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ABSTRACT

Sope stability analysis is important in any opencast iron ore mine. A failure of slope in aworking area of mine
can give rise a significant economic losses and safety impact. The fundamental failure modes are varied and
complex. Such mechanisms are governed by engineering geology condition of rock mass which are almost always
unique to a particular site. Using the FLAC/Sope software stability of slope is analysis. The work was aimed at
study of stability of slopes using numerical modeling, at the same time study the different failure mechanism. The
purpose of this project is to learn and assess this FLAC/Sope software. As the study of the software is easy, it can
be concluded that it is user-friendly. Based on parametric studiesit can be concluded that slope angle plays a major
role on slope stability. Safety factor varied from 0.63 to 1.37 for the depth of 10 mto 250 mfor the slope angle of 45
degrees. It showed that with the increase in height of the bench or depth of the mine safety factor of the bench
decreases indicating less stability of the concerned slope. At the depth of 100 m, the safety factor was found to be
exceeding 1.2 for slope angle less than 35 degrees. Therefore, it is recommended to maintain the overall slope
angle not steeper than 35 degrees, in the hypothetical mine conditions assumed in the project. At the depth of 150m,
factor of safety is 1.02, and 1.01 for the slope angles of 35 degree and 40 degrees, respectively. Thisindicated that
the slope may be maintained with more than 1.0 safety factor at flatter than 40 degree, ensuring continuous
monitoring of the stability of slope through observational approaches. It is recommended that for improving the
reliability of model results, calibrations of models with actual field conditions may be taken of through
piezometric monitoring and measurement of slope momentsin varying geomining condition at different mine sites.

Keywords:. Slope stability, open pit mining, numerical modglirock mass strength, failure mechanisms.

INTRODUCTION

Slope stability analysis forms an integral parthef opencast mining operations during the life eyafl the project.
In Indian mining conditions, slope design guidedirage yet to be formulated for different types afing practices
and there is a growing need to develop such gueglior maintaining safety and productivity. Tidltd, most of the
design methods are purely based on field experjeutes of thumb followed by sound engineering juegt.
During the last four decades, the concepts of sktpbility analysis have emerged within the domaidirrock
engineering to address the problems of design taidlity of excavated slopes. In India, the numb&pperating
opencast mines is steadily increasing as comparedderground mines (1). It is due to low gestagieriod, higher
productivity, and quick rate of investment. On tomtrary, opencast mining attracts environmentatems such as
solidwaste management, land degradation and scoioeeical problems. In addition to that a large hamof
opencast mines, whether large or small, are novs degching to deeper mining depths. As a resullysisaof
stability of operating slopes and ultimate pit fagesign are becoming a major concern (2). Slojherda cause
loss of production, extra stripping cost for reagvand handling of failed material, dewatering thies and
sometimes lead to mine abandonment/premature eoslaintaining pit slope angles that are as stegpoasible is
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of vital importance to the reduction of strippingiging of waste rock), which will in turn have diteconsequences
on the economy of the mining operation. Designhef final pit limit is thus governed not only by tbee grade
distribution and the production costs, but alsotlwy overall rock mass strength and stability. Theéeptial for
failure must be assessed for given mining layouats iacorporated into the design of the ultimate(B)t Against
this backdrop, there is a strong need for goodtimexin slope design and management so that mitalbrective
actions can be taken in a timely manner to minirntieeslope failures.

Extensive literature review has been carried outuftderstanding the different types and modes afesffailures
(4). Numerical model FLAC/Slope was critically revied for its application to evaluation of the sligpbf slopes
in opencast mines. Field investigation was condlateJindal Opencast Mine with 116 m ultimate pépth at
Raigarh in Chhattisgarh State. Laboratory teste@wenducted for the rock samples taken during fietdstigation.
Parametric studies were conducted through numemcalels (FLAC/Slope) to study the effect of cohas{®40-
220 kPa) and friction angle (20°-30° at the intéofa2°). Pit slope angle was varied from 35° t& 85 an interval
of 5°.

In the geo technical field, stability analyses aorsupport the safe and functional design of roolt soil slopes.
Preliminary analyses can be carried out in ordedetermine the critical parameter of work stahiliBarametric
analyses allow one to asses physical and geomlgtrishlem parameter influence on the slope stai(8). A rock
and soil slope stability analysis allows one toleate: The optimal staged excavation or constradiime sequence
determination; the role, which design parametech s1s slope angle and excavation or embankmenlthgigy in
the work stability; Consolidation work such as metag walls, drainage system or rock bolting, whadn stabilize
slope (6).

