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Résumé

Ce travail de thése porte sur l'analyse des glissements de terrain, qui
constituent un risque naturel majeur responsable de pertes humaines élevées ainsi que
de grands dommages aux structures, des infrastructures et de I'environnement naturel.
Cette question revét une importance particuliére, en raison du changement climatique,
qui augmente le risque de fortes pluies ainsi que la sécheresse, et par conséquent le

risque d'instabilité des pentes due a lI'environnement.

Généralement, l'analyse de la stabilité des talus est réalisée en utilisant
I’approche de I'équilibre limite. Comme cette théorie ne tient pas compte du processus
de mobilisation du frottement, elle pourrait conduire a une surestimation du facteur de
sécurité. Une analyse fiable de la stabilité des talus, en particulier dans les sols
hétérogenes soumis a l'action de I'eau, nécessite I'utilisation de méthodes numeriques
avancées. Deux méthodes ont été utilisées dans cette recherche: la méthode de

couplage hydromécanique et la méthode dynamique non linéaire.
La thése est organisee en trois chapitres:

Le premier chapitre présente I'état de I'art sur la stabilité des pentes. Il présente
Iinfluence de I'eau sur la stabilité des talus, I'utilisation de I’approche d'équilibre

limites et des méthodes plus avancees.

Le deuxiéme chapitre présente l'utilisation de la méthode de réduction de la force
mise en ceuvre dans un modeéle hydromécanique couplé. Les analyses sont effectuées
a l'aide du programme FLAC3D. Elles couvrent un grand nombre de configurations

des caractéristiques des sols et de la nappe phréatique.

Le dernier chapitre traite de l'utilisation de la méthode dynamique non linéaire pour
l'analyse de la stabilité des pentes. Les analyses sont effectuées sur diverses
configurations en utilisant I’équation d'équilibre ou une approche basee sur I'énergie.
Des abaques sont construits pour la détermination du domaine d'instabilité d’une
configuration simplifiée de talus.

Mots clés : stabilité des pentes, glissements de terrain, modéle hydromécanique

couplé, méthode dynamique non linéaire
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Abstract

This research concerns analysis of landslides, which constitute a major natural
risk responsible for high human losses as well as large damages to structures,
infrastructure and natural environment. This issue becomes particularly important,
because of the climate change, which increases the risk of heavy rains as well as
severe drought and consequently the risk of slope instability due to the environment

change.

Generally, analysis of slope stability is conducted using the limit equilibrium
theory. As this theory does not take into consideration the process of mobilization of
the friction, it could lead to an overestimation of the safety factor. A reliable analysis
of the slope stability, in particular in heterogeneous soils submitted to the water
action, requires the use of advanced numerical methods. Two methods were used in
this research: the coupled hydro-mechanical method and the nonlinear dynamic
method.

The thesis is organized in three chapters:

The first chapter presents the state of the art on slope stability. It presents the
influence of the water on the slope stability, the use of the limit equilibrium methods
and the use of more advanced methods such as the Strength Reduction Method
implemented in a coupled hydro-mechanical model.

The second chapter presents the use of the Strength Reduction Method implemented
in a coupled hydro-mechanical model for the analysis of the slope stability. Analyses
are conducted using the FLAC3D program. They cover a large number of
configurations of the soil characteristics and the water table position.

The last chapter deals with the use of the Nonlinear Dynamic Method for the slope
stability analysis. Analyses are conducted on various configurations using the
equilibrium balance or a more advanced energy approach. Charts are constructed for
the determination of the domain of instability of a simplified slope configuration.

Key word : slope stability, landslide, coupled hydro-mechanical model , nonlinear
dynamic method
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General Introduction

Landslides constitute a major natural risk, which could cause high human losses and
large damages to structures, infrastructure and natural environment. Landslides result from
many factors, which could be related to the environment or to human action. Water
infiltration and flow are responsible of a large number of landslides. Because, generally the
water infiltration leads to a reduction of the shear strength related to suction accompanied by
addition forces resulting from water flow. The climate change increases the risk of heavy

rains alternated with drought. These conditions present high risk for slope stability.

Landslide is submitted to major landslides risk, which caused in the period (1815-
2014) 2778 destructive events and about 4372 victims.Flood is responsible for 5454
destructive events and 18 869 victims, while earthquakes are responsible for 298 destructive
events and 15518 victims(Keefer, 1984; Harpe et al, 1991. Jibson et al, 1994. Harp and
Jibson, 1996; Khazai and Sitar, 2004). The landslide in Kanagarian Tandikek Padang
Pariaman damaged 3 villages and caused 675 victims. It was due to the Padang Earthquake

(September 30, 2009), which was preceded by heavy rain falls during several days.
Slope Stability using the conventional methods

Thanks to important research works, the analysis of landslides has made great
progress. Generally, landslides analysis is conducted using the limit equilibrium theory,
which is based on the determination of the safety factor: the ratio between resisting forces
(friction at the sliding surface) and driving forces (self weight, environmental loading). As
this theory does not take into consideration the mobilization of the friction forces with the
soil movement, it could lead to an overestimation of the safety factor for multilayer soils with
different laws of friction mobilization. Indeed, in some cases, the maximum stress is not

mobilized simultaneously in all the soil layers.
Need for more advanced analysis methods for the slope stability

Analysis of the slope stability particularly in heterogeneous soils submitted to the

water action requires the use of methods, which take into account the action of water as well

ljIntroduction General
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as the deformation process and the mechanism of mobilization of the shear stresses. Two

methods could be used for this analysis:

e The coupled hydro-mechanical method

e The nonlinear dynamic method.
Coupled hydro-mechanical method

The coupled hydro-mechanical method is used in geotechnical engineering for the
analysis of several issues concerned by the water —skeleton interaction and the nonlinear
behaviour of the soil material. Commercial programs offer large facilities for the use of this
approach. In this work we will use the Strength Reduction Method implemented in the
FLAC3D program.

The nonlinear dynamic method

The nonlinear dynamic method provides a powerful tool for the analysis of
discontinuous phenomena, such as landslides (Thom (972). Chau (1995) and Qin et al.
(2000,2005) used this method for the analysis of landslides including planar-slip slope. The
sliding surface was divided into two parts: elastic — brittle and strain softening. The water

action was neglected.
Research Objectives and thesis organization

This work aims at the analysis of the slope stability considering the water flow.
Analyses are conducted using the two advanced methods:

e The Strength Reduction Method implemented in a coupled hydro-mechanical model

e The nonlinear dynamic method.
The thesis is organized in three chapters:

The first chapter presents the state of the art on slope stability. It presents the influence of
the water on the slope stability, the use of the limit equilibrium methods and the use of more
advanced methods such as the Strength Reduction Method implemented in a coupled hydro-

mechanical model.

2|Introduction General
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The second chapter presents the use of the Strength Reduction Method implemented in a
coupled hydro-mechanical model for the analysis of the slope stability. Analyses are
conducted using the FLAC3D program. They cover a large number of configurations of the
soil characteristics and the water table position.

The last chapter deals with the use of the Nonlinear Dynamic Method for the slope stability
analysis. Analyses are conducted on various configurations using the equilibrium balance or a
more advanced energy approach. Charts are constructed for the determination of the domain
of instability of a simplified slope configuration.

3|Introduction General
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CHAPTER 1: Literature review slope stability analysis

1.1 Introduction

This chapter presents a literature review of researches conducted on slope
instability (land sliding). The influence of the rain and the water table fluctuation on
the slope stability is considered, because the water has a major responsibility in land
sliding. Indeed heavy rainfalls could induce landslides in particular in the case of
unsaturated slopes. In this case, landslides are governed by the following soils
properties: the soil-water characteristic curve, the saturated -coefficient of
permeability and the unsaturated permeability, and the soil unsaturated soil resistance.
Landslides appear generally in unsaturated slopes at the top of the slope and at
inclinations higher than the soils friction angle. The stability of the slope is ensured by

the positive effect of the matrix suction on the soils shear strength.

| Infiltration

ey A
e # —
L S h——
e
. ol

Infiltration

Fluctuation
of the water table

Figure 1.1 : Schematic Slope Failure Mechanism

4|Chapter 1 : Literature review slope stability analysis
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The complexity of the landslide phenomena leaded to the development of
engineering simplified methods, which are largely used in engineering practice. Since
these methods do not take into consideration, the “soil deformation’, they could miss
some “instable states”. In this chapter, we present two methods, which could take
into account the soil deformability : the fully coupled hydro-mechanical model and

the nonlinear dynamic method.

