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Abstract

In the last decades, environmental considerations in coastal and offshore zones have shown a
remarkable increase. In this sense, the integrity of coastal facilities, offshore oil & gas installations
andfacilities, and various pipeline networks both offshore and onshore play an important role due to

their significant economic feasibility and environmental sustainability.

Because of the long, linear nature of pipeline corridors, they often cross areasettaghly
susceptible to landslides. The landslide susceptibility that can translate into high or insignificant
hazard to the pipeline depends on various factarsdslidematerial ranging from bedrock with high
intact compressive and shear strengtbdib with low cohesion, and when a slope failure happens,
rock falls and slide in soil flows can transmit damaging stresses to surface and buried ppelines.
the economic interested on coastal and offshore facilities increase, wider attention is doctsed
problem of coastal rock slopes stability. The stability of rock slopes is significantly influenced by the
geotechnical discontinuities in the rock, strength properties and its geometry

This dissertatiofiocus on the importance tifeover mentionegharameters on the rock slope stability

and on the influence of seismic loads on jointed rock slogesfinite element method (FEM) have
beenused to simulate a jointed model as is a great tool to solve geotechnical problems due to its
ability model nonhear stresstrain behavior of material§ix study cases carried out with static
analysis for very good quality rock mass to observe how the geometry and main parameters of rock
slopes affect their stability. Additionally, seismic forces imposed ondtle slope in order to note

the influence of seismic loads on jointed rock slopes.

The results indicatéhat the bigger angle and unit weight of the slope are, the more unstable is the
slope, and the bigger friction angle and cohesion of joint planes sfdpe are, the more stable is

the slopeFurthermore, it is observed that when diyg angle of joint planes is smaller than the slope
angle, with its increase the equivalent plastic strain amplitude also increases and the slope become
unstable. When itsi sub parallel with slope angle plastic zones are reduced and the slope become
more stableAlso, with the impose of seismic forces was noticed that all potential deformations of

the jointed rock slope are larger than sketic conditions anthe rock slopés gettingmore unstable.

Finally, as this dissertation offers the displacements of the slope during seismic forces in critical
points, a further study could be done examining thHerdetion of a pipe laid on studiedck mass
slope.
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CHAPTERNIRODUCTI ON

1.1 STATEMENT OF THE PROBLEM

In the last decades the development of computational methods and data acquisition techniques has
contributed significantly in understanding of the behavior of rock slopes. Numerical modelling
techniques have be@ndely used to solve complex slope problems, which otherwise, could not have
been possible using conventional techniques. However, the application of these methods must be
followed with such a manner, that the simulated models are reflected in situ ¢anoessas much

as possible.

Rock slope stability as well as environmental considerations in coastal and offshore zones have shown
remarkable increase. As the economic interested on coastal and offshore facilities increase, wider
attention is focused on the problem of coastal rockescstability. The stability of rock slopes is
significantly influenced by the geotechnical discontinuities in the rock, strength properties and its
geometry. This dissertation make a brief to submarine and coastal geohazards and faces the
importance of t over mentioned parameters on the rock slope stability. The finite element method
(FEM) is used to simulate a jointed model as is a great tool to solve geotechnical problems due to its

ability model nonlinear stresdrain behavior of materials.

1.2 RESEARCH OBJECTIVES

The principal objectives of this thesis are:

1 toexamine how the geometric and main parameters of the rock slopes with joint planes impact
on the stability of rock slopes, and,
1 to research the failure surface geometry and the rangasticpzones and displacements

developed by the force of seismic actions.

1.3 THESIS STRUCTURE

This thesis consists of four chapters (Fig. 1.1). This chapter (chapter 1) presents the research problem,

objectives and the structure of the thesis.

Chapter Zresents literature reviews on submarine geohazards and geohazards in coastal rocky areas
with a focus on the factors which accelerate and create these hazards. The mentioned hazards impose

significant economic, social and environmental threats to society.



Chapter 3considers geologic factors and other significant features that may intervene in slope
stability and are responsible for the failure or the potential instability of a slope. A report is made for
basic rock mass structures and for the main gexdbdeatures which have a critical role to the
behavior of the slope. Afterward, the type of slope failures analyzed and a special emphasis is given
to the shear strength of discontinuities in a jointed slope. At the end of the chapter, limit equilibrium

techniques and the finite element method (FEM) are introduced.

Chapter 4studies the slope stability analysis usin® 2inite element method. A jointed material is
presented and created to simulate the jointed rock mass. Two methods of analysis aag staéid (
analysis with gravity loading and, b) pseudostatic analysis for seismic action) in order to examine the

distribution or size of the plastic strain zones and displacements.

Chapter 2

Literature review on submarine
and coastal geohazards.

!

Chapter 3

Rock slope stability: a) rock mass structures and geologic factors
b) types of failure
c) computational methods

Chapter 4

Slope stability analysis using 2-D
finite element method FEM.

Case study
simulations

Figure 1.1: Structure of thesis



CHAPTER | TERATURE REVI EW

2.1 INTRODUCTION

Because of the long, linear nature of pipeline corridors, they often cross areas that are highly
susceptible to landslide$n addition to ground displacement, construction disturbance, ground
settlement and movement due to freeze and thawepses, pipelines are often threatebgd
earthquake shaking army impact and displacement from landslides. Landslides that can affect
pipeline coridors vary widely in type and isize.A landslide is a form of mass wasting that includes

a wide range ojround movements, such as rockfalls, deep failure of slopes, and shallow debris flows.
Landslidematerial ranging from bedrock with high intact compresaivé shear séingth to soil with

low cohesion. Landslidesan and have occurrethderwater, called submarine landslide, coastal

and onshore environmentspipelinecorridors throughout the worltMuch of the hazard to pipelines

from landslides derives from the long, linear nature of the corridors. With widths of up to one
kilometer, pipeline corridorgxtend great distances through topography with wide varieties of
susceptibility to landslides. Almost every pipeline that traverses areas in mountainous terrain has
some vulnerability to landslide hazards.

The landslide susceptibility that can translate imgh or insignificant hazard to the pipelitepends

on various factors. Many pipelines are buried to depths of about one meter, so those landslides that
penetrate to those depths, or induce damaging stresses at those depths will pose a realmazard to t
pipe. Therefore, those failures that tend to be shallow anémaling to the surrounding terrain pose

little hazard to pipelineOn the other hana large portion of commonly occurring landslides, such

as falls and slides in soil and rock and deHaws, that tend to be triggered in great numbers in
seismic or extreme precipitation eventssgaificant threats for the pipeline integritywhen a slope

failure happens, rock falls and slide in soil flows can transmit damaging stresses to surbasesdnd

pipelines.



2.2 SUBMARINE GEOHAZARDS

In the last deades, environmental considerations in coastal and offshore zones have shown a
remarkable increasén this sense, the integrity of coastal facilities, offshore oil & gas installations
and facilities and various pipeline networks both offshore and onshore play an importatitedie

their significant economic feasibility and environmental sustaiitgbil

Pipelines are static features within a dynamic environment with rivers, floodplains and coastal zones
representing some of the most active arealsinvel landscape. These areas could also characterized
by seismicity, and the integrity of any facilityn these, is related to the earthqueddated
geohazards. In addition to ground motion, the potential earthgetdted geohazards that may
threatenthe integrity of pipeline corridors include mainly active faults, coastal or submarine
landslides and sidiquefaction phenomenas shown in Figure 2.The offshore geohazards occur

in all oceanic environments, but they concentrate on continental margins and comprise a number of
geological phenomena, such as submarine slides, shallow gas and dissotig@snhgdrates,
shallow water flowvolcanic island eruptions with flank collapsend seismicity. Figure 2shows a

sketch summarizing the seafloor features linked to potential geohazards. This figure depicts an
idealized continental margin with both nedl geohazartbearing features and main anthropogenic

structures lying on the seafloor (e.g pipelines).

Bolide Impact

* Major tsunami
..... » Earthquakes

» Landslides

* And much more

GFacler

Rift & Transform Margins Subduction Margins Oceanic Volcanoes Passive Margins
* Moderate earthquakes + Large earthquakes » Submarine/subaerial landslides + Submarine landslides
* Submarine/subaerial landslides » Submarine/subaereal landslides « Debris flows, turbidity currents * Debris flows, turbidity currents
* Debris ﬂpws, turbidity currents + Explosive eruptions, lahrs + Volcanic eruptions + Modest earthquakes
+ Tsunamis - + Debris flows, turbidity currents + Earthquakes + Tsunamis
* Methane emissions + Tsunamis « Tsunamis + Methane emissions
+ Methane emissions + Methane emissions

Figure 2.1: Offshore and castal geohazards (Morgan et al2009)
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Figure 2.2: Sketch summarizing the seafloor featuredinked to potential geohazards(after
Chiocci et al. 2011)

As mentioned above, the economic feasibilityd environmental sustainabilibf the coastal and
offshore or onshore facilities has a paramount of importarerisk factor in these activities is very
high. Structural risk is defined as the probability that a specific hazard will cause harm to a structure
or infrastructure. According to Lacasse & Nadim (2007), risk is defined as the measure of the
probability and severity of an adverse effect to, lifealth,environment and property. As shown in

following expression, the estimation of structural risk requires:
a) the assessment of hazard (i.e. when, where, how frequently, magnitude)

b) the assessment of the structural vulnerability to this specific hazardv@luation of the impact

of the hazard on the examined structure or infrastructure).
Risk = Hazard x Vulnerability

Obviously if the hazard is an offshore or onshore geohazard, then the structural risk is a function of
the geohazard under considerati®he triggering mechanisms of offshore and coastal geohazards
could be natural, such as earthquake, tectonic faulting, temperature increase caused by climate
change, excess pore pressure due to rapid sedimentation and gas hydratedomeltmglimate

change with increased sea water temperature after glacial periods;-enas) such as anchor forces

from ships or floating platformsock filling for pipeline supports, temperature change around oil and

gas wells in the offshore field development areagugiibund blowout, and reservoir depletion and

subsidence (including induced seismiciigures 2.3 & 2.4showa conceptual model of gas hydrates



and submarineahdslides due to global warmirgnd common modes of submarine landslide

formation respectivel
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Figure 2.3: Gas hydrates and submarine landslides in response to climate char{@amerlenghi,
EGU General Assembly, Vienna, 2013)
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Figure 2.4: Common modes of submarine landslide formation
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According to the above, some of thmin earthquakeelatedgeohazards that can damage offshore
and coastalteuctures such as pipeéia aresoil liquefactionsubmarine landslideseismic waves

ruptures seabed shaking and tsunamis.

Most of the major tsunamis are triggered by earthquakes, and the resulting waves are crossing
regional basins before to hit the opposite coasts tens of minutes later. Moreunaatissmay be
generated as consequence of submarine sedimentary or volcanic failures; such events may quickly
impact the neighboring coastlines where they may also induce important dafegtst three can
cause permanent seafloor deformations whicly im& considered as quasistatic loading to a

pipeline, while eabed shaking is a dynamic loading to any structure with various acceleration levels.
Seismicwaves

Earthquake faults are the boundaries between the individual plates. Earthquake restitiefrom
relative movement of one plate with respect to its neighbor. Movement at the plate boundaries is
sporadic, typically with at least decades between significant movements. Forces build over time,
eventually fracturinghe brittle Lithospheric rock. Thesdden fractur@and relative movement across

the fault rupture surface releases buptenergy and generates seismic waves which propagate away
from the fault rupture zon&he passage of these seismic waves causes the ground to shake back and
forth. Howewer, the ground shaking is transient: the shaking starts when seismic waves arrive at the
site and ends when the waves have passed. The ground shaking may trigger landslides of marginally
stable slopes, liquefaction and lateral spreading of saturatedsaih@nd settlements of the ground
suiface. Nevertheless, unlike the ground motion that triggers these ground movements, these

deformations are permanent.

In terms of their effects on buried or surface pipelines the two general classes of seismic hazards are
the wave propagation hazard and the permanent ground deformation (PGD) hazard. The wave
propagation hazard is transient and corresponds to ground shiakiegults in transient strains in
pipelines strains that disappear when the shaking has stopped. The wave propagation hazards occur
in every event and generally leads to low to moderate damagdamlpegelines. Contrariwise, the

PGD hazard corresposdo permanent offset at a fault, permanent amounts of landslide movement
and the like. It results in permanent strains in pipslirstrains that remain after the shaking has
stopped. The PGD hazard does not necessarily occur in every event, but wiesiitgenerally

results in moderate to high damage rates for pipelines in the limited areas where it occurs.



Soil liguefaction

Soil liquefaction and related ground failures are commonly associated with large earthquakes. In
common usage, liquefactiorfers to the loss of strength in saturated, cohesioatelssdue to the
build-up of pore water pressures during dynamic loading. Sladen et al. (1985) define that liquefaction
is a phenomenon wherein a magssoil loses a large percentage of its shearistance, when
subjected to monotonic, cyclic, or shock loading, and flows in a manner resembling a liquid until the

shear stresses acting on the mass are as low as the reduced shear resistance

Liguefaction results from the tendency of soils to decreasemlume when subjected to shearing
stressesWhen loose, saturated soils are sheared the soil grains tend to rearrange into a more dense
packing, with less space in the voids, as water in the pore spaces is forced out. If drainage of pore
water is impededpore water pressures increase progressively with the shear load. This leads to the
transfer of stress from soil skeleton to the pore water precipitating a decrease in effective stress and
shear resistance of the soil. If the shear resistance of thieeswoiines less than the static, driving

shear strength, the soil can undergo large deformadimhss said to liquefy (Martin et al. 1975; Seed

and Idriss 1982). Liquefaction of loose, cohesionless soils can be observed under monotonic and

cyclic shear loasl

A great number coastal zones are characterized by loose and cohesionless soils as mentioned above
Thus, it is obvious how disastrous can be a soil liquefaction in surface or buried pipelines at those
areas.For example as the Figure 2dgpict the suport of a pipeline, it can registered that a soll

liquefactioncan cause the loss of pipeline support.

