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ABSTRACT

The monitoring of opeipit mine slopes using radar systems is becoming rance more
common. The output from radar monitoring is the displacement of the full slope surface after
each radar scan, allowing displacements, velocities and acceleration to be determined. The
displacement trends obtained from radar monitoring are a egpadi®n of the deformation

taking place within the mine slope. The research deals with the analysis of the displacement
trends in order to understand the slope deformation behavibarmain objectives of this

research work were:

1 To interpret the deforntimn behaviourand failure mechanisms of opeast mine
slopes based primarily on displacement data from radar monitoring; and

1 To develop a method using the radar displacement data for predicting the time to
failure of opencast mine slopes.

The researclestablished thatlope failure is preceded ke gradual accumulation of
deformation within the slope. ldentifying whetbe deformation istaking place, the
magnitudes and state of tbeformationis crucial in understanding and interpreting the slope

deformation and failure mechanisnifie main accomplishments of the research include:

1 The interpretation of deformation and failure mechanisms from radar displacement
data of both stable and unstable opast mine slopes. The interpretation of
deformationwas used in classifying the deformation behaviour of unstable-cgstn
mine slopes into five main stages, consisting of thredgiiee stages and two pest
failure stages. From the displacement data, two types of deformation behaviour of
stable slopes &re also identified;

1 The development of a simple model for estimating the threshold values for the
cumulative rate of displacement. The cumulative rate of displacement threshold
determines when mine personnel and equipment must evacuate the unstabfe area o
the slope. The model can also be used to effectively identify the deformation state of
opencast mine slopes; and

1 Thedevelopment of a Slope Failure Prediction Model (SFPM) for estimating the time
to failure of opercast mineslopes. The model was effe in predicting the time to
failure when validated with four case examples of open cast mine slope failures. The
development of the SFPM is a novel approach which provides an automated
prediction of time to failure.
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CHAPTER ONE
INTRODUCTION

1.1. Background to the Research

With the increasing depths of oppit and opercast mines, prediction of tHeehaviour of

the rock mass is necessary in order to design mine slopes that ateodafer the workers

and the equipment. Geological structures, rock mass propextigls as shear strength and
hydrogeological conditions, engineering common sensegaod blast design are among the
many factors that must be considered in the design of a stable and safe mine slope.
Unfortunately, even with advanced slope design technigues utilisng the best available
computer software, unexpected slope failures stile prevalent today. Why has it been
impossible to prevent slopes from failing unexpectedly? Behind every slope, whether in
openpit mining or in civil engineering situations, is the naturariable geological rock
mass whose physical and engineeripgpperties, and boundary conditions, cannot be
established or defined through a manufacturing process like metals and platgicals.
Harrison and Hudson(2000) described rock masses as largely Discontinuous,
Inhomogeneous, Anisotropic and N&tastic(DIANE)

According toHoek, et al (2000jock slope deformation and failure are events controlled by
natural physical processes. Although, various researchers have investigated numerous ways
of predicting the mechanism of failure of mine slopes, thertlli:is universally acceptable

model for failure, and the mechanisms behind large scale failure are not well known,
particularly in hard and strong rockStacey, 2007)Consequently, proper understanding of

the peculiarity of each rock formation and tinederlying mechanisms driving instability is

essential in analysing and predicting deformation and failure mechanisms.

Various technigues have been advanced in understanding and analysing mine slope
deformation and failre mechanisms. dhventional methodof slope stability analysis
involve the use of kinematic analysis, limit equilibrium analysis and rockfall simulation
(Coggan et al, 1998)These methods graowever not adequate to capture complexities
such as the complex interactions between joithts, slope hydrological conditions, slope
geometry, noflinear behaviour and various boundary conditions influencing slope stability
or instability. Computebased numerical methods classified as continuum modelling (finite

1
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element and finite difference),isdontinuum modelling (distinetlement and discrete
element) and hybrid/coupled modelling have proved to have the capabilities of analysing and

simulatingcomplex rock slope deformation.

Surface andundergroundmining operationsresult in groundmovement which could be
detrimental to mining operations and personri@rturately, slope failures usuallgive
advancewarning before failing, if these can be accurately dedectdrrough proper

knowledge of the deformation behaviour, mine slbgeards can be greatly reduced.

The quest for a more effective system of slope managemnentines has resulted in the
development of various slope monitoring techniques to monitor the deformation of the slope.
The use of radar for slope monitoring wasngered by GroundProbe (Pty) |tdustralia

with the introductionof the Slope Stability Bdar(SSR)in June 2003. An alternativadar
monitoring system callethe Movement and Surveying Radar (MSR 200) wasoduced

into the market inJanuary, 2006 bfreutech Radar System (Pty) Ltd, South Africhese

technigues are dealt with in meodetail later in this thesis

1.2. Problem Statement

fiWhether on the surface or underground, unanticipated movement of the ground can pose
hazardous conditions which médgad to accidents, destruction of equipment, loss of ore
reserves and closure of the nmin&irard andMcHugh 2000). Girard andMcHugh 000
suggested the following ways of reducing the occurrence of slope failures resulting from
mining operations

1) good geotechnical design;

2) slope dewatering;

3) slope support and rock fall catchment systems;

4) monitoring systens to identify mechanisms of rock mass and slope behaviourfand
advance warning of impending failures; and

5) cutting back of slope®tmore stable angles.

The researcproposed will focus on aspectand with minor focus on aspect 1.

Radar slope monitoring is now widely used across the world, for example, the MSR is

currently in use in several Anglo Coal mines and other surfacesnaireund the world.

2
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However, the effectiveness of this radar in notifying mine personnel of an impending slope
failure is not fully realisedIn order to solve this problem, good knowledge of the
mechanism of slope failure in opeastmines is necessarWhat the proposed research aims

to do is to determine the intrinsic and extrinsic fagtargl their interactions in causing slope
instability and failure from time/displacement information gegke from the radar
monitoring. To achieve these objectivethie history of failures in some Anglo Coalines

and other surface minedll be studied using the MSR recordde aim wil be to develop a
predictive orrepresentative model of the deformation behaviour of the-opsnslops. A
detailed study of the past time/displacement information from the radar monitoring should
allow the derivation of empirical threshold parameters for the MSR. The research will also
attempt to derive a model for predictitighe to failure(TTF) using nformation from the

time/displacement records.

1.3. Research Questions

The research should be able to address or answer the following questions:

1) What are the possible mechanisms of failurdn@bpercast mines?

2) What are the triggering factors responsifar slope failures in the mines and the
mechanisms involved in the failure?

3) How effective is the MSR in monitoring slope failure?

4) Apart from giving warning of when the slope will fail, can the MSR be effectively
used to determine failure mechanisms?

5) How can failure, and time to failure, be effectively predictedsdirnilj the

time/displacement data from the radar monitoring system?

1.4. Aims and Objectives of the Research

The aims and objectives ofehesearcltontained in this thesare:
1) To determinghe nature and magnitude of slope movements or deformation using the
MSR;
2) To determine the modes and mechanisms of slope instability at the critical areas of
instability;

3) To investigate factorending to initiate instability.
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4) To determine accurate thresthtimits of slope displacements, such as rates and/or
accelerationsat which the slope radar monitoringssem should recommend an
alarm; and

5) To develop, if possible, a method using the MSR data that can confidently predict the

time to failureof an opercast mine slope.

1.5 Research Approach and Thesis Structure

A range of equipment hdseen produced tmvestigatethe problem of surface mine slope
failure through appropriate slope monitoring, the latest of whictihesslope monitoring
radar. Tounderstand the processes involved in mine slope failure, aw@fi¢he various
failure modes andleformation behaviosrof surface mine slopes was done. The various
techniques available for slope monitoring were also reviewes. Wwas followed by four
monthsof field work in some AngldCoal opercast minesandfive daystraining on the use

of the MSR at Reutec{Pty) Ltd, South Africa.At Reutech, displacement records of slope
failures in other surface mines where the MSkRpsratingwere collectedThe experience
gained in the field work was combined with the displacement data obtained from the MSR to
develop two modelsas follows: onefor the determination of a threshold value for the
cumulative rate of displacemeand the othefor time to failure prediction. The thesis is

divided into seven chapters with the content of each chapter explagfdiows:

Chapter 1 contains an introduction to the problem of surface mine slope fiiestgtement

of the problen, research questions atié objecties of the research

Chapter 2 presents g eview of mine slope behavioyrocessesas obtainedfrom the
literature Furtherspecific reviews of work done by several authors on the displacement

behavour of mine slopes were also carried.out

Chapter 3 efails a detailed review of theonventionalslope monitoring techniques. The
Movement and Surveying Radar (MSR)e Slope Stabiyjt Radar (SSR), the Work Area
Monitoring (WAM), the IBISM slope monitoring radar, which are the knowtope
monitoring radarsystems available, ra reviewed. The shortcomings of some of the
conventionamonitoringtechniquesre alsohighlighted.
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Chapter 4 presents the detailed geology of the -spsh mins visited in course of the
research. The slope stabilithallenges faak by each mine areeviewed. This chapter also
containsa review ofsome documented slopailires which have occurred iminesandwere
monitored with MSR. Other mine slope faiés not monitored with the MSButwhichwere

documented by the geotechnistdff, are alsaeviewed.

Chapter 5 is divided into three sections. Section one awly® dformationbehavour of

stable slopes.&gtion two analyss thedeformationbehaviour ofunstableslopes utilsing the
displacement data obtained from tNSR, while in section three, the slope deformation
mechanisms based on the displacement trend and deformation propagation are didoeissed. T

outcome of the analysigsulted in the classification of the different stages of failure.

Chapter 6contains arief review of sme of the existing methods of predicting tirae to

failure of mine slopesA review of the inverse velocity methpavhich was adopted in this
research, can also be found in this chaptechapter 6the failure data from different mes

were analyseavith the objective of developing a model the determination of a threshold
value for the cumulative rate of displacemenhe threshold model is based onpoint
monitoring of mine slopes. In this chapter, the development of a modeldctiie Slope
Failure Prediction Model (SFPM) to predict the time to failure of mine slopes is also
described. The model was tested and proved to be effective with four case examples of

unstable slopes.

Chapter 7 contains the conclusion drawn fromrésearchand recommendatigrior further

research.

1.6.Limitations of the Research

The objectives of this research were achieved through a comprehensive analyms of
displacement databtainedfrom the MSR However, the research work encountered some
limitations. First, only six case studies were analyzed for the defornatwaviourof open

cast mine slopes while the SFPM was validated with four case studies. This is due to the lack
of adequate slope faille dathase for research purposes sist@pe radar monitoring ia
relatively newtechnology Mining companiesvith records of slope failure monitored with

the radar are not willing to release them. Second, the research was limited to displacement

5
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data fom the MSR. This situation prevented the analysis of displacement data from other
slope monitoring system other than the radar. A combination of displacement data from other
slope monitoring system would have provided more insight into the defornietaaiour of
opencast mine sloped.astly, numerical modéng, probabilistic aalysis anddetailed study

of the mathematics of the radae notincluded in the scope of tmesearch.
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CHAPTER TWO
REVIEW OF ROCK SLOPE DEFORMATION PROCESSES

2.1. Introduction

The first aspect of literature review relevant to the concept of slope deformation is presented

in chapter 2. The section contains a review of the following pertinent subjects:

Surface mine, namely op4gait and opercastsurface mines;
Deformation terminologies;

Common slope failure modes and the causes of slope failure; and

= =/ =4 =4

Deformation and displacement behaviour of surface mine slopes.

2.2. Surface Mine

Before mining, the natural deformation within the rock mass is agwed through
confinement by the surrounding rock materidlse excavation procegxposes the inherent
geological weaknesses in the rock mass by removing the confinement. The onset of
excavation for mineral recovery through both underground and surfagggmesults in the
creation of openings in the ground. These openings become the free space for the deformed
rock to be displaced intolhe disturbance produced by mining through excavation also
disturbs and redistributes thesitu stress field causifgrther deformation in the rock mass.

Xu et al (2011) utilised seismic monitoring to establish a strong correlation between
excavation and formation of miciacks in deep rock mass. Excavatioduced fractures in

a shallow highguality granite rock we also confirmed by Stacey (2007).

The process of excavating ore bogiekich are close to the surfaceither by opeipit or
opencast surface mining methodssuls in the creation of pit witlseries of benchegferred

to as highwalls (Reutech, 200%. For economic reasons, the slope angle of the benches
cannot be made too flat because of the cost of waste materials to be removed. Hence, mining
companies are caught in a dilemma of designing a slope that is not too flat for economic
gains, and not tosteep for safety concerns. The features of a typical open pit slope are
shown in figure 2.1, where the overall pit slope angle (slope crest to slope toe), thanmger
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angles and the face angle of each bench are the three main features of-pit sippe

(Wyllie and Mah, 2004). The overall pit slope, which incorporates all -nai@p areas,
haulage roads and benches, is steeper in competent rocks than in weak rocks, sometimes with
varying slope angles within the same mine. The maximum-ratap anglas a function of

the bench face angle, the bench height and width, and these are all governed by the
geomechanical properties of the slopes and operational factors. Consequently, the overall
slope angle becomes a function of the bench angles and widthsaimip angle and width

and the total number of haulage roads (Sjoberg, 1996).
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Figure 21: Open pit slope geometry showing relationship between overall slope angle, inter

ramp angle and beng¢After Williams, et al. 200

The bench configuration in an opeast coal mine as seen in figure 2.2 differs significantly
from that of an opepit mine. In an opefast mine, mining is done in strips, with the
dragline positioned on thieigh-wall for overburden removal. The overbundeverlying the

ore body is removed and placed in the mioetl area creating astack ofwaste whichis
referred to as lowvall or spoil. The strip geometry is determined by both operational

parameters and safety considerations, with important desigidecatsons given to both the
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high-wall and the lowwall. Okagbue (1987), Ulusay et al. (200and Kasmer et al. (2006)
have reported several examples of spoil, or-Veall failure in opercast mines. These large
scale spoil failures and their consequenmegproduction and safety have given attention to
the stability of spoil piles as much as highll stability (Kasmer, et al. 2006). In a study
conducted by Okagbue (1987), it was confirmed that the major slope stability problem in a
number of opeitast cobmines is spoil instability, particularly, where the spoil consists
largely of loose sand with insufficient waste rock to support the low strength soil. The high
walls of opercast coal mines on the other hand are not as complex as those gfitopen
mines The geology is straightforward and the rock mass strendgrls similar from mine

to mine, because the same rock types are usually found (Seegmiller, 2000). Fiwvalhifh
open cast coal mines are designed to generally be steep when compareigh-wadl of

most opermit mines. This is because the lifespan of epast coal mine higiwalls is short

as compared to thaif an operpit mine where the higiwall is expected to be stable

throughout the lifespan of the mine.
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Figure 22: Open cast coal mine slope geometry

2.3 Rock Deformation
Some terminologies used in this study, which are peculiar to the subject of slope monitoring
and management, are briefly explained in the following sections. Thiscessary to avoid

any ambiguity that may exist in the use of some of the terms.
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2.3.1. Definitions

Deformation: This occurs when there ischange instructure or formation of displacement
in rocks under the influence of external forcBeformation always precedes failure ahgyi
the process of slope failure. In this study it is expressed in terms of displacement magnitudes

and cumulative rates of displacement.

Fracture: This occurs when the bonds between the rock material breaks withethtionof

planes of separatiofracture does not always results in rock failure.

Strength or Peak Strength: This is the maximum stress averaged over a plane, which the
rock can sustain underspecified set of conditions (Brady and Brown, 2006).idare 2.3,

point B stands for the peak strengffhe esidual strengthithat is reached only after
significant postpeak deformatioris given as pint C in Figure 2.8 (Brady and Brown,
2006).

Brittle Deformation: This occurs when the stress exceeds tio& strength and there @
abruptloss of strengthwith fracture ona rock plane without significant preceding plastic
deformation (Brady and Brown, 2006). As shown in figure 2138, usually associated with
strainsoftening or s@inweakening behawur of the rock (Brady and Brown, 2006). In

brittle deformation, the strain is irreversible

Ductile Deformation: This accurs when thestress exceeds th@ck strength but itcan
accommodatdurther permanent deformation withobteaking as seen in figurz3b. In

ductile deformation, the strain is irreversible

Yield: This is the stress at the end of elastic behaviour, represented by point A in figure 2.3
The vyield stress(y, depicted in figure 2.3is the onset of permanentand irreversible
deformation (Brady and Brown, 200®)uring slope monitoring, the yield point corresponds
to the beginning of progressive displacement behawwahich is often times the same as the

on-set of failure point.
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(@) (b)

Uy = ———

Stress
(@]
Stress

Strain Strain

Figure 23: (a) Strainsoftening stresstrain curve. (b) Strathardening stresstrain curve

(After Brady and Brown, 2006).

Failure: Failure occurs when the load or stresses acting on the rock material exceed the
strength of the rock. Failure ocsuor initiatesat the peak strength (Jaeger and Cook, 1979).

Failure and collapse are used interchangeabdpenrcast mine slopes (Stacey, 2009).

Functional Failure: This is defined as a situation where a slope cannot perform the function
for which it wasdesigred. This implies that it does not necessarily involve overall collapse
although localised sectisnof tre structure may have collapsé@oldberg and Frizzell,

1989).

Operational Slope Failure: Call (1982) defined perational slope failur@s a condition
where the rate of displacement exceeds the rate at which the slide material can be safely

mined

Slope CollapséSlope Failure Sjoberg (1996) definedape collapseas a situation whelthe
consequences of the developfagure renderthe slope impossible to minkocal scaleslope
collapse involesone or a few benchesghile global scale slope coflaeinvolvesthe entire

slope(Sjoberg, 1996). Deere and Patton (1971) classified slope collapse/slope failure, as seen

in figure 2.4, into three categories:
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Type 1i Small scale local failure involving a single bench.
Type 2i Largescale wedge failuresvolving a number of benches.
Type 3i Circular failure in sheared/fractured and weathered rock which may involve several

benches.

