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Dump Slope Stability
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Abstract In order to mine out the valuable minerals from the depths of the earth’s
surface, huge amounts overlying material must be removed first. This overlying
material, which in most cases is of no economic value to the mining operation, is
called overburden (a mine waste), and has to be stored in the mine vicinity in order to
keep on mining the underlying mineral effectively. Limited space available in a
mining project renders it necessary for the overburden to be stored in form of dumps,
which can reach huge dimensions as mining moves on to higher and higher stripping
ratios. It hence becomes a necessity to ensure that these dumps are safe in all
conditions and stages of mine working. Understanding of the mechanics and
dynamics of the dumps and dump slopes therefore, becomes a crucial requirement
for a mining engineers that will help them design safer dumps, simultaneously
considering the economic aspects of mining. With this consideration, this chapter
deals with a broad overview of the dumps and dump design, covering various details
of the dumping methodologies, dump characterisations, and mechanics and dynam-
ics of dump slope failure. Stress of this chapter is specifically focused on proper
understanding of the various factors that affect the stability of the dump slopes.

2.1 Introduction

In today’s mining industry, surface mining undoubtedly dwarfs the underground
mining by a long margin in terms of production and productivity. For instance,
almost 97% of United States’ metal mining is open pit mining, producing around
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700 MT of ore as compared to 19MT of ore by underground mining methods [1]. In
India, 92% of total coal production is from opencast mines [2]. Similar trends are
observed around the world for major mineral exploration and mining operations. In
conjugation to these huge amounts of production from open pit mines, there is a
large requirement of waste material handling for the excavation to take place. In
proportion to the stripping ratio of the mining operation, which is the amount of
waste material handled per unit mineral excavated, huge amounts of overburden
waste have to be removed and relocated in order to excavate the required mineral.
The average stripping ratio for Indian open pit coal mining was 2.33 in the year
2015, implying that for the production of 612.44 MT of coal that year, 1427 MT of
overburden was displaced from one location to another [2].

Historically, right from the time man started extracting valuable minerals from the
rock, there has been a problem of waste management. In early days of mining, the
waste management was simply done by moving the material out of the way, either
down the hill slope or to any other available place. Many times, this waste material
was thrown away in rivers, lakes etc., which, in due course of time, started getting
blocked. Eventually laws were established to avoid such reckless practices and to
regulate the disposal/storage of mine wastes [3].

Today, these huge amounts of overburden material are either casted back in to the
pits are is dumped either inside the mine (in form of internal dumps) (Fig. 2.1) or
outside the mine (external dumps). Since the mine economics favours internal
dumping, and the land area available inside the mine is always limited, it is critical

Fig. 2.1 A typical internal dump in one of the coal mines in Northern coalfields limited
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to make steeper and higher dumps in order to put more and more material in the same
amount of land area [4].

However, stability of these dumps is especially important for safe mine working,
considering specifically that in most cases these dumps are very near to the haul
roads or working face in opencast mines. Any failure in this case will result in
catastrophic losses in terms of life, property and machinery as is seen in many of the
past and recent examples such as in Rajmahal Coal Mine, Jharkhand in 2016 [5, 6]
(Fig. 2.2), Sasti Mine in 2009, Jayant coal mine in 2008 [7], Kawadi Opencast mine
in 2000, etc. [8–10]. Hence, it is imperative to know the intricacies of the dump slope
design in order to plan the mining work ensuring safety as well as sound mine
economics. This chapter will deal with basic understanding of the dumps, including
the types of dump formation, the factors that affect the stability of the dump slope
and the various modes in which the dump fails.

2.2 Dump Classification

Most mine dumps comprise of blasted out overburden that is highly heterogeneous
in nature and the size of rocks can range from less clay size particles to big boulders
(less than 0.1 mm to more than 1 m diameter). This is based on lots of factors
including rock type, local geology, and blasting practices. Dumping operations that
allow material to fall from some height undergo natural gravity segregation, how-
ever, obtaining an exact size distribution of material in a dump is very difficult
[11]. Some especially designed dumps have layered positioning of set grade of
material to allow formation of natural channels for water movement. In other cases
the dump may have a layer of heavy rock covering the face of dump to avoid the fine
grained particle flying off while dumping [12].