1.2  Hydro - mechanical approach

1.2.1 Influence of rainfall on the slope stability

Slope stability analysis of unsaturated slopes requires an extensive and
detailed seepage analysis, because the slope failure in unsaturated soils is generally

related to rainfall and water infiltration. The water infiltration in the soil induces:
- Aloss of the soil strength related the negative pore—water (suction).
- Additional forces resulting from the water flow.

The contribution, of the soils suction (u, — u,) to the increase in the soils
strength can be accounted for by a simple extension of the Mohr-Coulomb criterion

(Fredlund and Rahardjo 1993):

r=c'+(o, —u, )tang"+(u, —u, ) tang’

(1.1)

In the unsaturated zone, a very small suction is often enough to ensure high
safety factors. Indeed, the low conductivity of the unsaturated soil, even during the
most intense rainfall events, usually prevents the water infiltration in the soil.
Consequently, soils remain in unsaturated state. During dry periods, the soil loses a
part of its water content, mainly by evaporation, favored in many cases by the
presence of vegetation: as a consequence, only intense rain storms occurring after
prolonged rainy periods may lead the soil to such wet conditions as to trigger slope
instability. It is very hard to draw general conclusion concerning the soil stability

under rainfall, because of the high complex slope-climate interaction (Sulem, 2010).

The determination of the change in the water suction and saturation due to the
water infiltration requires the use of a water flow model in unsaturated soils as well as

the knowledge of the environmental conditions.

5|Chapter 1 : Literature review slope stability analysis
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The determination of the consequences of the change in the water saturation
and pressure on the soil strength requires the use of researches developed in the field
of unsaturated soils. For the seek of simplicity, we will use the simplified approach
for the unsaturated soils implemented in FLAC3D program. This model will be

presented in the o chapter.

1.2.2 Strength Reduction Technique

The “Strength Reduction Technique” is used for the analysis of the stability in
geotechnical engineering. In slope analysis, it consists in the reduction of the soil
shear strength to values corresponding the slope limit equilibrium. This method is
commonly used with the Mohr-Coulomb criterion (Figure 1.2) (Zienkiewicz et al.
1975, Naylor 1982, Donald and Giam 1988, Matsui and San 1992, Ugai 1989, and
Ugai and Leshchinsky 1995). The values of the soil cohesion and friction angle are

reduced as follows:

al 1
™= vl ¢

(1.2)

trial __ L
o = arctan(Fmal ¢j (1.3)

The tensile strength o, could also be considered in this method by the

application of the reduction factor as in equation (1.1).

The use of this method in the analysis of the slope stability requires the
conduction of a series of simulations with different values of the factor Fiia.
Simulations should lead to large deformations, which could correspond to the system

instability.

The Strength Reduction Method leads always to a valid solution. Unstable
physical system will show “continuing” motion, because the solution corresponds to a

dynamic process, for which a continuous motion is as a valid equilibrium solution.

The detection of the boundary between physical stability and instability is
generally based on the use of the Mohr Coulomb criterion. This boundary is
determined by conducting a series of runs with different strength-reduction factors.

Each run is then checked to determine whether equilibrium or a continuing plastic

6|Chapter 1 : Literature review slope stability analysis
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flow is reached. The point of failure can be determined to any required accuracy

(typically 1%) by successive bracketing of the strength-reduction factors.

A

Friction angle

Shear Stress (Mpa)

\

Tension

Normal Stress (Mpa)

Figure 1.2 : Mohr Coulomb failure surface

1.3 Nonlinear dynamic theory

1.3.1 Statement

Analysis of the slope stability is generally conducted using the well-
established Mohr-Coulomb’s criterion, which includes tow parameters: the friction
angle ¢and the cohesion c. The use of this criterion includes strong assumption,
because the slope stability results from a more complex process including the

nonlinear soil response in the deformation domain.

Based on the theoretical studies of material stability developed by Hadamard
(1903) for elastic materials and extended by Thomas (1961), Hill (1962) and Mandel
(1966) for inelastic materials, instability can be predicted from the pre-failure
behavior of the material. The conditions for the onset of localization are established
by seeking the possible critical conditions for which the constitutive equation of the
material (in the pre-localized stage) may lead to a bifurcation point for which the

deformation mode could localize in a planar band (Rice 1976; Vardoulakis, 1976).

7|Chapter 1 : Literature review slope stability analysis
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The mathematical modeling of the nonlinear and irreversible behavior of soils
constitute a hard task, in particular for softening soils exhibiting important change in
the plastic surface. Consequently, analysis of slope instability still uses simplified
constitutive relations, which could not be able to describe the complex behavior of

soils.

Since the slope instability involves common traits with some physical
phenomena including jump change in the system behavior in response to a smooth
change in the external conditions, the nonlinear dynamic theory could be used for the

analysis of this phenomenon. Below we present this theory.

1.3.2 Nonlinear dynamic theory

The concepts and mathematical technique associated with the nonlinear
dynamical system theory have been widely applied in divers scientific disciplines.
Thom (1972) presented the catastrophe theory. Phillip (1992) presented the chaos
concept, the fractal geometry and the catastrophe theory. Chau (1995) analysed the
bifurcation of a creeping slope. Phillips (1993), Qin (2000) and Keilis-Borok, (1990)
used the bifurcation theory for the analysis of landslides. In Figure 1.3 we can see

evolution condition stable continue to bi stability until chaotic.

The origin of the catastrophe theory lies in the Whitney’s theory of
singularities of smooth mappings and Poincare and Andropov’s theory of bifurcation
of dynamical systems. Singularity theory is a generalization of the functions analysis
at maximum and minimum point. In Whitney's theory, functions are replaced by
mappings of multi-variables functions. Lyapunov (1892) presented theoretical results
concerning the evolution in the time domain of the perturbation of a mechanical
system. Physically, a system is stable if a little disturbance of the initial conditions

does not induce a large influence on its response.

Bifurcation is used in a broad sense for designating all sort of qualitative
reorganizations or metamorphoses of various systems resulting from a change in their
governing parameters. Catastrophes are abrupt changes arising as a sudden response

of a system to a smooth change in the external conditions.
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Figure 1.3 : The qualitative properties of the stable attractor of the Lorenz
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equations (K.A. robbins SIAM J. Appl. Math 1979)

The Bifurcation means forking and used in a broad sense for designating all
sort of qualitative reorganizations or metamorphoses of various entities resulting from
a charge of the parameters on which they depend. Catastrophes are abrupt changes
arising as a sudden response of a system to a smooth change in external conditions. In

order to understand what catastrophe theory is about one must first become

acquainted with the elements of Whitney’s singularity theory.
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1.4 Bifurcation

Bifurcation theory concerns mathematical analysis of changes in continuous or
discrete systems. It is mainly used in the analysis of dynamic systems. Bifurcation
occurs when a small smooth change in a governing parameter of a system causes a

sudden 'qualitative' change in its behavior.

In continuous systems, bifurcation corresponds to the annulations of the real
part of an Eigen value of the system equilibrium. In discrete systems, bifurcation
corresponds to a fixed point having a Floquet multiplier with modulus equal to one. In

both cases, the system equilibrium is non-hyperbolic at the bifurcation point.

In figure 1.4 illustrates the bifurcation process of a system governed by the

following equation at the equilibrium state were V' is potential of the system:

d—V=x3+ax+b:O (1.4)
dx

a change in the parameter a or b induces change in V. b is control parameter of the
system. Depending on a , the system may have one or three solutions. In the case of a
single solution, the system is in a stable state but in the case of three solutions, the

system has two stable solutions and an unstable solution.

