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Abstract

This comprehensive review paper explores various aspects of geotechnical
engineering, with a focus on the management of unstable terrains, numerical
methods for solving complex soil and consolidation problems, rheological
analysis of suspensions and muddy soils, and stability analysis of slopes. It
begins by examining the unique physicochemical properties of cohesive se-
diments, including cohesion and specific surface area. The temporal evolu-
tion of deposit concentration and average bed concentration in unstable ter-
rains is discussed, along with settling behavior of isolated particles and hin-
dered settling using empirical equations. Key sedimentation theories, such as
Kynch’s theory, and geotechnical consolidation theories, including Terzaghi’s
consolidation equation and Gibson’s theory, are presented. The investigation
interrelates these theories and principles to offer a holistic view of managing
unstable terrains. It also addresses the challenges associated with experimen-
tal determination of constitutive relationships and presents alternative sim-
plification methods proposed by researchers. Additionally, it delves into nu-
merical methods for solving nonlinear partial differential equations govern-
ing soil behavior, emphasizing the need for numerical frameworks and dis-
cussing various techniques and associated challenges. The rheological analysis
section covers material flow behavior, rheological behavior models, and the
rheological properties of water and cohesive sediment mixtures. Fundamental
geotechnical calculations, constitutive laws, and failure criteria are explained,
highlighting their relevance in geotechnical engineering applications. This
paper provides a multidimensional perspective on geotechnical engineering,
offering valuable insights into soil properties, consolidation processes, nu-
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merical methods, rheological analysis, and slope stability assessment for pro-
fessionals in the field.
Keywords

Consolidation Processes, Managing Unstable Terrain, Numerical Methods,
Safety Coefficient, Slope Stability Assessment, Soil Cohesion

1. Introduction

In the realm of geotechnical engineering, where the Earth’s intricate structures
meet the foundations of human civilization, lies a profound and enduring rela-
tionship. The Earth’s materials, ranging from solid bedrock to loose, unstable
soils, are the canvas upon which our cities, infrastructure, and societies are built.
Understanding and managing these materials is the core mission of geotechnical
engineering.

This comprehensive paper embarks on a journey through the multifaceted
landscape of geotechnical engineering, with a particular focus on the intricate
management of unstable terrains. These terrains, characterized by their variable
compositions and behaviors, present both challenges and opportunities for en-
gineers and scientists.

Our exploration commences with an examination of the fundamental proper-
ties of cohesive sediments, such as kaolinite, illite, smectite, and chlorite. These
microscopic particles, often unseen by the naked eye, hold the key to under-
standing the macroscopic behaviors of soils. We will delve into their unique
physicochemical characteristics, notably cohesion and specific surface area,
which have far-reaching implications for geotechnical practice.

The paper’s journey continues by navigating the temporal evolution of deposit
concentration and average bed concentration within unstable terrains. These
dynamic processes are not mere theoretical abstractions but rather crucial con-
siderations in real-world scenarios. We will also unravel the mysteries of particle
settling behavior in quiescent liquids, exploring concepts such as Stokes’ settling
velocity and hindered settling described by Richardson and Zaki’s law.

Our path leads us to the heart of sedimentation theories, with a spotlight on
the influential Kynch theory. Understanding the relationship between settling
velocity and particle concentration is essential for interpreting sedimentation
phenomena in geotechnical engineering. This theoretical framework forms the
basis for our comprehension of how particles interact and settle in natural and
engineered environments.

Consolidation theories, a cornerstone of geotechnical engineering, emerge as a
pivotal part of our journey. We will dissect Terzaghi’s consolidation equation
and Gibson’s theory, both essential for predicting soil behavior under varying

loads and conditions. These theories provide the necessary tools to assess soil
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settlements and deformation, fundamental aspects of geotechnical design.

However, the strength of this paper lies not only in its ability to dissect indi-
vidual geotechnical components but also in its capacity to weave them together
into a coherent tapestry. The interrelation between sedimentation and consoli-
dation theories will be unveiled, demonstrating how these seemingly distinct
concepts merge into a unified framework for managing unstable terrains.

But the challenges in geotechnical engineering are as profound as they are fas-
cinating. We will confront the complexities of experimental determination of
constitutive relationships, an endeavor that requires meticulous precision. Fur-
thermore, we will explore innovative simplification methods proposed by visio-
nary researchers, offering practical solutions to these complex challenges.

Our exploration extends to the numerical methods that have revolutionized
geotechnical analysis. Finite difference methods and finite element methods are
the tools of the trade, enabling engineers to simulate the behavior of soils under
various conditions. We will also navigate the intricacies of deformable meshes
and discontinuous concentration profiles, underscoring the critical role of nu-
merical frameworks in modern geotechnical practice.

Rheology, the science of material flow behavior, will be our guide through the
uncharted waters of suspensions and muddy soils. Stress tensors, strain rates,
and rheological laws will come to the forefront as we unravel the mysteries of
material flow. Understanding these principles is vital for predicting and manag-
ing the complex behavior of soils and sediments in diverse engineering scena-
rios.

Fundamental geotechnical calculations, constitutive laws, and failure criteria
will complete our journey. These concepts are the cornerstone of geotechnical
analysis and design, serving as the analytical foundation for engineers seeking to
build safe and resilient structures on unstable terrains.

In essence, this paper offers a multidimensional perspective on geotechnical
engineering—a discipline where science meets practicality, where the micro-
scopic meets the macroscopic, and where innovation transforms challenges into
solutions. As we embark on this expedition through the intricate world beneath
our feet, we invite you to join us in unraveling the mysteries of unstable terrains,
where knowledge is the compass, and innovation is the guiding star of geotech-

nical engineering.

2. Innovative Techniques for Managing Unstable Terrain

2.1. Study into Soils and Consolidation of Cohesive Particles in
Unstable Terrains

2.1.1. Characterization of Cohesive Particles in Unstable Terrains

A wide variety of soils exists in nature. Sediments can be classified based on their

size, origin (marine or fluvial), or physico-chemical properties (especially cohe-

sion). The mineral phase of cohesive sediments is primarily composed of clay

minerals, which can be grouped into families: kaolinite, illite, smectite, and chlo-
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rite. These minerals possess specific physicochemical properties tied to their
structural organization in layers. Generally, finer particles exhibit greater cohe-

sion and higher specific surface area (Table 1).

2.1.2. Experimental Investigation of Soils and Consolidation in Unstable
Terrains

Conducting column settlement tests, according to researcher such as Been and

Sills (1981), Alexis et al. (1992), Gallois (1995), Masutti (2001) and Alexis et al

(2004) [2] [3] [4] [5] [6] involves introducing a homogenous mixture of solid

particles and water into a transparent tube. The initial height and concentration

of the mixture are denoted as A, and G, respectively. Depending on the experi-

mental setup used, the outcomes encompass:

¢ The evolution of the height (or average concentration) of the sediment depo-
sit,

* Density profiles (which allow deduction of concentration or void ratio pro-
files),

* Interstitial pressure profiles.

Gamma densimetry and X-ray densimetry (Been and Sills, 1981) are the most
commonly employed methods to determine density profiles [2]. They rely on
measuring the attenuation of incident rays as they pass through the water/solid
particles mixture and require appropriate calibration. They are non-destructive.
Note that other methods have been tested or are under development (MRI—
Pham Van Bang et al, 2006, ultrasound, electrical properties, for example) [7].

Using instrumented columns is quite intricate due to numerous experimental
challenges that need to be addressed. To acquire density at all levels of the col-
umn, a “scanning” from one end to the other is necessary. If measurements
aren’t rapid enough, temporal lag can occur, necessitating corrections at times
(especially when concentration variations are swift, notably at the beginning of
the test). Pressure measurements are also delicate to perform since the pressures
at play are low (columns seldom exceed two meters in height). Border effects (at
the interface between overlying water and mixture, as well as at the bottom) of-
ten skew the density estimation, underscoring the need for constant mass con-
servation monitoring.

Derived from numerous settlement experiments, Migniot (1968) delineated
the subsequent settlement phases (Figure 1) [8]:

Table 1. Geometric characteristics and specific surface areas of key clay families (based
on Buffle, 1988) [1].

Clay Type Size (um X pum) Specific Surface Area (m?/g)
Kaolinite 1x0.1 10 - 20
Illite 0.01 x0.3 90 - 130
Smectite 0.001 x 0.1 750 - 800
Chlorite 0.01 x0.3 92-97
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Figure 1. Settlement stages of mud (according to Migniot, 1968).

¢ TFlocculation,

* Hindered settling of flocs,

¢ Initial settlement phase: floc compression,

* Second phase involving the evacuation of interstitial water (accompanied by
the formation of preferential drainage pathways),

* A gradual third settlement phase, characterized by the rearrangement of the
deposit’s structure and water loss due to compression.