Shape of the dump is dependent on the topography of area on which the dump is
made. Following are some of the shapes a mine dump can take:

Fig. 2.2 Catastrophic damage after dump failure in Rajmahal Coal mines in 2016 [5]
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2.2.1 Valley Fill

Valley Fill: As the name suggests it fills the valley. The filling starts from the higher
level of the valley to the lower level of the valley (from upstream to downstream). In
case the valley is not filled completely (partial valley fill), arrangement of culverts,
rock drains etc. need to be provided for preventing water impoundment (Fig. 2.3).

2.2.2 Cross Valley Fill

Cross Valley fill: In this type of valley fill the layers cross the valley, in contrast to
moving from upstream to downstream. These can be used as retention dams for fine
coal or waste slurries, in which case proper drainage facilities are provided to ensure
stability (Fig. 2.4).

2.2.3 Sidehill Fill

Sidehill fill: These are made on the existing natural or artificial slopes. These do not
cross the valley bottom. They can be used to impound water in slopes or mine waste
slurries (Fig. 2.5).

Fig. 2.3 Valley fill type of
dumping [13]

Fig. 2.4 Cross valley fill
type of dumping [14]

Fig. 2.5 Sidehill fill type of
dumping [13]

24 T. Gupta et al.



2.2.4 Ridge Embankment

Ridge Embankment: These are made above an existing ridge, with both sides of the
crest being touched by the waste material (Fig. 2.6).

2.2.5 Heaped

Heaped: These are generally constructed on level or gently dipping terrain. These
can be stacked or piled up fills where material is filled in one lift after another. The
dump has slopes on all sides (Fig. 2.7).

Apart from the shape a dump takes, dumps can also be classified based on the
method of dumping.

2.2.6 End Dumping

End Dumping: This method simply involves dumping the waste rock on the dump
face directly by the dumper or tippler. The layers of the material thus formed are
parallel to the face (Fig. 2.8). Due to the movement of material from top to bottom of
the dump face under gravity, some segregation of particle size takes place, with finer
settling on the upper part of the dump while the coarser settling in the lower parts and
near the toe of the dump.

Fig. 2.6 Ridge
embankment type of
dumping [14]

Fig. 2.7 Heaped type of
dumping [13]

2 Dump Slope Stability 25



2.2.7 Push Dumping

Push Dumping: This method is like the end dumping, except that in this case the
dumper places the waste material on the top surface of the dump, from which the
material is levelled and pushed with help of dozers to fall on the face of the dump
(Fig. 2.9). This is generally done in case of weak dump edges, where there is a

Fig. 2.8 Ending dumping in progress in one of the opencast coal mines [11]

Fig. 2.9 Dozer push dumping the overburden material in an opencast mine [15]
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danger of failure of the slope when the dumper is unloading on the edge. Particle size
segregation is similar to that in case of end dumping.

2.2.8 Free Dumping

Free dumping: In this method, the material is dumped on the surface in form of small
piles that are then levelled and compressed into layers to eventually form lifts. These
lifts act as the base for the next lift when sufficiently large enough (Fig. 2.10). Since
all material is compressed, there is no practical segregation of material size.

2.2.9 Dragline/BWE Dumps

Dragline/BWE dumps: Typically used in coal mines, these are small heighted
dumps, dropped from some height by bucket, conveyor belt etc. (Fig. 2.11). There
is no lift making, nor any compaction of material that takes place. Hence size
segregation does not take place to that extent since the size of the dumps is also
small.

Fig. 2.10 Free dumping is seen in form of compressed lifts in an opencast mine [16]
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2.3 Factors Affecting Dump Slope Stability

As discussed before it is very important to keep the dumps stable and safe for
preventing any accidents and loss in life and property. A dump slope failure can
cause unprecedented interruptions in mine production for e.g. by equipment burial in
the debris, by blocking the haul road or the access way to the ore etc. Further to
failure, the cost of clean-up and resumption of mine operation is substantial and will
additionally be a burden to the mine economics. Hence it is important to understand
the factors that affect the stability of dump slopes. Some of the major factors are:

2.3.1 Geometry of Dump

Geometry of dump: Perhaps one of the major factor that affects the stability of slope
is the geometry of the dump. Specifically, parameters like the height of the dump, the
overall slope of the dump, berm width/haul road width, etc. have a significant effect
on the stability of slope [18]. Higher slopes and angles make the slope unsafe while
the gentler slope gives a higher factor of safety as is shown in various studies [19]
(Fig. 2.12).

