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ABSTRACT

Metro systems are integral to modern infrastructure and are in a
constant process of development. Designing tunnels in soft soil
demands consideration of various factors to optimize construction
costs and ensure safety. This article addresses the challenges of
constructing urban tunnels in soft ground using tunnel boring
machines, emphasizing geological behavior, tunnel lining loads, and
soil displacement. FEM analytical and simulation methods are
employed to calculate surface settlements, face-support pressure,
and lining load, with a focus on evaluating geological influences on
subway line design. TBM-driven tunnel construction induces short-
and long-term ground deformations in soft soil, influenced by
heading face support. shield skin friction, and gap grouting.
Realistic 30 simulations are increasingly essential to
understanding the interaction between TBM-driven tunneling and
surrounding soil, providing reliable estimates of settlements and
associated risks, especially in urban tunnel projects.

Keywords: Soft soil; geological behavior; lining load; soil
displacement; surface settlements; face-suppart pressure; tunnel
boring machine.

TOM TAT

Ha thing tau dién ngdm 3 mat phén khang thé thigu trong co st ha tang
hién dai va dang trong qua trinh phét trign khang ngimg. Thigt k& ham
trong dat yéu doi hai phai xem xét nhiéu yéu td dé tai vu hoa chi phi thi
cing va dam bao an toan. Bai bao nay dé cap dén nhing thach thirc khi
xay dung duwing hém do thj trong d&t yeu bing may dao ham TBM, nhén
manh dén dic diém dia chét, tai trong tac dang [&n va ham va chuyén vi
chia dat da xung quanh duwrng hém. Cac phuong phép phan tich va ma
phang phén tir hitu han FEM duge st dung dé tinh toan d lan bé mét, ap
Iirc chaing dit guong dao va tai trong tac dang [en va ham, tap trung vao
viec danh gia anh hudng cia dia chéat dén thigt ke tuyén tau dign ngdm.
Viec xay dung duang ham bing may dao ham gy ra céc bign dang ngén
han va dai han trong dat y&u, bj anh hudng b ap lue can bing guong dao
ir dau méy, ma séat bé mat khien va dét da va ap luc phun vira l8p day &
khe her dudi khign. Ma phang 3D thyc t& ngay cang cén thigt dé higu dugc
sur tuong tac giira dutng ham thi cong bang may dao ham va dat da xung
quanh, cung cp cAc wdc tinh dang tin cay vé da lin va cac rdi ro lign
quan, dac biét 13 trong céc dy an dwimg hém da thi.

Tir khoa: Dat y&u; tng xir dia chat; tai trong tac déng 1&n va hdm; chuyén
vi clia dét dé; ldn bé mat; &p lye chang di quong dao; may dao ham.

1. INTRODUCTION

Ground behavior is one of the most essential characteristics in
urban tunnel construction, as stability and deformation can cause
serious problems. When choosing a tunneling system for soft soil
using a tunnel boring machine (TBM) with earth pressure
compensation (EPB), the system offers significant advantages in
overcoming major issues related to ground behavior. When using
TBM, consider particular aspects: shallow overburden due to cost
and functionality, structures on the ground surface, foreign objects
in the ground such as drainpipes, foundations, anchors, etc., and
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alignment and constraints regarding material transport and TBM
access.

Appropriate planning and geotechnical exploration may help
overcome these difficulties. The design of TBM tunnels must
consider the previous aspects; the main problems regarding design
are summed up in the following points: Measures to control ground
behavior loads on the liner, structural design, and prediction of
ground displacements.

The following sections will discuss the existing methods to
assess these three focuses. In addition, geology, changing
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conditions in the ground due to lenses, boulders, etc,, and the 2.GEOLOGICAL AND HYDROGEOLOGICAL CHARACTERISTICS
presence of groundwater must be considered for tunnel design to OF THE AREA WHERE UMRT HANOI LINE NO.3 IS LOCATED
select the best construction method and reduce risk scenarios. Soft 2.1. Geological characteristics
soils represent a challenging condition for tunnel construction. 7 AN A%

