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ABSTRACT: The face stability analysis of shallow circular tunnels driven by the
pressurized shield is investigated by three-dimensional numerical simulations. Both
the active and passive soil failures of the tunnel face are considered in the analysis. A
comparison is performed between (i) the present numerical solutions of the ultimate
pressure of the tunnel face, (ii) the results of the multiblock mechanism of the
kinematical approach in limit analysis and (iii) the values of the ultimate tunnel
pressure obtained from centrifuge model tests. The shortcomings of the multiblock
failure mechanism are presented and discussed.

INTRODUCTION

The face stability analysis of shallow circular tunnels driven by the pressurized shield
has been investigated in literature by several authors. Most approaches are based on a
two-dimensional analysis (Dias et al. 2002, DeBorst et al. 1996) and are based on
either the limit equilibrium (Anagnostou 1996) or the limit analysis methods (Leca
and Dormieux 1990, Soubra 2000, 2002) which require a priori assumptions
concerning the form of the failure mechanism. In the three-dimensional two-block
failure mechanism investigated by Leca and Dormieux (1990), the assumed failure
mechanism considers that only a part of the tunnel circular face (an ellipse inscribed in
that circular area) is concerned by failure; the remaining part of the tunnel face surface
being at rest. The aim of the present work is to determine the ultimate tunnel pressure
and the corresponding soil mass at failure without any a priori hypotheses concerning
the shape of the failure mechanism. The approach used in the present paper for the
determination of the ultimate pressure of the tunnel face is based on numerical



simulations using the Lagrangian explicit finite difference code FLAC?". Both the
active and passive soil failures in front of the tunnel face are considered in the
analysis. The ultimate tunnel pressures obtained in both the active and passive cases
are presented and compared (i) to those given by the kinematical approach of limit
analysis by Soubra (2002) using a multiblock failure mechanism and (ii) to the results
of the centrifuge model tests by Al-Hallak (1999). In the following, one presents an
overview of the recent literature. Then, the numerical FLAC?® simulations and the
comparison between the present solutions and the existing ones follow.

OVERVIEW OF RECENT LITERATURE ON THE ULTIMATE PRESSURE
OF THE TUNNEL FACE

Several theoretical models have been presented in literature for the computation of the
ultimate tunnel pressure. The most recent approach is the one presented by Leca and
Dormieux (1990) and improved later by Soubra (2000, 2002). The model by Soubra
(2002) is based on the kinematical approach of the limit analysis theory and used a
multiblock failure mechanism. The results given by this mechanism are the best upper-
bound solutions for both the active and passive cases. On the other hand, centrifuge
model tests have been performed by Al-Hallak (1999). The centrifuge model is
composed of a steel container of dimensions 1200mm x 80mm x 720mm filled with
Fontainebleau’s sand and a steel tube of 200mm diameter to represent the tunnel. The
tunnel axis is located at 500mm below the surface of the soil mass. In these tests, the
small-scale model is submitted to an acceleration of 50g where g is the gravitational
acceleration. This model simulates a tunnel of 10m diameter.

Three phases are performed during the test for the determination of the ultimate active
pressure: First, an air pressure equals to that corresponding to the earth pressure at rest
at the tunnel center is applied to the tunnel face. Then, the acceleration is increased
from 1g to 50g. Finally, the ultimate active tunnel pressure is obtained by reducing the
supporting pressure until failure occurs. The experimental results have shown that in
the active case, the soil mass at failure does not reach the ground surface and the
failure mechanism is confined nearby the tunnel face. However, the soil mass in
failure reaches the ground surface in the passive case.

THE NUMERICAL APPROACH

The centrifuge model tests performed by Al-Hallak on a small-scale model of tunnel
were simulated using the explicit finite difference code FLAC™. For symmetry
reasons, only half of the geometry is modeled (figure 1). The size of the numerical
model is 0.4 m in the X direction, 0.72 m in the Z direction and 0.90 m in the Y
direction. These dimensions are chosen so as not to affect the value of the ultimate
tunnel pressure. A three-dimensional non uniform mesh is used. The present model is
composed of approximately 23 000 zones. A conventional elastic-perfectly plastic
model based on the Mohr-Coulomb failure criterion is adopted to represent the soil.
The parameters of the soil mass were deduced from laboratory tests (Gay 2000,



Gaudin 2002). The metallic tube simulating the tunnel is simulated by a “liner”
structural element. The tunnel is assumed to be rigid and an interface is placed
between the soil and the outer surface of the tunnel to allow the slip that may occur on
this contact area.

FIG. 1. Numerical model

The characteristics adopted in the numerical simulations for the soil and the interface
are given in Table 1.

Table 1. Characteristics of the soil and the interface

Soil characteristics Value Interface Value
characteristics

Young Modulus 50 MPa Normal stiffness 3* 10" kN/m

Poisson’s ratio 0.33 Shear stiffness 3% 10" kN/m

Cohesion 0 kPa Cohesion 0 kPa

Friction angle @ 42° Friction angle 28°

Dilatancy angle vy 15.3°

Unit weigth y 15.7kN/m’

As in the experimental centrifuge tests, a pressure equal to the soil pressure at rest is
applied to maintain the stability of the tunnel face. This pressure is taken equals to the
experimental value (i.e. 200 kPa). Then the model is subjected to an acceleration of
50g. Finally the ultimate active tunnel pressure is found by gradually decreasing the
internal pressure until the failure of the soil mass nearby the tunnel face occurs. This
means that a stress-controlled approach is used for the computation of the tunnel
ultimate pressure.