Fig. 2.11 Dragline dumping the overburden material in an opencast mine [17]
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The slope of these dumps is dictated based on the method of dumping as well.
The end dumping technique makes loosely compacted slopes at an angle that is very
close to the natural angle of repose. At the angle of repose, the slope is critically safe
(factor of safety is 1), and since the material is loose, there is high chance of failure of
such slopes [3]. In contrast to this, the lift type or free dumping involves compaction
of material and hence there is an increase in density and internal friction, resulting in
more stable material that can support higher and steeper slopes. The slopes which
can be made here are determined by simulation methods for allowable heights and
angles, keeping the dump safe [4, 20].

2.3.2 Geotechnical Properties of Dump Material

Geotechnical properties of Dump material: The geotechnical properties of the dump
material are the main factors that affect the stability of the dump slope. Properties
like density, shear strength, grain size distribution, compression index, degradation
behaviour, saturation etc. are some of the primary characteristics of the dump
material that need to be known in order to design a safe dump. These properties
are mostly calculated in labs (Fig. 2.13) by series of standard testing procedures laid
out by local or global standardising organisations like ISRM, ASTM, ISO, BS etc.,
though some tests can also be performed on field.

Most of the geotechnical properties are based on the way dumps are made. An
intact rock like sandstone, mudstone or shale will possess inherent rock properties
such as compressive, tensile and shear strengths, density, porosity and permeability,
inherent saturation etc. based on the location of the rock and its base geology.
However, since the dump material is not intact and is in fact the fragmented form
of the intact rock, most of these properties will be highly dependent on the grain size
distribution, compaction, saturation etc. For instance, density of dump waste mate-
rial will be highly dependent on the compaction of the material while the dump is
formed. For the dumps made by end dumping method, the density will be less due to
simple gravity compaction, while in case of lift dumping, the density will be much

Fig. 2.12 A comparative strain development model for (a) Dump with lesser height and lower
overall slope angle. (b) Dump with more height and steeper overall slope
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higher as the dump is compacted in each lift stage. Density will also be based on the
grain size distribution of dump material [3]. The finer grain size will give much
denser dump materials than the coarser grain sizes. A gradual mix of finer and
coarser grain size can give a much better packing efficiency, due to proper filling of
pore spaces, as compared to the ones with only coarser grain sizes. This again is
based on the type and purpose of dumping. The methods like end dumping and slide
dumping involve gravity induced segregation of material, where the material is
constantly added to the face of the dump, resulting in coarser particles to collect at
the bottom and finer at the top, hence creating a density gradation from top to
bottom. On the same lines, but in opposite trend, the free dumping, which uses
lifts to create dump keep compacting the dump material at every step resulting in
high densities, which keep on increasing as more number of lifts are added on the top
of the dump. Typically, density of dump material may vary from 1.6 to 2.2 g per
cubic centimetre based on the compaction.

Similar to density, shear strength of the dump material is also an important
property affected by the variation of compaction and overlying load. The compac-
tion of material changes its effective internal friction angle and cohesion. These
factors are also affected by the degree to which the dump material is saturated. Based
on the type of dump material, the cohesion and angle of friction will vary with
moisture content of the dump. Increase in the surface moisture in some massive
structured materials such as quarts increases the friction, while the same decreased in
the minerals with layer like lattice such as mica [21]. It was also observed in many
studies that the internal angle of friction increased with the increase in coarser grain
sizes in a fine-grained soil sample, possibly due to better cross linking. However, for
a given void ratio, the smallest size particles will have the highest internal angle of
friction, which will decrease with further increase in grain size [12]. In most of the
dump slope stability analysis, the simplest and most applicable model for the judging

Fig. 2.13 Lab testing apparatus and setup for (a) Uniaxial compressive strength in a cubical
sample, (b) Sieve analysis for grain size distribution study
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the stability of dump slope is the Mohr-Coulomb failure criteria (Fig. 2.14), which
effectively states the shear strength to be a function of the normal stress, internal
angle of friction and the cohesion.