" {\\An\cr
1T ZONE Joints

Figure 24: Types ofslope failure in opeipit mines: (a) Largescale wedge failure (lharge
scale plane failure (C) Smadtale local failure (d) Circular failure of intensely fractured and
weathered rockModified from Deere and Patton (1971) by Gatral. (1995)

Failure Mechanism: This is a description of the physical process ttaur in the rock mass
as the stressicreases and failurmitiates and propagates withthe rockmass (Sjoberg,
1996)

Failure Kinematics: Failure kinematics is simply a geometrical description of théan or

movements, which resuttom a failure (Meriam, 1980).

Failure Kinetics: This relates the action of forces and loads on the slope to the resulting

motions andis thereforeclosely linked to failure mechanism (Meriam, 1980)

Effective Stress:The effective stress is a function of the total aapbktress and the pressure
of the fluid in the pores of theock, referred toas the pore pressure or pavater pressure
(Brady and Brown, 2006Effective stresgioverns the gross mechea response of jointed

rock mass (Brady and Brown, 2006).
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The efictive stress is given as:
” a t 2.1
Where:
. = efective stress
, =total stress acting on the plaad

i Porepressure

2.4. Causes of Slope Failur&lope Failure Triggers

Several combinations of factors are responsible for slope falnether in rock om soil. It

is uncommonthat a given failure can be attributed to any single cause (Kliche, 108D).

(1982) stated that a rock mass does not move unless there is a change in forces acting on it.
Usually a number of factorsubsistsimultaneously to eventually trigger the sofailure.

Varnes (1978) grouped these factors into two major categories.

1) Factors that contribute to increased shear stres€One of the factors contributing &m
increase in shear stres§ natural slopess the removal of lateral support from erosiby
streams and rivergndwave actions 0 lakes and glaciers (Varnes, 1978). Call @98und
thattheremoval of lateral support by excavation is one of the major causes of slope failure in
open pit minesThe highwall failure at a coal mine in theddven Basin, Queensland was
caused by the removal of lateral support (Kelso, 20Ahpther factor is the addition of
surcharge by rain, hagnow or water. Surcharge from rdias been a main triggering factor

to many slope failures, for examplthe wast dump failure at Arcturussold mines in
Zimbabwe(Shakesby and Whitlow, 1991) and the Himmetoglu coal mine failure (Ulusay, et
al. 2001)

Othercauses bincreased shear stresses are transitory earth stregsbsas vibrations from
earthquakes, blasity, heavy machinery, traffic, vibratory compactor, lateral pressure from
water in pore spaces, cracks or cavities, tectonic actiwtiesh may alter the stress fields

on a very large scale causing an increase or shift in the direction of geostadies §i¥asnes,

1978) Wesseloo and Dight (2009) reported that change in stress in mine slopes resulting

from mining is the driver behind rock fracture. The North Wall failure at Palabora mine was

13
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triggered by the alteration of the stress field caused bygaperations (Vyazmensky et al.
2010).

2) Factors that contribute to low or reduced shear strengthThese are factongesulting

from initial state or inherent characteristics of the material. These factors include texture and
gross structurematerial compositiorand slope geometry, that islope orientationthe
presence and orientatiai discontinuities (Varnes, 1978)Vith regards to the geometry of
opencast coal mines, slopes are designed to be as steep as possible resulting in over
steepening of the higtvall, which is a major cause of slope failure in opast coal mines
(Simmons and Simpson, 2006).

Weathering and other physiochemical reactiorey also cause a great reductionshrear
strengthof the rock mass (Deere and Patton, 1971, Varnes, 1Bi#&3e changes can include
softening of fissured clays, physical disintegration of granular roeksed byfrost or

thermal expansion and contraction, removal of cement within discontinuities iyosol
(Varnes, 1978)Changes in intergranular forces due to water content and pressure in fractures
and pores, is a major cause of shear strength reduction in many mine slopes (Varnes, 1978;
Mandzic, 1992Atkinson,200Q Call, et al. 2000; Stacey, et 2D03).

2.5 Modes and Mechanismf Slope Failure in Rock Mass

Sjoberg (1996) defines the failure mode of rock massraacroscopic description of thay

in which failure occurs, for exampleéhe shape and appearance of the resulting failure
surface It encompasses the mechanisms, kinematics and kinetics of the faduwiassified

by Wyllie and Mah (2004),he four primary modes of slope failure that exist in rock mass
are:

1) Plane failure

2) Rotationakircularfailure;

3) Wedge failurgand

4) Toppling failure

Other secondary modes of failure include rock falls, rock or earth spread, rock or earth flow
and buckling of gbping thin beds. @mplex failure nechanismsccur when slope failure

involves more than one failure mode.
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The four primary rode of failure outlined above are based on the assumption that slope
failure occurs on identified or interpreted failure surfaces. Therefore, identifying the critical
failure surface and the acting forces becomes the base of limit equilibrium analysjsesf s
stability. However, in studies conducted by Sjoberg (2000) and Stacey (2006), they suggested
that there are other possible failure modes in mine slopes, which do not correspond with the
established mechanisms, particularly in high stress and hadoaditions. These unknown

and poorly investigated mechanisms prompted the following questions from Stacey (2006):

1) Does failure actually take place on the selected failure surface?

2) Is the selected failure surface a unique failure surface or dihe® feake place on more
than one failure surface?

3) Does failure take place on multiple failure surfaces, and in several locations within the
slope?

4) Are backanalysed strength parameters of this failure surface representative of the
0str engrockdopae?f t he

5) What about the thregimensional geometry of the failure?

In light of the above questions, the four primary failure modes are reviewed in this section.
Also, with the failure mechanisms observed from the MSR displacement data, an attéémpt wi

be made to respond to questiong In chapter 5 of this study.

2.5.1. Plane Failure

Plane failure, as shown in figure 2.5, involves the movement of the rock block downward and
outwardalong a gently undulatingeleasesurface(Hoek and Bray, 1981, Kliche, 1999)he
movement isusually controlled structurally by surface weakness, such as jdeni#ts and
beddingplanes (Kliche, 1999)

For plane failure to occur, the strike of the plane of weakness must be wigtthof the

strike of the crest of the slogéloek and Bray,1981). The toe of the failure plane must
daylight between the ¢éoand the crest of the slope, wheeeyd!l i g h't means Ato
face of the excavation abce t h e in@additidn,eHoed &nd Bragl981) stated that the

dip of the failure plane must be less than the dip of the slopeaadgreater tharthe angle

of internalfriction of the failure plane
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(@) (b)

Figure 25: (a) Plane failure modéb) Kinematic analysis of plane failure

2.5.2. Rotational/Circular Failure

As classified by Coates (1977, 1981), thiber type of failure modeis rotaional shear
failure, andthis is illustrated in figure 2.6ddoek and Bray (1981) refer to this type of failure

as circular failure as shown in figure 2.6b and ®.@ccurs in soil when the material is very
weak, especially when the weakness is aggravated by water intrusi@tioRadt failures
occur mody in homogenous materials, such as constructed embankments, fills and highly

jointedor fracturedock slopegKliche, 1999).

A model study of circular failureonducted by Sjoberg (2008howed that typically failure
ocaurs n stagesFigure 2.8 demonstrates the first stage amaviblves elastic displacement
caused by removal of rock material by minifdpis isfollowed by yielding, which begins at
the toe and spreadipwards as more materials are removed. Yielding theds léa strain
accumulation at the toe ttie slope and progresses upwakthen this occurghe slope will
start showing some displacememsich can be tracked if a good slope monitoring system is
in place As soon as thgielding reacheshe cresta failure surface is formed and the slope

may fail with time.
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(@) (b)

Center of
Rotation

o |||'l" ""“"y'l"" \
6 = Circular AL Mllf"“.l
Arc Angle

Rotational
Failure
Surface

Figure 26: (a) Rotational failure modéb) Circular failuremode according to Hoek and Bray
(1981).

Figure 27: Circular failure at New Vaal Coaline.
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Rebound Active Yieldin
New Mining Ry
Step Mo =
LM : Shear Strain
Stress Redistribution Accumulation and Plastic
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Failure Surface Fully Larger Displacements
Developed Starting from Toe

Figure 28: Failure stages for circular (rock mass) shear failure slope (After Sjoberg, 2000)

2.5.3. Wedge Failure

As depictedin Figure 2.9 when two discontinuitiesepresented by plane A and 8&rike
obliquely across the slope face and their line of intersedaylights in the slope face, the
wedge of rock resting on these discontinuities will slide down the line of interséctiom
inclination of this line isconsiderablygreater than the internal angle of friction along the
discontinuities(Hoek and Bray, 198XKliche, 1999).For wedge failure to occurhé plunge

of the line of intersection f pl ane A a,must &so benlesateah thie dip gf the
sl ope f ag¢ emeasuediie the/direction of sliding, thatys,< ¢ (Hoek and Bray,
1981).A large scale wedge failure is shownfigure 2.10.
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(@) (b)

Direction of sliding,
&, as

Dip direction of face, o

Figure 29: (a) Wedge failure mode (Piteau and Martl982) (b) Kinematic analysis of

wedge failure.

Figure 210: Largescale vedge failuredisrupting the entire mine slope (After Laorigt al.
2009).

2.5.4. Toppling Failure

As illustrated in figure 2.11a and 2ld,.when theweight vector of a block of rock resting on
an inclined plane falls outsidedltbase of the block, toppling failure occurs (Kliche, 1999).
Toppling refers to overturning of columns of rock formed by steeply dipping discontinuities
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and subhorizontal crosgoints orprimary toppling. It could also be initiated by crushing of
the slope toe, which is termed secondary toppling (Hoek and Bray, 1981; Glawe 1991).
Goodman and Bray (1976) described the different toppling instability mechastiaws in

figure 2.12 2.13 and 2.14 as Block topplinglock-flexure topplingand Flexural toppling
respectively Flexual toppling, shown in figure 2.14 and 2.5more likely on a bench scale
since it requires very continuous griging discontinuities. Adhikaryand Dyskn (2007)
stated that during flexural topplintgnsile stresses are induced wheok layers bnd into

the excavationthe tensile stressewmay initiate tensile fractures in the rock laydosated in

areas of maximum bending moments

Secondary topplingailure mechanismss classifiedby Goodman and Bray (1976) d&&de
head toppling, Slide base toppling, Slide toe toppling, Tension crack toppling and Toppling
and slumping. These instability phenomena are induced by a toe weakening caused by natural

events such as erosion or human activity such as mining or civil excavation works.

Sjoberg (2000) claimed in a model that toppling failure develops in various identifiable
stages similar to circular failure as shown in figure 2.16. An elastic rebounts @after the

mining cut is made followed by slip along the steeply dipping joints in the slope. The slip,
which begins at the slope toe and then progresses towards thewtnéstredistributing
stresses around the region of the slip. This results indimpression of rock columns, which
creates the space for a slight rotation of the columns starting at the toe. In a high slope, the
elastic deformations of the rock mass can cause a small rotation. This is followed by tensile
bending failure at the base tife rotating column, which progresses to the crest, therefore

causing base failure surface on which the failed rock can slide (Sjoberg, 2000).
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(@) (b)

Figure 211: (a) Toppling failure mode. (b) Potential toppling failure when the vertical weight
component, Wis outside the pivot poirfAfter Kliche, 1999).

Figure 212: Block toppling example (After Goodman and Bray, 1976)
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Figure 213: Benchscaleblock toppling on joints in ganodiori{@fter Lorig, et al.2009).

(@) (b)

|

Figure 214: (a) Flexural toppling exampl@fter Goodman and Bray, 197@)) Flexural
toppling with a sliding movement between the faces of the toppling columns (After Hoek and
Bray, 1981)
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Figure2.15: Benchscale flexural toppling on cleavage in sericitic phylidter Lorig, et al.
2009)

I ] 1
Crest Joint Slip Fully
Elastic Developed

(Exaggerated
Rebound Displacements)

Joint Slip

7 B8 il
/New Mining™ Redistribution

Step / /

v Vv Vi
Compression and Sliding Along Base
Bending of Columns Failure Surface

Tensile Bending Failure Tensile Bending Failure Displacements
at Base of Rotation Propagated to g,es, Starting from Toe

Figure 216: Failure stages for larggrale toppling failure in a slope (After Sjoberg, 2000)

23



PhD Thesis: Opet€astMine Slope Deformation and Failure Mechanisms Interpreted from Slope Radar Monitoring

2.6.Complex Failure Mechanism

A combination of two or more of the four primary failure mechanisms, or of other secondary
failure mechanisms, constitutes what could be referred to as complex failure mechanism.
Complex failure mechanisms may occur in weathered rock materials, wherehéaw s
strength permit failure through the rock material, rather than only along discontinuities
(Vaziri et al. 2010 The slope failure shown in figure.1Z involves multiple stegpaths
failure and intact rock fracture through gradual strength degradatog aonpersistent
sliding surfaces{emery, 2003). The complex failure mechanism illustrated in figude3 2
involves multiblock failure with internal shearing and strength reductiasliding surfaces
(Stead et al2006) In figure 218, the concept oflamage zones within the active section of
the 1963 Vaiont slide was introduced by Mencl (1966) to explain the complaxefailong
sliding surfaces. The concept was further developed by Martin and Kaiser (1984) to
demonstrate that internal shearing am@ tresulting dilation of the rock mass during

deformation are necessary for movement on the sliding surfaces.

Vaziri, et al. (2010) recorded toppling failure at the toe of a failure zone, with circular or
planar sliding failure in the upper part of thduee. In a backanalysis of a slope failure in

excess of 17.8 million tons at Cassiar Mine in British Columbia Canada, Martin (1993)
referred to one of such complex failure mech
failure mechanisms conducteding geological mapping and prism monitoring showed that
groundwater recharge of several steeply dipping cracks resulted in a ratchet mechanism of
displacement rateglejanqg, etal (2010) reported a complex topplisgcular failure mode in

an operpit mine caused by forces exerted by limestone slabs with toppling tendency on the
weaker sedimentary sequence in the lower part of the sItye can be seen in figure 2.19

Thus, the sedimentary parts of the slope experience a circular failure resultinga from

combination of forces from the limestone slab and water surcharge.

Complex failure mechanisms were also described in Simmons and Simpson (2006). In their
study, they concluded that complex failure mechanisms are very difficult to predict, rapid and
often occur without warning. Other complex failure mechanisms are quBs&ve sliding
blocks (Calder and Blackwell, 1980), laccolith slides (Stewart and Reid, 1988), slide toppling
mechanisms (Sijing, 1981) and wedge toppling (Seegmiller, 2000). In haytad rock
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slopes, failure mechanisms are more complex than common planar, wedge, circular and

toppling failure mechanisms (Stacey, 2007).

Direction of
fFailure

Intact rock
bricdges

Figure 217: Complex failure mechanisms with multiple sigqth failure (AfterEberhardtet

al. 2004a and Stead, et 2006)

Yieldlng

primary
sliding and/or
surface shearing

Sliding

surfoces
&
& K“kﬂ 7:/£' ,/ Secondary
DI{I:QCL‘IE;N \\ \ // 5lid|£\g
of s ng . . /1. surfoces
%\/1’ ZK\

Doamage zones

Figure 2.18 Complex failure mechanisms with degpated multblock failure. Modified

from Eberhardtet al(20043 and Stead, et #2006
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- Normal fault e Fhismes r it

Figure 219: Toppling with circular failure (After Alejancet al.2010)

2.7. Deformation and Displacement Behaviour of Surface Mine Slope with Time

According to Lajtai and Schmidtke (1986) ahdjtai and Bielus (1986)Xhe knowledge of

time dependent behaviour of rock mass is important in understanding and predicting-the long
term stability and deformation of rock slopes. Although the -iimgendent deformation of
rock is assumed to Immallexcept with ductile salt r&s. Howeverwith prolongedconstant
stress loading, most rockgperiencebout 50%reduction in strengtflLajtai and Schmidtke,
1986; Lajtai and Bielus, 1986Jhe timedependent response to excavation is a function of
the mechanical npperties of the rck mass, structural geology, slope geometry, excavation
rate, thefailure mechanism and the effect of external forces such as groundwasurpes
seismic activity and usitu stresses (Zavodr2000. Eberhardt, et al (2004a) in a model of

the Rand RodHlide suggested that, in the absence of any triggering event, the main
contributing factor to the landslide was brittle strength degradation and progressive failure
resulting from timedependent mechanisms. The Pandemonium creek rockslide in western
Canadawas caused by gradual lotbgrm reduction in rock mass strength (Eberhardt, et al.
2004a).

Zavodni (2000 stated that rock slopes experience thd#kerent phases of timelependent
deformation behaviour as follows:
Phase | Initial responsg

Phag II- Regressive failure stage, whichsisortterm decelerating displacemgeand

26



PhD Thesis: Opet€astMine Slope Deformation and Failure Mechanisms Interpreted from Slope Radar Monitoring

Phase IH Progressive failure stagevhich is strainsoftening and largecale deformation

leading tofailure.

2.7.1. Initial Response

Zavodni (2000) stated that alopes exprience astageof initial response as a result of
elastic rebound, relaxation addation of the rock mass due to changes in stressese by
excavationHowever, initial response of slope to excavation is rarely reflected in monitoring
data since motoring only starts long after the first excavation (Zavodni, 2006¢. initial
deformation occurs without the development of a defined fadu surface or failure

mechanism with movement in the rang®df to 4mm/dayMartin, 1993, Zavodni, 2000).

2.7.2.Regressive Failure/ Progressive Failure

A regressive failureoccurs when the slopshows shorterm decelerating displacement
cycles if disturbing events external to the rock are removed from the slope environment. A
progressive failure on the other hameturs when the slopdisplaces at an aeterating rate,
usually an algeraically predictable rate to the point tdilure, unless effective control

measures are taken (Zavo@d00.

