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ABSTRACT

Three-dimensional finite difference calculations are proposed to investigate the influence of operation parameters
of the shield machines during twin stacked tunnel excavation on the surface settlements. The numerical model is
validated by experimental data obtained from Hochiminh’s metro line 1 project, used as a reference case in this study.
The parametric study focuses on the influence of the face support pressure, the grouting pressure, and the shield’s
length. The numerical results indicated that an increase in the face pressure and grouting pressure is not always
followed by a decrease in surface settlements. A shorter shield machine causes smaller surface settlements to develop
over single lower and twin stacked tunnels.
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length.
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1. Introduction

The excavation of tunnels in the urban area
usually causes a certain surface settlement
which influences the stability structures and
must be therefore well predicted. When using
a shield machine, besides soil properties and
support structures, the operation parameters of
the shield machine play also an important role

“Corresponding author, Email: nado1977bb@gmail.com

(Kasper and Meschke, 2006a; Kasper and

Meschke, 2006b; Chakeri et al., 2013;
Chakeri et al., 2014; Kim et al., 2018).
Kasper and Meschke (2006a, 2006b)

proposed a three-dimensional finite element
model for shield tunneling to analyse the
influence of different soil parameters. The
stiffness increases with the tail void grout, the
cover depth, the face and grouting pressures

on the surface settlements. A shield-driven
tunnel advance in a homogeneous soft
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cohesive soil below the groundwater table was
considered. Accordingly, an increase in the
face and/or grouting pressure is followed by a
decrease in the surface settlement. Chakeri et
al. (2013) presented the effect of tunnel
diameter, surface surcharge, and face support
pressure on the maximum surface settlement.
The results of empirical and numerical
methods were compared with observed data.
Kim et al. (2018) introduced a numerical
analysis that allows estimating the critical face
pressure and backfill grouting pressure during
the excavation of a shield tunnel. Unlike the
results presented by Kasper and Meschke
(2006b) and Chakeri et al. (2013), Kim et al.
(2018) indicated that an increase of the face
pressure and/or grouting pressure does not
always follow by a decrease in the settlement.
It should be noted that the above researches
considered the case of a single tunnel.

When the tunnels are excavated at a closed
distance to each other, it is important to
predict the twin tunnels' interaction (Do et al.,
2014a, 2014b). Interactions between closely
spaced tunnels were studied in the literature
using several approaches: physical model
testing (Kim et al., 1998; Chapman et al.,
2007; Ng. et al., 2013; Lu et al., 2019; Lu et
al., 2019; Tran and Hiroshi, 2020), field
observations (Suwansawat and Einstein, 2007;
Chen et al, 2011; Ocak, 2013),
empirical/analytical methods (Wang et al,
2003; Suwansawat and Einstein, 2007; Yang
and Wang, 2011; Wang et al., 2018, Zhang et
al., 2018; Zhang et al., 2020) and numerical
modeling (Ercelebi et al., 2011; Hasanpour et
al., 2012; Mirhabibi and Soroush, 2013; Do et
al., 2014a; Chakeri and Unver, 2014; Chakeri
et al., 2014, Janin et al., 2015; Sahoo and
Kumar, 2018; Zhao et al., 2019; Shivaei et al.,
2020; Ly et al., 2021). Most studies in the
literature focused on the effect of the tunnel
distance, relative position of tunnels, tunnel
depth, and soil properties on the stability of
tunnel lining, surrounding ground, and
adjacent structures. However, the influence of
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the shield’s operation parameters during twin
tunnels excavation was rarely considered. Do
et al. (2014b) introduced an interesting study
on the effect of twin stacked tunnel
excavation procedure on tunnel behavior. It
was recommended that the lower tunnel
should be excavated first and then followed
by the upper tunnel to minimize the surface
settlement and unfavorable interactions
between stacked tunnels.

