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In tunnel engineering, soft ground tunneling has attracted the attention of tunnels engineers and
researches. In this study, an analysis of the displacements and the tunnel face stability in soft
ground (layered ground) using several calculation methods aimed at making confrontations are
presented. Our purposes to approach 3D modelling in tunneling by a series of 2D computations
using three procedures: The Lost Volume method (LVM), the Convergence Confinement
method (CCM) and the face pressure method (Pg). A series of 2D and 3D numerical studies were
carried out to estimate the settlements and longitudinal displacements and the tunnel face
stability. Empirical approaches have also been used to make comparisons. The results showed
the interest of such analysis. The comparison of the numerical results to those calculated with
different methods shows good agreement.
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Figure A. Settlement trough obtained from 3D FE analysis

Aim of Article: This paper reports the two and three dimensional numerical results of a study
carried out to estimate the surface settlements, longitudinal displacements and face stability
induced by the excavation of shallow tunnel in soft ground. Empirical approaches were also used
to make comparisons. The aim of this study was to use several 2D calculation methods to account
for the 3D effect in the tunneling.

Theory and Methodology: Tunnel excavation is a 3D problem. However, 3D numerical analysis
often requires excessive computational resources (storage and time). Consequently, tunnel
excavation is often simulated 2D. Various methods have been proposed to take account 3D effect
of tunnel face to model tunnel construction. In this study, three methods are used to simulate
tunneling in order to make comparisons: the Lost Volume method (LVM), the Convergence-
Confinement method (CCM) and the face pressure method (Ps). We use Plaxis 2D and Plaxis 3D
Tunnel software’s for numerical calculation. Also, empirical and analytical approaches have
been used to make comparisons using the popular methods of [1] for transversal displacement
and [2] for longitudinal displacement.

Findings and Results: For predicting tunnel induced soil movement for shallow tunnel, we were
highlights how 3D modelling the transverse settlement profile by comparing these results with
2D analyses using Plaxis finite elements software. The longitudinal settlement trough is also
assessed with tunnel face stability. The results showed the interest of such analysis. The
comparison of the 3D numerical results to those calculated with different methods 2D shows good
agreement and led to useful conclusions for tunnel design.

Conclusion: in this paper, we have shown the interest of a 2D analysis using appropriate
calculations confronted to 3D results, it turned out that the LVM and Ps methods provided results
close to the actual excavation process. For the CCM method; the settlements are similar to those
in 3D provided that the unsupported distance is reduced.


https://dergipark.org.tr/en/pub/jster
mailto:nesrine_fr10@ahoo.fr

68

¢ I\A JOURNAL OF SCIENCE, TECHNOLOGY AND ENGINEERING RESEARCH
LT ,’3 Bilim, Teknoloji ve Miihendislik Arastirmalari Dergisi, (2023) - 4(1): 67-77
V\J ) ISSN : 2717-8404 https.//dergipark.org.tr/en/pub/jster

RESEARCH ARTICLE

3D simulation of tunnel excavation in soft soil

Nesrine EL Houari

*EOLE laboratory, University of Tlemcen, Faculty of Technology, Civil Engineering Department, Tlemcen, Algeria

nesrine_frl0@yahoo.fr, orcid.000-0003-1182-215X

Citation:

El Houari, N. (2023) No Problems Encountered in the Process of Publishing Articles in the Journal and Investigation of the
Solutions, Journal of Science Technology and Engineering Research, 4(1):67-77. DOI: 10.53525/jster.1236011

HIGHLIGHTS

= The results showed the interest of such analysis. The results can be used to show the utility of using 2D simulations instead of 3D for

preliminary calculations.

= The good agreement acquired by this comparison has led to useful conclusions for the design of tunnel

= The study shows that we can use 2D calculations to approach the three-dimensional reality of tunnels at least in preliminary studies