It is important to determine it®gresive or progressive state ofsbope to enableffective
correction effortsthe momenta failure situation is recogsed. To correct a regressive
displacement condition, the external cause must be removed, examples of such control
measures include, dewatering, control blasting, andrdssing. On the other hand, a
progressive failure requires immetiaplanning to avoid the consequences of possible

collapse (Zavodni 20x).

Figure 2.20 shows regressive/progressive displacenstéamge and the different stages in the
curves. Curve A is caidered a regressive cundgecause of the deceleration of each cycle
between external stimuli at points 1, 2 and 3. Curve B shows the progressive stage, which
display an accelerating state. Curve C shows the transition from regressive to progressive
stage(Zavodni, 2000).
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Structural Attitude ULTIMATE STABILITY
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Figure 220: Typical regressive/progressive stage displacement curves (Broadbent and
Zavodnij 1982)

Time

As illustrated in figure 2.2Qhe geological conditions that may lead to progressive failure are
discontinuities that dip out of the face at a steeper angle than the friction angle (Type II).
Progressive failuremay also occur when the shear strength of a slide surface gradually
redwces with displacement. Zavodni and Broadbent (1980) specified that the duration of the

progressive stage of failure letween 4 days to 45 days

After an extensivaeview of various slope failures in different mines around the world,
Mercer (2006) furthedivided the situation before the onsdtfailure in theBroadbent and
Zavodni model, as shown in figure 2.2(hto two categoriesnamely category 1 and 2.
According to him, category 1, pansetof failure deformation behaviour is driven by
continuousperiod of specific, macro event such as ngnend they are therefore event
driven. Mercer (2006jurther stated that category 2, pomsetof-failure deformationdoes

not involve a continuous period afspecific macro event such msing, andthat theonset
of-failure can occur with little or no prior warnintfis means that theeformation patterns

can be attributed to micro events, suctcesck propagation within the rock.

Mercer (2006)n his work illustrated in figur@.21, classified the stagas the deformation

of a mine slope into:
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Stage 1 Precollapse, primary rock mass creep modes;

Stage 2 Precollapse, secondary rock mass creep modes;

Stage 3 Onset of failure to collapse behaviour modes;

Stage 4 Postcollapse behaviour modes; and

Stage 5 Postmining/recovery behaviour modes.
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Figure 221: Generalised time and event dependent rock mass deformation model (After

Mercer, 2006)
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the slope experiences a transition from progressive

displacement to failure. The most significant difference in the two models is the inclusion of

the postcollapse behaviour of mine slopes classified ast a g e

model, which is illustrated

in section 2.8.
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2.8.Post Collapseand Post Mining Behaviour Mode (Stage 4and 5)

Stage 4 constitutes the progressive displacement behaviour of the slope immediately after
failure while stage 5 is the pestining behaviour of the slop&lercer (2006) identified six
principal post collapse deformation msdas seen in figure 22in the post collapse stages

which are named as:

Saype ¢ Disintegration;

Ssype 2 Partial recovery and gradual deceleration to creeping
Ssype 3 Full recovery, velocity almost completely stops;
Ssype 4 Partial recovery followed by another firalllapse;
Ssype s Ratchet mechanism; and

Ssyype 6 High creeping rate and probably accelerating.

Mercer (2006) stated that a complex deformation mode may occur if the failed slope
alternates between types 2 to 6, and could be in a matter of minyesgso The deformation

mode can also change from a progressive state to a regressive state depending on transient
factors such as changing phreatic surface, seismicity and changing geometry (RO£6gr,

The postmining state involves the loAgrm stabisation of the rock mass, although
transition from stage 5 back to stages 3 and 4 may occur based dariongreep theoryAt

stage 5, the slope is in a regressive state of recovery (M2064)
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Figure 222. Generaked time and event dependent rock mass deformation model showing

post collapse and post mining behaviour modes (Mercer, 2006)

2.9. Long Term Horizontal and Vertical (Downwards) Creep Deformation (Relaxation)

Resulting from Excavation:

Call, et al. (2000¥ound that most creep deformation in mine slopes results from response of
the rock mass to mining activitieglartin (1993)equallyreported that the rate of resporde

rock massubsequenb eachmining eventnormally decreases from aniiial rate of several
millimetres per day to no movement over a period of tifeealso showed that this decrease

in response rate takes the form of a negative exponential relationship of the form:

Y 0Q 2.2
Where:

'Y = rate of moverant
dhb = constants depending on rock mass properties, slope gepmbich includesheight

and anglemining rate, external influences and failure mechanism. iteng creep may
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occur where there is no defined failure surface, such as toppling faftumere the change
in slope geometry is very slowCreep is fast in mine slopes and slowmountain slopes

where it may occuover hundreds of yea(dlartin, 1993)

2.11. Slope Movement (Velocity)Scale

Varnes(1978) classified the movement welocity of natural slopesas shown in table 2.1.
However, the natural slope classification cannot be unilaterally applied to surface mine
slopes because of the different geology of the two.

Table 21: Slope Movement Scale (Aftdarnes, 1978)

Rate Definition of Movement
>3m/s Extremely rapid
>3m/min Very rapid

>1.5m/day Rapid

>1.5m/month Moderate

>1.5mlyear Slow

>0.006m/year Very slow
<.006mlyear Extremely slow

2.12. Summary

Rocks deform in various forms at differehsplacement magnides and rates under varying
combination of factors. Deformation could be simple and straightforward when it occurs on
pre-existing structural discontinuities, or through intact rock mass or complex when it
involves a combination of faite modes, as highlighted in section 2.6 (Pitteau and Martin,
1982). The failure of mine slopes from rock deformatiifiers from one mine to another
and sometimes from slope to slopehintthe same mine, thuthe issue of slope failumaust

be treatedas mine and site specifiRaviovic (1998) affirmed that the same rock mass in
different circumstances magxhibit different reactions. Therefore, it is very important to
know the possible influences of these natural and human factors on the rock mass$ and
them intoconsideratiorduring analysis and design of mine slopes.

Monitoring thedeformationbehaviour of surface mine slopes has become a crucial part of

mining operations. The available slope monitoring systems, together with the equipment used
are discussed in chapter 3.
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CHAPTER THREE
MONITORING SLOPE STABILITY

3.1 Introduction

Mining activities by ope#pit or underground methodseatevolumetrig as well as stress and
strain changes in the rock mass around a mine opdgiagesa, 2006). Instdiy is
generatd around the mining excavatiovhenthe stress created by mining activitiesceeds

the rock strength (Kayesa, 2008).review of the deformation behaviour of mine slopes
caused by mining was presented in the previous chaterslope moitoring systems and
existing technologies for achieving the objectives of a good slope monitoring programme are

reviewed in chapter 3.

The most important slope stability management tmmisists ofa well establishedslope
monitaring program. Kayesa (20DP6@efined slope stability monitoring as the recording of the
stability of the rocks making up the slopes surrounding an -pggemine. Monitoring
involves periodically and automatically measuring reference points in or arowntstable
area to determintghe deformation.

Diligent monitoring and examination of slopes for warning signsrigial for protecting

workers and equipment. Geotechnical designs can be improved to increase factors of safety
and proper bench dgns can be improved to minimigockfall hazards. However, even

slopes with conservative slope designs may experience unexpected failure due to the presence
of unknown geological structures, abnormal Wweatpatterns and seismic activitigsirard,

2001) Unanticipated movement of any amouwft rock may cause severe disruptions to
mining operationspose major safety concerns, results in fatalitiesatribute to large

financial losse$or companies (Girard, 2001)

The mainobjectives of slope stabilityonitoring as stated by Kayesa (2006) are:

1 To verify mine designSlope monitoring measurementare used asa basis for
maintaining, steepening or reducing slope angles with the resultant economic and
safety benefits. Slope monitoring measurements can also basesdxhsis for future

mine design;
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1 To give technical assurance ane personnebn the stability status of the op4mit
mine;

1 To serve as a warning system as to Wtaceas of the pit are unstable;

1 To give measurements of ratesnmdvement in the unstabsnes; and

1 To serve as a major slope stapilrisk management tool.l&e failure can have
serious economiconsequences on an open pit mine. There$twpe monitoring is
essential for making management decisions for theysafatiorkers and equipment,
For example,not working below an unstable area, adopting special blasting

precautions or evacuation.

Sjoberg (1996) stated that the three main objectives of a slope monitoring programme are to:
1) Maintain safe operational practiges
2) Provide advance noticef instability, and

3) Provide additional geotechnical infoation regarding slope behaviour.

3.2 Slope Monitoring Steps

Cawood and Stacey (2006) stated that thpesmonitoring procesavolves five major steps,
which startswith monitoring requirementdMonitoring requirement entailgstablising the
objectives, requirements economic and safety advantagésvestigating previous slope
stability problems and finally preparing detailed report to the mine management
highlighting the need for monitoringrhe project requirementsased on pit design and risk
assessmens established in theecond stepTheresults of the second step must incltide
probability of failure and the variables that will most likely contribute to such failure
(Cawood and Stacey2006). The third stepnvolves designing the monitoring system,
considering instrumentation and implementing the monitoring system (Ding, et al. 1998). The
fourth step is the actuaisplacementneasurement and recording of field data. Measuring
techniqus and frequencies, accuracy, precision and personnel responsibilities avéalery
at this stage. The fifth step ithe interpretation and reporting of monitoring data. The
reporting of results and documenting of events, decisions, design changes tdmehebtis
analysis complete the monitoring procéSawood and Stacey, 2008).typical monitoring
strategy adopted &otgietersrustRPRus) open pit operation in South Africa is depicted in
figure 3.1 The first section in figure 3.1 which shows the monitoring instrumentation

corresponds to the third step in the monitoring process mentioned in Cawood and Stacey
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(2006) The fourth step is similar to the identification of critically unstable aaedsletailed
inspections while the fifth step corresponds to the evaluation procedures

Special Area Committee
Management of potentially

J Unstable Areas

GeoMos

[ Riegl Laser
Identification of
. P
Critically Unstable GroundRobe
Areas SSR
Visual W Crack
Inspections Meters
\ 4
A Evaluation
Detailed Proedures
SiroVision W .
J Inspections

Figure 31: Slope monitoring strategy at PPRust open pit, Limpopo, South Africa (After
Little, 20069).

3.3 Slope Monitoring System

As illustrated in figure 3.2, alope monitoringsystem carbe divided into foursections

namey, Visual monitoring, surfacaneasurementssubsurface measurements and remote
monitoring technologies. These divisions afslope monitoring system wibe discussed

briefly in this section.A very cogent factor in an effective slope monitoring system, as
pointed out by Little (2006a), is the creation of a comprehensive database system for the large
volume of geotechnical information obtained from the mine. All data from exploration core
logging, face mapping, rock testing, water and slope monitoring must be incorporated into the
database system to ensure that no data is lost, and that the data is available for safe and

productive slope design.
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Slope Monitoring System

Remote monitoring

Time Domain Reflectometry

(TDR
I

Laser Scanner

Visual Monitoring

Surface Measurement

Subsurface Measurement

Survey Network

Piezometers

Tension Crack Mapping

Inclinometers

Global PositioningSystem

Seismic Monitoring

Radar Monitoring (GPS)

Figure 32: Slope monitoring system

3.4. VisualMonitoring

Visual monitoring of slope is conductég routineinspections of the pit, access waligh-
walls, low-walls such as those in coal mireasd crest that are close to potentialgngerous
working areas by theeptchnical engineer. Thagineer compares the last visit observations
with the latest one and records any deleterious slope stability chaagesathhave occurred
(Kayesa,2006). The recording of anghanges that occur on the ogah slope faces by
production personnel during the shift is anotiey of visual slope monitoringKkayesa,
2006) Visual observations and monitoring are at the abr@ny monitoring programme, & i

an integral part of the whole monitoring programmidghere there is accessibilitglope
monitoring starts with visual inspectioBvery morning before the commencement of mining
operation, the geotechnical engineer or glkelogist as it applies, should waléround the
mine for any visible sign of displacement. This should subsequently be reported for detailed
monitoring, ifnecessaryThus, every persmel involved in any operatian the mine should
be indirectly invohed in slope monitoring Visual inspection, as conducted at the
PotgietersrusPlatinum(PPRust) Mines is grouped into four categories by Little (2006a) as:

1 Daily inspections, which is performed daily by a geotechnical assistant in all working

areas;
91 Detaied Inspections, which is performed by a rock engineer after a Fall Of Ground

(FOG), or when an unstable area is identified;
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1 Monthly hazard plan inspections, which is performed by a rock engineer at the end of
each month for risk calculations; and
1 Presplitinspectionsthis is performed by a geotechnical assistant on all blasted final

walls.

3.5. Surface Measurement

3.5.1. Survey Network

Target prismdocated on and around areas of anticipated instability on the pit slopes with one

or more control pointsof survey stationsonstitute a survey netwofksirard and McHugh,

2000) The stations mugbe located closenough to the pit crest for good visibility of all
prisms, and theynust also be lodad on completely stable ground (Girard, et al. 1998).
Electranic total station that igstablished inside a small hiotcated at the statiobuilt for

such purposes measures the angles and distances from the survey station to the prisms on a

regular basis to establish a history of movement on the §&ipsd, et & 1998).

Displacement data recordég the total station is transmitted byadiolocated close tohe

pit edge to the survey office where a computer fitted with appropriate software is located.
Dataentersthe computer as survey coordinates of tlividual prism targets. Correction for
temperature and atmospheric changes is made by incorporating data collected by a combined
temperature/atmospheric pressure transducer. Changes that have occurred with respect to the
original position of the slope mdoring targets are calculated by the software and shown in
graphical format{Kayesa, 2006). The Geodetic Monitoringsg&m (GEOMOS) is a typical
survey network for slope monitorirthat runs for 24 hours a dayet systems subdivided

into three parts naely data collection, date transmission, data processim aaralysis
(Kayesa, 2006)Nowadays the optical mechanical theodolites are rarely used for slope
monitoring because of theiow efficiency and the often significant atmospheric refraction
errorsin observed angles (Ding, et al. 199Bjrors caused by atmospheric factpssich as

dust and hazeconstitute anajor problem of the survey ggsn of slope monitoringDing, et

al. 1998) Human error, damage to prism or displacement of the survey sttiovell as

errors introduced by instrument or reflector -get inaccuraciescan equall affect

measurement accurady. some locations, prism theft is another conc@®mg, et al. 1998)
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3.5.2. Tension Crack Mapping

One of the first noticeable sign$ imstability in a surface mine slope are the formation of
cracks fiMeasurement and monitoring the changes in crack width and direction of crack
propagation is required to establish the extent of the unstablé @w&ard and McHugh,
2000). As suggestedybGirard and McHugh (2000),bserved cracks should Ipainted or
flaggedwith bright colours foreasy detection afew cracksluring routinenspectionsand to

notify mine personnel of the risk in such argaisack measuring pins located on both sides of

the crack are used for measuring tension cracks. The displacement of the crack is determined
by measuring the distance between the pins with a measuring tape or a vernier calliper
(Hawley, et al. 2009).

Movement across tension cracksn also be monitoredvith a portable wirdine
extensometerTension crack mapping is conducted with a wire anchored in unstable section
of the slope with the monitor and pulley station positioned on a stable portion of the slope
somewhere behind the last tension crack (Gigaudl McHugh, 2000)The wire runs over the

top of a pulley and is tensioned by a weight suspended from the oth&¥leenl the unstable
sectionmoves away from #h pulley stand, the weighhoves and the displacements is
recorded eithemanually orelectroncally (Girard and McHugh, 2000Errors can be caused

by long lengths of wire due to sag or to thermal expansion, so readjustments and corrections
are often necessary. The length of the extensometer wire should be limited to approximately

60m (197ft) to kep errors due to line sag at a minimum (Call and Savely, 1990).

Most of theextensometerbave a digital readout. Readinfyjem the digital readoutan be
taken manually by site personnel or can be stored in an electronic data logdateand
downloadedto a personal computerDing, et al (1998) suggested that electronic
extensometers are very effective when linked to an alarm system. ieing exceeds a
pre-set thresholdan alarm can be set off automatically rtotify mine personnebf the
potential danger of slope failu(®ing, et al. 1998)Under normakituation this works very

well but they can be triggered accidentally by falling rocks, birds or wild animals. However,
extensometers are economical and very effective in defining thiveataovements between

points either on the surface or insalgit (Ding, et al. 1998).

38



PhD Thesis: Opet€astMine Slope Deformation and Failure Mechanisms Interpreted from Slope Radar Monitoring

3.5.3 Global Positioning System (GPS)

GPS is a potential tool for surface mine slope monitoring (Ma, et al. 2007). However, the
major drawback in using GPS for slope monitoring is the high cost of installing a permanent
GPS reeiver at each monitoring poinin order to overcome this limitationt Xiaowan
hydropower station, China, a GPS multipletenna switch (GMAS) that links single GPS
receiver with multiple antennas mounted at several monitoring peagsleveloped (Chen,

et al. 2005).The GPS slope monitoring systemsed at Xiaowan, China consists the
GMAS with antenna array and lenoise amplifier, the GPS receiverte data link
component and data processing cef@een, et al. 200andZhang et al. 2008) According

to Chen et al(2005),GPSslope monitoring systems highly automatedess labour intensive

andoffers highaccuracy

3.6 Subsurface Measurement

3.6.1 Piezometers

The effect of gound waterpresentwithin the rock mass surrounding an open pit ban
detrimentalto the stability of the slope (Hoek and Bray, 1981) Therefore, it is expedient to
constantly monitor groundwater levels as well as pore pressure to assist in the assessment of
slope stability (Ding, et al. 1998). Piezometersiamgortantfor monitoringthe effectiveness

of mine dewatering programméSirard and McHugh, 2000Measurement or calculation of

water pressure is antegral part of site investigation faslopestability studies. Information

on water pressures is essential for designing and maingasafe slopefGirard, et al. 1998).

