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Abstract of the Thesis

This thesis deals with slope stability evolutions carried out by commonly used limit equilibrium
(LE) and finite element (FE) methods. The study utilizes two LE based software (SLOPE/W and
SLIDE) and one FE based software (PLAXIS). The principal difference between these two
analyses approaches is that the LE methods are based on the static of equilibrium whereas FE

methods utilise the stress-strain relationship or constitutive law.

To fulfil one of the aims of the study, the LE based methods are compared based on the factor of
safety (FOS) obtained for various load combinations. The comparison is mainly based on
simplified slope geometry and assumed input parameters. Among the LE methods, the Bishop
simplified (BS), Janbu simplified (JS) and Janbu GPS methods are compared with the
Morgenstern-Price method (M-PM). The two latter methods satisfy both force and moment
equilibriums. In addition, M-PM allows a variable interslice force function. These LE methods
are well established for many years, and thus some of them are still commonly used in practice

for stability analysis. Simplicity and relatively good results are the advantages of these methods.

The comparative study among the LE methods shows that BSM is as good as M-PM for normal
condition in circular shear surface (SS) analysis. Similarly, JSM is as good as M-PM for plane SS
analysis. Moreover, the study shows that BSM is insensitive to interslice forces in circular SS
analysis, whereas JSM is insensitive to interslice forces in plane SS analysis. This is true for the
analyses without any external forces acting in slopes. With some external forces, both methods
may be sensitive to the interslice force function, and thus the analyses may result in either
higher or lower FOS compared with M-PM. Even if the M-PM assumes an interslice force
function in analysis, the method is found suitable, because the method satisfies both force and
moment equilibrium conditions. The comparison between Janbu’s GPS method and the M-PM

shows a very good agreement with nominal difference (<2%) in the FOS.

Moreover, the M-PM has been compared with results from the FE analyses. Compared with the
FE (PLAXIS) analyses, the LE (M-PM) analyses may estimate 5 — 14% higher FOS, depending on
the conditions of a dry slope and a fully saturated slope with hydrostatic pore pressure
distributions. For fully saturated conditions in the slope, inaccurate computation of stresses in

LE methods may have resulted in larger difference in the computed FOS.

Since, the FE software is based on stress-strain relationship, stress redistributions are surely
better computed even for a complicated problem. This has been found one of the advantages in
FE simulations. A parameter study shows that the application of a positive dilatancy angle in FE
analysis can significantly improve the FOS (4 - 10%). On contrast, the shear surface optimization
in LE (M-PM in SLOPE/W) analysis results in lower FOS, and thus minimizing the difference in
FOS compared with FE analysis. Thus, the optimisation of the circular SS in LE analyses and
application of dilatancy angle in FE analyses may provide very good agreement in FOS keeping

the variations less than 5%.
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Instability of natural and built-in slopes has been a serious geotechnical challenge, particularly
in mountainous countries like Nepal, where a large number of water-induced disasters are
experienced every year. Since the country lies in a relatively active earthquake zone, earthquake
events may adversely affect the long-term stability of slopes along the highways, around
hydropower installations and elsewhere. The selected case study from the Middle Marsyangdi
Hydroelectric Project (MMHEP) in Nepal was carried out, focusing on both the groundwater
and earthquake effects on long-term stability of slopes. In addition, the analyses were performed
for pore pressure distributions by seepage analyses and pseudo-static and dynamic earthquake

events imposed in the case slopes.

Another important contribution of this study has been the investigations of the shear strength
parameters for the case study slopes. The investigation ranges from the basic index tests, which
were carried out to characterize material properties and establish a basis for building-in the test
specimens, to the most advanced triaxial tests. Additionally, both consolidated drained and
undrained triaxial tests were conducted, aiming to find any differences in the strength
parameters. A total of twenty-four triaxial tests from four different soil samples, taken from the
case study slopes, were conducted to define the Mohr-Coulomb failure envelope, and thus
obtained the effective shear strength parameters (c’, ¢’) for stability evaluations. In addition, the

coefficients of permeability were investigated as an important input for seepage analyses.

Two slopes, one located at the dam site and the other at the powerhouse of the MMHEP, were
evaluated for long-term stability conditions. The study, carried out using the monitored
groundwater table, reveals that the groundwater is the potential destabilizing factor in the
slopes. Both hydrostatic pore pressure distributions with phreatic surface correction and
seepage analysis were carried out in the stability analysis. The pore pressure distributions from
the seepage analyses indicated critically stable slopes particularly at the toe areas. However, a
significant improvement in the FOS was found with lowered groundwater table. Moreover, the
study, carried out for the pseudo-static analysis with the selected earthquake acceleration
coefficient, shows that otherwise stable slopes become critical in earthquake events. However,
the case slopes were found to have higher FOS than the recommended minimum value for such
conditions. The dynamic earthquake simulations indicate both positive excess pore pressure and
suction developed during the earthquakes. The applied earthquake acceleration of 0.15g (35% of
PGA, where PGA = 4.2 m/s’)) shows critical conditions in the slopes. Moreover, larger
accumulated displacements were found close to the slope surface compared to the inner side of
the slopes. In addition, the dynamic analyses further indicate plastic points all over the slopes

and increased shear strains in a particular location.

Nevertheless, the difference in FOS found from the LE and FE analyses may have a little interest,
if there is a large uncertainty in the input parameters. Therefore, priority should be given to
investigate the shear strength parameters and precise mapping of the slope geometry before
selecting an appropriate analysis method. Most preferably, a slope should be analyzed by FE
methods, else otherwise by LE based M-PM or GPS method with investigated input parameters.
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List of Symbols and Abbreviations

Greek symbols

o angle of the sliding plane

a Rayleigh a-coefficient

Op horizontal earthquake coefficient

o angle of inclination of the line of thrust defined in GPS method

B Rayleigh B-coefficient

B slope inclination angle

€] major principal strain, axial strain in a triaxial test

€3 minor principle strain, radial strain in a triaxial test

€a axial strain in a triaxial test

&f axial strain at failure in a triaxial test

&q shear strain

& radial strain in a triaxial test

&y volumetric strain

() angle of friction

¢' effective angle of friction

o angle indicating rate of increase in shear strength relative to the matrix suction
bulk unit weight of soil (kN/m”)

Yd dry unit weight of soil (kN/m")

Yw unit weight of water (kN/m”)

A scale factor

Aco dimensionless factor defined in JDM

\Y Poisson’s ratio

p mass density of soil (g/cm3)

Ps grain density of solids (g/cm”)

b4 dilatancy angle

o’ effective normal stress (kPa)

o total major principal stress ((kPa)

o effective major principal stress ((kPa)

c3 total minor principle stress (kPa)

o3 effective minor principal stress ((kPa)

Ca total axial stress (kPa)

Or total radial stress (kPa)

Oy total vertical stress (kPa)
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Gav

tf

Wn

average total normal stress (kPa)
shear stress or mobilized shear stress (kPa)

shear strength of soil (kPa)

angle of inclination of interslice resultant force
natural angular frequency

damping ratio

Roman symbols

a

nmax

Npmin

attraction defined as c/tan¢ (kPa)

width of a slice

apparent (total) cohesion (kPa)
effective cohesion (kPa)

void ratio

yield function of Mohr-Coulomb model
interslice force function

acceleration due to gravity (m/s”)
plastic potential function

average height of a slice from the SS
height from the mid point of the slice base to dE
permeability coefficient (m/s)

length of a slice or length of a specimen
porosity of soils

maximum porosity of soils

minimum porosity of soils

effective mean stress (kPa)

effective stress in JDM (kPa)

total stress in JDM (kPa)

deviatoric stress (o, - o) (kPa)

stress due to surcharge load (kPa)

pore pressure ratio

pore pressure (kPa)

pore-air pressure (kPa)

pore water pressure (kPa)

moisture content

length of moment arm

depth of a slice to the SS
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C damping matrix (or damping coefficient)

C. critical damping coefficient

D drained triaxial test (consolidated isotropically)

D, relative density of soil

E interslice normal force (kN)

Eso modulus defined by fifty percent strength (kPa)

Eoed oedometer modulus (kPa)

Eer Young’s modulus at reference stress (o, = 100 kPa) (kPa)
F dynamic force (kN)

F factor of safety

F¢ factor of safety for force equilibrium

Fin factor of safety for moment equilibrium

Grer shear modulus at reference stress (o, = 100 kPa) (kPa)
L total length of sliding surface or plane

H depth of soil layer

H total height of a slope from the toe

K stiffness matrix (or stiffness as spring constant) (kN/m)
M inertia matrix (or mass of soil body)

Mqr incremental multiplier used in PLAXIS

N base normal force acting on SS (kN)

N’ effective base normal force acting on SS (kN)

Ner stability number defined in JDM

P, relative porosity of soil

S shear force acting at the base of a slice (kN)

Sa available shear force (kN)

Sm mobilized shear force (kN)

S, degree of saturation

T interslice shear force (kN)

U undrained triaxial test (consolidated isotropically)

Vo compression wave velocity (m/s)

Vi shear wave velocity (m/s)

W weight of each slice or total sliding mass (kN)
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Abbreviations

d1/d2
EL
masl
pl/p2
ASTM
BSM
CD
CES
CSS
CuU
DHMN
DMGN
DPTCN
DUT
FE
FEM
FOS
GLE
GPS
GWh
GWT
ICLD
JCM
JDM
JGM
JSM

JV
KHP
LB

LE
LEM
MIT
MMHEP
M-PM
MWR

soil samples or layers for dam site slope
elevation of ground surface or groundwater table
meter above sea level

soil samples or layers for powerhouse slope
American Society for Testing and Materials
Bishop’s simplified method

consolidated drained triaxial test (D)
Consulting Engineers Salzgitter, GmbH, Germany
critical shear surface

consolidated undrained triaxial test (U)
Department of Hydrology and Meteorology, Nepal
Department of Mines and Geology, Nepal
Development Project Technical Centre, Nepal
Delft University of Technology, the Netherlands
finite element

finite element method

factor of safety

generalized limit equilibrium

general procedure of slices

gigawatt hour (a unit of energy)

ground water table

International Commission on Large Dams
Janbu’s corrected method

Janbu'’s direct method

Janbu’s generalized method

Janbu’s simplified method

joint venture

Khimti Hydropower Plant

left bank of dam site slope related to MMHEP
limit equilibrium

limit equilibrium method

Massachusetts Institute of Technology

Middle Marsyangdi Hydroelectric Project
Morgenstern-Price method

Ministry of Water Resources
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NEA
NGI

NS
NTNU
OGL
OM
OMC
PI

PGA
PLAXIS
PP
SEEP/W
SINTEF

SLIDE
SLOPE/W
SM

SS
STABLE
TU

Nepal Electricity Authority

Norwegian Geotechnical Institute

Norwegian Standard

Norwegian University of Science and Technology
original ground level

Ordinary method (Fellenius or Swedish method)
optimum moisture content

plasticity index

peak ground acceleration

finite element software for geotechnical computations
pore pressure

tinite element software for ground water (seepage) analysis

Stiftelsen for industriell og teknisk forskning ved Norges Tekniske
Heogskole (English: Foundation for Scientific and Industrial Research at the
Norwegian Institute of Technology in Norway)

limit equilibrium software for groundwater and slope stability analyses
limit equilibrium software for slope stability analysis

Spencer’s method

shear surface

geotechnical software for slope stability analysis

Tribhuwan University, Nepal
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Chapter 1

Introduction

1.1 Background

Instability related issues in engineered as well as natural slopes are common challenges to both
researchers and professionals. In construction areas, instability may result due to rainfall,
increase in groundwater table and change in stress conditions. Similarly, natural slopes that
have been stable for many years may suddenly fail due to changes in geometry, external forces
and loss of shear strength (Abramson et al. 2002). Thielen et al. (2005) say, “The combination of
intense rainfalls, steep topography and soil conditions are critical”. Nepal has been facing
challenges of large number of water-induced disasters such as landslides or slope failures
mainly along the Highways. Likewise, Tayler & Burns (2005) say, “Earthquakes are the greatest
threat to the long-term stability of slopes in earthquake active zones”. In addition, the long-term
stability is also associated with the weathering and chemical influences that may decrease the
shear strength and create tension cracks. In such circumstances, the evaluation of slope stability

conditions becomes a primary concern everywhere.

The engineering solutions to slope instability problems require good understanding of analytical
methods, investigative tools and stabilisation measures (Abramson et al. 2002). According to
Nash (1987), a quantitative assessment of the safety factor is important when decisions are
made. Likewise, Chowdhury (1978) says, “The primary aim of slope stability analyses is to
contribute to the safe and economic design of excavation, embankment and earth dams”.
Development activities may face great challenges due to unstable grounds. Similarly, the slope
failure may interrupt the established imperative services like traffic movement, drinking water
supply, power production and similar infrastructures. In this way, the main motivation of
stability analyses is to save human lives, reduce property damages and provide continuous
services. Therefore, the most suitable and reliable stability analysis methods have great scope
and thus, they are increasingly demanding. The chosen method should be able to identify the

existing safety conditions and suggest for technically feasible and economically viable solutions.
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1.2 Scope and objective of the study

Like other mountainous countries, Nepal has large variations in its topography. The High
Himalayas in the north, the gentle to steep mountains in the middle and the flat land in the
south have provided both opportunities and challenges. Most of the development activities
today are centred mainly in the cities and in the southern part of the country. On one hand, the
infrastructures, such as roads, have been a great challenge to build and maintain, mainly
because of the rugged topography with the steep slopes. Though there are many roads under
construction and thus, Nepal may be regarded as “a museum of mountain roads” (Deoja 2000),
the country has not been able to provide integrated road access network in mountainous region.
On the other hand, the suitable topography and numerous rivers fed by glacial meltwater have
provided the country with huge potential of more than 42 GW technically feasible hydropower
installations (MWR 2003). Looking into the present developments, less than 2% of the hydro
resources have been harnessed so far. In addition, the high-energy demand inside and outside
the country will increase the construction activities in the years to come. All types of
development activities are interdisciplinary and slope instability in general will be a common

challenge in many countries around the world.

Fig. 1.1 Highway slope failure at Krishnabhir, Tribhuwan highway Nepal (photo from 2003)

Fig. 1.1 illustrates one of the biggest landslides caused by the yearly monsoon in Nepal. This is a
highway slope failure, which was potentially active for several years. The highway is the only
entry point to Kathmandu, the capital city of Nepal. Though the slope seems relatively stable in

the dry period, it suffers substantial stability problems in the monsoons. When the first slide
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occurred, it created a shortage of daily supplies to the capital due to the traffic stoppage for
several weeks. As discussed above, the monsoon rain is one of the triggering mechanisms of
slope failures in several mountainous countries in this region. Due to rainwater, the erosion
potential is increased and weathering processes are activated. Moreover, water infiltrates the soil
and groundwater table rises in the slope. About the causes of such landslides, Edgers and
Nadim (2004) say, “Development of positive pore pressure, and in some cases the reduction in

suction, may be sufficient to cause a landslide.”

Generally, hydropower intallations are located at the base of hill slopes. Fig. 1.2 shows such
installations made for the Khimti hydropower plant (KHP) in Nepal, where the structures were
built to divert the river flow into the tunnel for power generation. In such environment, there is
always a potential risk of landslides, defined as the product of probability of slope failure and
the consequences, during the monsoon, and particularly during the events of earthquakes.
However, periodical monitoring, risk evaluation and routine maintenance works may lower the
associated risk of large-scale slope failures (Aryal & Sandven 2005, Aryal et al. 2004). If the slope

fails within the operation period, the economic consequences will be enormous.

Fig. 1.2 Important structures built at the base of the slope (KHP) (Aryal & Sandven 2005)

The major hydropower plants in Nepal, like Kali Gandakai (144 MW), Khimti (60 MW) and
Bhotekoshi (36 MW) may be prone to risk of slope failure in the future. Post-construction
damage of the important hydropower structures due to slope failure may cause several times
higher economic loss than the loss caused by such failures during the construction period.
Detailed analytical studies in the design stage are thus very important to alleviate the adverse

factors that may cause slope instability in the long-term basis.
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The scope of this study: “Slope stability evaluations by LE and FE methods” is expected to
address such instability problems. The analytical solutions to the instability problems, including
the effects of groundwater variations and earthquake effects, are expected to contribute to
improve the knowledge of these processes, both with respect to the benefit of engineering in

Nepal and the international society.

The aim of the study has been to fulfill three main objectives. The first objective has been to
compare the most common limit equilibrium (LE) methods. Moreover, the most accurate LE
methods have been selected for comparison with the more advanced finite element (FE) method.
The second objective has been to evaluate the stability conditions of the slopes situated at the
Middle Marsyangdi Hydroelectric Project as a case study. The third objective has been to
determine the appropriate shear strength parameters for stability analysis at the site. Within this

framework, the study has focused on the following topics:
e Comparison and evaluation of slope stability (LE and FE) methods,
¢ Evaluation to the long-term stability condition of natural slopes, and
¢ Investigations of shear strength and other relevant parameters for stability analyses.

Available approaches are utilised to achieve the outlined objectives in this study. The first two

objectives are fulfilled using following three computer based geotechnical software codes:
e SLOPE/W, based on LE principles,
e SLIDE, also based on LE principles, and
e PLAXIS, based on FE principles.

Among the most common LE based methods, which are incorporated in both SLOPE/W and
SLIDE software, Bishop and Janbu’s simplified methods, Janbu’s generalised method and the
Morgenstern-Price method are considered for comparison purposes. The factor of safety (FOS)
from these methods is further compared with the FOS obtained by the FEM code PLAXIS. The
comparisons are based on a simplified slope analysed for various load combinations. Moreover,
the long term-stability of natural slopes has been evaluated under the second objective with the
most adverse load combinations. The stability evaluations of real slopes are again based on the
selected LE methods from the simplified slope analyses and FE software PLAXIS. The third
objective is achieved from the field and laboratory investigations. Several tests were conducted
to determine the relevant input parameters. Finally, the shear strength parameters were

investigated using advanced triaxial tests.

1.3 Brief introduction of the case study

The case study with the relevant slopes was taken from the Middle Marsyangdi Hydroelectric
Project (MMHEP) in Nepal. The project, whose location map is given in Fig. 1.3, is now in the
construction stage and aims to generate 470 GWh annual energy after 2007 (CES 2005). Besides
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MMHEDP, there are two other projects shown in Fig. 1.3, the Lower Marsyangdi Hydropower
Project (LMEHP), which is in the operation stage, and the Upper Marsyangdi Hydropower
Project (UMHEP), which is currently in the planning stage. The water resources of Marsyangdi
River are glaciers from the Annapurna Himalayan range along the China (Tibet) boarder, as

shown in Fig. 1.3.

KATHMANDLU

0 50 100
I I |

Scale to lan

Fig. 1.3 Location map of MMHEP in Nepal (Nepal & Olsson 2001)

Two slopes as the case study from the MMHEP project were considered for detailed stability
analysis. One was from the dam site left bank and another from the powerhouse area. Details of
the case study slopes and a corresponding site description are given in Chapters 4 and 6. By
linking the background theoretical considerations of different stability calculation approaches to
this local project in Nepal, the research work may contribute to the understanding of slope
stability analysis as an integrated approach to the conditions representative to Nepal and other

regions with similar geological and climatic conditions.

1.4 Presentation of the thesis

Presentation of this thesis has been organised in several Chapters and Appendices. A brief
description is given here. Chapter 2 describes the literature review on stability analysis methods.
The review focuses on the LE principles in FOS determination. Moreover, most of the LE
methods are discussed with highlights on their fundamental differences and limitations in
practical applications. Besides, a theoretical comparison of the LE methods has been presented.
Finally, the chapter ends with introducing brief working principles of three computer software
codes (SLOPE/W, SLIDE and PLAXIS) that are applied in the present study. Comparisons of the
LE and FE methods have been given in Chapter 3, where a simplified and idealised slope has
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been analysed by the given software. Three following conditions have been considered to

compare the selective methods:

e dry slope,

e fully saturated slope, and

¢ the slope exposed to combinations of earthquakes and surcharge loads.
Finally, the respective FOS obtained from the LE and FE analyses has been compared.

Chapter 4 includes data collection for the case study slopes located in Nepal. A brief description
of the case study has been given, together with relevant information. Details of the sampling for
subsequent laboratory investigations are also presented. Furthermore, the climatic condition has
been discussed, and 10 years of rainfall data are presented. Likewise, a brief coverage of seismic
events around the project area and groundwater records from the site-specific slopes is
included. The shear strength parameters determined by the previous laboratory investigations
are presented as reference soil data. Finally, the chapter concludes with a review of previous

stability analyses of the selected case study slopes.

Chapter 5 includes the relevant in situ and detailed laboratory investigations carried out to
characterise the materials and identify shear strength parameters for slope stability analyses. A
short description of laboratory test procedures used has been given for some of the tests. Results
from index tests, permeability tests and compression tests are presented. Likewise, the results
from mineralogical tests are summarised. This chapter, however, focuses on the results from
numerous triaxial tests that were conducted in drained and undrained conditions, and the

results are presented and discussed at the end of this chapter.

The stability analyses of the case study slopes have been presented in Chapter 6. Two slopes,
one from the dam site and another from the powerhouse site have been analysed for various
load conditions. Some of the critical load cases, including groundwater seepage analyses and
earthquake conditions have been studied in closer details. This chapter hence provides both
comparisons of the selected approaches and the stability conditions of the slopes in different
loading conditions. The same methods and computer codes as used in Chapter 3 are used for

stability analyses of the studied slopes.

Chapter 7 includes discussions and comments on the applied methods, specific stability
conditions due to various loads and comparison of LE and FE methods. The discussion is also
related back to the theoretical study in Chapter 2 and the highlights from the comparisons
carried out in Chapter 3. Some discussions have been carried out on the shear strength
parameters investigated in the laboratory and presented in Chapter 5. Similarly, the stability
analyses results of the case study slopes are discussed, referring back to the findings presented
in Chapter 6. Finally, the main findings on the slope stability evaluations from the study are

summarized in Chapter 8, including recommendations for further study.
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Chapter 2

Review of Stability Analysis Methods

2.1 Limit equilibrium principles

All limit equilibrium methods utilise the Mohr-Coulomb expression to determine the shear
strength (7;) along the sliding surface. The shear stress at which a soil fails in shear is defined as
the shear strength of the soil. According to Janbu (1973), a state of limit equilibrium exists when
the mobilised shear stress (1) is expressed as a fraction of the shear strength. Nash (1987) says,
“At the moment of failure, the shear strength is fully mobilised along the failure surface when
the critical state conditions are reached”. The shear strength is usually expressed by the Mohr-

Coulomb linear relationship, where the 7 f and t are defined by:

Shear strength (available): Ty =c+o'tan @' or (a+o0')tang’ (2.1)
T Y+ Vt '

Shear stress (mobilised): T= A ¢ro'tang! (2.2)
F F

where,

a, ¢’ and ¢’ = attraction, cohesion and friction angle respectively in effective stress terms, and
F = factor of safety (FOS).

The available shear strength depends on the type of soil and the effective normal stress, whereas
the mobilized shear stress depends on the external forces acting on the soil mass. This defines

the FOS as a ratio of the 1 to t in a limit equilibrium analysis (Janbu 1954), as defined in Eq. (2.2).

However, the FOS can be defined in three ways: Limit equilibrium, force equilibrium and
moment equilibrium (Abramson et al. 2002). These definitions are given in Fig. 2.1. As explained
above, the first definition is based on the shear strength, which can be obtained in two ways: A
total stress approach (s,-analysis) and an effective stress approach (a-¢ —analysis). The type of

strength consideration depends on the soil type, the loading conditions and the time elapsed
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after excavation. The total stress strength is used for short-term conditions in clayey soils,
whereas the effective stress strength is used in long-term conditions in all kinds of soils, or any
conditions where the pore pressure is known (Janbu 1973, Grande 1977). The second and third
definitions are based on force equilibrium and movement equilibrium conditions for resisting

and driving force and moment components respectively.

Limit equilibrium:

lF F=-4 (Total stress)
. T
Limit ' ' '
+o't .
equilibrium F= cro'tang! (Effective stress)
T
Force equilibrium:
_ Sum of resisting forces
S.JF Sum of driving forces
a W \ N o S, _ cL+Ntang
Force W sina Wsina
equilibrium
where,
2 - L = total length of the sliding plane
/’ Tl -~ R
S el Moment equilibrium:

_ Sum of resisting moments

~ Sum of driving moments

L
Moment g, —/S y R'[sudl
u 0

equilibrium F=-Y
W.x

Fig. 2.1 Various definitions of the factor of safety (FOS) (Abramson et al. 2002)

The last two definitions may sometimes be confusing while defining the terms, whether the
force or moment components are contributing on resisting or driving sides. The reason can be
explained with simple examples. The support force component along the sliding surface can be
considered on the resisting side as a positive contribution, since it increases resistance capacity
against the movement. At the same time, this component can also be considered on driving side
as negative contribution, since it decreases the driving tendency. Similarly, the moments from
the self weight of slices located at the toe are sometimes resisting and thus, considered either on
the resisting side as positive contribution or on the driving side as negative contribution. These

two different considerations result in different FOS. But this is not a case in the first definition.
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2.2 Limit equilibrium methods

Several limit equilibrium (LE) methods have been developed for slope stability analyses.
Fellenius (1936) introduced the first method, referred to as the Ordinary or the Swedish method,
for a circular slip surface. Bishop (1955) advanced the first method introducing a new
relationship for the base normal force. The equation for the FOS hence became non-linear. At the
same time, Janbu (1954a) developed a simplified method for non-circular failure surfaces,
dividing a potential sliding mass into several vertical slices. The generalised procedure of slices
(GPS) was developed at the same time as a further development of the simplified method (Janbu
1973). Later, Morgenstern-Price (1965), Spencer (1967), Sarma (1973) and several others made
further contributions with different assumptions for the interslice forces. A procedure of General
limit equilibrium (GLE) was developed by Chugh (1986) as an extension of the Spencer and
Morgenstern-Price methods, satisfying both moment and force equilibrium conditions (Krahn
2004, Abramson et al. 2002). These developments are reviewed in the following section, which

aims to find out the key differences in the various approaches for FOS determination.