= 3D numerical analysis often requires excessive computational resources (storage and time). Consequently, tunnel excavation is often
simulated 2D. Various methods have been proposed to take account 3D effect of tunnel face to model tunnel construction. The 3 methods used

have shown their benefict.
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In urban areas, tunneling can induce ground movements which disturb the soil and
surrounding structures. In tunnel engineering, soft ground tunneling has attracted the
attention of tunnels engineers and researches. Several calculation methods have been
invested in order to evaluate these movements caused by the excavation of tunnels which the
design requires a proper estimation of surface movements and face stability analysis, varying
from simple empirical and analytical formulas to advance analyzes using the Finite Element
Method. These analysis methods have significant effects on the estimation of the deformations
because the analysis method must take into account the interaction between the tunnel and
the ground; this turns out to be a purely 3D process which presents significant complexity
and difficulties of understanding and a very high calculation time and cost, which is why the
need has arisen to invest in 2D procedures which simple and useful for a first approximation
and preliminary design. The main objective of this article is to analyze the excavation effect
of a shallow tunnel excavated using tunnel boring machines (TBM) on soft layered ground
(sand and clay) and to compare the results obtained from an empirical and analytical
solutions with 2D and 3D finite elements numerical analyses. In this study, three calculation
procedures were invested: Lost Volume Method, Convergence-Confinement Method, and
Face Pressure Method. In parallel, a face stability analysis as well as failure mechanisms by
face collapse were also obtained. The results showed the interest of such analysis. The
comparison of the numerical results to those calculated with different methods shows good
agreement.

Keywords: Shield tunneling, Two and three dimensionnal Finite element analysis,
Settlement, longitudinal displacement, tunnel face stability analysis

provide the required infrastructure. The process of

I. INTRODUCTION tunneling is very complex and the tunnel excavation is a
The increase in population requires urban space which 3D Mechanism. A better understanding into these
becomes more limited, underground works have become ~ mechanisms that control the tunneling induced
an absolute solution to remedy this problem and to  deformations could reduce costs and help avoid any

problems [3]. However, 3D numerical analysis often
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requires excessive computational resources (storage and
time). In order to overcome this difficulty, engineers
adopt simplified approaches using two-dimensional
model, which is obviously a simplification of the real
problem. Various methods have been proposed to take
into account the 3D effect of the working face to model
the construction of the tunnel in 2D such as: the ground
volume loss method (LVM), the Convergence-
Confinement method (CCM) and the face pressure (Ps).
Several authors have carried out research to account for
three-dimensional aspects in two-dimensional models
[4-5-6-7-8-9-10]. These 2D models frequently lead to
satisfactory displacement values with respect to
measurements and to an estimate of the redistribution of
stress [11].

Mroueh and Shahrour proposed a simplified 3D
numerical model for the prediction of ground
movements induced during the construction of a tunnel
using TBM (Tunnel Boring Machine) based on the
generalization of the Convergence-Confinement method
(CCM) only [6]. Vitali and others show that 3D model
agrees a more accurate analysis of the soil's construction
effects and the repercussions of some key parameters
such as the injection grout and chamber pressures [12].
In the study of [13], the authors focuses on the three-
dimensional cross excavation problem of two tunnels,
the numerical analysis method is used to study the effect
of multi-tunnel excavation on the settlement of the
ground surface. A series of three-dimensional finite
element models were constructed to consider the
intersection of two tunnels with different relative
positions and different spacing. In their study, the 2D
simulation is extended to 3D simulation for a more
comprehensive  understanding of the ground
deformation affected by twin tunnel excavation. These
models take into account only the ground volume loss
method (LVM). [14] investigate the surface subsidence
due to tunneling in 3D, the simultaneous impact of depth
and diameter of the tunnel in both saturated and dry
conditions have been investigated also using a FLAC3D
Finite Difference program. Results showed that depth
and diameter induce a significant effect on the ground
surface displacement values. As face pressure increases
(Ps), the effect of tunnel depth and diameter on surface
and crown displacements decreases.

To date, the majority of research work done to predict
movement caused by tunneling uses one method to take
account the 3D effect into 2D calculation. In our study,
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the main objective is to develop a better understanding
of the behavior of tunneling in ground using several
methods at the same time. The main objectives of this
paper are three-fold: first, to provide a 2D dimensional
numerical analysis to model the tunneling process of the
TBM (tunnel boring machine) in three methods: 1. the
ground loss volume (LVM) method, 2. the convergence
confinement method (CCM) and 3 face pressure method
(P+ method). Second, to simulate the 3D numerical
analysis for a proper prediction of surface movement. To
investigate its development, Plaxis 3D tunnel FE
program is used; and third, to analyze the stability of the
face. In addition, empirical approaches have been used
to make comparisons using the popular methods of [1]
for transversal displacement and [2] for longitudinal
displacement. The empirical results found have enriched
the study. Comparisons are presented, with the results
showed the usefulness of one method over the other.

