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Abstract. In the last many decades, replying to the urgent needs for the infras-
tructure construction, shield tunneling has been conducted widely in urban areas.
Although the technique has been advanced recently owing to the accumulation of
practical experiences and the progress of mechanization, there still remains many
unknown problems especially in soft ground tunneling. For tunneling, one must
always consider not only the stability of a tunnel itself but also the surface settle-
ment due to deformations of soil around the tunnel. Although the patterns of the
surface settlements differ for different soil conditions and methods of tunneling,
many field observations and model tests show that the troughs of surface settle-
ment can be approximated by the error functions or Gaussian normal distribution
curves. This article concentrates on analyzing passive failure and deformation
mechanisms of the soil in front of tunnel face due to tunneling.
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1 Introduction

Finite element method (FEM) has now been improved and widely used to solve complex
elasticity, elasticity–plasticity, and adhesion–plasticity problems. Its advantages due to
discontinuity and heterogeneity of stratigraphic structure can handle complex boundary
conditions to calculate the stress–strain value and their distribution. Based on that, it is
used to analyze the passive failure mechanisms [1].

Once finding out, numerical analysis was a design tool though it was often criticized.
However, thanks to the development of information technology, a revolution on the field
of underground engineering has taken place so far. From that, tunnel works are calculated
with complete numerical analysis.

The convenience of numerical analysis method has been proved. Both material
behaviors and boundary conditions have been included in the calculation and parameters
study to improve for the tunnel design in order to make it easier.
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Currently, there are several available programs for calculating underground structures
on the world such as: SAGE CRISP developed by the Crisp Consortium Ltd; PLAXIS
developed by PLAXIS BV Ltd.; SIGMA module in GEOSLOPE program developed
by GEOSLOPE-International Ltd.; and MISES program according to NATM. These
programs all use FEM to calculate the problems of underground works. These tools
are quite effective for consultancy agencies to evaluate design and conduct research on
underground works as well.

This paper applies FEM, which simulates on PLAXIS program and aims to analyze
the passive failure and deformation mechanisms of soil in front of tunnel face during the
process of constructing [2–4].

2 Establishing the Numerical Modeling

Table 1 shows the soil parameters used in the simulation by Plaxis 2010 program.

Table 1. Soil parameters

Soil parameters Unit First layer sand Second layer clay

Sand thickness mm 325 180

Saturated Unit weight γ sat kN/m3 20.3 21.1

Elastic modulus E50 kN/m2 27,000 100,000

Elastic modulus Eur kN/m2 81,000 300,000

Elastic modulus Eoed kN/m2 27,000 100,000

Poisson’s ratio v 0.3 0.3

Cohesion c kN/m2 1 300

Angle of friction ϕ Degree 30 1

Angle of dilation ψ Degree 0 0

m 0.5 1.0

Failure ratio Rf 0.9 0.9

K0 0.5 –

Figures 1 and 2 show models for tunnels with C/D= 1.5 and C/D= 3.3 in saturated
sand.

3 Numerical Model Procedures

Each analysis is started by applying an acceleration of 100 g. This is achieved by increas-
ing the soil’s specific weight 100 times [5]. The analyses were carried out by assuming
that the deformation of the soil increases by g times in one-dimension, the horizontal
coefficient of effective vertical stress is K0. Thus, the initial stress state of soil layers
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Fig. 1. Tunnel at the position of C/D = 1.5

Fig. 2. Tunnel at the position of C/D = 3.3

at 100 g acceleration can be determined. For tunnels in sand, this represents a condi-
tion when equilibrium is reached. In centrifugal model experiments, the presence of the
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model tunnel will redistribute stress around tunnel. Besides, an ideal condition with no
side friction is also simulated [6, 7].

The tunnel is assumed to be placed on-site and submerged in water. Excavation is
simulated by disabling soil elements in the tunnel area and activating the sheet elements
of the tunnel cover in the same time. A constant pressure, which is equal to the static
soil pressure at the center of the tunnel, is applied to the tunnel. It should be noted that
the tunnel moves away from the soil by g times so K0 cannot be reached immediately
before the passive failure experiment.

A margin to control pressure was placed in the tunnel to determine the passive
failure pressure, similar to tunnel construction with shields in practice. For tunnel in
sand, drainage is analyzed. In other words, the slow speed is built up to entirely dissipate
the excess pore water pressure.

4 Result Analysis

4.1 Failure Mechanism

Figures 3a–d and 4a–d show us the vector of ground displacement in the position ofC/D
= 1.5 and 3.3. From the simulation results, displacement vectors show a funnel-shaped
failure mechanism [8]. The mechanism is similar to the localized failure mechanism.
The result of simulation shows that the soil elements in front of the tunnel and far away
the tunnel affect the soil ground and forms the failure areas.