All LE methods are based on certain assumptions for the interslice normal (E) and shear (T)
forces, and the basic difference among the methods is how these forces are determined or
assumed. In addition to this, the shape of the assumed slip surface and the equilibrium
conditions for calculation of the FOS are among the others. A summary of selected LE methods

and their assumptions are presented in Table 2.1.

Table 2.1 Summary of LE methods (Abramson et al. 2002, Nash 1987)

Methods Circular Non-cir. XM =0 3XF=0 | Assumptions for T and E
Ordinary v - v - Neglects both E and T

Bishop simplified v *) v (**) | Considers E, but neglects T

Janbu simplified *) v - v Considers E, but neglects T

Janbu GPS v v (**) v Considers both E and T, act at LoT
Lowe-Karafiath - v - \ Resultant inclines at, 0 ="2(a + )
Corps of Engrs. - v - \ Resultant inclines at, 6 = Y2(ou+ o)
Sarma ~ V ~ N Interslice shear, T = ch+ E tan ¢
Spencer v *) v v Constant inclination, T =tan6 E
Morgenst.-Price v v v v Defined by f(x), T = f(x).L.E

(*) Can be used for both circular and non-circular failure surfaces,

(**) satisfies vertical force equilibrium for base normal force, and

(***) satisties moment equilibrium for intermediate thin slices (Janbu 1957, Grande 1997)
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The interslice forces depend on a number of factors, including stress-strain and deformation
characteristics of the materials. Their evaluation, however, becomes complicated in the LE
methods. Therefore, simplified assumptions are made in most methods either to neglect both or
to one of them. Nevertheless, the most advanced methods consider these forces in the LE

analyses. Some of the basic principles behind the methods are briefly described below.

2.2.1 The Ordinary method

The Ordinary method (OM) satisfies the moment equilibrium for a circular slip surface, but
neglects both the interslice normal and shear forces. The advantage of this method is its
simplicity in solving the FOS, since the equation does not require an iteration process. The FOS

is based on moment equilibrium and computed by (Abramson et al. 2002, Nash 1987):

_ 2(c'l+N'tang")

F 2.3

" Y Wsina @3
N'=W cosa —ul) (2.4)
Where,

u = pore pressure,
[ = slice base length and

a = inclination of slip surface at the middle of slice

In summary, OM

satisfies moment equilibrium condition,

neglects the interslice normal and shear forces,

gives the most conservative FOS, and

¢ is useful only for demonstrations.

The forces considered in OM are shown in the sketch.

b

A=/

2.2.2 Bishop’s methods

Bishop’s simplified method (BSM) is very common in practice for circular shear surface (SS).
This method considers the interslice normal forces but neglects the interslice shear forces
(Abramson et al. 2002). It further satisfies vertical force equilibrium to determine the effective

base normal force (N’), which is given by:

N':LZ(W—CZS%—ulcosaj (2.5)

Mgy
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where,

ang'

t
m, =cosa(l+tana 7 (2.6)

Since the BSM also assumes a circular failure surface, the same Eq. (2.3) is utilised to determine
the FOS. However, computation requires an iterative procedure because of the nonlinear

relationship as the FOS appears on both sides.
In summary, BSM
e satisfies moment equilibrium for FOS,
e satisfies vertical force equilibrium for N, —>

E;
e considers interslice normal force,

\\%
e more common in practice, and E,
S 7\
N’

e applies mostly for circular shear surfaces.

The forces considered in BSM are shown in the sketch.

The Bishop rigorous method (BRM) considers the interslice shear forces (T) in addition to
interslice normal forces (E). The method further assumes a unique distribution of their resultant
forces and satisfies moment equilibrium of each slice. The interslice T and E forces, and hence

the FOS are determined by an iteration procedure (Abramson et al. 2002).

2.2.3 Janbu’s methods

The simplified method, generalised method (GPS) and direct method developed by Janbu (1954,
1968) are very common in stability analysis. The fundamental differences in these methods are

briefly reviewed below.

2.2.3.1 Janbu’s simplified method

Janbu’s simplified method (JSM) is based on a composite SS (i.e. non-circular) and the FOS is
determined by horizontal force equilibrium. As in BSM, the method considers interslice normal
forces (E) but neglects the shear forces (T). The base normal force (N) is determined in the same
way as in BSM and the FOS is computed by:

Y(c'l+(N—-ul)tang')seca

Fr= 2.7
! YWtana+ 2 AE @7)

where,

2 AE = E, — E; = net interslice normal forces (zero if there is no horizontal force).
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The derivations of the FOS based on both force and moment equilibrium is given in Appendix

G. In stress terms originally presented by Janbu (1954), the Eq. (2.7) is written as:

Z{b(c'+(p—u)tan¢ﬁ')}
F =

“a 28)
© 2. pbtana ‘
n, = cos’ a(l+tana¥ (2.9)

where,

p = W/b = total vertical stress and b = width of slice

In summary, J[SM
e satisfies both force equilibriums,
e does not satisfy moment equilibrium,

Ei
e considers interslice normal forces, and

S

The forces considered in JSM are indicated in the sketch.

W
e is commonly used for composite shear surface. X E>
N’

Janbu introduced a correction factor ( f, ), in the original FOS ( F, ), to accommodate the effects

of the interslice shear forces. With this modification, Janbu’s corrected method (JCM) gives
higher FOS, as:

Fr=f,.F, (2.10)

The correction factor depends on the depth to length ratio (d/L) of the failure surface. The FOS,
with this correction factor, can increase by 5 -12%, giving the lower range in friction only soils,

i.e. the soils without cohesion and the higher range for clayey soils (Abramson et al. 1996, 2002).

2.2.3.2 Janbu's generalised method

Janbu’s generalised method (JGM) or Janbu’s generalised procedure of slices (GPS) (Janbu 1973)
considers both interslice forces and assumes a line of thrust to determine a relationship for
interslice forces. As a result, the FOS becomes a complex function with both interslice forces
(Nash 1987):

- Z[{c'l+(N—ul)tan¢'}seca}
S W (1, -T) ana + X(E, — By

.11)

Similarly, the total base normal force (N) becomes a function of the interslice shear forces (T) as:
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NzL{W—(TZ—Tl)—%(c'l—ultanqﬁ')sina} (2.12)

Mgy

This is the first method that satisfies both force and moment equilibrium. The moment
equilibrium for the total sliding mass is explicitly satisfied by considering an infinitesimal slice
width (dx) and taking moments about the mid point of the slice base (Janbu 1957, 1973). The
infinitesimal slice width was introduced to avoid the confusion about the point of application of
base normal force. This equilibrium condition in fact gives the relationship between the

interslice forces (E and T) as:
E
T =tano,E —d—ht (2.13)
dx

where,
tano,= slope of the line of thrust, and

h; =height from the mid point of the slice base to dE.

The interslice force relationship obtained in Eq. (2.13) is the same as Janbu first established,
except for the interslice shear force direction, which is assumed here counter-clockwise for a
slide occurring from left to right as shown in the sketch. The last term in Eq. (2.13) cannot be

ignored because of the gradient of interslice normal force with respect to distance.

The line of thrust follows the centroid of the earth pressure (Janbu 1973, Nash 1987). However,
for statically determinate solutions, the actual location is searched for by an iteration procedure
until the total equilibrium is satisfied (Abramson et al. 2002). Since the overall force equilibrium

is satisfied by the interslice forces, the moment equilibrium automatically fulfils for the sliding
mass (Nash 1987, Grande 1997).

In summary, JGM (GPS)

considers both interslice forces, T, l

e assumes a line of thrust for interslice forces, >

T,

e satisfies both force and moment equilibriums, E l
¢ handles complex geometry and failure surfaces, W E,
e is an advanced method among LE methods. S X

N’

The forces considered are indicated in the sketch.

The derivations of the force and moment equilibriums are presented in Appendix G.
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2.2.3.3 Janbu’s direct method

Janbu’s direct method (JDM) is based on dimensionless parameters and series of stability charts
(Janbu 1954a). These charts provide a powerful tool to carry out slope stability analysis, also
including various load conditions such as groundwater, surcharge and tension cracks. In

addition to this, the method can be used for both total and effective stress analyses.
The FOS for cohesive and frictional soils can be computed by (Janbu, 1954a, 1996):

¢ Aeg :&tan¢ and p = (1-r)pa (2.14)

F=N_,—,
cf Py c

where,

Py = vH = total stress, p,= effective stress,

N = stability number, which depends on dimensionless factor (4.4 ), and

n, = u/ Y Z = pore pressure ratio.

As illustrated in Fig. 2.2, first the rotation centre (X, Y,) for the critical circle is identified in JDM
with respect to the toe of the slope. This centre, which is also a moment equilibrium point, is a

function of the slope angle B and a dimensionless factor (4.4). The latter can be read directly

from Janbu’s stability charts. This method is simpler and the FOS can be computed for a circular

SS geometry in a short time.

Fig. 2.2 Slope geometry illustrating Janbu’s direct method
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2.2.4 Lowe - Karafiath’s method

Lowe - Karafiath’s method (1960) satisfies only force equilibrium in FOS computation. Similar
to other methods, L-KM assumes the interslice force inclination which is equal to the average of
the slope surface inclination () and the slice base inclination (a), i.e. 6 = %2(p + ), where 6 is the

inclination of the interslice resultant force. Thus, the interslice forces can be written as:

T =FEtané (2.15)

In summary, L-KM
e considers both interslice normal and shear forces,
¢ satisfies only force equilibrium, and

e assumes inclination for the resultant interslice force.

2.2.5 Corps of Engineers method

The Corps of Engineers (1970) method is similar to L-KM, except for the assumption of interslice
force inclination. According to this method, the angle of the interslice resultant force can be
assumed in two ways. First, it can be assumed parallel to the ground surface, i.e. 6 =p, where f is
the slope angle. Two, it can be equal to the average slope angle between the entry and exit points
of the critical SS.

e Insummary, CEM:
e considers both interslice normal and shear forces,
e satisfies only force equilibrium, and

e assumes inclinations in two ways.

2.2.6 Sarma method

Sarma (1973) developed a method for a non-vertical slice or for general blocks. This method
satisfies both equilibrium conditions (Abramson et al. 2002). In addition, the interslice force

relationship is assumed as a linear Mohr-Coulomb expression:

T=ch+Etang (2.16)

where,
¢, ¢ = shear strength parameters, and h = slice height.

The interslice forces are adjusted until the FOS for force and moment equilibrium is satisfied.
In summary, Sarma’s approach:

e considers both interslice normal and shear forces,

e satisfies both moment and force equilibrium, and

¢ relates the interslice forces by a quasi-shear strength equation.
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2.2.7 Morgenstern-Price method

The Morgenstern- Price method (M-PM) also satisfies both force and moment equilibriums and
assumes the interslice force function. According to M-PM (1965), the interslice force inclination

can vary with an arbitrary function (f(x)) as:
T=f(x)AE (2.17)

where,

f(x) = interslice force function that varies continuously along the slip surface,

A = scale factor of the assumed function.

The method suggests assuming any type of force function, for example half-sine, trapezoidal or
user defined. The relationships for the base normal force (N) and interslice forces (E, T) are the
same as given in JGM. For a given force function, the interslice forces are computed by iteration
procedure until, F, is equals to £, in Egs. (2.18) and (2.19) (Nash 1987). The derivations of the

force and moment equilibriums FOS are presented in Appendix G.

Z[{c'l+(N—ul)tan¢'} seca]

= (2.18)
YAW —(T, —-T))} tana + X(E, — Ey)
F, - 2(c l+(N—.ul) tang") (2.19)
2Wsina
In summary, M-PM
e considers both interslice forces, . l \
e assumes a interslice force function, f(x),
T
e allows selection for interslice force function, E l 2
e computes FOS for both force and moment w E,
equilibrium. S X
The forces considered are shown in the sketch. N’

2.2.8 Spencer’s method

Spencer’s method (SM) is the same as M-PM except the assumption made for interslice forces. A
constant inclination is assumed for interslice forces and the FOS is computed for both

equilibriums (Spencer 1967). According to this method, the interslice shear force is related to:

T =FEtan@ (2.20)

16 Chapter 2 Review of stability analysis methods



In summary, SM
e considers both interslice forces, T, l \
e assumes a constant interslice force function, and — l T
e satisfies both moment and force equilibrium, and Ei 2
e computes FOS for force and moment equilibrium. W E,
The forces considered are shown in the margin sketch. 5 x
N’

2.29 General limit equilibrium procedure

The general limit equilibrium (GLE) procedure incorporates all the assumptions and
development made by the latest LE methods. In fact, this is an extension of Spencer and
Morgenstern-Price methods where, the interslice slope, tanf = A. f(x) is assigned to determine the
interslice forces (Krahn 2004, Abramson et al. 2002). In this way, the GLE procedure is good to
compare the most common methods in a FOS versus A diagram as shown in Fig. 2.3. The most

likely inclinations of force equilibrium FOS () and moment equilibrium FOS (F,, ) has been

indicated particularly for circular SS analysis. The plane SS analysis may have revered position

of Fy and F, (Krahn 2004). However, more discussion on this matter is presented in Chapter 7.

2 SM SM\ ’/ Fr

Scale factor lambda (\)

Fig. 2.3 Presentation of the most common methods (Fredlund and Krahn 1977)

When A = 0, the FOS is obtained for BSM and JSM, as indicated in Fig. 2.3. Similarly, the
intersection point gives the FOS for SM or M-PM. According to Fredlund and Krahn (1977),
Janbu’s corrected and generalised methods are close to the intersecting point (see Fig. 2.3). Thus,

the GLE procedure has an advantage of making comparisons of FOS in the same diagram.
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Stability analysis for both circular and composite SS is possible in this procedure (Fredlund et al.
1981, Chugh 1986). A variable interslice force function, as related to Eq. (2.17), defines the

inclination of the interslice forces after subsequent iterations (Nash, 1987).
In summary, GLE procedure:

e considers both interslice normal and shear forces,

satisfies both moment and force equilibriums,

allows selection for interslice force function , and

e shows comparison of most common and advanced LE methods.

2.2.10 Summary of the LE methods

The OM is limited to hand calculations and demonstration purposes only, whereas BS and JSMs
have been widely used for stability analyses in many years. These methods are common because
the FOS in most cases can be calculated with adequate accuracy. However, these methods have
limitations in satisfying both force and moment equilibrium. Abramson et al. (2002) recommend
BSM to use only for the circular shear surface analysis. Similarly, JSM is more flexible in
evaluating the FOS for non-circular surfaces. The main advantage over JGM is that it can
effectively handle both irregular slopes and failure surfaces. Moment equilibrium for slices gives

the complete solution for force equilibrium FOS, which is close to the FOS from M-P method.

For circular SS, BSM always gives higher FOS than JSM and falls within + 5% of the FOS
obtained from the more rigorous methods. However, the FOS can differ by + 15% as compared

with the results calculated by Spencer and Morgenstern-Price methods (Abramson et al. 2002).

BSM F¢
F
O
S

M-PM
JSM Fm
a) Effect on FOS due to f(x) b) Effect on FOS due to external loads
Scale factor lambda (1) Scale factor lambda (1)

Fig. 2.4 Effects on FOS due to a) f(x) and b) external loads (SLOPE/W 2002)
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Fig. 2.4 shows the possible variation in FOS due to f(x) and application of point loads or anchor
forces (SLOPE/W 2002). The FOS from the force equilibrium is seen to be more sensitive to f(x)
than from the moment equilibrium (see Fig. 2.4a). This is the case probably for circular SS.
However, an investigation carried out by Fredlund and Krahn (1977) shows that the FOS is
insensitive to the choice of f(x). In the case of point loads or anchors, the moment equilibrium
FOS has considerable shifting towards lower FOS (see Fig. 2.4b). This shows that the FOS, from
moment equilibrium, is more sensitive to the application of external forces. Due to the point
loads or anchor forces, the interslice shear force is increased. This further reduces the base
normal force (see Eq. (2.12)) and consequently the shear strength is reduced. The effects of the
interslice force function and applied external forces on FOS in circular SS analysis are

summarised and presented in Table 2.2.

Table 2.2 Sensitivity of FOS in circular SS analysis (SLOPE/W 2002)

Parameter Force equilibrium FOS Moment equilibrium FOS
More sensitive (FOS vs A plot Insensitive, (relatively flat
Scale factor (1) shows steeper slope, see Fig.2.3) | slope is found, referring to
Fig. 2.3)

Significantly affected as the plot Miner effect, not much shifting
Interslice force function

()

shows considerable shifting is found (referring to Fig. 2.4a)

(referring to Fig. 2.4a)

. The FOS gradient is found almost | Found very sensitive and
Point load or anchor

unchanged as in Fig. 2.4b largely affected (referring to
force (Q)

Fig. 2.4b)

2.3 Software used for stability analysis

Slope stability analyses today can be performed by using various computer based geotechnical
software. Software utilizing LE formulations has been used for many years. Similarly, finite
element (FE) software, based on constitutive laws and appropriate soil models, has drawn
growing interest both of researchers and of professionals. Today, both LE and FE based software
are commonly used in geotechnical computations. A brief introduction and working principles

of the software that are used in this study is briefly introduced in the following sections.

2.3.1 SLOPE/W software

SLOPE/W, developed by GEO-SLOPE International Canada, is used for slope stability analysis.
This software is based on the theories and principles of the LE methods discussed in the

previous sections. In this study, SLOPE/W has been applied separately and together with
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SEEP/W, other software program, which computes the pore pressure distributions, based on
finite elements mesh and groundwater seepage analyses. Finally, the pore pressure distributions
were coupled with slope stability analysis and FOS was determined. The software SLOPE/W
computes FOS for various shear surfaces, for example circular, non-circular and user-defined

surfaces (SLOPE/W 2002, Krahn 2004). However, only the circular SS is automatically searched.

2.3.1.1 Computation of FOS

A simple model presented in Chapter 3 and the case study from MMHEP given in Chapter 6
were analysed to find the critical SS and minimum FOS using different search options. The
selected search options (grid and radius, entry and exit and auto-locate) were used in the study.

The procedure described here is related to the analyses carried out in Chapters 3 and 6.

The Grid and radius option was selected to define the rotation centres and tangent lines as shown
in Fig. 2.5. The circular CSS was searched among the number of trial surfaces within the tangent
lines. Similarly, moment equilibrium was satisfied at a point within the grid, which was also the
rotation centre of the CSS. Further refinements in grid and tangent lines improved the accuracy

in finding the minimum FOS.

Circular failure

Grid for centres

15 N

Radius

€ 0| . .
- Tangent lines
ke .
T .
) Iy
wm ° S &
\\\\\\\\\\\ . .
0 | | | | | | |
0 5 10 15 2 2 0 » 20
Distance, m

Fig. 2.5 Grid and radius option used to search for circular CSS

The Entry and exit option was applied on the surface of the model as indicated in Fig. 2.6. The
software searched for the circular CSS among the number of trial surfaces within the given entry
and exit ranges. The FOS is indicated at the axis of rotation, around which, the moment
equilibrium is satisfied. Unlikely in the previous option, the centre of the circle and the moment

equilibrium point are not the same in this option (see Fig. 2.6).
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N

Centre of circle

Axis of rotation

Exit

Elevation, m

0 5 10 15 20 25 30 35 40
Distance, m

Fig. 2.6 Entry and exit option used to search for circular CSS

The stability analysis methods satisfying only moment equilibrium may be affected by manual
selected rotation point (Krahn 2004). In such case, it either should be specified close to the centre
of the possible CSS or should be left to locate automatically. However, FOS is insensitive with

the rotation point for the methods that satisty both moment and force equilibriums.

The Auto-locate option was selected to check the position of CSS and the FOS computed by the
above two options. Moreover, this option is the combination of entry and exit, and optimisation,
which results in slightly non-circular CSS. All three options, which were refined until a constant

FOS was found, produced the same FOS for the CSS without optimisation in this study.

2.3.1.2 Shear surface optimisation

The CSS searched by GLE procedure for M-PM can be optimised and slightly lower FOS is
found. After finding the CSS by one of the first two options above, the optimisation was carried
out by the auto-locate CSS option. Accordingly, the software divides the CSS into number of line
segments and the ends of the segments are moved towards the lower FOS resulting in slightly

non-circular CSS, see Fig. 3.15 in Chapter 3.

2.3.1.3 Comparison of LE methods

The LE methods in SLOPE/W can be compared in two ways. The first is based on the CSS
searched by each method and the corresponding FOS; the other is based on the CSS searched by
GLE procedure and the corresponding FOS. The first comparison can be done directly by
looking into the “minimum FOS” for the selected methods. This appears immediately after
completion of the computation. The second comparison can either be done by the A versus FOS
plot or by the FOS found under the “slip surface with force data available” (optimised or non-

optimised FOS). The comparisons of LE methods have been carried out in Chapters 3, 6 and 7.
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2.3.2 The SLIDE software

SLIDE software, developed by Rocscience Inc Toronto Canada, is also used for slope stability
analysis for soil and rock slopes. The software is also 2D-LE based computer program, which
can be applied to evaluate the stability for circular or non-circular failure surfaces (SLIDE 2003).
In fact, SLIDE is found similar to the SLOPE/W though there are few additional features, for
example groundwater analysis and back analysis for support forces. In addition, JCM has also

been included in the software.

Modelling in SLIDE for the study was possible for external loading, groundwater and forces,
like surcharge and from pseudo-static earthquakes. The circular CSS was located automatically
and the corresponding FOS was computed by the software in the similar way as in SLOPE/W.
The idealised slope presented in Chapter 3 and the case studies presented in Chapter 6 were
analysed by SLIDE software. The groundwater module was used to simulate and compute
groundwater analysis based on finite element mesh, and the pore pressure distributions from
the seepage analysis were used for the stability analysis. The analytical results are compared
with SLOPE/W and PLAXIS in Chapters 3, 6 and 7.

2.3.3 The PLAXIS software

PLAXIS is a finite element code for soil and rock analyses (PLAXIS 2004), developed by PLAXIS
BV in cooperation with several universities including DUT in the Netherlands and NTNU in
Norway. The computer program is applicable to many geotechnical problems, including
stability analyses and steady-state groundwater flow calculations. This software contains several
FE models and four main sub-routines. These routines are inputs, calculations, outputs and

curve plots. The FOS versus displacement is plotted from the curve plots sub-routine.

The slope models analysed in Chapters 3 and 6 were created by the input sub-routine. Material
properties including shear strength parameters were defined for each soil layer. A plain strain
model of 15 noded triangular elements was used to generate the finite element mesh. Similarly,
pore pressure distributions were generated based on phreatic level with and without corrections
and the steady-state groundwater calculation. Moreover, a Mohr-Coulomb material model was

selected for the stability analyses.

The selected M-C model is based on the elastic-perfectly plastic theory of soil mechanics.
Accordingly, both elastic parameters (E, v) and plastic parameters (c’, ¢’, V) are utilised in the
model. Similarly, in addition to the yield function (f), the model has incorporated plastic
potential function (g), where the dilatancy angle (V) is associated with the plastic behaviour of
soils. The formulation of the M-C model consists of six yield functions and six plastic functions.

One of each function is given below for demonstration purposes (PLAXIS 2004) only:

fl:%(0-'2—0-'3)+%(o-'2+o-'3)sin¢—ccos¢S0 (2.21)

22 Chapter 2 Review of stability analysis methods



1 ' ' 1 ' ' 1
g, IE(O' —C 3)+5(0 h+0o'3)siny (2.22)
The terms are defined under the list of symbols in the beginning of the thesis.

2.3.3.1 Computation of FOS
FOS was computed by using the ‘c-¢ reduction” procedure. According to PLAXIS (2004), this

approach involves in successively reducing the soil strength parameters ¢’ and tan¢' until the
failure occurs. The strength parameters are automatically reduced until the final calculation step
results in a fully developed failure mechanism. Further, Nordal and Glaamen (2004) say, “By
lowering the strength incrementally, a soil body is identified to fail after a certain strength
reduction”. In this way, PLAXIS computes the FOS as the ratio of the available shear strength to

the strength at failure by summing up the incremental multiplier (Mjs) as defined by:

available shear strength

FOS = =value of X Mg at failure (2.23)

shear strength at failure

2.3.3.2 Pseudo-static analysis

The pseudo-static analysis was carried out in PLAXIS by introducing the earthquake forces in
terms of the acceleration coefficient (a). In the general settings of the input program, full value of
gravity (g) was used, and the selected value of o was applied as the multiplier (XMaccel) in the
calculation routine. The gravity controls the total magnitude of the acceleration applied in the
calculation phase. The pseudo-static forces can only be applied if the weight of the material, ZM-
weight = 1 is active in the model. Moreover, application of an acceleration component in a
particular direction results in a pseudo-static force in the opposite direction. The application
of a with negative sign was found resulting in the critical direction in the slope. Computation

for the FOS was then followed by the ‘c-¢ reduction” procedure as explained above.

2.3.3.3 Dynamic analysis

The case slopes in Chapter 6 were studied for the dynamic response for the selected horizontal
acceleration. The source of earthquake loading was created along the base of the model resulting
to upwards propagating shear waves. Accordingly, the dynamic source was created in terms of
the prescribed horizontal displacement at the base of the model aiming to study the response
generated by the soil mass. The problem was simulated using a plane strain model with the

standard material damping used in PLAXIS.
¢ Dynamic loading

The basic equation for the time-dependent movement under the influence of a dynamic load is
given by (PLAXIS 2004, Kramer 1994):

F = Mii+ Cii +Ku (2.24)
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where,

F = dynamic load,

M = inertia matrix (or mass of soil body),

C = damping matrix (or damping coefficient) and
K = stiffness matrix (or stiffness as spring constant).