The settlement curves derived from Migniot’s work (Figure 1) illustrate the
changes in the average concentration of the sediment. These curves are con-
structed by plotting the inverse evolution of the interface that demarcates the
overlying water and the sediment mixture (Figure 2). The temporal variation of
the average sediment concentration, denoted as C (t), is inversely related to
the change in sediment height, h(t). This inverse relationship arises from the
principle of mass conservation between the initial time and an arbitrary moment,
t, (Equation (1)):

Homr?Cy =h(t,)nr’C, (t,) (1)
where ris the inner radius of the column.
In Figure 2, three settlement phases are discernible:

* During the initial three minutes, the interface remains motionless due to par-

ticle flocculation occurring throughout the column.

DOI: 10.4236/0jce.2023.134041 576 Open Journal of Civil Engineering


https://doi.org/10.4236/ojce.2023.134041

G. O. Adeoti et al.

1 10 100 1000 10000
Time (min)

Figure 2. Settlement curve obtained from Rance sediments; H,=50cm and C,=50¢/I.

Between t=3 min and t=30 min, a clear interface emerges between the
mixture and the overlying water. This interface descends at a consistent
speed, which is assumed to be the same as that of the flocs located in the up-
per part of the mixture. As accumulation takes place, a denser deposit forms
at the column’s bottom. The concentration at this point is such that flocs ex-
perience hindered settling, a result of mutual interference during their des-
cent. Multiple mechanisms contribute to the reduction in floc settling veloci-
ty as they amass at the bottom (Winterwerp and Van Kesteren, 2004) [9]. On
the suspension scale, the settling flocs induce an upward flow that decelerates
the flocs situated above; moreover, the presence of flocs within the fluid al-
ters the suspension’s effective viscosity. At the floc level, interactions (attrac-
tion or repulsion) and collisions with other flocs, velocity gradients around
the flocs, and wake formation can be observed.

At t=30 min, a distinct transition marks the juncture between the upper
part of the developing deposit at the column’s bottom and the interface be-
tween overlying water and mixture. Subsequently, the interface’s settling ve-

locity progressively diminishes.

The differentiation among these distinct phases varies based on the material

being studied and the initial conditions.

Utilizing X-ray densimetry provides the means to generate concentration pro-

files akin to those showcased in Figure 3. Within these profiles, distinct zones

emerge, each associated with distinct processes. For example, within the profile

at t=1.01 days, three regions can be discerned:

L]

In the uppermost segment of the column (z>0.43m ), density closely ap-
proximates that of water, characterizing the overlying water. This region is
demarcated by a pronounced density shift.

Below the overlying water (0.23m <z <0.43m), a zone is evident where den-
sity remains consistent and closely mirrors the initial density. Here, flocs
descend freely with nearly constant velocity, as though they form a single ag-

gregate.
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Figure 3. Density profiles; H,=0.989m , p,=1068kg/m’ (adapted from Alves,

1992) [10].

* At the column’s bottom (z<0.23m), a higher-density zone prevails. The
thickness of this zone expands as flocs, undergoing constant-rate settling,
accumulate at the base. This section of the deposit experiences hindered set-

tling and consolidation.

2.1.3. Theoretical Investigation of Soils and Consolidation in Unstable
Terrains

In Migniot’s work (1968) [8], a proposal is made to describe the temporal evolu-
tion of the average deposit concentration, C_ (t), through a relationship of the
type Equation (2). Upon completion of the settlement process, he presents a

concentration distribution along the vertical axis using the formula Equation (3).

C,(t)=Alogt+A, )
C(tﬁn,z):C(h(tﬁn))JrBllog(h(tﬁn)—z) (3)

Here, C (h(tﬁn )) denotes the concentration at the interface, while 4,, 4,, and
B, stand for empirical coefficients.

In the approach put forth by Hayter (1986) [11], the ultimate deposit concen-
tration as well as the final consolidation time, t,,, , are assumed to vary linearly
with G (Equation (4)). Additionally, the average bed concentration is characte-
rized by the empirical relationship Equation (5). The distribution within the bed

is provided by the empirical formula Equation (6).

C.lte )= C
m( fln) Ai + AZ 0 (4)
tin =B+ B,Cy
C,(t .
—m( ) =1-D, exp _b:t (5)
Cm (tfin) fin
E;
C(zt h(t)-z
(20)_¢ (h(t) ©
C. (1) h(t)
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In this context, A, B,, D,, and E; denote empirical constants, while
C, (tﬁn) stands for the average deposit concentration upon completion of the
consolidation process.

Stokes law

When an isolated particle falls in a quiescent liquid, its settling velocity W,
can be determined by considering the balance of forces acting upon it: gravity,
buoyancy, and drag. This leads to the Stokes settling velocity for isolated par-
ticles, denoted as Wy, (Equation (7)) [12]:

2
Wtotes :%psp—wﬂv (7)
where D stands for the particle diameter in micrometers, , denotes the kine-
matic viscosity of the fluid, p, and p, respectively represent the mass densi-
ties of the solid particles and the fluid, and g signifies gravity.
For particle diameters exceeding 50 pum, the Oseen’s law [13] proves more ap-

plicable than the Stokes’ law. The Oseen settling velocity is formulated as (Equa-

tion (8)):
_ 3
WStokes :ﬂ 1+ 1+MQ_DZ (8)
3D P, 12v
Zakl s law

An equation of the type Equation (9) is commonly utilized to characterize the
decrease in particle settling velocity as the concentration rises under the influ-
ence of hindered settling. This extends the empirical Richardson and Zaki’s law
(1954) [14], with A =1.

WS :WStokes (1_ A1¢S )AQ (9)

Here, ¢ signifies the solid volume fraction, and A, and A, are constants
fine-tuned through experimentation.

Kynch theory

The Kynch theory (1952) [15] holds a prominent position among sedimenta-
tion theories. Its primary assumption is that the settling velocity of particles (as-
sumed to be identical), Vj, is solely dependent on the particle concentration, C.
The mixture is considered to be horizontally uniform. The equation for mass
conservation is expressed as (Equation (10)):

oc | oCV; (C)

=0 10
ot oz (10)

where ¢ represents time and z is the vertically oriented axis directed upwards.

Upon incorporating the solid flux S, Equation (10) is modified to Equation (11):

§+§—O (11)
ot oz

Equation (11) can be rewritten as Equation (12) or Equation (13) by substi-
tuting Equation (14).
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oC oS oC
—+——=0 (12)

ot oC oz

oC oC
—+V(C)—=0 13
()5 (13)

0S
V(C)=— 14
(©)=% (14)

Equation (10) constitutes a hyperbolic equation. It represents a first-order
wave equation that can be comprehended by postulating that C propagates at a
velocity V (C). To put it differently, a concentration layer C'situated at time ¢
and at a level zwill relocate to alevel z+V (C)At attime t+At.

Kynch presents a visual interpretation (Figure 4) of this equation through the
lens of a graph (x;t). He discerns three domains:
¢ Within the OAB zone, concentrations remain constant, and isoconcentration

lines run parallel. In this sector of the graph, particle settling velocity remains
steady.

* In the OBC zone, the gradient of isoconcentration lines fluctuates. This seg-
ment of the graph corresponds to hindered settling, wherein the pace of con-
centration variation is determined by the slope of the isoconcentration line.

¢ Beneath the OCD zone, the maximum compaction concentration is achieved,

signifying the cessation of particle evolution.

2.1.4. Geotechnical Approach of Consolidation in Unstable Terrains

The concept of gel concentration, also known as structural concentration, de-
fines the threshold at which a transition occurs between a suspension (where
flocs are supported by the fluid) and a deposit that exhibits a structured phase.
In simpler terms, it signifies the concentration at which the flocs become so
closely packed that they form a continuous three-dimensional network.

When this loosely organized network experiences the tendency to collapse due
to its own weight, a rearrangement of its structure takes place. This rearrange-
ment enables the structure to promptly bear partial weight from the grains of the
upper layers. Consequently, the total vertical stress becomes lower than the in-
terstitial pressure, indicating the emergence of effective stresses, denoted as o .
Terzaghi introduced the concept of effective stresses as the portion of total stress

that is transmitted through the grains.

0 t

Figure 4. Isoconcentration lines (adapted from Kynch, 1952).
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The appearance of effective stresses signifies the pivotal transition from sedi-
mentation to consolidation.

Theory of Terzaghi The equation of Terzaghi (1943) (Equation (15)) [16],
cherished by soil mechanics experts, is founded on the assumption of small de-
formations and the following hypotheses:

* The soil is uniform and fully saturated,
* Both water and grains are incompressible,
* Consolidation occurs in one dimension,
* Darcy’s law is valid,
* The mechanical properties of the soil remain constant, and the relationship
o'(e) islinear.
Terzaghi’s consolidation equation is well-suited to describe the latter phases of

the consolidation process, namely when deformations become minor.

oo’ todt

E_CV

po 0 (15)
where C), is the coefficient of consolidation, which can be determined through
an oedometer test.