3.6.2.Inclinometers

Inclinometers as depicted imglre 3.3are used to monitor slopes and landditie detect
regionsof movement and establish whether movement is constant, acceleragsganding

to remealial measures by decelerating (Girard, et al. 1988).inclinometer consistof a
casing that is placed in the ground through the aremtidipated displacementThe end of

the casing is fixed so that the lateral profilesobsurfacadisplacement can bealculated
(Girard and McHugh, 2000)rhe movement in the surrounding rock mass is calculated by
measuringthe inclination of the sensing unit at various points along the length of the
installationg(Girard and McHugh, 2000; Wyllie and Mah, 2004)
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Kliche (1999) stated that théisplacementnformation collected from inclinometers can be
used to locate shear zonesid to determine whether movement along tekear zone is
steady acceleratingor decelerating.Correct placement for inclinometers famonitoing

displacement dboth shallow and deegeated failure planes shown inigure 34.

ELECTRICAL READOUT

GRADUATE CABLE

TS 777 A

INCLINOMETER CASING

ORIGINAL ORIENTATION
OF CASING

SENSING UNIT OR
"TORPEDO"

.

DIRECTION OF som\
MOVEMENT ANGLE OF INCLINATION WHICH

IS MEASURED AT A SPECIIC
AND REPEATABLE DEPTH

INCLINATIONS OF THE CASING
ARE MEASURED AT VARIOUS
DEPTHS AND USED TO COMPUTE
A LATERAL MOVEMENT PROFILE

BOTTOM OF CASING ANCHORED
15’ BELOW ZONE OF SOIL
MOVEMENT

Figure 33: Portable borehole inclinometer systéiramson, et al. 2002

40



PhD Thesis: Opet€astMine Slope Deformation and Failure Mechanisms Interpreted from Slope Radar Monitoring

SHALLOW INCLINOMETER AT MID-HEIGHT
- GOOD PLACEMENT FOR SHALLOW TOE FAILURE
- POOR PLACEMENT FOR DEEF FAILURE

DEEFP INCLINOMETER AT CREST
- POOR PLACEMENT FOR SHALLOW TOE FAILURE
- GOOD PLACEMENT FOR DEEFP FAILURE

DEEFP INCLINOMETER AT MD-HEIGHT
- GOOD PLACEMENT FOR SHALLOW TOE FAILURE
- GOOD PLACEMENT FOR DEEPFP FAILURE

Figure 34: Properinclinometer placement in éope (Abramson, et al. 20D2

3.6.3 Seismic Monitoring

AThe occurrence of seismicity in rocks 1is
due to st r es Fhebgnaitohseimmc monkdir® 7s)in.itbikty to effectively
monitor the occurrence of micfoactures in rock masses prior to the formation of
macroscopic ricture at the slope surface (a al, 2011). Wesseloo and Digh2009
referred to seismic monitoring with triaxial sensors to detexteiktension of existing cracks

as strategic monitoring. Seismic monitoring involves the use of seismic sensors installed in
drill holes in the unstable areas of the slope. The sensor detects the microseismic activities
within the slope and transmits thacnoseismic information to a central computer via a data
logger at the top of the slope (Integrated Seismic System, 2007). The ability to monitor the
stability of the rock mass behind the pit walls has greatly increased ¢hefuseismic
monitoring in ope-pit mines in recent years (ESG Solutions, 20Ii®}he work of Xy et al
(2011), investigation of excavationduced seismicity was successfully usedédine failure

zones at the right bank slope of Dagangshan hydropower stgtienhardt et al (2004b)

utilised mcroseismic data collected at the Randa rockslide to establish the occurrence of

microseismic activity in the slop&he information obtained from seismic monitoring can be
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combined with othemonitoring techniques fomore effective slope nmagement (ESG
Solutions, 2010; Stacey, 2007).

3.7. Remote Monitoring Technologies

3.7.1. Time Domain Reflectometry (TDR)

Time domain reflectometry is a new approach to monitoring slope movement &dadne

Beck, 1994, 1996a and 19960 DR was initially developed to locate breaks and faults in
communication and power lingsut now it isused to locate and monitor slope failug€ane

and Beck, 1999)With a cable tester, the TD$&nds an electrical pulse down a dahgable

grouted in a borehold/Vhen the electrical pulse encounters a break or deformation in the
cablejitisreflectedas a fAspi keo i (Kane hnel Becla 10899 he selatyen at ur e
magnitude, rate of displacement and the location of réggon of deformation can be
determined imradiately and accurate(}Kane and Beck, 1999The magnitude of movement

is determined by theize of the spike increashrough a computer connected to the tester

(Kane and Beck, 1999)As discussed b¥ane (1998)TDR hasthe following advantages

over taditional inclinometers

1 Lower cost of installation: cable cost between2% to 386 less than inclinometer
casing;

1 Deeper hole deptis possible: Inclinometers in deep hole require special winches and
cables due to the extreme weight of the equipmentTBIR monitorng equipment
are at the surface;

1 Rapid and remote monitorings possible: TDR data can be transmitted via
telecommunications with scanning and recording intervals programmed remotely to
examine zones of interg€ampbell Scientific Inc. 1998)

1 Immediate deformation determinations: Locations of any movement are determined
immediately using TDR. Additional data reduction is generally not necessary and the
cables can be used to quantify rock movenmemtddition todistinguishing shear and
tension (Downing, et al. 1989); and

1 Complex monitoring situations: TDR cables have been installed in angled boreholes
and have monitored deep zones below moving upper zones. Neither installation could

have been done with traditional inclinometer.
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3.7.2.Laser Sanner

The nonitoring of every potential failure block every locatioron a mine slopith survey
network is unsafe and impractical, but a new generation of scanning laser rangefinders
capable of detectingnovement over large aredsas partially addresdethis problem
(McHugh, et al. 2006)The laser scanner is an actigelf-contained measurement technology
thatgenerats digital models of mine slopes without reflector prisfiicHugh, et al2006).

The scannedetectglisplacement by comparirsgiccessivecans of the slope face.

A modern scanner called SiteMonitor as seen in figuke Bas initially developed by 3D

Laser Mapping Ltd, UK for monitoring slope stability on old coal mine waste tips in South
Wales, UK(Hunter, 2007)This laser saaner can recordhovements in the slope surface as

small as 10mm with a distance range of up to 1000aisdtrecords and analyses up to 8,000
measurements per second to create a detailed, accurate and continuous record of the slope
profile (Hunter, 2007).

As stated by Hunter (2007Anglo Platinum, the worl@ $argest producer of platinum has
adopted the SiteMonitor for slope monitoring at some of its mines. The system is specifically
designé for automatic and manual lomgnge profiling of surfaces, ofzing at distances up

to 2,500 meters with 50 millimeters accuracy (Hunter, 2007).The systems perform
continuous, remote scanning for 24 hours at locations determbngd t he compan:
geotechnical team, collectirdisplacement information of sevegintsdaily. The point data
collected by the laser scannenghich appears as point cloigdautomatically anaked using
Site-Monitor software(Little, 2006a) The software can detect surface movement or slope
deformation by comparing readings againssebaneasurements. The new laser scanning
technology isused atkumba Iron Oreand De Beers Kimberley diamond mina South
Africa to improveslope monitoring (Hunter, 2007). The point cloud data are also useful for

volume estimations (Little, 2006a)

Unlike the survey system of slope monitorifagerscannemonitors large slope face rapidly
without the use of prism at operating range of up to 2,500m. Laser scanner is portable and
can easily be moved around. Also, the risk involved in installing prismestable slope

face is eliminated. However, compared to the radar monitoring system, laser scanner is not

commonly used for slope monitoring because of lower accuracy (Hawley, et al. 2009).
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Figure 35: Riegel LPM2K SiteMonitor by 3D Laser Mapping Ltd U.KHunter, 2007).

3.8. Radar

3.8.1. Introduction

Radarisan acronym for ARadi o Detection and Ran
detection and location of the range, altitude, direction or speed of both memvih§xed
targetsin 1904, Christian Hulsmeyer became the firstson to use radio waves to detect the
presence of dtance metallic object (Buri988). As stated by Bui{1988), the objective of
Christian Hulsmeyer was most likely to introduce a merdmarior detectingthe presence of

a ship in misty or foggy conditionRadar operates by radiating electromagnetic energy and
detecting the echo returned from reflectlgjects ortargets. The nature of the echo signal
provides information about the tatg&kolnik, 1990) The range or distance to the target is
determinedfrom the time it takes the radiated energy to travel to the target and back. The
angular location of the target is found with a directive antenna to sense the angle of arrival of
the echosignal. Radar can derive the path or trajectory of moving targets aricptbe

future location(Skolnik, 1990).
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Nowadays, part from military use, radar has found application in many areas of human
endeavour such asthe measurement of ocean surfaceaves, air traffic control,
meteorological detection of precipitation, police detection of speeding traffic and lately

mining engineering for slope stability monitoring.

3.8.2. Basic Operation of Radar
Radaras defined by Skolnik1090) is anelectromagnetic sensor for the detection and

location of reflecting objectdis operationscan be summarnsl by Skolnik (1990) areas

follows:

1 The radar radiates electromagnetic energy from an antenna to propagate;in space

1 Some of the radiated energy irgerpreted by a reflecting object, usually called a
target, locatd at a distance from the radar;
The energy intercepted by the targetaradiated in many directions;
Some of the reradiated energy is returned tbraneived by the radar antenna; and
After amplification by a receiver and with the aid of proper signal processing, the
target location and possibly other information about the target is acquired.

3.8.3. Types of Radar

Radar can be classifiedided on the major features that distinguishtgpe of radar from the
other asfollows: Pulse radar, High resolution radar, Pulse compression radar, Continuous
wave radar, FMCW radar, Surveillance radar, Moving Targetdication (MTI), Pulse
Doppler radar, Imagingadar, Sidelooking Airborne Radar (8R), Synthetic Aperture
Radar (SAR), Inverse Synthetic Spertureadar (ISAR), Weapon control radar, Guidance
radar, Weather (meteorological) observation radar, Tracking radtéch includes: Single
Target Tracker (STT), &omaic Detection and Tracking (AT), TrackWhile-Scan (TWS),
andphased array tracker (Skolnik, 1990).

3.8.4 Synthetic Aperture Radar

SyntheticAperture Radar (SAR) isgroundmapping radamitially designed to be used from
aircraft and satellite¢Girard, et al 1998). SAR can beused to generate terrain maps, to
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produce highquality Digital Elevation Mdels (DEM) and to detect surface disturbances or
changes in surface moistui@irard, et al1998).

SAR can operate in aliveatherconditions day and nightproducing highresoluion images

of the exrth's surface (Girardgt al 1998).Interferometry Synthetic Aperture Radar (IFSAR
or INSAR) is a technique of generatinglevation maps and surface change mhps
combiningtwo or more SAR images of the sameea (NASA, 2011)The introduction of
spaceborne radalas allowedFSAR to be used fostudyng a number of natural processes
including earthquakes, volcanoes, glacier flow, landslides, ground sabsidnd structural
stability (Peltzer, 2010)in recent time, IFSAR is being usedtime monitoring of unstable
slopes in surface mineblsing INSAR images of August 1995 to August 1997 of the Frank
Slide, Singhroy and Molch (2004) demonstrated that the images showed a near circular fringe
correspondig to a maximum displacement value-df3cm, which indicates a possible rock
motion before the 6000 tons rock fall of 2001.

Girard, et al (1998) found that the advantages of IFSAR over other types mifomiog
systems are its effectiveness in working ath weather conditionsIFSAR can acquire
imagery through fog, mist, rain, haze or cloud cover and can opknate both theday and
night. Anothergreatadvantage is the ability tmonitora large arafor ground displacement,
which gives it an edgever other monitoring systemsuch as survey networks, surface
extensometers that sample movement at a few select poiritee slope face (Giraref al
1998).

3.8.5 Slope Stability Radar (SSR)

In 2002, at theUniversity of Queensland, Australia, a gm of researchers designed a
scanning radar systeshown in figure 3.6specifically for monitoring mine slopes using
differential interferometryUniversity of Queenslan@002) The system, known as the Slope
Stability Radar (SSR), uses real aperture imwidth radar to scan a slope in both vertical
(height) and horizontal (azimuth) diremts. Scanning at a rate of 10° gecond over a range

of £60° vertically and 340° horizontally, the system continuously monitors the slope face for
deformationgUniversity of Queenslan@®002).The return signal phase is recorded for each

point in the resulting image and phase unwrappingtised t o remove the
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(Reeveset al. 1997). The SSR istealer-mounted unit witha 0.92m diametescanning
parabolic dish antennasontrolling/data collecting computer, remote area power supply,
warning siren and lights, CCD camera, communication links, and internet compyat#ili

typical scan repeat time is 15 minutes (McHugthal. 2006).

The SSRX modelcan operate atmaximum range of 2800 from the target slop&he Ine

of sight displacement can beeasured to £0.dhm without the use of reflector§he SSR can

scan up to 27Ahorizontally and 100vertically without being affected by vibration and &bc

mining equipment. As stated by GroundProbe (2011a), the SSR systems have operated in
extreme and varied weather conditions, froB0°C to +50C temperatures, during
120mm/hour rain. Another important feature of the SSR is its ability to georeference
deformation and photo overlays with mine coordinates and exports it to mine planning and
design packages (GroundProbe, 201lapperationthe system scans a region of the wall

and compares the phase measurement in each region with the previous scaminedite
amount of movement of the slope. It then produmesmage showing spatidieformation

relative to a reference image for the entire slope scanned. The displacement history of each

point in theimage can be plotte@round Probe 2003)

The SSR pesents the total displacement on the slope face as colour rainbow plots, which
quickly allows the user to determine the extent of the failure and the area with the maximum
movement. Alternatively, the time/displacement graphs at any location can begetisfia
evaluate the rates of displacement at that location (GroundProbe, 2003). Additional software
is also installed to allow the data to be viewed and analysed at locations remote to the SSR

site, such as offices of authorised geotechnical personnel.

The SSR systems have been deployed in many metalliferous and coal mines around the world
(Noon, et al. 2011). Over 500 rock slope failure and waste dump failures have been
monitored and on every occasion, pre8SRrsor
(Harries, et al. 2006; Noon, et al. 2011). Cahill and Lee (2006) reported that the SSR has been
in use since 2002 at Leinster nickel mine, Australia, for monitoring mine walls in areas with
low confidence levels on the ability of prisms and visual éetipn to predict failure. The

Phelps Dodge Sierrita Mine is the first mine in the United State of America to use the SSR.
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At the time, the SSR was the only system in the world that provided continuous sub
millimetre measurements of rock wall movementsossrthe entire face of a wall
(GroundProbe, 2003).

In 2010, GroundProbe introduced another slope monitoring equipment called the Work Area
Monitoring (WAM). WAM as illustrated in figure 3, like the Slope Stability Radar uses a
high-resolution camera andhdar technology to allow a work production crew to quickly
select an area to monitor. If displacement is detected on the mine slope, the machine alerts the
mining personnel via wireless Personal Alerts (PALS) by displaying text messages, audio and
vibrating alerts, as well as local sirens and lights (GroundProbe, 2011b). The machine, unlike
the SSR, is simple to set up with automatic stabiliser legs operated by remote control and can
be mounted on a truck (GroundProbe, 2011b). WAM is designed specificathonitor
dangerous work area where slope displacement is anticipated by the production crew (Noon,
et al. 2011).

Figure 36: Slope Stability Rdar(After Hawley, et al. 2009
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Figure 37: Work Area Monitoring (WAM) (GrounBrobe, 201).

3.8.6 Movement and Surveying Radar (MSR)

A contemporary of the SSR called the Movement and Surveying Radar-2U@®Rwas
introduced into the market in January, 2006 by Reutech Radar Mining a dividteutgch

Ltd. South Africa. The MSR 200 provides fully gegferenced surveying information, thus
allowing areas that are not hitherto accessible to be surveyed (Reutech, 2006a). This ability
is made possible because the system incorporates a fully tetbgosal station, which is a
surveying instrument that allows the M&RO0 to be accurately geeferenced. The survey
measurement of the MSR is capable of measuribygiformation of the slope surface and

can also be used to determine the amount of malteemoved (Reutech, 2006a). Another
brand mode MSR-300 as seen in figure 3.8vas introduced in June, 2008 as an
improvement on the MSRO00. Like the SSR, the MSB00 is capable of detecting sub
millimetre movement of the rock face. The MS8BO offes continuous slope monitoring and
surveying of rock surfaces up to a slant range of 2500m under all weather conditions. The
MSR-300 is protected from false alarms during sudden environmental changes, such as rain,
dust storms or mist formations. It equatlyf f er s si gni fi cant I mpr oV
surveying capabilityReutech2008). The MSR system has the capacity to scan the full slope
surface in real time. Data and displacement for each point and for the whole scan region can
also be viewed sepaedy (Reutech, 2006a)With radar monitoring, e displacement

information of several points on the slope can be analysed to determine the precise points
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where high displacement is taking place, and the magnitude of such displacement. The
displacement alsgrovides information on the regressive or progressive state of the
deformation. This information can be used to determine the extent of the failure, and possibly
estimate when failure will occuLike the SSR, the MSR is gaining popularity in managing

andmonitoring submillimetre movements in mine slopes around the world.

The MSR is currently utilised in Africa, South America, United States of America, Europe,
Indonesia, Papa New Guinea and Australia. Specifically, it is been used by Anglo Gold
Ashanti in its Navachab opgat mine in Namibia, Sadiola Gold mine in Mali agdinrise

Dam Gold mine in Australia (Reutech, 2006a). Six MSRs are in use at different mines

operated by Anglo Coal in South Africa.