THE NUMERICAL RESULTS




As mentioned in the previous section, a stress-controlled approach is used to compute
the active tunnel pressure. The computation is performed for the case C/D=0.5, where
C and D are respectively the tunnel cover and the tunnel diameter. Several gradually
decreasing pressures are successively applied to the tunnel face until failure or plastic
flow occurs in the soil. At each pressure, several cycles are performed until a steady
state of static equilibrium or plastic flow is developed in the soil. The plastic flow is
achieved when both conditions are satisfied as the number of cycles increases:

(i) small values of the unbalanced forces for all nodes of the mesh;

(i1) a non-constant continuously increasing displacement of a specific point in
the soil mass. In this paper, the horizontal displacement of the tunnel center
is considered for this analysis.

The highest pressure corresponding to this state of plastic flow is called the active
tunnel pressure (failure pressure). Notice that for smaller values of the tunnel pressure,
a constant displacement of the tunnel center is obtained as the number of cycles
increases (figure 2). This indicates that a steady state of static equilibrium (i.e. no
failure or plastic flow) is obtained in those cases. From this figure, one can see that the
active tunnel pressure is obtained for o, =15kPa for which a non-constant

continuously increasing displacement is obtained as the number of cycles increases.
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FIG. 2 Horizontal displacement at the center of the tunnel face versus the number of
cycles in FLAC®

An alternative and equivalent approach to identify the state of failure or plastic flow
considers (i) the velocity of the tunnel center (horizontal velocity in the present paper)
as shown in figure 3 and (ii) the condition on the unbalanced forces. For the active
tunnel pressure, the velocity of the tunnel center does not decrease to zero with the
number of cycles indicating a non-constant displacement of the tunnel center with the
number of cycles (i.e. there is no steady state in this case). However, this velocity
decreases to zero (which corresponds to a constant displacement) when the steady
state of static equilibrium is obtained indicating that the failure does not occur in those



cases. Notice however that the first approach is preferable since it gives information
about the value of the tunnel center displacement for the different tunnel pressures.
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FIG. 3. Horizontal velocity at the center of the tunnel face versus the number of cycles
in FLAC™

COMPARISON WITH OTHER RESULTS

The results of the active and passive pressures obtained from the numerical
simulations using FLAC” are compared in figures 4 and 6 with those given by Leca
and Dormieux (1990) and Soubra (2002) using the multiblock mechanism in limit
analysis.

19
185 F---rrecceeeeccnneceennnnn
18 +
175 1 —— Flac3D
171 - - - Leca & Dormieux (1990)

16,5 1 —— Soubra (2002)
16 T

15,5 /
15
14,5 4
14 +———+—+—+—+—+—+
05 1 15 2 25 3 35 4 45 5
ch
FIG. 4. Failure pressure versus C/D (collapse case) - comparison between the
kinematical approach (Leca and Dormieux 1990 and Soubra 2002) and FLAC™
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Concerning the collapse case, the pressures calculated with FLAC? are smaller than
those given by the kinematical approach. A maximum difference of about 20% for



C/D=0.5 is obtained. This difference could be related to the a priori assumption
concerning the form of the failure mechanism chosen by Soubra (2002). The
intersection between the cone adjacent to the tunnel face in the multiblock mechanism
and the tunnel face is an ellipse. This surface represents the zone of the face concerned
by failure. In the numerical simulations, the entire tunnel face is concerned by failure
(figure 5). This may explain the difference between the ultimate pressures computed
by the two approaches in the active case.
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FIG. 5. Velocity field, collapse case, C/D = 0,5

3500

3000 -1

2500 A

2000 A

1500 + —— Flac3D

Pressure kPa)

1000 + - Leca&Dormieux (1990)

= Soubra (2002)
500 i

0,5 ch 1

FIG. 6. - Failure pressure versus C/D (blow-out case) - comparison between the
kinematical approach (Leca and Dormieux 1990 and Soubra 2002) and FLAC™

For the passive case, the ultimate passive pressures calculated by FLAC® are smaller
(maximum difference of 40%) than those provided by the kinematical approach. This
may be explained by the shape of the failure considered by the multiblock mechanism
at the tunnel face. Figure 7 shows that in the blow-out case, only the upper-half of the
tunnel face is concerned by failure. However, the multiblock mechanism in limit
analysis considers an ellipse whose great axis is vertical and equal to the tunnel
diameter.
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FIG. 7. Displacement velocity field, blow out case, C/D = 0,5

Table 2 shows the comparison between the results of (i) the present numerical
simulations, (ii) the kinematical approach and (iii) the centrifuge results for the
following configuration: C/D = 2, ¢ = 42°, y = 15.3°, y = 15.7kN/m’ where v is the
soil unit weight. The solutions by Leca and Dormieux (1990) are not presented since
the present upper-bound solutions by Soubra (2002) are better (i.e. greater) than the
ones of Leca and Dormieux (1990).

The results given by the kinematical approach are not in good agreement with those
obtained by the centrifuge tests (difference of about 30 %). This confirms that the
failure mechanism used in this approach is not adequate to calculate the limit pressure
of the tunnel.

Table 2: Comparison between the present results and those of the centrifuge tests
and the upper-bound solutions by Soubra (2002)

Authors Centrifuge tests - Al | Kinematical approach Numerical
Hallak (1999) (Soubra 2002) simulations
o, [kPa] 8 5.8 6.8
CONCLUSIONS

It was shown in this paper that the kinematical approach does not take into account
with accuracy the failure shape at the tunnel face. In the collapse case, the entire
surface of the face is at failure. However, the kinematical approach considers only an
elliptical surface. In the blow out, the numerical simulations have shown that only the
upper-half of the tunnel face is concerned by failure. However, an ellipse with a great
vertical axis equal to the tunnel diameter is taken into account in the kinematical
approach. Thus, it seems necessary to develop new failure mechanisms in limit
analysis in accordance with the experimental and numerical findings.
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