Figure 2.5: Pipeline supportexposed to a soil liquefactionRarry , Plains Mid American, 2014)



Submarine landslides

Landslides occur under water as well as on land; in fact, they are surprisingly abundant on the
seafloor. Most reported submarine landslides occur in unlithggstiment, but some notable ones
displace volume of rock. Other related phenomena are flovegses such as cre&lva and Booth,

1984, debris flows KHampton, 197 and turbidity currents Kuenen and Migliorini, 1950
Submarine slope failures can also occur on slopeaasl it depths ranging from a few bdseters

to 1000s0f meters and e¢aevolve in several different ways. The two common types are large slides
where relatively coherent blocks move down slope, and debris avalanches. Submarine landslides are

characterized by lateral extent and can run out for 10s, even 100s of kilometers.

To evaluate the failure of submarine slope, a clear understanding is needed of underlying physical
processes associated to both predisposition and triggering factors. Examples of the latter are: slope
gradients, high sedimentation rates, fluid seepaljg®logical discontinuities, loose sand and
liquefaction, leaching and high sensitivity clay, hydrates occurrefiee gas generation and
earthquake shakinggtc. Three main types of triggering mechanism can act in time and space to
produce failure of subarine slopes: a) tectonic factors; b) eustatic changes in sea level and changes
due to glaciainterglacial periods where sea level drops were in the orders of hundred r(@ters;

high storm waves inducing overloading on shallewderconsolidated sedimeng&uch events can

severally damage various offshore structures such as submarine cables, pipelines, e.t.c.
2.2.1 Landfall areasand Coastal edges

As the main objectives afffshore and coastal industries are to protect their investment, they have to
choo® areas of optimal conditiorts locate their structure. For example, certain topographical
features, such as sandy sea bottoms as opposed to rocky substrate may permit greater flexibility in
the siting and construction of pipelines. In addition, otheufea in the coastal zone, like historical
shipwrecks, serve to constrain pipeline placemBetause of the associated high risks to pipeline
safety, i ndustry would attempt to avoid | ayir
military for weapons testing or practice purposes or where the sea bottom displays an exceptionally
dynamic history. By locating pipelines in optimal positions and avoiding areas such as those described

above, industry can be reasonafbgured that risks to their stment will be minimized.

As defined earlier, siting considerations are those factors which influence the siting or location of
pipelines. Both industrial and coastal resource considerations are described in terms of their

geographic lod#gon. The aforem@tioned geohazards are present at coastal edges and landfall areas.



Coastal Edges

Coastal edges are those portions of land that are an integral part of teatandnterface, those

areas where the land, tidal wetlands and tidal waters meet. They include such features as barrier
islands, nearshore shallows, beaches, wetlands and.bltié lanewvater interface is a particularly
dynamic and unpredictable area, reflecting the effects of both land and water physical prioaedses.
runoff, shoreline erosion rates, tidal and current patterns and frequency and intensity of storm surges
acttogether to influence the composition and pipeline siting implications of various edge features.

The composition and texture of landfall soils in which surface or buried pipelines are a consideration
in relation to the feature stability, and thus safefythe pipeline. Soil conditions at the landfall site

may be such that the shorelidgnamics and sediment supply characteristics are conducive to
accelerated erosion. Traversing barrier spits could lead to a breach in the natural stability of the

shorelne, with future inlet formation possibly resulting.

Figure 2.6: Erosion of rock; piles of boulders have gathered at the base of the cliff

Sourcehttp://www.dailymail.co.uk/news/articlg274536/WalkersvarnedsteerclearBeachy Headscliff -sub-zero

temperaturesiccelerategbaceerosionleavingextremelyunstable.htrh

10


http://www.dailymail.co.uk/news/article-2274536/Walkers-warned-steer-clear-Beachy-Heads-cliff-sub-zero-temperatures-accelerated-pace-erosion-leaving-extremely-unstable.html
http://www.dailymail.co.uk/news/article-2274536/Walkers-warned-steer-clear-Beachy-Heads-cliff-sub-zero-temperatures-accelerated-pace-erosion-leaving-extremely-unstable.html

Landfall areas

Once the decision is made to construct a pipeline, consideration must be given to a site at which the
pipeline can be brought ashore. Usually, a 50 to 100 footoigity is the minimum requirement
for a pipeline landfall. However, a pipeline shore terhand a pumping facility may be required to

increase pipeline pressure if the prodadb be piped inland for processing.

The marine terminals and sergtorage facilities are situatedlandfall areas. Landfall areas can be
defined as th&and whichis between the seaward limit and landward limit, emahbine dfshore and
onshore facilities. If the terrain of the landfall area is mild with low inclination, it is usually consists
of soft cohesive materials and saturated loose sandy materials. Endéait the potential of soil
liquefaction phenomena under strong seismic waves which may impose asaildistortionto the
pipeline as shown in Figure72.0n the other hand, if the pipeline follows a steep terrain at the
landfall, then the pipelinbas to endure both the amplifigdound motion due to the topography
effects and the imposed permanent ground deformations due to the potential eatithgedas
landslide. The geomorphology of steep slopes at the landfall areas change in time d@dsise,

and thus, increase the risk of landsliding especialtleuseismic conditions (Fig. 3.8

No Land Damage
Apparent 1
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——

Differential Settiement : Lateral Spreading |

Figure 2.7: Sketch showing some of the geohazds at landfall areas (Psarropoulos &
Antoniou, 2016
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Figure 2.8 Sketch showing the phenomenon &fea erosion in a steep slope at landfall area

(Psarropoulos & Antoniou, 2016

2.3 GEOHAZARD IN ROCKY COASTAL AREAS

2.3.1lIintroduction

Natural hazard on the coast is largely affected by processes of rapid sediment transfers produced by
meteorological, ocemgraphic and geological forces. Coastal failure, mass wasting and floods are
some of the process that operate naturally in this environment and significantly influence the human
use of coastal resources. The most of the part of coastal zarmssiste of rocky shores which

include beaches that they are backed by bedrock cliffs or rocky uplands. The geological processes
that regulate sediment transfer in these environments also cause major physical changes both onshore
and at sea. According to the ctzdszone concept, thetefinr oc ky coast 0 i s used
zone between the landward limit of marine influence and seaward limit of terrestrial influence (Carter
1988) composed of a rocky substrate retaining at the coastline the form of aitbliffifferent

profiles

Rocky coasts occur in a variety of geological settings with a wide range of morphologies depending
on rock type, tectonics and climate. Rocky coastal areas can be associated with mountainous regions
with active or recent tectonias volcanic activity, or develop as lekelief cliffs along noractive

margins, which limit seaward flattened are&eep coasts commonly occur also in glacial
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environments such as fjords or lakes. In all these settings, slope instability representstthe m
effective hazardous process, which can erode and transfer large volumes of material directly, or via
coastal streamsnto the sea, lake or fjor@Fig. 2.9. Landslide activity has a significant impact on
coastal facilities. Material eroded from rockgasts is mostly delivered in the form of cliff debris,
landslide accumulations, coargrined deltas and ultimately as fluvial turibjdflows. As a result

of high-gradient sedloor topography and often a narrow or rexistent shelf along rocky coasts,

the eroded deposits often go straight to the operCasastal evolution mainly depends on the balance
between sediment availability and wave reworking processes. For rocky coasts, delivery of sediment
is typically intermittent, and persistencetloé digplaced material in the littoral environment as natural
armour for wave action is consequently IGvis exposes rocky coasts to an irreversible loss of land
humanscale periods.

Figure 2.9 Picture of an alluvial fan transfer and deposit

Source: https://devynba.weebly.com/watererosion.html

2.3.2 Sediment transfer at rocky coast

Rocky are potentially subject to masasting events over a range of magnitude and period of
recurrence, which are able to transfer large amounts of material into coastal and open seas.
Topographic gradients arise from volcanic and tectonic processefoahdgon and uplift, which

also have a primary effect on the denudation rate and coastline features. Besides coastal slope tectonic
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activity shapes the seafloor morphology of marine areas, which is characterized by high gradients,

narrow and abrupt conegmtal margins, and submarine canyons close to the shoreline.

Sedment transfer at rocky coasts is typically intermittent, involving massive transport of rock,
regolith sedimentary cover and soil which can damage buried or surface pipelines. The resulting
deposits have a coargeained texture with relatively small quantities of fine sand and mud, and are
transient through the shore zone and mostly redeposited at great Tepttombination of steep
continental shelves, which are unable to dissipate waseggand episodic coastal supply prevents

the beach profile being maintained over a long period, although coastline progradation may occur as
ephemeral alluvial deltas at stream mouths. Lack of extensive coastal plains on rocky coasts is further
due to tle capture of sand at the head of submarine canyons, with the result that sand is carried to the
deep sea out of the coastal system.

Mass movement is a fundamental component of landscape evolution on rocky coasts that accounts
for active cliff recessiorfFig. 2.8), lateral collapse of coastal volcanic structures and rocky slopes,
and sudden increases in sediment load in short coastal rivers. The catastrophic delivery of material
exposes coastal zones to both mass wasting and tsunami hazards, the lagt@rdukioed by

displaced waves as rock avalanches enter a lake or thEhseeanderstanding of all these hazardous

processes is essential for the constructionods
Cliffs Area of cliff
recession

Wave cut
 platform

e

Figure 2.10Q Cliffs and wave cutplatforms

Source: http://thebritishgeographer.weebly.com/coast®f-erosionand-coastsof-deposition.html
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2.3.3 Sealiffs

An important source of sediments at rocky coasts is represented by colluvial deposits resulting from
cliff recession(Fig. 2.11). CIliff erosion is produced by both wave and weathering action, which
operate with varying intensity depending on local metegioll and oceanographic features, and
rock resistance and results in an irreversible loss of land. Although basal erosion is a critical factor
for cliff instability (Richards & Lorriman 1987, McGreal 1979), precipitation and infiltration of water
resuling from rainfall events and groundwater may act as driving or forcing agents in the upper part
of the cliff slope, significantly contributing to coastal changes (Lawrence 1884in, a major role

is played by landslide activity of various magnitude, chhtan involve the rock substrate and loose
superficial terrain transporting significant amount of materials to the cliff toe. The form and stability
of rocky coasts is further related to factors inherited from past environmental conditions,
characterizedby different sea level and climate, which interact with contemporary erosive agents so
that the sea may rework steep slopes initially formed bymarine processes (Fig.12 Sunamura

1992; Bray & Hook 1997; Trenhaile 2002).

Post-Burial Sea Cliff. = -

SHRiare _,_,_,..---—' 'ﬂ-‘-golluvial ’
_.__l—— o - Bedrock
, ‘Prograding . . = .'Vedges
Regressive ©°  Terrestrial Sediment
Marine R ' = ————
Torrace ™™¢ ©, .0 o .o C 0 e. 0 g .t

Deposits /
Wave-Cut Platform
Figure 2.11 Colluvial deposits due to cliff recession (Shaller & Heron 2004)

Shoreline Angle
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Figure 2.12 Factors influencing cliff erosion and recessionViolante 2009)

Mechanical strength and wave energy are the main elements affecting the recession of cliffed coasts
(Sunamurd 992). The wave factor is greatly influenced by occurrence of loose sediments in coastal
waters, which increase mechanical abrasion and wave impact. However, as the solid load increases
to high values, wave energy is dissipated in moving and reworkingneets the coast is
consequently protected. Therefore, fallen and/or flusd@lved debris that accumulate in the form of

a beach or as a landslide deposits at the cliff toe significantly reducessthtfility. The persistence

of such basal protectivsediments depends upon the balance between hydrodynamic forcing (waves,
tides, crossand longshore currents), and the type and amount of materials supplied. A general model
for the evolution of a rocky coast, first proposed by Sunamura (1983), inaobyesic process with

phases of cliff retreat followed by failures and mass movements and longshore transport of the

accumulated material, such that the cliff is exposed again to the wave action.

Another consequence of cliff retreat is the creation ofesiptatforms, which is mainlyelated to
guarrying and abrasion activities with significant aid from-diosion and weathering. These
structures are seldom horizontal, and often have a gentle seaward slope of up to 3%, possibly possibly
covered by a smalmount of sediment (Trenhaile 2004). Although associated with the rate of cliff
retread, the occurrence of a shore platform in front of a cliff increasingly acts to dissipate wave energy
as it develops landward, up to a critical platform width, beyondwiviaves are unable &yode or

remove debris protecting the cliff face. Nevertheless, the dissipative effect may decrease as a result

of platform downwearing, which reduces the platform height relative to sea level, thus maintaining
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cliff retreat. Again, lhis process has a finite limit, as shear stress between the platform and the waves

decreases with water depth.

The retreawf cliffed shore is the cumulative result of numerous variables acting on each other.
Interaction between processes and products mesylt in selregulation from negative feedback
associated cliff debris that supports, protects or load the toe. In these cases the recession can stop an
the cliff may be degraded Isyibaerial processes, or evotlieougha cyclic process involving ddbr

removal redistribution by hydrodynamics forces.