The displacement (u), the velocity (1) and the acceleration (1) are time dependent variables. The
mass of the materials (soil + water + dead weight) is included in the inertia matrix, whereas the
damping matrix represents the material damping, which causes dissipation of energy due to the
friction, plasticity and viscosity of the soil. The last term (F = Ku) corresponds to the static
deformation. In FE elastic models, damping is thus formulated under C as a function of inertia
and stiffness matrices related to the Rayleigh coefficients, o and B as follows (PLAXIS, 2004):

C=aM + K (2.25)

The low-frequency vibrations are generally damped in inertia dominant structures, which mean
higher o-value. However, high frequency vibrations are damped in stiffness dominant
structures; this means higher f—value. These a and B coefficients are used in PLAXIS for plane
strain elastic models. However, the standard setting in PLAXIS (o = = 0) are used in the

dynamic analysis in Chapter 6, though the frequency damping can be expected in real case.
e Determination of o and B coefficients

According to the resonance column theory, the resonance (natural) frequency can be determined
based on the shear wave velocity (Nordal and Kramer 2003). For the purpose, the following

relationships are used to compute the Rayleigh coefficients, oo and f:

VS
w, =T —— 2.26
n 2 H (2.26)
a+ fo? =2w,¢ (2.27)
where,

®, = dominating resonance (natural) frequency at low frequency range,

n=1,35...

V, = shear wave velocity, and

H = height of the soil column or layer.

€ = damping ratio of damping coefficient (C) to critical damping coefficient (C,. = 2\/@ )

The energy dissipates in soils by several mechanisms, including friction, hysteresis generation
and plastic yielding. The value of { can either be obtained experimentally by means of the

resonance column test ((Das 1995, Kramer 1994), or an alternative damping ratio value might be
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chosen based on diagrams of damping versus cyclic shear strain. According to Vucetic and
Dobry (1991), the damping ratio (£) is dependent on the plasticity index and the cyclic shear
strain. For a selected or experimentally obtained value of {, the Rayleigh o and B coefficients are

determined from Eq. (2.27) using two dominating frequencies at low frequency range.
e P-and S-wave velocities

Earthquake produces p and s-waves in the ground. Once the material parameters (E, v and p)
are entered into the input model, the wave velocities are automatically generated. The
compression wave velocity (Vp) in the confined one-dimensional soil is a function of the
oedometer stiffness (Eqq) and the mass density (p).Similarly, the shear wave velocity (V;) is a

function of the shear modulus (G.s) and the mass density (p), as expressed by:

G
v, - Loed y _ |Zre (2.28)
p p

where,

(1-V)E, o

Eoed = m (2.29)

E.r= Young’s modulus at reference stress (G, = 100 kPa),
v =Poisson’s ratio, and

p=density of soil (= y/g).

e Rayleigh and Love waves

The encounter of body waves, i.e. V, and V;, into a solid boundary generate a new type of waves
called Rayleigh waves. These waves (defined as Vg = w/kgr, where kgr is the wave number)
propagate on the ground surface and cause the largest disturbances in the earthquake events.
Similarly, Love waves are generated in a soil layer overlain by a material with lower body
waves. These waves are actually horizontal shear waves (SH-waves) that are trapped by

multiple reflections within the superficial layer (Kramer, 1994).
e Absorbent boundaries and analysis results

Absorbent boundaries, as the vibration dampers, are applied to stop the rebound of stresses
caused by wave propagations during the dynamic simulations, in addition to the standard
fixities. The model geometry is made so wide that the boundaries could be applied sufficiently

far away from the studied area.

The displacement and acceleration - time series and excess pore pressure are the main output
results from the dynamic analyses. Similarly, excess pore pressures are generated when

undrained soil is subjected to dynamic loading. These results are discussed in Chapter 6.
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Chapter 3

Comparison of Analysis Methods

3.1 Idealised slope

A simple example with an idealised slope model is analysed aiming to compare the most
common limit equilibrium (LE) methods. In addition, the study compares the most accurate LE
method with finite element (FE) analyses for three different load conditions. Finally, some
parameters are studied to understand possible differences in computations of the factor of safety
(FOS).

3.1.1 Geometry and input parameters

Fig. 3.1 shows the idealised slope of 10 m height with an inclination of 1:2 (V:H). Two soil layers
with different strength parameters are assumed. Furthermore, the same effective stress
parameters are used in dry and wet conditions. Similarly, two unit weights of soils, one above
the GWT (yq), the other below the GWT (y), are considered. Moreover, the same permeability
coefficient (k) is assumed in both layers for the seepage analysis. The parameters used in the

study are shown in Fig. 3.1, with the complete set of input parameters given in Table 3.1.
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Fig. 3.1 Idealised slope geometry for “model” with two soil layers
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Table 3.1 Input parameters for analyses

Soillayers ¢ (kPa) ¢’ (%) w (") y(N/m’) 7y4(kN/m’) E.(kPa) \% k (m/s)

Upper 10 30 0 20 18 5000 0.3 1x 107
Lower 5 25 0 20 18 5000 0.3 1x 107

3.1.2 Load combination for analysis

Three different conditions; Dry slope, Wet slope and Dry slope with external loads are

considered for the stability analyses. The load conditions analysed are defined as:

e Case 1: Completely dry slope, i.e. no GWT inside the model,

e Case 2a: Completely saturated slope, i.e. GWT on the surface (hydrostatic pore pressure),
e Case 2b: Completely saturated slope (pore pressure from seepage analysis), and

e Case 3: Dry slope with external forces, i.e. =50 kPa and earthquake coefficient, a;,=0.25.

3.1.3 Selected methods for analysis

Stability chart methods, LE and FE based software are selected for analyses and comparison of
the FOS. The basic theory and different assumptions made in the LE methods are given in

Chapter 2. The selected methods and software are:

e LE methods: Stability charts from JDM, two software SLOPE/W and SLIDE, and the selected
methods are BSM, JSM , JGM and M-PM or GLE.

e FE method: Software PLAXIS.

3.2 Stability analyses and results

3.2.1 Application of stability charts

Among the direct methods, which are based on the slope stability charts developed by several
authors, Janbu's direct method was selected in this study. This method is well known for
stability analysis. The method was selected to demonstrate its simplicity and user-friendliness.
Moreover, it was also aimed to compare the results with other LE based methods for dry and
saturated slope conditions. The analyses results are presented in Table 3.2. The method has been

reviewed in Section 2.2.3.3 in Chapter 2, where the appropriate symbols are defined.

Table 3.2 Analyses results by JDM

Load Cases Acy Nyo pe(kPa)  pq(kPa) FOS
1: Dry slope 13 40 180 180 1.778
2a: Wet slope 7 25 100 200 1.000
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The factors A¢ and N, were obtained from the stability charts for the effective stress (c-¢)
analysis. The circular CSS passes through both layers, and hence the distribution was assumed
as 60% in the upper layer and 40% in the lower layer, based on the CSS located by M-PM in
SLOPE/W (see Fig. 3.2). Accordingly, the factor A, was computed by weighted average:

A

C

; =Petng=Leq B, a0, G.1)
c [ ¢ ¢

The averaging of A, was used to make computation practically possible. However, the
weighted average of the product of the effective normal stress (p.) and tang would have been
theoretically more correct. The FOS was compared with M-PM (dry slope: FOS = 1.737) and
found moderate variation, which might in fact have resulted from the parameter readings from
the charts. In addition, the assumption made for the failure surface in the two-soil layer slope
may also have minor differences. However, the difference is minimal. The advantage over JGM
is that the FOS can be computed more easily by hand calculations to check the stability in simple

conditions.
3.2.2 Application of software programs

3.2.2.1 Load Case 1: Dry slope
e SLOPE/W software

The stability of the dry slope was first analysed in SLOPE/W. The minimum FOS and critical SS
searched by entry and exit option (refer Section 2.3.1.1 in Chapter 2) are given in Fig. 3.2.
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Fig. 3.2 CSS by M-PM and FOS from SLOPE/W for Case 1

The CSS was searched from thousands of possible SS by defining the input of 15 slices, 1500
iterations, and 15 increments for entry, 10 increments for exit and 5 increments for radius. These

parameters are consecutively chosen until the further increments do not change the FOS.
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Similarly, a Mohr-Coulomb soil model was chosen, without the feature of tension cracks. A half-
sine function was selected to compute the interslice forces with tolerance error of 1%. Moreover,
the selection of a half-sine function was based on the assumption that the interslice shear forces

could be at maximum in the middle of the CSS and zero at the entry and exit points.

SLOPE/W computes the FOS in two ways. In the first approach, the rigorous GLE procedure
identifies the CSS, whereas the rest of the methods compute the FOS based on the same CSS. In
this way, the accuracy of the methods can be compared. In the second approach, each method
identifies its own CSS and computes the corresponding FOS. In the latter approach (used in this
study), SLOPE/W computes lower FOS for some methods, and thus the FOS is termed as

“minimum” FOS.
e SLIDE software

As in SLOPE/W, the analysis was carried out in SLIDE for the same input parameters and model

geometry. The results from the analyses are presented in Fig. 3.3.
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Fig. 3.3 CSS by M-PM and FOS from SLIDE for Case 1

In SLIDE, the CSS was selected from the auto-refined search option by defining as similar inputs
as before in SLOPE/W. The input parameters were increased until further increments had no

change in the FOS. In this way, the CSS and the minimum FOS were obtained.

The FOS from SLIDE was found very similar to SLOPE/W. In addition, the FOS from JCM in
SLIDE and JGM in SLOPE/W was found to be the same. Moreover, the FOS from JGM was
found only 1% lower than that from M-PM for the CSS identified by each method.

e PLAXIS software

The analysis also included use of PLAXIS with the same Mohr-Coulomb soil model and strength
parameters as given in Table 3.1. A plain strain model was defined by using 15 noded elements
and a well-refined mesh of about 3000 elements with 450 mm average size, no tension cracks

and 1% tolerance. Further mesh refinement had no change in FOS. The FE based software
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PLAXIS computes FOS by the c-¢ reduction procedure, a detailed description of which can be
found in Chapter 2. The CSS located by PLAXIS and the corresponding FOS are given in Fig. 3.4.
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Fig. 3.4 CSS and FOS computed from PLAXIS for Case 1

PLAXIS identifies the CSS based on the strain localisation in the slope. The incremental strains
are excessively concentrated inside the soil body (see Fig. 3.4) from which a failure may possibly
initiate. Compared to the FOS obtained from PLAXIS, the LE method (M-PM) overestimates the
FOS by 5% for dry slope conditions in this idealised slope analysis.

3.2.2.2 Load Case 2: Wet slope

The rise in GWT up to the surface and the effect on FOS was studied in the similar way as for
the dry slope. In this case, the pore pressures were applied in two ways from hydrostatic (Case

2a) and from seepage analyses (Case 2b). The FOS in both cases has been compared accordingly.

e SLOPE/W

The CSS and minimum FOS are presented in Fig. 3.5, which represents the computations related

to the hydrostatic pore pressure distributions.
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Fig. 3.5 CSS and FOS from SLOPE/W for Case 2a (hydrostatic pp)
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For Case 2b, the pore pressure profile obtained from the seepage analyses was used.
Accordingly, the pore pressure distributions were first analysed separately in SEEP/W, and then
the analysed pore pressure was used in SLOPE/W for compilation of the corresponding FOS.
The resulting CSS and the FOS obtained from the analysis are shown in Fig. 3.6. The SEEP/W
software computes the pore pressure using finite element mesh, which can be seen in Fig. 3.6.

0979
[ 2

Minimum FOS
1) BSM =0.982

2) JSM =0.823
3) JGM =0.962
4) M-PM =0.978

i

e [ I P

15 —

Height (m)
\

(¢)]

0 \ \ \ \ \ | \
0 5 10 15 20 25 30 35 40

Distance (m)

Fig. 3.6 CSS and FOS from SLOPE/W for Case 2b (pp from SEEP/W)

Taking the LE methods, the FOS was found 9% higher from seepage analyses than for
hydrostatic distributions. SLIDE produced almost identical results, and they are hence not
included here. The reason of higher FOS in Case 2b can be explained by the unchanged CSS
even after the seepage analysis. This resulted in higher effective normal stress due to the lower

average pore pressures along the CSS.

The flow field and equipotential lines generated by the seepage analysis in SEEP/W are shown
in Fig. 3.7. The hydraulic boundaries, for example restriction of discharge along the base and the
right side of the model, 15 m head on the left side boundary and zero pressure along the surface,
were assumed. The hydraulic conductivity given in Table 3.1 was used in the seepage analysis.
The steady-state flow condition was assumed in the seepage analysis. This means, the inflow of

water in the slope will remain unchanged.
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Fig. 3.7 Flow field and equipotent lines from SEEP/W
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e PLAXIS

Similar pore pressure conditions were also studied in PLAXIS. The use of hydrostatic pore
pressure distribution resulted in a lower FOS compared to steady-sate groundwater calculation.
The resulted CSS and FOS are depicted in Fig. 3.8 and Fig. 3.9 for pore pressure from hydrostatic

distributions and seepage analyses, respectively.

FOS =0.786

Fig. 3.8 CSS and FOS computed in PLAXIS for Case 2a (hydrostatic pore pressure)
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Fig. 3.9 CSS and FOS computed in PLAXIS for Case 2b (seepage analysis)

In PLAXIS, a FOS less than unity was computed using a manipulation in strength parameters to
avoid numerical instability during the simulations. In this procedure, the real strength
parameters were multiplied by a scaling factor and the computed FOS was divided by the same
factor. Fig. 3.10 shows the flow field and phreatic surface obtained after the seepage analysis.

The phreatic surface looks more realistic in PLAXIS compared to those obtained in SLEEP/W.

Fig. 3.10 Flow field generated by steady-state calculations in PLAXIS
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The steady-state seepage analysis was conducted by locating the GWT on the surface and
applying closed flow boundaries at the base and the right side of the model. Water flows solely
into the soil from the left vertical boundary. In the slope, water may enter also through the

horizontal terrain surface, which has not been considered in the model.

Compared with the two pore pressure conditions in PLAXIS, the FOS from seepage analysis was
found 12.5% higher than that from hydrostatic distributions. Similar comparison was also made
between LE and FE analyses for exactly the same condition. Accordingly, LE (M-PM) computed
10.6% higher FOS than in FE (PLAXIS) for the seepage analyses. Furthermore, the difference was
found as large as 14.2% for hydrostatic pore pressure distribution, which may be unrealistic in
real situations. However, the assumption of a hydrostatic pore pressure distribution increases

the difference between LE and FE analyses.

3.2.2.3 Load Case 3: External forces

The last load case was analysed by the same software programs. Fig. 3.11 shows the CSS and the
minimum FOS obtained from SLOPE/W. Similarly, the analyses results from SLIDE are given

Fig. 3.12. The FOS from both SLOPE/W and SLIDE is found almost identical (+ 1%) compared to
the method to method.
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Fig. 3.11 CSS and FOS from LE analysis (SLOPE/W) for Case 3
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Fig. 3.12 CSS and FOS from LE analysis (SLIDE) for Case 3
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In addition to the CSS in Fig. 3.12, the line of thrust, where the interslice normal force acts, can
be seen. This line of thrust generated by SLIDE for M-PM was found at about 0.33h from the
bottom of slices at the upper end (active side), nearly 0.6h in the middle and very high at the
lower (passive side) where, h is the height of the slices. This broadly agrees with the Janbu
(1973) assumption for the line of thrust in his GPS method.

The CSS and minimum FOS from PLAXIS are shown in Fig. 3.13. Due to the same external
forces, the difference in FOS is found 9.6% between LE (M-PM) and FE (PLAXIS) analyses.

Moreover, the CSS in FE analysis was found composite rather than circular as in LE analysis.

FOS =0.930

Fig. 3.13 CSS and FOS from FE analysis (PLAXIS) for Case 3

3.3 Comparison of methods

3.3.1 LE methods

The FOS has already been compared and discussed under each case analysis. Here, a more
detailed study on the forces computed by SLOPE/W is presented for two identical LE methods
(JG and M-P). The forces acting on slice #2 (see Fig. 3.11) have been indicated in Fig. 3.14.
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Fig. 3.14 Forces acting on slice #2 from LE analyses (SLOPE/W)
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The CSS shown in Fig. 3.11 is from the M-P method and this surface is shallower than in JG
method. This can be observed by comparing the slice height in Fig. 3.14. The forces (kN/m)
cannot be compared directly since both widths and heights are different. However, the methods
consider the similar forces acting on the slice in the same way. In addition, only the dead weight

has been considered in both methods while computing the seismic force with «;, =0.25. Hence,
the effect of q = 50 kPa has not been considered to compute the horizontal seismic force.

Optimisation in SLOPE/W generates generally a non-circular CSS and lower FOS. The circular
CSS (see Fig. 3.11) becomes non-circular, which can be seen in Fig. 3.15. Similarly, the optimised

CSS in SLOPE/W looks almost identical to the CSS in PLAXIS (see Fig. 3.13). However, even
after the optimisation, the FOS in LEM is higher than in FEM.
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Fig. 3.15 Optimised FOS and CSS from LE analysis (SLOPE/W)

Table 3.3 shows the difference in FOS (Diff.) from non-optimised (No Opt.) CSS identified by M-
P method to optimised (Opt.) CSS. The FOS from JG method relates to the same CSS. Here non-
optimised and optimised refer to a circular CSS and non-circular CSS respectively. The study

was carried out in more details for three load Cases.

Table 3.3 Effects of optimisation on FOS

FOS for Case 1 FOS for Case 2a FOS for Case 3
Methods
Noopt. Opt. Diff. | Noopt. Opt. Diff. | Noopt. Opt. Ditf
JG 1.716 1.635 5.0% 0.882 0.854 33% 1.002 0966 3.7%
M-P 1.737 1.701 21% 0.898 0.897 0% 1.019 0986 33%

The study shows that the optimisation generally results in lower FOS for the most rigorous
methods. The methods that satisfy either force (JS) or moment (BS) equilibrium show no
changes, and hence these methods are not presented in Table 3.3. Also Case 2a (hydrostatic pore

pressure) shows constant FOS, even after optimisation in the M-P method.
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Fig. 3.16 shows the comparison among LE methods, which are indicated in the FOS versus A
diagram. According to GLE procedure, the FOS is computed for the common CSS for several A
values. In this way, the accuracy of the LE methods can be compared. The FOS for BS and JS
methods can be found when A is zero as indicated in Fig. 3.16. Similarly, a certain value of A,

which satisfies both force and moment equilibrium, gives the FOS for M-PM and SM.
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Fig. 3.16 FOS - A plot (non-optimised) for Case 1 and Case 3

In circular CSS analyses, the force equilibrium FOS (Fy) is found more sensitive to the interslice
shear force than the moment equilibrium FOS (F,,). This is the reason why the FOS from BSM

does not vary much compared to JSM, as shown in Fig. 3.16.

3.3.2 FE and LE methods

Fig. 3.17 shows the computed FOS by PLAXIS for the load conditions presented before.
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Fig. 3.17 FOS for the load conditions analysed from PLAXIS
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Since the PLAXIS software is based on the constitutive law (stress-strain relationship), the CSS
has been considered as the most critical one. Similarly, the FOS in the PLAXIS analysis should be
close to the absolute minimum. Under these considerations, further comparison of LE (M-P)
method has been carried out with respect to FE (PLAXIS) (0%).
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Fig. 3.18 Comparison of FOS between LE and FE analyses

The comparison of FOS computed by LE (M-PM) for optimised (Opt.) and non-optimised (Non-
opt.) CSS is shown in Fig. 3.18. The FOS from LE (M-PM) analysis is found higher in all cases
than that from FEM (PLAXIS) analysis, both for optimised and non-optimised CSS. In load Case
1, the LE analysis with optimisation reduces the difference between in FOS. In contrast to this, a
large difference is found in the saturated slope for hydrostatic pore pressure distributions. As
the external loads and GWT increase in a slope, the difference in FOS increases simultaneously.
Moreover, the FOS is least affected by optimisation of the hydrostatic conditions. This indicates
that LE analysis cannot adjust the changes in stresses with the change in strains during the

simulation, which the FE method can handle more effectively.
3.3.3 Parameter studies

3.3.3.1 Dilatancy parameter

A positive contribution to the FOS was found by introduction of the dilatancy parameter in the
FE analyses. This parameter describes the volume expansion of soils under plastic flow,

particularly found in sand, silty sand and overconsolidated clays. The dilatancy angle (y) is

related to the volumetric strain (55 ) and axial strain (gg ) in plastic conditions (Nordal 2002),

and it is expressed by:

p .
fo _ 28Ny (3.2)
55 siny —1
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According to Nordal and Glaamen (2004), a modest improvement in FOS of about 6% can be
found if the dilatancy angle is introduced in the FE analysis. In their study, the improvement
was found for y about 10° less than the friction angle (¢). Also in this study, the use of y (=
¢ —10° in FE simulations gave significant increase in the FOS. Three load cases were simulated
in PLAXIS and a range of the magnitude increase was found accordingly. The FOS from the
PLAXIS analyses are compared in Fig. 3.19, where the FOS (legend) relates to the curves from

top to bottom respectively. PLAXIS (2004) has incorporated v as a plastic potential function (g),
which was discussed in Section 2.3.3.
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Fig. 3.19 Effect of the dilatancy parameter on FOS (* with y = 20°, 15° for layers 1, 2)

Fig. 3.20 shows a range of improved FOS due to the application of y. As indicated, the
improvement ranges from 4% in a dry slope to 10% in a saturated slope. It means, the difference
between FOS from LE and FE analyses can be minimal if a dilatancy angle is introduced in the

FE analyses, and an optimisation is carried out in the LE analyses.
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Fig. 3.20 Improvement in FOS by positive y (y = 20, 15° for layers 1, 2)
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For Case 3, the use of a dilatancy angle in PLAXIS and the corresponding FOS (F = 0.995, see Fig.
3.19) is directly comparable to the FOS (F = 0.986, see Fig. 3.15) obtained from CSS optimisation
in SLOPE/W (M-PM).

3.3.3.2 Interslice force function

The PLAXIS simulation was also used to compare the interslice force function, defined as T/E =
A.f(x). The interslice normal force (E) and shear force (T) were determined at 1 m intervals and
plotted together with similar results obtained from SLOPE/W and SLIDE for the M-P method.
Fig. 3.21 shows the comparison of the interslice force function for Case 3. The slope profile and
the SS identified by PLAXIS are also plotted on the right axis, and indicated by the dotted lines.
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Fig. 3.21 Interslice force function for Load Case 3

The selected half-sine function in SLIDE and SLOPE/W results in almost identical shape.
SLOPE/W finds exactly the same shape as half-sine function at A = 0.8, whereas SLIDE shows a
marginal difference in shape at a lower value of A. In contrast, PLAXIS finds an irregular
function with considerable difference at the crest and toe of the slope. The higher interslice shear
force at the crest found in PLAXIS is the result of surcharge load. In the middle of the SS, the
function is almost constant except few peaks. However, this may vary with the change in
geometry and the load conditions, and thus cannot be generalised for all conditions.
Nevertheless, the study shows that the interslice forces are not the same in LE and FE analyses,

especially at the crest and toe of the slope.

3.3.3.3 Critical shear surface and line of thrust

The critical SS obtained from FE and LE analyses are compared in Fig. 3.22 again for Case 3. The
FE analysis finds the SS at more shallow depths compared to the LE analysis. Both SLOPE/W
and SLIDE (M-PM) have identified almost the same SS. In contrast, the PLAXIS analysis has
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identified a slightly different shape Thus, it can be concluded that the CSS obtained from the LE
and FE analyses are not the same. This results in further difference in normal and shear stresses,
and subsequently in the FOS. Furthermore, the CSS from PLAXIS is found composite SS (plane
in the middle and circular at ends), as first defined by the GPS method (Janbu 1973).
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Fig. 3.22 Critical SS from FE and LE methods for Load Case 3

Likewise, the lines of thrust obtained from SLIDE (M-PM) and PLAXIS are compared in Fig.
3.23. The right side axis is again related to CSS and slope profile as in Fig. 3.21. The comparison
shows that the application points of interslice normal force in FE and LE analyses are not the

same. However, the location may vary with the change in geometry and the load conditions.
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Fig. 3.23 Location of the line of thrust from FE and LE methods for Load Case 3
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In this analysis, M-PM gives the line of thrust lower at the crest; slightly higher in the middle
and unreasonably high at the toe (see Fig. 3.23 and Fig. 3.22). This finding indicates that the sine
function does not represent the static situation very well particularly in the toe region. Ideally
the thrust line, for example in Janbu’s GPS method, should be located between 0.2h and 0.4h
from the base of the SS, where h is the height of the slices (Abramson et al. 2002). Janbu (1973)
also states, “the line of thrust should be located somewhat lower than h/3 from the SS in the
active zone (crest) and higher than h/3 in the passive zone (toe) for cohesive soils”. Thus, the
unlike line of thrust and the interslice force function in the LE and FE analyses may further

explain the differences in base normal force and hence the difference in FOS.

3.3.4 Summary of the comparative study

The LE and FE analysis methods are based on two different principles, and hence the analysis
approaches result in difference in commutated FOS. The conducted study of the simple slope
analyses with various load conditions shows that LE (M-P) analysis always computes higher
FOS ranging from 5 — 14% compared to the FE (PLAXIS) analysis. However, the difference in
FOS may be limited to within 5% even in the worse case, i.e. fully saturated conditions, if the FE
analysis is performed with a positive dilatancy angle about 10° less than the angle of friction,
and the LE analysis with optimisation of the circular CSS. More elaborated discussions on the

comparisons between the LE and FE methods have been presented in Chapter 7.
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Chapter 4

Data Collection for Case Study

4.1 Site visit for case study

Site visits were performed for the case study taken from Middle Marsyangdi Hydroelectric
Project (MMHEP) in Nepal. The purpose of the visits was to collect necessary data, reports, and
soil samples for subsequent laboratory investigations. However, the final aim was to use the
investigated shear strength parameters in slope stability evaluations. In addition, the aim of the
visits was to evaluate existing conditions in the slopes situated at dam site left bank (LB) (see
Fig. 4.1) and powerhouse area (see Fig. 4.2). The project with 76 MW installed capacity aims to
generate 470 GWh of annual energy from year 2007 (CES 2005).