The latest product from Reutech (Pty) Ltdhe MSRO060V, shown in figure 3.9t is truck
mounted and can quickly be deged in critical work areas where urgent monitoring is
required (Reutech, 2011). The machine offers the fully integrated slope monitoring

capabilities of the MSR00, but is limited to an operating range of 600m (Reutech, 2011).

Figure 38: Movement and Surveying Radar, MSRO (Reutech, 2008).
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Figure 3.9: Movement and Surveying Radar, MSRO0 V (Reutech, 2011)

3.8.61. MSR Operation

The MSR measures the slope displacement by transmékaagromagnetic energy or radio
waves in the direction of the slope and then captures the reflected energy. The reflected
energy records the slope displacement (Reutech, 2006b). A simplified version of the radar
operation is shown in figure 1. In the frst measurement of the slofaee as illustrated in

figure 310a, the phase angle of the return signal is ZEh® second measurement, figure
3.10b shows a phase shift in the return signal. The MSR determines the phase shift between
two measurements amdnverts it to a change in relative range or displacement in millimetre.

At the radar frequency of ~10GHZ® phase shift equals 0.2mm movement. The changes in

displacement are accumulated by the MSR to determine slope movement (Reutech, 2006b).
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Figure 310: (a) First plase measurement of the MSR (lec8nd phase measment of the
MSR (Reutech, 2006b

3.8.7. IBIS-M Slope Monitoring Radar

The addition of the IBI9M slope monitoring radar (figure BB) manufactured by Ingegneria

Dei Sistemi (IDS) to existing slope monitoring radar shows the effectiveness and the growing
popularity of the radar system in slope monitoring. The {BIShas the capacity to
continuously measure mine wall movements with-sullimetre accuracy. It has thedhiest
spatial resolution of 0.5m x 4.4m resolution cell at 1km and the greatest operating distance of
4,000m compared with other slope monitoring radar currently available (Ingegneria Dei
Sistemi, 2011). Other unique features of the HMSare its seHpowered operation with a
combination of solar panels and batteries, utilizing a diesel generator only asugpbHatan

also be operated remotely through a wireless radio link (Ingegneria Dei Sistemi, 2011). Like
the MSR and the SSR, the IBM operates inall weather conditions and is fully geo
referenced with automatic atmospheric correction. The -MISs currently used in
monitoring the movement of the Turtle Mountain in Calgary, Canada (Ingegneria Dei
Sistemi, 2011).
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Figure 311: The IBISM Slope Monitoring Radafingegneria Dei Sistemi, 2011).

3.9.Conventional Slope Monitoring versus Radar Monitoring

Bye (2009) using fault tree analysiss illustrated inTable 3.1, gives the success rate of
different slope monitoring methods. In his analysis, while the other monitoring methods
without the radar have success rates of below 90%, monitoring with radar alone gives a
success rate of 93%. When combined with other mongomethods, the success rate is
almost 100%. This is a pointer to the capability of the radar in mine slope moniteaiing.
measurement with equipment, such as prisms and crack meters give very low and

unacceptable success rates.

Table3l:Byeds Faul t((Byer2e08) Anal ysi s

Monitoring Type Success Rate
Visual Monitoring only 32%
Prism/Crack Meters only 45%

Visual + Prism/Crack monitors 63%

Visual + Prism/Crack + Laser 86%

Radar Only 93%

Visual + Prism/Crack + Radar 97.5%

Visual + prism/crack + laser + radar 99%
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3.10. Summary

Monitoring slope movement remains the most reliable method for detecting slope instability
and predicting slope failure (Kennedy and Niermeyer, 1970). However, accurate
measurement and interpretation for real time detection and prediction of instalpkydde

on the type of monitoring equipment and technical knowledge of the user (Hoek et al. 2000;
Mufundirwa, et al. 2010)Apart from visual inspection, conventional monitoring equipment
such as survey system theodolite and total station with reflectisg,pextensometers,
inclinometers, piezometers provide information only for a single site, or & aasnall
number of locationsrothe mineslope, therefore are limited in area of coverage (Vaziri, et al.
2010). If the monitoredlocations are widely sparated developing failure between the
locations maygo unnoticedVaziri, et al. 2010)In addition to these limitationspnventional
monitoring tools are difficuland dangerouso install at many surface mines where steep
high-walls and lack of benches limit accesstiie unstableareas above the working floor
(McHugh, et al. 2006)Relocating monitoring equipment froone location toanotheris
costly, time consuming demandingand dangerouson unstable slopes. Furthermore,
vegetaion on the rock face reduces the accuracy of the displacement measuretménts
trucks and other mining vehiclesgnd wrong signals whictan causestepchanges in the

displacement measureme(@&oundfobe, 2008)

The slopemonitoringradardevelopmentesides in anomaly detémh and correction module
for the slope monitomg system GroundProbe, 2008)he radar monitoring system consists
of the atmospheric correction modutbat corrects slopedisplacementmeasurements for
anomaliescreated by atmosghic changes, and thdisturbance detection module that
identifies disturbancesuch as truck movemetttat createerrors in the slopeisplacement

measurement&roundProbe, 2008)

With the Movement and Surveying Radaoubert (2011¥tated that while monitorinigrge
regions the user can sain area threshold and specify the size of the argajiims which

may fail. The MSR software will then check all possible areas of the specified size within the
larger region. If the averagmovement of any of these smaller areas exceeds the alarm
thresholds, then an alarm will be triggered and the user will be shivrevthe excessive
movement is. This feature will prevent slope failure in small portion of the slope from going

unnoticed.
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The advantage®f the Slope Stability Radar (SSR), theasurement and Surveying Radar
(MSR) and the IBISM over other methodare theirability to monitor large areas on the
slope surfaceboth day and nightand in almost any weather without being affected by
atmospheric dust or hagklchugh, et al. 2006 Among the available slope monitoring radar
systems, the IBI3/1 has the highest operating range of 4,000rable 3.2 provides a

summary of the advantages and disadvantagée alope monitoring system

Corsidering the success achieved using radar for slope monitoring, theMS&and IBIS
M can be considered as the stat¢he-art technologywhose advent has completelyangd
slope stabilitymanagement in surface mineRadar monitoring has real poséti®s of
tracking development of failure and therefore possible identification of mechanisms involved,
which has not existed before. The possibility of automated analysis and failure prediction will

be pursued further in chapter 5 and 6 because of nealaind electronic storage.

The geology of the opecast coal mine used for the case studies, the slope stability

challenges of each mine and some documented slope failure are discussed in chapter 4.
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Table 32: Slope Monitoring System

Slope Type Advantages Disadvantages Range Slope Wall Accuracy
I\S/I;Sr;i;cr;:ing Coverage
Visual Production personnel can be involved | Labour intensive. Limited Small area Not applicable
Monitoring No technology is required Limited to safe slopareas. (20-50m)
Inexpensive
Surface Tension Crack Mapping Economical and simple to use Dangerous to install in unstable areas. Not Discrete +0.2% F.S.
Measurement Measures displacement of discrete points. applicable | points
Errors can be caused by long wire length dugatpor thermal expansion.
Alarm can be triggered by falling rocks or animals
Survey Network Automatic operation is available Suitable only for monitoringliscrete points. 1500m Discrete +5.0mm
Valuable for identifying long term Prism installation is time consuming and dangerous on unstable slope points
displacement trend. Damaged prisms are difficult to replace on steep slope with no access
Displacement data is affected by atmospheric variation in temperature
pressure.
Displacement dta is affected by human error.
Global Positioning System Easy automation High cost of placing a permanent GPS receiver at each monitoring poi| 4,000- Discrete +10mm
(GPS) High accuracy Satellite signals can kmbstructed by tall vegetation 20,000m points
Less labar intensive. Usage for slope monitoring is still relatively new and expensive.
Slope surface can create signal multipath error.
Subsurface Piezometers Simple to install Careful handling is required for proper installation. 500m Discrete 0.5mm
Measurement Function well inshallow and deep holes | Requires periodic replacement of batteries. points
The electronic units are susceptible to damage by lightning.
Borehole drilling for installation can be expensive
Requires conversioof frequency reading to pore pressure.
Inclinometers Subsurface displacement measurement Manual reading is time consuming and labour intensive. 100m Discrete +2.0mm
Bg;\esshallow and deegeated failure If not properly installed, erroneous displacement readings may be recq points
Economical and simple to use
Seismic Monitoring Provides early warning of the Expensive to setp. 2,000m Discrete 0.001mm
development of deformation. points

Detects displacement that cannot be
identified by surface measurement.
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Slope Type Advantages Disadvantages Range Slope Wall Precision
Monitoring Coverage
System
Remote Time Domain Reflectometry Rapid and remote monitoring is possible| Cable must be destroyed before displacement can be located. 100m Discrete +0.5mm
Monitoring (TDR) Slopedisplacement can be determined | Cannot measure deformation below the water surface because of cha points
Technologies immediately. in electrical properties of cable from water infiltration
Lower cost of installation Cannot determine the magnitude and direction of slope movement.
Readings take minutes.
Can be installed at great depth
Laser Scanner Prisms not required for slope monitoring| Not commonly used for slope monitoring compared to radar monitorin{ 2500m Large area 50mm
Portable and can be moved around easi| Lower accuracy compared to radar monitoring.
Continuous and automatic operation Scan processing time is tgoeat for effectiveness.
Large area monitoring Accuracy impaired by differences in the reflectivity of the rock, the ang
Valuable for identifying long term of the rock face, weather, vegetation
displacement trend Cannot provide early warning of failure.
Radar Continuous and automatic operation. Expensive to procure and maintain. 1000mi Large area +0.2mm
4000m

Operatesri all weather condition.
Georeferencing is possible.

Submillimetre displacement
measurement’.

Large area and point monitoring.

Uncontrollable dowstime.
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CHAPTER FOUR
OPEN-CAST COAL MINE USED FORCASE STUDIES

4.1. Introduction

Anglo Coal Operations Limited operates six open cast simé&outh Africa. The mines are
listed below. With Kleinkopje opecast mine as the base, three of the six Aigglal open

cast mins currently utilizing the MSR for highvall and lowwall monitoringwere visited It

was wnecessary to visit Mafube opeast mine since the mine has a new MSR radar
system.Therefore, no displacement data veasilable on the displacemdmhaviourof this

mine. Theothertwo mines also not visited are Kriel and Isibonelo epast mines. These

two mines together with Mafubewere not visited because they fall within the Witbank
coalfield which is ably represented geologically by the other mines vigitddn this
coalfield. Also, none of the mines not visited has recorded slope failure since the inception of
the MSR. However, the displacement behaviour of the monitoreawagjiof Isibonelo and

Kriel mines are included in this research work. The minesstigated are:

1) Kleinjopje OperCast Mine(Visited);

2) Landau OperCast Ming(Visited);

3) New Vaal OpefCast Mine(Visited);

4) Kreil Open CasiMine (Not visited)

5) Isibonelo OpefrCast Mine ( Not visited)and
6) Mafube Open Cast Mine (Not visited)

Only thefirst three mines listed above are actively stilj the MSR, although only New
Vaal has recorded a few slope failures with its M$Ris can be attributed to the peculiar
geology of the mine. A careful look the stratigraphy of the mine as shownigufe4.11
shows a higtwall consisting of 20m ofcadt sand overburden. This section of the kgl is
always very unstable anthis explains whytwo MSRs are usedat this minefor slope

monitoring.
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4.2. Organisation of the Chapter

Geological features sh as soillrock material, geological structures, discontinuities,
Groundwater, ground stress&geatheringand seismic effects have profound effects on the
stability of mine slopes (Abramson, et al. 2002). Identification of these geological features
throudh site investigation and laboratory testing is crucial in designing stable mine slopes.
Chapter 4onsists ofjeologicalinformation d the three opewast minsvisited. The chapter

also includedocumentectase studies of slope failures at the mirfdee arrangement of the

chapter isas follows

1 Introduction
Geology of the mine area
Mine groundwater

1

1

1 Mine slope stability problems

1 Mine slope displacement monitoringnd
1

Mine case studies of slope failure

4.3. Kleinkopje OpenCast Mine

4.3.1.Introduction

Kleinkopje colliery is a division of Anglo Operationsnhited (AOL), it is situated some
10km south of Witbank and 120km east of Johannesburg in the Witbank codlfiddis
shown by fgure 4.1. The topography is undulating with elevations varying from 1,540m in
the south to 1,580m in the north. Kleinkopje collieryasatedwithin the watershed of the
upper Gifants catchment, which drains into the Loskop D@fteinkopje Colliery, 2009).A
typical Highveld climate prevails with warm summers and cold winters. An average annual
rainfall of 700mm occursnostly between November and Apfileinkopje Colliery, 2009).

The general pit geometry of Kleinkopje is shown in table 4.1.

Table 41: Pit Geometry of Kleinkopje open cast mifdeinkopje Colliery, 2009).

Name Pit depth Pit slope angle
2A South 69m 89"
2A North 69m 89
3A North 55m 8d
5 West 42m 8
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Figure 41: Location of Kleinlopje opertcast mingKleinkopje Colliery, 2009).

4.3.2. Geology of the Mine Area

The stratigraphy of the Kleinkopgoal eserve area isharacteristiof the Witbank coalfield.

Five main coal seams are presewtnelythe number 1 seam, number 2 lower seaumber

2 seam, number 4 and 5 se@fteinkopje Colliery, 2009).Typical borehole sections from
various parts of the reserve area are shown in figure 4.2. The coal reserves are contained
mostly in the numberl, 2 and 4 seamand to a lesser &nt in the mmber 2 lower seam
(Kleinkopje Colliery, 2009).

Shale, siltstone and sandstonedsnents overlie and separate the omasi coal seams.
Underlying the bottoncoal seanfnumber 5 seani¥ a coarse grained diamictifi€leinkopje
Colliery, 2009). The overlirden thickness and preservation of the coal seams is dependent

on the surface topography and the gfaroo basement floor. In general, the depth of
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weathering does not extrdeeper than the first few medr@f the overburden and the
overburden thus comiges hard competent materigKleinkopje Colliery, 2009).
Consequently, the weathering seldom hasmajorimpact on the slope stability of the high

wall, andthe overburden and interburden lithologies vary across the reserve. An example of
which is the hick massive sadstone channel of up to 15 mestin thickness occurring in the
ramp 16 right area in block 5 west amchen this is blasted successfuliige result is a clean,
stable highwall (Kleinkopje Colliery, 2009).Block 3A North has an area alotige basement

high, which has been weathdrdue to the shallow overburdefi€inkopje Colliery, 2009).

A typical northsouth crossection through the Kleinkopje area is shown in figure 4.3

Ogies, which separates Klienkopje Block 4 East and BlodNest, is the only dolerite
intrusion significance that has been encountered in the Kleinkopje reserv&Klaiakopje
Colliery, 2009). Minor northeassouthwest trending dykes are likely to be encountered
during the mining of Block 3A Norttbut are not expeet to impact significantly on mining.
Only minor faulting has been encountered within the current mining areas of Blocks 2A
North and Southand Block 5 WesiKleinkopje Colliery, 2009). h Block 3A North, a
northwestsoutheast trending anticline fauplits the reserve block into an eastern and
western limb(Kleinkopje Colliery, 2009).The displacement across the fatdries from less

than 15 metre in the northern extremity of the pit to approximately 50 metres in the south.
The presence of paldogh in the soutkeastern extremity of the pit has resulted in the
staggered deposition of the coal seams adjacent to this féleirgkopje Colliery, 2009).A
northeassouthwest trending graben was intersected in the Block 5 West mining area. The
throw of the faults was up to 8 nmret in the Block 5 WedEast mining area. A graben with
throws of up to 12 metres is situated adjacent to the old workings in the westéon pbrt

Block 5 West mining are&(einkopje Colliery, 2009).

There are no known majaquifers within the Kleinkopje reserve area. Significant ground
water inflow was encountered in Block 5 Wesix cut(Kleinkopje Colliery, 2009).Mining

in the western portion of the Block 5 West area has affected the source of ground water that
replenities the southern Tweenfontein sprin@gdeinkopje Colliery, 2009). Significant

inflow of water from old underground workings was encountered during the mining of the
first few cuts in Block 2A North and SoutKleinkopje Colliery, 2009).The water storechi

the old Landau Il underground workings will continue to have a major impact on mining of

Block 2A North and South. Although, the coal seams are generally flat lyingsoahli i st on e
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up t oe pBesentantthe #osr ofithe nulet® segniin theaBlock 2A

South, 5 West and 3A North mining areas. Borehole data indicates that floor irregularities

roll o of

may dso be present in the number 4 se#iteifkopje Colliery, 2009).

4A seam
Shale

4U seam

Sandstone
and shale

P4L

4Lseam

3 seam
Sandstone
and shale
Shale

2 top

2select
u/g mining

Grit
1 seam
Grit

Sandstone and
S seam u/q
mining

Sandstone and
shale

Sandstone

4h seom

Sandstone

41 seam

{ 4 seam

Shale
Sandstone

Shale

2 top
gselect

= _; u/g mining

Sandstone
1 seam
Tillite

shale

shale

KTV
e
s
n20%,

(hdH

- 2select
3| u/g mining

Grit

Diamictite

BLOCK 24
BLOCK 3AN BLOCK Nw
Soll and clay aeie H
et Soll and clay i Soll
A Sandstone IS@8 BLOCK SV
Sandstone 5 Sandstone Soll
Sandstone and shale Py o
——1 6 seam u/g
== mining Mudstone Sandstone and
Sondstone and shale
shale Sandstone and
siltstone
Sandstone ond Shale Mudstone
shale 4
) 2 top 4 seam
Sandstone | 4L seam

14 Sondstone mudstone
g ond shale
G

Roof zone
2 top

2 select
PeL

2L seam
1 seom
Tillite

Figure 42: Typical borehole stratigraphy of Kleinkopjeencast mingKleinkopje Colliery,

2009).
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Figure 43: Typical geologicatross section of Kleinkoje opearast mingKleinkopje
Colliery, 2009).