Metro systems are now under development
in large cities in Vietnam as Hanoi capital and
Ho Chi Minh city to follow the infrastructure
expansion demands. Most of them are
designed to include two parallel tunnels
excavated at close distances from each other
(Ho Chi Minh, 2016; MRB, 2012; Kuriki,
2020). In this study, a full 3D numerical
model of twin stacked tunnels is used to
evaluate the effect of the operation parameters
of a shield machine on the surface settlement.
Most of the main elements of a mechanized
excavation are simulated in this numerical
model: face pressure, conicity of the shield,
grouting pressure, progressive hardening of
the grout, jacking force, and lining joint
pattern. Among them, special attention is paid
to the effect of the following main parameters,
including face pressure, grouting pressure at
the shield tail, length, and therefore weight of
the shield. Parameters of the Hochiminh’s
metro line 1 project in Vietnam are adopted in
this study as a reference case.

2. Study case of the Hochiminh’s subway
project - metro line 1

Metro line 1 of Hochiminh’s metro system
consists of 14 stations and 19.7 km length,
including 2.6 km underground and 17.1 km
elevated section. One EPB-TBM is used to
excavate twin tunnels of 6.82 m external
diameter. Twin bored tunnels commence from
KM 0+805 (end of Opera House station) to
KM 1+586 (start of Ba Son station). The total
length of each tunnel is approximately 780 m.
The existing ground level is relatively flat.
Twin tunnel bores at similar elevations were



Vietnam Journal of Earth Sciences, 43(4), 409-423

commenced from Ba Son Station and transited
to a stacked profile before ending at Opera
House station. The maximum and minimum
overburden is about 25 m and 12 m,
respectively (Ho Chi Minh, 2016; Nguyen et
al., 2020). The tunnels are excavated under a
dense surface building area. In the middle of
this underground route, the twin stacked

tunnels closely underpass a building at
chainage 0+980. Construction conditions of
twin stacked tunnels at chainage 0+980 have
been adopted as a reference case in this study.
A schematic view of the transverse section
where the twin tunnels are located near the

surface building is presented in Fig. 1.
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Figure 1. Geological conditions of the considered section (not scaled)

A mechanized  tunneling  method
employing EPB-TBM has been used for
excavating the twin tunnels. One EPB-TBM,
which is equipped with a cutter-head of
6.82 m in diameter and the shield machine's
outer diameter of 6.79 m, bored the lower
tunnel first. After finishing the first lower
tunnel, the EPB-TBM was disassembled and
then reassembled at the Opera House station
to start excavating the second upper tunnel.
Both tunnels are supported by six 30 cm thick
concrete segment lining equal width (1.2 m).
The external diameter of the lining of tunnels
is 6.65 m. The main parameters of TBM-EPB
and segmental lining are presented in Table 1.

Table 1. Parameters of TBM-EPB machine and
segmental lining (Ho Chi Minh, 2016)

Parameters Value
\Shield machine

Excavation diameter (mm) 6820
Front shield diameter (mm) 6790
Tail shield diameter (mm) 6790
\Segmental Lining

Outer diameter (mm) 6650
Inner diameter (mm) 6050
Width (mm) 1200
Thickness (mm) 300
INumber of segments 6
'Young’s modulus of concrete lining 30,000
(MPa)
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At chainage 0+980, the Hai Yen building
was built after 1975 with six floors. The
height is 5 m for the first floor and 3.5 m for
the above floors. The building is made of
reinforced concrete frames and brick walls.
The building lies on shallow presumable
woodpiles. The total length of the building
axis along the tunnel route is 22 m, the width
in the perpendicular direction is 18 m, and the
height is 23 m. The main characteristics of the
Hai Yen building are respectively provided in
Table 2, Fig. 2.
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Table 2. Main characteristics of Hai Yen building
(Ho Chi Minh, 2016)

Hai Yen building

[Feature Value
Number of stories 6
Length of building (m) 22
Width of building (m) 18
Height of stories (m) 5(3.5)
Slab concrete thickness (cm) 12
'Wall brick thickness (cm) 20
'Young’s modulus of concrete (MPa) 20,000
(Wall brick elastic modulus (MPa) 2,000
A | @)

b) Plan view
Figure 2. Research site of the Hochiminh’s metro line 1 (Ho Chi Minh, 2016)
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Geotechnical conditions

