solid lines (i.e., the “Normal”
cases), indicating that the value of Hg can be considered
equivalent in the normally-consolidated and consolidating
soft ground under different z cases.

Figures 17 and 18 respectively compare the long-term
horizontal displacements at the ground surface (Hy) and
the residual consolidation horizontal displacements caused
by the consolidating state (AH.) in cases with different val-
ues of z. In general, the absolute value of both H; and AH,
increases as the tunnel depth decreases. Besides, the dis-
tance from the peak value of AH, to the tunnel centerline
decreases with the decrease of z.

3.4.3 Influence of newly filled layer thickness

Figure 19 depicts the short-term horizontal displace-
ments at the ground surface induced by tunneling (H;) in
“Normal” and “Under” cases under various thicknesses
of newly filled layer (L) (i.e., U90-1 to U90-4; N-1 to N-
4). As can be seen, the values of H; are approximately con-
stant under various values of L in “Normal” cases, and the
value of Hy remains unaffected by the consolidating state
for different L cases.

The long-term horizontal displacements at the ground
surface (Hy) and the residual consolidation horizontal dis-
placements caused by the consolidating state (AH.), con-
sidering various values of L, are compared in Figs. 20
and 21, respectively. It is observed that the absolute value
of both Hy, and AH, increases slightly with the value of L.
The distributions of Hy and AH_ in the “Under” cases with
different L values are quite similar, and the distance from
the peak value of AH. to the tunnel centerline remains
approximately constant. It can be inferred that the impact
of L on Hy in the “Under” cases is relatively less than that
of Uy or z.
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‘ —o—1U90-8 z=24 m
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Fig. 17. Long-term horizontal displacement at the ground surface under
different z.
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Fig. 18. Residual consolidation horizontal displacement under different z.
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Fig. 19. Short-term horizontal displacement at the ground surface under
different L.
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Fig. 20. Long-term horizontal displacement at the ground surface under
different L.
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Fig. 21. Residual consolidation horizontal displacement under different L.

4 Estimation method for long-term surface horizontal
displacement in consolidating soft ground

As discussed above, the distribution of long-term hori-
zontal displacement at the ground surface in the “Under”
case can be predicted by

Hy(x) = Hy(x) + H.(x) + AH(x). (2)

The first two parts (i.e., H; and H,), related to deforma-
tion in normally-consolidated soft ground, can be predicted
by existing methods. Establishing a new estimation model
for the distribution of the third part (i.e., AH,) is the main
focus of this section.

4.1 Estimating short-term surface horizontal displacement
induced by tunneling

The short-term horizontal displacement at the ground
surface induced by tunneling can be estimated by the
method proposed by Loganathan and Poulos (1998):

2

1.38x 1, 3)
(z+D/2)
where V7 represents volume loss ratio; v represents soil
Poisson’s ratio, which is set to be 0.45 for soft soil in this
study. Following Loganathan and Poulos (1998), V1 can
be estimated by (shown in Fig. 22):

2¢D + g*
o @
where g represents the gap parameter, which is associated
with the ground properties, shield geometry, and mechan-
ical driving parameters (Lee et al., 1992).

1—v
_ 2
H) = —Dx g0 -

Vi exp

4%

4.2 Estimating consolidation horizontal displacement induced
by tunneling

Based on comprehensive numerical simulations, Laver
et al. (2017) established an approach to predict the consol-
idation horizontal displacement induced by tunneling. For

A SN
77 >,
- ~,
- ~,
>,
.

| Gap parameter “g”
97 A X
N,

\‘ Simulated tunnel opening

Fig. 22. Schematic diagram for calculating V7.

the case of impermeable lining, H. can be estimated as
follows:

2
3a”H cmaxX

Helx) = - |x|3 +243

(5)
where H .y 1S the maximum consolidation horizontal dis-
placement induced by tunneling; « is the x-coordinate cor-
responding to H, = H pax. Hemax can be calculated by

SDL.y,,

Hemax =
7
Ed

NHcma)n (6)
where L. represents the tunnel axis depth below the water
table; y,, represents the unit weight of water; E); represents
the secant stiffness corresponding to 0.15% axial strain in a
drained triaxial test; Nycmax represents a nondimensional
parameter for consolidation horizontal displacement.
Laver et al. (2017) suggested that the value of E} is taken
at the tunnel axis depth. He also found that parameters «
and Nycmax are related to z and V7, respectively. In this
study, E; can be obtained from the stress—strain relation-
ship in the HSS model. To determine the parameters «
and Npyemax, Numerical simulations have been carried out
on the normally-consolidated soil with different values of
z or V. Figure 23(a) reveals that parameter a increases
linearly with z, i.e., @ = kjz. In this study, the fitting
coefficient &, is found to be 1.41. Figure 23(b) depicts the
relationship between Npycma and V. It is observed that the
trend can be well matched by Nyenax = ko In(k3V L+ 1). In
this study, the fitting coefficients k, and k3 are 0.0032 and
255, respectively.

4.3 Estimating residual consolidation horizontal
displacement caused by the consolidating state

A curve with three parameters is found to provide a
good approximation to predict the distribution of the resid-
ual consolidation horizontal displacement. The schematic
diagram of the curve is depicted in Fig. 24, and the func-
tion is expressed as

AH(x) = AH oy eXP <— M) tanh (27 x3), (1)
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where AH_ .« 1s the maximum residual consolidation hor-
izontal displacement; b is the x-coordinate corresponding
to AH, = AH_ n.y; I 1s the shape parameter.