Il. THEORY AND METHODOLOGY

There are mainly two settlement prediction approaches:
(i) empirical, based on empirical formulas derived from
past observations, (ii) numerical analysis such as finite
element approach, which is the most popular method. In
this study, both methods are employed to predict the
surface settlement above the tunnels.

We use empirical approaches using the popular methods
of [1] for transversal displacement and [2] for
longitudinal displacement. And Plaxis 2D and Plaxis 3D
Tunnel software’s for numerical calculation.

11.1 Empirical prediction for tunneling induced ground

The empirical methods are almost simple and useful.
However, their use is limited for design purposes.
Empirical methods aim at estimating the extent of the
movements starting from a relatively thus reduced
number of data they make it possible to obtain
preliminary results which it is necessary, however, to use
them with a great precaution. In practice, these methods
should be more or less guided by the analytical
approaches if they exist or by numerical calculations and
then to fix them on the experimental curves [15].
Tunneling will generally induce both transversal and
longitudinal settlements of ground movements.

I1.1.1 Transverse behavior Tunnel induced ground

The settlements which result from various excavation
phases generally has been found that the shape of the
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surface settlement troughs developing during tunnel
construction is reasonably well represented by a
Gaussian distribution described for the first time by [1]
as shown in Figure 1, the settlement S as:

SV(0) = Smaxexp (L) (1)

x=i

-
Se(¥)= D606

----- @)

Figure 1. 2D Settlement parameters and notation.

where Smax is the maximum settlement, which occurs
above the tunnel centre line; The width of settlement
profile is defined by the important parameter i, which is
the distance from the tunnel centre line to the point of
inflexion of the trough (shown in Fig. 2);

The maximum settlement is calculated using the [16]
formula for the case of a circular tunnel with diameter

D:
0,313V,
Smax = %DZ (2)

For practical purposes, it is often reasonable to assume
that simple approximate ratio is given by [10] delimiting
the inflection point i: i=KH

With: H: tunnel depth, K is usually in the range from 0.4
to 0.5 for the cohesive soils and 0.25 to 0.35 for the
cohesiveness soils [8].

The settlements caused by tunneling are often
characterized by the term volume loss (V1), expressed as
a percentage of the notional excavated volume of the
tunnel.

Figure 2 shows the influence of volume loss on the
amplitude of settlement. The settlements increase with
increase of loss volume.
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Figure 2. Influence of the loss volume (V) on the maximum
surface settlement

11.1.2 Longitudinal behavior

The [2] empirical formulais used to assess surface
settlement in the longitudinal direction:

x2

Sy(x) = Smax-i%/z—nlfi(w e 2% 3)

Where X : is the distance to the face of the tunnel in the
longitudinal direction of settlement.

[2] indicate that the values of minima settlement and
maxima are reached respectively with x=+o (ahead of
the face) and at x=-oc (behind the face). They find that
settlement ahead of the face is reduced significantly
(Figure 3).

FACE POSITION

x=10
\U.I w_

Cumulative Gaussian curve

w=w, Flxi)
Figure. 3. Empirical longitudinal settlement trough [8].

Both [1] and [2] formulas were adopted in this study for
empirical calculation in order to estimate surface
settlements in the transverse and longitudinal direction.
It is about a trough of longitudinal settlement which
ensures the model quoted in the literature, where
displacements far ahead of the face are practically
negligible and this at a distance from the order of a 1,5
Diameter approximately. At the face, these settlements
are equal to 50% of maximum settlement.
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1.2 Numerical modeling
11.2.1 Two dimensional analyses

Tunnel excavation is a three-dimensional problem.
However, 3D numerical analysis often requires
excessive computational resources (storage and time).
Consequently, tunnel excavation is often simulated 2D.
Various methods have been proposed to take account 3D
effect of tunnel face to model tunnel construction. In this
paper, three methods are used to simulate tunneling in
order to make comparisons: the loss Volume method
(LVM), the Convergence-Confinement method (CCM)
and the face pressure method (Ps).

1. The Convergence-Confinement Method (CCM)
This method which is also referred to as the A method
was introduced by [17]. The parameter A describes the
proportion of unloading before the lining is installed. For
0 <A <1 the remaining radial stress on the lining is or =
(1-A) oo where oo is the initial stress in the radial
direction.