The annulations of the 2™ derivate of the equation (1.2) occurs at the two

values:

a
x—i\/g (1.5)

These two values x; and x, give the limit of three solutions area of equation (1.2). On
the other hand, these two values don’t depend on b and exist only if a is negative

parameter.

In figure 1.4, we present in the next 3 figures evolution of x versus b fora =1,

a=0anda=-1
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Figure 1.4 : Evolution of function bifurcation
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Let us now analyse evolution of x with growing b for these three cases of a.
Caseof a>0:

The slope of curve is always positive and then for all value of b we have only
one corresponding value of x. Whatever the initial value of x, x growth monotonically
with b and we don’t expect any jumping of the system. We can conclude that

evolution of » don’t leads to any catastrophic change of the system.
Caseofa<0:

In this case we have three branches and two branches with positive slope and

one branch between 4/ and B/ with negative slope.

Initial value of x defines evolution of system. Take of example that for » = 0,

initial value of x=—-/-a =1x. By growing b from 0, x grows up x/ and jump at
Bil= % V3 to higher branch at A/. Near b = B, a very low change in b gives

catastrophic change in x. The other case if we decrease b from b = 0 and x = 1. x

decreases and at b = B2, x jump to the lower branch at B/.

BI(

) a1

Figure 1.5 : Change in bifurcation system
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Al and BI are named turning points because at these points, system jumps if b
is swept adiabatically i.e. sweeping time is higher than all characteristic times of the

system.

System never access to the branch with negative slope by adiabatic sweeping
of control parameter b because the branch 4/ and B/ is unstable. Moreover, if system
placed at x = 0 and b = 0 (unstable state), without perturbation, system remain in this
state but under very low perturbation, system jump to a stable state. This condition

describe with potential behaviour curve in figure 1.6.

Without pertubation
L

Posibility small pertubation right force

—= 0~

Posibility small pertubation left force
O

Figure 1.6 : Potential behaviour bifurcation without and posibility with

pertubation

This behaviour appear for all points of negative slope but probability of
transition to lower branch is higher for » > 0 and increases as b increases. In the same
manner, probability of transition to higher branch is higher if b < 0 and increases as b
decreases. In the next figure (figure 1.6) we consider positive perturbation in case 1
and negative perturbation in case 2. Without perturbation the system remain in

unstable state.
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Figure 1.8 : Potentiale evolution of commutation fromnear unstable state

In Case 1, near points A/ and B, a very low change of b can lead to very big
change of x. In interval between x/ and x2, system is called bi stable because of
existence of two stable branches and outside this interval the system is called mono

stable.
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Figure 1.9 : Case 2 Bifurcation in critical slowing down

Potential in case 2 possibility small pertubation rigth force to position 1

Figure 1.10 : Potential description of critical slowing down

In Case 2, in points 4/ and B, a very low change of b can lead to very big
change of x. Around these point we can obtain critical slowing down, or in landslide
event call by creeping landslide because need long time to change in the other
condition. Critical slowing down appears if system commutates under slow

perturbation and then, system needs long time to commutation other state.
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Casea=0

This a particular case for witch equation (1.2) has one solution as case of a > 0
(mono stable situation) and 3™ derivative of ¥ becomes zero at b = 0. This point is
frontier between stable system and unstable one. Note that, 3™ derivative of ¥

becomes zero only if unstable situation exist or at the frontier of system instability.

Equlibrium Surface

Bifmrc&t:’an Set

Figure 1.11 Gives schematic representation of global behaviour of x* + ax+5 =0

Equation 1.2 is very low nonlinearity leading to bi stability behavior. In more
complex systems, behaviors described in the case of equation 1.2 will be found in the
same manner. In particular case we can find several solutions, which correspond to

multi-stable system (Figure 1.12).
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Q‘V

Figure 1.12 : Multi Stability system

The application of external forces could accelerate the system instability.
Below the governing equations of a system submitted to a periodic load. Figure 1.13

shows that this force could lead to the system instability.

dx
X+ax+b+a—=0 1.6
" (1.6)

If all equation 1.6 divided o, result equation 1.7 function standard cups

catastrophe model of the stationeries condition with time function

X e (1.7)

X ax ﬁ dx
a dt

a a
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Figure 1.13: Time Function in bifurcation

1.5  Possibility in Bifurcation

To analyze the dynamics of the first order system x= f(x), we use the system

potential energy. Figure 1.14 shows the path of a particle on the wall of a potential
well. The potential v (x) is defined by the equation:

f(x)z—% (1.8)
x
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The particle is heavily damped; consequently its inertia is negligible compared to the

damping force. The variable x depends on time (7). Calculation of the time derivative

leads to
v _dvds w9)
dt  dx dt ’
Which leads to
2
‘;—’;:—(‘;—Vj <0 (1.10)
X

Consequently, 7 (r) decreases along trajectory and the particle moves toward
the lower potential. Result, if the particle is at equilibrium point wheredv /dx = 0, then
¥ remains constant. This is to be expected, since a7 /dx =0 implies x = 0. Equilibrium
occurs at the fixed point of the vector fields. But that local minima of » (x) correspond
to the stable fixed point, as expect intuitively the local maxima correspond to unstable

fixed point.

Figures 1.15 and 1.16 show the phenomena at a critical point in mono and
multi-stable systems, respectively.  Figure 1.9 shows the situation of a system
subjected to harmonic loading, which could lead to instability where controlling by

function dynamic harmonic. Example in equation 1.10 where value of b is :

b=b,+b cosax (1.11)
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Time normal

Figure 1.14 : Potential behaviour in time function
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> b

Figure 1.15 : Catastrophe in multi stability system

s =

Harmonic loading force

Harmonic loading force /

Harmonicloading force

Harmonic loading force

Figure 1.16 : Catastrophe in harmonic Loading Force
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Figure 1.17 this explain if external force is random, this condition not pass in
point critical slowing down, but it will be pass where can be go back to initial
condition or can down in the catastrophe. Example when earthquake its happened,
landslide can be occur or not depends on the frequency of normal earthquake. This
behaviour appear if the sign of b or x change under random force. It is equivalent to
fluctuation on parameter b or x new in the turning point A/ and B/.

X
A e

#,_ff i .+.::‘i'.____Eérthquake loading b

-
Cd

. g = - *‘ Earthquake loading

Figure 1.17 : Catastrophe in random external force like earthquake

1.6  Conclusion

This chapter included a literature review of some issues related to slopes

instability (landslide), which constitutes a major concern in geotechnical engineering.

The chapter included a particular focus on the influence of rains on land
sliding, because it constitutes a major cause of land sliding, which could result from
the reduction of the soil strength related to the soils’ partial saturation or to the

additional forces related to the water flow.

Conventional slope stability analysis is based on the limit analysis methods,

which do not consider the soils deformability or hardening.
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The conventional methods are convenient for engineering analysis, but the
simplifications could lead to missing some instable states. In order to improve the

slope stability analysis, we could use tow approaches:

- The Strength Reduction method, which is used in geotechnical engineering for
the determination of the safety factors by conduction a series of “deformation”
analyses with reduced strength parameters. For the consideration of the effect
of water infiltration, this method should be implemented in a coupled hydro-

mechanical model.

- The non-linear dynamic, which is used for the analysis of instability of any

physical system governed by non linear equations.

In the following, we will present the use of these approaches for the analysis of
the slope stability subjected to a fluctuation of the water table. The 2™ chapter will
deal with the coupled hydro-mechanical approach, while the 31 chapter will focus on

the use of the nonlinear dynamic theory for analysis of slope instability.
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CHAPTER 2: Analysis of the slope stability using acoupled

hydro- mechanical model

2.1 Introduction

This chapter presents a numerical analysis of thbilgy of a soil slope
submitted to the variation of the water table. Bekbe water table, the soil is fully
saturated, while above the water table the s@tsimed partially saturated. Analyses
are conducted using a full-coupled hydro-mechanicatliel. The soil behaviour is
governed by the non-associated Mohr-Coulomb coiteriAnalyses are conducted
using FLAC3D program. The Factor of Safety (FoSjetermined using the Strength
Reduction Method. Analyses are conducted for differvalues of both the water
table level and the slope inclination. The influenaf the soil strength is also
considered. The results are illustrated throughdib&ibution of the pore pressure as

well as the lateral and vertical displacements.