Fig. 4.1 Dam site LB slope (MMHEP) in Nepal (photo from 2003)
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At the time of the first site visit in June 2003, the dam site LB slope was graded permanently,

vegetations were planted and drainage systems were constructed as shown in Fig. 4.1.

Primarily, two types of soil origins were found in the dam site LB slope. The upper layer
consists of alluvial material, whereas the lower layer originates from mudflow deposit from a
sudden large-scale mudflow event (Yamanaka & Iwata 1982). Though there is not a very distinct
layer boundary, the upper layer is assumed to reach up to El 633 masl in the present study.

Likewise, the lower layer is assumed to reach El. 589 masl, from where a stiffer soil is expected.

Similarly, the powerhouse slope (see Fig. 4.2) was excavated temporarily, and covered partly by
plastic to minimise surface erosion. Besides this, there were drainage systems in the slopes
further right of the penstock alignment. The soil boundary is dominated by alluvial deposits on
the upper terrace up to El. 540 masl. The lower terrace consists of glaciofluvial deposits
approximately down to El. 520 masl (Fichtner 2003).

Fig. 4.2 Powerhouse slope (temporary) at MMHEP in Nepal (photo from 2003)

The visits were successful with respect to collection of the following data and information from

the project site:
¢ relevant geological, geotechnical and hydrological data,
e previous test results, design parameters and calculations for slope stability analyses,
¢ information about groundwater and installed instrumentation in the slopes,
e collection of soil samples from the slopes for subsequent laboratory investigations, and

¢ insitu index tests, site photographs, drawings, standpipes and piezometer records, etc.
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4.2 Instrumentation

The dam site LB slope has been instrumented with five open type standpipes piezometersclose
to the dam axis (see Fig. 4.1). The purpose of these piezometers is to monitor the groundwater
table (GWT), variations during construction period as well later during operation. In addition,
tive-pressure relief wells are planned for installation along the base of the slope as indicated in
Fig. 4.1. Likewise, there will be inclinometers installed in the slope to monitor deformations and
slope movement. The powerhouse slope is instrumented with two piezometers installed as
shown in Fig. 4.2. Further piezometer and inclinometer installations are planned. The recorded

GWT for both case studies are presented later sections in this Chapter.

4.3 Drainage systems

Both surface and sub-surface drainage systems have been constructed in the dam site LB slope.
Accordingly, 15-25 m long perforated horizontal drainage pipes have been installed. In
addition, surface run-off has been channelled along the berms that have been constructed at
every 7 m height on the slope (refer Fig. 4.1). Moreover, vegetation has been planted on the
slope to minimise surface erosion and reduce percolation during the monsoon period. As a

result, a certain level of suction can be expected above the GWT.

Similarly, the permanent slopes in the powerhouse area will have the same provision as in the
dam site LB slope. However, more seepage water was seen from the powerhouse slopes above

the switchyard area and additional drainage pipes were being installed during the first visit.

4.4 Soil sampling

Four disturbed soil samples, but representative to the case slopes were collected from the
locations marked in Fig. 4.1 (d1, d2) and Fig. 4.2 (p1, p2). As said above, the purpose of sampling
was to obtain samples for subsequent laboratory investigations. These investigations were
carried out to characterise the materials and determine relevant parameters for slope stability
analyses. The sampling locations and symbols are summarised in Table 4.1. The laboratory

investigations of the soil samples have been presented in Chapter 5.

Table 4.1 Sampling location and adopted symbols

Site Sample Location Sampling method
Dam site d1 Slope at El. 640 masl Disturbed (bag) samples were
LB slope d2 Slope at EL. 626 masl collected from natural soil

deposits about half a meter

Powerhouse pl Slope at EL. 561 masl below the existing ground

slope p2 Slope at El. 540 masl surface.
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4,5 Climatic conditions

The case study area with its tropical climate has strong monsoon rainfalls in the months of June,
July and August. According to the altitude, the temperature varies from place to place and
season to season. The dam site and powerhouse area is located between elevations 500 - 700
masl. The temperature can be experienced up to 40 °C in the summer, whereas it may drop
down to 5 °C in the winter. Similarly, spatial variations in rainfall can be experienced. The
eastern part of the country gets more rain compared to the western. The maximum annual
rainfall (>4000 mm) has been recorded at a place called Lumle near Pokhora, which is not far
from the MMHEP site. Table 4.2 shows average annual rainfall for both a 10-year period (1994-
03) and year 2003 recorded at the nearest three rainfall stations in Lamjung district (DHM 2004).

Table 4.2 Rainfall records in nearby three stations (DHM 2004)

Station name District Index No  Elevation (masl) 10 yr avg (mm) Yr 2003 (mm)

Kudi Bazar Lamjung 0802 823 3526 3849
Kunchha Lamjung 0807 855 2794 2620
Gharedhunga Lamjung 0823 1120 3204 3665

Fig. 4.3 Location of rain gauges around the MMHEP (DHM/N 2004)

The rainfalls stations located around the project site are shown in Fig. 4.3. The Marsyangdi River
valley is close to the Annapurna Himalaya range along the China boarder and thus, a lot of
rainfall occurs in the monsoon. The ten years average annual rainfall (3200 mm) indicates that
the project area will have a substantial amount of rain every year (data source: DHM/N 2004).

Out of this, nearly 70% rainfall occurs in the monsoon period. During this period, geohazards
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due to the landslides and floods are experienced all over the country. Fig. 4.4 shows the average
monthly rainfall variations with a peak of more than 1100 mm in the year 2003, whereas the 10
years average is slightly lower. This shows that not only the monthly rainfall variation is large,

but the yearly variation in the monsoon period may also be higher around the project area.
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Fig. 4.4 Average monthly rainfall distribution from nearby stations

4.6 Groundwater records

The groundwater records for the slopes were obtained from the piezometer installations. Fig.
4.5 shows the GWT in the dam site LB slope. The elevation shown refers to the ground elevation
where the piezometers are installed. The piezometer, DPZ3 has some missing records due to a
fault. Even higher GWT especially at the toe of the slope can be expected when the reservoir

level is increased to El. 626 masl during the power plant operational stage.
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Fig. 4.5 Groundwater variations on the dam site LB slope (Fichtner 2005)
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Fig. 4.6 Groundwater variations in powerhouse slope (Fichtner 2005)

Similarly, two piezometer readings from the powerhouse slope are shown in Fig. 4.6. The upper
piezometer has no recordings after March 2004 due to some technical problems of the
equipment. Compared to the dam site LB slope, there are very little fluctuations in GWT in this
slope. This indicates that there is a continuous source of groundwater in the slope. Groundwater

springs were also observed in the nearby areas during the site visit in June 2003.

The GWT, which has been included in the slope stability analyses, is summarised in Table 4.2.
Among the five piezometers at the dam site (see Fig. 4.1), four are functional (see Fig. 4.5) and
out of them, three (except DPZ5), are considered useful to define the GWT and pore pressure
variations for stability analyses. DPZ5 is located further upstream and is not relevant for the

considered slope profiles.

Table 4.3 Input parameters for the groundwater table (GWT) (Fichtner 2005)

Slope location Piezometer =~ Ground EI GWT (masl)
Reference (masl) Dry season Wet season
DPz1 647 623 628
Dam site LB DPz2 633 605 615
DPZ3 619 595 605
Powerhouse PPzZ1 561 553 555
PPZ6 533 524 527

The highest GWT represents the wet season conditions, whereas the lowest GWT indicates the

dry season, and defined accordingly in slope stability analyses in Chapter 6.
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4.7 Seismic study

Nepal lies in a seismically active zone where the seismic events are results of tectonic settings in
the Himalayas. The northward motion of the Indian plate underneath Tibet continues today at
an estimated rate of about 30 mm per year (Dixit et al. 1999). This induces wide spread
deformation, faulting and thrusting of rocks, giving rise to the mountains. Moreover, seismic
activity in the Himalayan range is particularly related to the faulting and thrusting caused by
the Main Central Thrust (MCT), the Main Boundary Thrust (MBT) and the Main Frontal Thrust
(MFT) (NSCN 1994).

Historical earthquakes of higher magnitude have occurred due to the faults and thrusts. Recent
studies indicate that devastating earthquakes are inevitable in the long-term (Dixit et al. 1999).
The project site-specific seismic hazard study has reported major earthquakes with magnitudes
between M 6.4 and M 8 occurred within 200 km distance (Nepal & Olsson 2001).

Seismic forces travel some distance from the origin before their effects can be seen on the
ground. Site-specific hazards depend on the intensity of ground shaking, the frequency of the
ground and the structure, duration of shaking and the magnitude of earthquakes. Moreover,
earthquakes are considered as random events and thus the associated ground response, i.e. peak
ground acceleration (PGA), is assumed to be lognormal distributed (SILT 2001). The level of
continuous ground shaking is usually in the order of 60% of PGA, but the seismic design
coefficients are suggested to scale down to 35% of PGA based on the risk analysis (ICOLD 1989).

According to the risk analysis, seismic design coefficients for the project were suggested for two
levels of earthquakes. One is operating basis earthquakes (OBE) and the other maximum design
earthquakes (MDE). Accordingly, horizontal seismic design coefficients (¢}, ) for bedrock were
recommended for two levels; as 0.16 for OBE and 0.25 for MDE conditions. Moreover, the
recommendation for OBE level was based on a return period of 200 years, whereas the MDE

level was based on a return period of 1000 years (SILT 2001).

Based on the site-specific seismic study, a value of «;, =0.15 was selected for pseudo-static slope

stability analyses (Fichtner 2000). However, for the spillway foundation design, a higher value of

the horizontal (¢; = 0.33) and vertical coefficients («, = 0.16) were recommended, based on the

MDE level and the local ground conditions (Nepal & Olsson 2001).

4.8 Previous test results

Extensive geotechnical investigations were carried out during the detailed feasibility study for
the project (Fichtner, NEA, NGI, SILIT 2000/2001). In the field investigations for the dam and
powerhouse sites, several boreholes were drilled and test pits were excavated for subsequent

laboratory investigations. The selected test results are summarised in the following sections.
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4.8.1 Index tests

Two tests from dam site LB area (DPT-8, DPT-11) and two tests from powerhouse area (PTP-2,
PTP-4b) were selected among many others. Their index properties are given in Table 4.4. These
samples carried more fines compared to the others, and hence could be representative to silty

sand similar to the soils found in the present study.

Table 4.4 Summary of previous index tests (Fichtner, NEA, NGI and SILT 2000/2001)

Moisture =~ Compaction test Perme- Grain Grain size distribution (%)
Test content Yamao)  (OMC) ability density . Sand  Gravel
" w(%) (kN/m)) w(%) k@m/s) ps(g/cm’) <75pm <2mm >2mm
DTP-8 13.0 20.1 10.4 2 107 - 31 49 20
DTP-11 9.0 20.7 8.5 8 10”7 - 26 33 41
PTP-2 10.0 18.1 12.8 7 107 - 19 39 42
PTP-4b 13.4 17.4 7.5 - 2.67 35 44 21

The test samples were collected from the excavated pits close to the ground surface. As a result,
other tests (not included here) showed coarser fractions, and accordingly the soils were
classified as either gravelly sand or sandy gravel (Fitchner 2001). Therefore, the index properties
given in Table 4.4 can be regarded as indicators to describe the non-homogeneous properties of
the soils. The permeability coefficients are similar to those obtained in the present tests (refer
Chapter 5).

4.8.2 Direct shear box and triaxial tests

4.8.2.1 Direct shear box tests

Table 4.5 shows the shear strength parameters obtained from the direct shear box tests. The
compaction details were not available. The strength parameters from direct shear box tests are

generally higher compared to the triaxial tests, which is discussed in the following section.

Table 4.5 Summary of direct shear tests (Fichtner and NEA 2001)

Test no. c (kPa) o () Testno.  c (kPa) o ()
DTP-8 20 40.5 PTP-2 0 41.7
DTP-11 20 40.5 PTP-4b 0 51.6

Fig. 4.7 also shows the results from direct shear box test on samples of the mudflow deposit
from the dam site LB slope (Nepal & Olsson 2001). The cohesion ranges from 12 to 14 kPa and

the friction angles from 32° to 42°, depending on the strain levels. The lower range parameter
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values are very close to the results obtained from drained triaxial tests in this study; see the
triaxial test results in Chapter 5. The direct box shear tests for alluvial materials (not presented
herein) showed even higher variations in the strength parameters. Exceptionally high variations
were found in the cohesion (0 to 50 kPa) and friction angles (27 to 46°) (Fichtner, 2001).
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200 4
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Fig. 4.7 Results from direct shear box test on “mudflow” material (Nepal & Olsson 2001)

4.8.2.2 Triaxial tests

Previous triaxial tests results with consolidation stresses are presented in Table 4.6. Two
samples, DTP9 from the dam site LB (“mudflow” deposits) and PTP4 from the powerhouse
(alluvial deposits), were tested in anisotropically consolidated (K’y= 0.43), undrained conditions
for disturbed samples (NGI 2001). In addition, the tests were conducted at low axial strain rates
(1- 1.5 %/hr) for larger size specimens (A = 40 cm’, h = 14 cm). Based on the grain size
distribution of PTP4 sample (34 % fines, 56 % sand and 10 % gravel), the material was

accordingly classified as silty sand, the same as the material investigated in Chapter 5.

Table 4.6 Previous triaxial test results (NGI 2001)

Test no. wi (%) y(&N/m’) o/ (kPa) o3 (kPa) B (%) c (kPa)  ¢'("

DTP9.1 10.7 22.8 467 198 97.2
DTP9.2 10.7 22.8 736 316 90.8 20 40
DTP9.3 10.9 22.8 939 404 95.2
PTP4.1 14.7 22.1 170 72 98.5
PTP4.2 16.0 22.0 290 122 98.5 4 34
PTP4.3 15.4 22.1 470 198 97.2
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The effective stress paths and the failure envelop for each test were drawn at € = 2 % strain by
NGI (2001). The summary plots were drawn from individual stress paths, and the test results for
DTP sample and PTP sample are given in Fig. 4.8. The strength parameters obtained from these
plots are given in Table 4.6.
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Fig. 4.8 Previous triaxial test results for “mudflow” and alluvial deposits (NGI 2001)

Based on the triaxial test results, the shear strength parameters were selected for previous slope
stability computations. Despite the saturated specimens (see Table 4.6), the high cohesion found
in the mudflow material was neglected assuming that this might have appeared due to the
suction presented in unsaturated condition (Fichtner 2001). The strength parameters from direct
shear box tests (not effective) and previous triaxial tests (effective) are compared in Table 4.7.

The selected strength parameters for the stability analyses are also given in Table 4.7.

Table 4.7 Strength parameters from previous tests (Fichtner 2001, Nepal & Olsson 2001)

Mudflow deposits (dam site) Alluvial deposits (powerhouse)

Parameters
y(kN/m’) ¢ (kPa) ¢ () y(N/m) ¢ (kPa) o ()
Direct shear box test 21.5 25 40 21.5 5 41
Triaxial test 23 20 40 22 4 34
Selected parameters 23 0 40 22 0 35

The strength parameters from the previous triaxial tests are on higher side for the mudflow

deposits than the present triaxial tests (refer Chapter 5). The present undrained triaxial tests
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show the cohesion in the range of 5-10 kPa and friction angle 30-33°. However, these parameters
are slightly higher (c = 10-14 kPa and ¢ = 32-34°) in drained triaxial tests at higher strain levels.

4.9 Previous stability evaluations

4.9.1 Soil stratification

In the previous stability analyses, the top soil layer at the dam site LB was assumed about 10-15
m deep (see Fig. 4.1). Moreover, the layer had originated from alluvial deposits of silty sand,
which contain sub-rounded to sub-angular pebbles of quartzite, gneiss and schist. The middle
layer was identified as “mudflow” deposits, which was assumed to extend to the bedrock or
stiffer soils. The mudflow had fractions of silty fine sand and gravel with calcareous cementation
(Fichtner 2000). In such materials, it was difficult to get undisturbed samples. Nevertheless, the
material seemed to be high cohesion, low porosity and low permeability from the visual

inspection (Brauns 2000).

Similarly, the powerhouse slope (see Fig. 4.2) was found to consist of alluvial deposits about 15
m thick, reaching up to El. 554 masl. Below, grey-coloured glaciofluvial deposits of 25 m thick
was assumed up to the El. 530 masl, where about 10 m thick sand layer was found. This layer
was followed by the bedrock at approximately El. 520 masl. The slope area in general was found
to consist of fine to medium-grained sand and silt with the presence of boulders, cobbles and

pebbles with few clayey pockets (Fichtner 2000).
4.9.2 Groundwater conditions

In the dam site LB slope, the GWT was considered at the maximum daily poundage level (EL
626 masl) for the previous stability analyses. However, more details of the pore pressure
distributions used in the previous analyses were not found. It has been found from the present
analyses (refer Chapter 6) that the assumptions of porepressure distributions, for example
horizontal GWT and hydrostatic distributions or inclined GWT and phreatic level correction or
seepage analysis, have large variations in both location of CSS and FOS. Similarly, the GWT,
which was found 8 m below the ground surface at the crest and 3 m below at the toe, was used
to analyses the powerhouse slope (Fichtner, 2001). The present recordings of GWT have been
found couple of meters higher than the previous GWT assumptions, referring to the standpipes
readings (DPZ1 and PPZ1, see Table 4.3).

4.9.3 Shear strength parameters

The selected shear strength parameters given in Table 4.7 were used in the stability analyses.
The parameters for both mudflow and alluvial deposits were considered for the dam site LB
slope stability analyses. However, the powerhouse slope was assumed to consist of a single soil

layer and analysed using the strength parameters applicable to alluvial deposits. The reason for
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this simplification was the erratic distribution of silt and sand with some minor gravel and
clayey pockets between the upper and lower terraces (Fichner 2001). This assumption proved to
be representative, since the shear strength results for the samples pl and p2, obtained from the

present study, turned out to be the same (see Table 5.6 in Chapter 5).
4.9.4 Stability analyses and results

Previous static stability analyses were performed with three different computer programs:
SLIDE, XSTABL and STABLE. Similarly, dynamic analysis was carried out in PLAXIS (Fichtner,
NGI 2001). Bishop’s simplified method and Mohr-Coulomb failure criterion for the shear
strength were considered in the analyses. In addition, both deep and shallow circular CSS were
analysed and accordingly, the minimum FOS was limited to 1.5 and 1.25, respectively.
Similarly, the FOS of 1.05 was regarded as the absolute minimum for the pseudo-static analysis
(Fichtner 2001).

Since the CSS is not circular in the frictional soils, the stability of the slopes was also evaluated
by hand-calculation methods. Accordingly, an infinite slope was assumed and the following

relationships were used in the computations (Abramson et al. 2002, Fichtner 2001).

Without any external forces, i.e. self weight (static):

F_tan¢

= 4.1
tan g (1)
e With earthquake in addition to self weight (pseudo-static analysis):
F=tan¢ (1-aptanf-«,) 42)
tang (1+apcotf-a,)
e Seepage parallel to the slope inclination:
__ 7' tang' _ tang' (4.3)
(r'+yy)tanp  2tanp '
e Seepage in horizontal direction:
l_ 2 ) '
FZ(;/ 7w tan® B) tang < tang (4.4)

(r'+7y) tanp 2tanp

where,

¢’ = effective friction angle,

B = slope inclination angle,

on / oy = seismic coefficients in horizontal/vertical directions,

Y' =7 - yw = submerged or effective unit weight of soils, and
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Yw = unit weight of water.

The Egs. (4.3) and (4.4) show that the stability of a slope in cohesionless soils is significantly
reduced due to the presence of groundwater. However, the effect of pore pressure in the
mudflow deposits will be negligible since deep-seated failures are not expected (Fichtner 2001).
In addition, the failure surface above the GWT in the moist zone will involve apparent cohesion
or suction due to pore water-air pressure, which increases the safety of the slope. However, this
situation may not exit during the monsoon period, when the top few meters is saturated due to

the rainwater. The results from previous stability analyses are presented in Table 4.8.

Table 4.8 Summary of previous stability analyses (Fichtner 2001)

Slope Loads cases SLIDE Hand-calculation =~ Recommended
software methods minimum FOS
Static, local 1.33 1.22 1.25
Dam site LB .
Static, global 1.63 1.59 1.50
slope
Pseudo-static 1.17 1.14 1.05
Powerhouse Static, local 1.36 1.33 1.25
slope Static, global 1.53 1.61 1.50
Pseudo-static 1.08 1.12 1.05

The FOS obtained from hand-calculations was regarded as indicative value. The friction angle
(40°) for the mudflow materials was used for the dam site LB slope, whereas the powerhouse
slope was analysed assuming alluvial soil conditions, which has lower friction angle (35"). The
analyses carried out by the proper use of soil layers, as explained in Section 4.9.1, and properties
in SLIDE was also found similar to the hand-calculations, and hence, both the slopes at dam site

LB and powerhouse were designed accordingly (Fichtner 2001).
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Chapter 5

Laboratory Investigations

5.1 Soil phase diagram

Natural soils consist of three phases; solids, liquids and gas. A mixture of these phases has been
shown in Fig. 5.1 by a schematic phase diagram, which shows a complex soil skeleton. Basic soil
properties are important parameters not only to classify and identify the soils, but also to
understand the soil behaviour. Moreover, the diagram is convenient for derivation of important

phase relationships since the weight and volume of each phase cannot be directly measured.

Volume Weight Volume Weight
Ny Ny T 0 1 Ny
- Va, Gas ‘W, =0
v o T
VW Liquid W
V v 1 : % W
1 1 o

a) Natural soils b) Phase diagram

Fig. 5.1 Schematic phase diagram for natural soils

V = total volume, V, = air volume, V,, = water volume, V; = solid volume, W = total weight,
W, = air weight, W,, = water weight, and W, = solid weight.

The relevant phase relationships are defined and presented under the corresponding in situ
testing and laboratory investigations carried out for the case studies.
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5.2 In situ testing

A few index tests were conducted by the author at the field laboratory. The purpose of
conducting such tests was to identify the in situ index properties of soil samples and compare
them with built-in specimens used for the permeability and triaxial tests. Moreover, the built-in
specimens were based on the Standard Proctor test. Thus, the in situ index test results were

directly compared with the results from those obtained in this test.
e Density test

A simple water-volume test was conducted to find indicative values of the in situ density of the
soils. Accordingly, the loose soils on the ground surface were removed first, and the soil samples
were collected from approximately 10 cm depth in a 10 cm diameter hole. Similarly, the volume
of the hole was determined by filling water in a thin plastic bag. Thus, the bulk density of the
soils (p) was determined by Eq. (5.1):

total mass of sample m
e f sample _ m (5.1)
total volume of sampe V

e Moisture content

The in situ moisture content was determined by drying the sample for 24 hours, and the mass of

water was thereafter determined. Thus, the moisture content (w) was computed by Eq. (5.2):

,p— mass of wat'er = M 100% (5.2)
mass of solids — mj

e Dry density

The in situ dry density (ps) was obtained based on the in situ bulk density and the moisture
content by Eq. (5.3):
dry mass of sample my P

- ——s __ 7 5.3
&« total volume of sample V  1+w ©-3)

e Porosity
The in situ porosity was computed from density of soil grains (ps) and the maximum in situ dry

density by Eq. (5.4):

n=1--*=
Ps

(5.4)

e Unit weight

The in situ unit weights of soils; both bulk (y) and dry (ys), were computed as the product of

respective density and the acceleration of gravity (g).
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e Summary of test results

The in situ test results of the investigated four samples are presented in Table 5.1. These results
are compared with the index test results obtained from the Standard Proctor test, which is

presented later in this Chapter.

Table 5.1 Index test results from in situ measurements

Sample w (%) n (%) y (kN/m®)  y,; (KN/m’) S, (%)
d1 9.5 255 22.0 20.0 76.0
d2 6.1 24.8 215 20.2 50.7
pl 6.0 32.7 19.2 18.1 33.7
p2 8.7 27.3 21.9 20.1 65.3

The in situ test results are found moderately lower than the Proctor test values. This indicates
that the in situ soil is consolidated close to the Standard Proctor test at optimum moisture

content level. Moreover, all the soil samples were found partially saturated in the dry season.

5.3 Laboratory testing

Four test samples (refer Table 4.1, Chapter 4) were investigated by the author at NTNU,
Geotechnical Division. The main purpose of the investigations was to determine the relevant

material parameters required for slope stability evaluations.

5.3.1 Index tests

The following index tests were carried out to identify and define the material characteristics.

Moreover, the purpose was also to classify the soils based on their grain size distributions.

5.3.1.1 Grain size analysis

Since, all four soil samples obtained at the case study slopes contained both finer (d <75um) and
coarser (d > 0.75um) soil grains, both sieving and hydrometer analyses were carried out on the
samples. The hydrometer analysis was imperative because the content of finer grains exceeded
5 % of the total soil sample (Kezdi 1980).

e Sieve analysis

According to the laboratory procedure, about 600g oven dried material was sieved through the
standard sieve sizes (8 mm, 4 mm, 2 mm, 1 mm, 500 pum, 250 um, 125 pm and 75 pum). Washing
for wet sieving was carried out by using distilled water. The dry mass of the grains from
individual sieving was used to find the percent passing and accordingly percent retained from

the sieve size.
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e Hydrometer analysis

A calibrated (ASTM 152H) hydrometer was used to analyse the finer grains (d <75 um) in the
laboratory. According to the procedures, a dry soil sample was soaked in distilled water for 24
hours and mixed properly in a stirrer with a dispersive agent added to avoid flocculation of the
grains. Then the suspension was poured into a 1 litre cylinder, and mixed before the soil grains
were allowed to sediment in the suspension. The cylinder was placed in a constant temperature
water bath during this procedure. Finally, the grain diameter was computed referring to the

calibrated curves. The hydrometer analysis procedure is given in Appendix A.
e Results of grain size analyses

The results from both analyses were combined for all four samples as shown in Fig. 5.2. The
given distribution however does not include the larger gravels and boulders present in the
natural sample. These fractions were taken out from the samples at the time of transportation.