2.3.4 CIiff recession

The stability of a rocky coastalope is greatly influenced by intrinsic geological features that
determine material strength and rock mechanics. Lithology, patterns of fractures and faults. and strata
attitude can vary significantly also at a local scale, affecting cliff responsevio emergy (Allison

1989; Sunamura 1992; Bray & Hook 1997) and the types of mass movement. Mudflows and
rotational slumps regularly develop in soft and weak lithologies, whereas on firm and rocky cliffs
rockfalls and toppleare predominangFig. 2.13 & Fig 2.14 More resistant lithologies are often
characterized by the development of stiedsase jointing resulting from decrease in the confining
pressure as cliff retreat proceeds. Such tension cracks can cause a high degree of frdd@dokn fo

movements, often resulting in toppling failures.

Topples and falls Rotational slumping Mudslide

Figure 2.13: Types of mass mogment affecting a se&liff (Violante 2009)
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Wedge failure

Circular failure Toppling failure

Figure 2.14 Types of slope failure

The types of mass movement are especially important because the affeatithesirg and amount

of sediment released by cliff erosion. These characteristics influence the proportion of cliff input
retained in the littoral area, which inhibits wave impact, thus reducing further recession. Coarse and
block-size durable materialsemore likely be retained on the upper shoreface and act as natural
armour whereas sands are more susceptible to-shose transport induced by seasonal storms.
However, local bathymetry and oceanographic factors can aloe the presence of wide samdy beach
that actively protect cliffs from marine erosion. Fine deposits of silt and clay do not contribute
significantly to active shore profiles, as they are regularly removed from the littoral environment as

suspended material and redeposited further offshore

Coastal landslides are common where rocks incline or dip seawards, with the resultant cliff angle
being largely determined by the dip andfestrata dip landward or have a horizontal attitude, slope
instability is significantly reduced and neazertical cliffs faces may develop. In many Mediterranean
coastal environments where the rock masses are carbonate nature, chemical weathering amay exe
important effect through the activity of lshipraeses. For these coasts basal erosion often produces
deep notches, formed by a combination of biological and physical activities, which effectively
undermine the cliff and lead to slope failugeemge erosion also may facilitate major mass
movements at coasts characterized by groundwater circulation with permeable strata that overlie or
are interbedded with impermeable units. This is the case for the coastal bluffs of New England, where
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ground wates remove material and reduce sediment strength, greatly enhancing slope instability
(Kelley 2004).

The study of factors and eroding actions controlling the evolutionary dynamics of sea cliffs (Trehaile
1987; Sunamura 1992, 1997; Griggs 1994) suggestdtraat of coastal slopes largely depends on
mechanical wave action. Besides mechanical rock strength, assessment of cliff recession has to take
into account all the variables that influence the persistence ofleliifed deposits or rivdyorne
sedimerg in the littoral environment in the form of beaches and/or landslide dep®dhise
parameters commonly vary at local scale, and sectors with different erosional processes and types of

landslide often characterize the evolution of a given rocky coastal a
2.3.5 Large coastal slope failures

Coastal regions of high relief, such as tectonically active mountain chains or volcanic edifices, are
prone to catastrophic slope failure that can mobilize large volumes of shattered rocks®fioh0’10

m? to 107 100 km? (Moore & Moore 1984; Siebert 1984; Melosh 1987). Landslides resulting from
massive rock and volcano slope failure (rock or debris avalanches) are important sources of
geological hazarthat can damage coastal facilities. The most widely quoted deampcurring in
historical times include the volcanic sector collapses of the northern flank of St. Helens on 18 May
1980 (Voightet al. Glicken 1998. These rapid giant rock landslides fjords can cause tsunamis as
they enter a lake or the sea.

Tsunamisare most frequently generated by large submarine earthquakes, and less frequently by
volcanic activity and by landslide3heygenerally consist of a series of waves with periods ranging
from minutes to hours, arrivingina-soa | | ed A i tnainGeandrtheeil destractive power can

be enormous and they can affect not only coastal areas but entire oceanTibasirsse generated

when the sea leve displaced within a very short time over a large region by a disturbance involving
sea bottom or the saarface (Fig. 2.8). In addition, mass movements and volcanic stapkpses

can causetsunamis with catastrophic consequences. Mass movementésigl and submarine
landslides) generate tsunami waves when they involve a large volume of material over an extensive
area. Furthermore, volcanic slope collapses can be assimilated to mass movements (submarine or
coastal), while the collapse of a volaacsaldera can be schematically seen as a sudden downward
displacement of a sector of land that goes underwtierabid extension of the sea domain causes

the seawater to flow and fill the caldera, and starts the tsunami.

Rock avalanches, whether voltamr norvolcanic in origin, possess high mobilily terrestrial
(Hsu 1975; Uiet al 1986) as well as marine environments (e.g Me@bra. 1989; Watts & Masson
2001). The travel distance of displaced materials is of the order of some tens of kdandteeems
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to be greater for subaqueous than for subaerial events (Hagetpabri996). The mobility of large

mass movements has been attributed to the collisions between grains (Hsu 1975), to layers of
compressed air trapped beneath the sliding maseJ&H968) or to mechanical and acoustic
fluidization (Melosh 1979)For subaqueous landslides the hydroplaning effect (Matray 1998)
resulting from the presence of a basal layer of water offers a plausible and widely accepted
explanation for the laptravel dstances and high velocities of many submarine flows even on very
gentle slopes. Evaluation of the runout of slope failures is particularly important for subaerial rock
avalanches, as it allows the potential distribution of hazard density frensailwce area to be
determined (Crostat al. 2006).

Tectonic deformation and uplift play crucial role in the development of threshold conditions for rock
slope instability by increasing hillslope inclination or height. Also, tectonic stress alonghatbdy

and weathering intensity exert a major control on geometric and strength characteristics of
discontinuities and intact rock, with profound influence on the stability of rock slopes. As emphasized
by numerical simulationBhasin & Kaynia 2004), deease in the residual friction angle along rock
discontinuities under active environmental and earthquake conditions is an important factor for

sliding and rotation of blocks that may evolve into catastrophic rock avalanches.
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Figure 2.15 Sketchillustrating the origin of tsunami generated by faulting

Sourcehttps://www.britannica.com/science/tsunami
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CHAPTEROEK SLOPE STABILITY

3.1 INTRODUCTION

In recent years, the operation of infrastructures in mountainous terrain such as pipeline corridors often
require stable slopes and control of rock falls. This applies to both excavated and naturallséopes.
understanding of rock slope failure mechanidras increased considerably during last desate

response to coastal and onshore facilities.

Structural features, such as folds, faults, and discontinuities, control rock mass (i.e., intact rock
dissected by discontinuities) behavior and contributatberethe stabilization or destabilization of

rock slopes, depending on their orientations and the intensity of associated tectonic damage.
Glastonbury and Fell (2000) demonstrate how the geometry and composition of a rock slope and its
structures determenthe potential mechanism of a landslide, ranging from translational to complex

multi-mechanism failure (Fig. 3)1

c)

Figure 3.1: Key rock failure modes considered in slope stability analysis: pJanar/translational

d)

sliding, b) toppling, and c) wedge sliding, d) multtranslational failure (Palliser rockslide),

demonstrating the complexiy slope engineers may encounter
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This chapter deals with rock stability, a subject that has shown remarkablepieent in the last
twenty years relative to methods for estimating shear strength for discontinuities and methods of
analysis.

3.2BASIC ROCK MASS STRUCTURE

3.2.1 Introduction

This chapter consider various geologic factors and other significant fetliatasay intervene in
slope stability and which, sometimes, are responsible for the failure or the potential instability of a
slope. The role of geology on slope problems and assessment is variable, according to the subsoil

constituents and structure

In slopes of limited extension entirely made of soil, the problem may be purely geotechnical.
However, in larger areas, the variation in geology may lead to the formation of different types of soils
with varying geotechnical properties. A geologic study cemiify the different zones and physical

factors, as well as their influence on the respective geotechnical properties.

In cases of slopes involving rocks, or mixtures of soils and rock, the geology plays a very important
role. The methods of reconnaissensubsoil investigation and identification of the geologic features
that will describe the slope stability are differ&oim traditional soils engineering, requiring specific

methods.

Soil masses are often considered as a continuous and homogeoestitsients, but residual soils
may inherit anisotropy and discontinuities such as planes of weakness (FiRd@@R)nasses are
generally divided by joints and discontinuities, which can constitute planes of weakness. Therefore,

rock masses are considdra discontinuous media requiring specific methods of analysis.
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Figure 3.2: Residual soil derived from gneiss, exhibitingdifferent zones inherited from the
parent rock, representing heterogeneity, anisotropy and planes of weakrsealong thestructure
(Ortigao & Sayao 2004)

3.22 Basic rock mass structure inherited from its genesis

Intrusive Igneous Rock

Igneous rock are crystalline solids which cool from magma: the liquid phase oMagknas occur

at depth in the crust where it cools and stikdi forming crystalline rocks such as wmjta, gabbro,

basalt, et. When the cooling is quick the crystals are microscopic and when slow, medium large
crystals are formed. During cooling, janthay be formed, and the forces of the intrusion may cause
shearing failure planes (faults) within the intruded mass or in the neighbourknginading the rock

mass into blocks of inta rock, as shown in Figure 3& 3.4. Vertical dykes (vertical was) or
horizontal layers of diabase, a dark rock, or pegmatite, a white rock rich in quartz, may occur. These
dense and hard bodies rock may be present at surface due to diverse geologic processes (surface

erosion, faulting, etc.).

As a result, intrusie rocks are generally homogeneous rocks, although discontinuous. Their strength
is very high and their permeability is low (except when they are highly jointed or faulted) while
seepage occurs along open joints. Thvathering (alteration from rock toifds gradual, being
more intense at or near the surface. Near the top of the rock, in a transition zone between rock and
soil, boulders can be present within the soil mass, representing individual bibats arenot
entirely altered. These types of reas has their weight increased by the denser boulders, but their
strength is controlled by the weaker soil.

23



Figure 3.3: A picture of an igneous rock mass mountain

Source: https://espanafascinante.com/parguaatural -de-espana/parqesnaturales-en-castilla-la-mancha/piton-

volcanico-de-cancarix-y-saladar-de-agramon-que-ver-que-hacer-comer-dormir -visitar/

o % ordl

Figure 3.4: Picture d an igneous rock mass mountain

Source: https://www.tenontours.com/history-and-formation -of-the-giants-causeway/
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Sedimentary Rocks

In the most places on the surface, the igneous rocks which make up theynudjtng crustare

covered by a thin veneer of a loose sediment, and the rock which is made as layers of this debris get
compacted and cemented togett8dimentary rocks are called secondary, because they are often
the result of the accumulation of smpieces boken off of preexisting rocks. The original loose
sediments can become consolidated by the weight of overburden, chemical precipitations, heat,
pressure, etc. Depending on the degree of these diverse conditions, the sedimentary rocks may be
harcer or softer. This is why they are usually highly variable in nature and properties. Loose quartz
sand particles can become a sandstone. Sandstone can be very weak and crumbling rock or a very
hard and resistanbck, depending on the degree of cementatibohemical substances between
grains. A sedimentary rock composed mostly of silt particles (siltstone) or clay (claystone, argillite,
mudstone) may be very weak or of a medium strength depending on the degree of their consolidation
(Fig 3.5(a), (b). When more compacted, the mudstone becomes a shale, presenting foliation planes
or extremely jointed along the layers direction (bedding). Some clayey beds and most shales are

expansive.

Most sedimentary rocks present a layered structure, with horizontainwion but vertical
heterogeneityFig. 3.6. They can also present a predominance of jointing coincident with bedding.
The clayey rocks weather easily and produce clayey soils, some of which have poor geotechnical
properties while the weathering of sarrdgks produce sandy soils, frictional but permeable.

In addition, sedimentary rocks may also originate from glacial activity. The most common glacial
deposit is mixture of soil and rock fragments deposited together when the ice meltancaliatw

or till. Consolidated it is calledllite. They consist of layers spread out horizontally, but with an
irregular base (deposited over an older topographic surface), and quite heterogeneous. Since the

matrix is earthy, it can accumulate water and weatheyseasily.

Continuous accumulations of diverse chemical precipitates, resulting from water evaporation forms
sedimentary rocks of chemical origin, for example limestone, gypsum. These rocks are soluble, The
most common rock is limestone, composed of calaanbonate (sometimes also with magnesium
which is called dolomite). Owing to its solubility, they may have solution cavities, channels, caves,
large and deep sinkholes at the surface resulting from cavern collapse, offering excellent ways for

waters to iow and escape.
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a)
Figure 35: Natural coastal slopecomposed of mudstone. Upper part (a) corresponding to a
medium strong rock. Lower part (a) correspondng to a weak and crumpling rock(Southern

Crete, Heraklion, Greece)

Figure 3.6 Sedmentary rock horizontally jointed with horizontally contin uity and vertical

heterogeneity(Aegina, Greece)
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Metamorphic Rocks

Metamorphic rockgFig. 3.7)are sedimentary or igneous rocks that have undergone high pressures
and temperature, and were transformed into another rock, generally harder and more compact. The
pressure may be confining pressure due to deep burial or due to tectonic forces. Rk strag

become defaned into folds formed by compressional stresses, as well as failure planes (faults and
jointing), due to shearing stresses. The higher temperature, besides the pressure, may promote
recrystallization, with the development of new mingrahanging the original mineral composition

of the rock,as well as distortion of preserved minerals. The oriented pressure develops orientation of
the structure and the development of schistosity (foliation) planes normally perpendicular to directed
stress. Sandstones are transformed into quartzite, mudstones into shales and phyllites, and at higher
degrees into schists or banded gneiss, limestones into marble, granite and sirk8aareoc

transformed into gneiss.