2.2 Problem statement

This section deals with the analysis of the stgbdf a slope submitted to the
self-weight and the action of the water. A simplifigeometrical configuration will be
considered. The soil mass is supposed to be hormogsrand underlined by a stiff
and impermeable media. The slope is incligetb the horizontal axis. The lateral
boundary is supposed to be far enough from the slog with zero lateral
displacement. The water table level is imposeti@tdteral boundary. The water free
surface is determined according to the governindrdwynechanical model. The soil
behaviour is supposed to be governed by an elplstatic behaviour. This chapter
aims at the analysis of the influence of an incedasthe water table, resulting from

rain infiltration, on the slope stability using@lfcoupled hydro-mechanical model.
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Figure 2.1: Slope stability analysis —problem stataent

2.3 Numerical model

2.3.1 General presentation

Analyses are conducted using FLAC3D software, whsckvell adapted for
the analysis of coupled hydro-mechanical problem#h wonlinear constitutive
relation. This software uses explicit finite diéace method for analysis of a wide
range of geotechnical engineering problems. Thegrara includes nonlinear
constitutive relations for the soil material. Is@aloffers the possibility to implement

users constitutive relations.

The soil mass is represented by elements or zevtesh form a grid of the
media to be modelled. This software offers inteéngstfacilities to deal with
geotechnical problems, in particular (i) it useseaplicate numerical scheme which
allows to deal with large geotechnical problemsigsnoderate computation means
(i) it is based on large-strain deformation foratidn (iii) it takes into account the
presence of interface and joint elements (iv) éiald with groundwater flow,
including full coupled analysis (including negatigere pressure, unsaturated flow,
and phreatic surface calculation) (v) it allows tomsideration of structural elements
such as soil- reinforcement elements (iv) it ofi@ngariety of constitutive relations for
both the soil and structural elements.
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FLAC3D software is generally used with Mohr-Coulomiodel with non-
associated flow rules (Figure 2.2). It also offérs possibility to use a tension cut off
(tension yield function). It could take into considtion changes in the mechanical
properties such as Young’'s modulus, cohesion,dngtdilation and tensile strength,

which could result from material transformationfdening or softening.

This software is also used for stability analysssng the Strength Reduction
Method, which was presented in the first chaptdranks to the dynamic explicit
formulation, FLAC3D allows the determination of tligsplacement field, which
results from the reduction of the strength pararseded consequently determine the

reduction factor (Factor of Safety), which causege deformations.

Saturation is defined as the ratio of pore volumeupied by fluid to total pore

volume. The pore pressure is set to zero if theragtbn is less than 1.

A

Friction angle

Shear Stress

Tension Normal Stress

Figure 2.2 : Mohr — Coulomb failure surface

2.4 Analysis of the slope stability in neglectinghe interacting with

the underline layer

Figure 2.3 presents the slope configuration usdtigstud. The height of the

soil mass is equal td = 10m.
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2.4.1 Boundary condition

The soil mass is supposed to be underlined byffanstidia, consequently the
displacement as well as the water flow are equatetm. The lateral boundary is
supposed to be far from the slope; consequentlyldtexal displacement at this
boundary is equal to zero. The boundary is subdittelinear increasing pressure
under the water table. The other boundaries (th@tdhe soil mass and the slope) are
free. For the water condition in the soil mass,laer is assumed to flow with free

surface.
2.4.2 Initial conditions

The soil mass is submitted to stresses resultio fthe gravity forces under

the boundary condition presented previously.
2.4.3 Loading

In addition to the gravity forces, the soil masssihjected to the action of
water flow which results from the increase in thatev table at the lateral boundary.
The water table will separate the soil mass into awnes: saturated zone below the

water table and partially saturated zone abovevtier table.

In the model the fluid is isotropic with gravitatial acceleration -1@n/sec?.

The isotropic permeability coefficients (m/(Pa/sec) is equal tol1x10* Pa/m.
Porosity ) is a dimensionless number defined as the rativoad volume to total
volume of an element. It is related to the voidoran this model value of porosity is
0.5.The initial fluid modulus is equal to 5@Pa. When the fluid moduluKf is given,
the Biot modulus is computed internally usikfyequation for incompressible grains.
In this calculation, the porosity is evaluated la nhodes using the nodal volume
averaging. Pressure and saturation changes areutednpsing the current values of
the saturation and whether the fluid has fallemWeahe tensile limit.

Analyses were conducted with the following propesti bulk modulus =
3.5714 x 18Pa, shear modulus = 1 x 4P@a, dilatation = 0 and masse density of
s0il=19.230kg/m>.
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2.4.4 Results
Analyses were conducted with the following confafions (Figure 2.3)
* Three values of the slope inclinati¢s = 30, 40, 50 and 60 °

* For each slope, analyses were conducted for 9 yvaliuhe height of the wat:
table o/ H =0, 0.25, 0.50, 0.65, 0.67, 0.68, 0.69, 0.75 gnd e density o
values aroundh/ H = 0.67) resulted frona preliminary analysifor the

determination of the wali-table critical height.

The Factor of Safg (Strength Reduction d€tor) was determined for ea

/ — 100%

configuration.

Figure 2.3: Configuration used in the analysis of thesafety factot

Results of analyses are illustrated in table 2.d fAgure 2.3. It could b
observed that the for each slope inclion, the increase in the watble level lead
to a decrease in the factor of safety. For thpesiacluded 30° to thhorizontal, the
slope is stable in the absence of the wiFoS = 1.86), the increase in the water ta
to 0.5 H (H = the slop&eigh) induces a decrease in Fa51.32. The instability ¢
the slope occurs when the water table att0.68 H oS = 1). After this value, the
safety factor decreases very quickly and attaigg thenhw = H. The same trenc
are observed for other inclinations, with a slightrease in the factor of safety w
the increaseni the slope inclination. The model influenceof the slope inclinatiol
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on theFoS indicates a dominant role of cohesion in the slstaility. Since the soil
cohesion is subjected to large variation, the tssof this analysis should be

considered with high attention in engineering pcast

Figure 2.4 shows the variation of theS with the variation in both the slope
inclination and the water level. This figure clgashows a decrease in theS with
the increase in the water table with an amplifmatof this decrease for values of
hw/H between 0 and 0.5 and between 0.7 and 1. We sarobkerve the influence of
the slope inclination on theoS but this influence is moderate regarding theuigrfice

of the water -table.

Table 2.3:Influence of the slope inclinationf) and water table level f,/H) on the
Factor of Safety.

B
30 40 50 60
hw/H

0 1.86 1.84 181 1.77
0.25 1.64 1.66 1.66 1.63
0.50 1.32 1.34 1.35 1.3
0.65 1.07 1.06 1.06 1.05
0.67 1.03 1.02 1.02 1.01
0.68 1.01 1 0.99 0.99
0.69 1 0.99 0.98 0.97
0.75 0.85 0.87 0.89 0.86
1.0 0.27 0.27 0.27 0.26

29|Chapter 2 :Analysis of the slope stability using a
coupled hydro-mechanical model

doc.univ-lille1.fr



Thése de Mohammad |hsan, Lille 1, 2014

In order to illustrate the limit of stability fohé soil slope, we present in figure
2.5 the value of the water table level, which caube slope instability. This figure
could be used in order to determine for each stbpecritical water level, that causes
instability. This figure could be extended to casascountered in engineering

practices by the construction of charts of the slsgability.