However, these fractions only contributed a few percent of the total mass of the sample.
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Fig. 5.2 Grain size distribution curves

e Soil classification

The grain size distribution curves show that the soil samples consist of all fractions ranging from
medium gravel to clay. The clay content is found between 3 % and 8 % in all soil samples.
However, the content of finer grains (<75 um) are more up to 40 % in d1 and 20 % in pl.
Moreover, the sand fraction, which dominates the distribution, contributes nearly 50 % of the
total grains. The gravel content is the maximum in pl (27 %) and the minimum in d1 (17 %).
Similarly, the grading number (Cu = dgo/d ;o) varies from 40 to 75 for the soil samples. Based on
these parameters, all soil samples are classified as well-graded gravely, silty sand according to
the Unified Soil Classification System (ASTM D2487-90 1992).
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5.3.1.2 Grain density test

The density of the soil grains was determined by means of a calibrated pycnometer. The test was
carried out according to the standard laboratory procedures in NTNU (NS 8012 1982). The grain

density of soil sample (ps) was then computed as the ratio of mass and the volume of solids as:

_ mass of soil solids mg my

= 5.5
volume of solids Vs (Mg, +ms =)/ py 52)

where,

m; = dry mass of the soil sample used in the pycnometer,

myy, = mass of filled-up pycnometer by distilled water,

m,; = mass of the pycnometer with test sample and distilled water, and

pw = density of water.

5.3.1.3 Porosity limits

The purpose of investigating the porosity limits of the soil samples was to define the relative
porosity of the built-in specimens for subsequent permeability and triaxial tests. The minimum
and maximum porosities were determined in the laboratory by the Standard Proctor compaction
tests and dry filling respectively. However, the minimum porosity was also attempted to
investigate by submerged vibration procedure, which was found unsuitable for the well-graded

soil samples with large fines content. The porosity (n) was obtained by:

- Volume of voids _V, _ e (5.6)
Total volume Vo e+l

Since the porosity and void ratio are related parameters, only the porosity determination is
explained here. However, the procedure for laboratory investigations is the same for both

parameters (Sandven 2003).
e Minimum porosity

The attempt made to determine the minimum porosity (nmn) by a wet vibration method was not
suitable for the well-graded silty sand samples with fines of 20-40 %. Due to the fines, the water
mixed with the soil samples was not able to drain out after the vibrations, which resulted in less
compaction. However, knowing to the maximum dry density (pq(mavw) from the Standard Proctor

tests and the density of soil grains (ps) the minimum porosity limit was determined as:

_ Pd(max)
Ps

Mmin = 1 (5.7)
Nevertheless, for verification purposes, the wet vibration method was carried out for the d2
sample according to the utilised laboratory procedure. As a result, the minimum porosity of

39.1% was obtained. This value was found much higher than the minimum porosity of 23.4%
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obtained from the Standard Proctor test. Therefore, the values from the Standard Proctor test
were considered representative to the minimum porosity, which was found close to the in situ

minimum porosity of the tested soils (see Table 5.2).
e Maximum porosity

As said above, the maximum porosity (nma) was determined by dry filling method.
Accordingly, dry grains of the soil were dropped gently through a funnel, avoiding free fall of
the grains. The cylinder was completely filled and the dry soil mass (M) was obtained. Thus, the
volume of voids (Vy = V- Vi) was computed from the known volume (V) of the cylinder and the

computed volume of dry soil (Vs = My/ps). Thus, the nyay for the materials was calculated as:

Mmax = %100% (5.8)

5.3.1.4 Relative porosity

The relative porosity (Pr) was used to relate the porosity values of the built-in specimens to the
obtained porosity limits. Instead of the relative density (D;), mostly used for sands, the relative

porosity was considered. The relative porosity was computed by:

p, = —ZMmin__ xq009, (5.9)
Nmax ~"min
The relative density is accordingly given by:

D, = —max~¢ xqgg9, (5.10)

€max ~ min

The built-in specimens for permeability and triaxial tests are classified according to the relative

porosity. The classification of specimens based on the relative porosity is given in Appendix C.

5.3.1.5 Results of index tests

The index parameters obtained from the in situ and laboratory tests are summarised in Table 5.2

for the different soils. The in situ tests were carried out in during the second visit to the project.

Table 5.2 Soil index parameters

In situ test Standard Proctor test Grain Porosity

Sample w Vd n OMC Vd Amin S
(%) (KN/mY) (%) | (%) KN/m) (%) (%) | (glemd) | (%) (%)

density py | 7yax P,

r

d1 9.5 20.0 25.5 8.5 20.6 234 762 2.74 49.2 8.1
d2 6.1 20.2 24.8 8.5 20.6 234 762 2.74 47.6 5.8
pl 6.0 18.1 32.7 | 125 18.6 304 781 2.73 55.4 9.2

p2 8.7 20.1 27.3 7.5 21.3 231 704 2.82 428 213
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The in situ index parameters were found quite close to the values obtained from the Standard
Proctor test, although the in situ density test was carried out by an approximation method. The

given P, values are based the in situ porosity, which indicates the dense soils in the field.
5.3.2 Mineralogical identification

Minerals influence the physical and chemical properties of soil grains, including the size and
shape. The purpose of the test was to identify the mineral contents present in the soil samples.
As a result, identification was conducted for three soil samples (d1, pl and p2) at NTNU, Rock
and Mineral Testing Laboratory, using an X-ray diffraction method. The method is based on
Bragg’s law (Perkins 1998):

nA = 2dsin@ (5.11)
where,

n =number of wave length (counts),

A =wave length,

d = distance between the refraction planes (A%, and

0 = diffraction angle.

According to Perkins (1998), the intensity of the strongest peak was assigned to 100% and
reference data sets were used to identify the presence of minerals. The tests were conducted by a
mineralogist in the presence of the author. The recorded data were interpreted to identify the
presence of various types of minerals. Fig. 5.3 shows the measured peaks as the relationship
between the counts (0-100 %) and angle 26 (0- 60°) for the p2 sample. The counts represent the

relative intensities compared to the strongest (reference) intensity.

Fig. 5.3 Relative intensity, counts (%) and angle (2¢) for sample p2
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For the test, powdered samples were prepared by hand grinding and were placed inside the

diffraction apparatus, which measured the peak intensities and diffraction angles (20).

5.3.2.1 Test results

The minerals identified for three soil samples are presented in Table 5.3. Calcite, potassium-
feldspar and plagioclase were found in dominant presence in the slope materials. Other

minerals, for example quartz and mica were seen to a very small extent.

Table 5.3 Mineral compositions in %

Sample Calcite Plagioclase K-feldspar Quartz Mica
d1 26 1 40 12 3
pl 2 56 28 12 1
p2 81 0 15 2 1

The dominating presence of calcite (CaCO;) was found in the p2 sample, which was collected
from the glacial deposit in the area of the powerhouse slope. The calcite must originate from
various sources, for example limestone, chalk, dolostone and marble (Wenk & Bulakh 2003,
Mitchell 1993). According to Hurlbut and Sharp (1998), calcite is found in nature more than any
other mineral. It absorbs water and transmits faster than other minerals. Despite the similar

grains and index properties, p2 sample was found more permeable than others (see Fig. 5.5).

5.3.2.2 Some properties of calcite

Calcite disintegrates and produces calcium hydroxide and carbon dioxide when it is exposed to
rainwater. Moreover, the rainwater is also a part of acid water, which is very active in chemical

reactions (Skinner & Porter 2000) as:
CaCO;s + H,O0 => Ca(OH), + CO, 5.12)
(calcite) (water) (calcium hydroxide) (carbon dioxide)

Rainwater and carbon dioxide again produce carbonic acid (H,COs) which further reacts with

calcite and dissolution process of calcite continues as:

H,0 + CO, =>  H,CO; (5.13)
(carbon dioxide) (carbonic acid)

CaCoO; + H,CO; = Ca” + 2(HCO;) (5.14)

(calcite) (carbonic acid) (calcium ion) (bicarbonate ion)

The above chemical reactions show that the dissolution of calcite mineral is proactive in the
presence of water. Moreover, the soils containing calcite are susceptible to erosion. In the

dissolution process, formation of piping, caverns, sinkholes and other features are consequently
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developed as the major engineering challenges (Goodman 1993). Therefore, a calcite-dominated

area should be protected against infiltration of water and any other forms of acid solutions.

The rest of the identified minerals (see Table 5.3) pose no significant problem in stability of

slopes, and hence their properties are excluded from further discussions.

5.3.3 Compaction and permeability tests

5.3.3.1 Standard Proctor test

The Standard Proctor test was carried out to determine the maximum dry density, optimum
moisture content (OMC) and minimum porosity of the materials. Since all soil samples were less
than 4.0 kg, only grains passing the 8 mm sieve were used in one litre cylinder test according to
the standard (Statens Vegvesen 1997). The bulk density (p) of the soil samples was computed
from the known volume of the Proctor cylinder and the following relationship was used to

compute the dry density (pa):

_ P
Py = 1+ w) (5.15)

Fig. 5.4 shows the test results plotted as the dry density versus the moisture content. The OMC
refers to maximum dry density obtained at the peak of the smoothed curve. Two saturation lines
(5: = 80%): One for the d1, d2 and p1 samples (lower line) and another for the p2 sample (upper
line) are also plotted in Fig. 5.4.
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Fig. 5.4 Dry density and moisture content of samples

The saturation line depends on the grain density (ps) and degree of saturation (S;) as:

oy, :pw—GS (5.16)
1+w(Gg/S,)

where,
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Go=t5 5= YO auge =Psq (5.17)
Pw € Pd

The maximum dry density (Yamax), OMC and the n, from the Standard Proctor test were taken
as the recommended values for built-in permeability and triaxial test specimens in the
laboratory. The results from the Standard Proctor test were selected because of the similar index

properties found in the site laboratory tests (see Table 5.2) and consolidated soils.

5.3.3.2 Permeability test

Permeability tests were carried out based on the laboratory procedure established by NTNU,
Geotechnical Division for fine-grained materials (Sandven & Svaan 1993). The purpose of the
test was to determine the permeability coefficient as an input parameter in PLAXIS simulations
for groundwater flow and subsequent slope stability analyses. The following relationship, based
on Darcy’s law and continuity equation, was used to find the permeability coefficient (k) as:

e

= 5.18
Ath (18)

where,

Q = water volume (cm?),

I = sample length (cm),

A = cross sectional area of the sample (cm®),

t = time required for specific water flow (s), and
h = difference in potential head (cm).

An air pressure controlled apparatus was used to conduct the permeability tests. Details of the
test procedures and test apparatus are given in Appendix A, Section A.2. Both the coefficient of
permeability versus the relative porosity, and the corresponding dry density of the tested
specimens, are presented in Fig. 5.5.
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Fig. 5.5 Coefficient of permeability for tested specimens

64 Chapter 5 Laboratory investigations



The test samples were built-in in a controlled way in the laboratory to assure homogeneous
conditions for the specimen. An under-compaction method, which is described in Appendix B,
was adopted for the purpose. The index parameters of the built-in specimens are given in

Appendix C.

The coefficient of permeability of the three samples was showing a gentle variation for an
increased relative porosity. However, the permeability in general may be affected also by other
parameters. As Sandven (2003) states, “The permeability coefficient mainly depends on the size
and shape of the soil grains and the degree of compaction, i.e. density of the soil”. Moreover,

this study shows that the permeability may also be affected by the presence of calcite mineral.

The p2 soil sample with 81% calcite mineral (see Table 5.3) was found much more permeable
than other soil samples, despite a similar relative porosity (P;) and higher dry density (ps). No
significant variation in finer grains (see Fig. 5.2) was found in the soil. Repeated results were
found in a verification study, performing additional permeability test on this particular material.
Moreover, plastic flow behaviour was observed around a moisture content of 15 % for this

material.

5.3.3.3 Compression test

The compression properties of the soils were investigated by the oedometer test. The purpose of
the test was to observe the stress-strain properties of the silty sand and determine the oedometer
modulus (E,.q) as an input to the FE analyses (PLAXIS). However, this is a useful parameter for
settlement calculations. The oedometer test is based on one-dimensional consolidation theory,
and is the most common way to determine the stiffness of soils in the laboratory (Janbu 1963,
Sandven 1992). The testing apparatus has been presented in Appendix A, Fig. A.2. The test
samples were built-in in the laboratory and assured to have homogeneous density throughout
the specimen. The dimensions of the specimen were 3 cm height and 50 cm? cross sectional area.

The detailed specimen built-in procedures are given in Appendix B.
e Test procedure

The built-in specimens were tested in a floating-ring oedometer with an incremental loading
procedure. An incrementally increased vertical stress, starting at 78 kPa and ending at 706 kPa
was applied and deformation with time was recorded. After completing the test, the
eigendeformations of the system (filter, top cap, etc) was measured for the same equipment
components and loading steps as applied for the soil test. Test data were recorded automatically

and the test records used to deduce the deformation parameters of the soil.
e Testresults

The recorded soil deformation data were analysed for oedometer modulus, and the test results
for p2 and d2 materials are given in Fig. 5.6. Both materials were tested at two different build-in

porosities.

Slope stability evaluations by LE and FE methods 65



30 T T T T T 30 T T T T
—¥—p2.2 Pr=254%| | ‘ —%—d2.2_Pr=29.4%
|
25 1 —e—P2.1 _Pr=406% " _A & - 254 _e—d21 Pr=492% " """~~~
|
| |
204 4 = -
D(_U y= 26 % :
S5 A = |
o | 9
2 ! ) 8
W o - 1 \ ‘ ‘ w
T R R
5 . 1 1 1 | iE,q=moy+b
i i i i ........................... :
| | | | |
0 T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
ov (kPa) ov (kPa)

Fig. 5.6 Oedometer modulus for p2 and d2 materials

From the best-fit line, a relationship between the oedometer modulus (E.q) and the modulus
number (m) was established as a function of the vertical stress (c,). The modulus number was
found higher than 20 (see Fig. 5.6). This represents similar property as stiff clayey soils (Janbu
1963, Sandven 2002). The E..q depends on parameters like vertical stress, porosity and degree of
saturation or moisture content (Emdal 1994, Janbu 1970, 1963). The relative porosity for each
test has also been indicated in Fig. 5.6 and the specimens were built-in at the respective OMC

level. The materials p1 and d1 showed almost identical results as obtained for the d2 material.

The E,q obtained from these tests can be considered as a guideline for selection of input
parameters for the PLAXIS calculations. Compared to the triaxial modulus (Esg), the E.q was
found to be low. For example, the E.q at o, =100 kPa was found to be 13 MPa for the p2.2
specimen (P, =25.4 % in Fig. 5.6). However, for the p2.4 specimen in triaxial test, the value of Es,
was obtained around 30 MPa, which could be found in the oedometer test at 5, =700 kPa (see
Fig. 5.6). Similar differences were also obtained for d2.2 specimen. The reason of almost double
difference can be explained partly due to the differences in relative porosities (see Table 5.2) and
moisture contents (refer Appendix C, Tables C.5 and C.7) and the completely different loading
stress pattern. Therefore, the latter (Eso) was selected in PLAXIS simulations, considering the

stiffer soils due to over consolidation and low relative porosity as in natural conditions.

5.3.4 Triaxial tests

The main purpose of conducting triaxial tests was to investigate shear strength parameters for
the stability analyses. In the triaxial test, the natural effective stress conditions can be simulated
to obtain relevant strength characteristics of the soil. The triaxial test specimen is surrounded by
a waterproof membrane inside a pressurised chamber, which enables pore pressure inside the
sample to be measured during the test. Moreover, a specimen can be consolidated for an

anisotropic stress (o, > 6,>03), or in an isotropic stress (o) = 6, = 03) conditions (Coduto 1999).

66 Chapter 5 Laboratory investigations



Total 24 specimens were investigated both consolidated undrained (CU) and consolidated
drained (CD) conditions. These abbreviated terms are referred by U and D in the later
expressions. Table 5.4 shows the conducted tests in this study. Three tests of one type of soil
were conducted at three different stress levels to define precisely the Mohr-Coulomb failure

envelope.

Table 5.4 Summary of conducted triaxial tests

Sample pl p2 dl d2

Test types U D U D U D U D
pl.1 pl.4 p2.1 p2.4 d1.1 dl.4 d2.1 d2.4

Symbols pl.2 pl.5 p2.2 p2.5 d1.2 d1.5 d2.2 d2.5

pl.3 pl.6 p2.3 p2.6 d1.3 d1.6 d2.3 d2.6

The aim of carrying out both U and D tests was to investigate the difference in shear strength
parameters, and use them accordingly for various situations in the stability analyses. For
example, undrained conditions may be related to earthquakes events and the corresponding

undrained strength parameters are hence more relevant in the analyses.

The principle difference between U and D test was related to the mode of shearing and the pore
pressures developed. The dissipation of pore pressure during shearing was not allowed in U
tests, whereas drainage was permitted in D tests. Moreover, higher strain rate in U tests (2 %/hr)
and lower in D tests (0.5 %/hr) were applied. The slower strain rate in the D tests was selected to
allow sufficient time to dissipate pore water from the specimen during shearing. The applied
strain rates were checked according to the relationship stated by Kezdi (1980) and found in the
recommended limit. The test procedures are otherwise the same for both tests. The built-in
procedure of specimens, which is described in Appendix B, Section B.1 aimed at obtaining the
targeted and consistent porosity. The obtained index parameters at three stages (building,

consolidation and failure) of the specimens have been given in Tables C.4 - C.7 in Appendix C.

5.3.4.1 Triaxial test equipment

The triaxial test equipment used in this study is shown in Fig. 5.7. In this equipment, both
isotropically and anisotropically consolidated U and D tests can be performed in static
condition, where the test procedures can be controlled directly by a closed-loop computer
program. Axial displacement, load cell and pressure transducers are used to record the test
results. The pore pressure is recorded at bottom of the specimen. The load cell, which is

attached to the load frame, records the vertical applied force (P) on the specimen.

Slope stability evaluations by LE and FE methods 67



Components of equipment:

1: Triaxial cel],

2: PC for data logging and test

control,
3: Load frame controller,
4: Cell pressure supply,

5: Cell pressure and back

pressure control units,

6: Burette for saturation and

volume change measurements

7: Axial displacement, and

8: Load frame with load cell. Fig. 5.7 Components of the utilised triaxial equipment

5.3.4.2 Test procedures

The testing procedure involves three main operations: Saturation, consolidation and shearing.

The installation and saturation procedures are explained in details in Appendix A, Section A .4.
e Saturation control

The saturation of the specimen was carried out in two steps by using back-pressures up to 800
kPa. A further increase in back pressure was not possible due to the limiting capacity (1 MPa) of
the equipment. However, the saturation condition was checked by conducting B-test based on

the change in pore and cell pressures as:

p= Al _ Ul (5.19)
Ao, 0,—0y

where,
Au = u —u, =change in pore pressure, and
Ac. = 6. — Oy = change in cell pressure.

The B-value depends on the porosity of the soil, the compressibility of the pore water and soil
structure (Bishop & Henkel 1962, Head 1985), as is given by:

B Z;C (5.20)
(1+n-—1)
C

S
where, n = porosity of soil, and

Cy , Cs = compressibility of porewater and soil structures respectively.
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Chaney and Mulilis (1978) states: “The B-value will be close to unity for smaller values of C,
than C; and less porous soils. For stiff soils, lower values could be obtained even in fully
saturated condition”. The recorded values during the tests with the applied back-pressure are
given in Appendix C, Tables C.4 - C.7. The obtained values range between 0.80 and 0.97. A
higher B-value was hard to achieve for the specimens of well-graded composition. In earlier
studies (not by the author), the use of CO, was tried without satisfactory results. The minimum
B-value for a classified saturated response should normally be 0.96, and a back-pressure as high
as 1500 kPa may be required for a specimen with 70% initial degree of saturation (Head 1989).
The degree of saturation at built-in of specimens ranges from 50 - 80% as given in Appendix C,
Tables C.4-C.7.

¢ Consolidation and shearing

The procedures used for consolidation and shearing of specimens are elaborated in Appendix A,
Section A.4. The failure pattern of undrained and drained shearing for p2 specimen has been
compared in Fig. 5.8. The failure in undrained shearing was found very brittle (see also Fig.
5.13). Moreover, significant strain softening at low axial strain level (<1%) was also observed

beyond the peak strength compared to the specimens from the other soils.

Undrained shearing Drained shearing

- . i -
Fig. 5.8 Shape of the specimen after shearing in U and D tests

A strain control approach was used to shear the specimens. As mentioned before, two different
strain rates were used in the U and D tests. The specimens were sheared at three different
consolidation stress levels (100, 150 and 200 kPa) to define precisely the Mohr-Coulomb failure

envelope over a larger, relevant stress range for determination of the shear strength parameters.
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5.3.4.3 Axial and radial stresses

The automatically recorded data were analysed separately for axial and radial effective stresses.
The computations have been given as an example in Appendix C, Table C.8. The effective axial

stress (o,") and the radial stress (c,) were computed using the following relationship:

o, =—+0.—-u, and o,=0,—1, (5.21)
Ay
where,

P = vertical load recorded by load transducer,
Ag4 = corrected specimen area for drained test and A, for undrained test,
o. = applied cell pressure measured by pressure transducer, and

up = applied back pressure measured by pressure transducer.

In order to compute actual stresses applied in the specimen, the initial reading of the vertical
load (P) was first set to zero at the start of shearing. However, a small effective stress (<5 kPa),
which was computed considering the weight above the middle of the specimen, was not
recorded by the load cell. In fact, this unrecorded stress should have been added to the initial
readings. However, a little friction in the piston cannot be ignored even after its lubrication, and

thus the unrecorded small stress was neglected assuming that the friction can compensate it.

Moreover, the specimen area changes due to volume change during consolidation, and due to
compression during shearing. Thus, the original (built-in) area was corrected manually for both
the change in cross sectional area and the constraining effect of the rubber membrane. The
correction procedures are presented in Appendix D. In this way, the corrected axial and radial

stresses acting on the specimen were used to determine the shear strength parameters.

5.3.4.4 Shear strength parameters
The effective shear strength parameters (c’, ¢’) are determined from the p’ - q relationship.
However, these parameters can also be determined either by 63" - 1 (NTNU) or 6.,/ - T (NGI,

MIT) plot. The relationships of the symbols p’, ¢ and c,,” are given in Appendix D, Section D.3.

The latter plot was used in the previous triaxial tests given in Chapter 4, Section 4.8.2.2. The
Mohr-Coulomb failure envelope in the plots is defined by a tangent line drawn at three extreme
deviatoric or shear stress levels. The p’- q and o3" - © plots are illustrated in Fig. 5.9 and the

related expression for the slope is given in Table 5.5.
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5.3.4.5 Triaxial test results

The triaxial test results are presented together with p” — q and ¢, — q diagrams. Similarly, the

results from both U and D tests for one sample are plotted in the same diagram. The shear

strength parameters are found from the first diagram, where the stress paths are also shown.

The second diagram in the same figure is used to compare the axial strains developed during the

tests. To exemplify, the diagrams for the d1 sample are given in Fig. 5.10.
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Fig. 5.10 Triaxial tests results for the d1 soil sample (p’ — q and ¢, — q diagrams)
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Similar diagrams for the d2 samples are given in Fig. 5.11. The shear strength parameters in the
U test are found slightly lower than in the D tests. Similarly, marginal differences in strength
parameters were found in D tests for the d1 and d2 samples. The test results show that both
samples have contractive behaviour. However, these soils can be expected to be

overconsolidated in the natural conditions, referring to Chapter 6, Section 6.1.1.
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Fig. 5.11 Triaxial tests results for the d2 soil sample (p” — q and ¢, — q diagrams)

Fig. 5.12 shows the effective stress paths and strength parameters for the soil sample p1 taken
from the powerhouse slope. This material originated from alluvial deposits. The previous

triaxial test results (NGI 2001) are also plotted in Fig. 5.12 and shown by the thinner lines.
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Fig. 5.12 Triaxial tests results for the p1 soil sample (p” — q and & — q diagrams)
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As seen from Fig. 5.12, the previous test results for the alluvially deposited soils show a good
agreement with the present test results. However, the previous tests on the mudflow (see Fig. 4.8

in Chapter 4) show higher strength parameters compared to the results for d1 and d2 samples.
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Fig. 5.13 Triaxial tests results for the p2 soil sample (p” — q and & — q diagrams)

Finally, Fig. 5.13 represents the soil from the lower terrace of the powerhouse slope. This soil
contains 81% calcite and shows different behaviour compared to the rest of the samples. The
observed failure pattern was not only found brittle, but also the material showed shear strength
unaffected by the increasing mean stress (p’) in U tests (see Fig. 5.13). Unlike the other materials,
strain-softening behaviour at low strain levels (<1%) was found in U tests (see also Fig. 5.8). This

indicates that the dominating presence of calcite has significant influence on the soil properties.

5.3.4.6 Summary of triaxial test results

The shear strength parameters obtained from the triaxial tests are summarised in Table 5.6. The
¢’ and ¢’ are the curve fitting parameters and hence have found moderate variations in U and D

tests except for the p1 soil sample.