Using the following formula [18] :

AX)= ot (1-a) [1-(moR/ (MoR+X)2] 4)
With: o and mo are two constants (Taken respectively
0.25 and 0.75) and R: radius of excavation.

The three-dimensional character of the tunneling process
is introduced in this two-dimensional representation by
means of the convergence-confinement method [19],
which makes it possible to simulate the advance of the
facet by means of a dimensionless parameter A [11].

2. The face pressure method (Pg)

A face stability analysis relates directly to the face
pressure applied to the ground; the correct assessment of
this pressure to avoid the instability of tunnel face has
been the crucial obligation of various researchers who
have proposed analytical approaches to determine this
pressure.

Most of these approaches are based on the limit
equilibrium method (called LEM) introduced by [20-21-
22-23-24-25] or of limit analysis method (LAM)
proposed by researchers such as [26-27-28-29].

Table 1
Analytical evaluation of the face pressure (LEM and LAM)

Authors Formula LEM LAM
Broms & Pe =qs+yH-Nc, 188kPa

Bennermark

(1967)

Krause (1987) Pe=(Dy/3-I1c/2)/tand 90 kPa

Davis and N=2+2In(c/R+1) 179 kPa
al.(1980)

Atkinson & Pe =gstyH-(NcJ/ Fs) 195kPa

Mair (1981)
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Where: y= soil unit weight, c,=undrained shear strength
of the ground, gs=surcharge, H: Depth, N: stability ratio,
Fs: security coefficient, D= tunnel diameter, c: cohesion,
¢: friction angle.

We use Pr = 90 kPa calculated using the [21] formula.
Only the method of Krause appears to provide a face
pressure giving of the results being used to maintain the
stability of ground.

3. Loss Volume Method (LVM)

The loss volume (or contraction) method, implemented
in Plaxis, is a process stimulated by [30], where ground
loss is simulated by tunnel contraction. This method
consists of annulling out the foundation elements inside
the tunnel and letting the rest of the foundation deform
until the volume occupied by the tunnel is reduced in
accordance with a fixed rate. The loss volume is
simulated by applying a contraction to the tunnel lining.
A contraction rate of 0.5% was adopted following
parametric studies (See figure 2).

I11. APPLICATIONTO AMODEL STUDY

The case considered for this study is schematized in
Figure 4. It is concerning a shallow circular tunnel
excavated with the TBM (Tunnel Boring Machine). The
tunnel which is 8.5m. The tunnel axis lies 11.0 m below
the ground surface. The model is 20.0 m wide, it extends
25.0 m in the Z-direction and it is 20.0 m deep. With
these dimensions, the model is sufficiently large to allow
for any possible collapse mechanism to develop and to
avoid any influence from the model boundaries. The
subsoil consists of three layers. The upper sand layer is
2.0 m deep and extends from the ground surface. Below
the upper sand layer there is a clay layer of 12.0 m
thickness and this layer is underlain by a stiff sand layer
that extends to a large depth. Soil model is modeled
using the Mohr-Coulomb criterion,

Only one symmetric half is included due to symmetry.
The characteristics of the material are summarized in
table 2.

The tunnel lining was modelled with an elastic model
where flexural rigidity: EI = 143 MNm? and a normal
rigidity: EA=14 GN. And lining thickness e=0,35m.
The TBM and the soil are modelled by means of an
interface. The interface allows for the specification of a
reduced friction compared to the friction in the soil.
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Figure 4. FE mesh for tunnel excavation

Table 2.

Material properties of soils
Parameter Name  Sand1 Clay Sand 2 unit

. Mohr- Mohr-

Materiel Model ~Coulom  Mohr- Coulom
Model b Coulomb b
soil kN/
Weight h 20.0 18.0 20.0 m
Young’s 4 4 4 kN/
Modulus E 1.3.10 1.0.10 7.5.10 m?
Poisson’s 03 035 03
ratio
Friction 0 310 25.0 310 °
angle

IV. TwO DIMENSIONAL FE ANALYSIS

Tunnel excavation is a three-dimensional problem [31-
32]. Fully three dimensional (3D) numerical analysis,
however, often requires excessive computational
resources (both storage and time). Therefore, tunnel
excavation is often modelled two dimensionally (2D).
In tunnel engineering, numerical analysis by the finite
element method (FEM) is widely utilized to understand
the stresses and deformations around the tunnel because
it can deduce indications clearly.