Gibson's theory Gibson’s theory (1967) [17] stands as a fundamental refer-
ence in the realm of consolidation by researchers such as Toorman (1999); Win-
terwerp (1999); Merckelbach (2000); Bartholomeeusen (2003); and others [18]
[19] [20] [21]. The Gibson equation is expressed as (Equation (16)):

2 ’
@+(1+e)zps—pw ol k 2 +(1+e) 3( k 60)20 (16)
ot p, Oz (1+e) g-p, 0z\l+e oz

where erepresents void ratio and & is the soil permeability.

Since the sediment is fully saturated with water, the intermediary equations
that lead to the Gibson equation can be formulated using sediment concentra-
tions instead of void ratios (Equation (17)). These equations amount to four:
Terzaghi’s postulate, Darcy’s law, the continuity equation, and the mass conser-
vation equation.

As per Terzaghi’s postulate (Equation (18)), the total stress generated by the
weight of the water and grains is borne by the interactions among the grains (the
solid framework of the sediment) and by the interstitial water pressures u.

Interstitial pressures can be broken down into a hydrostatic component de-
noted as U, and a component known as interstitial excess pressure denoted as

p. (Equation (19)).

Ps
=5 17
l+e (17)
o=0'+uU (18)
u=u, +p, (19)

The Darcy’s law (1856) [22], as expressed by Equation (20), serves to describe
the dissipation of interstitial excess pressures. Consolidation is considered com-
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plete when these excess pressures are entirely dissipated, meaning that the in-
terstitial pressure becomes hydrostatic.

£ C (v, -v,)= k()P

(20)
Ps g-py oz

where V, and V, are the respective vertical velocities of solid particles and
the fluid relative to a reference plane (see Figure 5). The continuity equation is

formulated as (Equation (21)):
(P, —C)V, +CV, =0 (21)

The conservation of mass is formulated as (Equation (22)):

V. C
§+8 *—=0 (22)
ot 0z

By integrating the equations of continuity, Darcy’s law, and Terzaghi’s post-
ulate, we arrive at an expression for the velocity of solid particles, denoted by
Equation (23).

V, =k + k (6—"+6—C") (23)
g-p,\ 0z Oz
The assumptions underlying Gibson’s theory are as follows:
* Permeability and effective stresses depend solely on concentration,
¢ The medium is fully saturated,
* Darcy’s law is applicable,
* Consolidation is a one-dimensional process,

* The deposit is uniform on a horizontal plane.

2.1.5. Effective Stress

The relationships describing the changes in effective stresses and permeability
concerning void ratios (or concentration) can be experimentally ascertained us-
ing the approach outlined by Been and Sills (1981) [2]. This method involves
deducing k(e) through Equation (24), derived from Darcy’s law and the con-
tinuity equation. V, is estimated by measuring the displacement of a specific

point within the deposit over a time interval between two concentration profiles,

z

Figure 5. Conventions.
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and 7 is determined from pressure profiles. For the determination of &'(e)
(o'(C) ), Terzaghi’s postulate is applied. u is directly obtained from interstitial
pressure measurements, and o is determined from concentration profiles us-
ing Equation (25).

k=-Vi (24)

where 7denotes the hydraulic gradient.

a@):g(ps_cpm+CJﬁhJ) (25)

S

where A denotes the water/sediment interface level.

By proceeding in this manner, one obtains clouds of points (k(e) and
o’ (e)) that are more or less compact (Figure 6 and Figure 7). Using these data
points, a least squares regression is conducted to determine the empirical coeffi-
cients A and B,, which are then incorporated into a priori functions as pre-
sented below (Bartholomeeusen et al, 2002) (Equation (26) & Equation (27))
[23]:

e=An(k)+A, (a)

k=Ag™ (b)

k= Agl (© 20
k=exp(-A +Aeg) (d)

e=-Bo'™® +B, (@)

o' =B (b) (27)

e=B(o'+ Bz)B3 (c)

11 T

Sidere

Dibden
| WSM
10T Zandvliet o
Schelde =

Red mud

15 “." o i i
le-10 1e-09 1e-08 le-07
k (m-s™)

le-06 le-05 le-04

Figure 6. e(k) relationships for various sediments (adapted from Bartholomeeusen,
2003).
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Figure 7. e(o’) relationships for different sediments (adapted from Bartholomeeusen,

2003).

Various challenges can arise when attempting to establish constitutive rela-

tionships using the method proposed by Been and Sills (1981):

* The o'(C) relationship is influenced by initial conditions. This is due to
the thixotropic nature of sediments, where the structural arrangement of a
deposit depends on its formation history (ie., the assumption that effective
stresses depend solely on C is sometimes difficult to apply);

* Equipped columns might not be accessible in all research facilities;

* Achieving satisfactory precision in density and pressure profiles can be diffi-
cult due to experimental constraints related to such measurements: limited
accuracy of pressure sensors, edge effects, signal noise, etc.;

* Estimating Vis also complex. For low concentrations, a minor variation in C
results in a significant change in V, (and consequently %). Furthermore, va-
riability in V| (and thus &) is often substantial as a limited number of sedi-
ment treatments can hinder the achievement of reliable low-concentration
tests.

To address the variability in experimentally determined k(C) and o'(C)
relationships, a substantial number of measurements are usually carried out.

Given this situation, Merckelbach and Kranenburg (2004) [24] introduced a
technique to determine constitutive relationships based on straightforward set-
tlement curves. This type of experimental data is much simpler to obtain since it
requires minimal resources (no pressure or density measurements are necessary).

Their approach involves determining the parameters introduced into the con-

stitutive relationships (the A and B, in Equation (26) and Equation (27)) in a

manner that aligns the calculated settlement curve using Gibson’s theory,

DOI: 10.4236/0jce.2023.134041

584 Open Journal of Civil Engineering


https://doi.org/10.4236/ojce.2023.134041

G. O. Adeoti et al.

h. (A.B,,t), with the experimental settlement curve, h, (t). In essence, they

solve Equation (28).
(Ai’Bi): A‘_'igi](hcal(A'Bi't)_hexp(t)) (28)

In order to derive an analytical expression for h_, (A,B;,t), Merckelbach and

Kranenburg (2004) adopt a two-phase approach where simplifying assumptions

cal

can be applied.

Initially, the A coefficients are determined by focusing solely on the first
phase of a sedimentation/consolidation test, as during this part of the test:

* Interstitial water expulsion is the dominant phenomenon (implying the sig-
nificant role of permeability),
¢ The impact of effective stresses can be disregarded.

By neglecting effective stresses, the Gibson equation simplifies and transforms
into a wave equation that has an analytical solution. Through integration, an ex-
pression for the deposit height h_ (A,t) can be obtained, enabling the solution
of Equation (29). In this step, Merckelbach and Kranenburg assume a permea-

bility law in the form of Equation (26)(c).
A :mAin(hca,(/sﬁ,t)—hexp (t)) vttgo'~0 (29)

To determine the B, coefficients, Merckelbach and Kranenburg make the
assumption that the effective stress law takes the form of Equation (26)(b) with
B, = A, . Consequently, there remains only one coefficient to be determined: B;.
When considering equilibrium (0C/6t =0 ), the Gibson equation simplifies to
(Equation (30)):

ps _pwc_ ps oo (30)

Pu 9-p, Oz

By integrating Equation (30), an analytical expression for hca,(Bl,tﬁn) at

equilibrium (t,, being the time needed to reach equilibrium) can be obtained.

This enables the determination of B, in such a way that the equality
Nea (Bl,tfin ) =h,, (tﬁn) is satisfied.

However, it’s important to note that the method proposed by Merckelbach
and Kranenburg may not always be applicable due to certain limitations. The
choice of constitutive relationships is constrained by the need for easily integra-
ble laws to derive simple analytical expressions. Moreover, the number of coeffi-
cients that can be calculated is limited to three, which enforces the assumption

B, = A, that may not hold in all cases.

2.1.6. Interrelation of Soils and Consolidation Theories in Unstable
Terrains

Gibson’s theory represents a broader perspective stemming from the works of
Kynch and Terzaghi (1943) as discussed by Winterwerp and Van Kesteren (2004)
[9].

In fact, by neglecting effective stresses, the velocity of solid particles conforms
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to Equation (31), resulting in Equation (33) as derived from Equation (32)

_ k(C) (oo
VS = k(C)+m(Ej (31)
a—0=g[(£—lJpw—CJ (32)
2/ P
1 1
V, =V (C)=k(C)C| ——— (33)
©)-k(epe[ 2]

Upon incorporating Equation (33) into Equation (22), the resulting Equation
(34) represents an equivalent formulation to that of Kynch (1952). Expanding on
this principle, Pane and Schiffman (1985) [25] introduce a generalization of the
Terzaghi principle with the relationship Equation (35), allowing them to charac-
terize sedimentation and consolidation using a unified approach.

a v.(C)cac |,
ot dC oz
o=pB(C)o’+u (35)

(34)

Here, p(C) takes the value of 1 when C>C, and 0 otherwise, where C,
signifies the concentration denoting the sedimentation-consolidation transition.