Metamorphic rocks are usually deformby folding and faulting, and can become very jointed,
diminishing the size of the intact rock blocks. As a result, the structures of the rock masses are
normally very complex, and geologic skill is required to understand them especially regarding the
zonesof different weathering, the location of weaker rocks, preferential percolation of ground water,

and the identification of potential failure planes. The geological conditions are also complex.

One point to mention is that the intensely jointed rock madayge scale, may behave almost as a
homogeneous media, due to higher degree of freedom of the individual blocks to move with respect

to each other.

Figure 3.7: Picture of metamorphic rock

Sourcehttp://www.rockclimbing.com/Articles/Geology for Climbers Part |ll _Metamorphic_Rocks 1595.html
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3.2.3 Significant Geologic Features

There are some geologic features that have a paramount of importance as related to the geotechnical

behavior of slopes.
Faults

The rupture of the rock mady geologic (tectonic) action, followed by some displacement, causes
the formation of a continuoysane of discontinuity, often accompanied by the fragmentation of the
rock along this plane. This allows water percolation, and more weathering than in the adjoining rock
mass. A fault plane can have a much lower friction coefficient with respect teghefrthe rock

mass. An unfavorablarientation of this plane with respect to the cut is when it has a direction parallel
or with low angles to the slope surface and dips towards the slope. If the plane is exposed in the
excavation and if the friction alggof this plane is equal or smaller than the dip angle, it will cause

the sliding of the rock mass above it.

Joints, Bedding planes, and Shear zones

These planes of discontinuity act in the same manner as faults, representing planes of weakness within
the rock mass. When the joints are oriented in preferential spatial attitude and conform to jointing
systems along which the mass is weaker with respect to shearing stresses, they become directions of
weakness. These discontinuities can be critical wheeraelyorientedwith respect to the slope.

Figures 3.8, 3.Present two examples of how jointed rock cdecifslope stability. Figure 3shows

an example where jointing does not affect the slope stability and Figush@ws how jointing

conditions afiect the stability of the slope.
Stress relief pints

The slow natural removal of topsoil by erosion promotes the decrease in stresses acting on the rock
due to the weight of the material. The rocks then tends to decompress, giving rise to tension in planes
parallel to the topographic surface. As the rock adsw-tension strength, it fractures, forming a
family of joints, which become more tightly spaced close to the suwrkace. They are often
weathered, as they constitute paths of entry for the waters infiltrating into the ground, besides the fact

that afer heavy rains they are saturated allowing the building up of high hydrostatic pressures.
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Figure 3.8: Slope in rock mass crossed by vertical joint normal the slope face, which do not

affect the slope stability (Kythera, Greece)

Figure 3.9 Slope in rock masscrossed by an oblique joint which can affect the slope stability
(Kythera, Greece)
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Tension cracks

In clefts, where the slope is very steep, sometimes even vertical, and when the strength of the rock is
low, vertical tension cracks may formedrainy periods the water infiltrates very easily within these
fissures and, since their drainage is usually much slower than the infiltration rate, high hydrostatic
pressures are built up, exerting hydrostatic lateral thrust on the thin vertical sliak o€aasing

failures by toppling.
Sheared planes

In planes that underwent displacement in the geologic past, like bedding planes in folded strata and
planar discontinuities, the friction angle decrease due ta$teuction of the roughness during shear,

and the friction coefficient also decreased, eventually attaining its residual strength.
Weak layers

The rock mass may contain layers of weaker material, which may represent potential zones of failure.
This is commonly the case in stratified rock, exampleisig the presence of shales within harder
rocks such as sandstone, limestone etc. Their adverse effect will also depend on the orientation of
these layers with respect to the slope surface.

Permeable layers

The existence of more permeable layers covered by impermeable layers, such as the saprolite horizon
covered by clayey soil, may help developing uplift pressures that decrease the strength of soils.
Another undesirable condition may occur when, within thpesor at the foundation of high fills or
dumps, there are permeable layers; in this situation, an artesian condition may occur if the piezometric

level is high, decreasing the stability of slope.
Colluvium deposits

These deposits resultant from the acualation of loose material transported by gravity or by erosion
from the uppers parts of the hill. These deposits occur at the toe of the hill or at the hill slope in
portions of lower inclination. Due to their mode of formation, they stayed practicaligianatural

angle of repose and also are quite irregular and towhesolidated. In tropical regions, where
chemical weathering predominates, they have an earthy matrix and roundddagmsknts and
boulders. They commonly show movements and instasiliti rainy seasons due to the rise of water
level and decrease of its suction tension. In arid or-seihiregions, under prevailing physical
weathering, they may have a sandy matrix and angular rock fragments and are more commonly called

talus. In any ase, they are unstable deposits when subjected to cuts.
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3.3TYPES OF ROCK SLOPE FAILURE

3.3.1 Introduction

This chapter focuses on landslip types and presents their classification according to the kinematics,
rate of movement and other features. Type®ci slope failure are major natural hazards that occur

in many areas throughout the world. Slopes expose two or more free surfaces because of geometry.
Plane, wedge, toppling, rockfall, and rotatiofwtcular/noncircular) types of failure are common in

slopes.
3.3.2 Plane Rilure

A rock slope undergoes this mode of failure when combinations of discontinuities in the rock mass
form blocks or wedges within the rock which are free to move. The pattern of the discontinuities may
be comprised of a singldiscontinuity or a pair of discontinuities that intersect each other, or a

combination of multiple discontinuities that are linked together to form a failure mode.

A planar failure of rock slope occurs when a mass of rock in a slope slides down alamglyelat
planar failure surface. The failure surfaces are usually structural discontinuities such as bedding
planes, faults, joints or the interface between bedrock and an overlying layer of weathered rock. Block
sliding along a single plar(&ig. 3.1Q represents the simplest sliding mextism.In case of a plane
failure, at least one joint set strike approximately parallel to the slope strike and dips toward the
excavation slopand the joint angle is less the slope angle.

Figure 3.1Q Typical view of plane failure (A = Sliding plane, B = Slope face)
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3.3.3 Wedge Failure

Wedge failure of a rock slope results when rock mass slides along two intersecting discontinuities,
both of which dip out of the cut slope at an oblique angle to the cut facéotimisg a wedgeshaped

block (Fig. 3.1). Wedge failure can occur in rock mass with two or more sets of discontinuities
whose lires of intersection are approximately perpendicular to the strike of the slope and dip towards
the plane of the slope. This modg&failure requires that the dip angle of at least one intersect is
greater than the friction angle of the joint surfaces and that the line of joint intersection intersects the

plane of the slope.

slope crest

slope toe

Figure 3.11: Typical view of wedge failure (A = Wedge kick)

Depending upon the ratio between peak and residual shear strength, wedge failure can occur rapidly,
within seconds or minutes, or over a much longer time frame in the order of several months. The size
of a wedge failure can range from a few cubic msete very large slides from which the potential

for destruction can be enormous. The formation and occurrence of wedge failures are dependent
primarily on lithology and structure of the rock m@B#eau, 1972). Rock mass with well defined
orthogonal joim sets or cleavages in addition to inclined bedding or foliation are generally favorable
situations for wedge failure. Shale, tHiedded siltstones, claystones, limestones andlglaijogies

tendto be more prone to wedge failure development than oblokrtypesHowever, lithology alone

does not control development of wedge failures.
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3.3.4 Toppling Failure

A topple, occurring is rock slopes, involves rock displacement from a. $taueurs when columns

of rock formed by steeply dippindjscontinuities in the rock rotates about an essentially fixed point

at or near the base of the slope followed by styedaetween the layers (Fig. 3.8, (b)). The center

of gravity of the column or slab must fall outside the dimension of its bagpphrtg failure. Jointed

rock mass closely spaced and steeply dipping discontinuity, sets that dip away from the slope surface,
are necessary prerequisites for toppling failtités type of slope failure may be further categorized

depend on the mode suah flexural toppling and block toppling.
Flexural toppling

Flexural toppling is a mode of failure involving the bending of interacting rock columns formed by a
single set of steeply dipping discontinuities, such as regular bedding planes, foliationfoagoi
depcted schematically in Fig..B2a. Such a discontinuity system produces a rock mass composed of
a stack of rock columns which can be visualized as an array of interactive cantilever beams fixed at
a certain depthand free to bend into the exc#iga. In such cases the rock columns bend forward
under their own weight and transfer load to the underlying columns, thus giving rise to tensile and
compressive bending stressiailure is initiated when the tensile (bending) stress in the toe column

exceeds the tensile strength of the rock.
Block toppling

This type of failure is associated with sliding and toppling of rock colyirinsks, Fig. 3.1B) along

a preexisting basal failure plane formed by a discontinuity dipping into the excavétioocurs

when individual columns in a strong rock are formed by a set of discontinuities dipping steeply into
the face. A second set of widely spaced orthogonal joints defines the column height. The short
columns forming the toe of the slope are pushed forwarthédyoads from the longer overturning
columns behind. This sliding of the toe allows further toppling to develop higher up the slope. The
base of the failure generally consists of a stepped surface rising from one cross joint to the next.
Typical geologial conditions, in which block failure may occur, are bedded sandstone and columnar

basalt in which orthogonal jointing is well developed.
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b) Block toppling failure
Fig. 3.12: Flexural and block toppling mechanisms(Adhikary , Dyskin, Jewell, and Stewart
1997)
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3.3.5 Rockfalls

In rockfalls, a rock mass of any size is detached from a steep slope or a cliff along a surface on which
little or no shear displacement takes place, and descends mostly through the air eithefally free
leaping, bouncing, or rolling (Fig. 3% 3.14). It is generally initiated by some climatic or biological

event that causes a change in the forces acting on the rock. These events may include pore pressure
increase due to rainfall infiltratioeyosion of surrounding material during heavy rain storms, freeze

thaw processeis cold climates, chemical degradation or weathering of the rock, root growth etc. In

an active construction environment, the potential for mechanical initiation of a roslafapirobably

be one or two orders of magnitude higher than the climatic or biological initiating events described

above.

Movements are very rapid to extremely raftdckfall may involve a single rock or a mass of rocks,

and the falling rocks can dislodggher rocks as they collide with the cliff. Once movement of a rock
perched on the top of a slope has been initiated, the most important factor controlling its fall trajectory
is the geometry of the slopla particular, dip slope face, such as thoseterkehy the sheet joints in
granites are important, because they impart a horizontal component to the path taken by a rock after

it bounces on the slope or rolls off the slope.

Rock ana Debris Falls

Angle of Repose

Figure 3.13 Typical view of a rockfall

35



Figure 3.14 Rockfall at Tempe incentral Greece

Source:http://neoskosmos.com/news/en/raihseatergreekhighways

3.3.6 Rotational failure

In rotational slips the shape of the failure surface in sectionb®agy circular arc or a nesircular

curve. In general, circular slips are associated with homogeneous soil conditions amctuian

slips with norhomogeneous conditions. Translatibaad compound slips occur whéme form of

the failure surface is ihfenced by the presence of amjacent stratum of significantly different
strength. Translational slips tent to occur where the adjacent stratum is at a relatively shallow depth
below the surface of the slope: the failure surface tent to be plane andiayapety parallel to the

slope. Compound slips usually occurs where the adjacent stratum is at greater depth, and the failure

surface consisting of curved and plane sections.

The sliding of material along a curved surfaadled a rotational slidevhich canmonly has two
different shapes of failure surface as mentioned above: circular androolar. Whilst failures of
thistypedo not necessarily occur along a purely circular arc, some form of curved failure surface is
normally apparenCircular shear fiéures are influenced by the size and the mechaproglerties of

the particles in the door the rock mass. Figure &khows a few typical modes of circular shear
failure. This failure can occur in rock structures that exhibit no plane of weaknessagmbt be

associated with any underlying critical discontinuity.
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A circular failure occurs when the individual particles in soil or rock mass are very small as compared
to the size of the slope. The broken rock in a fill tends to behave as soil andafaitrcular mode,

when the slope dimension is substantially greater than the dimension of the rock fragments. Highly
weathered rocks, and rocks with closely spaced, randomly origyptisicontinuitiesalso tend to fail

in this manner. If soitonditions are not homogeneous or if geologic anomalies exist, slope failures

may occur on noircular shear surface (Fig. 3)16

S L

FACE DEEP-SEATED

Figure 3.15 Typical view of Circular failure

Figure 3.18 Typical view of Non-Circular failure

37



34 ROCK MASS STRENGTH PROPERTIES AND THEIR MEASUREMENT

3.4.1 Introduction

In analyzing the stability of a rock slope, the most important factor to be considered is the geometry
of the rock mass behind the face. The relationship between the orientation of the digeemand

of the excavated face will determinate whether parts of the rock mass are free to slide or topple. After
geology, the next most important factor governing stability is the shear strength of the potential

sliding surface, which is the subjecttbfs chapter.
3.4.2 Scale effects and rock strength

The sliding surface in a slope may consist of a single plane continuous over the full area of the surface
or a complex surface made up both discontinuities and fractures through the intact rock.
Determiration of a reliable shear strength value is a critical part of a slope design, because small
changes in shear strength can result in significant changes in the safe height or angle of a slope. The
choice of appropriate shear strength values depends ryotrotile availabilityof test databut also

on a careful interpretation of these data in light of the behavior of the rock mass that makes up the
full-scale slope. For example, it may be possible to use the results obtained from a shear test on a
joint in designing a slope in which failure is likely to occur along a single joint similar to the one
being tested. However, these sheat results could not be used directly in designing a slope in which

a complex failure process involving several joints andes failure of intact rock is expected.