Table 5.6 Shear strength parameters from triaxial tests

Samples | Test o ¢ g Eso Test Ied ¢’ Es ef
(kPa) () (%) (MPa) (kPa) () (MPa) (%)

d1 5.9 304 0.7-1.0 30 126 323 15 15
d2 6.0 31.0 06-1.0 30 13.5  34.0 15 15
pl v 102 320 3.0-45 25 b 10.5  33.1 15 15
p2 5.2 33.0 0.7-1.0 50 10.5  33.0 30 12
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The triaxial test results showed that the peak strength occurs at around 1-2% axial strain in the
U tests. However, in the D test, the peak strength occurs at much higher strains, more likely to
12-15%, where the M-line denoted by D has been drawn. In p2 soil sample, the failure was seen
brittle and the soil became more plastic around 15% moisture content. Moreover, a strain
softening behaviour was observed after 1% strain and the soil gradually looses the shear
strength around 5% strains in the U tests (see Fig. 5.13). However, the D tests showed somewhat
more stable behaviour, where the peak strength was retained with the increasing axial strain. As

given in Table 5.6, the stiffness modulus (Eso) was found higher in U tests compared to D tests.

5.4 Selection of strength parameters

The effective stress parameters (c’, ¢’) from U and D tests are not identical. The U test shows
slightly lower values than in the D test, particularly with respect to the cohesion. The strength in
the D tests has been taken at a higher axial strain level. However, if the maximum axial strain is
limited to 5% in the D tests, nearly the same strength parameters as in U tests can be traced. The
difference in applied strain rates in two different (U and D) tests does not explain the difference
in strength parameters for the investigated silty sand materials. According to Leroueil and Hight
(2003), the effect of strain rate is negligible for cohesionless materials. However, for natural
clays, the undrained shear strength decreases by 10% for decreasing strain rates by unit log

scale. The reason is that the pore pressure increases as the strain rate decreases in undrained test.

Head (1985) states, “the difference in the effective strength parameters is due to the two different
nature of the test”. He further explains, ‘the sample volume changes in the D test during
shearing, and if the material dilates at failure, it gives an increase in the measured strength as
the contribution of the dilatancy. The opposite applies to a soil which contracts at failure.
However, the two approaches can be treated as equal in many applications’. In this study, all
tested specimens except the pl sample (see Fig. 5.10 - 5.13) showed contacting behaviour, but
contrarily to the expression above, the D tests show slightly higher strength. At the same time, a
little dilating p1 sample (see Fig. 5.12) has almost the same parameters in both tests. Moreover,

the p2 sample has same friction angle in both tests, but a lower cohesion is found in the U test.

Considering several factors, the strength parameters investigated from the D tests were selected
for the stability evaluations. One of the reasons was the slightly higher relative porosity of the
built-in specimens. Since the recommended saturation levels of the densely compacted
specimens for well-graded silty sand were not possible to achieve, the specimens were built-in at
slightly higher porosity level than the in situ porosity (refer Appendix C, Tables C.4 — C.7). It
means, the built-in specimens were medium dense to dense, which may have resulted in the
conservative parameters. However, over the shearing in D tests, the porosity was found close to
the in situ level, which was considered as the basis for selection. Moreover, removal of several
metres of top soils from the slopes has resulted in over consolidation, which is later discussed in

Chapter 6. This was another reason for selecting the strength parameters from D test.
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Chapter 6

Stability Evaluations of Case Study

6.1 Description of case study project

The Middle Marsyangdi Hydroelectric Project (MMHEP) in Nepal, located on the middle reach
of the Marsyangdi River, was designed as a run-of-river plant with an upstream daily storage
for 1.6 million m’ of water. The project is under construction since 2001 and is expected to be
completed in 2007. The power plant with 76 MW installed capacity aims to generate an average
annual energy of 470 GWh (CES 2005). A concrete gravity dam with spillway facilities,
underground desilting caverns, a concrete lined tunnel and a semi-underground powerhouse
are some of the important structures in the project. The waterway facilities were designed for
120 m gross head and 80 m*/s water flow for the power production (Fichtner 2001, CES 2005).

There are high natural slopes in the projects, mainly at the dam site left bank and in the
powerhouse area. The previous analyses and design of the slopes were based on geotechnical

investigations carried out during the detailed design stage of the project (Fichtner 2001).

The dam site left bank slope and the powerhouse permanent slope were selected as case studies
for stability evaluations through parameter studies. These slopes were chosen not only due to
the importance of the project structures, but the availability of groundwater measurements and
other relevant parameters required for the academic research in the real cases. The collected
data for the case studies are given in Chapter 4. Similarly, results from laboratory investigations

conducted on four soil samples taken from the slopes, are presented in Chapter 5.

6.1.1 Dam site left bank slope

Fig. 6.1 shows the view of the dam site left bank slope, which was taken at the second visit in
2004. The designed, re-shaped and vegetated slope view from the first visit is shown in Chapter
4, indicating the locations of piezometers and pressure relief wells. In addition, surface and sub-

surface drainage systems, which were installed in the slope, are also described in Chapter 4.
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Fig. 6.1 View of the dam site LB slope (photo from November 2004)

The dotted line shown in Fig. 6.1 indicates the assumed boundary used for the slope modelling.
The upper soil layer (d1) originated from alluvial river deposits, whereas the lower soil layer
(d2) was formed from mudflow deposits as explained in Chapter 4. Based on the present
laboratory investigations, both soils in the slopes are classified as silty sand mixed with fractions

of gravel and boulders see Chapter 5, Section 5.3.1.1 for soil classification.

Beside the concrete dam, a rockfill dam has been planned at the base of the upper part of the
slope, as indicated in Fig. 6.1. The toe of the slope is hence not only supposed to carry the load
from the dam, but it should also function as a water retaining structure for daily impound.

These important functions can only be guaranteed if the slope remains in a stable condition.

Before the excavation works, the natural slope was steeper (35°) near the dam location than
further downstream (28°). The slope was excavated to a variable depth of about 15-25 m. The
existing slope can hence be assumed overconsolidated with a preconsolidation pressure of about
300-400 kPa. At present, the designed slope remains with 3 m wide intermediate berms at
intervals of 7 m height. The berm-to-berm inclination is 35° (1:1.45), whereas the overall slope is

flatter (28", 1:1.90). According to the design, the slope will remain 65 m high as shown in Fig. 6.1.

The existing slope has been found stable over the period since 2003. Inclinometers are planned
to be installed later to monitor the slope movements. The results from Limit equilibrium (LE)
and finite elements (FE) stability analyses herein indicate accordingly that the slope will remain
stable for normal design conditions. This conclusion is based on the investigated shear strength
parameters for built-in triaxial specimens (Aryal et al. 2005). The LE and FE stability analyses

and their results have been presented later in this Chapter.

76 Chapter 6 Stability evaluations of case study



6.1.2 Powerhouse slope

The powerhouse area is located on the right bank of the Marsyangdi River downstream of the
dam site. From this location, the river flow will be diverted through an approximately 6 km long
underground waterway, with tunnels and penstock pipes. The foundation of the powerhouse is
located at elevation 508 masl, which is about 7 m below the existing riverbed. Fig. 6.2 shows the

construction of the powerhouse in an excavated pit at the base of a 60 m high temporary slope.

Fig. 6.2 View of the powerhouse slope (photo from November 2004)

According to the previous analysis (Fichtner 2003), the indicated temporary slope will be
backfilled up to elevation (El.) 532 masl and re-graded at the end of the construction period. The
permanent slope will be flatter (1:2.30) with an overall inclination of 24°, which will be 7° flatter
than the original slope. Similar to the dam site slope, there will be 3 m wide berms at every 7 m
height, and the berm-to-berm inclination will be 28°. Moreover, the topography flattens at the El.

569 masl, which means that the permanent slope will remain 37 m high as indicated in Fig. 6.2.

For this slope also, two types of soil were investigated. Accordingly, the soil boundary was
assumed at El. 554 masl as shown in Fig. 6.2. The upper layer (p1) consists of alluvial deposits,
whereas the lower layer (p2) originates from glacial deposits. The bedrock, which is poor to fair
class phyllite, was identified around El 520 masl by exploratory drilling and excavations
(Fichtner 2003). Results from laboratory investigations of soil samples from p1l and p2 are given
in Chapter 5. The groundwater table (GWT) and the associate pore pressure distribution in the
slopes, representing wet and dry season conditions respectively, were recorded by standpipes

(piezometers). The piezometer locations and GWT recordings are given in Chapter 4.
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6.2 Slope stability evaluations

The case study slopes were evaluated by LE methods, the computer software SLOPE/W and
SLIDE, and finally the FE method using the software PLAXIS. The basic principles of the utilised

software and the review of the LE methods are described in Chapter 2.

The slope profiles indicated by the double arrows in Fig. 6.1 and 6.2 were considered for
stability evaluations. The aim of the study was not only to evaluate the stability conditions, but
also to evaluate the various combinations of loads and/or natural conditions that may influence
the stability in the future. Moreover, the study aims to compare the selected LE and FE methods
that are commonly used in practice. The study focuses on the effect of GWT variations in dry
and wet seasons and the pseudo-static load from earthquakes. First, the pore pressure based on

phreatic level and second, advanced groundwater seepage analyses were carried out.

6.2.1 Selected methods for analysis

The most vigorous LE methods, for example Janbu generalised (JG), Morgenstern-Price (M-P)
and general limit equilibrium (GLE) procedure were selected for analyses. In addition, Bishop’s
simplified (BS) and Janbu’s corrected (JC) methods were chosen due to their common use in
practice. The BS method was also used in the previous analyses, and thus it was possible to

compare the corresponding FOS obtained in the present study for similar conditions.

6.2.2 Selected input parameters

The shear strength parameters obtained from drained triaxial tests were selected as input for the
stability analyses. The reasons for the selections are discussed in Chapter 5, Section 5.4. The

selected input parameters used in the stability evaluations are summarised in Table 6.1.

Table 6.1 Input parameters for static analysis

Soil d o v E et v y Yd k
layers  (kPa) () ()  (MPa) () (NM) aaNm) ()
d1 126 323 5 15 0.25 22 21 2107
d2 135 340 5 15 0.25 22 21 1107
pl 105 331 10 15 0.25 21 20 410°
p2 10.5 33.0 0 30 0.25 23 22 8107
bedrock 5 40 0 100 0.15 23 23 110°

The given reference stiffness values at 100 kPa vertical stress (E’.s) were determined from the
stress-strain relationship of drained triaxial tests. As given in Table 6.1, a small dilatancy angle
(y), except for the p2 sample, was used in the PLAXIS simulations. Similarly, a realistic value for

the Poisson ratio (v) was assumed. The first five input parameters given in Table 6.1 were
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essential for the chosen Mohr-Coulomb model in the FE analyses. Likewise, the permeability
coefficient k was used for seepage analysis, for which the appropriate coefficient value for the

bedrock was estimated.

Nearly double stiffness values than given in Table 6.1 were obtained from the undrained triaxial
tests. Accordingly, different elastic parameters, as given in Table 6.2, were applied for dynamic
simulations in PLAXIS, expecting a stiffer response in the undrained conditions during the

earthquake shakings.

Table 6.2 Additional input parameters for dynamic analysis

Erer \% Gref Vp Vs a B
Soil layers
(MPa) ) (MPa) (m/s) (m/s) =) =)

di 30 0.15 13 122 78 0 0

d2 30 0.15 13 122 78 0 0

pl 30 0.15 13 125 80 0 0

p2 60 0.15 26 168 108 0 0
bedrock 200 0.10 91 295 197 0 0

A theoretical background of the dynamic analysis in PLAXIS is given in Chapter 2, Section
2.3.3.3, where the last five parameters, given in Table 6.2, are also defined. A lower value of the
Poisson’s ratio was assumed in undrained conditions. After entering the first two elastic
parameters in the input module of PLAXIS, the middle three parameters in Table 6.2 were
obtained automatically. These parameters are included here for reference purposes only. Apart
from the zero Rayleigh coefficients o and B, and the first two input parameters in Table 6.2, the

dynamic analysis utilises the rest of the input parameters from Table 6.1.

6.2.3 Simplified slope models

Both the dam site and the permanent powerhouse slopes were modelled with two soil layers
and bedrock or a stiffer layer at the base. The slope modelling was simplified based on the

investigated soil stratification and geometrical parameters explained in Sections 6.1.1 and 6.1.2.

6.2.3.1 Modelling of the dam site slope

The boundaries between different soils in the slope were defined with a simplified approach, as
said above. Accordingly, the entire slope was divided into three layers as shown in Fig. 6.3. The
top and middle layers in this simplification relate to the soil properties of d1 and d2 samples,

respectively. Similarly, the bottom layer was assumed a stiffer layer or the bedrock.

In addition, the GWT, as indicated by the dotted lines for dry and wet seasons, were located
from the standpipe (piezometer) recordings given in Chapter 4. It was assumed that a similar

phreatic surface appears in the chosen slope profile at the same elevation.
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Fig. 6.3 Model for the dam site LB slope

6.2.3.2 Modelling of the powerhouse slope

For simplicity, this slope was also modelled with three soil layers as shown in Fig. 6.4. The
approximate boundary between alluvial river deposits (pl sample) and glaciofluvial deposits
(p2 sample) was located at El. 554 masl. Similarly, the properties of the backfill materials were

assumed the same as for the p1 sample.

Moreover, the middle layer was related to the properties of p2 sample, which had a mineralogy
dominated by calcite. In addition, the model shows the seasonal variations of GWT as indicated
by the dotted lines. The GWT close to the crest was defined by the upper piezometer recording,
but the GWT close to the toe of the slope was estimated based on the lower piezometer

recordings given in Chapter 4.
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Fig. 6.4 Model for the powerhouse permanent slope
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Two unusual characteristics, namely higher permeability and strain softening behaviour were
found for the built-in specimens representing the middle layer. Referring to the triaxial tests in
Chapter 5, the brittle failure of the soil in addition indicates a failure at low strain levels in the

undrained conditions. The bottom layer is bedrock, located around El. 520 masl (Fichtner 2003).

6.2.4 Selected load cases for stability evaluation

Since the effect of groundwater variations is focused on in this study, the selected cases for
analyses are related to the GWT for both dry and wet season conditions. In addition, pseudo-

static and dynamic earthquakes are also considered in the analyses, as described in Table 6.3.

Table 6.3 Selected load cases for stability evaluation

Case 1: Variations in GWT: Dry season and wet season pore pressure distribution
modelled by a phreatic level, corrected for inclined GWT (corrected as: u = y,h,,

cos?a, where o is the inclination of GWT) and seepage analyses

Case 2: Pseudo-static earthquakes analyses, combined with dry season GWT, using a
horizontal acceleration coefficient, a; =0.15

Case 3 Dynamic earthquake analyses combined with dry season GWT, using PLAXIS to
ase 3:
study the permanent displacements, accelerations, etc in the slopes.

6.2.5 General input parameters

6.2.5.1 The SLOPE/W software

The general input parameters, as used for the idealised slope in Chapter 3, were used to search
and refine the circular CSS in SLOPE/W. The entry and exit search option was used to identify
the CSS, and this was verified by the auto-locate option. The Mohr-Coulomb soil model and
failure criterion, together with a half-sine function for interslice forces were selected. Moreover,
the minimum FOS was computed based an assumption of 20 numbers of slices, no tension
cracks and no optimisation of the circular CSS. The reader is referred to the description of the

SLOPE/W software in Chapter 2 for more information about the CSS search options.

6.2.5.2 The SLIDE software

Computations of FOS in SLIDE were also based on the Mohr-Coulomb failure criterion.
Similarly, a half-sine function was used to compute the interslice forces. Exactly the same
number of slices as in SLOPE/W was used, together with the assumptions of no tension cracks.
An auto-refine search option for a circular CSS was defined as the general input parameters in

the model. The CSS was searched among thousands of shear surfaces in SLIDE.

6.2.5.3 The PLAXIS software

The slopes were modelled in the input module of PLAXIS, based on 15 noded elements in a

plane strain model. A sufficient, well-refined mesh for the upper two layers was generated to
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obtain the least possible FOS. Similarly, the soil properties in each layer were defined using a
Mohr-Coulomb soil model. Moreover, the initial stresses due to soil and GWT conditions were
computed in the calculation module of PLAXIS. In addition, the computation for steady-state
groundwater seepage analyses and the external loads from earthquakes were carried out.
Finally, the FOS was computed for separate and combination of loads, based on the c-¢
reduction procedure. The simulation procedures for pseudo-static analyses and dynamic

earthquake analyses are described in Chapter 2, Sections 2.3.3.2 and 2.3.3.3 respectively.
6.2.6 Analyses of the dam site slope

6.2.6.1 Dry season GWT

The dry season GWT recorded from three piezometer stations was defined the same for all three
models. Fig. 6.5 shows the CSS and FOS computed by SLOPE/W, where similar results were
obtained from the analyses by SLIDE. These results are summarized in Appendix F. The

simulation results from PLAXIS are shown in Fig. 6.6.
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Fig. 6.5 Dry season GWT: FOS and CSS from SLOPE/W
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Fig. 6.6 Dry season GWT: FOS and CSS from PLAXIS

Since the CSS is found above the GWT and suction has not been considered in the analysis, the
located GWT has no effect on the FOS. LE methods computed the values of FOS higher than 1.5
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whereas, slightly lower FOS, mainly because of the composite CSS deepened at the toe was
computed in LE analysis. The pore pressure at the toe causes reduction in the effective normal
stresses, and hence the shear strength. The CSS in PLAXIS simulations is defined by the

concentration of incremental or total strains in the slope profile as indicated in Fig. 6.6.

6.2.6.2 Analyses for wet season GWT

The GWT was raised in the model to represent wet season conditions. The phreatic level was
corrected in SLOPE/W and SLIDE. In SLOPE/W, the option for the phreatic level correction was
activated to compute the corrected pore pressure distribution. In SLIDE, the automatic H, (u =
vwhyH,) option was chosen. Using this option, the software computes the Hu factor between 1
and 0 according to the water surface inclination in the slope (SLIDE 2003). This is related to the

equipotential lines, being perpendicular to the flow lines in the inclined GWT.

The results obtained from SLOPE/W are depicted in Fig. 6.7, whereas the FOS from SLIDE is
given in Appendix F. Moreover, the PLAXIS results are shown in Fig. 6.8. As before, the FOS in
LE analyses is higher than the FOS in FE analyses comparing both figures.
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Fig. 6.7 Wet season GWT: FOS and CSS from SLOPE/W
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PLAXIS utilises either phreatic level pore pressure, which means hydrostatic distribution, or
pore pressures obtained from a steady-state seepage analysis. However, the same option, as

applied in the LE analyses for phreatic level correction, was tried to simulate in PLAXIS by some
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adjustments. Accordingly, the pore pressure distribution was generated using the phreatic level
with slightly reduced unit weight of water (y,) depending on the inclination of the GWT. The
water surface inclination (o) was computed around 20°, and an equivalent reduction factor was
obtained by y,cos’a. In this way, the correct pore pressure distribution was correctly applied in
the PLAXIS analyses, as suggested by Grande and Waterman (2005) by personal

communications. It was decided to use the option for inclined GWT in slope stability analyses.

6.2.6.3 Groundwater seepage analyses

The effects of groundwater flow and seepage were studied further to evaluate the stability
conditions. Accordingly, seepage analyses were carried out in SEEP/W, SLIDE (groundwater
module) and PLAXIS (steady-state groundwater calculation scheme). The results of the seepage
analyses from the computations are presented in Appendix E for comparison and visualisation

of the flow patterns.

In the SEEP/W software, the hydraulic functions were estimated based on the grain size
distribution of the upper two soil layers. In addition, the saturated permeability obtained from
the laboratory tests, a suggested coefficient of compressibility (m, = 0.1), which is the value of
slope of the water content function (SEEP/W 2005), and an assumed volumetric water content
(6w = 0.45) were used as input parameters for the seepage analyses. Moreover, the boundary
conditions for water flow were defined according to the water head and GWT. Similarly, the
same hydraulic functions and boundary conditions were defined in SLIDE. In PLAXIS, closed
flow boundaries were defined at the base, whereas water heads were located at the sides of the
model. Likewise, dense meshes were used in all analyses to obtain precise pore pressure

distribution.

The pore pressure distribution obtained was then used in the slope stability analyses, and
accordingly the FOS was computed. Fig. 6.9 shows the results obtained from the computation in

SLOPE/W. The breaks on the phreatic surface indicate the applied zero pressure points as GWT.
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Fig. 6.9 FOS and CSS after the seepage analysis in SEEP/W
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Fig. 6.10 FOS and CSS after the seepage analysis in SLIDE

Fig. 6.10 shows the results from SLIDE analyses. The failure was localised at the toe of the slope
in the completely saturated zone. The seepage analyses show much lower FOS, and indicate that
failure may initiate from the toe of the slope for the given conditions. The low FOS is related to a

reduction in normal stresses and frictional resistance over submerged parts of the slip surface.

Similarly, the FOS computed by PLAXIS is given in Fig. 6.11, which shows a limiting
equilibrium condition. In addition, the CSS was found to be located at the toe, somewhere in
between those obtained by SLOPE/W and SLIDE. Both the LE and FE analyses show that the toe
remains the critical part of the slope, from where failure may initiate in saturated conditions.
Any remedial measures applied to lower the groundwater at the toe will have substantial

improvement in FOS.

FOS =1.00

I
[
|
|
[
|
|
|
|
|
|
|
|
|
|
[
[
[
[ >
i R
|

Fig. 6.11 FOS and CSS after seepage analysis in PLAXIS

Fig. 6.12 demonstrates the effect of groundwater on the slope stability. This further indicates that
the seepage flow is a critical factor, particularly for permeable materials. The seepage analysis
with the wet season GWT as input to PLAXIS shows that the slope reaches a critical equilibrium

state. However, the FOS was improved from 1.0 to 1.2 by introducing a horizontal drainage
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system in the model, as indicated by the analysis results given in Appendix E, Fig. E.4.
Moreover, the drainage pipes in the real slope may have contributed to lower the GWT, and

may already have influenced the piezometer levels.
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Fig. 6.12 Groundwater effects on FOS from PLAXIS computations

In addition, some pressure relief wells are planned to install at the bottom of the slope (see
Chapter 4, Fig. 4.1). The improvement in FOS due to such arrangements was also studied in the
SEEP/W and SLIDE analyses. It was also attempted to simulate the option with wells in PLAXIS,
but due to non-convergence of the steady-state groundwater calculations, further computation

for the FOS was not possible to carry out.

Fig. 6.13 reveals a significant improvement in FOS after the introduction of the pressure relief
wells, which are assumed to lower the pressure at the toe of the slope. To represent the planned
conditions, two points around the toe, as indicated in Fig. 6.14, were given zero pore pressure to

simulate full drainage conditions. The stability analyses were then carried out in SLIDE.

FOS (SLIDE)

1) BSM =147
2) JCM =145
2) M-PM =147

Fig. 6.13 FOS and CSS after introduction of two wells in SLIDE
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Exactly the same boundary conditions were applied in SEEP/W, and the stability analyses were
carried out accordingly. Also in this analysis, the FOS was found significantly improved, as was

the case with SLIDE. The CSS and the corresponding FOS are shown in Fig. 6.14.
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Fig. 6.14 FOS and CSS after seepage analysis in SEEP/W and stability in SLOPE/W

Compared to the situations with and without wells, the phreatic surface was found much lower
at the toe after application of the wells. This shows that the pressure relief wells will have

significant improvement in FOS as long as the drainage wells function satisfactory.

6.2.6.4 Pseudo-static analyses
Load Case 2 was analysed combined with dry season GWT and a horizontal earthquake
coefficient ¢, =0.15. The results from the SLOPE/W analysis are given in Fig. 6.15. Furthermore,

similar FOS was obtained from the analysed in SLIDE, and the results are presented in
Appendix F, Fig. F.3.
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Fig. 6.15 CSS and FOS from pseudo-static analyses (SLOPE/W)

The pseudo-static analyses show that the FOS is higher than the minimum value (FOS >1.05),
referring to the design limit applied in the previous stability analyses, (see Chapter 4, Section

4.9.4). However, the wet season GWT resulted in limiting equilibrium conditions.
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6.2.6.5 Dynamic earthquakes simulations

Load Case 3, defined in Table 6.3, was simulated in PLAXIS in order to study the effects of
dynamic earthquake vibrations. For this purpose, the extended model was used as shown in Fig.
6.16. The reason for extending the model horizontally was to minimise the effects of return
waves from the boundaries. In the dynamic analysis, the outgoing seismic waves were supposed

to be absorbed by the applied boundaries at both sides of the model.
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Fig. 6.16 Extended dam site LB slope model used for dynamic analyses in PLAXIS

The study aimed to investigate the influence of dynamic effects, particularly permanent
displacement, acceleration and excess pore pressure at the selected points A, B and C in Fig.
6.16. In addition, a base point D and an intermediate point E were also selected to verify the
input accelerations and compare the pore pressures. The analyses were performed using the first
two soil parameters from Table 6.2 and the rest of the parameters from Table 6.1. In addition, the

acceleration-time series, given in Fig. 6.17, was applied as the input parameter for simulations.
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Fig. 6.17 Input accelerogram for dynamic analyses (PLAXIS 2004)
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The input acceleration-time series was taken from the PLAXIS manual (2004). The accelerogram
was recorded at 5 km distance from the epicentre for an earthquake of magnitude M 5.4, which
produced 2.40 m/s* PGA with 200 Hz frequency (see Fig. 6.17). Some theoretical discussions of
the dynamic simulations in PLAXIS have also been presented in Chapter 2, Section 2.3.3.3.

Referring to Chapter 4, Section 4.7, the design horizontal acceleration during an earthquake (o)
should be 0.15g for the case slopes. According to the seismic studies carried out for the project
area, the design acceleration was considered to 35% of PGA. This means, the PGA should have
to be as high as 4.20 m/s’ to generate 0.15g horizontal acceleration as the recommended value for
simulations. This information was utilised to determine the prescribed displacements, which

was applied at the base of the model.

In the initial stages of simulations (not presented here), a prescribed displacement of 1 cm (U, =
0.01 m) was imposed at the base of the model and the PGA at point D was verified by outputs
and found 1.75 m/s*. In fact, it should have produced the same PGA as the input, i.e. 2.40 m/s’
(see Fig. 6.17). Further use of Ux =0.02 m, a double PGA at point D was found, i.e. 3.50 m/s’. In
this way, the prescribed displacement (Ux = 0.024 m) was selected to apply at the base of the
model. This prescribed displacement produced the same PGA (4.2 m/s’) as for the design value.