Factors Affecting Slope Stability
Slope failures of different types are affected lty tollowing factors:

Slope Geometry: Slope geometry is the important factor which afettte slope stability. The basic geometrical
slope design parameters are bench height, ovéwpk single and area of failure surfaSeability of slope decreases
with increases in height and slope angle. The divangle increases the possible extent of the dgweknt of the
any failure to the rear of the crests increasesitasitbuld be considered so that the ground defoomat the mine
peripheral area can be avoided. Generally oveli@tesangle of 45° is considered to be safe by Dorate General
of Mines Safety (DGMS). The curvature of the sldyes profound effect on the instability and therefoonvex
section slopes should be avoided in the slope deSigeper and higher the height of slope ledsistability (7).

Catch Bench or Berm

Bench

Face

Figurel. Diagram showing bench angle, face, slope angle, toe and crest

Geological Structure: The main geological structure which affect the #itgbof the slopes in the open pit mines
are:

1. Amount and direction of dip

2. Intra-formational shear zones

3. Joints and discontinuities

4. Faults
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Instability of rock slope may occur by failure atppre-existing structural discontinuity, by failuferough intact
material or by failure along a surface formed padlong discontinuity and partly through intact evétl.
Instability may occur if the strata dip into thecaxations. Localized steepening of strata is @litfor the stability
of the slopes. Stability is hampered if a clay baathes in between the two rock bands. Bedding plané Joints
also provide surfaces of weakness (8).

Lithology and Ground Water: The rock materials forming a large pit slope deieas the rock mass strength
modified by discontinuities, folding, faulting, oldorkings and weathering. Low rock mass strengttharacterized
by ravelling, circular; and rock fall instabilitike the formation of slope in Massive sandstoné&icts stability. Pit
slopes having soil alluvium or weathered rockshat surface have low shearing strength and the gitregets
further reduced if water seepage takes place thrthugm. These types of slopes must be flatter (9).

Ground water causes increased up thrust and driwistgr forces and has adverse effect on the dtaloiithe

slopes. Chemical and Physical effect of pure wattessure in joints filling material can thus alee cohesion and
friction of the discontinuity surface. Physical exffs of providing uplift on the joint surface, reds the frictional
resistances. This will reduce the shearing t@st® along the potential failure plane bgung the effective
normal stress acting on it. Physical and the chalmatfect of the water pressure in the pores ofrduk cause a
decrease in the compressive strength particuldngrevconfining stress has been reduced (10-12).

MATERIALSAND METHODS

In limit equilibrium method of analysis, static &eris applied to analyze the stability of the rat&ss or soil above
the failure surface. If failure has already occdsrtne geometry of the failure surface can be detexd and the
analysis of the failure can be done and is knowhak analysis. If it is a design situation, howethee failure

surface is potential rather than actual, many gi@tesurface may have to be analyzed to find tliical geometry

before an acceptable slope geometry can be acabimteln the case of plane failure, 3D wedge f&]circular

failure, the material above the failure surfacel W& on the point of slipping when the disturbiraycies due to
gravity are just counterbalanced by the forcesitentb restore equilibrium. The ratio of the twades defines the
factor of safety of the failure surface.

Stress Analysis Method: Failure does not necessarily occur along a wdihdd failure surfaces. The situation
where the structural condition does not permitisfidalong the discontinuity surface, crushing @& thck occurs at
the points of the highest stress. Progressivertaitf the rock mass can subsequently deform theestmd may
cause the catastrophic failure. The objectivedefstress analysis method are to represent themeask by a series
of structural elements (finite element method) eltscof constraint of materials (one finite diffatamethod) and
perform an analysis to determine to stresses attpuaiithin the slope. The stress distribution canekamined to
determine where rock failure is likely to occurckdailure occurs when the stresses to which tlok i® subjected
more than its strength (13).

Numerical Modeling: Many rock slope stability problems involve comptes relating to geometry, material
anisotropy, non-linear behavior, in situ stressas the presence of several coupled processesp@g.pressures,
seismic loading, etc.). Advances in computing poaed the availability of relatively inexpensive comrcial
numerical modeling codes means that the simulatfqrotential rock slope failure mechanisms coultj am many
cases should, form a standard component of a topk $nvestigation. Numerical methods of analysiedufor rock
slope stability may be conveniently divided inteetd approaches: continuum, discontinuum and hyodeling
(14).