The selection of an appropriate shear strength of a slope depends to a great extent on the relative scale
between the sliding surfaeed structural geology. More specéilly, if the dimensions of aoverall

slope ae much greater than the discontinuity length, any failure will pass through the joint rock mass,
and the appropriate rock strengthuse in design of thelope is that of the rock mass. Because of

these scale effects the rock mass can categorized endlassses of rock:

i.  Discontinuities: Single bedding planes, joints or faults. The properties of discontinuities that
influence shear strength include the shape and the roughness of the surfaces, the rock on the
surface which may be fresh or weathered,iafillings that may be low strength or cohesive.

ii.  Rock massThe factors that influence the shear strength of a jointed rock mass include the
compressive strength and friction angle of the intact rock, and the spacing of the
discontinuities and the conditis of their surfaces.

iii. Intactrock A factor to consider in measuring the strength of the intact rock is that the strength

could diminish over the design life of the slope due to weathering.
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3.4.3Classes of rock strength

Based on scale effects and geological conditions, it can be seen that sliding surfaces can form either
along discontinuities surfaces, or through the moelss as illustrated in Fig. 3.Ilthe importance of

the classification shown in Fig. 3.1i8 that inessentially all slope stability analysis it is necessary to

use the shear strength properties of either the discontinuities, or of the rock mass.

Classes of
rock strength

Joints parallel to face Closely fractured rock
| 1=
|
f ‘.fr/\? —
| ' A / ol
N |
- "
J
Pair of intersecting joints Weak, massive rock

Use discontinuity ’ Use rock mass ‘
shear strength shear strength

Figure 3.17 Relationship between geology and classes of rock strengivyllie & Mah, 4"
edition 2005)

As a further illustration of the effects of geology on shear strength, relative strength parameters for
three types of discontinuity and two types of rock mass are shown on the Mohr diadrigr3.i8
The slope of these lines represents the frictionearaghd the intercept with the shear stress axis

represents the cohesion.
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Figure 3.18 Relationships between shear and normal stresses on sliding surface for five

different geological conditions (Transportation Research Board, 1996)

A descriptionof these conditions on Fig. 81s as follows:

Curve 1 Infilled discontinuityif the infilling is a weak clay or fault gouge, the infilling friction angle
(= )islikely to be low, but there may be some cohesion if the infilling is undisturbed. Alternatively,
if the infilling is strong calcite for example, which produces a healed surface, then the cohesive

strength may be significant.

Curve 2 Smooth discontiity: A smooth, clean discontinuity will have zero cohesion, and the friction
angle will be that of the rock surfaces §. The friction angle of the rock is related to the grain size,

and is generally lower in fingrained rocks than in coargeained raks.

Curve 3 Rough discontinuitfClean, rough discontinuity surfaces will have zero cohesion, and the
friction angle will be made upf two components. First, the rock material friction angle)(and

second, a componen) (elated to the roughneszsperities) of the surface and the ratio between the

rock strength and the normal stress. As the normal stress increases, the asperities are progressively

sheared off and the total friction angle diminishes.

Curve 4 Fractured rock masshe shear strengtif fractured rock mass, in which the sliding surfaces
lies partially on discontinuitgurfaces and partially passes through intact rock, can be expressed as a
curved envelope. At low normal stresses where there is little confinement of the fracturaddock
the individual fragments may move and rotate, the cohesion is low but the friction angle is high. At

higher normal stresses, crushing of the rock fragments begins to take place with the result that the
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friction anglediminishes. The shape of the stréngnvelope is related to the degree of fracturing,

and the strength of the intact rock.

Curve 5 Weak intact roclA rock mass whichs composed of fingrained material that has a low
friction angle and contains no discontinuities, has a higher coh@semmiparison to a strong intact

rock that is closely fractured.

The range of shear strength conditions that may be encountered in rock slopes, clearly demonstrates
the importance of examining both the characteristics of the discontinuities and the eocjthstr

during the site investigation.
3.4.4 Shear strength of discontinuities

If geological mapping and/or diamond drilling identify discontinuities on which shear failure could
take place, it will be necessary to determine the friction angle and coloésiansliding surface in

order to carry out stability analyses. The investigation program should also obtain information on
characteristics of the sliding surface that may modify the shear strength paratnepersant
discontinuity characteristics inae continuous length, surface roughness, and the thickness and

characteristics of any infilling, as well as the effect of water on the properties of the infilling.
Shear strength of plane rock discontinuities

Suppose that a number of samples of a roclobtained for shear testingach sample contains a
throughgoing bedding plane that is cemented: in other words, a tensile force would have to be applied
to the two halves of the specimen in order to separate them. The bedding plane is absolutely planar,
having no surface irregularities or undubais. As illustrated in Fig. 3.19n a shear test each
specimen is subjected to a stressnormal to the bedding plane and the shear stjessjuired to

cause a displacemeiiitis measured.

The shear strenigtwill increase rapidly until the peak strength is reached. This corresponds to the
sum of the strength of the cementing material bonding the two halves of the bedding plane together
and the frictional resistance of the matching surfaces. As the displatceominues, the shear

strength will fall to some residual value that will remain constant, even for large shear displacements.

Plotting the pealand residual shear strengths for different normal stresses results imthadsv
illustrated in Fig. 3.19For planar discontinuity surfaces the experimental points will generally fall
along straight lines. The peak strength line has a sloppad an intercept afon the shear strength

axis. The reslual strength line has a slope-of.

The relationshigpetween the peak shear strengtland the normal stregs can be represented by

the MohrCoulomb equation:
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T w , 0®E (3.1)
where,c is the cohesive strength of the cemented surface and

{ is the angle of friction
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Figure 3.19: Sheartesting of discontinuities

In the case of the residual strength, the cohestuas dropped to zero and the relationship between

e and, can be represented by:
T, 0®E (3.2)
where,s is theresidual angle friction

For theresidual strength condition, the cohesion is lost once displacement has broken the cementing
action; on the Mohr diagram this is represented by the strength line passing through the origin of the
graph. Alsg the residual friction angle is less than thelpdriction angle because the shear

displacement grinds the minor irregularities on the rock surface and produces a smoother, lower

friction surface.

In addition,for a planar, clean (no infilling) discontinuity, the cohesion will be zero and the shear
strength will be defined solely by the friction angle. The friction angle of the rock material is related
to the size and shape of the grains exposed on the fracture surface. Thugrarferock, and rock

with a high mica content aligned parallel to theface, such as a phyllite, will tend to have a low

friction angle, while coarsgrained rock such as granite, will have a high friction anthble 3.1
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shows typical ranges of friction angles for a variety of rock types (Barton, 1973; Jaegar and Cook,
1976). The friction angles listed in Table 3.1 should be used as a guideline only because actual values

will vary widely with site conditions.

Table 3.1 Typical ranges of friction angles for variety of rock types

Rock class Friction angle range Typical rock types

Low friction 20-27] Schists (high mica contg¢shale, marl
Medium friction 27-34° Sandstone, siltstone, chalk, gneiss, slate
High friction 34-40° Basalt, granite, limestone, conglomerate

Shear strength of rough surfaces

All natural discontinuity surfaces exhibit some degree of roughness, varying from polished and
slickensided sheared surfaces with very low roughness, to rough and irregular tension joints with
considerable roughness. These surface irregularities are tiieegeneral ternasperities and
because they can have a significant effect on the stability of slope, they should beegacémun
appropriately in desigriRatton (1966) found that asperities can be divided into two classesaffidst
secondorder &perities as shown in Fig. 3..2Z0he firstorder asperities are those that correspond to
the major undulations on the bedding surfaces, while the sexdedasperities are small bumps and
ripples on the surface and have highealues.n order to obten reasonable agreement between field
observations of the dip of the unstabkdding planes shown in Fig. 3.2hd the { + i) values, it

was necessary to measure only the-firster asperities.

Average i angles for second-
order asperities -

Average i/ angles
for first-order asperities

0 25 50cm

|

Approximate scale

Figure 3.20 Measurement of roughness anglesfor first - and secondorder asperities on

rough rock surfaces (Patton, 1966)
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Figure3.22 Patt onds observations of bedding plane t
(Patton, 1966)

Later studies by Barton (1973) twenomaksttesstabtiagg P a
across the bedding planes in the slopes that he observed. At low normal stresses, therdeicond
projections come into play and Barton quotes () values in the range of 680° for tests conducted

at low normal stresses rangifrom 20 to 670 kPa (Goodman, 1970; Paulding, 1970; Rengers, 1971)
Assuming a friction angle for the rock of3@hese results show that the effective roughness angle

varies between 40 and Sfor these low normal stress levels.

The actual shear perimance of discontinuity surfaces in rock slopes depends on the combined
effects of the surface roughness, the rock strength at the surface, the applied normal stress and the
amount of shear displacemeifttis is illustrated in Fig. 3.2%here the asperitseeare sheared off,

with a consequent reduction in the friction angle with increasing normal stieasis, there is a
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transition from dilation to shearing of the rock. The degree to which the asperities are sheared will
depend on both the magnitude of tiormal force in relation to the compressive strength of the rock

on the fracture surface, and the displacement distance.
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Figure 3.2: Effect of surface roughness and normal stress on friction angle of discontinuity

surface (Transportation Research Bard, 1996)

A rough surface that is initially undisturbed and interlocked will have a peak friction angle of.(

With increasing normal stress and displacement, the asperities will be sheared off, and the friction
angle will progressively diminish t@ minimum value of the basic, or residual, friction angle of the
rock This dilationshearing condition is represented on the Mohr diagram as curved strength

envelope with an initial slope equal {0+ i), reducing te  at higher normal stresses.

The shear stressormal stress relationshghown in Fig. 3.2Zan be quantified using a technique
develop by Barton (1973) based on the shear strength behavior of artificially produced rough, clean
il j o i The ssudy showed that the shear strength of ehroagk surface depends on the relationship
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between the roughness, the rock strength and the normal stress, and can be defined by the following

empirical equation:

T ,@®Ad 0YIBI GC— (3.3)
where, JRC is the joint roughness coefficient
JCS is the compressive strength of the rock at the fractured surface
U6is the effective normal stress.

Barton developed his first ndimear strength criterion for rock joints (using the basic friction angle

), and with Choubey id977revised the above equation to:
T ,@®Ad  0YIBI G— (34)
wheree is the residual friction angle.
Barton and Choubey suggests thatcan be estimated from:
e+ cmogry (3.5)

wherer is the Schmidt rebound number on wet and weathered fracture surfadesdhd Schmidt

rebound number on dry unweathered sawn surfaces.

The jointroughness coefficie@dRCis a number that can be estimated by comparing the appearance
of a discontinuitysurface with standard profiles published by Barton and others. One of the most
useful of these profile sets was published by Barton and Choubey (187 @eproduced in Fig.

3.23

The appearance of the discontinuity surface is compared visually wiginagfles shown and thERC

value corresponding to the profile which most closely matches of the discontinuity surface is chosen.
In the case of small scale laboratory specimens, the scale of the surface roughness will be
approximately the same as that of the profiles illustratenvdder, in the field the length of the
surface of interest may be several meters or even tens of meters dR€tfadue must be estimated

for the full scale surface.
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Figure 3.23 Roughness profiles and correspondingRC values(After Barton and Choubey
1977)
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Influence of water on shear strength of discontinuities

The most important influence of water in a discontinuity is the diminished shear strength resulting
from the reduction of the effective normal shear stress acting on the surface. The effective normal
stress is the difference between the weight of the yimgriock and the uplift pressure produced by
water pressure. The effect of water pressure the shear strength can be incorporated into the shear

strength equation as follows:

~

T 0 , 600®@ NQOdQI & Qo (3.6a)
or T QO , 60 1 Qi QRO EZ Qo (3.6b)
These equations assume that the cohesion and friction angle are not change by the presence of wate
on the surfaceln most hard rock and gravels, the strength properties are not significantly altered by

water. Hovever, many clays, shales and mudstones, and similar materials will exhibit significant

reduction in strength with changes in moisture content.
35ROCK SLOPE STABILITY ANALYSIS

3.5.1Introduction

Rock slope stability analyses are routinely performeddiretted towards assessing the safe and
functional design of excavated slopes and/or the equilibrium conditbmstural slopes. The
analysis technigue chosen depends on both site conditions and the potential mode failure, with careful
consideration beg given to the varying strengths, weaknesses and limitations inherent in each
methodology.