The assumptions employed within Terzaghi’s theory (1943) allow for the
omission of the advection term from Equation (16), resulting in its reduction to
either Equation (36) or Equation (37). In this context, we indeed observe an eq-
uation akin to Equation (15), achievable by adopting a consolidation coefficient
like that described in Equation (39).

1+e) !
ce  (L+e) 2( K aUj:o (36)
ot g-p, 0z\1l+e oz
1+e)k o?c'
% (Lre) 52‘7:0 (37)
ot g-p, 0
oo’ o’
oo _ -0 38
ot ' o’z (38)
k(l+e !
cvz__( ) oo (39)
9-p, O

2.1.7. Numerical Methods

Realistic theories of soils and consolidation rely on nonlinear partial differential
equations that lack analytical solutions. Therefore, a numerical framework must
be established to obtain approximate solutions to the problem at hand. Sedi-
mentation equations (hyperbolic equations) are typically addressed through fi-
nite difference methods by Biirger and Hvistendahl (2001) [26] or finite volume
methods (such as the first-order upstream scheme or the second-order Lax-
Wendroff scheme). Consolidation equations, which take the form of convec-

tion/diffusion equations, are commonly tackled using finite element methods
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(for instance, Rouas (1996) [27] or finite differences (including Le Normant
(2000) [28]).

In the realm of numerical solutions, two challenges arise when dealing with
equations like Gibson’s. Firstly, the mesh used to compute the variable describ-
ing the deposit’s evolution (e(z,t), C(zt),or ¢ (z,t)) must be “deformable,”
as it spans from the fixed bed (z=0) to the mobile water-deposit interface. The
Lagrangian approach is often employed in this context. Consequently, the Gib-
son equation can be expressed in the following form (Equation (40)):

@+—ps_pwi(Lj@+i —k d_o-@ =0 (40)
ot p, dell+e)oQ oQ|(1+e)p, g de oQ

With
dz’

1+e(z't) (41)

Q(z,t)= J'OZ

Another complexity arises due to the presence of discontinuous concentration
profiles, which can lead to numerical oscillations.

A distinct approach to the issue involves treating the water/sediment mixture
as a medium comprised of two interacting phases. Through this method, con-
servation equations for mass and momentum are established for each of the
phases by researchers like Toorman (1996); Lee et al (2000); Biirger (2000); ...
[29] [30] [31].

2.1.8. Rheological Analysis of Suspensions and Muddy Soils

Rheology is the science that deals with the flow behavior of materials, encom-
passing the characterization of substances ranging from fluids to deformable
solids. Comprehensive resources on the topic include Midoux’s work (1985) [32]
and the contributions of Coussot and Grossiord (2002) [33], as well as the tho-
rough thesis by Besq (2000) [34].

In rheology, the stress state at a point within the material is expressed using a
two-dimensional symmetric tensor known as the Cauchy stress tensor. It is
commonly denoted as & or oy (Equation (42)). This tensor can be split into
an isotropic term pl and a component referred to as the stress deviator, indi-
cated by 7.

+7 (42)

Qll

=p

Here, p denotes the average isotropic pressure, and T represents the unit di-
agonal tensor.

When flow takes place, the constituents of the fluid move relative to each oth-
er, resulting in the emergence of velocity gradients. From the velocity gradient
tensor Vi, the tensor of strain rates, indicated as D , can be derived using Eq-
uation (43):

(/]|

(va-+(va)') (43)

N |-
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where U denotes the flow velocity.
Commonly, rheological laws are expressed by relating the stress deviator 7
to the tensor of strain rates D . As an illustration, the most straightforward con-

stitutive law is derived for a Newtonian fluid (Equation (44)).

=2uD (44)

alll

Here, 4 denotes the fluid’s viscosity.
Characterizing a law such as Equation (44) experimentally can be challenging.
To determine the rheological properties of a fluid, one often starts with simple

cases where the relationships between 7 and D can be simplified. For in-

stance, in simple shear, 7 and D are expressed as follows (Equation (45) and
Equation (46)):

O Ty 0

7= 7y 0o, O (45)
0 0 o,
1010

b={1 0 0 (46)
2 00O

where y denotes the shear rate or velocity gradient, and 7, is the shear stress,

which will be denoted as  throughout the manuscript. y
The apparent viscosity is defined as: n=1/y
Rheometric tests aim to establish the relationship between the scalar quanti-
ties ; and y, which is referred to as a rheogram. Several mathematical models
have been proposed to describe the most commonly encountered rheological
behaviors. However, these models are generally only valid under specific flow
conditions. Here are a few examples:

* For a Newtonian fluid in simple shear, we have: 7= py.

* For a shear-thinning (Rheofluidification which results from material destabi-
lization caused by fluid shear) fluid, a power-law model is often used:
r=ky" with n<1.In this case, the apparent viscosity 5 =ky"* decreases
as y increases.

* For a yield-stress fluid, which means a fluid that only flows when the applied
stress surpasses a critical value 7, the flow curve is expressed as (Equation
(47)):

{rzry+f(7) ifr>7z, )

y=0 ifr<z,

For Bingham fluids, the relationship is given by f(y)=z,y, where 7,
represents the plastic viscosity. In the case of Herschel-Bulkley fluids, the rela-
tion becomes f(y)=ky".

All these aforementioned laws are illustrated in Figure 8.
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Figure 8. Foundational rheological behavior laws.

Mixtures consisting of water and cohesive sediments exhibit intricate rheo-
logical properties. Notable rheological investigations pertaining to sediments
encompass studies conducted by Toorman (1992), Babatope et al (2006), and
Besq and Makhloufi (2007) [35] [36] [37].

A suspension can be treated as Newtonian as long as its sediment concentra-
tion remains low (<a few g/l). However, once the concentration attains signific-
ance, long-range interactions form amidst the flocs, inducing viscoelastic beha-
vior in the suspension. This entails that its characteristics align with both elastic
and purely viscous substances based on the magnitude and duration of applied
stress. For concentrations surpassing the gel concentration, the yield stress value
becomes substantial and escalates swiftly.

Muddy deposits also manifest rheofluidification and thixotropy. Thixotropy
denotes that, at a given stress level, the rheological demeanor of a deposit may
evolve over time. This quality stems from the disruption of inter-floc or in-
ter-particle bonds due to shear and the material’s capacity to restructure while at

rest.

2.2. Fundamentals of Geotechnical Calculations

Much like in rheology, the cornerstone of geotechnical calculations is the me-
chanics of continuous mediums. However, the behavioral laws of soils are
unique to the geotechnical realm. The publication by Nova (2005) [38] tho-
roughly outlines the fundamentals of geotechnical computations.

The mathematical characterization of soils employs the notion of stress tensor
(Equation (42)). The geotechnicians’ concept of effective stresses entails consi-
dering the relationship presented by Equation (48), where the term for effective
pressures, p’, equals p—u, where u represents interstitial water pressures.

The strain tensors are formulated as delineated in Equation (49).

o = p'S; + 1 (48)
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where &; denotes the Kronecker symbol.

P
XX 27/xy 27/xz
= |1 1
&= Eyyx gyy E}/yz (49)
o1
_Zyzx Zyzy z |

Given that the stress tensor is symmetric, there exists an orthonormal frame
in which the matrix becomes diagonal. The three corresponding directions are
the principal stress directions, and the eigenvalues are referred to as principal
stresses, denoted as o,, ©,,and o;.

Each soil element Q) must maintain equilibrium under the influence of its in-
dividual weight and the forces transmitted by neighboring soil elements. This

necessitates the fulfillment of equilibrium equations, as indicated by Equation

(50):
6O-xx az-)’X + arzx — 0
OX oy oz
0 0 0
Dy SO Ty (50)
OX oy oz
or

az-xz 2 + 6TZZ + 7/soil = 0

OX oy oz

where y,; denotes the weight of a soil element.

The kinematic conditions encompass geometric relationships linking defor-
mations to displacements U, (i=x,y,z). These relations can be formulated as
(Equation (51) and Equation (52)):

ou,
EXX=
OX
ou,
€W:W (51)
au,
gZZ:
oz
1 1({eu, au,
Sy =Ty TS
2’9 "2l ay | ox
1 1(0oU ouU
Sy = e 52
gXZ 27)(2 2( az axj ( )
_1 _l aUy ou,
n =275 T Ty

2.2.1. Behavioral Law
A constitutive law establishes a connection between the stresses and deforma-
tions experienced by the soil, as described in Equation (53). Soil behavior is

highly intricate since it depends on factors such as the loading history, saturation
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level, and loading rate. Furthermore, it is generally irreversible and nonlinear.
No mathematical model can fully encompass all the characteristics of a soil.

To determine the deformations experienced by soil when subjected to stress, it
is necessary to integrate Equation (53), which requires specifying an initial stress
state. This state is typically determined by considering the weight of the soil as
homogeneous, isotropic, and saturated. Vertical pressures are assumed to be hy-
drostatic. Regarding horizontal pressures, two scenarios can arise. In the case of
undisturbed soil (that has not undergone significant decompression due to ero-
sion, excavation, etc.), the ratio between horizontal and vertical pressures is as-
sumed constant and denoted as K, which represents the coefficient of at-rest
pressure. For soil that is not undisturbed (having experienced considerable ero-
sion over its history, for example), the ratio is no longer constant, and the con-
cept of overconsolidation comes into play (denoted by OCR, the overconsolida-

tion ratio).