Continuum Modeling: Continuum modeling is best suited for the analg$islopes that are comprised of massive,
intact rock, weak rocks, and soil-like or heavilgdtured rock masses. Most continuum codes incatpa facility
for including discrete fractures such as faults badding planes but are inappropriate for the ammlgf blocky
mediums. The continuum approaches used in rockesdtgbility include the finite-difference and fimielement
methods. In recent years the vast majority of mhiglil continuum rock slope analyses have used dirdite-
difference code, FLAC. This code allows a wide ckoof constitutive models to characterize the rmoass and
incorporates time dependent behavior, coupled hgurohanical and dynamic modeling. Two-dimensional
continuum codes assume plane strain conditions;hndmie frequently not valid in inhomogeneous rdokes with
varying structure, lithology and topography. Theem advent of 3-D continuum codes such as FLACBD a
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VISAGE enables the engineer to undertake 3-D aralg$ rock slopes on a desktop computer. Althoughahd 3-
D continuum codes are extremely useful in chariber rock slope failure mechanisms it is the resoility of

the engineer to verify whether they are represemetaif the rock mass under consideration. Whereck slope
comprises multiple joint sets, which control thectm@nism of failure, then a discontinuum modelingrapch may
be considered more appropriate (15).

Discontinuum M odeling: Discontinuum methods treat the rock slope as eoditnuous rock mass by considering
it as an assemblage of rigid or deformable blogke analysis includes sliding along and openinglale of rock
discontinuities controlled principally by the joimtormal and joint shear stiffness. Discontinuum ediog)
constitutes the most commonly applied numericar@ggh to rock slope analysis, the most popular otktheing

the distinct-element method. Distinctelement codash as UDEC use a force-displacement law spegifyin
interaction between the deformable joint boundedcks and Newton’'s second law of motion, providing
displacements induced within the rock slope. UDE@articularly well suited to problems involvingrjted media
and has been used extensively in the investigaifoboth landslides and surface mine slopes. Thieénte of
external factors such as underground mining, eadkes and groundwater pressure on block sliding and

deformation can also be simulated.
h J

MODEL SETUP

I, Generate grid, defoem to desired shape
1. Define corstitutive and material properties
3. Specify boundary and mital conditions

.........

Step 1o equilibrium state

Examine the model
TeRponse

Results unsatisfactory

Meodel makes sense
L)

Perform Alternations

For Example; | Excavate Materials

......

2. Change bowndary conditions

¥
| Btep to soluions |

Examine the modil
More tests needed e

Accepiable Result

Nao

Figure2. Flow chart for deter mination of factor of safety using FLAC/Slope

Hybrid Techniques: Hybrid approaches are increasingly being adopteck slope analysis. This may include
combined analyses using limit equilibrium stabibiiyalysis and finite-element groundwater flow ammdss analysis
such as adopted in the GEO-SLOPE suite of softwdybrid numerical models have been used for a denable
time in underground rock engineering including dedpboundary-/finite-element and coupled bounddrgtihct-
element solutions. Recent advances include couygetitle flow and finite-difference analyses usfFIgAC3D and
PFC3D. These hybrid techniques already show samifi potential in the investigation of such phenomas
piping slope failures, and the influence of higlowgrdwater pressures on the failure of weak rockeso Coupled
finite-/distinct-element codes are now availableclhhincorporate adaptive remising. These methodsaufinite-
element mesh to represent either the rock slogeir bounded block. This is coupled with a diseretlement
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model able to model deformation involving jointsthe stresses within the rock slope exceed tHaréaicriteria
within the finite-element model a crack is initidtd&Remising allows the propagation of the cracksugh the finite-
element mesh to be simulated. Hybrid codes withpta remising routines, such as ELFEN, have been
successfully applied to the simulation of intenseturing associated with surface mine blastinghemal grinding,
retaining wall failure and underground rock caving.

General Approach of FLAC The modeling of geo-engiiteg processes involves special considerations aand
design philosophy different from that followed fdesign with fabricated materials. Analyses and giesifor
structures and excavations in or on rocks and swilst be achieved with relatively little site-sgiecdata, and an
awareness that deformability and strength propertiay vary considerably. It is impossible to ob@dmplete field
data at a rock or soil site. Since the input daeessary for design predictions are limited, a micalemodel in
geomechanics should be used primarily to understhaddominant mechanisms affecting the behaviothef
system. Once the behavior of the system is undmsibis then appropriate to develop simple catiahs for a
design process. It is possible to use FLAC direatlydesign if sufficient data, as well as an untiarding of
material behavior, are available. The results pceduin a FLAC analysis will be accurate when thegpam is
supplied with appropriate data (16).