TT—— m]8-2
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ml4-16
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- m112
m)8-1
m{(6-0.8
m04-06
m)2.04
m)02

Fos

Slope Angels
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67
68

% Water Level

30
100

75

Figure 2.4: Influence of the slope inclination£) and water-table level b,/H) on
the Factor of Safety
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Figure 2.5: Limit of stability of the soilslope (Fator of Safety = 1)

2.5 Analysis of the slope stability in consideringhe interacting with

the underline layer

2.5.1 Presentation

Analyses were conducted on a modified configuratiommich takes into
account the interaction of the underline layer.uFeég2.6 shows this configuration. It
is similar to that presented in the previous sectibut it includes n of the underline
layer. The initial and boundary conditions are iEimto that used in the previous
section. The left lateral boundary is assumed toinygervious with zero lateral

displacement.
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Fix and impermeable

Analyses were conducted for the following configimas:

* Three values of the slope inclinati¢s = 30, 35 and 40°

el
>
o
=]
o
3
=}
@
=2
=
8
=
o

* For each slopenalyses were conducted for 5 values of the heifgtite watel
table b/ H=0, 0.25, 0.50, 0.75 and :

Concerning the soils characteristics, we considdicases:

e Case 1 Cohesionc = 5 kPa in the saturated zone arttd kPa in

unsaturated zone, th full tensile strength (10kPa).

e Case 2: Cohesioic = 5 kPa in the saturated zone and kPa in

unsaturated zone, with zero tensile strel

e Case 3: Cohesioic = 5 kPa in the saturated zone and kPa in

unsaturated zone, wifull tensile strength (10&Pa).

e Case 4: Cohesioic = 5 kPa in the saturated zone and kPa in

unsaturated zone, with zero tensile strel
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2.5.2 Safety factor

Figure 2.7 shows a typical shear strain distributio the soil mass. We

observe a high concentration of the shear straiorat a bloc limited by an inclined

line in the soil mass with a slope higher than tfdhe soil slope and a horizontal line

at the bottom of the soil mass.
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Figure 2.7: Shear strain distribution in the soil mass

Table 2.2 provides the values of theS for all the configurations. Analysis of
these results shows that for all the configuratidimsFoS decreases with the increase
in the slope inclination and the water table lew@r the first case witfi = 30°,FoS
decreases from 1.83 to 0.31 when the height olveter table If,) increase from 0 to
H. For the same case witly =0.75H, FoS decreases from 1.24 to 1.04 when the slope

inclination increases from 30 to 40°.
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We observe also that the increase in the cohedidgheonon-saturated zone
from 10 to 20kPa leads to an increase in the factor of safety fer aonfigurations
with low water-table. As example, for the slopelimation f= 30°, the increase in the
cohesion between case 2 and 4 leads to an indre&ssS from 1.78 to 2.3. For the

slope inclinations= 40°, the same increase in the cohesion leads itoceease oFoS

from 1.43 to 1.88.

Thése de Mohammad lhsan, Lille 1, 2014

The comparison of case 1 with case 2 and case3oage 4 shows that the

consideration of the tensile strength does notaffeeFoS

Table 2.2: Factor of Safety for the 4 cases usedtine deformation analysis.

Case 1 Not UsegFoS|30 |35 | 40 Case 2 FoS0 |35 | 40
0 1.831.62/1.45 0 1.781.6 | 1.43
25 | 1.64 1.37] 25 | 1.641.49/1.34
50 | 1.24 1.26 50 | 1.491.36/1.23
75 | 1.24 1.04 75 | 1.241.13/1.06
100|0.31 100/0.88/0.84/0.83

C Non Sat 10 kPa CNon Sa0 kPa

C Sat 5 kPa C Sat 5 kPa

Ten 100 kPa Ten 0 kPa

Case 3 Not UseFoS|30 |35 | 40 Case 4 FoS0 |35 | 40
0 |2.332.1 |1.88 0 |23 2.081.88
25 | 1.82 1.55 25 | 1.8 | 1.671.55
50 | 1.61 1.39 50 | 1.591.48|1.39
75 | 1.31 1.17] 75 | 1.261.21/1.17
100|0.41 100/0.88/0.85|0.86

C Non Sat 20 kPa CNon S&0 kPa

C Sat 5 kPa C Sat 5 kPa

Ten 100 kPa Ten 0 kPa
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2.5.3 Distribution of the pore pressure

Figure 2.8 shows the variation of the water pressurthe soil mass with the
increase in the water table for the case 2 witpesloclinationg = 30°. We observe
that the water-table surface (free surface) is igliasar in the soil mass with an
inclination, which increases with the increaseha tvater table. Above this surface
the pressure is equal to zero. Below this surfdmee pressure increases quasi-linearly
with the depth.

Figure 2.9 shows the pore pressure distributiontlieér case 4 with slope
inclination f# = 30° and water table heigl, = 0.794. The comparison of this
distribution with that of the case 2 (figure 2.8 shows that the pressure distribution
is not affected by the soil strength. This ressilexpected, because the pore pressure

distribution is mainly affected by the hydraulionciitions.

Figures 2.10 and 2.12 show the results obtaineth®islope inclinationg =
30°, 35° and 40°, respectively. Analyses were cotatliwith the soil properties of
cases 2 and 4. For the two configurations of tlopesl we observe that the soil
strength does not affect the pore pressure disibitbu This result confirms that

obtained with the slope inclinatigix 35°.
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Figure 2.8: Variation of the pore pressure with theincrease in the water table
(Case 2p =30°h,/H =0.25, 0.5 and 0.75
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Figure 2.9: Pore pressure distribution with the incease in the water table

(Case 44 =30°)hy/H =0.75

——75 % Case 2
——75 % Case 4
=100 % Case 2
=>=100 % Case 4

Depth (m)
|
|

-10000 -8000 -6000 -4000 -2000 0 2000

Pore Pressure (Pa)

Figure 2.10: Influence of the soil strength on theistribution of the pore pressure

(Cases 2 and 4= 30°)
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B

S =—75 % Case 2

[oX

8 ——75 % Case 4
=100 % Case 2
=>e=100 % Case 4

-6000 -4000 -2000 0 2000 4000

Pore Pressure (Pa)

Figure 2.11: Influence of the soil strength on thdistribution of the pore pressure

(Cases 2 and 4= 35°)

B

= ——75 % Case 2

§ —8—100 % Case 2
=75 % Case 4
—=100 % Case 4

-8000 -6000 -4000 -2000 0 2000 4000

Pore Pressure (Pa)

Figure 2.12: Influence of the soil strength on thdistribution of the pore pressure

(Cases 2 and 44 = 40°)
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2.5.4 Displacement

A. Lateral displacement

Figure 2.13 shows point observation of displacemdinis post will be
different every models, is depend zone change witiall displacement change to
large displacement.

Figure 2.14 shows point observation of the varrati@eral displacement in
the soil mass with the increase in the water tédl¢he case 2 with slope inclination
S = 30°. We observe that in the absence of the wailge {, = 0), the lateral
displacement is close to zero. This situation gpoads to the initial value of the soil
mass. The increase in the water table induces@mrage in the lateral displacement.

Forh, = 0.294, we observe a quasi rigid movement with a lateiglacement Orh.

The increase of the water table from 2 0.5(H induces an important
increase in the lateral displacement, in partic@arthe slope bottom, where the
displacement attains Ouh. At the top of the soil mass the lateral displaeeims

equal to 0.3n. The variation of the displacement with depthussj-regular.

For h, = 0.75H, we observe a high lateral displacement at thiebsdtom,
which attains about in. This high value indicates large displacement,civigould
correspond to the slope instability. The displaceina the top of the soil mass is
equal to 0.1m, which is lower than that obtained witly = 0.50H. This decrease in
the lateral displacement indicates a rotation efdlding bloc towards the interior of
the soil mass.

Results obtained witth, = H are close to that obtained witly, = 0.75H. The
safety factor in this case is equal to 0.88. Thasult confirms that the lateral
displacement obtained at the water ldwgk 0.75H corresponds to the initiation of
the slope instability.
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Figure 2.13 : Point observation of displacement

K

y —4—X-Disp 0 %
?‘ ——X-Disp 25 %
?g %r = X-Disp 50 %
=>=X-Disp 75 %
% =#=X-Disp 100 %

Depth (m)

l' e

-1.2 -11 -1 -09 -0.8 -07 -06 -05 -04 -03 -02 -01 O

Displacement X direction (m)

Figure 2.14: Influence of the water-table level otthe lateral displacement

(Case 2 =30°)hw/H = 0.25, 0.5, 0.75 and 1.0

B. Vertical displacement

Figure 2.15 shows the variation of the verticaptiisement in the soil mass
with the increase in the water table for the cagétR slope inclinatiorn = 30°. We
observe that in the absence of the water tatle=(0), the vertical displacement is

close to zero. The increase in the water table dasluan increase in the lateral
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displacement in the central part of the soil m&ssh, = 0.25H, we observe a small
downward displacement of the bloc. The increasthefwater table td, = 0.50H
induces an increase in the downward displacemeidiwvditains about 0. at z = 9

m. Forh, = 0.75H andh, = H, we observe a high downward displacement in the
central part, which attains about 1.5 This high value indicates a slope instability

in this part.