4.3.3. Mine Groundwater

The pillarof the old underground working is situated bl eastern boundary oldgk 2A
and separates that reserve frone tadjacent Wolvekrans CollierKleinkopje Colliery,
2009). Underground mining of the number 1, 2 drgkams at Wolvekrans have resulted in
the accumulation of approximately 35,000 ML of water against the barrier. plidnin
thesecompartments these stored water bodies and the current 2A miningogleirtierence
translates inta head of water of 25r(Kleinkopje Colliery, 2009).A breachof the pillar
during blasting and mining of theegerves in the IBck 2A area could have potentially
disastrous consequences for Kleinkopje Colli€@gnsequentlya monitoring and modelling
program wagonduced todetermineghe stability of the pillar. @ophones werinstalled into
the pillar by $iowdenlinternational to allow for the detection ahy movement within the

pillar (Kleinkopje Colliery, 2009).
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The information obtained from these geophornidsdt indicate any significant movement. A
drilling program was undertaken during 200 omfirm the validity of the plans for Douglas
Colliery underground workings and no discrepancies were f(Kiethkopje Colliery, 2009).

A similar drilling program was conducted at the boundary to Phoenix Colagayn without

any discrepancies. eigptezometer holes have also been installed in the Wolvekrans pillar
during late 2007Kleinkopje Colliery, 2009).

ITASCA International, using a computer program callédst Lagrangian Analysis of
Continua (FLAC)simulatel the effects of blasting and mining to determine the minimum
mining distance from thearrierpillar before having a detrimental effect on the integrity of
the pillar (Kleinkopje Colliery, 2009). The simulation recommended optimum stopping
distanceof 65mfor mining from the numbed and number 2 seams and 30m for the number
4 seam from the centre of the pillar. Currently, the pit boundarynsfBim the centre of the
pillar factors (Kleinkopje Colliery, 2009).

The underground workings within Kleinkopgentain approximately 31 million cubic metres
of water. In order to allow mining toontinue this water is being pumped out with the Jacuzzi
pump farms and monitoring borehole®r measuring the water levelkléinkopje Colliery,
2009).

4.3.4. MineSlope Stability Problems

Opencast or strip mine, unlike open pit mine is done on fewer benches because of the nature
of coal formation. Open cast mines create a-wgh and a lowwall after mining The high

wall consists of the coseamawith the oveburden and interburden. The lemall consists of

the spoil removed from the previous strip. The siighihallenge in an opecast mine is on

these two wallsThis is the situation at Kleinkopje open cast milmeaddition, unlike most
opencast mines, e Kleinkopje mine has a peculiar characteristic, which is the issue of
spontaneous combustion. A situation caused by the expoa$wpreviously mined out area,
through underground mining to oxygen during opencast mining. The effect of this burning
coal onslope stability is another stability challenge. The few stability problems encountered

at the mine are discussadthe following section.
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4.3.4.1. Bord and Pillar Collapse

Four reservesamely2A North, 2A South, 3A North and 5 West exist at Kleinkoppen-

cast coal mine. Three of these reserve blocks have beenysiguinined by bord and pillar,

which isan underground mining methd#leinkopje Colliery, 2009) Much of this mining

was carried oubeforethe introduction of legislation governing nmmum pillar dimensions.
Consequently, pillars were robbed and quartered without this information being accurately
reflected in mining plangKleinkopje Colliery, 2009).The #Aover miningo of
adverselyaffectedon the safety factors and hawieased the risk of bords and pillars to
collapse. Thisonditionis furtherworsened by the fact that the numBeiop seam was often
Afitop ,«ofaliertdher r edus(KlaingopjeQoleerys280B)et vy f act or

Collapses and the resulting sinkhodsseen in ppendix1, figurel.l, have been detected in

the northwest 2A and 3A north blockad whilethese collapses have not had any impact on
the mining operation and have been filled with sand, further collapsing bords could
negativelyimpact on the Ing-term viability of remoing the pillar remnants by opemast
methods(Kleinkopje Colliery, 2009).

4.3.4.2 Spontaneous Combustion

According to company records, spontaneous combustion was first encountered at Kleinkopje
colliery within the undergroundiorkings of block 2A North in November, 199Rleinkopje
Colliery, 2009).1t subsequently occurred along both blocks 2A North and 2A South. Hot
areas have also developed with the exposure otimiirgroundvorkings in pit 3A North
(Kleinkopje Colliery, 2@9). As mining progresses into the previously mined areas, contact of
the hitherto exposed hot coal surface with oxygen results into spontaneous comdsistion
seen in appendix 1, figure 1.9pontaneous combustion has adverse effect on mining of coal
but nore importantly to this research work is its effemtsthe stability of mine slopeBillars

from old workingsexpo®d to spontaneous combustion are more prone to collapsing and
consequently increase higball instability. As stated irKleinkopje Colliery (2009), ketween

2003 and 2007, spontaneous combustion was a contributing factor to quite a number of minor
slope failures in the minend this is shown ifable 4.2
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4.3.4.3. LowWall (Spoil) Failure

The lowwall, consisting of the overburden and intembenrock materialsemoved during
mining is generally stablduring the drngeasonThe main problem is the weakening of these
spoils due to spontaneous combustion in some c&$eimkopje Colliery, 2009).However,
this is controlled by cladding the lewall with soil removed during psstripping. This
invariably prevents some sections of the 4eall from being monitored with the MSR
Another problem encountered is occasional sloughing of theMaNvcaused by reduction of
shear strength from rainfailh wet seasonsThis was particularly noticed in some old spoil
piles, although it was far from the mine face and so did not interfere with mining operations
nor pose any threat to man or machine. The ,bidwse is the foundation of the lowwvall
consistsof sandstone removed immediately after-girgoping, followed by shale and other
blocks of hard interburden rocks. The composition of thewalN makes it generally stable
(Kleinkopje Colliery, 2009).

4.3.4.4. HighWall Failure

From company records, no major higlall failure has been experienced in any of the four
pits in the mine. Minor collapses caused by the weakening of old pillars by spontaneous
combustionseen in ppendix1, figure1.10 in 2A South, 2A North and 3A Norttio occur.
Toppling of loose overhang rocks from unexcavated frozen portion has been noticed mostly
in pit 5 West shown in @pendix1, figurel1.8.This portion remains hanging on the sandstone
part of the highwall. It has been monitored on few occasionthwhe MSR (Mottie, 2008)

None of the monitoring data of the frozen portion showed any significargmewv over the
period. The oveconsolidated infilling materials commonly found with sandstone in
interbedded sedimentary formation like Kleinkopje giwlie sandstone very high shear
strength This explains why the radar did not record any movement on the frozen portion
during monitoring. Secondly, it explains wkhe frozen portion is not easily dislodged from

thehigh-wall by the excavator.

However, gadual deterioration and weakening of the infilling occur over time. This results in
significant loss of shear strength and subsequent toppling of the column of blocks from the
frozen portion (Kleinkopje Colliery, 2009). Inaccurate preaplitting is also demed

responsible for this. The frozen portion can be prevented-tgsigning the prsplit blast or
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by scaling, after it has occurred with the dragline bucket. A summary of the minor failures
observed in mine between March 2003 and July 2007 is shotahlen4.2.

Table 42: Summary of failurat Kleinkopje minébetween March 2003uly, 2007

Location | Number | Percentage| Type of failure | Causes of failure
of of (%)
failure failure
High- 23 42.6 Toppling- Loose blocks caused by steeply dipping joints overhang.
wall Sloughing- Loading of soft overburden from spoiling bigh-wall
Minor collapse- | Spontaneous combustion weakens pillar.
Collapse- Bord collapse, frozen block slide
Low- 27 50 Sloughing- Undercutting bydragline or rain,
wall Water accumulation due to rainfall,
Loading of soft overburden, spontaneous combusg
weakening of previous workings
Bench 4 7.4 Ground collapsg Unblasted bords exposed by collapse,
top or - Rathoeingfrom underground collapse.
slope Sink hole- Progressive bord failure to surface
crest
54 100%

SourceKleinkopje Colliery 2009

4.3.5. Mine Slope Displacement Monitoring

Monitoring thebehaviourof the highwall and lowwall at Kleinkopje is achieved by visual
monitoring andradar monitoring using the MSERD0 model named MSBO04, which was

procured in 2007.

4.3.6. Kleinkopje OpenCast Mine Slope Failure Case Study

Monitoring of the lowwall in ramp 7, pit 2A south started on the™3Blay 2009 after
obsening some tension cracks on the spoil h@dpttie, 2008) The monitoring lasted for 15
days Thealarm threshold was set &0mm relative range. At 8.53 ani" Bune 2009, after
sevendays, thealarm threshold was exceeded and the wall fgiMattie, 2008) Thetrend

plot of the failed lowwall is shown infigure 4.4 Prior to the onset of failure, movement
oscillated betweerlOmm and25mm,and thisbehaviouris referred to as the regressivats

by Zavodni (2000. Beyond this point, displacement kept increasing progressively until
failure occurred at a displacement &0mm, and a cumulative displacement rate - of
0.4mm/hr using the all data time window. Movement of the material still contidogn
slope at a relative range greater tha@mm and a rate of aroun@.4 mm/hr(Mottie, 2008)
Fromthec ompany és record, this is the only fai

time ofthis researcland the MSR record was not available foalgsis.
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Description of Failure

Failure was attributed t@ high angle of repose of the spoil, significant swelling and
weakening of interparticle bonding between the granulated overburden materials seaving as
base for the rock boulders on the spoilfisTresulted in the loose sandstone boulders
toppling over from the uppermost part of the {axall. A common cause of lowvall or waste

rock slope failure is the reduction in shear strength due to moisture softening. This is more

pronounced during rainfalas the bond of the waste matepedgressively reduces with time
(Mottie, 2008).
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Figure 44: Trend plot of Kleinkopje open cast milev-wall failure (Mottie, 2008).

4.4. Landau OpenCast Coal Mine

4.4.1. Introduction

Landau colliery is an integral part of the South Afnic@oal Estates complex, situated west
of Witbank, about120km east of Johannesburg, in the Witbank Coalfield, South Afica
shown infigure 4.5 The mine isa division of Anglo Operationsiited operated by Anglo
Coal South Africa(Landau Colliery, 2009).
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The surface is wulating with elevationgarying from 1,580m in the soutlest to 1,430m
in the north(Landau Colliery, 2009)Landau colliery straddles two watershed catchment
areas namely the upper Olifants catchment area in the east and south and the Wilge

catchment area in the west. Both rivers drain into the Loskop(Dandau Colliery, 2009).

The Townshipspruitand Schoongezichtspruitrain the Navigation area, wailthe
Suikerboskopspiity Kromdraaispruit and Klipspruit drain the Kromdraai argandau
Colliery, 2009).The area is a typical Highveld climate with warm, wet summers and cold,
dry winter. Average rainfall for the last teyears has been some 740mar pnnummainly
between Neember and April (Landau Colliery, 2009)

Unlike the Kleinkopje which has all its coal reserve located at Kleinkopje opencast mine, the
coaling reserve and resource areas at Landau Colliery have been redefined and divided into 3

opencast areas, whemining operation igurrently a-going
1) Kromdraai Opencast

2) Schoongezicht Opencasind
3) Umlalazi (Navigation) Opencast
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Figure 45: Locality plan of Landau open cast mifieandau Colliery, 2009).

4.4.2. Geology of the Mine Area

4.4.2.1. Introduction

The coal measures form part of the Vrgh@ormation of the Ecca Group agenin figure

4.6. Of the five identified seams within the Witbank coalfield, only the number 2 @edms
are preserved in the Kromdraapemcast resee area (Landau Colliery, 2009). The
remaining seams, number 3, 4 ahndeamshave been removed by weathering processes
except, inthe south, where the number 3 and 4 seam are preserved (Landaty 2009).
The number 1 and 8&ams are separated by gritty sandstone pareéfgrred to as the P1
parting. This unit varies in thickness froorm@o 3.0m, butis typically 0.5m thick (Landau
Colliery, 2009).A representative geological cressction andstratigraphy of Landau open

cast mine is shown ifigure 4.7and 48 respectively.
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Figure 46: The Karoo basin in Southern Africa (Landau Colliery, 2009).
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Figure 47: Typical borehole stratigréy of Landau open cast mine (Landau Colliery, 2009).
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Figure 48: Typical geological cross section of Landau open cast mine (Landau Colliery,
2009).

4.4.2.2. Kromdraai OpencastMine

The Kromdraai pencast coalfield issituated on a norteouth trending ridggLandau
Colliery, 2009) The overburden thickness and preservation of the coal seam is dependent on
the surface geomorphology as well @sthe palaeotopography of the gfaroo basement

floor. Interbedded shale, s@stones and siltstones comprise the overburden sequence at
Kromdraai(Landau Colliery, 2009)

Washouts, where the coal seam has been eroded by river current action, have been intersected
in the North Reserve Block, with the resultant chariied with clastic sediments, such as
sandstonesind siltstones. The edgof the washouts at Kromdragbemcast is diffused by
differential compactionLandau Colliery, 2009). The typical example is thecoal zone,

calledfi d o u g Wrendirtg roughly norttsouth n the North Reserve Block. Floor rolls have

been encountered at Kromdraapemcast. The general trend of theodt rolls is

northeast/southwest (Landau Colliery, 2009).
Faults interseed in numberl seam workings were extrapolated into virgin areas at
Kromdraai opercast. These faults are fairly common and theyusteally accompaniedy

lessthan 3mdisplacement (Landau Colliery, 2009)jinkholes occur itthe shallower areas of
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the old underground workings, where srsale faulting and tensidmactures are common
(Landau Colliery, 2009).

4.4.2.3. Mine Groundwater

There are no known maj@aquifers within the Kromdraaipencastreserve areadowever
significant ground water inflows were encoerrgtd in the original Kromdraai minitpmostly

along the nortksouth trending grabefiandau Colliery, 2009).arge volumes of water have
accumulated in the lolying areas of the old underground workings as a result of seepage
through a fairly permeable overburden. The old underground workings aalcBidck

contain & estimated 2.7 million frof water(Landau Colliery, 2009).

The mine has an effective dewatering programme in place to remove the stored water in the
old underground compartments. There is also a ground water monitoring ®gtédtished
to monitor the elevations of the various water storage compartments in order to evaluate the

dewaering requirements for the mine (Landau Colliery, 2009).

4.4.2.4. Schoongezicht/ Umlalazi (Navigation) Operast

The stratigraphy of Schoongezichnd Umlalazi reserve area is typical of the Witbank
coalfields. The coal seams are contained in the Vryheid formation of the Ecca Group. The
five main coal seams present are numbered in ascendatgyrstphic order, namely the

number 1, 2, 4 anfl seamgLandau Colliery, 2009)

Shale, siltstone and sandstone separate the coal seams. Overburden thickness and
preservation of the coal seams are dependent osutiece geomorphology and theep

Karoo basement flogiLandau Colliery, 2009)The maincoal eserves at Schoongezicht and
Umlalazi (Navigaibn) are contained within the number 1, 2 ahdeams awvell as in the
number5 seam in the deeper Umlalaaiea. Opeftast mining of the numbet seam has

been conpleted at the Schoongezicht numBeseam minpit (Landau Colliery, 2009)

The number 2 anil seam a mined in the Schoongezicht numBeseam minpit to the east

of the number4 seam minpit (Landau Colliery, 2009)Three minor dolerite dykes were
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encountered in the numb2iseam minpit, butdid not significantly hinder mining operations
(Landau Colliery, 2009).

4.4.2.5. Mine Groundwater

The numbel5 seamis largely premined with extractions of around 75%. The large amount
of water contained within these old underground workings will hasigraficant impact on
the mining operationf_andau Colliery, 2009)Numerous water bodies have been identified
and water monitoring boreholes have been drilled. Like othejoAGoal mines, a good
dewatering programme isonstantat the mine to facilite safe and efficient operation
(Landau Colliery, 2009).

4.4.2.6. Mine Slope Sthility Problems at Landau OpenCast Mine

Erosions hae removed the coal from the numl3seam upwarddecause of the proximity

of Landau colliery to the northern swlitcrop & the Witbank coal field. Subsequent
atmospheric exposure and groundwater penetration have weathered the remaining overburden
and coal seams to various degr@emndau Colliery, 2009)Zones of deep weathering present
more risk in terms of higlwvall stabilty and sinkhole formation than fresh zones and,tallis

areas have been classified in terms of Base b Weathering (BHWE) and Base of
Horizon of Hard Weathering (BHHW) (Landau Colliery, 200Bhe slope stability prdbms
experienced at Landau apeast mine are similao the ones at Kleinkopje op@ast mine.

They are classified as follows:

4.4.2.7. Highwall Failure

Major highwall failure, or mass instabilityis very rare at the mine except when caused by a
panel failure after miningLandaucColliery, 2009) Incomplete presplit blasting andoints
parallelto the highwall face are the main factors responsible for the occasional failure at the
high-wall face This face instability due to joints parallel to the higall is avoided wheaver
possible by laying out the strips perpendicular to the joinfiuagndau Colliery, 2009)Minor

and bcalised falls of rock blocks or wedges from the highll face is occasionally
experienced. Consequently, the highll can beassumed to be relatively stab(Landau
Colliery, 2009).
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4.4.2.8. Lowwall (spoil) Failure

The lowwall, consisting of the overburden and interburden removed in the process of coal
extraction is generally stableespecially during the dryold winter and wetsummer season
(Landau @lliery, 2009) However, there is little potential for circular failur@r sloughing
during the wetsunmer season, particularly if it imdercutLow-wall stabilty is not an issue

in the mine.The probability of failure is very low and where there @n@nces of failure,

enough pace is created for containment.