Analysis Procedure: FLAC/Slope is specifically designed to perform tiplé analyses and parametric studies for
slope stability projects. The structure of the pamg allows different models in a project to be lyasieated, stored
and accessed for direct comparison of model res@ltELAC/Slope analysis project is divided into fostages
which is described below.

a) Models Stage: Each model in a project is named and listed iabdéd bar in the Models stage. This allows easy
access to any model and results in a project. Nedefs can be added to the tabbed bar or deleted ifrat any
time in the project study. Models can also be restqloaded) from previous projects and added édinrent
project. The slope boundary is also defined fohemnodel at this stage.

b) Build Stage: For a specific model, the slope conditions aréneelfin the Build stage. This includes: changes to
the slope geometry, addition of layers, specifaratof materials and weak plane, application of axefloading,
positioning of a water table and installation oihfercement. Also, spatial regions of the model banexcluded
from the factor-of-safety calculation. The builég¢ conditions can be added, deleted and modifiethyatime
during this stage.

c) Solve Stage: In the Solve stage, the factor of safety is calmd. The resolution of the numerical mesh is setec
first (coarse, medium and fine), and then the facfesafety calculation is performed. Differentesigth parameters
can be selected for inclusion in the strength redn@pproach to calculate the safety factor. Biadk, the material
cohesion and friction angle are used.

d) Plot Stage: After the solution is complete, several outpuestbns are available in the Plot stage for display
the failure surface and recording the results. Moésults are available for subsequent access amgarison to
other models in the project. All models createchimita project, along with their solutions, can beexl, the project
files can be easily restored and results viewedlater time.

RESULTSAND DISCUSSION

The final stage of problem solving is the preséotabf the results for a clear interpretation o imalysis. This is
best accomplished by displaying the results gragllgiceither directly on the computer screen, oragput to a
hardcopy plotting device. The graphical output dtidae presented in a format that can be directiymared to field
measurements and observations. Plots should cliel@ryify regions of interest from the analysisglsas locations
of calculated stress concentrations, or areas aiflestmovement versus unstable movement in the mddel

numeric values of any variable in the model shalé be readily available for more detailed intetation by the
modeler. The above seven steps are to be followedlve geo-engineering problems efficiently.
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Figure3: Influence of base inclination of slicein two-dimensional slope stability analysis

Mechanism of Slope Stability: The stability of slopes has traditionally been tiedaas a problem in limiting
equilibrium mechanics. A condition of failure isgtolated along a known (or assumed) failure surface the
necessary shear resistance of the soil to maietgirlibrium of the resulting free body is calcuthtdhis shear
resistance is then compared to the estimated sheagth of the soil to indicate the margin of safe the slope.

Two-Dimensional Problems: A number of methods for the two-dimensional analysi slope stability which are
based on limit equilibrium techniques are preseatigilable. For a description of these methods,réader may
refer to Fellenius, Taylor, Janbu, Bishop, Lowe #&adafiath, Morgenstern and Price, Spencer, antulawright
made a comprehensive study of some of these me#ftmisompared their merits and shortcomings.

These methods differ from one another in one orenebthe following aspects:

(i) The assumptions introduced to achieve staticallgrd@nacy.

(ii) The conditions of equilibrium which are satisfied.

(iii) The shape of the failure surface or the shapeetti to be analyzed. The analysis performed hésdimited
to circular arc models of failure.

Slope Analysis: SLOPE uses the graphical interface and it calcsiltite factor of safety. FLAC is the core of a
new, user-friendly code that models slope stabjlityblems under a wide variety of slope conditibhese include:
arbitrary slope geometries, multiple layers, paspure conditions, heterogeneous soil propegie$ace loading,
and structural reinforcement. SLOPE uses the sammilation method as FLAC with a simplified modelin
environment that provides tools and facilities esole to slope stability analysis. The result isode that offers
rapid model development, proven analytical cap@édsliand fast solution reporting.

Tools within the SLOPE allow for rapid model dey@ieent, including
» Creation of the slope geometry

» Addition of layers

» Specification of material either manually or frordatabase

» Positioning a planar or non-planar material integfa

» Location of water table

» Application of surface loading at any location
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» Installation of structural support such as soilsiar rock bolts.

Falling I
Mass

Dump

Scft Soll

h

Figure4: (A) Surfaceor edgeslide, (B) Shallow flow dlides, (C) Basefailure, (D) Block translation, (E) Circular arc failure, (F)
Foundation circular failure

FLAC/Slope can be applied to a wide variety of dtads to evaluate the stability of slopes and enkip@ents.
Each condition is defined in a separate graphazl t

1. The creation of the slope boundary geometryallor rapid generation of linear, nonlinear anddied slopes
and embankments. The Bound tool provides separatergtion modes for both simple slope shapes ané mo
complicated non-linear slope surfaces. A bitmaD¥F image can also be imported as a background éntag
assist boundary creation.