In our days, a vast range of slope stability analysis tools exist for both rock and mixesbitock
slopes; this range from simple infinite slope and planar fdilmieequilibrium techniques telasto

plastic analysis using the finite element codes. A difficulty with all the equilibrium methods is that
they are based on the assumption that failing mass can be divided into slices. This is in turn
necessitates furém assumptions relating to side force directions between slices, with consequent
implications for equilibrium. The assption made about the side forces is one of the main
characteristics that distinguishes one limit equilibrium method from another, ansl iygelf an

entirely artificial distinction. On the other hand, a finite element approach (FE) to slope stability
analysis does not need assumptions about the shape or location of the failure surface. Failure occurs
6natural |l yod t hrtlewgkmass ihwhicktbemoeksshearisttemgih is unable to sustain
the applied shear stresses. Furthermore, while there is no concept of slices in the FE approach, there
is no need for assumptions about slice surfaces. The FE method preserves glababiaquihtil

failure is reached.
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3.5.2 Limit equilibrium methods

Planar analysis

The planar failure consists of a slip of a rock mass according to a plane failure surface. The analysis
consists of a twalimensional wedge failure, as shown in B@4 The factor of safety is calculated
considering equilibrium equations of vertical and horizontal forces. The factor of safety is given by

the following equation:

OY (3.7)

where,c 0 is theeffective cohesion
46 is the effective friction angle
I is the dip of slide plane
W is theweight of block
U is the uplift force due to water pressure along slide plane
V is the force due to water pressure in tension crack
H is theslope height

z is the tension crack depth

Tension crack

b/
]<—-—~>. /
T ! -
z. ‘ o Centroid A\
Rock slope “’y

Sliding plane

/ u
> ¥, = unit weight of water

v = unit weight of rock

Figure 3.24 Limit equilibrium solution for planar failure (after Hudson & Harrison 1997)
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Wedge analysis

Failure of a slope in the form ofaslge can occur when the rock masses contain discontinuities
striking obliquely to the slope face where, sliding of a wedge of rock take place along the line of

intersecton of two such planes (Fig. 329 he factor of safetis:
oY — (3.8)
and Y v — (3.9)

where,i s thefriction angle
[ isthe dip of the line of intersection
W is theweight of block

b,i is the wedge geometry factors

Linc of intcrsection
|

Slope face

_— Wedge

Direction of sliding

1728

AL
5\ B
VA

Section A-A

LLED
Yo ¥ b
View along linc

of intersection Forces on wedge

e View perpendicular View along
Angles on " \ . to line of intersection line of intersection
the projection R\ B
d"“’)”‘i -}/ R
- B R

W cos &,
of sliding

Figure 3.25 Limit equilibrium solution for wedge failure under dry conditions and with
frictional strength only (after Hudson & Harrison 1997)
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Toppling analysis

Direct toppling occurs when the centdrgravity of a discrete block lies outside the outline of the
base of the block, with the result that a critical overturning moment develops. Other considerations

include the possibility that the block will slide, or that both sliding and toppling aetur
simultaneously (Fig 36).

Limit equilibrium analysis of toppling failure must consider both the possibility of toppling and/or
sliding. Fig. 3.Z shows the acting forces and limit equilibrium conditions for toppling and sliding
of a single 2D block on a stepped base.

&

Stable block

P<d
b/h > tan
a3l AN
3 Sliding only
2 > b
= b/h > tan ¢
(<4 2L_

&KX

Sliding & toppling
d>d
b/h < tan

g Toppling only
l []

{ |
0 10 20 30 40 50 60 70 80 90
Base plane angle yi-degrees

Figure 3.26: Sliding and toppling instability of a block on aninclined plane (after Hoek &
Bray 1991)

Figure 3.27: Limit equilibrium conditions for toppling and sliding, with input variables

illustrated in the corresponding diagrams éfter Hoek & Bray 1991)

C

(3.10)

0 0 (3.11)
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Rotational analysis

For very weak rock, where the intact material strength is of the same magnitude as the induced
stresses, the structural geology may not controilgtaresulting in rotational failures. In analyzing

the potentiafor failure, consideration must be given to the location of the critical slip surface and the
determination of the factor of safety along it. Iterative procedures are used, each involving the
selection of a potentially unstable slide mass, the subdividitime mass into slices €, Method of

Sliceg, and considerations of those force and moment equilibaicimg on each slice (Fig. 328

For a circular failure the safety of factor is given by equation:

n~ B
oY ;- (3.12)

where,S s theeffective shear strength (i& b @ , 0 Gy&e
U s the dip of base of slice
W s theweight of slice
H is the hydrostatic thrust from tension crack
z is thedepth oftension crack (relative to 0)

R is thelength of moment arm

r! -
-t

Figure 3.28 Limit equilibrium solution for circular failure (after Hudson & Harrison 1997)
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3.53 Finite element method (FEM)

This section reviews the basics of the finite element method. The first step of any element simulation
is to discretizethe actual geometry of the structure using a collectidmité elementsEach finite
element represents a discrete portion of theiehystructure. The finite elements are joined by shared
nodes The collection of nodes and finite elements is calledrthsh The number of elements per

unit of length, area, or in a mesh is referred to asntiesh densityln a stress analysis the
dispacements of the nodes are fundamental variables that Abaqus calculates. Once the nodal

displacements are known, the stresses and strains in each finite element can be determined easily.

At this point to mention, that a displacement function is assocwtaceach finite element. Every
interconnected element is linked, directly or indirectly, to every other element through common
interfaces, including nodes and/or boundary lines and/or surfaces. By using known stress/strain
properties for the material maig up the structure, one can be determinate the behavior of a given
node in terms of the properties of every other element in the structure. The total set of equations
describing the behavior of each node results in a series of algebraic equationsrbeseexp matrix

notation.

For example, a thredimensional body occupying a voluriteand having a surfacgis shown n
Fig. 3.29 Points in the body are located by X, y, z coordinates. The boundary is constrained on some
region, where displacement isegjfied.

X

Figure 3.29 Three-dimensional body
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One part of the boundary, distributed force pet area T, also called tractiois, applied. Under the
force, the body deforms. The deformation of a paint ofuftx ) is given by the threeomponents

of its displacement:
6 o (3.13)
The distributed force per unit volume, for example, the weight per unit volume is the vector f given

by: " "OROHQ (3.14)

The body force acting on the elemental voluifes shown in kg. 3.25. The surface traction T may

be given by its component values at points on the surface:
Y “YRYRY (3.15)

Examples of traction are distributed contact force and action of pressure. A load P acting at a point
is represented by itsrée components:

N~ e

0 O (3.16)

The stresses acting on the elemental voldmare shown in Fig. 3.30hen the volumeV shrinks
to a point, the stress tensor is represented by placing its components in a (3 X 3) symmetric matrix.

However, the stress is represented by the six independent components as in:
A (3.17)

where,, F], F], are normal stresses ahd Fﬂ' Fﬂ' , are shear stresses.

Figure 3.30Q Equilibrium of elemental volume
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Writing,B"O m,B"™O mandB"O Tmand recognizinf w 'Q & 'Q cifie@quilibrium conditions

of the elemental volume in Fig. 3.28e defined by the following equations

— — — O m
ORI I (3.18)
— — — Q™.

Furthermore, referring to Fig. 3.2@sulting that there are displacement boundary conditions and

surfaceloading conditions. lfiis specified on part of the boundary denotedbthenu is given by:
6 Tmon’Y (3.19)

Boundary conditions such as u=a where a is given displacecaaribe considered. Fig. 3.8hows
an elemental tetrahedrohBCD, where DA, DB and DC are parallel to the -x y-, and zaxes,

respectivelyand araABC,denoted byQ § lies on the surface. f & R R is the unit normal
to Q gthen areBDC=¢ ‘QQandADC=¢ Q@ and aredADB=¢ '‘Q 0 Consideration of equilibrium

along the three axes directions gives:

te ,¢& Tt & 7Y (3.20)

These conditions must be satisfied on the boundarywhere the tractions are applied. In this

description, the point loads must be treated as Idetisbuted over small, but finite areas.

Regarding the straimisplacement relations, strains are represented in a vector form that corresponds

to the stresses in Eq. 3.17:
- -hhHK R H (3.21)
where- i are normal strains afid [ are the engieering shear strains. Fig. 3.§®es

the deformation 60 w 'Q diace for small deformations, which are considered here. Also considering

other facesit can be written:

~

- —h-h-h —h —h — (3.22)

These strain relations hold for small deformations.
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Figure 3.31 An elementalvolume at surface
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Figure 3.3: Deformed elemental surface
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For linear elastic materials, theiresss t r ai n r el ati ons come from t h

i sotropic materials, the two (onanbdelusiofaelagicityfer oper
and Poi swCrohs irdetriionrg an el emental cube inside
- — = = (3.23)
- ' — —
( _
r —
r —

The shear modulus (or modulus of rigiditéy, is given by:

0 — (3.24)

Fr om H celatlorsliips note that:
- - - _— ” . (3.25)
or . O (3.26)

p '’ ’ ’ T T m .,
v, : , K
11 p n n mn 1

, b ) ) .’.[ .,_[ .,.[ 5

0 X P " (3.27
T Tt T ™ Tt 11! -’-( )
I T Tt Tt ™ m
u Tt T i Tt T ™ U
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Planestress

In two dimensions problem such as the rock mass slope eegdnm this study (see chaptér the

above equations revised to:

- (N — (3.28)

, ' p T - (3.29)
U

whichisusedas ©O
In two dimensions, the problems are modeled as plane stress and plain strain.

Plane stress is denoted by the Eq. 3.28 & 3.29 where a thin planar body subjecfddrie loading

on itsedge surface and is said to be in plane stress.
Plane strain

If a long body of uniform cross section is subjected to transverse loalting its length, a small
thickness in the loaded area can be treated as subjected to plain strain. Ts¢ratnegsitions can

be obtained directly from Eq. 3.26 & 3.27:
, - P T - (3.30)
whereD is a (3 X 3) matrix, which relates three stresses and three strains.

Anisotropic bodies, with uniform orientation, caa tonsidered by using the appropriate D matrix

for the material.
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3.5.3.1 Jointed Material Model
Overview

As is discussed in Chapterajointed material modéFig. 3.33)is used to simulate the jointed rock
mass slope. The jointed material model is intended to provide a simple continuum model for a
material containing a high density of parallel joint surfaces where each system of parallel joints is
associated with partitar orientation, such as a sedimentary rock. The spacing of the joints of a
particular orientation is sufficiently close compare to characteristic dimensions in the domain of the
model such that the joints can be smeaméala continuum of slip systemg.grovides for opening

or frictional sliding of the joints in each of these syst§dma fisystemo i n this
orientation in a particular direction at a material calculation point) and assumes that the elastic
behavior of the material is isopic and linear when all joints at a point are closed.

Joint opening/closing

The jointed material model is intended primarily for applications where the stresses are mainly
compressive. The model provides a joint opening capability when the stress rotinegjdint tries

to become tensile. In this case the stiffness of the material normal to the joint plane becomes zero
instantaneously. Abaqus/Standard uses a db@ssd joint opening criterion, whereas joint closing is
monitored based on strain. JoigsemUopens when the estimated pressure stress across the joint

(normal to the joint surface) is no longer positive:
n m (3.31)

In this case the material is assumed to have no elastic stiffness with respect to direct strain across the
joint systemOpen joints thus create anisotropic elastic response at a point. The joint system remains

open as long as

- - (3.32)

Where- is the component of direct elastic strain across the joint and is the componentf

direct elastic strain across the joint calculated in plane stress as

- - . " (3.33)

WhereEi s t he Yo uofthebnmsmtermalgidsu | tulrse P o i s,s 5,n 0 &e thne ditedt o | a

stresses in the plane of tjoent.

The shear response of open joints is governed bgttbar retention parametég, which represents

the fraction of the elastic shear modulus retained when the joints arefgpefl (neans no shear
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stiffness associated with open joints, whdle= 1 corresponds to elastic shear stiffness in open joints;

any value between these two extremes can be used). When a jointtbpesiar behavior may be

brittle, depending on the shear retention factor used for open joints. In addition, the sbifftiness
material normal to the joint plane suddenly goes to zero. For these reasons, in situations where the
confining stresses are low or significant regions experience tensile behavior, the joint system may
experience a sequence of alternate opening lmsthg states from iteration to iteratiohypically,

such behavior manifests itself as oscillating global residual forces. The convergence rate associated
with such discontinuous behavior may be very slow and, thus, prohibit obtaining a solution. &his typ

of failure is more probable in cases where more than one joint system is modeled.

JOINTED ROCH SL0 PE, 1 JOINT, 0njad5, MO NOSSOHE FLONY,
Y QDB 15 000 s SRS E L= S 5 19785 TR DS Tiia 20 L7

SoeD: 5080-3
7 X imremem 42l ScenTime - 1.000

Figure 3.33 lllustration of joint ed model with two joint systems
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3.5.4Seismic analysis of rock slopes

In seismically active areas of the world, the design of rtapes should take into account the effects

on stability of earthquakmmduced ground motions. Studies of the number and distribution of
landslides and rock falls near earthquakes has shown that concentrations of lacaislmEas high

as 50 events pergsare kilometer. These data have been used to assess the geological and
topographical conditions for which the landslide and rock fall hazard is high (Keefer, 1992). It has
also been found that the following five slope parameters have the greatest a8tedvitity during

earthquakes:

I.  Slope angleRock falls and slidesarely occur on slopes with angles less than abdut 25

ii.  WeatheringHighly, weathered rock comprising core stones in a fine soil matrix, and residual
soil are more likely to fail than tHeesh rock.

iii.  Induration: Poorly indurated rock in which the particles are weakly bonded is more likely to
fail than stronger, welindurated rock.

iv.  Discontinuity characteristicdRock containing closely spaced, open discontinuities are more
susceptible todilure than massive rock in which the discontinuities are closed and healed.

v. Water: Slopes in whichhe water table is high, or whetleere has been recerdinfall, are
susceptible to failure.

The relationship between these five conditions and the skipeef hazard is illustratedhithe

decision tree in Fig. 343

Steeper
than 25°?

23
@ )
Poorly
high indurated? KI’O‘
Very o open?
high . P _
Fissures Fissures
closely closely
spaced? spaced?