4.4.2.9. Spontaneous Combustion

Although, the Landau pencast mine des experience spontaneous combustion, the
magnitude is nothingompared to that of Kleinkopjepencast mine.This is because their
buffer blasting operation igrobablyworking well. Other rasons could also be responsible,

butthe investigation of those factors is outside the scope ofebesrctwork.

4.4.2.10. Bord and Pillar Collapse

The majority of the coal minghorizon at Kromdraai and Excelsior mpits comprise of
previously mined 1 seam coal, P1 parting and virgin 2 seam. With approximately 70% of the
1 seam extracted, the risks of sinkhole formation and-Wwigh stability is real(Landau
Colliery, 2009)

The higher the degree of weathering the overburdenekpsriencedthe less stable or
competent the higivall is expected to heand the higher the risk of sinkhole formation
becomes(Landau Colliery, 2009)If the BHWE extends into the coal seams, the area is
classified as high risk in terms of sinkhole formation and fgh stability. Conversely,

where the BHWE does not intersect the coal seam, the area is classified as low risk. Medium
risk areasare classified as zones where the BHHW intersects the coal s¢aamslau
Colliery, 2009) In these areas, all the overburden is weathered to a smaller degree and thus
classified as medium rigkandau Colliery, 2009).
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4.4.2.11. Mine Slope Displacement Monitoringt Landau

The displacement on difirwall and lowwall at Landau pencast nines are monitored with
visual monitoring andadar monitoring using the MSEO0 model named MSRO07. The
MSR is moved from time to time tanstableareas with potentials for faile on the higkwall

and lowwall.

4.4.2.12. Landau Open Cast Mine Case Study

A serious highwall failure was experienced on the™3luly 2008 at the Schoongezichten

cast mineas seen inidure 4.9 The failure occurred as the coal was been mined. The
overburden above the coal seam consists of a thin layer of soil and very brittle sandstone that
had been highly affected by weathering and weakened by continuous infiltration of water
through the thin soil layer. Two set of joints are presumed to be rabjeior this failure;a

bedding plane perpendicular to the higall, which is conspicuous from thagh-wall face,

and a second nartonspicuous vertical joint parallel the highall, which provide the release
surface. The parallel joints were hiddercéese prestripping of the top soil was not done

before drilling. It is the belief #t the mine was trying to saxost in this regard.

These two jointdoth provide a release surface for composite failure of complete pack of
sandstone blocks. Compositeck mass failure is a failure involving intact rock materal

well as fracture and shear on existing defects (Simmons and Simpson, 2006). Fwalhigh
was not being monitored by the MSR radar during the failaneltherefore, displacement
and displa@mentrates could not be documentélthe suddenness of failure indicates the
importance of monitoring and the slope monitoring radar remains the only monitoring

technique that could detect such failures.

At the time of this research, the above failure agma the onlyfailure documented at the

mine. Only one other slope failure could be retrieved from the MSR, with none from the
companyb6s record. H o w e vbehmayioursf henstabléigh-walllared di s p |
low-wall monitored by the MSR at theime are included in the interpretation tife
deformationbehaviour of open castine slopes.Although it is impractical to have all the
high-walls at the mine monitored by the MSRis important to identifyjunstableareas with

high failure potentialsThis will enable careful planning to avoid or contain failure, if and
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when it does occur. The failure reported at Landau was unexpected and could have been fatal
because the slope was deemed safe.

Figure 49: Failedhigh-wall at Landau opewast mingLandauColliery, 2009).

4.5. New Vaal OperCast Coal Mine

4.5.1. Introduction

New Vaal Colliery, aivision of AngloCoal Operations Limiteds located in the magisterial
district of Sasolburg at approximately 18 kilometres nedbt of the Sasolburg Central
Business Distrigtand forms part of the Vaal Dam Regional Rural Transitional Co(iNeilv

Vaal Colliery, 2009a)The open casmine is located immediately south of the Vereeniging
Central Business District and approximately 12km to the east of Vanderbijlpark. The extent
of the mine is indicatedytthe red circle in igure 4.10(New Vaal Colliery,2009a).
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Figure 410: Map showing location dhe New Vaal opercast mingNew Vaal Colliery,
20093).

The mine is bound by the Vaal River meander to the east and north. To ththevesine is
bound by the secondary road R82 to Heilbron, and the railway line from Vereeniging to
SasolburgNew Vaal Colliery, 2009a)To the souththe mine is bound by a carriageway of
the freeway P10/2 (PWV22). 33kV Eskom powees are situated irhé southern boundary

of the mine lease area. Immediately to the south of the mine leaséiewrdathabo Power
station, which the mine supplies tvitoal for power generation (New Vaal Colliery, 2009a).

4.5.2. Geology of the mine area

The typicalgeological setting at New Vaal Colliergs described from the youngest to the
oldest, comprise a sequence of Aeolian and alluvial sedinfidets Vaal Colliery, 2009a)

These sediments are made of mixed layers of clayey, silty sands that average 16m in
thickness. Figure 411 shows this unconsolidated univhich is reerred to as the soft
overburden (New Vaal Colliery, 2009alJnderlying the soft overburden is the hard
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overburden that averages about,8mt can attain a maximum thickness of 37m in the
soutfernrmost part of the mine area. Hard overburden mainly ca@@primudstones,
siltstones, finegrained sandstongwhich may not contain the leader seam coal. Leader seam
averages 0.5m in thickness argdtherefore uneconomical to mindew Vaal Colliery,
2009a)

Top seam coal directly underlies the hard overburden but where the latter is not present, top
seam occurs directly underneath the soft overbuldeierms ofcalorific value thetop seam

coal is the pooreswith 13.9MJ/KgCalorific Value (CV)on averageof all the mineable coal
seams (New Vaal Colliery, 2009a). Althoutgip seam has a thickness of 7.0m in most parts

of the mining area, it can rda@ maximum of 13m on the south (New Vaal Colliery, 2009a).

A coarsening upward sequence gradingnfra carbonaceous mudstone on the interburden
floor, through shale and siltstone to figeained sand stone forms the interburden succession.
The average thickness of the interburden unit is 11.6m. This sequence separates the top seam

coal from the middleesam coal{New Vaal Colliery, 2009a)

Middle seam ranges in thickness from 6.9m to a maximum of 13m in the seotbstipart

of the mine eea. It is of a better quality with Cuf 17.1 MJ/Kg than the top seanbut of
poor gqualities when compared to bott@eam. In most part of the mine area, middle seam is
split into two layers by a mudstone band of about Qldum can reach 1.00m in some other

locatiors (New Vaal Colliery, 2009a)

The middle seam is separatedom the bottom seamby parting and partingseamwhich
comprise ofcarbonaceous silty mudstone sometimes with thin layers of coal overlying the
gritty sandstone befNew Vaal Colliery, 2009a)The averageparting thicknesss 1.5m in

most areas but can reach 7.5m at otbeations(New Vaal Colliey, 2009a). The &ttom

seam is of better quality than #itle otherswith an average calorific value of 19.1 MJ/Kg

and ash content of 29.7%. The seam is mostly 4.0m thick but can range from less than 1m to
13.5m (New Vaal Colliery, 2009a)Bottom seanthinning is normally encountered and
attributed to the pab-karst topography of the pi#earoo Tranvaal Supergroup dolomites.
These domdike shaped features are termed pinna@iesv Vaal Colliery, 2009a)
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Figure 411: Typical stratigraphy column for New Vaal open cast n{idew Vaal Colliery,
20093).

4.5.3. Geological structures

The dykes in the northern part of the area arewast striking. This wasevealel from the
intersections in underground workings, borehole s#etions and by ground magnetometry
traverses (New Vaal Colliery, 2009a) The dykes compartmentsdi the dolomitic
groundwater system into a northern Vereeniging,ard a southern Macodalei area.The
fault positions werestablisied from underground wking layouts, elevation differences and

underground geological mapping (New Vaal Colliery, 2009a).

There are numerous faults in the angtlh some havingnajor displacements occurriiijew

Vaal Colliery, 2009a) The southern boundary of the collierydsfined by the Northern
Viljoensdrift fault zone. This is locally called the Southern Boundary Fault. The fault zone is
one of a pair that created a graben with an approximately 90m downkimmwn as the

Valley area(New Vaal Colliery, 2009a). An easted striking fault, called theC3 fault
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associated with the Southern Boundary Fault zotethas been traced about 2.5km into the
reserve area by both drilling and exposure during mifiNew Vaal Colliery, 2009a)The
regionof disturbance about the faulirt be up to 20m in width. The influence and amount of
throw on this fault recedes to the west and is currently manifested as a floor roll with minimal
displacement. A number of faults with throws of less than 2m occur throughout the pit. Most
of these stkie norh-east, souttwest or eastvest (New Vaal Colliery, 2009a).

A number of palaesinkhole features occur in the western half of the lease area. These
features arenostly charactesed by a circular to ellipsoidal shape, and are bound by steep
dips anl faults(New Vaal Colliery, 2009a)The strata within the feature are downthrown by
10m to 40m. The coal seams within the palaldholes are generally thicker than in the
adjacent areas, with the bottom seam coal showing the largest increase of aptdhree
times the normal thicknegblew Vaal Colliery, 2009a)Numerous palaebighs occur in the

form of ridges and pinnacles. These features area associated with the pinchinghaut of

bottom seam in those areas (New Vaal Colliery, 2009a).

4 .5.4. Mine Groundwater

The basic features of the aquifers at NemaMColliery are outlined below:

Soft Overburden: This is a free aquifer consisting of recent alluvial sand and clay deposits
which are recharged directly loginfall. The storage capacitynsedium to lowwith delayed
drainage occurring as a result of the otaytent in the sand®New Vaal Colliery, 2009a)
Where a basal pebble bed is well develgpedcts as a conduit for water. The systism
rapidly recharged by rainfall, especially wlaeregetation has been removBécharge to the

toe of sandmay occur within 24 to 48 hourshare little clay exists(New Vaal Colliery,
2009a).

The Karoo Supergroup: This acts as a serbnfined aquifer comprising Vryheid
Formation shales, sandstones apndl seams imddition to Dwyka Group tillite. It is &ow-
capacity water holder and asost horizons are impermeablihe movement of water is
generdly via fissures in the coal sear(idew Vaal Colliery, 2009a)The basal Dwyka tillite
forms an impermeadé barrier to the underlying dolomite aquifer and haseameability of

0.0001m per dayHowever vhen fracturedhe permeabilitycan increaseéo 0.1m per day.
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Since little water is contained in these rocks, this grouteiwlaas little effect on mining
(NewVaal Colliery, 2009a).

The Transvaal Dolomite: As stated inNew Vaal Colliery, (2009a)the dolomitic

groundwater system is a confined aquifer composed of two units:

1) The Transition Zone: consists of chert pebbles in a calcareous / dolomitic mattix wi
numerous solution channels, and occasionally interbedded Dwyka material.

2) Dolomite: consists of darkbluegrey to black dolomite, essentially massive with a
secondarypermeability along faults, fractures and joints.

A secondary permeability of Ora BOm per dayas been revealed through testing (New Vaal
Colliery, 2009a) The two units areéegarded as single groundwater system hydraulically
separated from the overlying aquifers by the impermeable Dwyka (N VVaal Colliery,

2009) As the wagr is confinedit has a piezometric pressure heathich acts against this
barrier (New Vaal Colliery, 2009a) Within the lease area, the undisturbed dolomitic
groundwater level or pressure head is in the range of 1418m to 1420m above mean sea level.
The natural recharge of the dolomites is by rainfall infiltration in outcrops occurring north of
Vereeniging, specifically along the Klip Rivélew Vaal Colliery, 2009a)Dolomitic water

flows from the northwest to the soutkeast. Dolomite underlying the diery is hydraulically
continuous with that beneath Vereeniging, although this connection is modified by the

presence of doleriteytes (New Vaal Colliery, 2009a)

4.5.5. Mine Slope Stability Problems at New Vaal

The different categories of slope stabilfiyoblems experienced at New Vaal Colliery are
highlighted below.

4.5.5.1. Soft Overburden and SpoilsLow-wall) Failure

The soft overburden is a combination of alluvial and Aeolian sand deposit with clay lenses
that occur on the higlvall (New Vaal Collery, 2009a) Spoils are waste material of varying
compositiors and size distribution, usually witbverburdensand at the base. The spoils are

placed on the lovwall. Both the soft overburden and spoil material are associated with
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circular failuresas seenn gppendix2, figure2.2. This type of failure occurs when tlspoil
materials have low cohesion and low friction angle va(ivesw Vaal Colliery, 2009a)The

scale of the failure may be exacerbated by the presence of {haddsoand lows, water
accumulations and pore water pressure build within the soll, itkefionstrated inppendix

2, figure 2.3 Such a failure is common in spoils and/or sand that contains weathered material
and can be initiated by undertng and spontaneous combustion (N&taal Colliery,
2009a).

4.5.5.2. Highwall Failure

The hard overburden on tlmggh-wall is not particularly hard and has a natural tendency to
weaken upon exposure to the atmosphere. Unstablewatjiconditions may occur due to
deep weathering, espedyawhere bedding planes dip into the vqidew Vaal Colliery,
2009a). According to New Vaal Colliery (20094)jdinting or faulting is present, the hard
overburden is particularly prone to wedge failure. Wedge failure occurs when the boundaries
of the welge are slip planeand the line of intersectioraglights in the higtwall face (New

Vaal Colliery, 2009a).

In some areas, the top seam coal lies directly below the soft overburden. In these areas, the
upper portion of the top seam coal has been plgrteabded and weathergdNew Vaal

Colliery, 2009a) Instability may also arise from the presence of palagbs and lows due to

steep dipping angles normally associated with faultsgatbe edges of such structures (New

Vaal Colliery, 2009a).

4.5.5.3. Brd and Pillar Collapse

The middle and bottom seahmas previouslybeen extensively mined by bord and pillar
methods. Therefore, toppling and floor failure may occur where the parting seam will
collapse into the bord®New Vaal Colliery, 2009a)The dolinestructurescreatemore mining
problems in this seam than in the other coal seas$n most cases the bottom seam will
tend to follow the steep gradits that are created by the f¢aroo topographyor dolines.
Blasting may induce this type of failures & provides a source of energy to instigate failure.
Floor failure may also occur where there are underground workmgsported in New Vaal

Colliery (2009a) This failure involvesmaterial saggingrom pressure exerted by overlying
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material, intothe void below. Buffer blastings done primarily tominimize spontaneous
combustion bycollapse bords and pillar8uffer blasting is a control blasting technique
which involves loading of blasgholes with small quantity of explosives in order to limit rock
breakage to specified areadowever buffer blasting also affects slope stability. Buffer
blasting destroys the geological discontinuities antufea which could cause failure (New
Vaal Colliery, 2009a).

4.5.5.4. Spontaneous Combustion

Spontaneousombustion is peculiar to any opeast mine where underground mining has
previously taken place. However, the magnitude varies with each depending on the
level of underground mining and effectiness of thanining method(New Vaal Colliery,
2009a).Mild spontaneous combustigossibly due teffective buffer blastingvas observed

at New Vaal Colliery.

4.5.6. Mine Slope Displacement Monitoring

Like the other AngldCoal openrcast mins, high-wall and lowwall monitoring at New Vaal
Colliery is achieved by visual monitoring anddar monitoring using the MSRO0 and
MSR-300 model namedthe MSR-002 and MSRD03 respectively New Vaal is the only
Anglo Coal openrcast mine in South Africa with twamonitoringradas. This underscores the
magnitude otheslopestability problems at the mine.

4.5.7. New Vaal Open Cast Mine Case Studies

4.5.7.1. Case Study 1

On July 3% 2009 in Ramp 67, spoil sloughing into the cut was observied the
geotechnical personneihen the dragline was exposing the midsbam(New Vaal Colliery,
2009b) Consequently, the radar was deployed to monitor thesspidile slope gradually
started displdag on the # August, 2009. The relative range of betwe2dmm and-30mm
was reachetetween th&"-11" August and betweethe 12"-19" August, the relative range
or displacement of movement increased to greater-%@mm. The slope failure occurred on

the 19" August at a movement ofl0OOmm and a cumulative ratf displacemenbf -
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0.4mm/hr as coaling of the Bottom seam was progressing. Mining personnel were
subsequently withdrawn from the area for safegsonsnd toprovideroom for sand dozing

of the failed area. Mining resumed the following day when the radar information imtlicate
thatthe slope had stabilised (New Vaal Colliery, 20091he syntheticmap and trend plot of

the failed area is shown togetheffigure 4.122.

Description of Failure

The failure was largely due to the presence of a pdtae@nd water asumulation at the ®

of spoils, as illustrated in figure 4.13he weakening of the spoil base &hd reduction of
the effective stress of spaihaterialresuled in the upward propagation of tension cracks
within the spoil heap. These factqrassibly caused the spoil ttosgh (New Vaal Colliery,
2009b).
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Figure 412: MSR trend plots and synthetic map of the scanowewall (New Vaal Colliery,
200%D).
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Figure 413: Unstable lowwall before failurgNew VaalColliery, 200®).

4.5.7.3. Case Study 2

Tension cracks were observed on the soft overburden off'tNev@mber, 2007 in ramp 12
After an assessment tiie risk by themine geotechnicapersonnel, it wasipparenthat a

slope failure was imminenfZindela, 2008).The MSR was then pogihed to scan the
unstable higtwall. It was observethat prior to sudden collapse as seenigare 4.14 and

4.15, it took approximatelyfive hoursfor adisplacement of50mm to occurwhereas during

the sudden flure it took onlytwo hoursfor the samemagnitudeof movement to occur
(Zindela, 2008).The increase in movement was accompanied by an increase in cumulative
rateof displacementrom -10mm/hr to-25mm/hr during slope failur&indela, 2008).
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(a) High=wall before failure on (b) High-wall after failure on
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Figure 414: High-wall before and after failur&indela, 2008).
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Figure 415: MSR trend plobf the highwall displacemenfZindela, 2008).