- =0 _
£=S—0' 53
atg (53)

where S isa tensor known as the compliance tensor.

SSERESH

2.2.2. Elasticity

For a linear elastic isotropic material, the connection between stresses and
strains can be characterized using the generalized Hooke’s law, represented as
Equation (54) in vector form. It’s worth noting that v =0.5 corresponds to a
scenario where the material is incompressible. While this law is linear and
doesn’t consider irreversibility or stress path dependency, it may not be directly
applicable to geotechnical applications. Nevertheless, it can yield valuable in-
sights during the preliminary stages of a project according to Mestat (1998) [39]
[40].

» 1 v —v 0 0 0 Oy

W -v 1 -v 0 0 0 oy

- 1|-v -v 1 0 0 0 o,

Vxy 0 0 0 2(1+v) 0 0 ("

Ve 0 0 O 0 2(1+v) 0 T,
| 7y | |0 0 0 0 0 2(1+v)_ | 7y |

where Erepresents the Young’s modulus and , denotes the Poisson’s ratio.

2.2.3. Elasto-Plasticity
Upon reaching a specific stress threshold, soil experiences both reversible elastic
deformations and irreversible plastic deformations, which signify a disruption in
the soil structure.

The plasticity function fis a scalar function that, depending on the stress state
and material history, determines whether a specific load variation induces plastic

or elastic deformations. It can be formulated as (Equation (55)):

f=1f(5p)<0 (55)
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where , is a vector that depends on the history of plastic deformations (al-
lowing for considerations such as strain hardening, for example).

In cases of low mechanical loads, fis strictly negative. In this scenario, the in-
cremental deformation is expressed as: dZ = Cﬁkijdg'. The subscript e refers to
the elastic portion of the compliance tensor. When the soil experiences decom-
pression, fbecomes zero, and dfis strictly negative. Consequently, the incre-
mental deformation can be written as: d& =Cp;do’ . If the applied load sur-
passes the soil’s capacity, both fand dfbecome zero. In this case, the soil under-
goes both elastic and plastic deformations: d& =<Cﬁkij +Chﬁ(ij)d§'. The expo-
nent p designates the plastic component of the compliance tensor.

The definition of the plasticity function is rooted in a failure criterion. This
criterion allows for the expression of the maximum shear stress 7, ,

representing the shear stress at which the soil structure fractures (i.e, the shear

stress that initiates irreversible plastic deformations).

2.2.4. Failure Criteria

The theory of soil plasticity has been derived from the theory of plasticity in
metals. For instance, the Tresca criterion (1864) [41], for example, corresponds
to the yield limit for mild steel (Equation (56)).

<0 (56)

|Gi —0j | ~ Orupt

where o, is the material’s yield strength, and the indices 7 and ; take on val-

rupt
ues of 1, 2, and 3 through permutation.

In the space of principal stresses, the Tresca criterion outlines a prism whose
axis aligns with o] = o, = 03 . The cross-section of this pyramid forms a regular
hexagon (refer to Figure 9).

Von Mises introduced the criterion given by Equation (57), which defines a
cylinder in the stress space that encompasses the Tresca prism (refer to Figure

10).

C3

Figure 9. Tresca failure criterion (according to Nova, 2005).
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G3 A

O G,

Figure 10. Deviatoric plane section of the tresca and von mises failure criteria (based on
Nova, 2005).

2 2 2 2
0y +0, + 03 —0,0, = 0,03 = 0,03 = Oy <0 (57)

The Mohr-Coulomb failure criterion is widely employed in geotechnical cal-
culations. It postulates a linear relationship between the maximum shear stress
and the normal stress. On a Mohr diagram, this is akin to considering that the
intrinsic curve (ie., the envelope of the Mohr circles associated with failure)
forms a straight line (refer to Figure 11).
The Mohr-Coulomb criterion can take various forms based on soil characte-
ristics and the speed of applied loading. In saturated soils, two types of behavior
are distinguished: drained and undrained. Drained long-term behavior occurs
when the applied load meets one of the following conditions:
¢ It progresses sufficiently slowly, considering the soil permeability and drai-
nage path length, so as not to induce significant interstitial overpressure at
any point.

* It has persisted long enough for any potential interstitial overpressures to
dissipate by the time soil behavior is assessed.

Short-term undrained calculations correspond to situations immediately fol-
lowing the rapid application of load, associated with undrained characteristics.
Table 2 compiles the main failure criteria and the mechanical tests required for
their estimation.

In the subsequent part of the paper, a long-term drained behavior is taken in-
to account. In this type of scenario, it is assumed that the loads are entirely
transferred to the soil skeleton, leading to the utilization of effective quantities.
The Mohr-Coulomb criterion associated with this behavior is expressed by Equ-
ation (58).
=C'+o'tang’ (58)

Trupt
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Table 2. Selection of failure criterion (based on Magnan, 1991).

Soil Type Calculation Type Behavior Type Test Types Parameters Equation Apparatus
Cohesive . uU c, r=C, Triaxial (Shear Box)
Short Term Undrained , Shear Tester
Saturated CU Ao AC, =1, Ac, .
Self-boring Pressuremeter
Unsaturated C
nsa ur.a € Short Term Undrained uu " r=C, +o-tang, Triaxial (shear box)
Cohesive Do
CD cr Triaxial or
Cohesive Long Term Drained CU with u 4 7=C'+o'-tang’ Shear Box (CD)
measurement Triaxial (CU)
L T o] C ' ! ’ . .
Granular ong “erm Drained CD , 7=C'+0o'-tan¢g Triaxial or Shear Box
Short Term o
T

Tnax = C’ + o-tang’

Figure 11. Mohr-coulomb line.

where C' is the effective cohesion, ¢' is the internal friction angle, and o’
is the effective normal stress.

In terms of principal stresses, the failure condition according to the Mohr-
Coulomb criterion is met when one of the following relationships is satisfied

with equality (Equation (59)):
oy = 0|~ (o7 = o} )sin ¢’ — 2C"cos ¢’ <0 (59)

where the indices 7and jtake the values 1, 2, and 3 through permutation.

When the equations Equation (59) are satisfied with equality, they provide the
equations for six planes that define a volume in the space of principal stresses.
This volume takes the form of a pyramid with an axis such that o/ =0, =03,
and its cross sections are irregular hexagons (see Figure 12). Since soil cannot
withstand tensile stresses, the three relationships in Equation (60) are also to be

considered.

o/ >0 (60)

1
The gradient of the plasticity function obtained from the Mohr-Coulomb cri-

terion is not defined on the edges of the pyramid. Therefore, Drucker and Prager

(1952) [42] proposed the following formulation (Equation (61)):
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Figure 12. Mohr-Coulomb Failure Criterion (based on Nova, 2005).

2 2 2 r "t r__r ’ ’ ’ 2
0.} +07 + 0y —0(0, — 0105 — 0305 — (o] + oy + 03 ) + K ) =0 (61)

where , and K can be chosen in such a way that the cone defined by this equ-
ation encompasses the Mohr-Coulomb pyramid (see Figure 13).
The Drucker postulate of normality connects the stress state at the moment of
plasticity to plastic deformations. It can be expressed as (Equation (62)):
dap = A2 (62)
(3'0'”-
where A is an undetermined positive quantity.

If Equation (62) is satisfied, it is said that the material is standard and that the
flow law is associated with it. For soils, this equation is not always valid, which is
why the notion of dilatancy is sometimes introduced.

With the Drucker and Prager failure criterion, the principal components of

the plastic strain increment tensor are given by (Equation (63)):

def 30, —3(1+2u)p'-2K
def |=A-| 30} —3(1+2u) p'— 2K (63)
def 30, -3(1+2u)p' - 2K

2.3. Stability Analysis

Stability analysis of a slope, whether it pertains to natural terrain or an artificial
embankment, aims to address two fundamental questions:
¢ What is the likelihood of a landslide occurrence?
* Ifalandslide does occur, what is the geometry of the failure surface?

The answers to these questions, based on the specific context, are crucial in
identifying potential sliding scenarios and deriving conclusions to ensure the
safety of both individuals and structures. Conducting stability analyses for em-

bankments presents a complex challenge due to the multitude of influencing
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G3

Figure 13. Deviatoric plane section of mohr-coulomb and drucker-prager failure criteria
(adapted from Nova, 2005).

factors, including topography, hydraulic conditions, human activities (such as
construction projects or dam drainage), and geological characteristics. Addi-
tionally, the mechanical properties of soils often exhibit heterogeneity, anisotro-
py, and discontinuities. Generally, three primary types of instabilities are recog-
nized: slides involving distinct failure surfaces (often circular in shape), mud-
flows, and rockfalls. For the scope of this study, we will focus solely on the first

type of instability.