IV.1 Transverse behavior

For this part of study, all numerical analyses were
carried out using Plaxis 2D finite element programs. In
plane strain, the soil was modeled by 15-nodes elements
with 7860 nodes and 945 elements.

Figure 5 shows 2D FE mesh and boundaries conditions
for model. The horizontal and vertical displacements are
assumed to be zero at the level of the substratum and the
horizontal displacements are blocked on the lateral sides.

U=0, V=0
Figure.5 2D Finite Elements mesh

Figure 6 shows the development of transverse settlement
with tunnel progress.

It’s showing the comparison between the results
obtained for the 3 methods of calculation 2D with that
resulting from the method of [1] and calculation 3D. In
the transverse direction, the surface settlement profile
obtained is fairly consistent with the experimental
observations. each method reproduces a different
maximum settlement value but close to that of the three-
dimensional settlement trough only the two methods
known as face Pressure (Ps) and Contraction (LVM)
make it possible to describe the 3D curve in a very
satisfactory way the 2D numerical approach called
Convergence confinement with a confinement of 60%
predicts the widths and inflection points of troughs more
or less close to the 3D troughs. It is seen clearly that the
profiles are connected perfectly with the normal curves
for the three methods.

Distance from a tunnel center (m)

-20 -15 -10 -5 0
- } ‘ ‘ ‘ 0
- -0,0045
E
i - -0,009 o
—a— 3D analysis 8
—=— 2D analysis (VL=0,5%) b 00135 2
———— 2D analysis Pf=90 kPa 5]
—+— 2D analysis (MCC) " 0018 8
——o—— Empirical analysis =
20,0225

Figure.6 Transverse surface settlement troughs
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IV.2 Longitudinal behavior

Figure 7 represented longitudinal displacements
surfaces, it is showing the similarity of the two curves
for maximum settlement, both troughs corroborate the
model quoted in the literature, the only difference resides
in the value of maximum settlement (Smax). The
maximum settlement is about 12mm in the numerical
curve and that carried out Smax=20mm for empirical
calculation. It should in parallel be announced that
settlement at the face is equal to 50% of maximum
settlement.

Distance from face Z (m)

25 -20 -15 -10 -5 0 5 10 15 20 25
e = e e
¥

g 7 —=—— 3D Analysis

+—— Empirical analysis

longitudinal settlement (m)
*

Figure.7 Longitudinal surface settlement troughs

V. 3D DIMENSIONAL FE ANALYSIS

The prediction for transverse settlement profiles can be
improved by applying fully 3D FE analysis.

Numerical analyses were carried out using Plaxis 3D
tunnel finite element program. 3D parallel strain were
used, the soil was modeled by 15-nodes wedge elements
with 3447 nodes and 10596 elements. Figure 8 shows
3D mesh and boundaries conditions for model.

Figure. 8 3D FE mesh for tunnel excavation

V.1 Transverse Analysis

The analysis of the 3D results constitutes a difficulty
because of the quantity significant of information to be
treated. An analysis of the results starting from cuts in
2D already requires at this stage a considerable effort. If
it is considered that volume 3D is formed by an infinity
of plans 2D, which can contain significant information,
and then we can easily imagine the quantity of data to be
analysed. We thus had only some results selected among
the thousands available.

Figure 9 shows a vertical displacement at the face of the
tunnel (It’s about of approximately 12mm) which
reaches its maximum on crown and is propagated on the
surface in transversal and longitudinal directions by
reducing amplitude and while spreading themselves in
ahead of tunnel.

Thus, we can conclude, in parallel, that the face pressure
applied at the origin of calculations is sufficient to
maintain the stability of the face.

18 3]
2.000
5,000
4.000
2.000
0.0o00
-2.000

I
I
g
2
g

-4.000
-5.000
-g.000
-10.000
-1z.000

g
g
g
|

-14.000
-16.000
-18.000

-z0.000
-2z.000

Figure. 9. Vertical displacement

V.2 Face stability Analysis

Soft ground tunnelling in urban areas is more frequently
being performed using the shield method. Due to its
great influence on both ground settlement and
construction safety, face stability is one of the most
critical problems in shield tunneling.

In this research, a series of calculation were conducted
using different formula to determine the required
collapse pressure of a tunnel face during tunneling in our
layered soils (See table 1).