Description of Failure

This type of failure can bealescribed asprogressivedisplacement behavioudnitial

movementwas gradualand regressivéut it became rapid and progressive very close to

failure. After failure, the slope returned to its pfailure state as the cumulative rate of

displacement has decaygtindela, 2008).
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4.5.7.5. Case Study 3

On the &' of July 2008, sloughing of thiew-wall wastriggeredby blasting of the top seam
in Ramp 8 an®. The factors thatvere most likely responsible fothe slope failureare
surcharge loading, water and dipping floor strata (Zindela, 2008). édtablishing the level
of instability fromvisual observationthe MSR wagositionedon the highwall to scanand
monitor the unstabléow-wall (spoil). The displacementrend obtained from the MSR is

shown infigure 4.16

The synthetic map shown in figure 8.ihdicated thathe relative movemenh the unstable
region is higher than theother scan region. Althmh the slope movement was gradual
initially, a suddenmovement o£100mm occurred at about 21.00mm the &' of July 2008
(Zindela, 2008).During this sudden slope movement, the cumulative ohtdisplacement
also increased from Omm/hr tdOmm/hr, whih caused transition from a steady do

progessive displacement. After 6:08 the 18, the slope started stalsitig (Zindela, 2008).
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Figure 416: MSR syntletic map and trend plots of lewall displacemenZindela, 2008).
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4.6. Summary

Three of the six Angl&€Coal opercast ming were visited in the course of thigssearchwork

as highlighted in section 4.1 of the chapter. It walsconsidered necessary to visit Isibonelo,
Kriel and Mafube opeitastcoal mines because they are both within the Witbank coalfield,
which has the same geology and has beequadely representdaly theothertwo Ango al
mines visited in the regionnladdition, the three wrsited mineshave relatively new MSR

systems in place and hence, there m@sadar database on slope displacerferdnalysis

The open cast coal minewithin the Witbank coalfield have very similar slope stability
problemsand this isdue to the general geology of the coalfi€erhang of rock material on

the highwall due to incomplete preplit blasting and weakening of higtall by spontaneous
combustion, are peculido all the mines. The lowvalls are generally stable except when
weakened by spontaneous combustion and undercutting. With the exception of Landau open
cast mine, which has radar monitoring record of one slope failbese was naadar
monitoring recordof slope failure at the other mines. However, the monitoring records of

stable slopes were available for analysis.

The lowwall and highwall slope stability challenges Biew Vaalopen cast mine are due to
the presence of unconsolidated soil overburddre soil overburden which constitutes the
largest percentage of the spoil material is a major factor responsible for the low strength of

thelow-wall.
In chapter 5, the deformation behaviour and the underlying mechanisms of both stable and

unstableslopes are discussed. The chapter also contains a discussion on slope failure

mechanisms observed from the displacement records.
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CHAPTER FIVE

DEFORMATION BEHAVIOUR OF MINE SLOPES CASE STUDIES

In the previous chapter, detailed descriptions of the geology of thecagéroal mines used

for case studies were presented. Case examples of slope failure at the mines, some of which
were monitored with the Movement and Surveying Radar (MSR) werepedsented. The
importance of slope monitoring was highlighted in the case example presented in section
4.4.2.12, where a sudden higfall failure occurred. Before the failure, thegh-wall was

presumed stable and was therefore not monitored.

The slope fdaure from the visited openast mines, in addition to a few slope failures from
some other openast mines, are analysed in this chapter to understand the deformation
behaviour of both stable and unstable slopes of-cpeshmines. The chapter is dividiedo

four sectionsThe first sectiorcontains a brief description of the operations of the MSR, and
interpretations of some MSR and deformation behaviour terminologies. The second section
containsthe description of the generdéformationbehaviour of tk stable slopes. The third
section contains the descriptioosthe deformation behaviour tiie unstableslopes, based

on displacementlata obtained from the MSR affrdm field observations of the monitored
areas where availableThe fourth and final séon discusses the observed mechanisms of

failure from the radar displacement monitoring records.

5.1. MSR and Deformation Behaviour Terminology

To facilitate better understanding of the description of the deformation behaviour of mine

slope case studiethe following brief discussion of terminologies used is deemed necessary.

MSR Terminology

Time Window: The MSR offers seven different time wind®which are 1hour, 2hour,
4hour, 6hour, 1Bour, 24tour, and thefiall data time window The user has the option of
choosing any of the time windows for viewing slope displacenf@ntexample, the user can
view the movement that has occurred in the Idstur, 2hour, 4hour, 6hour, 12hour and

24hour, instead of seeing the total accumulatexvementReutech, 2006b
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Displacement(Relative Range mm): This is the slope movement between the first scan and
the last scan if no time window is selected. If a time window is selected, it is the movement
between the first scaand the last scan of theme window period(Reutech, 2006b

Displacement can be either positive or negative.

Positive Displacement:Positive displacement is a slope movement away from the MSR

which means the slopessabilsing or stable

Negative Displacement:Negative displacement is a slope movement towards the MSR,
which means the slope is deforming or unstable.

Relative Range Colour Bar:The colour on the relative range bar represents the magnitude

of movement on the mappresentinghe slope movement

Cumulative Rate of Displacement (hnm/hr): This is determiné by dividing the total
accumulated movement by the total time or the total accumulated movewiénts a
specific time window divided by the time of the time windofReutech, 2006b)The
cumulative rateof displacements the MSR form ofvelocity, which could either be on the
negative or positive axid.ike the displacement, a negative cumulative rate of displacement
means that the slope is deforming while a positive cumulative rate means thesslope

stabilising.

Point: Locationson the monitored slopagrerepresented by points on the radamputer with
each monitoring point identified byits coordinates In radar monitoring, displacement

information of sections and points on the slope are Gl
Radar Scan Time This is the time taken to complete a full scan of a selected area on the

mine slopeTypical scan time for radar monitoring igd. 10 minutes, depending on the size

of the scanned area (Harries and Holmstrom, 2007).
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Deformation Behaviour Terminology.

Stable Slope:All slopes experience deformation as a result of elastic rebound, and relaxation

of the rock mass due to changes in stresses caused by excavation (Zavodni, 2000). When the
magnitude of deformation is not strg enough to cause failure, the slope is regarded as a

stable slope.

Unstable Slope: Following each cycle of excavation, slopes which experience high
magnitude of deformatioabove the rock strength are unstable slopes.

Onset of Failure: This is the poih which describes the transition from regressive
deformation stage to progressive deformation stage (Broadbent and Zavodni, 1982)

Deformation Pathway. A deformation pathway indicates the continuous deformation time

relationship of a specific monitoringpmt on a slope (Mercer, 2006).

Rebound Pathway A rebound pathway indicates the continuous rebound time relationship

of a specific monitoring point on a slope.

5.2.Deformation Behaviour of Stable Slopes

The behaviour o& stable slope is characterideglthe cyclicalincrease and decreasetime
cumulative rate of displacement referred to by Broadbent and Zavodni (1982) as regressive
deformation behaviourThis cyclic behaviour is presumed to be #féects resulting from
activities such as mining arat/propagation ofleformationwithin the rock mass itself. If the

slope remains undisturbed, that is, no triggering facsorsh & blasting and groundwater are
introducedjwo possible things ailéely to occur. One, thelope will stabilise with time, and

two, the slope may trangiin from the regressivestage and begin an accelerating trend to
failure. This could occur with time, even in the absence of any triggering faaalr this
behaviouris referred to as time depdent deformatiorF-rom the observation of the MSR

data ofmonitored slopesstable slopaleformationbehaviourhas beerclassified into two

types:

1 Type I: Slopes with negativegositive regressiveumulative rate of displacement
These slopes exhibit cyeal regressive behaviour between the negative and positive

axis. Such slopes are relaly stable as compared to typeslbpesand will require a
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very strong trigger to collapseigare 5.1is a type Ibehaviour observed at Landau
opencast coal mineThe slope behaviour is regressive between negative and positive

cumulative rate oflisplacement.

1 Type II: Slopes with entirely negative geessive cumulative rate of displacement
behaviour.These are slopes that aréhdsiting deformation, although theagnitudes
of deformationmay not be strong enoughpoogress intdailure. The tendency of the
slope to progress to failure depends on a number of factors, chief d@neongeing
events such as blasting, water infiltration, slope undercutting and strength
deterioration ofthe rock mass with time. Typd Ibehaviour demands careful
monitoring as this slope may begin a progressive acceleratfariui@ within a short
period. tisconsi dered to be, fa sl ope durms | ur e
represented in figure 5.2vherein the slope cumulative rate of displacemient

negative and regressive.

P_ositive cumulative rate of Neg_ative cumulative rate
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Figure 5.1: Negativepositive regressive behaviour sthbleslopeat Landau open cast

mine (Typel).
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5.3. DeformationBehaviour of Unstable Slopes

This section contains detailed descriptions of the various stages in the deformation behaviour
of unstable slopes. Six case examples of unstable slopes from differertagpeines are
analysed. The analyses are based on the displacement records from radar monitoring, and
from field observations, where applicablEhe approaches adopted in understanding the

deformationbehaviour of theinstableslopes before and after failurare as follows:

1 The scanned region of the slope obtained from the MSR iglisided into a number
of sections depending on the size of the monitored &reasizes of the sections are
not uniform since the monitored areas as well as the unsabtmns of the slope
varyin size The purpose of dividing the monitored area into sections is to identify the
unstable section where failure actually took place. A detailed analysis of the
deformation behaviour is done using theht®ir time window dataxtracted from the
MSR. The 12 hour time window was arbitrarily chosen, since the displacement

pattern is the same irrespective of time windows;

1 Oncethe failure sectiorhad been identified, five to elevaepresentativegoints
depending on the size ofglunstable secticareselected from the area exhibiting the
highest displacementhe displacement and the cumulative rafedisplacementor
eachpointare eyorted into an Ecel spreagheet for analysjsand

1 Thereafter, e deformation process is died into stages based on themulative

rates of displacement die failure region.

5.31. Case Example IHigh-wall Failure)

The slope failuren this case example occurred on thgh-wall of an openpit copper mine
Information on the geological s&tty and location of the mine was nofade available for the
research andnformation on the field observatisnare also not available. Hence, the
description of failure is based solely on ttieplacementata from the MSRMonitoring
took place from the %to the 7" August, 2008, giing a total of three days of monitoring

data
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5.31.1. Locating the Area of Failure

The monitored area of the slope is divideth 9 sections as shown in figure 5Bgure 5.4
and 5.5show the displacementand cumulativeatesof displacement for sections one to
nine. The aalysis of the data indicates that all the sections except section 7 aresitible
small displacemerst andat negligible cumulative rageof displacemeniThe stable sections
exhibitedtype | behaviar of stable slopg The plot of the data for each section showed that
failure only occurred in section The magnitude of displacement and cumulative rate of

displacement for the sections and points are different since they are dependent on size.
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Figure 54: Relatve rangg(Displacement, mm) afections 19 of case example 1 slope
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Figure 55: Cumulative ateof displacement (mm/hr) aections 19 of case example 1

slope.

5.3.1.2. Description ofCase Example ISlope Failure

Figure 5.7shows the ameof failure in section 7. &a from ten differenpointswere exported
from the MSR intoa Microsoft Office Excel spreadheet fora detaiked andysis of the
failure. Figure 5.7 and 5.8how the plots of displacement amdimulative rates of

displacementor the tenpoints from the failure section.
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Figure 56: Failure sectiorshowing the locations of teselectedointsin case example 1

slope.

Six identifiable stages of displacement weliserved in the slope failure datatained from
the MSR.

Stage 1

Zavodni Q000 described this stage in the deformatioraofine slope as the stage of short
term decelerating displacement cyclelde further stated that in a number of casaest

slope failure starts as regressive and gradually teatusithe progressive stage or beceme
stable if events causing the regressive nature are removed. During this stage in the
deformation of the observesiope, the displacement was freth4Imm to-1.18mm, andhe
cumulative rateof displacementwas between0.41mm/hr and +0.0002 mm/hr using the
average value for the failure section. This is the steady deformation stage and is ceetacteri
by the decelating cycle of the displacement, atie cumulative ratef displacementf the

slope. The displacement behaviour oscillated between negative and positive displacement,
which indicates an elastic rebound in the rock mass as it resists deformation. Bwisilreh

is similar to the vertical deformation behaviour of ffailed slopes described by Mercer
(2006).
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Stage 2 Type |

This represestthe acceleration stage referredyp Broadbent and Zavodni (1983¥ the
progressive stage. Sjoberg (1996) described progressive failure as the successive
development of a failure surface in a slope through stress redistribution and loss of shear
strength of the slope material. I§ ithe first accelermtg stage usuallyesulting in slope
failure. This stage was reachéetween 17:02 and 19:@h the &' of August, 2008. ©se
observation of the failure data using the data from thed@msin the failed region showed

that failure wa likely to have been initiated around poiitand 9 at the toe of the scanned
area. This conclusion was arrived at because oftidelenincrease in cumulative regeof
displacementexperienced around thegmints Point 8 increased in cumulative ratef
displacemenby about680% (-0.0238mm/hr to-0.1383mm/hr) while point 9 increased by
nearly 19006 (-0.0066 mm/hr to-0.1106 mm/hr). The high cumulative rate of displacement
relative to other points suspected to have resultedsinergth reduction arond these poirst

This weaknesss interpreted to haveropagated tgoint 6, which experienced a sudden
increase of 188% in cumulative rate of displacemén@0Q775 mm/hr te0.2239mm/hr)

The transition from stage 1 to stage 2 is reflected in a coenplenge of displacement
behaviour. Stage 2 reflects the inability of the rock mass to continue resisting deformation.
The rock mass is deemed to have yielded or succumbed to deformation. The yielding became
manifest in the variability in displacement belwaur of the differentpoints as depicted in

figure 5.7 and 5.8 Variations in the displacement behaviour indicate that complex
deformation mechanisms are taking place in the rock mass during the development of the
slope failure (Stacey, 2007)his behavour eventually lead® the second acceleration stage

in the progressive deformation of the slope.

Stage 2 Type I

This is the second acceleratidlage, also referred to as thesehof failure. It is a stage of
imminent failure where the slope progressd high acceleration to failure when internal
deformation is deemed to have taken plg&tacey, 2007)Stage 2 type Il sometimes occurs
concurrently with stage 2 type | (Hamiet al. 2004)The slope reached this stage on the 5
of August, 2008 arouh 14:44 Most of the points were moving at a cmulative rate of
displacement abovdmm/hr. Exceptiors were pointd, 3 and 5Swhich had cumulative rates
of displacement 0f0.99 mm/hr, -0.79 mm/hr and-0.85mm/hrrespectively. Once this stage
is reachegfailure is initiated and the time span to failure from that point is always short.
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Stage 3

The slope failed on thé"of August at a cumulative raté displacemenof -3mm/hr for the

entire failure section. At failureall the tenpoints within the falure region wereat a
cumulative rate abow&mm/hr individually. Poind showed théighest cumulative rate of
-6mm/hr at failure Although the displacement rates at failure were high and different, there
was a convergence of the displacement patterrilghiefore failure. The convergence of the
displacement pattern is considered by Mercer (2006) as a merger of deformation pathway of
all points (points) into a single pathway. The interpretation of the merger of pathways is that
all the points failed simtaneously at high displacement rates. According to Mercer (2006),
the convergence of the deformation pathways occurs when the unstable rock mass failed to
disintegrate Before stage 4 was reached,peakcumulative rate of betweedmm/hr and-

7mm/hr wasexperienced aroungbints7, 8, 9 and 10.

Stage 4

This stage precedailtimate stability after failureas the slopéegin toregainstability by
experiencing an elastic rebound franpeak cumulative rate e#mm/hr to-0.2nm/hr for the

failed sectionAs shown in figure B, there was a big variation in the displacement behaviour

of the different points at stage 4. Points 1, 2, 3 and 5 experienced rebound before the other
points, followed by points 4, 6 and 7, while points 8, 9, 10 rebounded lash,Algaie was
convergence of the displacement behaviour pattern towards the end of stage 4. The rebound

merged into a single rebound pathway.

Stage 5
The slope became stable at this stage witbgligible cumulative rate of displacement of
-0.Imm/hr. The valuesof the cumulative rateshowed that the slope has regained stability

and a complete decay in cumulative sat@soccurred.

Summary of Mechanisms

In case example 1, theefrmationbehaviour was variable before the onset of faiasea
result ofdifferent responses to deformation at different points on the .dibjgemost likely

that the deformations at different locations resulted in the final failure on a sliding surface.
This is shown by theonvergence of deformation pathwasjsortly beforefailure. However,

at failure, the variability in deformation resumed before the rebound stage.
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5.32. Case Example ZRamp 0 LowWall Failure)

Slope monitoring of théow-wall at ramp 0 at the New Vaal coal mine was carried out over a
25-day period from3" March to 1 April 2008. The low-wall is made of a mixture of large
guantity of clayey, silty sand and fragmented siltstones removed from the aafi hard
overburden overlying the coal seaihe clay content in theow-wall delays drainage when
recharged by rainfall (New Vaal Colliery, 2009doth the geological information and the
MSR data are incorporated into the description of the failure.

5.3.2.1. Locating the Area of Failure

The monitored region of the slope is divided into seglgferent sectons, as reflected in
figure 5.9 to ascertain the unstable areas whai@re took place. Figures 5.9 to 5.&how
that failure occurred in all the sectiorisecause they akxperienced higtdisplacement
magnitudes All the sections experienced dispemerg in excess of-400mm, and a

cumulative ratef displacemenabove-2mm/hr.
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Figure 59: The scanned region of ramp 0 slope
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