2.3.1. Safety Factor
A safety factor, denoted as £, serves as an indicator of the risk associated with
potential slope failure. It is influenced by the selected calculation method, the
stress state within the slope, the properties of the medium, and the geometry of
the failure surface. Two distinct definitions are commonly used [43] [44].
According to the first definition, the safety factor is the value by which the
soil’s strength must be divided to initiate a failure. This factor is represented as
F. This definition is widely adopted and is utilized in equilibrium-based me-
thods, as well as in the subsequently described SSRM and GIM methods.
The second, more physically grounded definition, characterizes the safety
factor as the ratio between resisting forces and driving forces (Equation (64)),
denoted as F,.

_ IS Trupt ds

E L zds

(64)
In theory, if Fis less than 1, the slope is considered unstable. Conversely, if F

is greater than 1, the slope is deemed stable. In practical terms, to account for

uncertainties stemming from calculations or the determination of site characte-

ristics, a safety factor is introduced according to Duncan (1996) [45]. Broadly,

the following guidelines are followed:

e If F <1, thereisahazard;

¢ If 1<F <1.25, safety is subject to question;
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* If 1.25<F <1.4, safety might be judged acceptable if the potential conse-
quences of a slope failure are minimal;
* If F >1.4, safety is considered satisfactory.
The specified ranges of values can be adjusted depending on the potential im-

pact of a slope failure.

2.3.2. Determination of Critical Failure Surface, 2D or 3D Analysis

The systematic quest for the critical failure surface entails, in its initial phase, de-
lineating a set of potential failure surfaces: one might opt, for instance, to con-
fine consideration to planar or circular failure surfaces (this selection should be
informed by on-site observations). Subsequently, the safety factor is computed
for each of these surfaces. The critical failure surface is the one linked to the
smallest safety factor. This straightforward technique yields satisfactory out-
comes in the majority of cases; however, it necessitates testing a considerable
number of failure surfaces, a process that can be laborious. Moreover, it man-
dates restricting the analysis to geometrically uncomplicated failure surfaces.

Due to these considerations, algorithms designed to identify critical failure
surfaces have been introduced, and these include contributions by Baker (1980),
Celestino & Duncan (1981), Greco & Gulla (1985), Nguyen (1985), Li & White
(1987), Chen (1992), Greco (1996), Hussein et al (2001), and Cheng (2003),
among others [46]-[54].

Presently, most stability assessments are conducted within a 2D framework;
however, as computational capabilities continue to advance, the adoption of a
three-dimensional approach is progressively gaining traction. Generally, safety
factors calculated in 2D are marginally lower than those computed in 3D, as 2D

analysis focuses on the cross-section of a slope that is the least stable.

2.3.3. Key Limit Equilibrium Methods

Currently, limit equilibrium methods remain the most widely employed tech-
niques for conducting stability analyses. These methods involve partitioning the
soil into sufficiently narrow slices such that their bases can be approximated as
straight segments. The next step is to formulate equilibrium equations for forces
and/or moments. Various adaptations have emerged based on the assumptions
about forces between slices and the chosen equilibrium equations (Table 3).
These adaptations typically yield reasonably consistent outcomes, with discre-
pancies in computed F values often remaining below 6%, as reported by Duncan
(1996) [45].

The benchmark limit equilibrium methods are the formulations proposed by
Fellenius (1927) [55] and Bishop (1955) [56]. Figure 14 illustrates the division of
a potentially unstable slope. The horizontal equilibrium for slice 7 can be ex-
pressed as (Equation (65)):

dH, —o; tan,dx + 7,dx =0 (65)

Here, H, represents the horizontal force component between two slices, o;

and 7; denote the normal and tangential stresses on the potential failure surface
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Figure 14. Circular failure analysis using bishop and fellenius approaches.

Table 3. Key limit equilibrium methods.

Methods

Advantages and Disadvantages

Ordinary Method of Slices
(Fellenius, 1927) [55]

Bishop’s Modified Method
(Bishop, 1955) [56]

Force Equilibrium Method
(Lowe & Karafiath, 1960; US Army
Corps of Engineers, 1970) [57] [58]

Morgenstern & Price’s Method
(Morgenstern & Price, 1965) [59]

Spencer’s Method
(Spencer, 1967) [60]

Janbu’s Generalized Procedure
of Slices (Janbu, 1968) [61]

Slope Stability Charts
(Janbu, 1968; Duncan, 1987) [61] [62]

Circular surfaces only
Satisfies moment equilibrium

Circular surfaces only

Satisfies moment equilibrium

Satisfies vertical force equilibrium but not
horizontal force equilibrium

Suitable for all rupture surface geometries
Does not satisfy moment equilibrium
Satisfies vertical and horizontal force
equilibrium

More frequent numerical instability
compared to other methods

Suitable for all rupture surface geometries
Satisfies all equilibrium conditions

Suitable for all rupture surface geometries
Satisfies all equilibrium conditions

Suitable for all rupture surface geometries
Satisfies all equilibrium conditions

Satisfactory results in many cases
Quick computation

at the level of slice 7and ¢; signifies the angle formed between the base of slice 7
and the horizontal (Figure 14).
The vertical equilibrium for slice 7 can be described by (Equation (66)):
dV; —y;hdx+ o;dx + 7; tan;dx =0 (66)

In this equation, V., indicates the vertical force component between two slic-

es,and y; represents the weight of slice 7
In Fellenius’s method (1927), an assumption is made that both dH; and dV,
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are equal to zero, leading to the estimation of normal stresses using (Equation
(67)):
o, = yh, cos® ¢ (67)

By utilizing the global definition of the safety factor, Equation (68) is ob-
tained.

In Bishop’s method (1955), the assumption dV; =0 is employed. By consi-
dering the global definition of the safety factor, is derived:
o, =7 — 7, (Faq )tane; This yields a relationship of the form: Fy, = f (Fyy,)
(Equation (69)). The safety factor is determined using an iterative process
known as the fixed-point method. For instance, Alexis (1987) [63] applied this

method to study the stability of sediment ponds and channels in the Lorient

harbor.
n
C'+(yh cos® . —u. Jtan ¢’
le( (7h cos® &, —u;) @)Cosai
I:Fel = n (68)
D yhsing
i1
n ’ ’
DI C+| rh - e tang, —u, [tang’ !
i=1 Faion Faion COs ¢
Faisn = . (69)
> rhsing,
i1

In certain slope scenarios, failure can occur approximately parallel to the slope
surface. The calculation model utilized assumes an infinite soil with the water
table parallel to the slope surface (see Figure 15). Considering the assumption of
an infinite slope, the vertical forces exerted on the block’s sides can be consi-
dered negligible (V =0). Assuming equilibrium of horizontal forces and pres-
sures on each side of the block and stipulating the sum of applied forces is zero,
the normal and tangential reactions at the base of the block can be calculated.
Thus, employing the Mohr-Coulomb criterion and accounting for long-term
drained behavior, the expression for the safety factor can be deduced as follows
(Equation (70)):

)a
= ==
h
H \ hw
Vl <— H+dH
V+dV
Figure 15. Failure plane.
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2 C +(ph—pwhw)tan(p’

F = 70
sin(2a) gp phtana (70)

Two primary factors contribute to the prevalence of limit equilibrium me-
thods:

* They are straightforward, familiar, and comprehensible to all stakeholders in
the field;

* They rely on a limited set of parameters, avoiding the need to parameterize
soil behavior laws, for instance.

However, these methods do have significant limitations. They do not incor-
porate soil behavior, struggle to accurately address complex scenarios (such as
construction stages, dynamic loads, hydro-mechanical coupling, etc.), and as-
sume constant safety factors along the failure surface (utilizing the global defini-

tion of the safety factor F)).

2.3.4. Finite Element Methods (FEM)

With the continuous improvement of computational capabilities, the utilization
of finite element methods for stability analysis is progressively expanding. This
approach offers several distinct advantages. It allows for the highly realistic
modeling of slopes, encompassing intricate geometries, loading sequences, rein-
forcement arrangements, hydro-mechanical coupling, complex soil behavior
laws, and more. Additionally, it provides insights into soil deformations, and
transitioning from 2D to 3D is more seamless compared to limit equilibrium
methods.