~22
EX e g

High Moderate

Figure 3.34 Decision tree for susceptibility of rock slopes to earthquakenduced failure
(Keefer, 1992)
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Furthermore, there is a hazard for slopes with local relief greater than about 2000 m, probably because
seismic shaking is amplified by the topography (Harp and Jibson, 2002) and possibl¢heeze
action at high altitude that loosens the surficial roldke decision tree shown in Fig. 3.34n be

used, for example, as a screening tool in assessing rock fall and slide hazards along transportation

and pipeline corridors

The design of slopes that may be subjected to seismic ground motion reguéegative
information on the magnitude of the motion (Abrahamson, 2000). This information may be either the
peak ground acceleration (PGA) or the acceleraiime history of the motions, depending on the
method of stability analysis that is to be usEde process by which the design motion parameters
are established is term fiseismic hazardo anal )
Class, 2000):

i.  ldentification of seismic sources capable of producing strong ground motions at the site
ii.  Evaluation of seismic potential for each capable source.

iii.  Evaluation of the intensity of design ground motions at the site
Implementation of these three steps involves the following activities.
Seismic sources

Earthquakes are the result of fault movemsmidentification of seismic sources incudes establishing

the types of faults and their geographic location, depth, size and orientation. This information is
usually available from publications such as geological maps and reports prepared by government
geological survey groups and universities, and any previous projects that have been undertaken in
this area. Also, the identification of faults can be made from the study of aerial photographs,
geological mapping, geophysical surveys and trenching. On peatdgraphs, such featuras fault
scarplets, rifts, fault slide ridges, shutter ridges and fault saddles, ssetih such features as fence

lines and road curbs (Cluéft al, 1972) may identify active faults. In addition, records of seismic
monitaring stations provide information on the location and magnitude of recent earthquakes that can

be correlated to fault activity.
Seismic potential

Movements of faults within the Holocene Epoch (approximately the last 11,000 years) is generally
regarded ashe criterion for establishing that the fault is active (USEPA, 1993). Although, the
occurrence interval of some earthquakes may be greater than 11,000 years, and not all faults rupture
to the surface, lack of evidence that movement has occurred in Holscgeaerally sufficient

evidence to dismiss the potential for ground surface rupture. In regions where there is no surface
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expression of fault rupture, seismic source characterization depends primarily orsemsone

studies and the historical recordfelt earthquakes.
Ground motion intensity

Once the seismic sources capable of generating strong ground motions at the site have been identified
and characterized, the intensity of the ground motions can be evaluated either from public codes and
standardsor from seismic hazard analysis as discussed above. The building codes of countries with
seismic areas publish maps in which the country is divided into zones showing, for example, the
effective peak accelerations levels (as a fraction of gravity actiel®ravith 10% probability of

being exceeded in a B@ar period (Frankedt al, 1996). These published accelerations can be used

in geotechnical design and have the value of promoting standard designs within each zone.
3.5.5Pseudaestatic stability analysis

Pseudestatic method, involves simulating the ground motions as a static horizontal force acting in a
direction out of the face. The magnitude of this force is the product of a seismic coefficient
(dimensionless) and the weight of the slidisigck W. The value ofmay be taken as equal to the
design PGA, which is expressed as a fraction of the gravity acceleratid@ (ke0.1 if the PGA is

10% of gravity). However, this is a conservative assumption since the actual transient ground motion
with a duration of a few seconds is being replaced by a constant force acting over the entire design

life of the slope.

In the design of soil slopes and earth dams, it is commorQXhatfraction of the PGA, provided that

there is no loss of shear estigth during cyclic loading (Seed, 1979; Pyke, 1999). Study of slopes
using Newmark analysis (not mentioned) with a yield acceler®@aqual to 50% of the PGA (i.e.

N mo TQshowed that permanent seismic displacement would be les$ thgrlynes and
Franklin, 1984)Additionally, for rock slopes there are two conditions for which it may be advisable

to useQ values somewhat greater than 0.5 times PGA. First, where the slope contains a distinct
sliding surface for which there is liketo be a significant decrease in shear strength with limited
displacements; sliding planes on which the strength would be sensitive to movement include smooth,
planar joints or bedding planes with no infilling. Second, where the slope is a topograplpoihig

and some amplification of the ground motions may be expected.

Under circumstances where it is considered that the vertical component of the ground motion will be
in phase with, and have the same frequency, as the horizontal component, it masppeaapio

use both horizontal and vertical seismic coefficients in stability analysis. If the vertical coefficient is
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Q and the ratio of the vertical to the horizontal componerits (ge. i —), then the resultant
seismic coefficieniQ is:

Q Qp i 7 (3.31)

Fig. 3.3 & 3.36shows forcesictingon active wedge according to the above.

* 8Sliding
Slope

H

Figure 3.36 Forces acting on the active and passive wedges of the landfill (SanthpBlabu,
Chaithra &Ering, 2013)
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CHAPTHRLOPE STABNALYWY¥ISE NMOGFI NI TE
ELEMENT METHOD

4.1INTRODUCTION

Slope stability has been an important issue in geotechnical problems. Conducting stability analyses
of rock slopes plays a vital role manyengineering projects such as an excavation and onshore
pipeline construction. The most rock slopes that we meet in the practical engineering contain weak
structural surfaces such as joints, faults and cracks. It makdgfbrence in physical and raeanical
properties in all directions, and makes obvious distinctions in discontinogigrogeneous,

anisotropic and inelastic.

Various methods have been proposed for determining rock slope stability. Numerous sophisticated
slope stability software paages such as SLOPE/W, FLAC and ABAQUS, have made graphical
methods and charts obsolete. ABAQUS software uses the finite elemenn@di)d which first
introduced into geotechnical engineering by Clough and Woodward (1967). The FE is a great tool to

solvegeotechnical problems due its ability to model nonlinear sstesis behavior of materials.
4.2 THE JOINTED ROCK MASS

The presence of joints in rock has been accounted foidimesr analysis by either considering
isolated discrete joints, or distrilom of planes of weakness throughout elements of finite size. This
later proposal made by Zienkiewiet al. did indeed include the possibility of multiple planes of
weakness. However, with standard analysis procedures it was found difficult to implerent s

behavior.

The behavior of joints igeneral is notlinear and Figurd.1 shows typical stresstrain curves when
subjected to monotonic loads either in the direction normal or tangential to the joint. Such curves by

themselves are of little value inst#ibing the behavior which we shall characterize by:

i.  purely elastic within the yield envelope;
il. incapable of withstanding any tensile stress in the direction normal to the joint;
iii. shear strength on the joint is dependent on a certain value of cohesifictao hl
resistance dependent on the normal stress;
iv. The joints have full memory of their excursions in the tensile zone and are
subsequently able to transmit compressive stresses in the normal direction only when

total normal strain- L
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In generaboth cohesion as well as the frictional coefficients may be strain dependent thus allowing

for strain hardening/softening.
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Figure 4.1: Typical idealized normal stressnormal strain and shear stressshear strain
relationships of joints (Zienkiewicz & Pande, 1977)

4.2.1 Complex failure surfaces

Experimental evidence has shown that shear strength envelopes of rock joints mayifeanoA

typical shear stresshear displacement and shear stressnal stressalationship is shown in Figure
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4.2. It isgenerally accepted that after small shear displacement, cohesion intercept and coefficient of
friction drop to their residual values.
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Figure 42: The simplified direct shear characteristics of an interlocking joint surface
(Zienkiewicz & Pande, 1977)

Barton has done an extensive review of reported shear strength investigations combined with
observations of the behavior of rough model tension joints and presented analytical expressions for
shearstrengthof rock joints Lundborg has suggested an analyteogpression for dependence of

coefficients of friction on normal stress. Any such relationships can be readily incorporated in the
computer code.

4.3 MODELING THE JOINTED ROCK SLOPE

In this chaptera joint material moddk presented, whicis created to simulate the jointed rock mass

and how the parameters of rock slopes influence their stalwitfinite element analysis software

ABAQUS. This model70 m in heightipping 60 regards the rocklopemass as a material full of

joints. The lasic modelsed in this study consists of six parameters, as shown in Zablealso

assumes two sets of jointed planes: one vertical set of joints and one set of inclinedifbints

inclination angle 525 The element used in the2finite elemenmodel in this dissertation including
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the 4node fully integrated elements that subjected to bending. The boundary condition on the bottom
and on the edgess hinged (0 0 ), which is restricted on vertical and horizontal

displacementsThe planestrain modehlnalyzed is shown in Figure3

Table 4.1: Six-parameter rock mass model

Friction angle

Cohesion

Dilation angle

Youngb6s modul us
Poi ssonds ratio
Unit wait

O W K< O

Figure 4.3: Assumed geometry for 2D FEM modelling of rock slopemass

4.4 DEFINING THE ANALYSIS

As mentionedefore, this study aims to research how the geometric and main parameters of the rock
slopes with joint planes covered by: Shear retention, wrghw, friction angle, cohesion aadgles
between the joint planes impact on the stability of rock slopes. The methods are to imitate the jointed
rock slopes by the larggcale finite element simulation software ABAQUS, analyze and study the
distribution or size of the equivalent plasticatn zones and displacements with control variable
method.
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4.4.1 Static analysis with gravity loading

In this problema nonzero state ofress was assumed before an excavation took placeconsists
of a vertical stress that increases linearlyhwdepth to equilibrate the weight of the rock and
horizontal stresses caused by tectonic effects. The initial state of stress is capturing from the following

equations:
n "Q (4.1)
” . Q, (4.2)
where,} is the mass density of rock
g is the acceleration due to gravity
his the depth of the point under consideration below the virgin rock level (assumed horizontal)
L is the coefficient of initial stress

The effect of excavation was obtained by applying equivahental forces on the excavated
boundary. If the initial stress state is different, the response of the system will be differenth&hus,
response of the system to external loading depends ostateeof the system when that loading

sequence begins atitk need of nonlinear analysssinevitability.
4.4.2 Pseudostatic analysisfor seismic action

After the excavation and static analysis with body weight loads, was made an effort to compose on
the rock slope seismic forces. For the purpose of the pssatio analysis, the seismic action
represented by a set of horizontal static forces equal to the product of the gravitylfootbsr

words, an equivalent static force is assumed for seistogleration in unstable region.

National territories subdivided by the National Authorities into seismic zones, depending on the local
hazard. By definition, the hazard within each zone is assumed to be constant and is described in terms

of a single paranter, i.e., the value of the reference ground acceleratidype A groundg .

In this research, the seismic zones were selected methenapof seismic zones in Greece a®
shownbelow (Fig. 44).
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Figure 4.4: Map of seismic risk zones in Greece

SourceTheGreek seismihha zar d -8ap AEC

Seismic zonation has been based on the reference peak ground acceleration with 10% probability of
exceedance in 50 years, i.e., 475years mean return pEniak seismic zones (I, Il, 1ll) have been
introducedand fivesoil types are defined (Table2}. The PGA values assigned to each zone refer

to soil type A, (stiff soil, rock)With respect to seismic risk, soil are divided into five classes A, B,

G, op

Table 4.2: Peak Ground Accelerationfor soil type A

Seismic zone =i=|
I 0.169
I 0.24g
m 0.369

Source: Greek seismd@Obduil ding code AEAK

Table 4.3: Soil Classes

Class Description
Rock or other rockike geological formation.

A including at most 5 m weaker material surface.
Deposits of verydense sand, gravel, of very st
B clay, at least several tens of meters in thickn

characterized by a gradual increase of mechai
properties with depth.
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Class Description

Deep deposits of dense or medidanse sand
C gravel or stiff clay with thikness from several ter
to many hundreds meters

Deposits of loos¢o-medium cohesionless soil (wi
D or without some soft cohesive layers), or

predominantly softo-firm cohesive soil.

A soil profile consisting of a surface alluvium lay
with vsvalues of type C or D and thickness varyi
between about 5 m and 20 m, underlain by sti
material withvs> 800 m/s

Deposits consisting, or containing a layer at leas
S m thick, of soft clay/silts with high plasticity inde
(PI > 40) and highvater content.

Deposits of liquefiable soils, of sensitive clays,
any other soil profile not included in typesEAorS

SourceEuropean standarfil E-80

4.5 PARAMETRIC STUDY

The stability of ock slopes with joinplanesanalyzed using finite element software ABAQUS. A
jointed rock mass slope may collapse due to displacements becoming very large, thus distorting the

individual elements badly and prohibiting further time stepping.

Several study cases were conducted tdyanahe stability of the rock slopes with control variable
method. Results from the analysare presented in Appendix A asldows the distribution of the
equivalent plastic strain zone3ix study cases carried out with static analysis for very goodtyjual
rock mass to observe how the geometry and main parameters of rockaffepetheir stability.
Additionally, seismic forceamposed on the rock slops it 5 described above, to note th8uence

of seismic loads on jointed rock slopes.

The first $x study cases follow the static analysis with gravity loading. The geometheabck

mass slope is shown in Figure84lt is assumed a very good quality jointed rock mass slope and the
initial adopted parametease summarized in Table# In the 2D FE analysis two steps are created.