=—Z-Disp 0 %
Z-Disp 25 %
——Z-Disp 50 %
=>=Z-Disp 75 %
—#=Z-Disp 100 %

Depth (m)

-2 -18 -16 -14 -1.2 -1 -08 -06 -04 -02 0 02 04

Displacement Z direction (m)

Figure 2.15: Influence of the water-table level otthe vertical displacement

(Case 2 = 30°)hw/H = 0.25, 0.5, 0.75 and 1.0

C. Lateral displacement in the soil mass

Figure 2.16 shows the variation of the lateral ldispment in the soil mass
with the increase in the water table for the casgtl2 slope inclinatiorf = 30°.

For h, = 0.25H, we observe that the maximum lateral displacereatirs in
the lower part of the bloc but with large extendiorthe interior of the soil mass. This
displacement decreases when going from the bottothet top of the soil mass. The
increase of the water table level g = 0.50H induces an extension of the large

displacement to the top of the soil mass.
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At h, = 0.75H, we observe the apparition of quasi uniform ldteravement
in a bloc delimited by an inclined line from abd@um to the right of the slope edge
down to the slope bottom. This movement confirnes glope instability at this level
of loading.

D. Vertical displacement in the soil mass

Figure 2.17 shows the influence of the increasehan water table on the

vertical displacement in the soil mass.

Forh,, = 0.25H, we observe that the maximum vertical displacemeatirs in
an area close to the top of the slope with modexsttension to the interior of the soill
mass. The augmentation of the water table levh},te 0.50H induces an increase in

the displacement and its extension downward tHeskage.

At h, = 0.75 H, we observe a translation of the maximum downward
displacement towards the central part of the slope.
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(A)hw = 0.25H

(B)hw = 0.50H

(C)hw = 0.75H
Figure 2.16: Influence of the water-table level otthe lateral displacement
(Case 2 =30°)hw/H = 0.25, 0.5, 0.75
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hw = 0.25H

hw = 0.50H

hw = 0.75H
Figure 2.17: Influence of the water-table level othe vertical displacement
(Case 2 =30°)hw/H = 0.25, 0.5, 0.75
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E. Influence of the soil cohesion in the non-saturated area

Figures 2.18 and 2.19 show the variation of theer#t and vertical
displacement with the increase in the water-tablell for the soil properties of the
case 4. In this case, the soil cohesion in theturetad area is equal to RBa, while
in the case 2 this cohesion is equal tokP@. The comparison of these results with
those obtained with the case 2 (Figures 2.14 ab®) Zhows that the increase in the
cohesion does not affect the pattern of the lataral vertical displacement, but
reduces their values. At the water leva} = 0.75 H, the maximum lateral
displacement in case 2 is equal to ®,90 be compared to 0ré which is obtained in
the case 4.

Concerning the maximum vertical displacement, itrdases from 1.65 to

1.3mwith the increase in the cohesion.

—o— X-Disp 0%
X-Disp-25%
—— X-Disp-50%
== X-Disp-75%
== X-Disp-100%

Depth (m)

/

e

-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

Displacement X direction (m)

Figure 2.18: Influence of the water-table level othe lateral displacement

(Case 44 = 30°)hw/H = 0.25, 0.5, 0.75 and 1.0
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E —o—Z-Disp-0%
f:% Z-Disp-25%
o

=—Z-Disp-50%
=>=7-Disp-75%
—#=Z-Disp-100%

-14  -12 -1 -0.8 -06 -04 -02 0 0.2 0.4

Displacement Z direction (m)

Figure 2.19: Influence of the water-table level otthe vertical displacement

(Case 4= 30°)hy/H = 0.25, 0.5, 0.75 and 1.0

F. Influence of the soil opeinclination

Figures 2.20 and 2.21 show the influence of anem®e in the slope
inclination on the lateral displacement resultingnf an increase in the water table
level. Analyses were conducted with the soil prapsrof case 2. We observe that the
increase in the slope inclination does not affeet lateral displacement pattern for
h,/H = 0.25 and 0.5, but translates the location ofnlaimum lateral displacement
upward forh,/H = 0.75 and 1.0. It leads also to a high increasthe displacement:
for the slopes = 35° andh,/H = 0.75, the maximum lateral displacement is etial
1.8 m, while this displacement is equal to &2wvith g = 40°.
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Displacement X direction (m)
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Figure 2.20: Influence of the increase in the watetable on the lateral

displacement

(Case 2 = 35°)hw/H = 0.25, 0.5, 0.75 and 1.0
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Figure 2.21: Influence of the increase in the watetable on the lateral

displacement

(Case 2 = 40°)hw/H = 0.25, 0.5, 0.75 and 1.0
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Figures 2.21 and 2.22 show the influence of anes®e in the slope
inclination on the vertical displacement. We obsetitat the increase in the slope
inclination does not affect the lateral displacetatitern forh,/H = 0.25 and 0.5, but
translates the location of the maximum displacememtard forh,/H = 0.75 and 1.0.
It leads also to an increase in the vertical dispt@ent amplitude: for the slope 35°
and h,/H = 0.75, the maximum vertical displacement is eqoaR.1 m, while this
displacement is equal to 2@ with p= 40°. For more figure displacement will be
found in appendix.

—4—Z-Disp-0%
=—Z7-Disp-25%
Z-Disp-50%
=>=Z-Disp-75%
=#=Z-Disp-100%

Depth (m)

-24-22 -2 -18-16-14-12 -1 -08-06-04-02 0 02 04

Displacement Z direction (m)

Figure 2.21: Influence of the water-tablelevel onte vertical displacement

(Case 2 = 35°)hy/H = 0.25, 0.5, 0.75 and 1.0
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Figure 2.22: Influence of the water-tablelevel onhte vertical displacement

(Case 24 = 40°)h,/H = 0.25, 0.5, 0.75 and 1.0

2.6 Conclusion

This chapter included analysis of the soil slopabiity subjected to a
variation of the water-table. Below the water talllee soil was assumed fully

saturated, while above the water-table, it wasrassupartially saturated.

Analyses were conducted using a full-coupled hydezhanical model
implemented in the FLAC 3D program. The soil bebaviwas assumed to be
governed by the non-associated Mohr-Coulomb coiterThe FoS was determined
using the Strength Reduction Method implementgeliAC 3D.

Analyses were conducted for different values ohlibe water-table level and
the slope inclination. The influence of the soresgth in the unsaturated zone was

also considered.
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The main results of the Analyses conducted in ttimpter could be

summarized as follows:

- The increase in the water — table level leads tle@ease in the slogeS.
For the slope included 30° to the horizontal, Hu& decreased from 1.86 to
0.27 when the water-table heigh} increased from 0.25H to H (H is the
height of the soil mass). Based on the numericallyars, a chart was
proposed for the determination of the critical waédle level from the slope
inclination. This chart could be constructed forses encountered in
engineering practice.

- For the configurations considered in this studg, iticrease in the cohesion in
the non-saturated zone from 10 tokEa leads to an increase in the factor of
safety for the configurations with low water tablhe tensile strength does
not affect the slope stability.

- The pore pressure distribution is mainly governgdhe hydraulic condition.
The influence of the soil strength parameters andlstribution is negligible.

- The increase in the water-table level leads tormnease in the lateral and
vertical displacements with the formation of a dgimsc movement including
lateral and vertical displacement as well as rotatAt high water leveln,/H
> 0.7), large displacements were observed, whiclcate the presence of
slope instability. The amplitude of the displacemémcreased with the

increase in the slope inclination.