2. Multiple layers of materials can be defined e model at arbitrary orientations and non unifahicknesses.
Layers are defined simply by clicking and dragdiimg mouse to locate layer boundaries in the Latgels

3. Materials and properties can be specified m#yaal from a database in the Material tool. At mnets all
materials obey the Mohr-Coulomb yield model, antetageneous properties can be assigned. Mateopkepies
are entered via material dialog boxes that carditeccand cloned to create multiple materials rigpid

4. With the Interface tool, a planar or non-plamaterface, representing a joint, fault or weak plasan be
positioned at an arbitrary location and orientatiorthe model. The interface strength properties emtered in a
properties dialog; the properties can be spectfiedary during the factor-of-safety calculation,remain constant.
Slope is limited to slope configurations with nom@adhan one interface. For analyses which involwdtipie (and
intersecting) interfaces or weak planes, full FL&l@uld be used.

5. An Apply tool is used to apply surface loadingtie model in the form of either a real pressateféce load) or a
point load.

6. A water table can be located at an arbitranatioo by using the Water tool; the water table i the paretic
surface and pore pressure distribution for incaapon of effective stresses and the assignmenteaifamd dry
densities in the factor-of-safety calculation.

7. Structural reinforcement, such as soil nailskrbolts or geotextiles, can be installed at arcation within the
model using the Reinforce tool. Structural progerttan be assigned individually for different elatagor groups
of elements, through a properties dialog.

8. Selected regions of a Slope model can be exdlfrden the factor-of-safety calculation.
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Figure5: Variation of Factor of Safety with Slope Anglefor Different Depth

It is observed from the table that as the pit slapgle increases, the factor of safety decreasgshanstability of
the slope decreases. In total 45 model iteratiome warried out, with different set of data on aiag the slope
angle with the increment of 5 degree from 35 degoe®5 degree to understand the effect on fact@aédty. The
result of the analysis has indicated that the faofcsafety varied from 0.41 to 1.64 with 35 degteeb5 degree
slope angles. The factor of safety 1.2 is consitle@e. It was observed that the factor of safbégnges with
change in the resolution of numerical mesh whilenimg the numerical model FLAC/slope. Factor oksafs quite
approximate in coarse mesh while factor of safetyerges to the possible value making it more ateuFactor of
safety calculation in coarse mesh as comparedn® &nd medium mesh is faster. So considering the ti
availability and requirement of modeler, the sugalesh has to be selected.

Summary and Conclusion: Parametric studies were conducted by numericalemBdAC/SLOPE for varying
slope angle and depth of the typical mine condijtfolowing are the conclusion and recommendatiasdu on the
numerical modeling results.

1. Safety factor varied from 0.63 to 1.37 for thepth of 10 m to 250 m for the slope angle of 45releg. It showed
that with the increase in height of the bench gtld®f the mine safety factor of the bench decreasgicating less
stability of the concerned slope.

2. At the depth of 100 m, the safety factor wasnfbto be exceeding 1.2 for slope angle less tladegrees.
Therefore, it is recommended to maintain the oVeslabe angle not steeper than 35 degrees, in yphethetical
mine conditions assumed in the project.

3. At the depth of 150m, factor of safety is 1.@2d 1.01 for the slope angles of 35 degree andeffdeds,
respectively. This indicated that the slope mayraéntained with more than 1.0 safety factofflater than 40
degree, ensuring continuous monitoring of dtadility of slope through observational approaches

4.1t is recommended that for improving theabhiiity of model results, calibrations of modelghnactual field
conditions may be taken of through piezometric noritig and measurement of slope moments in varying
geomining condition at different mine sites.
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From the above study following conclusions can tzeve:

* It has been found out that most of the overburdenplis concentrated by sandy samples as theiraigges from
0.075-4.75mm.

» The dumps were designed in four trials with diéfe slope angles to check the best safety factors.

* The safety factors vary from 1.47 to 1.16 fromichhwe have selected the most stable dump consglénth the
dump height and safety factor.

*From trial 1 the dump with slope angle of 32° Vi@snd to be the stable and dumps with slope arggiester than
32° are not stable. From trial 2 the dumps witlpslangles lees than 29° were found to be stabden fial 3 the
dumps with slope angles lees than 27° were fourizktstable. . From trial 4 the dumps with slopelemtees than
28° were found to be stable.

*The dump with three decks of height 30 m is apslangle 2dwith safety factor 1.20 is selected as stable and
most effective.
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