Table 6.4 Calculation stages in the dynamic earthquake simulations

Identification Phaseno  Start from Calculation Loading input
M-weight 1 0 Plastic Total multipliers
Dry season GWT 2 1 Plastic Staged construction
Undrained materials 3 2 Plastic Staged construction
Pres. displ. (0.024 m) 4 3 Plastic Staged construction
Dynamic analyses 5 4 Dynamic analyses = Total Multiplier

The stages involved in dynamic analyses are given in Table 6.4. First, the initial stresses were
computed by gravity loading (m-weight) in the calculation routine. Next, the dry season GWT
was defined in the model and the pore pressures from the phreatic level were generated. In the
following stage, the input model was defined by undrained materials to simulate earthquake
events. Moreover, the prescribed displacement (Ux = 0.024 m) was applied by staged
construction in the input module. Finally, the given accelerogram was defined for dynamic

analysis as a total multiplier to perform the simulation for a period of 10 sec.

Fig. 6.18 shows the output of the simulations, which indicate the shading of total shear strains
concentrated in the slope. Two light coloured sections can be seen in Fig. 6.18: One on the top
layer, the other in the deep strata. This is the likely situation during earthquakes of similar
magnitude. Moreover, plastic points were observed all over the slope during the simulations. It

indicates that the materials will reach to the plastic stage on the right side of the yield surface.
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Fig. 6.18 Shear shading after the phase # 5 simulations (dam site LB slope)

Fig. 6.19 shows the permanent displacements for the selected points. The points close to the
surface (i.e. A, B, C) have experienced large permanent displacement compared to the points

inside the model. Similarly, the base point D was found the least displaced, which was logical.
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Fig. 6.19 Permanent displacement in the slope at selected points
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Fig. 6.20 Output of acceleration - time series at points A and D
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Furthermore, the output results (see Fig. 6.20) were studied in terms of acceleration - time series
at two selected points A and D. Point D was selected to verify the input acceleration produced
by the applied prescribed displacements. Similarly, point A was chosen to observe the
horizontal acceleration close to the surface. As indicated in Fig. 6.20, the base acceleration at
point D was found the same as for the input accelerogram with U, = 0.024 m. However, point A
was found to have higher peak acceleration. Similar values were found for points B and C. This

indicates that both the crest and toe of the slope may become critical during earthquakes events.

Fig. 6.21 shows the excess pore pressure (total minus hydrostatic) at the five selected points. The
positive side of the excess pore pressure for points D and E indicates additional (excess) pore
pressure generated due to the dynamic undrained loading. Similarly, the negative side shows
the suction developed in the slope. The legends are given in chronological order indicating the

point B with the highest suction.
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Fig. 6.21 Excess pore pressure (negative side indicates suction)

Point B indicates the highest suction, whereas point C, which is located close to the GWT at the
toe, shows the lowest among the three selected points above the GWT. The simulation indicates
that suction is likely to generate above the GWT, whereas the slope below the GWT is likely to
experience excess pore pressure. This is a logical response for undrained loading conditions. The

materials with 40% fines can easily sustain the developed suction in the slope.

The suction will have a positive contribution to the slope stability. A small suction at point C
means that the toe areas may experience critical conditions during earthquakes. Moreover, the
shear shading in Fig. 6.18 indicates that a failure, if it occurs, is likely to initiate either from the
crest or from the toe. Liquefaction (c,” <0) could be another problem in earthquake events at the
toe area. However, with the suction at point C, which is located very close to the toe, the risk of

liquefaction is very uncommon for the analysed slope at the dam site LB.
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6.2.7 Analyses of the powerhouse slope

The analyses were performed in exactly the same way as in the previous case study, using the
soil parameters from Table 6.2. Similarly, all simulations follow the defined load cases in Table
6.3. The general input parameters in SLOPE, SLIDE and PLAXIS simulations remain the same
as explained in Section 6.2.5. Therefore, only the analyses results for various load cases are

presented and discussed herewith.

6.2.7.1 Analyses for dry season conditions

The dry season GWT was defined in the models by locating the two available piezometric
readings. Since the permanent slope will be graded at the end of the construction, the GWT in
the slope may change from what is recorded today. However, the aim here is to find the FOS
with the applied GWT in the slope.

Similar to the dam site slope analyses, the pore pressure distribution was computed from the
corrected phreatic level in SLOPE/W and SLIDE. The CSS and corresponding FOS from
SLOPE/W are presented in Fig. 6.22.
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Fig. 6.22 Dry season GWT: CSS and FOS from SLOPE/W

Application of exactly the same GWT and selection for automatic H, (u = yhyH,) in the pore
pressure computations, the SLIDE analyses had almost the same FOS as presented in Appendix
F, Fig. F.4. As explained before, the software computes the value of H, automatically based on
the inclination of the water surface. This option is the same as the phreatic level correction in
SLOPE/W for an inclined GWT. Both LE analyses produced identical CSS and the same FOS.

The reduced unit weight of water was used in PLAXIS for the pore pressure computations, and
the pore pressure distribution was generated using the phreatic level. Based on the inclination of
the GWT for the inclined section, the unit weight of water (y,) was lowered by the cos’o term,
with a being around 20° for both dry and wet GWT. The reduction was applied only for the
inclined GWT in the static analyses. Similarly, the dilatancy angle, as given in Table 6.1, was

introduced in the material properties for the p1 soil layer.
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The CSS and the FOS from the PLAXIS analyses are given Fig. 6.23. The FOS is slightly lower
than that obtained in the LE analyses, but greater than 1.5, which was used as a limiting value

for the slope design.

FOS=1.55

Fig. 6.23 Dry season GWT: CSS and FOS from PLAXIS

6.2.7.2 Analyses for wet season conditions

All simulations were carried out for similar conditions as for dry season conditions, the only
difference being the GWT representative for wet season conditions. The CSS and the FOS from
SLOPE/W analyses are shown in Fig. 6.24, which is comparable to the SLIDE analyses given in
Appendix F, Fig. F.5.
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Fig. 6.24 Wet season GWT: Failure surface and FOS from SLOPE/W

The rise in GWT from dry to wet season conditions was also analysed by PLAXIS, which
produced slightly lower FOS, as shown in Fig. 6.25. Comparisons between the dry and wet
season conditions show that the FOS may be reduced by 10% in LE and 13% in the FE analyses,
with the FOS for dry season conditions being the reference conditions. The analyses actually

show that stable conditions prevail in the slope for both dry and wet season conditions.
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Fig. 6.25 Wet season GWT: Failure surface and FOS from PLAXIS

6.2.7.3 Groundwater seepage analyses

The seepage analyses for the powerhouse slope were carried out using the wet season GWT.
First, the analyses were performed without any drainage measures, which implied too low FOS-
values (see Fig. E.7 in Appendix E). Next, a situation representing the application of 20 m long
horizontal drainage pipes was analysed. The, FOS was then improved, approaching the
equilibrium level (see Fig. E.8). Finally, the analyses with the two pressure relief wells at
elevation 520 masl were carried out, showing that the FOS improved to an acceptable limit, as

shown in Fig. 6.26.
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Fig. 6.26 FOS and CSS after seepage analysis in SLIDE

The points indicated in Fig. 6.26 are the combinations of 20 m long horizontal drainage pipes

and two pressure relief wells. Seepage analysis reveals an unstable slope in wet season
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conditions, and hence the drainage systems as indicated in the analysis are highly

recommendable.

6.2.7.4 Pseudo-static analyses

The pseudo-static analyses were carried out for the load combinations given in Table 6.3. Since
the CSS was found below the GWT, the pore pressure was computed by phreatic level

correction as explained earlier. The results from the analyses are given in Fig. 6.27.

The theoretical background of the pseudo-static analysis has been described in Chapter 2 under
the PLAXIS section. The direction of the ground motion was assumed towards the river valley,

being the most critical condition.
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Fig. 6.27 FOS from pseudo-static analyses in SLOPE/W

The results obtained by SLIDE are given in Appendix F, Fig. F.6. As before, both the LE software
SLOPE/W and SLIDE were found to produce similar FOS-values. The pseudo-static analyses
show that the FOS may be reduced by as much as 30% by similar intensity of earthquakes (4.2
m/s> PGA). Moreover, the analyses carried out by FEM show that a critical condition may

appear in the slope for the given PGA.

6.2.7.5 Dynamic earthquake simulations

Dynamic analysis were performed in exactly the same way as in the previous case, using the
first two elastic soil parameters from Table 6.2 and the rest of the parameters from Table 6.1.
Likewise, the calculation steps defined in Table 6.4 were followed, using undrained conditions
to simulate the earthquake events. In addition, the dry season GWT was introduced in the
model. As for the dynamic input parameters, the acceleration-time series given in Fig. 6.17, and
a prescribed displacement of 2.4 cm were used for simulations. The reason of selecting 2.4 cm
displacement has been explained in the previous case study. The displacement was applied at

the base of the model to produce an equivalent PGA of 4.2 m/s’.
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Fig. 6.28 shows the extended model, which was used for the analyses. As in the previous case
study, the study was aimed to find the influence of dynamic effects in terms of permanent
displacement, acceleration and excess pore pressure at selected locations. Accordingly, three
points closer to the surface (A, B and C) and three points (D, E and F) inside the model were

chosen.

(-50, 575)
(30, 569)

*e._ B (70, 549)
[ J
Nz, 532) (220, 532)
F (47, 549)

°
»C (109 531)

[ J
E (70, 520)

FEEAN ® L
RRH -t

\
7 7
(-50, 500) D (70, 500) (220, 500)

Fig. 6.28 Extended powerhouse slope model used for dynamic analysis

As one of the simulation outputs, Fig. 6.29 shows the shear shading (concentration of shear
strains) of the total strains. There are two light coloured sections, which indicate possible failure
in both soil layers. Moreover, the base of the powerhouse is also seen strained compared to the

sides. Further increase in GWT during rainy season may have instability problem at the toe.

Fig. 6.29 Shear shading after the dynamic analysis of powerhouse slope

The acceleration outputs at point A and D are compared in Fig. 6.30. Similar to the previous case
study, the acceleration at point D was found identical, which indicates the response of the
applied prescribed displacement and acceleration-time series. However, the surface point A
shows the highest acceleration amplitude, peaking up to nearly full gravity acceleration. Two

surface points B and C also showed similar acceleration values as of point A.

96 Chapter 6 Stability evaluations of case study



Acceleration, ax (m/s2)

10

M I

i E ot .HHIH.A PontA
inaact i i "‘u m |’l ,]""" \ g‘ “"n it z*‘v“v‘i -

Point D
T l e

)]

[¢)]

-10

0 2 4 6 8 10

Dynamic time (s)

Fig. 6.30 Output of acceleration-time series at points A and D

Moreover, the permanently accumulated displacements at the selected points are compared in
Fig. 6.31. The legends show displacements in chronological order indicating the surface point B
as the most displaced. Moreover, the points A, C, D and E in Fig. 6.31 show the similar trend of

displacement compared to the corresponding points in the previous case study (see Fig. 6.19).

Displacement, Ux (m)

0.5

W"WW\—’—

Point B

v, P
X Ao Point A

_*_
Point C

0.4

— -

Point E

———
Point D

-0.1

0 2 4 6 8 10

Dynamic time (s)

Fig. 6.31 Permanent displacement-time series at selected points (undamped system)

The dynamic analyses assume undamped system, in which the Rayleigh damping coefficients o
and P are assigned to zero values. However, the real conditions may have some damping, and
thus the results may be on conservative side. The damping ratio ({) can be obtained
experimentally by means of the resonance column test (Das 1995). Similarly, with the value of
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€ and resonance frequencies, the values of the damping coefficients o and B can obtained
(PLAXIS 2004, Bathe 1996).
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Fig. 6.32 Excess pore pressure (negative side indicates suction)

Finally, the excess pore pressures are compared in Fig. 6.32 to the selected points. Again, the
legends are given in chronological order indicating the base point D with the maximum excess
pore pressure. All three surface points indicate suction (negative excess pore pressure) being the

highest about 50 kPa at point A, which is further away from the GWT compared to others.
e Effect of damping in dynamic analyses

Further, dynamic analyses of the last case study was conducted for an assumed 5% damping
ratio () for the upper two soil layers. The purpose of the additional study was to observe the
effect of the Rayleigh damping coefficients, which are the input parameters in the dynamic
simulations. The computed damping coefficients are given Table 6.5. The computations are

based on Egs. (2.26) and (2.27) given in Chapter 2, where the terms are also defined.

Table 6.5 The computed Rayleigh damping coefficients for dynamic analyses

Layer H(@m) Vs(m/s) wi(rad/s) ws(rad/s) & (%) a(-) (=)

pl 15 80 8.4 25.1 5 0.628 0.002
p2 35 108 4.8 14.5 5 0.360 0.005
rock 20 197 15.5 46.4 0 0 0

Few simulation results from the material damped system are verified and reviewed herewith.
The shear shading was found more or less the same as in the undamped system (see Fig. 6.29).
However, the displacement in the damped system (see Fig. 6.33) was found 10 -15 cm less than

in the undamped system (see Fig. 6.31). Similarly, the acceleration at point A was found less.
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Fig. 6.33 Accumulated displacement-time series at selected points in a damped system
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Fig. 6.34 Excess pore pressure (negative side indicates suction) in a damped system

Fig. 6.34 shows the excess pore pressure (PP) again at selected points. A point F in the p2 layer
(see Fig. 6.28) was chosen. This point lies sufficiently deep inside the slope (12 m below from the
ground surface) and just 1.5 m above GWT. Contrarily, the result shows excess porepressure
even above the GWT. From these analyses, it can be concluded that suction may develop closer
to the ground surface, but excess pore pressure can be expected deep inside the soil body, no
matter where the GWT is located. The excess pore pressure at other locations was also compared
with the results from earlier analyses. All surface points, which are located a couple of meters
below the ground surface, were found to have a similar trend (i.e. suction), but with reduced
quantity. For example, at point A, the suction was about 35 kPa in Rayleigh damped system,

whereas it was found equal to 50 kPa in the undamped system.
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6.2.8 Discussion on dynamic simulations

Apart from the last verification simulations with Rayleigh damping parameters, the rest of the
simulations utilise zero Rayleigh damping. However, the total material damping has been
covered under utilized damped Newmark method in the simulations. Some conclusions from
the dynamic analyses can be drawn. First, both case study slopes indicate similar patterns of
permanent displacements, accelerations and excess pore pressures, with a few exceptions.
Second, the locations near the slope surface are more likely to displace permanently compared
to the locations inside the soil body. The reason is that the soils can move freely close to the

surface. The same conclusion is valid for the acceleration with higher amplitude on the surface.

Concerning the pore pressure, the analyses show increased excess pore pressure at the base of
the model, and it decreases towards the GWT. There is no contraction close to the bottom of the
model. However, the excess pore pressure may have developed because of horizontal stresses
that possibly could increase in the lower layers during cyclic loading. It means that the excess
pore pressure is expected to increase during undrained cyclic loading inside the soil body. The
difference in excess pore pressure between two simulations at point D, see Fig. 6.21 and Fig.
6.32, can be explained by the difference in total vertical and horizontal stresses after shaking.
Similarly, the simulations show increased suction closer to the ground surface. Suction may
result from the dilatancy in the soil modelling of the upper layers. In addition, suction can also
result from unloading, in this case stress release due to a reduction in the total horizontal

stresses during shaking.

Likewise, some conclusions regarding slope stability can be brought forward. Development of
suction close to the slope surface is a good sign of a stable slope. However, this conclusion is
valid only if the critical SS falls within this zone. This may not be the case during or after
earthquake events. In contrast, a significant increase in excess pore pressure may have the
adverse effect on the stability, particularly if the critical SS falls inside the GWT. The
development of positive pore pressure along the SS will result in a reduced FOS by reducing
both effective normal stress and friction properties. Therefore, the stability will largely depend
on the developed level of suction or positive excess pre pressure. Moreover, a high excess pore
pressure may result in instability due to possible liquefaction (c,/<0) in the slopes. Such

possibility is generally higher around the toe of the slopes.

Looking into the shear shading given in Fig. 6.18 and Fig. 6.29, the strain concentrations in the
slopes indicate a weak surface, from where failure may initiate. Furthermore, animation of the
simulation outputs showed plastic points floating all over the slope. The plastic points indicate
that the mobilised shear stresses reached the M-C failure envelope. In addition, the soil
properties may further extend towards the right side of the yield surface, which indicates the
soil properties in the plastic region. Unrecoverable plastic strains are developed in the plastic
region. Moreover, the soil may remain with the residual strength, which is generally lower than

the peak strength.
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Chapter 7

Discussion on Analysis Methods and Results

7.1 Slope sstability evaluations

Analysis of slopes has traditionally been carried out by limit equilibrium (LE) methods, which
are based on the principles of static equilibrium of forces and moments. According to Fredlund
and Rahardjo (1993), LE methods are important mainly because of two reasons. First, the
methods have proved to be reasonably reliable in assessing the stability of slopes. Second, the
methods require a limited amount of input, but can quickly perform an extensive trial-and-error
search for the critical shear surface (CSS). However, Krahn (2003) says, “LE methods are
missing the fundamental physics of stress-strain relationship, and thus they are unable to
compute a realistic stress distribution”. In spite of these limitations, the LE methods are still

common in practice because of their simplicity and the reasonably accurate FOS obtained.

In recent years, finite element (FE) methods, especially the FE program PLAXIS, are becoming
increasingly popular (Nordal & Glaamen 2004). The FE program PLAXIS is widely used in
many European countries and its application is spreading. Today, computational software based
on the FE principles are developed and frequently applied in practice. Since the FE methods are
based on compatibility relationship, and thus can handle the stress-strain behaviour of soil, a
more realistic stress situation can be computed. Thus, FE analyses have an advantage over LE

analyses for evaluation of the stability of slopes.

711 Comparison of LE methods

The fundamental differences among LE methods are given in Capter 2, Table 2.1. As Nash (1987)
states, “The significant difference among the methods is the assumptions made about the
position and inclination of the interslice forces.” Janbu’s GPS method, for example, assumes a
line of thrust where the interslice forces act, whereas the Morgenstern-Price (M-P) method
assumes a variable interslice force function. Moreover, some methods compute FOS by force

equilibrium (e.g. Janbu’s simplified (JS) method) or moment equilibrium (e.g. Bishop simplified
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(BS) method). Similarly, the advanced LE methods satisfy both force and moment equilibriums
(e.g. Janbu’s GPS, M-P and Spencer methods). Furthermore, the general limit equilibrium (GLE)
formulation, which is a modified expression of M-P or Spencer method, provides a basis for

comparison of the most common LE methods as discussed in Chapter 2, Section 2.2.9.

A comparison made by GLE procedure is illustrated in Fig. 7.1 for the circular SS analysis of the
case study given in Chapter 6, Section 6.2.7. The BS and JS methods are compared with reference
to M-P method for the two load cases (dry season GWT without and with pseudo-static

analysis) as shown in Fig. 7.1.
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Fig. 7.1 Comparison of LE methods for circular SS analysis (powerhouse slope)

As indicated in Fig. 7.1, the FOS from BSM is found almost equal compared to M-PM. The
reason is that the moment equilibrium FOS (F,,) curve is mostly unaffected for a circular SS. As
Krahn (2003) says, “Generally the slope of F,, curve is found nearly horizontal for a circular SS,
and for such conditions, there is no effect of the interslice force function (f(x))”. This is because
the whole sliding mass can rotate without any significant movement of slices. However, BSM
may overestimate FOS if the external loads, for example anchors and support forces, are applied
referring to Fig. 2.4b in Chapter 2. In this situation, the F, curve will have a downward
gradient. In contrast, JSM has computed 6 - 8% lower FOS compared to the FOS from M-PM.
The larger difference indicates the sensitivity of the force equilibrium FOS (F;) due to the
interslice forces. A substantial amount of interslice movement is required in this case before

sliding takes place.

The pseudo-static analysis carried out for the powerhouse slope (see Fig. 7.3) for an assumed
plane SS shows the F,, curve as downward sloping and sensitive to the interslice shear force,

whereas the F; curve is completely independent on lambda (%), i.e. the interslice force function.
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Fig. 7.3 The Fyand F,, curves after the plane SS analysis

According to Krahn (2003), reverse positions of the Fyand F), curves are found for a plane failure
in a vertical slope face compared to the circular failure (see Fig. 7.1). However, in this study of
plane SS analysis, the JSM computes identical FOS to M-PM, whereas BSM over- or
underestimates depending on negative or positive gradient of the F, curve. Moreover, an
assumed composite SS was also analysed (see Appendix F, Fig. F.7) and the differences were
studied. As a result, the gradient of both Fr and F,, curves remains positive (see Fig. F.8), and
both BS and JS methods underestimate the FOS compared to M-P method. Unlike to the results
from this study, Krahn (2003) presents a negative gradient of the F,, curve for a steeper slope
face. In his study, BSM computes higher FOS than M-PM.

Slope stability evaluations by LE and FE methods 103



The most common LE methods are also compared in Fig. 7.4 using the M-MP as a reference
(0%). The comparison is based on the analyses for four different load cases (refer Chapter 3,

Section 3.1.2) of an idealised slope, which was analysed in SLIDE for the circular SS.

As in the previous discussion, BSM computes consistent FOS with minor variations (~1 %) on
the higher side, and the reason has already been discussed above. Similarly, JGM (GPS) also
shows minor variations (<2 %), but on the lower side. However, both JG and M-P methods
result in exactly the same FOS (not shown here) if a particular, circular SS is analysed. This
indicates that both methods compute the FOS with the same accuracy. In addition, the lower
FOS in JGM for the CSS identified by itself means that the method is able to search for the CSS
more accurately than M-PM. Nevertheless, the marginal variations in the FOS show that both

methods are equally good among the LE methods even for the individual circular SS analysis.
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Fig. 7.4 Comparison of LE methods with M-PM (circular SS)

Likewise, JCM seems to be underestimating the FOS from 1 -5 %, as seen in Fig. 7.4. Moreover,
JSM shows the largest variation on the lower side, ranging from 8 - 13 %. Abramson et al. (2002)
say, “FOS values may generally differ by + 15 % upon comparison with the results calculated by
the M-P method”. In this study also, the variations are found within the range of the previous
studies for CSS analysis. Moreover, the FOS from LE analysis in SLOPE/W and SLIDE are found

mostly the same with a marginal variation (+ 1 %) compared to the results for the same method.

7.1.2 Comparison of LE and FE analyses

As discussed above, LE and FE analyses have fundamental difference in the basic principles.
The first is based on the limit equilibrium formulations, which are dependent on static force or
moment equilibrium. The second is based on a stress-strain relationship, which can effectively
accommodate the change in stresses. The FE analysis in PLAXIS, for example finds the CSS,
where the excessive strains are localised, and computes the FOS by a c-¢ reduction procedure for

the Mohr-Coulomb soil model. In this context, the like to like comparison by the computed FOS
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can reveal the inherent difference between LE and FE methods. In addition, the fundamental

difference within the analysis methods explains the difference in computed results (FOS).

The FE analysis computes FOS for each element along the CSS, whereas a single, weighted
average FOS is computed in the LE analyses. Moreover, Krahn (2004) states, “A dynamic FE
analyses can handle variations in FOS due to ground shaking in earthquakes, without any
difficulty of convergence, i.e. stress redistributions for change in loading conditions”. The
conversion of simulations in LE is found problematic for steep CSS, whereas FE overcomes such
difficulties. This is why the computed FOS from the FE analysis is regarded as a more reliable

value for the analysed slopes and hence the methods are compared accordingly.

Using the FOS computed from PLAXIS as a reference (0%), a comparison of the LE and FE
methods is presented in Fig. 7.5. The FOS, obtained from the analysed for the circular SS by
SLOPE/W in Chapter 3, is used for the comparison. All commonly used LE methods, except the
JSM, are found to over-estimate the FOS. The smallest difference is found for the dry slope, i.e.
Case 1, whereas the maximum difference occurs when the slope is in fully saturated conditions,

i.e. Case 2a.

The larger difference in Case 2a indicates that LE analyses have difficulties to estimate a realistic
pore pressure distribution, and further changes in the effective normal stresses along the CSS.
However, the seepage analyses, i.e. Case 2b in SEEP/W, which computes the pore pressure using
finite elements, have reduced the difference in FOS. This means, more accurate stresses can be

computed in FE analyses than in LE analyses.
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Fig. 7.5 Comparison of LE methods (circular SS) with the FE software PLAXIS

The study shows that the advanced LE (M-P) method may overestimate FOS in saturated
condition as much as 14 %, which is a significant difference (see Fig. 7.5). However, the variation

is quite low (5 %) for a completely dry slope. Similarly, JGM may overestimate FOS by 4 — 12 %.
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In contrast, JSM may underestimate FOS from 5 - 7 %. Nevertheless, the differences in FOS may

vary from case to case, and therefore, it cannot be generalised for all kinds of shear surfaces.

The reason for the difference in FOS is primarily related to the normal stress distribution along
the CSS. According to a study carried out by Krahn (2004), a significant difference in normal
stress distribution, particularly in the toe area, can be found between FE and LE analyses for a
particular SS. This difference results in from the shear stress concentrations, which are not
captured in the LE analyses, where the normal forces at the base are primarily derived from the
weight of the sliding mass. Krahn (2004) further concludes, “The normal stress distribution for a
deeper CSS is much closer, and thus the FOS from FE and LE analyses is not much different”.
Janbu (1973) also suggests studying the shear stress concentrations in critical zones by using a
stress-strain relationship, instead of the LE equations. These widespread experiences highlight
the computational difficulty of a realistic stress distribution, which can be more precisely

computed by the modern FE analyses.