Three stability analysis techniques based on FEM stand out. The Shear
Strength Reduction Method (SSRM), introduced by Zienkiewicz et al in 1975
and later explored by various researchers including Naylor (1981), Donald and
Giam (1988), Matsui and San (1992), Ugai and Leshchinsky (1995), Dawson et al.
(1999), Griffiths and Lane (1999), Jeremi¢ (2000), and Zheng et al (2005),
among others [64]-[72]. The fundamental principle involves conducting an ini-
tial calculation under “normal” conditions. Subsequently, the soil’s resistance
characteristics are systematically reduced (employing the first definition of the
global factor of safety) until the calculation diverges. The factor of safety is then
determined as the last F1 value at which the calculation converged. This tech-
nique rests on the hypothesis that calculation divergence signifies slope instabil-
ity. In essence, the SSRM posits that calculation divergence occurs when,
prompted by a rapid increase in displacements due to slope failure, the equili-
brium equations can no longer be satisfied. The use of a criterion based on a
“non-solution” approach is unconventional and can present certain challenges.
Firstly, accurately pinpointing the “non-convergence” point is quite intricate.
Furthermore, achieving a high level of precision in determining whether diver-
gence indeed results solely from mass instability necessitates meticulous numer-
ical analysis. Lastly, the very definition of the factor of safety presupposes that its

constancy along the rupture surface is maintained, a notion that deviates from
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reality. Nevertheless, the principal merit of this method lies in the fact that it re-
quires no a priori assumptions regarding the geometry of the failing mass; the
rupture surface emerges automatically, corresponding to the region where de-
formations attain their maximum.

The Gravity Increase Method (GIM) shares a comparable principle with
SSRM, except that instead of systematically diminishing the soil’s resistance
attributes until instability is triggered, the impact of gravity is intensified. Con-
sequently, the factor of safety in GIM is established as the ratio between the
gravity value at failure and the standard gravity value. GIM is particularly appli-
cable for assessing slope stability during the construction of structures.

The third FEM-based method involves computing the factor of safety for
prospective rupture surfaces using Equation (64). Within this framework, the
factor of safety is not uniformly constant along the rupture surfaces. A distinct
advantage, compared to SSRM or GIM, is the avoidance of a criterion tied to
calculation divergence. Nonetheless, determining the critical rupture surface ne-
cessitates a comprehensive search. This approach has been explored by re-
searchers including Yamagami and Ueta (1988), Zou and Williams (1995), Fa-
rias and Naylor (1998), Wang (1999), and Thiébot (2004), among others [73] [74]
[75] [76] [77].

2.4. Soils Transport Modeling in Unstable Terrains

To effectively incorporate a soil/consolidation model into a hydro-sedimentary
computational framework, it’s imperative to consider how:

Various water/sediment mixtures are characterized (diluted suspension, slurry,
cohesive bed), processes such as transport, deposition, erosion, and more are
simulated. The objective of this section is to delineate classical modeling strate-
gies. Depending on the specific context, there are several conceivable levels of
modeling. The three-dimensional approach, being the most comprehensive, al-
lows for the calculation of parameter evolution along the vertical axis and across
the horizontal axes (Blumberg and Mellor, 1987; Nicholson and O’Connor, 1986;
Lang et al, 1989; Lazure and Jegou, 1998; Cancino and Neves, 1998; Le Normant,
2000; Phan, 2002) [28] [78]-[83]. However, this approach requires substantial
computational resources. The vertical two-dimensional approach (2DV) permits
parameter evolution calculation along the longitudinal and vertical axes, but not
across transverse sections (Boerick and Hogan, 1977; Rodger and Odd, 1985; Li,
1994; Li et al, 1994; Sheng and Villaret, 1989; Brun-Cottan et a/, 2000) [84] [85]
[86] [87] [88]. The horizontal two-dimensional approach (2DH) involves vertic-
al integration of variables and is commonly employed in sedimentology. It pro-
vides insight into the evolution of parameters along the estuary’s longitudinal
axis and across transverse sections but does not account for vertical variations
(Cole and Miles, 1983; Teisson and Latteux, 1986; Odd and Cooper, 1989; Fal-
coner and Owen, 1990; Guillou and N’Guyen, 1999; Malchereck, 2000) [89]-[94].

This approach is well-suited for well-mixed estuaries. The one-dimensional ap-
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proach involves integrating variables along the vertical and across transverse
sections, providing a depiction of phenomena along the estuary’s longitudinal
axis (Odd and Owen, 1972; Uncles and Stephens, 1989; Le Hir and Karlikow,
1991) [95] [96] [97].

2.4.1. Hydrodynamic Calculation in Unstable Terrains

The Navier-Stokes equations serve as the fundamental basis for hydrodynamic
calculations. They encompass a continuity equation (or mass conservation equa-
tion) and a vectorial equation for the transport of momentum.

In the context of assuming a nearly incompressible fluid (Boussinesq Hypo-
thesis), employing the p° plane approximation (Pedlosky, 1987) [98], and
considering that the water depth is small in relation to the horizontal extent of
the domain, the three-dimensional form of the equations governing shallow wa-

ter flow takes the following shape:

aui aui 1 0op 1 aTij
—+—L=f-——+——

ot 0x; Pr 0% p, OX;

op

5. 71
2~ P g (71)
N _

6xj

where u represents the flow velocity, fdenotes the Coriolis force, p stands for the
pressure at depth 2z p, signifies the reference mass density of water, and ¢,
represents the stress tensor encompassing both viscous and turbulent effects.
The Saint-Venant equations emerge through the vertical integration of Equa-
tion (71) (as seen in Guillou, 1996 [99] and similar sources). These equations
presuppose minimal vertical variations in velocity. Under these assumptions, the
model is simplified to a two-dimensional framework with the variables being the
flow velocities along the xand y axes, denoted as Uand V'respectively, alongside

the water depths, represented as A.

6_77+ oHU, 0
ot ox
. . oH 7z oH{r,) oH(uu)(72)
6HU| +aUkHU| =Fi —gH a_ﬂ_g <G>+TS| Thi + <le>_ < i k>
ot X, n oX; OX; P X, OX,

- -
| 1 v \ \i Vil

where 7 represents the elevation (where the water height H'is equal to h+7,
with A being the seabed elevation relative to a reference level), F denotes the
Coriolis effects, g signifies the gravitational acceleration, (f)= Equation (73),

Equation (74) stands for the buoyancy term, z; is the wind stress applied to

si
the free surface, 7,; represents the shear stress at the seabed (friction), and u/

is the dimensionless flow velocity.

(f):%} fdz (73)
~h
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0=T—|pw_pf|dz' (74)

. Pr
In Equation (72), the Roman numerals I to VI correspondingly indicate iner-
tial effects, Coriolis effects, the influence of pressure gradient, the buoyancy term,
effects of surface wind and seabed friction, as well as the viscous effects resulting
from turbulence. Term VII introduces dispersion, reflecting the impact of the

vertical velocity profile on the average flow.

2.4.2. Conventional Approach to Modeling Soils Transport in Unstable
Terrains

Most soil transport models (such as SIAM, MIKE, TELEMAC, as well as aca-
demic models) are built upon a simplifying assumption that sediment particles
move at the same velocity as the fluid particles, except for their settling velocity
(Li et al, 1994; Brenon, 1997; Le Normant, 2000; Phan, 2002; Tattersall et al,
2003; Lumborg and Morten, 2005; Markofsky and Ditschke, 2007, ...) [28] [83]
[100] [101] [102] [103]. This assumption is commonly referred to as the “passive
scalar” hypothesis. Under this assumption, the impact of sediment on the flow is
neglected, and the seabed is conceptually defined at the upper level of sediment
deposits (slurry and cohesive bed). These deposits form a sediment reservoir that
undergoes emptying or filling through processes of erosion and deposition
(Figure 16).

A more recent and evolving biphasic approach involves considering an inte-
raction between a solid phase and a fluid phase. In this model, there is no need
to introduce a fictitious bed, as it is naturally encompassed within the computa-
tional domain. Several attempts have been made using this approach (Le Hir,
1994; Vilaret et al,, 1996; Greimann et al, 1999; Barbry, 2000; Barbry et al, 2000;
Hsu et al, 2003; Jiang et al, 2004; Amoudry ef al, 2005; Chauchat, 2007)
[104]-[112].

In the subsequent stages of this article, we confine our analysis to the conven-

tional single-phase approach.

2.4.3. Transport of Soils in Diluted Suspension
Under the assumption of the passive scalar, the transport of soil is determined

by an equation such as Equation (75). However, this holds true only when soil

-------------- Z SL --- ;

Diluted suspension Transport W, C,

———————————————— ZF =-==-- Erosion Deposit

Fixed Seabed

Figure 16. Conventional single-phase approach.
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concentrations in the diluted suspension (denoted as Cs) remain low (below a

few g/1). Beyond these concentration levels:

* Particle interactions can no longer be ignored, as they influence the rheolog-
ical behavior of the suspension (which can no longer be assumed as Newto-
nian), the mode of sediment transport, and the mechanism governing sedi-
ment settling;

¢ The volume occupied by sediment can no longer be considered negligible.

oC, oC, oC, oC, OW,C,
+u +V FW—F—=
ot OX oy oz oz

:i KXGCS +i Kyacs +£ KZaCS +F9_Fd+S
OX OX oy oy oz oz H

where C, represents the sediment concentration in the diluted suspension, u, v,

(75)

and wdenote fluid flow velocities, IV indicates the sediment settling velocity, F,
and F, stand for erosion and deposition fluxes, / signifies the water depth, K,
K, and K, are terms for turbulent diffusion, and Srepresents a source term.