In this part, we have analyses the face tunnel stability of.
In tunneling, the face needs to be continuously supported
with a liquid pressure, air, or with a pressure of ground.
In our case, the pressure applied is in liquid form
(bentonite). This pressure is limited between two values
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(@ minimum and a maximum). A too low pressure can
lead to the face collapse (active state); and too high
pressure can take along to a blow-out and rising on the
surface (passive state) [33].

Stability can be defined by means of a safety factor;
which is implemented in Plaxis 3D tunnel program.
Figure 10 shows the mechanism of failure of model, note
that our first model is regarded as a heterogeneous
ground and this nature of ground is not studied in the
literature and obtaining the mechanism of failure around
the face was difficult.

We notice a mechanism of failure in the form of
chimney; inward a ground surface forming a crater of the
order of approximately one diameter; what corresponds,
more, with the mechanism of failure quoted in the
literature.

Silo of failure

Figure. 10 Mechanism of failure of Tunnel

In parallel, our analyses were extent with calculations of
extrusion to the face for other values of face pressure
lower than that which is enough to maintain stability
(Pe=90kPa). Probably, some one of these values
(Pe=70kPa, Pr=80kPa) gave the same results of
deformations; nevertheless for others like Pr=50kPa,
Pr=40kPa, Pr=30kPa; we found a failure.

These observations lead to a strong result for the
practice: the increase in the face pressure has, certainly
tendency to limit settlement of surface ahead of shield,
but results also in to accelerate settlements of surface
behind the face. The maximum face pressure to use must
thus be quite selected carefully.

Figure 11 exposes the results of surface longitudinal
settlement while varying face pressures by pushing the
mechanism to the failure. Settlements observed can be
directly connected to the imposed face pressure value.
This good correspondence confirms the interest which
the estimate of this parameter carries which could bring

into play all the stability.

Indeed, when this face pressure is higher than the earth
pressures (o), movements of repression are observed
whose amplitude is increasing with the face pressure.

Figure. 11. Failure mechanism for various face pressure.

VI. CONCLUSION

This paper reports 2D and 3D numerical results of a
study carried out to estimate the surface transverse and
longitudinal settlements and face stability induced by the
excavation of shallow tunnel in soft ground. Empirical
approaches were also used to make comparisons. The
aim of this study was to use several 2D calculation
methods to account for the 3D effect in the tunneling.
Tunnel excavation is a 3D problem. However, 3D
numerical  analysis  often  requires  excessive
computational ~ resources  (storage and  time).
Consequently, tunnel excavation is often simulated 2D.
A suite of FE analyses was performed to investigate the
influence of 3D effects on the tunnel induced surface
settlement trough.

Various methods have been proposed to take account 3D
effect of tunnel face to model tunnel construction. Three
methods are used to simulate tunneling in order to make
comparisons: the Lost Volume method (LVM), the
Convergence-Confinement method (CCM) and the face
pressure method (Pf). We use Plaxis 2D and Plaxis 3D
Tunnel software’s for numerical calculation and
empirical approaches have been used to make
comparisons using the popular methods of [1] for
transversal displacement and [2] for longitudinal
displacement. We showed the utility of empirical
calculations like first approximation at the preliminary
studies. However, it is necessary, to pay attention as for
the choices of the value of the loss volume (V) which
would have, a priori, being equalizes to 0,5% ; a value
which enabled us to arrive at a very good agreement with
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calculations 3D ; the choice of this parameter proved
very influencing that it is for an empirical or even
numerical study.

The soil response to excavation is significantly affected
by the presence of the face. A face stability analysis
relates directly to the face pressure applied to the ground;
the correct assessment of this pressure to avoid the
instability of tunnel face has been the crucial obligation
of various researchers who have proposed analytical
approaches to determine this pressure.

In our study, we notice a mechanism of failure in the
form of chimney; inward ground surface forming a bowl
of the order of approximately one diameter.

Information on the failure mechanisms by face collapse
could be obtained during this analysis. The failure
mechanism found was found to be very close to that
observed. A too low pressure can lead to the face
collapse (active state); and too high pressure can take
along to a blow-out and rising on the surface.

Also, we found the results of surface longitudinal
settlement while varying face pressures by pushing the
mechanism to the failure. Settlements observed can be
directly connected to the imposed face pressure value.
This good correspondence confirms the interest which
the estimate of this parameter carries which could bring
into play all the stability. Indeed, when this face pressure
is higher than the earth pressures (0), movements of
repression are observed whose amplitude is increasing
with the value of the face pressure.
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