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Abstract— Fly ash is one of the major waste line products in coal power sector and simultaneously one of the most desirable products
in the construction industry, due to its pozzolanic nature. This has resulted in fly ash being used as a partial replacement of cement
and in various composites, for civil and mining industries. Recent studies and applications have shown the viability of fly ash as an
economical and eco-friendly stabiliser for dump slopes in opencast mines. Apart from the analysis of structural stability due to the
pozzolanic binding nature of fly ash, it is also important to study the hydrological aspects of dump slopes in conjugation with the fly
ash stabiliser. This study performs the numerical simulation for the dump slopes using finite element analysis (FEA) for studying the
effect of fly ash stabilisation layer on water movement and associated hydrological investigation. The effect of water head build-up
(due to fly ash stabilisation layer) on the overall stability of dump slope is analysed and compared to give an estimate for the increase
in a factor of safety of slope and a viable dimensional increase of slope geometry. It is seen that fly ash layer stabilisation is effective
even in the saturated state of overburden dumps, with the factor of safety increasing from 1.09 to 1.32. Proper drainage channels are
found to be essential to prevent any excess stress build-up due to the low permeability of fly ash layers.
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it is a vital requirement for a surface mining operation to
I. INTRODUCTION make safer and stable dump slopes. There are various
methods utilised for dump slope stabilisation, which includes

Surf ini thod bl i the highest
rlace mining menons arguavy give me mgnes mechanical stabilisation [5]-[9], chemical stabilisation [10]-

production figures, with better productivity and greater . ) b .
extraction efficiency, as compared to most of the other [13] and biological stabl_llsatlon [14]-[16]. _Among t.h's one
mining methods. Close to 85% of Indian coal comes from ©f the more economical and ecological options for

surface coal mines, which can give some idea of the scale o§tabil?sati0n of dumps_ is l_JSing fly ash _composite Iay_e_rs asa
the surface mining operation [1]. Consequently, at theseStab'I'Ser' Fly ash, which is generated in huge quantities as a

huge scales of working, there is a foremost requirement ofPY-Product of coal burning in coal power plants, exhibits a

the safety of operation. One of the prime avenues of safety inunique characteristic called pozzolanicity. This basically

a mining operation is the stability of the overburden dumps. Fl‘(akg.s él_y ash inert n 'tﬁ natural statef but exhlbltslcement
Due to the limitation of available land space and the hugeI e binding property in the presence of any external source

amounts of overburden that is removed in an average surfacé)f ",”_‘e .[17]' This makes fly as_h a good candldatg_ for
mining operation, there is always a requirement to makestab!l!satmn of dumps, especially because traditional
higher and steeper overburden dumps to accommodatéi‘t"“b'l'se_rS such as cement, cannot be used due to the
increasingly more material in given land area [2]. Though economlcs_of mining operations. . L
the dimensions of these dumps are usually regulated by local Fly ash is a h|ghly-demanded productz especially in civil
mining legislation, the size of dumps dictates a major part ofam_j construction m_dustry. However_, _since the place of
mine economics, as even a small degree of change in Slopgnllsatlon (construction towns and cities) is generally far
angle can lead to huge cost savings. However, failure ofdWvay fro”.‘.the. place of generation of fly ash (coal power
these dumps can cause huge loss of life and property as iglants), utilisation of fly a§h IS not comp!gte. LasF year only
seen in various recent and past reported cases [2]-[4]. Henc 1% of fly ash generated in India was utilised while rest was
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dumped in ash ponds and dykes [18]. Hence utilisation of fly
ash in mines for dump stabilisation is a much more practical
application, which is economical, and environmentally safe.
Research in various aspect of applicability of fly ash in
overburden dumps have already been conducted, that show
increased stability of dump slopes by imbibition of fly ash
composites in its construction [19]-[21]. However,
hydrological aspects of stabilisation of fly ash composite
layers have not been studied. Since water accumulation and
related instabilities are also an important aspect of slope
stabilisation, this paper studies these hydrological aspects of
fly ash utilisation in these dump slopes. Numerical
simulation modelling is done using finite element analysis.
A comparative investigation is presented here, which gives a
clear perspective of the hydrological statics and kinetics in
overburden dumps, and the effect of fly ash composite
stabilisation on the same.

II. MATERIAL AND METHODS Fig. 2 Schematic of the experimentation, including moulding of composite
’ (top left), curing of samples (top right), testing of samples for geotechnical
A. Lab Studies and Previous Work properties (bottom left and right)

For stabilisation operation by fly ash, a compositt  nymerical simulation analysis was performed to judge the
comprising of_fly ash, lime and ov_erburden were f_orr_nulated. applicability of the obtained fly ash composite in the
The composition of each constituent was optimised for giapijisation of overburden dumps. There were two scenarios
obtaining the maximum strength of the composite. A ai \were analysed using fly ash in dump stabilisation. The
detailed physical and chemical characterisation of fly ash, .ot \where the whole of the dump was evenly made with a
lime (hydrated lime) and overburden material was first nixiyre of ash composite, and the second, where layers of
performed in laboratory by a series of experiments like Sievepgh strength ash composite were used as stabilisation layers
analysis, XRD and XRF analysis (Table 1), SEM imaging (rig. 3) [17]. Detailed analysis using finite element approach
(Fig. 1) and tests for optimum moisture content, maximum gpoed that the most appropriate design of such dumps
dry density, _I|qU|q limit, _and plastlt_: limit. The C(_)mponents would be the fly ash layered design which gave a much
were then mixed in varying proportions, and cubical samplespeier factor of safety (a parameter to judge the safety of
were made and kept for definite curing periods in high gi5he or any other structure) than the other design [21]. For

humidity environment (Fig. 2). These cubical samples were ; present study, the layered design will be used for
then tested for their strength and other geotechnicalanawsiS purpose.

properties to obtain the optimum composition [17].