2.3.3 Geotechnical Properties of Foundation

Geotechnical properties of Foundation: Since the full dump must stand on it, the
geotechnical properties of the foundation also play a key role in stability of the dump
slope. In fact, one of the major causes of dump slope failure is the failure of the weak
foundation base. The properties like saturation, porosity, permeability, shear
strength of the foundation, are hence quite significant in slope stability. The foun-
dation can deform in case it is made of saturated soil or similar zones resulting in a
toe failure, or a complete circular failure involving both the dump as well as the
foundation. Many times, it is difficult to predict the behaviour of foundation before
the dumping starts as the base rock behaves differently under the load of tonnes of
dump material [22]. Many types of foundation materials such as low plasticity silts
and clays are expected to settle based on the consolidation of the in-situ conditions,
as the dumping material is pilled over them with time. This settlement can cause
serious complications on dump stability and the drainage structures that are made in
the dump. Apart from that, the hydrological aspects change drastically as the
dumping proceeds. Porosity and permeability are the factors that will decide the
pore dynamics and the generation of pore water pressure. The water table will rise as
the dump height increases resulting in saturation of bottom layers of foundation. This
shall reduce the shear strength of foundation as compared to the no dumping
conditions, and hence can result in unexpected failures by liquidation of the foun-
dation. Hence detailed laboratory testing for the foundation material is also required
including its classification, strength, permeability, consolidation etc.
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Fig. 2.14 Cohesion and angle of friction being calculated by the shear strength Mohr circles from
the triaxial testing data. The blue line denotes the Mohr’s failure envelope
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2.3.4 Method of Dumping

Method of dumping: As we discussed in the section on dump classification, method
of dumping plays a role in dictating the mechanical behaviour of dump. Based on the
type of dumping, the geotechnical properties like the pore sizes, porosity, perme-
ability, density, grain size distribution etc. vary from one dumping method to the
next, hence affecting the stability of the dumps. Apart from geotechnical properties,
the steepness of the slope is often dictated by the method of dumping as well. The
layered dumping methods and the end dumping methods show contrasting charac-
ters when it comes to these properties. The design of the dump also dictates the
hydrology of the dump and in extension the stability of dump slope. The presence of
drainage channels provided in the dump design can act as relieve points for hydro-
logical build up and can reduce the static water head that is often built in dumps that
have high compaction scenarios. On the other hand, the loosely compacted end
dumping techniques mostly provide enough pore spaces for the water to pass
through to the base and in the foundation.

2.3.5 Hydrological Conditions

Hydrological Conditions: One of the important factors for dump slope stability that
is often overlooked is the effect of water. Overburden is majorly blasted out rock and
soil, which is generally highly porous in nature due to the end-dumping techniques.
This results in easy percolation of water through the dump to its lower layers, which
may result in accumulation of water if proper drainage routes are not made
(Fig. 2.15). Accumulation of water in dumps can be disastrous and can lead to
massive failures of dump slope as was seen in 2008 in western section of Jayant
opencast mine, Northern coalfield Ltd. India [7].

Effect of accumulation of water in dumps can be threefolds. Firstly, water creates
a hydrostatic pressure due to weight of the water itself, which increases the effective
stress on the overall slope. Secondly, the presence of water creates pore pressure,
which is the force of water present in voids of the overburden material. This pressure
can be both positive (forcing the overburden particles away from each other) or
negative (in form of suction/capillary pressure), and hence changes the dynamics of
slope stability. Thirdly, oversaturation of water makes the particles loose due to
dilution, which changes the internal properties of overburden material such as
cohesion and internal angle of friction, hence causing instability in an originally
stable slope [11]. Though proper drainage channels generally prevent the accumu-
lation of water, these become ineffective with time due to build-up of fine soil at the
base of dumps, transported from infiltration of rain water over time. Effective
drainage hence becomes a key for keeping the hydrostatic pressure under check
and keeping the dumps stable.
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Apart from the hydrology of dump slopes, foundation hydrology also plays a vital
role. The rise of the water table with increased dumping height makes the higher
layers of foundation saturated. This results in decrease in shear strength and often a
case of highly plastic behaviour of foundation resulting in massive failures due to
dilation. Hence, factors like porosity, permeability, groundwater, and drainage are
important considerations for designing a dump as well as for monitoring the stability
of dump slopes. Porosity and permeability, both of which are responsible for the
water statics and dynamics in the foundation (Fig. 2.16), will give idea of the void
distribution and hence will be helpful in calculating water retention and static
pressure heads.