The first step refers to state of initial stress and the second step simulates an excavation. After the
analysis in geostatic conditions, an excavation is modeled static analysidy interrupting

boundaries on the ppr surface of the slope.
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STATIC ANALYSIS

4.5.1 Case study 1The influence ofslope angleb to the stability of the rock slope

Table 4.4 Main parameters of the rock slope

c a 2 ¢ A
(kPa) © (KN/m?®) (m) (GPa) 8
30 45 25 70 28 0.3

(i = 49, ¢ = 30 kPap = 25 kN/n?,

b = variable

Figure 45: Parameters for case study 1

Results and conclusions

The overall results are presented in Appendix A. The contours indicate the location of potential slip
surface formed in the failing slope. The different contours can indicate the location where the
progressive failure will begirk-rom the deformed meshasd the PEMAG contours is obviqulat

when the slope angle increaggaduallyfrom 45 to 65’ to the horizontalequivalent plastic strain
amplitude also increases. That medhe steepr a slope is, the more unstable\ghen the slope

angle is smalthe plastic zone is flat to slope surface and slope toe. As theislbpig steeper,

plastic zone develodrom the toe to the slope innarircular slip surface
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4.5.2 Case study 2Unit weight 2 influence to the stability of the rock slope

Table 4.5 Constant parameters of the rock slope in case study 2

c a b ¢ A
(kPa) © © (m) (GPa) 8
30 45 60 70 28 0.3

U =42, c =30 kPab =60,

2 =variable

Figure 4.6: Parameters for case study 2

Results and conclusions

Density is also an important factor in slope stabilfg.it is presented in Appendix A, relatively
increase inunit weight of rock mass increases the vertical stress due to gravity lpadingis
captured in the equatiaghl. In this way the deformation of the rock slapeven bigger. Awvell as,
in the case of different values of the slope angle, it is obsehatdplastic zones are developed

between the middle and toe of the slope. The constant paranfétersiope are shown in Tablé4
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4.5.3 Case studies3, 4 The impact of thef r i ¢t i o and eohegibnato the

stability of the rock slope

b=60, 0= 25kN/m’

U = variable c = 60 kPa

c = variableji = 45°

Figure 4.7: Parameters for case study & 4

Results and awclusiors

In case studies 3 and 4, it is examined the i
the rock mass slope stability respectively. The friction atiglngingfrom 35 to 50 and cohesion

from 30 kPa to 120 kPa. In both cases small values of the above strength parameters, make the rock
slope more unstable. Maximum values of equivalent plastic strain (PEMA@)uerd@ed umear the

toe of the inclined surface.sAthe values increase, the slope becomes more stable. As a result, the
plastic strain contours comes with the deformed meshes as shown in Appendix A, indicate a potential

slip surface irwider area.

4.5.4 Case studied, 6: The impad of the joint plane angle to the stability of the

rock slope

Table 4.6 Constant parameters of the rock slope in case studies 5 & 6

c o) a b ¢ A
(kPa) (kN/m?) © © (m) (GPa) °
100 25 45 60 70 28 0.3
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=

=

N~

b
b=60, 0= 25 kN/m?
U =45° ¢ =100 kPa one joint plan
dip angle = variable,
dip angle

Figure 4.8: Parameters for case study

£
o
M~
b
b=60, 0= 25 kN/n?
0 =45° c =100 kPa, two joint plan
dip angle = variable, dip angle| | 9C° constant

Figure 4.9: Parameters for case study
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Results and awlusiors

There are usually one or over one set joint planes in a rock slope. In this dissertation the model has
two joint planes. For this analysis one joint plane kept perpendicular to the cross section and the dip
angle of he other joihset ranges from® to 7¢. The basic parameters of thekaslope are showed

in Table4.6.

When thedip angle ranges from 2@o 40 the equivalent plastic strain amplitude increases from
3.729 10°to 5.891 10°. Plastic strain zone is concentrated downwiagide of the slopand with

the increase of joint angleis noticed a smaller slip surface ar&éoreover, when the dip angle
ranges from 50to 7@, values ofequivalent plastic strain amplitudaecrease slowl and from

3.025 10°t0 3.168 10°. That means when the dip angle of discontinuity increase and become sub
parallel to the slope angle the slope become relatively stable. However further increase in dip angle

in discontinuity make is liable to underguppling failure.

In the case of one joint plane the behavior of the slope is similar. Generally, it can be observed from
the contours in Appendix A that the magnitadequivalent plastic strain is less than the case of two
joint planes. Additionawhenthe dip angle is the very same with the slope angle, videli€gpldgtic

strain zones are nkgble. Particularly,plastic zones are developadide the slop@andas the dip

angle ranges from 2@o 4@ the equivalent plastic strain amplitude gettiagger. After that, as the

dip angle increases till Qhe equivalent plastic strain amplitude decreases and prastes are
develogdin the toe ofthe slope.When the dip angle increases t@ BEMAG also increases and

then reduces again, as it i©8 in the contour of 90
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PSEUDO-STATIC ANALYSIS

Seismicwaves passing through rock adstsess which causes fracturing in the rock masshe
follow cases. In the followcase studiethe seismic waves are simulated with a third step in the
analysis which applies an additiornrizontal gravity loado the rock mass slope.

4.5.5 Case studies 7, 8, 9: Impact of the seismic loads on the rock mass slope

stability of the rock slope

Results and conclusions

In these case studies it is examined a poor quality rock mass to notice a bigger range of plastic zones.
The analysis has been conductedthree main magnitudes of seismic load and for variable values

of cohesion c. The main paratars where used in this dyss are shown in the Table7.

Table 4.7: Main parameters of the rock slopefor pseudo-static analysis

& o} a b ¢ A 3
(KN/m°) @) @) (m) (GPa)
0.169
0.249g 25 45 60 70 5 0.3
0.369

o
N~
b=6Q, (i =45, 0= 25kN/n?
c = variable one joint plane
dip angle =52.%

Figure 4.10. Parameters for ca® studies 7, 8 & 9

Firstly, it is obvious that in all case studigben the initial value of cohesion is kBa plastic zones
are developed from the toe to the crest of the slope. The deformed area of the slope is large and from
the contours witlscale factor = 6e+0B can been seen ttetrong effect of seismic loads in slope

stability.
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Maximum values of equivant plastic strain are measured on the crest. Forsangeload with
magnitude 0.16g and 0.3@he equivalent plastic strain amplitude2971 10°and 9.558 10°
respectively. In other words with the seismic load increased from 0.16g to 0.369 tiezaass

extend in larger area and PEMAG also increases.

Furthermore, it can be remark#udhtin all cass, whencohesion increases from 15 kPa to i@%a the
reduction velocity of plastic zone ares big. With 10 kPa gain in@aseof cohesion, maximum
equivalent plastic strain amplitude is decreased by, Ao, 40%, corresponding to 0.16, 0.24q,
0.369 seismic force amplitudia the first seismic zone which refers to 0.16g seismic load amplitude
with the increase of cohesighadic zones are concentrating lower to the surface of the slope in less

steps compared with the two others seismic zones.

4.6 CONCLUSION

The angle of slope, unit weight, friction angle, cohesion and dip angle of joint planes have a
paramount of importance tthe slope stability and failure surfac&srough the analysis of above
case studies it is observed that:

1 When the angle and unit weight of slapereasethe slope is getting more unstaldRastic zones
are concentrated near to the toe of slopedmvelop internal

1 Friction angle and cohesion of joint planes have an importance influence to the slope stability. The
bigger they are, the less unstable is the slope. With the increase of their values the equivalent
plastic strain amplitude decreases #ralplastic zone area reduces.

1 Concerning the dip angle of joint planes it is observed that wieamaller than the slope angle,
with its increase the equivalent plastic strain amplitude also increases and the slope become
unstable. When is sub parikel with slope anglglastic zones are reduced and the slope become
more stable

1 As itis expected, an additional load in the appropriate direction will contribute to the collapse of
the slopeAs are imposed oseismc forces to the slope plastic zones expanding to the crest of
the slope. The bigger is the magnitude of the force, the bigger is the equivalent plastic strain

amplitude.
Consequentlythe slope is easier to collapse under seismic forces. Plastic zones areas are extensive

with increasedequivalent plastic strain and therefore displacements in these areas will have

considerable values.
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In the following chartsare presented displacemeniish variable cohesion, in horizontal U1 and
vertical U2 direction on the crest of slopgshown in Figure4.11, 4.12, 4.13, 4.14, 4.1%or the
three sesmic zones as are described 8.2 sectionThe main parameters which are corresponding

with the followingcharts are summarized in Tablg 4

JOINTED ROCK SLD PE, L JOINT, 00jad5, NONOSS0C FLOVY, A e |
Y (S R R LR LU B P e BRI Ry T CR L= e L s (0

5 SeeD:50e0-3
r4» - dmcremen 451 Scen Time - 1.000

Figure 4.11 Depiction of nodes in thgointed slope model

Figure 4.12 Critical point at node 731
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0,164

Ul
0,00

-1,00

-2,00

-3,00
——731

-4,00

displacement ul (cm)

-5,00

-6,00
¢ (kPa)

1,00
0,50
0,00
-0,50

——731
-1,00

displacement u2 (cm)

-1,50

-2,00
c (kPa)

Figure 4.13: Variation of displacement ul& u2 for different values of cohesionSeismic zone |
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Figure 4.14: Variation of displacement ul& u2 for different values of cohesion

Seismic zone |l
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0,364
Ul
0,00

-5,00

-10,00

——731
-15,00

displacement ul (cm)

-20,00

-25,00
¢ (kPa)

U2

1,00
0,00
-1,00
-2,00
-3,00

——731
-4,00

displacement u2 (cm)

-5,00
-6,00
-7,00
c (kPa)
Figure 4.15: Variation of displacement ul& u2 for different values of cohesion

Seismiczone Il

The above charts validate tHatger seismic forces create bigger displacements. Wigegeismic
force increase from 0.16g to 0.36g the maximum displacebhkat node 73is 0.056m and 0.19m
in absolute values, respectively. In vertical direction maximum displacement U2 in absolute values,

is 0.015m and 0.06m corresponding to 0.16g aBfdseismic force.
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Appendix A

Results from ABAQUS analysis are presented in Appendix A for very gaddpoorquality rock
masss| ope with YO uqyod snddo d'Ql caspectively.

Very good quality rock mass slopgE = 28000 MPa, static analysis

Case study 1:Variable parameter is slopeangleb

Tb = 45

45 GTB Daylight Time 2017

scale factor =1e+00

425
+1.212e-06
+0.000e+00

yaylight Time 2017

scale factor = 6e+03
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PEMAG
(Avg: 75%)
+2.074e-05
1.901 S

+8.643e-06
+6.914e-06
+5.186e-06
+3.457e-06
+1.729e-06
+0.000e+00

scale factor =1e+00

scale factor = 6e+03
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Sée
+0.000e+00

JOINTED R
GBB: b_S

scale factor = 6e+03
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L1

+8.52
+0.000e+00

Tue Jun 20

6.11-1 Tue Jun

scale factor = 6e+03
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04
1.496e-04
1 04

scale factor =1e+00

scale factor = 6e+03
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Case study 2variable parameter is unit weight 9

T o =kR/M3

%)
+7.222e-0
620

scale factor = 6e+03

90



light Time

scale factor = 6e+03
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+0.000e+00

scale factor =1e+00

+1.413e
+7.067e-06
+0.000e+00

JOINTED
ODB: g_;

scale factor = 6e+03
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+1.474e-05
+7.369e-06
+0.000e+00

PEMAG

+0.000e+00

JOINTED
ODB: g . STB Daylight Tim

scale factor = 6e+03
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JOINTED R

scale factor = 6e+03
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L1

+8.52
+0.000e+00

Tue Jun 20

andard 6,.11-1 Tue Jun 20 20:31:11 GTB D

scale factor = 6e+03
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5

+2.700e-05
2

scale factor = 6e+03
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Case study 3: variable parameterig r i ct i on angl e

T4 =° 35

JOINTE
ODE: p

S
+1.419e-04
+1.261e-04

JOINTED R
QOpB: phi

scale factor = 6e+03
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JOTNTED
QODE: ph t ri 1 flight Time

scale factor =1e+00

JOINTED R E FL
ODE: phid4 0 ndard 6.11-1  Tue Jun

scale factor = 6e+03
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JOINTE
QLE: phi

scale factor = 6e+03
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scale factor =1e+00

+2.316
+2.059e-05

scalefactor = 6e+03
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Case study 4: variable parameter igohesion ¢

1 c=30kPa

Tue Jun ¢ 111 GTB D

scale factor =1e+00

d 6.11-1 Tue Jun

scale factor = 6e+03
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M c=50kPa

PEMA
{Ava:

JOINTED

scale factor =1e+00

ndard 6.11-1 Tue Jun

scale factor = 6e+03
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M c=80kPa

Tue Jun

scale factor =1e+00

PEMAG
(A

scalefactor = 6e+03
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M c =100 kPa

1772-06

89e-06
100e+00

JOINTED
Tue Jun

scale factor = 6e+03
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1 c=120 kPa

PEMAC

d 6.11-1  Tue Jun

+
+0.000e+00

d 6.11-1 Tue Jun
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Case study 5variable parameter isjoint angle one of the joint sets (constanjpint angle = 90)

{ joint angle = 26

+3
+3
753
+
+
15
+
+
+
+
+
T
+

JOINTED
ODEB: phid

scale factor = 1e+00

Se-0
+1.865e-0S
S

JOINTED R
ODB: phid

scale factor = 6e+03
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{ joint angle = 38

PEMAG
{Avg:

JAOINTED R
Qpe: ph

scale factor = 1e+00

scale factor = 6e+03
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joint angle = 46

10e-05
+4.909e-05
8e-05

scale factor =1e+00

PEMAG
{Av

JOINTED
OpB: phi

scale factor = 6e+03
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{ joint angle= 50

+2.52
+0.000e+00

JOINTED
oD

scale factor =1e+00

scale factor = 6e+03
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