The research site is characterized by the
coastal plain  topography, preliminary
composed of saturated clay and sandy soils.
The ground conditions in the area under study
were investigated by in situ borehole
measurement conducted by the contractor at
the design stage. A total of six different strata
were found: (1) fill layer, (2) Alluvial clay
Ac2, (3) Alluvial sand Asl, (4) Alluvial sand
As2, (5) Diluvial clay Dc, and (6) Diluvial

sand Ds. The tunnels cross mainly Alluvium
sand layers, and most of the tunnel alignment
is located under the groundwater table. The
groundwater at investigated section is
approximately 1.7 m below the ground level.
Table 3 summarizes the primary geotechnical
parameters of each soil layer. The soil
effective strength parameters (c, ¢) were
determined from consolidated undrained
triaxial compression tests. Pressure meter tests
were used for the evaluation of the modulus of
deformation.

Table 3. Geomechanical properties (Ho Chi Minh, 2016)

Alluvial | Alluvial Alluvial Diluvial | Diluvial
Properties/Soil layers Backfill | Clay Sand Sand (As2) Clay Sand
(Ac2) (Asl) (Dc) (Ds)
Thickness (m) 1.1 3.3 4.6 24.0 16 5
Unit weight 7 (kN/m’) 19 16.5 20.5 20.5 21.0 20.5
Mohr-Coulomb model
¢ (friction angle) (degrees) 25 24 30 33 22 35
¢ (cohesion) (kPa) 10 10 0 0 100 0
Poisson’s ratio v 0.37 0.48 0.33 0.31 0.45 0.3
w (dilation angle) (degrees) 0 0 0 0 0 0
Young’s modulus £ (MPa) 10 3 12.5 37.5 140 170
Plasticity Hardening model
Es5o(MPa) 10 3 12.5 37.5 140 170
E, (MPa 30 9 37.5 112.5 420 540
E,..(MPa) 10 3 12.5 37.5 140 170
m 0.5 0.7 0.5 0.5 0.8 0.6
R, 0.9
P, (kPa) 100
Normal consolidation coefficient K 1 - sind

3. Numerical simulation

Numerical simulation is conducted in this
study using the Finite Difference Program
FLAC®®  (Itasca, 2017). The tunnel
construction is numerically modeled using a
step-by-step approach (Melis et al., 2002;
Ocak, 2013; Do et al., 2014a). The advance
length of 1.2 m corresponds to an excavation
cycle and equals the lining ring width
installed at the shield tail. A schematic view
of the present model is provided in Fig. 3.

In the 3D numerical model, most
components of mechanized tunneling using

shield machine are simulated: trapezoidal
pressure applied on the tunnel face,
circumferential pressure applied to the soil
just behind the tunnel face, shield, and its
conicity, self-weight of the shield machine,
jacking forces applied on the lining ring at the
shield tail, grouting pressure behind the shield
tail and hardened grout, segmental lining with
the joints and weight of the back-up train.

A trapezoidal profile of face pressure of
EPB tunneling was applied from the shield
chamber to the excavation face to account for
the slurry density. The face pressures of 180
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kPa and 310 kPa at the upper and lower
tunnels centers, respectively, were chosen
according to the field measurements at the
Hochiminh subway project - metro line 1.

overcutting, a possible slurry migration could
occur over right behind the cutting wheel.
Therefore, pressure caused by the slurry
solution has been applied to the cylindrical

Assuming the existence of a slight surface just behind the tunnel face.
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Figure 3. Layout of the proposed TBM model (not scaled)

The shield machine has been simulated
using a “fictive” shield introduced by Mollon
et al. (2013), Do et al. (2014a). Accordingly,
the position of each point on the outside face
of the shield was computed at each
computation cycle of the numerical
calculation process, and this position was
artificially fixed when this point begins to be
in contact with the “fictive” shield. The
geometrical parameters of the shield are
presented in Figure 3. The self-weight of the
TBM-EPB is modeled through the vertical
loads applied on the grid points of the ground
mesh at the tunnel bottom area over an
assumed range of 90 degrees in the cross-
section and the whole shield length, as can be
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seen in Figs. 3, 4. In this study, the shield
weight of 1650 kN is assumed to refer to an
external diameter of 6.79 m and a length of
6 m measured from the tunnel face to the last
installed lining ring at the shield tail.