Analyses conducted in this chapter are based ocangdd conventional hydro-
mechanical methods. In the following chapter, wé use the method of nonlinear

dynamic for the analysis of this stability.
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CHAPTER 3: Analysis the slope stability using the

nonlinear dynamic theory

3.1 Introduction

Chapter 2 included analysis of the slope stability using the coupled hydro-
mechanical numerical model. The use of this approach allows requires huge

numerical computations.

In this chapter we propose to analyze the slope stability using the nonlinear
dynamic theory, which constitutes a powerful tool for the analysis of discontinuous

phenomena, such as landslides.

Analysis of the slope stability was conducted on a simplified configuration of
a slope, which consists in the movement of a rigid bloc over a plan-sliding surface.
The influence of the water table will considered through the behavior of the interface.
The chapter includes three parts. The first one establishes the system governing
equation from the balance equation. The second part includes analysis of the slope
stability using the balance equation. The last part includes a generalization of the
study by the use of the energy approach. Analyses aim at the determination of the

zone of stability of the slope trough the construction of charts.
3.2 Problem statement

Figure 3.1 shows the problem under consideration. It concerns a soil mass with
a potential sliding bloc along a surface, inclined f to the horizontal axis. The height of
the soil mass is H while the height of the water table is 4,,. For simplification, the soil
mass is assumed to be homogeneous. However, above the water table, the soil is
assumed unsaturated, while below the water table, it is assumed to be saturated. Since
the soil saturation largely affects its resistance, the soil mass will be considered as bi-

layer.

The water pressure under the water table and the suction above the water table

are assumed to follow a linear variation with depth.
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A 4

Figure 3.1:Problem under consideration: slope stability due to the fluctuation of

the water table

3.2.1 Deformation process

The deformation of the soil mass is assumed to occur by the sliding of the
upper bloc, considered as rigid, along the sliding surface 4 - B. In this example, the
weight of the bloc is the unique driving force, while the shear resistance at the sliding

surface constitutes the unique resistance force.
3.2.2 Interface constitutive relation

The relation between the shear stress and the shear strain at the interface 4 - B
is non linear. Figure 3.2 shows typical variations of the shear stress with the variation

in the shear strain:

- For “compact/rough interface”, we observe generally a rapid increase in the
shear stress with the increase in the shear strain up to a peak, followed by a

decrease down to the residual shear strength.

- For “loose /smooth interface”, the increase in the shearing strain causes a
regular increase in the shear stress up to the shear strength.

52|Chapter 3 : analysis the slope stability using the
nonlinear dynamic theory

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Mohammad lhsan, Lille 1, 2014

Shear stress (1)

Bl —

Displacemet ()

Figure3.2:Constitutive model of the interface

The behaviour at the “rough interface” (medium 1) including the peak

phenomena is described using the Weibull’s function (Hudson and Fairhurst, 1969):

7, = Gsl.u.e(_u/u ! (3.1)
e (G, isthe initial shear modulus

e u';corresponds to the displacement at the shear peak.

The parameter m controls the variation of the shear stresses with the change in
the shear strain (displacement). Figure 3.3 summarizes the influence of the parameter
m on the variation of the shear stress. The increase in m leads to an increase in the

peak magnitude as well as an increase in the rate of variation of the shear stress with

the shear strain.

The parameter m is a measurement of the local strength variability. It is
considered as a homogeneity index: the increase in m leads to an increase in the soil

homogeneity (Tang, 1993). Analysis were conducted with the following values:

e G=10MPa

e u =01m
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Figure 3.3 : Weibull’s distribution constitutive curve

For medium 2 above the water table, the soil is partially saturated. The shear
strength of the unsaturated soil can be formulated in terms of independent state
variables (Fredlund et al. 1978). The shear strength of the interface is this area is

assumed to be governed by that of the unsaturated soils. It could be written as follows:
7, =c+ (o, —u,)tang+ (u, —u, ) tang’ (3.2)

where :

(o —u,): The net normal stress state on the failure surface (sliding surface).

(u, —u,) : The matric suction

(¢"): The friction angle associated to contribution of the normal net stress to the shear

strength.

(¢b): The friction angle associated to the contribution of the suction to the shear

strength.

c : the cohesion.
54|Chapter 3 : analysis the slope stability using the
nonlinear dynamic theory

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Mohammad lhsan, Lille 1, 2014

The mobilization of the friction in this layer is described using the following relation:

T = (1— et )r.

i

(3.3)

k ; is a constitutive parameter of the interface which controls the rate of variation of
the shear stress with the shear strain.

3.3 Governing equation

The weight of the upper bloc constitutes the driving force of the bloc

movement. Its value is given by the following expression:
P= p.g.(@]sin B (3.4)

e Pisthe volume mass.

e [;and L; denote the length of the interface in the lower and upper parts of the

soil mass, respectively (Figure 3.1).

Considering a sliding movement (u«) of the upper bloc, the potential energy of the

system is calculated by the sum of the :

- Strain energy (f,(u).L, + f,(u).L,) of the upper and lower interfaces
- Energy related to the bloc weight (P).

The balance of the forces applied on the bloc gives the following equation:

V' =fi(u).L,+ f,(w).L,-P=0 (3.53)
Vo= (?Sl.u.e(ﬁm)m L +12 .(1—e’k2'” ).L2 - p.g.[%jsin B=0 (3.5b)
Considering

G =kt (3.6a)
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k=t (3.6b)
u i
T, = Gsz.u*z.[l—e_”*ZJ (3.6¢)

equation 3.5 could be re-written as follows:

u

i —u ll,k " * T . L L .
Vo= Gsl.Ll.u.e( 1) +G,u 2.LZ.[l—e " ]—p.g.(%jsmﬂ =0 (3.7)

By introducing the new parameters A and B:

2 Galy (3.8a)
Gsl'l‘l
g Pgh(L+1y)sinp g P (3.8b)
2.G,.L or Ga-Ly

equation 3.7 could be re-written under the simplified expression:
u.e(fm*l)m +Au’, (1— e } -B=0 (3.9

This equation involves the following parameters:
The interface constitutive parameters m, u” jand u’»

- The parameter A, which corresponds to the ratio between the stiffness of the
upper part of the sliding bloc to that of the lower part.

- The parameter B, which stands for the driving forces.

The values of parameters A and B are positive.

56|Chapter 3 : analysis the slope stability using the
nonlinear dynamic theory

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Mohammad lhsan, Lille 1, 2014

3.4 Analysis of the bloc stability

3.4.1 Balance equation (equation 3.9)

Figure 3.4 illustrates the influence of the variation of parameters A and B on
the bloc response (displacement u, solution of equation 3.9). Analyses were conducted
with the following values of the interface parameters:

- m=3
- 4 ;=0.05m
- u*2= 0.5 m.

The response was determined for a variation of B between 0 and 0.2 and
various values of A in the interval [ 0.10 and 1.08]. Results are illustrated for a

response value (u) up to 0.3 m.

Analysis of figure 3.4 shows that the response of the bloc largely depends on
the value of the parameter A.

Concerning the bloc stability, we observe two trends in the response (Figure 3. 5):

- Stable response (trend B): for each value of B (driving force), the system has a
unique response.
- Unstable response (trend A): for some values of B (driving force), the system

has tow possible responses.
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Figure 3.5: The bloc response trends to the variation of parameters B and A

- A Instable response (possibility 2 solutions for a given value of B)
- B: Stable response (unique response for each value of B).

Figure 3.6 illustrates in the three dimensional space (4, B, u) the influence of
the variation of parameters A and B on the bloc response (). This figure permits to
localize in the three dimensional space the stable zone of the bloc. This zone is shown
in Figure 3.7.
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Figure 3.6: Three dimensional illustration of the influence of the variation of

parameters A and B on the bloc response

(displacement u, solution of equation 3.9)
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Figure 3.7: Zone limit A = 0.13 — 0.838 in the three dimensional space

3.4.2 Energy analysis

The stability analysis using the energy approach requires the calculation of the
2" and 3" derivatives of the energy of the system. From equation 3.1 (1% derivative

of the potential energy), we obtain the following expressions:

N Ao a0
(3.11)
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In order to illustrate the energy approach of the system instability, we show in
figures 3.8a and 3.8b the variation of the 2" and 3™ derivates of the energy of the
system with the variation of the displacement (u). Figure 3.8c shows the
corresponding value of B for each value of the displacement () (according to the the

equlibrium equation 3.9).