4.2 Passive Failure Pressure

The passive failure pressure in front of tunnel is calculated by finite element method and
synthetized in Table 2.

Compared with results in the centrifugal experiments T1 and T2 conducted by Tuan
et al. [9], Wong [10], the pressure curves calculated by finite element method recognize
a similar trend but with the smaller value.

For centrifugal and numerical analysis experiments, we find that in case tunnels
located at C/D = 1.5, the soil in front of the tunnel face is shifted forward, whereas
the soil in regions located further away from the tunnel axis is forced outward. It is
observed that the funnel-shaped failure mechanism is narrower than a five-block failure
mechanism, which is assumed in existing upper-bound solutions. However, the analyses
of passive failure pressures by the upper-bound solutions are reasonably consistent with
the measured tunnel pressure. In addition, the displacement pressure curves in finite
element method are appropriate with the measured results.

In case the tunnel is placed at C/D ratio is 3.3, soil displacement is limited around
the vicinity of the tunnel mirror as it moves forward and a localized failure mechanism
related to ground deformation is observed. The tunnel failure pressure in finite element
method is smaller than corresponding value (9.4–48.4%) for the C/D ratio is 1.5 and
(3.6–25.4%) for theC/D ratio is 3.3. However, it can be seen that there is a correlation of
the passive failure pressure in the centrifugal experiment and the finite element method
(Fig. 5) [1, 9–11].
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Fig. 3. a Displacement vector at C/D = 1.5, Sx /D = 0.1, b displacement vector at C/D = 1.5,
Sx/D = 0.3, c displacement vector at C/D = 1.5, Sx /D = 0.5, d displacement vector at C/D =
1.5, Sx /D = 0.7

4.3 Ground Displacement

The ground displacement in front of tunnel is analyzed by finite element method as
shown in Figs. 6 and 7.

In case the tunnel is located at C/D ratio is 1.5, it can be seen that the soil in front
of the tunnel face is shifted forward which makes it to be compressed and causes the
surface to be exposed. As a result, the funnel-shaped failure is formed.

When the tunnel depth increases (C/D = 3.3), the deformation zone is found to be
significantly larger and the range of influence is wider accordingly. The stresses in the
surrounding site of the tunnel rise, which makes the sand be less pushed up. As a result,
it will be compressed in front of the tunnel. The largest displacement is located near
the original position of the tunnel, but its value is lower than the ground displacement
around the tunnel in which the C/D ratio is 1.5.

The calculation results of soil deformation in finite element method show a similar
figure with centrifugal tests, expect for the wider range of influence. Besides, the curve
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Fig. 4. a Displacement vector at C/D = 3.3, Sx /D = 0.1, b displacement vector at C/D = 3.3,
Sx /D = 0.3, c displacement vector at C/D = 3.3, Sx /D = 0.5, d displacement vector at C/D =
3.3, Sx /D = 0.7

Table 2. Calculation results of passive failure pressure by FEM for two placing tunnel cases

Sx /D Nγm

C/D = 1.5 C/D = 3.3

0.1 43 50

0.2 64 130

0.3 98 161

0.4 116 190

0.5 148 251

0.6 167 288

0.7 175 313

0.8 183 321
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Fig. 5. Relation chart between Nγm and Sx /D in FEM and centrifugal test

Fig. 6. Ground displacement in front of tunnel at the C/D ratio is 1.5

graph of ground displacement from all of methods is a similar shape with the Gaussian
curve proposed by Peck and Schmidt [12].

5 Conclusions

There is analogy between funnel-shaped failure mechanism and localized failure mech-
anism soil in front of the tunnel face. The results of the study show that the soil elements
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Fig. 7. Ground displacement in front of tunnel at the C/D ratio is 3.3

in front of the tunnel face and at the far side of the tunnel which effects on the ground
surface form a failure area around the tunnel.

The results of failure mechanism in finite element method show a higher figure
than in centrifugal tests. One of the reasons is possibly due to the maximum expansion
angle which is acceptable when soil elements follow the failure mechanism in numerical
simulation.

Compared to the measurement results in centrifugal tests, the curves of passive
failure pressure in finite element method show a similar trend, but with a lower value.
The reason is that the data in the centrifugal tests was affected by friction between the
tunnel and pads, glass or sand. However, this effect is not included in the numerical
analysis process.

The value from failure pressure mechanism in finite element method is lower than
the measured value (9.4–48.4%) for the C/D ratio is 1.5 and (3.6–25.4%) for case C/D
3.3, respectively. However, it can be seen that there is a correlation between the passive
failure pressure in centrifugal tests and in finite element method.

As the tunnel moves ahead, the soil in front of the tunnel face is shifted forward
accordingly which makes it to be compressed and causes the surface to be exposed.
As a result, the funnel-shaped failure is formed. As the depth of tunnel increases, the
deformation zone is found to be significantly larger and the range of influence is also
wider.
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