Tunnel

Shield’s self-
weight

Figure 4. Self-weight scheme of the shield machine
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The jacking force has been assumed to be
linearly distributed over the height of the
tunnel and set on each segment (Do et al.,
2014a). Total jacking forces of 19,224 and
24,894 kN were adopted to apply in upper and
lower tunnels, respectively.

The cement grout was injected at the shield
tail section of both tunnels to fill the annular
gap between the exterior surfaces of tunnel
linings and the excavated ground surfaces.
The grouting action is modeled in two phases:
(1) the liquid phase represented by a certain
pressure acting on the ground surface and the
tunnel lining; (2) the hardened phase. The
grouting pressures at the 160 and 400 kN
tunnel crown were used in the upper and
lower tunnels, respectively, based on the
monitoring data obtained during the TBM-
EPB operation. The grout was simulated as a
uniform pressure and applied to both the
excavated ground's cylindrical surface and the
tunnel lining's exterior surface. Like the face
pressure, a migration of fresh grout in the
annular void between the outside surface of
the shield and the excavated ground was
assumed. This grouting migration was
simulated employing a triangular pressure
over the length of one ring (1.2 m). The real
average advance rates of TBM-EPB of the
lower and upper tunnels when passing the
investigated section (0+980) are 4.8 and 2.99
meters per day. Assuming that it takes half a
day for injected grout to reach its hardened
phase (Shivaei et al., 2020), the grouting
pressure was eliminated after installing two
lining rings. Beyond this length, hardened
grout was simulated through volume elements
with elastic characteristics.

Egou= 10 MPa and v,,,,= 0.22 (Do et al.,
2014a).

The tunnel lining was modelled using a
linear-elastic  embedded liner element.
Embedded liner elements are connected to the
zone faces of the tunnel boundary. The
linning-zone normal stiffness &, and tangential

stiffness %, are <chosen based on a
recommended rule-of-thumb in which £, and
k, are set to one hundred times the equivalent
stiffness of the stiffest neighboring zone
(Itasca, 2017). The stiffness of a zone in the
perpendicular direction to the surface is
defined as follows:

[K +4Gj
v\ 3 ) (1)
Az

max

min

where: K and G = the bulk and shear modulus
of soil, respectively;

Zmin = the smallest dimension of an adjoining
zone in the normal direction.

The segmental joints were simulated using
double node connections. The stiffness
characteristics of the segmental joint in a ring
were represented by a set composed of a
rotational spring (Kg), an axial spring (K,)
and a radial spring (Kg). The joint between
lining rings was also simulated using double
connections with a set of rotational spring
(Kgr), axial spring (Kar) and radial spring
(Kgrr)- The interaction mechanism of each
spring is the same as that applied for a
segment joint (Do et al., 2013).

To consider the TBM-EPB backup train
during the excavation process in the numerical
simulation, vertical downward distribution
loads of a total weight of the backup train
(1990 kN) were assigned on the lining
elements at the tunnel bottom region over an
assumed angle of 90 degrees in the cross-
section and over a tunnel length of 72m
behind the shield tail.

The studied structure is a simplification of
the existing Haiyen building. While beam
elements are used to model the beams and
posts, shell elements modeled the floors and
raft foundation. The thickness of the floors
and raft is assumed to be 0.12 m and 0.3 m,
respectively. Sides of squared columns and
rectangular  beams  are,  respectively,
(0.3 x 0.3) m and (0.22 x 0.35) m. The
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material properties are those of a long-term
stick, and the behavior is elastic: Young’s
modulus E = 2.0 x 109 N/m* and Poisson’s
ratio v = 0.2. The building is subject only to
its own weight (unit weight of 25 kN/m®). On
a soil thickness of about 2.2 m under the
model structure, the soil's behavior is elastic
to avoid plastification of the soil areas during
the placement of the structure.