Several others have also experienced the limitations of the LE methods. As Chowdhury (1978)
states, “It is difficult in LE analysis to evaluate the interslice forces, which depend on a number
of factors including the stress-strain and deformation characteristics of the materials in the
slope”. Likewise, Nash (1987) comments as follows, “LE methods are not well situated to the
analysis of dynamic stability of slopes, for example, debris flows and slopes under earthquakes
loading”. Thus, the dynamic effects on the pore pressure distributions and shear strength
parameters are difficult to model in LE methods. In this study also, no similarity in the interslice
forces, line of thrust and critical shear surface was found compared to the analyses in LE and FE
methods given in Chapter 3, Sections 3.3.3.2 and 3.3.3.3. These parameters may have influenced

the FOS in the analysis.

7.2 Stability conditions of the case study slopes

Two case slopes from Nepal were analysed for various static and dynamic conditions in order to
evaluate the critical conditions in the slopes. The detailed stability analyses have been presented
in Chapter 6, where detailed discussions on the computed FOS can be found. However, the

stability conditions of these case slopes are also briefly discussed in the following sections.

7.2.1 Case study: Dam site LB slope

The summary of the computed FOS is presented in Fig. 7.6. The slope was analysed by both LE
and FE methods for various load and groundwater conditions. The LE (SLOPE/W and SLIDE)
analyses are based on circular SS and the presented FOS is related to M-P method. The FOS
from SLOPE/W and SLIDE is quite comparable, except for those obtained according to the
seepage analyses. However, PLAXIS has computed slightly lower FOS, and the reasons for this
have been discussed above. The FOS from seepage analysis in SLIDE and SLOPE/W has

disagreement as indicated in Fig. 7.6. The reason is the low effective stress due to the CSS,
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which is located near the toe of the slope, compared to the CSS obtained in SLOPE/W (refer
Chapter 6, Section 6.2.6.3).
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Fig. 7.6 FOS computed by three software programs for the dam site slope

The computed FOS, which are compared in Fig. 7.6, shows that the case slope is stable for all
seasonal conditions. However, the last two cases (read a = a,) indicate that the slope may have
critical condition as identified by PLAXIS (F =1.0). The CSS in FE analysis is found slightly non-
circular (i.e. composite) compared to LE analysis. In contrast, a circular CSS is automatically
searched for and analysed by the LE (SLOPE/W and SLIDE) software. However, a stability
analysis for a composite SS is possible in the LE based software for a user defined SS, which may

not necessarily be the critical one.

The seepage analyses indicate that toe of the slope may have critical conditions in the monsoons.
The analysis further shows that any pressure relief measure around the toe of the slope will
have significant improvement in the FOS (see Fig 6.13, Chapter 6). In addition, well-functioning

horizontal drains in the slope will have a positive contribution on FOS.

The dynamic analyses of the case slope show that larger permanent displacements may result
close to the surface, indicating a critical condition during earthquakes (see Fig. 6.19, Chapter 6).
Similarly, earthquakes may generate suction above the GWT and increased pore pressures
below it, as indicated in Fig. 6.21. The soils in the slope may approach to plastic limit due to the
dynamic shaking. This indicates that the strength of the soil will be fully utilised if such an
earthquake event occurs. In addition, earthquakes may correspond to the undrained triaxial
condition, in which the maximum shear strength attains at low axial strain levels, referring to
the triaxial test results given in Figs. 5.10 and 5.11, Chapter 5. The significant strain softening
beyond the peak strength, and considerable reduction in shear strength at large strains, are both
indicators of unstable conditions. Elaborated discussions on the dynamic simulations have been

already presented in previous Section 6.2.8.
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7.2.2 Case study: Powerhouse slope

As in the previous case study, the FOS for three load cases are summarised in Fig. 7.7 for the
powerhouse slope. The computed FOS in LE (SLOPE/W, SLIDE) analyses is based on the M-P
method, and the FOS can be compared to the results from PLAXIS analyses.
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Fig. 7.7 FOS computed by three software programs for powerhouse slope

The FOS from the PLAXIS analyses is found higher than unity, but slightly on the lower side
compared to LE analyses for the first two load cases. However, pseudo-static analysis in PLAXIS

(read a = a) shows the equilibrium state and hence does not appear in Fig. 7.7.

As in the previous case study, the comparison of FOS shows that both the LE based software
SLOPE/W and SLIDE compute almost identical FOS in all conditions. However, a slightly higher
FOS from LE analyses can be seen compared to the FE analyses. Moreover, a higher FOS than
the minimum required value defined for various conditions (normal F>1.5, earthquake F>1.05),
indicates that the slope will remain stable for all seasonal conditions. However, the FE analyses
indicate that the slope may reach to the limiting equilibrium condition. As studied in Chapter 3
(see Section 3.3.3.1), the FOS can be increased by application of a positive dilatancy angle (y) in
the FE analysis. The analysis utilises a small dilatancy angle in the p1 layer (see Table 6.1 in
Chapter 6). According to the literature, overconsolidated slopes in silty sand materials may

however show significant dilatancy behaviour.

Seepage analyses by locating the wet season GWT shows considerably low FOS (see Fig. E.7,
Appendix E). The reason is the reduction in normal effective stress and corresponding effect on
the shear strength properties of soils. However, the application of horizontal drainage systems
increased the stability close to the equilibrium state (see Fig. E.8). Similar to the previous case
study, the slope was found unstable, particularly in the lower parts. However, the FOS can
significantly be increased by utilising the lowered pressure at the toe as indicated in Fig. 6.26,

Chapter 6. Thus, the seepage analysis shows that lowering of the GWT at the toe is highly
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recommended. The GWT regime may differ at the toe after regrading of the slope. Even if there
is uncertainty about the GWT at the toe, the stability situation will not be much different from

the present analyses with respect to the seepage conditions.

On one hand, the dynamic simulations carried out in PLAXIS indicate a similar risk as in the
previous case study. The reasons are the shear strain development, permanent displacement and
high acceleration close to the surface. Moreover, substantial amounts of plastic points were
observed in animation as in the previous case study slope. However, the suction observed close

to the surface may improve stability, if the suction appears close or at the CSS.

On the other hand, the p2 material with the dominating percentage of calcite (81 %) has different
properties than others. A brittle behaviour at failure was revealed in the undrained triaxial
shearing (see Fig. 5.13). The dynamic earthquake events may resemble an identical situation as
in the undrained triaxial test, which indicates the significant strain softening after 1 % axial
strain. However, earthquake exerts a dynamic loading, whereas the strength parameters are
referred to a static loading in triaxial testing. In addition, pore pressure increases and thus, the
shear strength nullifies at around 5 % axial strains in undrained conditions (see Fig. D.I,
Appendix D). These features indicate that instability conditions may appear during earthquakes.
However, the probability of failure may be reduced by installing some pressure release

measures at the toe area. This will reduce a possible risk of liquefaction around the slope base.

7.2.3 Investigated strength parameters

Broadly speaking, the slope stability evaluations are irrelevant unless proper input parameters
are utilised in the computations. Many authors have highlighted the importance of the quality of
the input parameters. For example, Janbu (2001) states, “The shear strength of subsoil has to be
known before the analysis can be performed’. Likewise, Nash (1987) points out, “The soil
properties and groundwater conditions including others are the principle sources of uncertainty
in slope stability.” Thus, the investigation of relevant soil parameters is a vital work prior to

perform slope stability evaluations.

Accordingly, full-scale laboratory investigations from index tests to the advanced triaxial tests
were carried out in this study. An emphasis was given to investigate the effective shear strength
parameters for the case study slopes. The specimens were built-in from the representative soil
samples taking the reference to the index properties obtained from the Standard Proctor test.
Moreover, some of the index properties were verified later by in situ laboratory testing, and only
marginally different results were found compared to the Standard Proctor test (see Table 5.2 in
Chapter 5). Therefore, the specimens for permeability and triaxial tests were built-in based on

the maximum dry density found by the Standard Proctor tests.

Though attempts were made to saturate the triaxial specimen by applying backpressures, the
recommended B-value was not possible to attain for the well-graded silty sand materials. To

increase saturation level, the specimens were thus built-in at slightly lower dry density than the
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Standard Proctor maximum dry density (see index properties in Appendix C, Section C.4).
However, this attempt was also not sufficient to get full saturation as recommended.
Accordingly, the shear strength parameters were determined. The recorded B-values are given
in Section C.4. In the previous studies carried out by other researchers, the use of CO, was tried

without satisfactory results.
e Shear strength affecting parameters

The previous studies carried out for silty clay and silty soils show that shear strength parameters
are dependent on the density of the specimen, the moisture content and degree of saturation (see
Appendix H, Figs. H.1 - H.3). According to Andrei et al. (2001), a dense specimen will have
higher cohesion than a medium dense specimen will at a lower moisture content level, as
indicated in Figs. H.1 and H.3. Their study further shows that friction angle decreases as the
water content increases in the soils. However, the study further indicates that friction angle is
independent on the dry density, i.e. porosity of the specimen. Thus, a higher strength in dense
soils can be found at a low moisture content level. Contrarily, both strength parameters show a
decreasing trend in saturated conditions even if the density remains constant. This is (one of) the

reasons why the slope failure occurs at the increased saturation stage.

Another study, carried out by Melinda et al. (2004) in direct shear tests, conducted for sandy
lean clay materials (49 % of sand, 25 % of silt and 26 % of clay), shows that cohesion becomes
higher due to the increased suction, whereas the friction angle is almost constant. The conducted
direct shear tests results are presented in Appendix H (see Fig. H.4). The tests were carried out
for both wetting and drying cycles with varying matric suction. The specimens were compacted
at 2.0 g/cm’ of dry density almost same as in the present study. Their study further shows 13 kPa
of cohesion and 30” of friction angle at zero suction (fully saturated condition). The partial
saturated specimens in the present study may have small suction, and thus the cohesion
parameter may have been theoretically on the higher side. However, the investigated cohesions
were found in low range (5 — 10 kPa in undrained triaxial tests and 10 - 13 kPa in drained triaxial
tests). Moreover, even if the B-values showed lower saturation level, the test results were found
closer compared to the previous full-saturated advanced triaxial tests (see Fig. 5.12, Chapter 5).
Even the cohesion of 20 kPa was found in one of the previous tests (see Fig. 4.8, Chapter 4). In
supports that the investigated cohesion represents the true value even if the B-values were

recorded lower than recommended ones.
¢ Dilative behaviour

Dilative behaviour in soils is related to the plastic volumetric strains increments. As Bolton
(1986) states, “Dilatancy in sand depends on density and on the friction angle”. According to
Nash (1987), overconsolidated materials tend to dilate on shearing and the shear strength
reaches a peak at small strains. Even if the built-in specimens did not reveal the dilative
properties, i.e. volume increase during shearing in the triaxial tests, the overconsolidated case

slopes may have this property in situ. Since the present stability evaluations utilise very small

110 Chapter 7 Discussion on analysis methods and results



dilatancy, higher value will increase the FOS. It is noteworthy that the dilatancy can only be
used for soils showing volume expansion in drained shearing, such as sand or silty sand or OC-

clayey soils.

7.24 Additional analysis considerations

Present stability evaluations of the case study slopes are based on common analytical approach,
in which the negative pore pressure (suction) above the GWT is ignored. As Fredlund (1987)
states, ‘It is a reasonable assumption to neglect suction for many situations where the major part
of the CSS passes through a saturated soil’. According to the principles of saturated soils, the
applied LE and FE analyses utilise the saturated shear strength parameters, which have been
discussed in previous Section 7.2.3. Moreover, heavy rainfall occurs in the case study area from
June to July (see Chapter 4, Section 4.5) and there is hence a high possibility of a diminished
suction in the unsaturated zone during the monsoon period. This explains the reason of suction,

being a temporary feature, and it generally is neglected in slope stability evaluations.

Actually, the approach of neglecting the suction results in a conservative FOS. Therefore, for
situations where the GWT is deep, or a shallow failure occurs above the GWT in the partially
saturated zone, the stability of slopes are better analysed using an assumption of unsaturated
soils. Accordingly, the effect of suction is incorporated in the extended Mohr-Coulomb failure

criteria and the shear strength at failure as proposed by Fredlund (1987) is given by:
Ty ="+ (uy —uy)tan @b + (o, —u,) tan ¢’ (7.1)

where,

7y = shear strength of unsaturated soil at failure

¢’ and ¢’ = effective cohesion and internal friction angle,

o, =normal stress

u, = pore-air pressure

Uy = pore-water pressure

(U, - Uy) = matric suction at failure

o° = angle indicating rate of increase in shear strength relative to the matrix suction (~15%

Shear strength of soil relies on the effective stresses, whatever is the condition of drainage. The
suction results in positive effective stresses and hence increases the shear strength of the soil
(Nash 1987). Thus, the suction above the GWT will have additional improvement in FOS, if the

investigated parameters are utilised in the analyses.

The steep slopes encountered in tropical regions, for example in Nepal, are capable of

maintaining the stability due to the suction effects in the dry season. The soils are typically in an
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unsaturated state with negative pore-water pressure since the groundwater tables in steep
slopes are often deep. Many slopes that are stable in dry seasons become unstable just at the
middle or at the end of the wet (monsoon) seasons. The loss in suction is the main reason of the
majority of slope failures just after the monsoon. As saturation is reached due to the rainfall
infiltration and rise in GWT, the pore-air pressure becomes equal to the pore-water pressure (i.e.

U, = Uy), and thus, the last term in Eq. (7.1) disappears resulting to the lower shear strength.

Nevertheless, the suction existing above the GWT may be utilised in the design if the applied
suction level in analysis can be maintained by some means all the year round. This is an
interesting topic for further research, which requires special equipment to measure suction in

laboratory and control the similar conditions in the field.

Moreover, the present study covers the 2D-analyses of slopes for a circular SS in LE analyses and
a composite SS in FE analyses. A large number of previous studies show that the 3D-analysis of
slopes gives greater FOS than the 2D-analyses (Duncan 1996). In fact, the 3D- analyses of slopes
were based on the curved SS, with loads in a limited extent and a constrained failure surface by
physical boundaries. The conclusion from those studies was particularly valid for the circular SS
and the 2D-analysis carried out for the most critical section of a slope. However, as Hutchinson
and Sharma (1985), and Leshchinsky and Baker (1986) pointed out, the 2D- and 3D-analyses
should give the same FOS for slopes in homogeneous cohesionless soils, because in such soils,
the SS is usually a shallow plane parallel to the surface of the slope. Furthermore, Azzouz et al.
(1981), and Leshchinsky and Huang (1991), noted that if 3D effects are neglected, the back
calculated strength parameters (from 2D-analysis) will be too high (Duncan 1996). Further
application of the calculated strength parameters in 3D-analysis gives the FOS greater than
unity, and if so the slope would never have failed. Back analysis means the analyses of
previously failed slopes, where the FOS is less than unity. This indicates a considerable 3D effect
on FOS. Moreover, the stability analyses with 3D considerations not only increase the FOS and
optimise the design, but substantial resources can be saved if the reliable input parameters are

investigated and applied in the analyses.

The performed dynamic analyses for the case study are based on the undamped vibrations,
except for the latter few results given at the end of Chapter 6. For such vibrations, the term of the
damping matrix in Eq. (2.24) (given in Chapter 2) is zero (Kramer, 1994). However, the damped
Newmark method with the applied coefficients (a0 = 0.3025 and B = 0.6) considers an artificial
damping even if Rayleigh damping is neglected. Moreover, the consideration of undamped
Rayleigh system resulted in a conservative solution. In reality, soils will have certain damping
property. Therefore, dynamic analysis should be performed using proper damping ratios (C),
which can be determined experimentally by a resonance column test. The damping ratio ({)
depends on plasticity index (PI) and cyclic shear strains. According to Vucetic and Dobry (1991),
the soil with lower PI will have higher damping ratio and vice versa at the same cyclic shear
strain. In their study, for example, if PI = 0, the value of { can be as high as 24 %, whereas at PI

=100, the value of { can be reduced down to 10 % at 1% cyclic shear strain.
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Chapter 8

Conclusions and Recommendations

8.1 Conclusions

Today, the two approaches of stability analyses, one based on limit equilibrium (LE)
formulations and the other based on finite element (FE) principles are widely used in practice.
The basic physics of stress-strain relationship, which is lacking in LE methods, has been well
covered by the FE methods. As a result, complicated geotechnical computations can easily be
performed. In addition, FE analysis can simulate stress concentrated problems and deformation
compatibility, which have been experienced problematic in LE analysis. This has been one of
the advantages of FE calculations. On the other hand, LE methods have been applied for many
years. Hence, they are well-established and common in practice. User-friendliness, simplicity

and relatively good FOS for a particular case are the advantages of the LE methods.

The scope of this study was to compare various stability evaluation methods. Accordingly, most
common LE approaches were compared with the advanced LE (M-P) method. Similarly, the
differences in FOS computed from LE and FE analyses were compared based on a simple slope
considering various load cases. In addition, two real slopes in a case study were analysed for the
recorded minimum-maximum GWT, pseudo-static and dynamic conditions. Moreover, the
stability evaluations of these slopes were based on both LE (M-P) and FE (PLAXIS) calculation
approaches, which both utilised shear strength parameters from advanced triaxial tests.
Similarly, Mohr-Coulomb model was applied in both approaches. The following conclusions are

hence derived based on the reported work on both idealized and real slopes.
8.1.1 Evaluation of the analytical methods

The conclusions are mainly based on the circular SS analyses. However, plane SS and composite

SS were analysed in SLOPE/W for one of the case studies, as an additional comparative study.
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The main findings from the studies are summarised as follows for the application of LE

methods.

The simplified Bishop (BS), generalised Janbu (GPS), Morgenstern-Price (M-P) and

Spencer methods yield in most cases identical FOS for circular SS without any external

loads on the slopes. However, the simplified Janbu (JS) method may underestimate the
FOS from 8 - 13 % for the circular CSS obtained by this method.

The JS, GPS and M-P methods result in the same FOS for plane SS without any external

loads. However, the BS method either over- or underestimates the FOS for the plane SS.

The GPS and M-P methods compute identical FOS for composite (non-circular, i.e. partly

circular and partly plane) SS analysis. In addition, both methods were found computing

the same FOS for a particular circular SS.

The M-P method, or general limit equilibrium (GLE) procedure, is recommended to use

in any kind of SS analyses, including external forces, unless FE methods are available.

The FOS computed from force equilibrium methods (e.g. JS) is sensitive to the interslice
force function (f(x)), one exception occurs for plane SS analyses. Similarly, the FOS
computed from moment equilibrium methods (e.g. BS) is sensitive to the f(x), except for
circular SS analyses. Moreover, the sine function used for interslice shear force
computation is inappropriate, particularly for computation of interslice shear forces at

the toe and crest areas of the slopes.

The two LE based software, SLOPE/W and SLIDE, compute identical FOS within + 1%
variations compared with method to method except in seepage analyses. Otherwise, both
software programs are found reliable for slope stability evaluations. Moreover, SLIDE
has both groundwater calculation feature (seepage analysis) and slope stability analysis,
i.e. two-in-one package, whereas SLOPE/W requires separate software, such as SEEP/W

for seepage analysis.

Similarly, further conclusions are derived from the comparative study between the LE based
software (SLOPE/W and SLIDE) and the FE based software (PLAXIS). The comparative studies

were made using the PLAXIS calculations as reference. This program searches for the CSS and

computes the effective base normal stress utilising the stress—strain relationship, also for non-

circular geometries.

All LE methods, except the Fellenius (Ordinary) and JS methods, estimate higher FOS
than FE analysis in PLAXIS. The ]S method may underestimate FOS from 5 - 7 %
compared to FE. However, the correction factor applied in JS method (i.e. JCM)

computes almost identical FOS compared with the FE analysis.
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The most rigorous M-P method or GLE procedure may overestimate FOS with as much
as 14 % in fully saturated slopes with hydrostatic porepressure distributions. However,

the overestimation may drop as low as 5 % for dry slopes.

The FE methods are best suited for external loads, complicated geometry and more
realistic normal stress distributions and resulting FOS. Hence, the FE analysis is

recommended to use in stability evaluations with investigated relevant soil parameters.

The pore pressure distribution from seepage analyses in PLAXIS are found comparable
to those obtained in SEEP/W and groundwater calculations in SLIDE using a finite
element approach. Even in this case, the LE (M-PM) analysis may overestimate FOS as

high as 11% compared to the FE analysis.

Where appropriate, application of a positive dilatancy angle (y =¢-10°) in the FE
analysis may improve the FOS in the range of 4 — 10 % depending on the pore pressure
conditions. Similarly, the analyses with optimisation (slightly non-circular SS) in
SLOPE/W (M-PM) and with the application of y in PLAXIS may result in the identical
FOS. However, the difference in FOS between LE (M-PM) and FE analyses may

sometimes rise to moderate variations (<5 %) even if these parameters are considered.

The interslice forces, line of thrust and the base normal stresses are not identical in FE
and LE analyses, which explain the differences in FOS computed from LE and FE

methods in these studies.

8.1.2 Application of the analytical methods

In addition to the FE software (PLAXIS), the LE software (SLOPE/W and SLIDE) with the
selected BS and M-P methods were utilised for the case stud slopes from Nepal. Based on the

analyses, which studied mainly the effect of groundwater variations, seepage analyses, pseudo-

static and dynamic earthquakes, the following conclusions are made.

Both SLOPE/W and SLIDE software is found computing identical FOS for the selected
M-P method even for various load combinations and complicated slope geometry.
Concerning the particular case study, the slopes are found stable for all seasons, and will
remain stable unless the GWT or other destabilising forces are increased. The conclusion
is based on the analyses utilising the recorded GWT, which are expected as low as
possible, even in the wet season, due to the installed drainage system. Any fault or

blockage in the drainage may decrease the stability of the slopes.

Stability evaluations by using the pore pressure distribution from seepage analyses
indicate that the toe of the case study may have critical conditions in wet seasons.

Further analyses of the particular case study, using a sub-surface horizontal drainage
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system, indicate an improved FOS. Similarly, significant improvement in FOS was found
due to the introduction of pressure relief wells around the toe of the slopes. Based on
these findings from the research study, it is concluded that the toe of a slope in general is
the most critical part in the wet season concerning the seepage. Considering the
particular case study, any measures carried out to lower the pore pressures, especially

around the toe of the slope, will have substantial improvement in the FOS.

e Limited to the case study, it is concluded that the slopes are found stable from the
pseudo-static analyses, using the recommended horizontal seismic acceleration (o, =
0.15g) from the LE methods. However, FE analyses indicate that both case study slopes

may reach critical conditions during earthquake events.

e Based on the dynamic analyses, it is concluded that the crest of the studied slopes may be
permanently displaced some centimetres, and thus may have critical conditions.
Moreover, the unusual properties of p2 material in the powerhouse slope were
investigated in the undrained triaxial tests, which may simulate the conditions during
the earthquake events. Among them, a significant strain softening behaviour (at ~1 %
axial strain) and zero shear strength (at ~5 % axial strains) may initiate critical conditions
during earthquakes. However, the worst-case scenario, which assumes the acceleration
across the river and out of the slopes, was used in both pseudo-static and dynamic

earthquake analyses. This condition may not necessarily appear during earthquakes.

e The computed FOS herein may be the absolute minimum, since the analyses neither
utilise the suction in the unsaturated SS above the GWT, nor consider higher positive
dilatancy parameter, which can be expected in the stiff, overconsolidated materials in the
natural slopes. Moreover, the 3D analysis effect, as commented on by e.g. Duncan (1996),

should also be considered, resulting in an additional improvement in the FOS.

8.2 Further research and recommended works

The stability evaluations of the case study slopes utilise the common analytical approach based
on the principles of saturated soils. This approach is realistic for the slopes where the majority of
the CSS falls within the saturated zone. However, for situations where a failure occurs above
the GWT in the partially saturated zone, the stability of slopes are better evaluated using an
assumption of unsaturated soil. The advantage of such analysis will have both cost effective

solution and advanced understanding of the suction contribution in the slope stability.

Similarly, the studies of 3D-slope stability analyses show better FOS than in 2D-analyses
(Duncan 1996). Therefore, such studies not only increase the FOS and optimise the design, but
substantial saving on resources can also be assured with reliable input parameters in the

analyses. Within these perspectives, further studies on the following areas are recommended:
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e Further research on slope stability analysis in unsaturated soils is recommended, focusing on
particular measures that can increase or maintain suction during rainfall infiltration. In this
respect, in situ and laboratory investigations for suction measurements, and the
measurements of the additional strength parameters (e.g. u, and ¢") are most essential for

subsequent stability evaluation in unsaturated slopes.

e 3D-slope stability analyses are recommended to compare the FOS obtained from 2D-
analyses, which are generally considered providing conservative results (i.e. low FOS). With
the expected higher FOS in 3D-analyses, a cost-effective steeper slope may be designed

maintaining adequate stability.

e A detail study on dynamic response is recommended by conducting resonance column test
for site-specific damping ratio ({). The performed dynamic analyses utilise mainly
undamped force vibrations except the last verification analyses. The Rayleigh undamped
condition was found resulting in conservative solutions especially at the surface, where
large acceleration - time series and more permanent displacements have been observed.

Therefore, further research on this area will have additional advantage.

Particularly focusing on the case study slopes, the following remedial measures are
recommended for the improvement of the stability in critical conditions, like monsoons and
earthquakes. The recommended measures may be useful also for general slopes if these

conditions are found as critical events.

e Since, the lowering of the GWT at the toe of the slopes was found providing substantial
improvement on FOS, such installations are strongly recommended to keep the slopes

stable in critical conditions. This applies to both case study slopes.

e Plantation of vegetation will not only control surface erosion and reduce rainwater
infiltration, but also maintain suction in the unsaturated part of the slopes during the

monsoons. It is therefore strongly recommended to continue such measures in the slopes.

e Additional instrumentations, for example inclinometers or tiltmeters and in situ suction
measurement systems are recommended to install for future monitoring and evaluations of

the stability conditions.
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