Realistically modeling shield-driven tunneling processes, \:\F
particularly excavation and Tunnel Boring Machine (TBM) 5 e _
advancement, poses challenges in existing finite element models. J\Q\P !
Understanding interactions between the shield machine and e O— )y ey
surrounding soil is crucial for tunnel construction insight. Existing ,‘"""“"v\;-fj'-u,,;
models face challenges in simulating the excavation process and - B %)
often lack a realistic kinematics model for the shield machine. A R (e &=
three-dimensional finite element model prototype has been Figure 1. Description of UMRT Line No.3 (Urbanist Hanoi 2018)
successfully developed for simulations in soft soil, enabling Package CP03 includes four underground stations and the central
systematic numerical studies. This model has been extendedforsoft  ynnel along the inter-stations stretches, apart from ausxiliary structures
soils and advanced constitutive models, contributing to an ke the Emergency Shaftand the Ramp connecting the elevated system
integrated design support system for mechanized tunneling. {5 the underground section. The main tunnel comprises +two single-
Various finite element models have been proposed to address  yrack tubes linking the stations together, summing up to 2.6 km of
excavation process simulation difficulties, including removing finite mechanized tunnel. The segmental lining consists of a 5700 mm inner
elements from the excavated volume before the machine and  giameter ring with a thickness of 300 mm (resulting in an outer
applying the nodal forces necessary to preserve equilibrium. diameter of 6300 mm). Tunnel depth is from 15 to 30m.

Table 1. Geotechnical properties of soil layers [5]

Soil layer Grain size (%) Atterberg limits uw Sy
No Description Gravel | Sand Silt Clay goc) (I(;/I;) (E’/Io') (KN/m?3) €0 SPT (kPa)
1 | Filling soil - - - - - - - - - - -
2 | Stiff to very stiff clay (CL) - 11.5 57 315 | 24.2 33.5 18.7 19.9 0.67 | 64 | 26.34
3 | Soft clay - 7.1 54.5 38.5 | 50.1 52.61 | 31.03 17 146 | 3.7 16.7
4 | Medium dense silty sand - 78 20.9 0.7 - - - - - 24.8 -
5 | Fine medium gravelly sand - 74.4 16 - - - - - - 47 -
6 | Dense poorly graded gravel with sand - 334 7.3 - - - - - - >50 -
The area where the metro tunnel line 3 of the Hanoi metro the Neogene sandstone bedrock.
project is located in the central region of Hanoi is on the Red River SW NE
basin. Through survey documents and experimental drilling —+
samples, it can be concluded that the area from The ground to a 0 —

depth of about 50 m is soil and is divided into six characteristic

layers. A durable bedrock layer is below a depth of 50 m in the

central area of Hanoi. Because the tunnel of Hanoi's subway system 20
is designed at a depth ranging from H = 15 to 30 m, the research
focuses on fixing the tunnel depth at H = 18m. The soil layers in the
area where the metro tunnel line 3 of the Hanoi metro project is
located have the characteristics determined through experiments,
as shown in Table 1. Vertical geological survey of metro line 3
(according to Giao et al., 2018) [2] is shown in Figure 2, and &
according to (Young-Jin Shin et al., 2019) [3] is shown in Figure 5 -

Figure 7.
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Figure 3. Sketch of Hanoi Aquifer System [2]

In Hanoi city, there are 80 monitoring observation wells, among
which 19 observation wells were stopped (K2 2004) [4]. Most of the
observation wells are distributed in the South of Hanoi. In this study,

r et o T four observation wells, i.e., P9a, P32a, P29a, and P35a, were selected

Figure 2. Soil profile along UMRT line No.03 [1-2] as they are near UMRT line No.3. The groundwater levels observed

2.2. Hydrogeological characteristics at these wells are shown in Fig. 5. The maximum drawdown is at in

The Hanoi aquifer system (see Fig. 3) consists of the Holocene P9a about 12 m from 1991 to 2017. The drawdowns for P29a, P32a,
aquifer, the aquitard, the Upper and Lower Pleistocene aquifer, and and P35a were about 10 m, 6 m, and 6 m, respectively.
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Figure 4: Groundwater levels monitored at some observation well nearby UMRT line
No.03 [4]
In this scientific article, Hanoi's groundwater level at UMRT line

Figure 5: Geological profile between St09 and St10 [3]

=[-Iz

3.1. Model parameters

Simulate the construction of a tunnel located on soft soil using
TBM. The tunnel to be analyzed will have a double lining; the first
will be elaborated with prefabricated segments, and the second will
be constructed as a continuous element modeled as a sliding
formwork.

Figure 8: Tunnel design model using Midas GTS NX software

To simulate the construction process of the (6.3M outer
diameter) tunnel, a section of 45m in length is considered, in which
3d precast segments of 1.5 each are installed. Likewise, both the
pressure of the front and the pressure around the shield are
simulated, thereby obtaining efforts and displacements for each

Figure 6: Geological profile between St10 and St11 [3]

Figure 7: Geological profile between St11 and St12 3]

3. SIMULATE THE UMRT LINE NO.03, HANOI METRO

PROJECT BY MIDAS GTS NX SOFTWARE
Table 2. Geotechnical properties of soil layers in BH12 input the software

stage considered.