Considering TBM working procedure, the
twin stacked tunnel construction under the
presence of the building is simulated in
different steps in numerical models. In the
first step, gravity stresses are applied, and the
structure is introduced on the ground, then the
numerical model is balanced. Once the
equilibrium is reached, all the movements of
the whole model are initialized to study only
the influence of the tunnel excavation. The
forces in the structure are not initiated, and an

initial state of the structure in terms of internal
forces is thus obtained. Afterward, the tunnel
construction is modeled in several steps
simulating the tunnel pass through the surface
building.

The twin stacked tunnel excavation is
modeled as follows: (i) excavation of the first

lower tunnel (named  tunnel T1);
(i) excavation of the second upper tunnel
(named tunnel T2) after finishing the

excavation of tunnel T1. The 3D model
presented in Fig. 5 is 96 m in length in the Y
direction, 160 m width in the X direction, and
54.07 m height in the Z direction. It consists
of approximately 1,289,600 zones and
1,326,476 grid points. Regarding boundary
conditions, while the model's bottom is fixed
both in horizontal and vertical directions,
vertical boundaries are fixed in the horizontal
direction.

Zone Group
Default=Ac2
Default=As1
Default=As2
Default=Backfill
Default=Dc
Default=Ds
Default=grout1
Default=grout2
Default=reinforced_foundation
Default=tunnel1
Default=tunnel2

Beam Group of Element
Default=Beam 11
Default=Beam 9

Shell Group of Element
B Default=Shell 3

Hai Yen building

Upper Tunnel T2

Lower Tunnel T1

Figure 5. Cut of the 3D numerical model implemented

4. Verification of numerical model

Selection of the appropriate soil
constitutive model is one of the greatest
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challenges faced by geotechnical engineers
who do numerical simulations today. In this
paper, the linear elastic-perfectly plastic
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Mohr-Coulomb model (MC) and the Plasticity
Hardening model (PH) have been adopted to
evaluate the performance of these two soil
constitutive models in estimating the surface
settlement caused by twin stacked tunnel
excavation. In contrast to the MC model, the
PH model also accounts for stress-dependency
of the stiffness modulus to increase when the
stress increases. The plastic strains are
calculated by introducing frictional yield
hardening and cap hardening. The yield
surface of a hardening plasticity model is
therefore not fixed, but it can expand due to
plastic straining. Properties of soil layers are
presented in Table 3.

In Fig. 6, using input parameters at
chainage 0+980 of Hochiminh’s metro line 1

mentioned above, numerical normalized
surface settlements caused by the excavation
of twin stacked tunnels under a presence
building are compared with the measurement
data. It could be seen that the MC model
estimates a narrower settlement trough and is
much more different from measurement data.

Meanwhile, the PH model predicts the
settlement  trough, which shows good
compliance with measurement data. The

constant stiffness of the MC model leads to
inappropriate modeling of the settlement
trough, whereas the behavior from the PH
model agrees with the field observations.
Based on that, the PH model is adopted for
parametric study in the next section.
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Figure 6. Comparison of settlement troughs over twin stacked tunnels

5. Parametric investigation of shield’s
operation parameters

In this section, the presence of building on
the ground surface is not taken into account.

The effect of the shield machine operation
parameters on the surface settlements is
investigated. Three main parameters are

considered: face pressure, grouting pressure at
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the shield tail, length and weight of the shield.
For the comparison purpose, a reference case
with the following parameters has been
chosen:

- Face pressure (FP) equals the horizontal
ground stress determined at the tunnels’ center
level. The face pressures of 180 kPa and 310
kPa at the upper and lower tunnels centers,
respectively, were adopted.

- Grouting pressure at the shield tail (GP)
equals a value of 1,2 times the vertical stress
measured at the tunnels’ crown. The grouting
pressures of 160 kN and 400 kN were used in
the upper and lower tunnels, respectively.