In the diluted suspension, the sediment settling velocity W, can be correlated
with the concentration C, temperature, turbulence, or salinity to account for ef-
fects induced by flocculation.

While slurry constitutes a suspension, attempting to simulate its movements
using an equation like Equation (75) is unfeasible due to the concentrations typ-
ically present in slurry, which render the passive scalar assumption inapplicable.
Consequently, it is commonly regarded as part of the seabed.

In the classical approach, the interactions between the bed and the diluted
suspension are managed through the utilization of deposition and erosion fluxes.
These are typically derived using the formulations introduced by Krone (1962)
and Partheniades (1962) [113] [114].

Krone’s deposition law (1962) [113] (Equation (76)) stipulates that deposition
occurs only when the frictional stress at the bottom is lower than a critical stress
denoted as 7,,. The commonly adopted value for 7,, is approximately 0.1

N-m>

W.C, R if 7, <7y
= (76)

d = Ted
0 if 7,27,

Erosion takes place when the bottom friction stress exceeds a critical stress in-
dicated as 7, . This critical stress marks the point at which the stress caused by
the flow over the bed becomes potent enough to overcome the cohesive and gra-
vitational forces that anchor the particles to the bed (Partheniades, 1962) [114].
The erosion law formulated by Partheniades (1962) is outlined in Equation (77).

T, —T, .
M| 2| ifr, >z,
Fe = z.ce (77)
0 if 7, <7,
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where M represents the Partheniades constant and 7, is the critical shear

stress at the bed for erosion. The critical erosion stress is dependent on the bed’s

consolidation level. Notably, freshly deposited mud is more easily resuspended
than consolidated mud. Metha (1991) [115] classifies three distinct erosion
types:

* Entrainment or resuspension, occurring in fluid mud with low rigidity. In
such scenarios, even very minimal stress at the bottom can suffice to resus-
pend sediment (7,, <0.IN-m™2).

* Floc detachment, the most frequently observed mechanism. For this kind of
erosion to take place, bed friction needs to be sufficient to overcome electro-
chemical forces binding the flocs (0.1N-m™? <z,, <IN-m™).

* Vase block detachment in consolidated mud, under significant bottom stress
(750 >1 N-m™).

Depending on the hydro-sedimentary characteristics of the site under model-
ing and the intended simulation type, several strategies can be considered to ad-
dress bed evolution due to hindered settling and consolidation effects. Below are
descriptions of the most prevalent approaches.

The simplest method involves considering a uniform bed with a set concen-
tration (e.g., Tattersall et al, 2003) [101]. Conventionally, the bed is portrayed as
layers with varying thicknesses and fixed concentrations.

Precisely defining the concentration range of the layers comprising the bed is
crucial as it directly impacts the way exchanges unfold between the diluted sus-
pension and the bed. Typically, the minimum concentration value of muddy
deposits (e, the uppermost layer’s concentration) is chosen to be around 100
g/l (Teisson, 1993; Guesmia, 2001; Lumborg and Windelin, 2003) [116] [117]
[118]. This value corresponds to a standard concentration for slurry.

When assuming that slurry is integral to the bed (Li, 1994, or Petersen and
Vested, 2002) [86] [119]:

* This involves considering it to be immobile, Ze, it doesn’t move on the bed
due to currents or bed slope.

* This approach facilitates a “reasonable” concentration transition between the
diluted suspension and the bed.

Several techniques for managing sediment distribution among layers are pre-
sented below.

The empirical multilayer model developed by Teisson (1991, 1993) [116] [120]
is incorporated within the TELEMAC system. It involves representing the bed
with layers, each possessing fixed concentrations and residence times. During
deposition, sediment fills the uppermost layer, increasing its thickness corres-
pondingly. The time sediment spends in the layer is logged; if it exceeds the
layer’s associated residence time (assuming sediment hasn’t been resuspended by
erosion), all sediment within that layer is transferred to the underlying, more
concentrated layer. This process continues for all layers. Residence times 7; and
layer concentrations C, are derived by discretizing a compaction curve using a

piecewise function (Figure 17).
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Figure 17. Determining parameters for teisson’s empirical model (1993).

The second model available in TELEMAC was developed by Le Normant
(2000) [28]. This model focuses on pure consolidation (i.e., hindered settling ef-
fects in the mud layer are not considered). It applies to beds where the concen-
tration is equal to or greater than Ct (which is approximately 200 g/l according
to Sanchez, 1992, or Thiébot, 2006¢) [121] [122].

Le Normant’s model (2000) [28] involves discretizing the Gibson equation
Equation (40) in an implicit form. This results in a system of equations that uti-
lizes a tridiagonal matrix. Thus, the double-sweep method (or Thomas algo-
rithm) can be used to determine the indices of voids at each node of a mesh de-
fined between the ZF and ZR levels (Figure 16). To manage data effectively, a
maximum number of nodes (or planes), nbmax, is defined. A layer referred to as
the “fresh deposit layer” acts as the transition between the diluted suspension
and the bed (the cohesive bed). This layer has a fixed concentration denoted as
Conc0. When its thickness exceeds a certain value, Epai0, the sediment it con-
tains is transferred to the cohesive bed. This sediment transfer is accounted for
either by introducing a new plane if the plane count is below nbmax, or by
re-discretizing the cohesive bed if the maximum plane count has been reached.

The empirical compaction model integrated into SIAM is based on the work
of Le Hir (1989) [123]. It has been expanded to cover mixed sediments (sandy-silty)
by Waeles (2005) [124]. This model involves determining the relative concentra-
tion of mud C_, . (Equation (78)) for each discretized bed layer using a diffe-
rential equation (Equation (79)):

m

mud,rel — —d (78)
' V, \Y

total — Vsand

C

OChud re i
- atd' L= Aiexp(_AZCmud,rel)|:Cmud,rel,max [1+ ASJ-(p_pw)de_CmUdv’9|:| (79)

where A are empirical constants, and Equation (80) is the maximum value that
Cruare €anreach, considering the depth of the layer relative to the upper part of
the deposit.

h
C oo e (l+ Af(p- pw)dz] maximum value of C,,4 (80)

DOI: 10.4236/0jce.2023.134041

606 Open Journal of Civil Engineering


https://doi.org/10.4236/ojce.2023.134041

G. O. Adeoti et al.

3. Conclusions

This comprehensive exploration of geotechnical engineering has illuminated
various facets crucial to understanding and managing unstable terrains. We have
traversed the intricate terrain of cohesive sediments, uncovering their unique
physicochemical properties, including cohesion and specific surface area. This
foundational knowledge is fundamental to any geotechnical endeavor, as it
forms the bedrock upon which subsequent analyses are built.

The temporal evolution of deposit concentration and average bed concentra-
tion in unstable terrains has been scrutinized, shedding light on the dynamic
processes that shape these environments. Understanding settling behavior, from
the principles of Stokes’ settling velocity to hindered settling via Richardson and
Zaki’s law, is paramount in predicting sediment behavior in real-world scena-
rios.

Our journey has taken us through key sedimentation theories, notably Kynch’s
theory, and geotechnical consolidation theories, including Terzaghi’s consolida-
tion equation and Gibson’s theory. By interrelating these theories and principles,
we have provided a holistic view of managing unstable terrains. This intercon-
nected perspective empowers geotechnical engineers to make informed decisions
and design resilient structures in a world of shifting soils.

Yet, challenges persist, particularly in the experimental determination of con-
stitutive relationships. We’ve addressed these challenges and offered alternative
simplification methods to navigate these complexities efficiently.

Furthermore, we’ve delved into the numerical methods essential for solving
the nonlinear partial differential equations that govern soil behavior. These me-
thods, ranging from finite difference to finite element techniques, are the back-
bone of modern geotechnical analysis. We’ve acknowledged the challenges, in-
cluding deformable meshes and discontinuous concentration profiles, and em-
phasized the need for numerical frameworks.

The paper’s exploration of rheological analysis has uncovered the complex
material flow behaviors of suspensions and muddy soils. We’ve navigated the
diverse rheological behavior models and explored the unique properties of water
and cohesive sediment mixtures, from viscoelasticity to yield stress. This know-
ledge equips geotechnical engineers with the tools to predict and manage the
flow of materials in various contexts.

Fundamental geotechnical calculations, constitutive laws, and failure criteria
have been presented, showcasing their relevance in geotechnical engineering ap-
plications. These foundational principles underpin our ability to analyze and de-
sign structures that withstand the challenges posed by unstable terrains.

In essence, this paper has offered a multidimensional perspective on geotech-
nical engineering. It has provided valuable insights into soil properties, consoli-
dation processes, numerical methodologies, rheological analyses, and slope sta-
bility assessments. Armed with this knowledge, geotechnical professionals are

better prepared to tackle the complexities and uncertainties inherent in their
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field, ultimately contributing to safer and more resilient infrastructure world-
wide. As we look to the future, the continued advancement of geotechnical
science and engineering promises even greater capabilities and solutions for
managing unstable terrains and ensuring the stability and safety of our built en-

vironment.
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