Figure 9: Cross-section and overall tunnel model
The model includes six soil layers according to the results of the
actual geological survey at borehole 12, where the subway line
passes. The geological data declared in the model is presented in
Table 2:

. Medium . . Dense poorly
Name Filling soil SFIﬁ tovery Soft clay dense silty Fine medium graded gravel | Segment
stiff clay (CL) gravelly sand .
sand with sand
Thickness 2 10.3 12.7 11.9 15 8.1
Material Isotropic Isotropic Isotropic Isotropic Isotropic Isotropic Isotropic
Mohr . . Mohr Mohr Mohr .
General Coulomb Soft Soil Soft Soil Coulomb Coulomb Coulomb Elastic
Elastic Modulus (E) (KN/m?) 9250 15300 7680 35020 53900 65000 2.1E+07
Poisson’s Ratio (v) 0.41 0.38 0.35 0.33 0.32 0.3 0.3
Unit Weight kN/m? 17.5 17.6 18.1 17.8 18.3 18.6 24
KO 0.5 0.5 0.5 0.5 0.5 0.5 1
Unit Weight (Saturated) kN/m3 17.5 21 21 21 21 21 24
Initial Void Ratio (e0) 0.5 0.67 1.46 0.5 0.5 0.5 0.5

Drainage Parameters Drained Undarined Undarined Drained Drained Drained Drained

Cohesion (C) 20 1 1 40 50 50 -

Frictional Angle 30 36 36 30 30 30 -

Slope of Consol Line (A) - 1.947 1.822 - - - -

Slope of Over Consol Line (K) - 0.195 0.1822 - - - -

KOnc - 0.5 0.426 - - - -
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Table 3. Technical specifications of Shield and Grouting

Name Grout
Material Isotropic Isotropic
General Elastic Elastic
Elastic Modulus (E) (KN/m?) 2.5E+08 1.0E+07
Poisson’s Ratio (v) 0.3
Unit Weight kN/m3 22.5

Table 4. Property of material

- - . . . Dense poorly
Name F”hpg SFlﬁ tovery Soft clay Meqlum dense | Fine medium graded gravel Segment Shield Grout
soil stiff clay (CL) silty sand gravelly sand .
with sand
Type 3D 3D 3D 3D 3D 3D 3D 2D-Plate | 2D-Plate
- . . . . Dense poorly
Material Fllhpg S.tlﬁ tovery Soft clay Mec!lum dense | Fine medium graded gravel Segment Steel Grout
soil stiff clay (CL) silty sand gravelly sand .
with sand
Segtlon : i ; - - - - TH=0.06 | TH=0.06
Size

The soft clay layer is located at a depth of -12.7 to -25m, and the
tunnel's center is at a depth of -18m, so the tunnel is entirely in the
soft clay layer.

3.2. Load during tunnel construction

During tunnel construction, six types of loads appear earth and
water pressure, drilling pressure loads, jack thrust loads, shield
external pressure loads, and segment external pressure loads.

fora £ i final segments

e —

Figure 10: Forces appear during tunneling

Earth and water pressure continuously impact the tunnel
throughout construction and after completion. And they are
calculated automatically by the software.

o Dirilling pressure loads

Drilling pressure loads generated during the process of TBM
moving forward in the soil, the force has the effect of supporting
and stabilizing the digging surface. In this research, the author takes
the drilling pressure load value as 200 kN/m?

Figure 11: Drilling pressure loads
o Jack thrust loads

The jack thrust load is a temporary load acting on the linings as
a reaction force to move the shield forward and is one of the most
essential construction loads on the linings. In this research, the
author takes the jack thrust load value as 4500 kN/m?
- .
-y -

Figure 12: Jack thrust loads
o Shield external pressure loads

Shield external pressure (S) is used in tunnel engineering to
describe the pressure applied around the shield excavation face of
a tunnel boring machine (TBM). It is usually assumed to be a
percentage of the total vertical and horizontal pressure acting on
the tunnel. In this research, the author takes the shield external
pressure loads value as 50 kN/m?

Figure 13: Shield external pressure loads

e Segment external pressure loads

Segment external pressure (E) is applied on the segments of a
tunnel boring machine (TBM) from the surrounding soil or rock. It
depends on the tunnel's depth, soil type, and groundwater
conditions. It affects the stability and safety of the TBM and the
tunnel lining. In this research, the author takes the segment external
pressure loads value as 1000 kN/m?

Figure 14: Segment external pressure loads

3.3. Construction stages summary

Simulating the tunnel construction process is summarized in
the image below.

et vt

Servsel Sagmant iestallston ages

Figure 15: Tunnel construction process using TBM
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Figure 15: Tunnel construction stages
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4.1. Displacement
4.1.1. Soil displacement

TOTAL DBSFLACEMENT

_..
z5E5hg

8 i o
-2 PRE

3
.
1
]
4

Figure 16: Chart of maximum displacement value at each construction stage

The maximum displacement occurs at the intersection between
the tunnel lining and soil because when the shield is boring the sail,
the excavation diameter will be larger than the outside diameter of
the tunnel lining so that a void will form. This is overcome by
injecting pressure grouting to fill the gap to prevent displacement
as well as enhance the bearing capacity of the tunnel lining.