- Length of 6 m and weight of the shield of
1650 kN.

To highlight the effect of each parameter,
the range used for the parametric study is
presented in Table 4.

Table 4. Range of investigated operation parameters of the shield machine

N° Parameter Unit

Range Note

1 [Face pressure %

80; 90; 100; 120; 150; 175; 200

Percentage compared to the
reference case

2 (Shield tail grouting pressure | %

60; 80; 100; 120; 150; 200

Percentage compared to the
reference case

3 [Weight/Length of the shield

kN/m [1650/6; 1950/7.2; 2090/8.4; 2390/9.6

5.1. Effect of the face pressure (FP)

Seven different values of the face pressure
are used for the parametric analysis. The
reference face pressure value (FP.p) is
assumed to be equal to the horizontal ground
stress measured at the tunnel centre level and
the corresponding maximum settlement value
is hereafter called Spuxsingte-rer. Other values of
the face pressure are respectively chosen as
80%, 90%, 120%, 150%, 175% and 200% of
the reference value (FP.). The effect of face
pressure on the maximum settlements (Sy.x) 1S
presented in Fig. 7. It should be noted that
when the face pressure is lower than 70%, the
numerical model could not reach
convergence. It means the instability of the
tunnel face.

Figure 7 shows the same tendency of the
maximum surface settlement (S..x) on the
face pressure (FP) for the cases of a single
lower tunnel and twin stacked tunnels. In the
case of a single tunnel (i.e., lower tunnel T1),
the maximum settlement S,.x reaches a value
of 113.5% and 104.4% of the Spuxsingle-rer
when the applied face pressure is equal to
80% and 90% of FP,, respectively. When the
face pressure continuously increases (i.e.,
reach over values of 120%), the surface
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settlement tends to increase compared with
that of reference face pressure value as seen in
Fig. 7. While the larger settlement observed
for a low face pressure (80% and 90% of
FP.) is concerned by the immediate tunnel
face movements (Kasper et al., 2006b;
Chakeri et al., 2013), the settlements increase
when the face pressure exceeds a value of
120% FP,¢ can be explained by the division of
the final settlement into 2 parts, i.e.,
immediate settlement in short term and the
consolidation settlement induced in long term
after the tunnel excavation (Kim et al., 2018).
Indeed, immediate settlements occur
before and right after the tunnel face
excavation. They are caused by the relaxation
process induced in the soil mass by the tunnel
excavation. Kim et al. (2018) indicated that
the immediate settlements occurred ahead of
the tunnel face. They decrease when the
tunnel face pressure increase. However,
concerning the immediate settlements induced
at the back of the tunnel face and just after the
passage of the cutter head, when the face
pressure increases from low values to a higher
percentage of the reference face pressure
value, the immediate settlements gradually
decrease their minimum value. Beyond this
minimum value, the immediate settlements on
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the back of the tunnel face begin to increase
with the face pressure increase (Kim et al.,
2018).

The consolidation settlements depend on
the effective stress variations induced at the
tunnel vicinity (Kim et al., 2018). A critical
face pressure value that leads to the value of a
minimum settlement is observed. Firstly, the
consolidation settlements decrease with the
face pressure increase, and then their values
increase when the face pressure overpass the
critical value.

At the final or steady-state, the surface
settlements induced by the tunnel excavation

variation tendency and depend on the face
pressure. The same results were obtained for
the case of a single tunnel by Kim et al.
(2018). In other words, a critical value of the
face pressure of more or less 100% FP, is
recommended in this study in terms of
minimum surface settlements (Fig. 7).