Rainfall Rainfall
Transpiration

Infiltration

Unsaturated zone

Saturated zone

Slip surface

Wetting
front

Potential evaporation = f (air
temperature, relative humidity,
solar radiation, wind speed)

Actual evaporation =
f(potential evaporation, soil
temperature, soil suction)

Tension cracks

Rise in water table

Ground water table

Fig. 2.15 Hydrodynamics depicting water movement and water cycle in a dump slope [23]

Fig. 2.16 Porosity and
permeability are two
different but important
aspects in hydrology of a
dump slope [24]
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Another important aspect of the hydrology of dump slopes is the rainfall and
surficial erosion. Rain water will both infiltrate the dump material as well as will run
off from the surface based on the porosity and permeability of dump material.
Surficial runoffs result in surficial erosion and hence can be detrimental to the design
of dump as a whole [25]. These erosions can choke the drain channels as well as
make the dump structurally weak if the toe area of the dump is eroded. Hence erosion
studies are also conducted for getting an idea of the effect of water movement on and
around dumps. In this case, vegetation on the dump also plays a significant role as
the roots of the vegetation acts as binder for the soil/overburden material, hence
holding it against the erosion [26].

2.3.6 Static and Dynamic Forces

Static and Dynamic Forces: Apart from the local static properties of material and
nature, there are other dynamic properties that also effect the stability of dump
slope. In seismically active areas, ground movement due to earth quake is also
kept as a factor in dump design and stability analysis. Though there have been
many models for dynamic behavioural analysis of dump slopes, the exact effect
on the stability of dump slopes is still debatable, mostly because of the
unpredictable transfer of energy from ground to the dump and the effect it will
have thereof. The greatest stability risk that the dump has in case of seismic
activity is the liquefaction of foundation, resulting in progressive unavoidable
failure.

Similar to the seismic activity in local area, one of the major form of dynamic
forces active on the waste dumps in regular mining conditions is that by the
blasting operations in mining [27]. Though modern-day blasting is well planned
and studied for the effect of its vibrations on local structures, there is always a
possibility of misfires and unregulated blasting resulting in detrimental effects on
local mine structures, specifically the internal dumps which are at proximity to the
blast zone (Fig. 2.17). Dumps these days are hence analysed for blast induced
vibration study as well as other stability analysis for their safer design
[28, 29]. Apart from blasting and seismic forces, some of the other loads such as
moving of heavy earth moving machinery on or near the dump also play a role in
stability of dump slopes.
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2.4 Modes of Failure

Any negative factor in the above discussed aspects affecting the stability of the dump
slopes can lead to slope failure. The way, or mode, in which a slope fails is dictated
by which of the factors are not up to the mark to make the slope stable. The
prediction for the mode of failure is also important in case the failure is unavoidable
and remedial measures have to be planned in advance. Based on the kinetics of
failure there are three basic kinds of failure movements as seen in Fig. 2.18. In
regressive failure, there are short term displacement cycles at a decelerating rate on
the removal of the failure initiation event such as external loading, blasting vibration
etc. On the other hand, in the progressive cycle, the displacement cycles are
accelerating and won’t stop by themselves unless some stabilisation measures are
introduced [30]. Various combinations of factors result in various modes of failures
in dump slopes. Some of the main failure modes discussed in various literatures are
mentioned here.