Figure 3.8a shows that the 2" derivative has a minimum and a maximum in
the studies interval (z between 0 and 0.5 m) with opposite sings (the minimum is
negative, while the maximum is positive). This change in the sign is confirmed by the
annulation of the 3" derivative of the energy of the system (Figure 3.8b). The latter
condition leads to the trend “A” of the system response, which indicates system

instability.

1.6

14

/’

1.2

0.8

0.6

V”

0.4 / —
0.2

( 0\05 01 015 02 025 03 035 04 045 05

u(m)

Figure 3.8a: Variation the 2" derivative of the energy of the system with

displacement u (Equation 3.10)
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Figure 3.8b: Variation the 3" derivative of the energy of the system with

displacement u (Equation 3.11)

Figure 3.9 shows that the increase in the response (u) in this case is
accompanied by an irregular variation of the parameter B (the driving force). The
figure shows the domaine of instability, which is limited by the values of u
corresponding to the extrema of B.

63|Chapter 3 : analysis the slope stability using the
nonlinear dynamic theory

© 2014 Tous droits réservés. doc.univ-lille1.fr



© 2014 Tous droits réservés.

Thése de Mohammad lhsan, Lille 1, 2014

-0 0.02 0.05 0.08 0.11 0.14 0.17 0.2

u (m)

Figure 3.9: Variation of B with the value of (U) (According to the equilibrium
equation 3.9)

Figure 3.10 summarizes the influence of the increase in the displacement (u)
on the variation of the 2" and 3" derivatives of the energy of the soil bloc as well as
that of the paramter B (driving force). For a good illustration of this graph, the values
the 2" and 3" derivatives of the energy of the soil bloc of were nomalized. This
figure allows the determination of the zone of instability which cooresponds to the
interval of u limited by the extrema of B, which includes a zero of the 3" derivate of

the energy of the system as well as the minimum and maximum of the 2" derivative.

64|Chapter 3 : analysis the slope stability using the
nonlinear dynamic theory

doc.univ-lille1.fr



Thése de Mohammad lhsan, Lille 1, 2014

=
(SN

|

&

&

H

(@]

5]
s

. . . . . 2
0.4 ——B Normalized

V" Normalized

Normalized
o
(@]

V" Normalized

u(m)

Figure 3.10: Variation of the 2"? and 3" derivatives of the energy of the system

and that of parameter B with the bloc response

3.4.3 Energy analysis (Zero of the 3" derivative)

The determination of the zero of the 3" derivative is very complex. In order to
overcome this difficulty, we determine the value of the parameter A corresponding to
this zero from the response of the system (displacement u):

() ) .u;.[1+ e | m]

()

A:

(3.12)

e

Figure 3.12 shows the variation the normalized values of the parameters A and
B with u (zero of the 3" derivative). We observe an interval of u delimited by the
extreme of the parameter B (driving force) with u with positive values of A. This
zone corresponds to the zone of instability of the bloc.
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3.5. Instability domain

The bloc behavior depends on the values of the three parameters, which

control the mode of mobilization of the shear stress at the interface:

The domain of instability will be determined by the determination of the upper
and lower values of the parameter A as illustrated in figure 3.11. Analyses were

conducted for 4 values of the parameter m (3, 5, 7, 9).

Figure 3.12a shows the results obtained with m = 3. The surface in red color
designates the upper limit, while the blow color denotes the lower limit. We can

observe that the lower and upper parts largely depend on the values of u*; and u*;, in
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particular for the low values of «*,. The domain of instability shows a general trend of

increase with the increase in u*, andthe decrease in u*;

Results obtained with m = 5 are illustrated in figure 3.12b. We observe the same

trends as in the case m = 3, but with high irregularities at low values of u*;,

Figure 3.12c shows the results obtained with m = 7. We observe a regular variation
in the boundary of the instability domain with regard to the boundaries obtained with
m =3 and 5.

Figure 3.12d shows the results obtained with m = 9. We observe an increase in
the domain of instability with regard to previous results, accompanied by a translation

towards the higher values of the parameter A.

This analysis allows the construction of charts for the instability domain of the
soil slope in terms of parameters which control the rate of variation of the shear stress

at the bloc interface.

Figure 3.12a : Upper and lower limits of the instability domain (m = 3)
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Figure 3.12b: Upper and lower limits of the instability domain (m = 5)

Figure 3.12a: Upper and lower limits of the instability domain (m =7)
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Figure 3.12 d: Upper and lower limits of the instability domain (m = 9)

3.6 Conclusion

The nonlinear dynamic theory provides a powerful tool for the analysis of
discontinuous phenomena, such as landslides, which constitute an important issue in
geotechnical engineering. This theory allows taking into account complex process in
physical phenomena including discontinuities.

The use of the nonlinear theory is based on the energy approach. Analysis of
the slope stability was conducted on a simplified configuration of the slope, which
consists in a movement of a rigid bloc over a surface composed of 2 parts. The first
one includes the peak effect.

Analysis of the stability was first conducted using the balance equation. This
analysis allowed the determination of the zone of slope instability.

The second analysis was conducted using the 2™ and 3" derivatives of the
energy of the system. This analysis allowed the determination of the domain of
instability. Charts were constructed for the determination of the upper and lower
limits of the instability domain using the parameters u*;, u*, and m as input
parameters.
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Figure A.1: Influence of the water-table level on the lateral displacement
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(Case 2, = 30°) hw/H = 0.25, 0.5, 0.75 and 1.0
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Figure A.3: Influence of the water-table level on the lateral displacement

(Case 2, = 35°) hw/H = 0.25, 0.5, 0.75 and 1.0
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Figure A.4: Influence of the water-table level on the vertical displacement

(Case 2, p=35°) hw/H = 0.25, 0.5, 0.75and 1.0
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Figure A.5: Influence of the water-table level on the lateral displacement

(Case 2, p=40°) hw/H = 0.25, 0.5, 0.75and 1.0
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Figure A.6: Influence of the water-table level on the vertical displacement

(Case 2, = 40°) hw/H = 0.25, 0.5, 0.75 and 1.0
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Figure A.7: Influence of the water-table level on the lateral displacement

(Case 4, = 30°) hw/H = 0.25, 0.5, 0.75 and 1.0
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Figure A.8: Influence of the water-table level on the vertical displacement

(Case 4, p=30°) hw/H = 0.25, 0.5, 0.75and 1.0
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Figure A.9: Influence of the water-table level on the lateral displacement

(Case 4, = 35°) hw/H = 0.25, 0.5, 0.75 and 1.0

¥
—,——*'—’—— ;ﬂ%

—~ x“ f’><’
£ BV —&—Z-Disp-0%
?} % e i —8—Z-Disp-25%
a) — 5N ~#— Z-Disp-50%
N, 7 p 0
%.. N =>&=7-Disp-75%
M_ —¥—Z-Disp-100%

SR

-2 -18 -16 -14 -12 -1 08 -06 -04 -02 0 02 04

Displacement Z direction (m)

Figure A.10: Influence of the water-table level on the vertical displacement

(Case 4, = 35°) hw/H = 0.25, 0.5, 0.75 and 1.0
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Figure A.11: Influence of the water-table level on the lateral displacement

(Case 4, = 40°) hw/H = 0.25, 0.5, 0.75 and 1.0
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Figure A.12: Influence of the water-table level on the vertical displacement

(Case 4, = 40°) hw/H = 0.25, 0.5, 0.75 and 1.0
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Figure A.13 : Influence of the soil strength on the distribution of the pore
pressure (Cases 2 and 4, = 30°)
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Figure A.14 : Influence of the soil strength on the distribution of the pore
pressure (Cases 2 and 4, = 35°)
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Figure A.15: Influence of the soil strength on the distribution of the pore
pressure (Cases 2 and 4, g = 40°)
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