For the case of twin stacked tunnels, the
excavation of the second upper tunnel (T2)
causes a settlement increase, as seen in Fig. 7.
The same settlement variation tendency with
the face pressure as for the single tunnel case
is observed. The critical face pressure value at
which the minimum settlement induced over

in this study combine immediate and the twin stacked tunnels is reached is also
consolidation settlements. They have the same  close to 100% FP, (Fig. 7).
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Figure 7. Relationship between the maximum surface settlement with the tunnel face pressure

5.2. Effect of the grouting pressure at the
shield tail (GP)

Grouting pressures are assumed to be
linearly distributed and increased from the top
to the tunnel bottom to take into consideration
the influence of the fresh grout density
(20 kN/m’). The reference grouting pressure
(GP,p) is taken equal to 1.2 times the vertical

ground pressure at the tunnel top. Different
GP values of 60%, 80%, 120%, 150% and
200% of the reference value (GP,) are
considered in this study.

In Fig. 8, the settlements with the grouting
pressure variation are illustrated. The grouting
pressure acts for a short period on the ground
surrounding the shield tail, and then it will be
hardened. Therefore, the grouting pressure
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impacts only the immediate settlements at the
shield tail. Immediate settlements gradually
decrease with the grouting pressure increase
(Kim et al, 2018). However, as the
consolidation settlements depend strongly on
the effective stresses (Kim et al., 2018), when
the grouting pressure increase and reaches the
GPref value, the settlements induced by the
excavation of the first tunnel are
insignificantly changed. Beyond the value of

settlements begin to lightly increase with a
rising grouting pressure, as seen in Fig. 8. The
maximum settlement developed for twin
stacked tunnels at the steady-state shows the
same dependency with the grouting pressure
(Fig. 8). Therefore, a maximum value of the
grouting pressure equal to GPref is
recommended in this study to limit the
settlements induced by a single lower tunnel

reference  grouting  pressure  (GPref), and twin stacked tunnels.
0.0
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Figure 8. Dependence of maximum surface settlement on the grouting pressure applied at the shield tail

5.3. Effect of the shield length

This section describes the effect of shield
length on the surface settlement developed
over twin stacked tunnels. It should be
mentioned that a longer shield corresponds to
a heavier shield. Parameters of the shield
length and corresponding weights are shown
in Table 3.

When using a short shield length of 6.0m,
the settlement developed at the ground surface
is smaller than in cases where longer shields
are used (7.2 m, 8.4 m, and 9.6 m) (Fig. 9).
Under the impact of vertical loads caused by
the shield weight distributed over the bottom
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and along the length of the shied machine,
downward movement of the tunnel is
predicted. The longer the zone is loaded by
the heavier shield machine, the greater the
downward movement and, therefore, the
surface settlements. Another reason could be
concerned with the fact that the shorter shield
length is not long enough to allow immediate
settlements to be fully developed before the
tunnel lining installation. It is reasonable to
conclude that a shield length of 6 m should be
recommended to use. Figure 9 also indicates
that settlements increase after the second
upper tunnel excavation.
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Figure 9. Dependence of maximum surface settlement on the shield length

6. Conclusions

The influence of the face support pressure,
grouting pressure, and shield length on the
surface settlements developed over twin
stacked tunnels excavated by shield machines
are analyzed utilizing three-dimensional
numerical models. The analyses indicate the
importance of using appropriate operating
parameters of the shield machine during the
tunnel excavation. The findings of this study
are:

- The Mohr-Coulomb constitutive model is
not appropriate to estimate the settlement
induced by tunnel excavation. An advanced
constitutive model allowing considering the
change of stiffness modulus, such as Plasticity
Hardening, should be used.

- The surface settlement developed over
tunnels at the steady-state should be predicted
considering both immediate settlement in a
short time and consolidation settlement in a
long time;

- A critical value of the face pressure of
100% FPref is recommended in this study for
minimum surface settlements over the single

lower tunnel and twin stacked tunnels. An
increase in the face pressure is not always
followed by a decrease in surface settlements.

- A minimum value of the grouting
pressure equal to GPref is recommended in
this study to limit the settlements induced by a
single lower tunnel and twin stacked tunnels.

- Shorter shield machines cause smaller
surface settlements to develop over single
lower and twin stacked tunnels.

- Twin stacked tunnels excavation causes
an increase of the settlements compared to
that of a single lower tunnel excavated first.
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