To determine the parameters in Eq. (7) (i.e., AHcmax, b,
and i), one hundred cases are simulated under various val-
ues of L (i.e., 3,4, 5,and 6 m) and z (i.e., 12, 15, 18, 21, and
24 m), with different U, values (i.e.,100%, 95%, 90%, 85%,
and 80%) for each case. The typical fitting results of AH,
are illustrated in Fig. 25, and complete results of all cases
can be found in Appendix A. It is noted that the hollow
symbols represent numerical modeling results, and the
dashed lines represent calculated results fitted by Eq. (7).
The fitting parameters for each case are listed in the tables
shown in Figs. A1-A4 (see Appendix A). The correlation
coefficients are found to be at least 0.97 for all cases,
demonstrating the capability of the proposed function to
predict AH..

The variations in AH .« With U, for different values of
L are summarized in Fig. 26, and each figure gives curves
for different z. In practice, AH. . can be predicted by
interpolating the data within the charts.

It is observed from the tables in Figs. A1-A4 that b var-
ies with U, but its variation with L can be neglected for
simplicity. The relationship between b and U, under differ-
ent z is plotted in Fig. 27. In practical applications, the

AH,

Cc

AH,

[ VY S ——

s Numerical results
Predicted curve

Fig. 24. Schematic diagram for predicting the distribution of AH..
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Fig. 25. Fitting results of residual consolidation horizontal displacement.

value of b can be determined by referring to the following
chart in accordance with the specific values of z and U
It can also be observed from the tables in Figs. A1-A4
that i varies with U, and L, and can be considered to be
irrelevant to z for simplicity. As shown in Fig. 28, the rela-
tionship between i and L(1 — Up) can be fitted by

i = kilL(1 — U, 8)

where k4 and ks are fitting coefficients. In this study, k4 and
ks are 21.5 and —0.147, respectively.

4.4 Verification of the method

The predicted and modeled results of the long-term hor-
izontal displacement at the ground surface are compared in
Fig. 29. The degree of consolidation for each case ranges
from 80% to 100%. Note that Cor. is the abbreviation of
Pearson correlation coefficient. The table presented in
Fig. 29 shows that the correlation coefficients are generally
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approaching a value of 1, indicating that the proposed esti-
mation method is capable of predicting the long-term hor-
izontal displacement at the ground surface in the “Under”
cases in a rational way.

5 Conclusions

The present work investigates the long-term horizontal
displacement characteristics for tunneling in a consolidat-
ing scenario through numerical simulation. On the basis
of the simulated results and analyses, several points are
concluded as follows:

(1) Overall, the short-term horizontal displacement along
the depth demonstrates a similar trend and magni-
tude in both “Under” and “Normal” cases. However,
there is a distinct variation observed in the long-term
horizontal displacement within the “Under” cases.
This discrepancy in the long-term horizontal dis-
placement between the “Under” and “Normal” cases
increases as the depth decreases, reaching its maxi-
mum at the ground surface.

(2) As the degree of consolidation decreases, the direc-
tion of long-term horizontal displacement at the
ground surface transitions from towards the tunnel
to away from the tunnel. This opposite behavior
between the “Normal” and “Under” cases necessi-
tates the adoption of different ground improvement
strategies in consolidating soft ground.

(3) In both “Normal” and “Under” cases, the short-term
and tunneling-induced consolidation horizontal dis-
placements are considered to be similar. The differ-

ence in long-term horizontal displacement at the
ground surface between the two cases primarily lies
in the residual consolidation horizontal displacement,
which is attributed to the consolidating state of the
soft ground. The residual consolidation horizontal
displacement increases as the degree of consolidation
or the tunnel depth decreases, while it is relatively
insensitive to the thickness of the newly filled layer.

(4) An empirical method for predicting the long-term
horizontal displacement at the ground surface (Hy)
in consolidating soft ground is established as the
superposition of (i) short-term horizontal displace-
ment at the ground surface induced by tunneling
(Hy), estimated by Loganathan and Poulos (1998);
(ii) consolidation horizontal displacement induced
by tunneling (H.), predicted by Laver et al. (2017);
(iii) residual consolidation horizontal displacement
caused by consolidating state (AH.), calculated by
Eq. (7) proposed in this study.

Data availability

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

CRediT authorship contribution statement

Haibo Wang: Writing — original draft, Software,
Methodology. Rongjun Zhang: Funding acquisition,
Conceptualization. Fengjuan Tao: Writing — review & edit-
ing, Validation. Junjie Zheng: Supervision.



Declaration of competing interest

H. Wang et al. | Underground Space 25 (2025) 410-430

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Appendix A

425
Acknowledgement

This research is supported by the National Natural
Science Foundation of China (Grant Nos. 52122806,
52308372, and 52338007), and the Natural Science Foun-
dation of Hubei Province of China (Grant No.
2023AFB554). These financial supports are gratefully
appreciated.

The fitting results of residual consolidation horizontal displacements by Eq. (7) are shown in Figs. A1-A4.
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Fig. A2. Fitting results of residual consolidation horizontal displacement for L = 4 m under different z. (a) z = 12 m, (b) z = 15m, (¢) z = 18 m, (d)
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Fig. A4. Fitting results of residual consolidation horizontal displacement for L = 6 m under different z. (a) z = 12 m, (b) z = 15 m, (¢) z = 18 m, (d)
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