2.4.1 Surface or Edge Slide

Surface or edge slide: These are some of the most common type of failure in mine
dumps, where a layer of material, parallel to the surface of the slope, fails and
translates down the slope (Fig. 2.19). These are generally seen in end dumping and

Fig. 2.17 Blast vibrations can cause failures in the dump slopes and hence are designed and
analysed accordingly (NCL, India)
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push dumping methods and happen mostly due to over steepening of the crest
regions of the dump. The steepening may happen due to higher cohesion of material,
especially post rains, when the steepening is also coupled with weakening of the toe
region of the dumps. A variation of this is the plane failure of the dumps where
sliding occurs along a single plane either at an angle to the slope or parallel to it.

2.4.2 Shallow Flow Slides

Shallow flow slides: These are shallower as compared to the surface slumping. The
failure occurs here due to complete or partial saturation of dump material due to rains

Fig. 2.18 (a) Displacement vs time plot for repressive and progressive displacement cycles during
the slope failure. (b) Corresponding structural conditions for slope kinetics [30]

Fig. 2.19 (a) Surface slump failure, (b) Edge slide failure [31]
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or snow melt in very cold regions, resulting in reduction in shear strength of the
material [14]. Mostly restricted to the crest of the dump, the material translates from
the top to bottom of the dump increasing the toe region (Fig. 2.20).

2.4.3 Rotational Circular

Rotational circular: Rotational failure again is one of the major failure modes seen in
dumps, where the mass fails along a curved surface (Fig. 2.21). This is especially
seen in dumps with excessive dump heights or loading materials. This can also
happen during rains, especially due to loss of toe support and during earthquakes.
Rotational failure may be limited to failure of the dump material or can extend to the
foundation of the dump if the foundation material is weak soil type or due to high
pore-water pressure development [14]. Creep is also characterised as a wider form of
circular failure.

2.4.4 Block Translation

Block Translation: This happens in all the conditions similar to the rotational circular
failure, however the translation generally occurs along a plane which is either in the
foundation, or at the interface of foundation and dump material (Fig. 2.22). This type

Fig. 2.20 Shallow flow
slide failure

Fig. 2.21 Rotational
circular failure [31]
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of failure is characterised by movement of the whole dump along the weak plane,
which is further favoured by increasing steepness of the foundation.

2.4.5 Base Failure (Spreading)

Base Failure (spreading): This is a progressive type of failure where there a weak
failure plane in the foundation which combines with the shear failure plane of the
dump. This is specially seen in steeper foundations where the foundation base
translates in advance of the dump failure and keeps failing at an incremental rate
[31] (Fig. 2.23).

2.4.6 Liquefaction

Liquefaction: Liquefaction happens when the effective stresses on the liquefiable
material are effectively reduced to zero, which results in complete loss of shear
strength. This quick sand like condition may happen due to seismic activity, cyclic
loading process or due to excess pore water pressure as a result of heavy rains and
water accumulation [14]. If the foundation faces liquefaction, whole dump may end
up in progressive failure (Fig. 2.24).

Fig. 2.22 Block translation
failure [11]

Fig. 2.23 Base failure
(spreading) [31]
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2.5 Conclusion

A brief overview of the dumps and the dump slope stability was presented in this
chapter. Starting from the understanding of the importance of the dump slope
stability in today’s mining scenario, various models of dumping were analysed,
both based on the shape of the dump, as well as based on the method of dumping.
It was seen that some of the geotechnical and hydrological properties of the dump are
directly dependent on the method of dumping itself. Consequently, the dumping
method was discussed as one of the factors that affect the stability of dump slopes.

Factors affecting the stability of the dump slopes were discussed and compared
further. Important factors such as the geometry of the dumps, the geotechnical
properties of the dump material as well as the dump’s foundation were identified
to be crucial parameters affecting the dump slope stability. However, hydrology of
the dump slope system was not neglected and its effect on the stability of the dump
slope was specifically discussed, especially recognizing the uncontrolled watery
conditions to be one of the primary causes of dump failure. The effect of dynamic
forces such as seismic activity, blasting vibrations and heavy earth moving machin-
ery movement, on the stability of dumps was also discussed. Correlating these
factors to the failure conditions, various modes of dump failure were finally analysed
and understood in context of the dump slope stability.
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