The maximum displacement reached a value of 17.67cm at the
9th construction phase (S9), and by the time the tunnel was
completed (522), the displacement value reached 17.29cm, a
decrease of 2.15%. The displacement value is relatively large
because the tunnel is in the soft soil layer.

Figure 17: Displacement at S9

4.1.2. Surface settlements

Surface settlement is mainly distributed around the area where

the tunnel passes through, in which the largest settlement is

concentrated along the tunnel's center. The chart shows that the

maximum surface settlement is - 0.0430866815149784 m (=4.3cm)
at node 228594 at the 22nd construction stage.

SURFACE SETTLEMENTS WHEN TUNNELING IS COMPLETED

Figure 18: Displacement at 522

Figure 18: Chart of surface settlements when tunneling is completed (522)
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Figure 18 shows the distribution of surface settlement at the
section with the largest settlement when the tunnel was completed.

SURRACT SETIRMPNTS

1w

Figure 19: Chart of surface settlement along the tunnel

4.2, STRESS

4.2.1. Shield Stress

During tunnel construction using the TBM method, the
maximum and minimum principal stresses acting on the excavator
are not only located in the section with the most unfavorable
geology but also change according to the construction stage's
different cross-sectional positions. So, when designing a
mechanical tunnel, we need to take the maximum stress value that
appears during the construction phase as the initial calculation and
design value.

Looking at the chart as shown in the figure, we can see that the
maximum (o1) and minimum (03) principal stresses in the
excavated shield appear at the 4th construction stage (S4) with
values of 367626.3 kN/m?, respectively. and 408165.1 kN/m?.
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Figure 20: Maximum principal stress of
shield in 54

Figure 21: Minimum principal stress of
shield in 54

MINBIUM PEIRCIPAL STRESS OF SHELD

Figure 23: Chart of minimum principal
stress of shield at each construction stage

Figure 22: Chart of maximum principal
stress of shield at each construction stage
4.2.2. Segment Stress
Similar to the segments, the maximum and minimum principal
stresses on the segments change according to each construction
phase. We take the construction phase with the maximum stress as
the value for calculating and designing the segments.
According to the chart shown in figure 25 and 27, we see that
the maximum principal stress (o1) in the segments at the 15th
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construction stage (S15) with a value of 18889.1kN/m?, and the
minimum principal stress (03) in segments appears at the 17th
constructions stage (S17) with a value of 30049.4 kN/m?.

Figure 25: Chart of the value maximum
principal stress in the segment at each
construction stage

Figure 24: Maximum principal stress of
the segmentin 15
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Figure 26: Minimum principal stressof -
the segment in $17

Figure 27: Chart of the value minimum
principal stress in the segment at each
construction stage

4.3. STRAINS

4.3.1. Shield strains

The strains of the shield continuously change in value and
position at each construction stage.

The maximum principal strains of the shield at the 4th
construction stage (S4) reached a value of 0.00144176 m
(=1.144176mm).
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“==  Figure 29: Chart of the value maximum

amees principal strains of shield at each
construction stage
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Figure 28: Maximum principal strains of
the shield in S4
4.3.2. Segment strains
Construction stages S1, 52, S3, and S4 are the initial excavation
stages; stage 5 activates the tunnel lining components, so strains
in the tunnel lining appear at this stage. The strains of the tunnel
lining continuously change in value and location at each
construction stage.
The maximum principal strains in the segments appeared at the
15th construction stage (S15), reaching a value of 0.00109612 m
(=1.09612mm).
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Figure 30: Maximum principal strains
of the segments in 15

Figure 31: Chart of the value maximum
principal strains of segment at each
construction stage

5. CONCLUSION

The results of surface settlement, as well as displacement of soil
around the tunnel, are relatively large (4.3cm and 17.67cm) because
the tunnel is wholly located in the soft soil layer. Therefore, it is
necessary to set up displacement monitoring stations to
continuously monitor and control displacement so treatment and
recovery plans can be promptly proposed.

From the design results stated above, we can see that the
maximum values of surface settlement, soil displacement, stresses,
and strains of the tunnel lining and shield are not located on one
fixed section or fixed construction stage like the 2D simulation we
often do, the value and position change continuously at each
construction stage, so when designing the mechanized tunnels, it is
necessary to simulate 3D tunnel in as much detail as possible to
provide accurate and realistic data, to calculate and control risks
that may occur during construction.
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