(a) (b)

Fig. 3 Two proposed stability models (a) the whole dump is of fly ash
stabilised overburden, (b) Bands of fly ash composite in overburden

Fig. 1 Scanning Electron Microscopic images of (a) Fly ash cenosphere, (b)
Slacked lime particles and (c) Silica Particle(Low magnification), the
components of fly ash composite.

TABLE | B. Stability Problems by Water
XRD ANALYSIS RESULTS OFFLKA/:fEH'RISALLACKED LIME, AND OVERBURDEN One of the important factors for dump slope stability that
is often overlooked is the effect of water. Overburden is
Components (%) Fly Ash Lime | Overburden majorly blasted out rock and soil, which is generally highly
Al20s 17.52 0.01 5.62 porous in nature due to the end-dumping techniques. This
CaO/ Ca(OH). 0.42 97.82 0.02 results in easy percolation of water through the dump to its
Fe0s 1.86 0 1.56 lower layers, which may result in accumulation of water if
MgO 17 0 0 proper drainage routes are not made. Accumulation of water
K20 026 0.05 0.06 in dumps can be disastrous and can lead to massive failures
S_'OZ 38.98 1.25 84.25 of dump slope as was seen in 2008 in the western section of
;Lgi é:ii 8 g Jayant opencast mine [22]._ _
NaO 032 0,09 056 Effect of the accumulation of water in dumps can be

three-fold. Firstly, water creates a hydrostatic pressure due to
the weight of water itself, which increases the effective
stress on the overall slope. Secondly, the presence of water
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creates pore pressure, which is the force of water present ifior this configuration at 1.8m [21]. A comparative model
voids of the overburden material. This pressure can be bothwith no fly-ash layer is also analysed for simulation purpose.
positive (forcing the overburden particles away from each The toe of the dump, as well as the top edges of the fly
other) or negative (in the form of suction/ capillary pressure),ash layers, are taken as discharge locations (Fig. 4). These
and hence changes the dynamics of slope stability. Thirdly,are forced open and close to see the hydrological stresses
oversaturation of water makes the particles loose due toinvolved in the model and their effect on overall stability.
dilution, which changes the internal properties of overburden For the dump with no fly-ash layers, the toe of the dump is
material such as cohesion and internal angle of friction, the only discharge location. The material properties and
hence causing instability in an originally stable slope. hydrological properties were obtained from lab experiments
Though proper drainage channels generally prevent thein previous studies. The same was used in this numerical
accumulation of water, these become ineffective with time model.

due to the build-up of fine soil at the base of dumps,

transported from infiltration of rainwater over time [23]. [ll. RESULTS ANDANALYSIS

Infiltration, therefore, becomes an important aspect to be  1ha simulation was undertaken in two phases, considering

analysed for dump slope stability analysis. In our model, o, the hydrostatic state of dump slopes, as well as the
where the overburden dump is stabilised by fly ash layers,jnfiiration of water through rain. The first phase was a

this analysis becomes more complex. The fly ash composite;omparative study of the saturated dump slopes, with and
that is used for stabilisation here has very low permeability | ithqut fly ash stabilisation layer. The comparison was

and hydraulic conductivity values (~ 10e-9 m/s) and is Very maqe in between the principal stress that was built up due to
less porous as compared to the overburden material. Thig},q dump load, as well as the hydrostatic pressure due to
effectively makes it a sill, that is very less permeable, and j,arpurden saturation. Fig. 5 shows how the maximum
hence, water accumulation can take place over the Compositgincina| stressql) varies for both the dump slopes. For this
layers. However, since it may work as a sill, the 440 of analysis, all the discharge points were closed, and the
accumulation of water at the base will be less, and that canyaier was allowed to saturate the whole dump. The analysis
lead to higher stability and resistance against hydrological gpg\ys that effective principle stress was much higher in case
failures. The following analysis is an effort to understand ¢ o dump with no stabilisation (with a maximum principal
these phenomena with the help of finite element modelling. ¢ress of 2.63 MPa), while for the stabilised dumps, the
C. Numerical Simulation Model hydrostatic_ head was We_II distributed betwee_n the fly a_sh
layers, which acted as sills and hence effectively reducing
dump to one fourth of its height (a maximum principal stress
of 1.98 MPa). The stress is comparatively less at the lower
bench of the dump in case of the stabilised dump, as is

A numerical model using Phase-2 software was made,
replicating the analysis performed in previous studies [21].
The model is a two-bench dump, with a total height of 200m.
The berm width is left to be 30m (assuming it was also beingshown in Fig. 5. This proves the effectiveness of fly ash
used as dump road), keeping an effective overall slope angleStabilisation i.n iayer format, for structural, as well as

of 34°. Threg horizontal layers of fly ash, Sep.?"?‘ted from thehydrostatic forces. The overall factor of safety also increased
base and with each other by 25 m, are stabilising the whol rom 1.09 in case of non-stabilisation to, 1.32 in case of

dump (Fig. 4). The thickness of these layers was Optimisedstabilisation by fly ash layers.

LT

Discharge Points

Fly Ash Composite Layer

¥

Sandstone Base

Fig. 4 Finite element model portraying dimension of dump slope and the discharge point locations for this study
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Fig. 5 Comparison between maximum principal stress in the saturated state of non-stabilised (left) and stabilised dump slopes. (right) The solid dot represer
closed discharged point

For the second phase of analysis, a heavy rainfall, at a The next set of analysis was performed to develop an
vertical infiltration rate of 40mm/hr, was simulated. In this understanding of the hydrological movement when multiple
case, firstly a comparison was made between the stabilisedlischarge points are opened. The discharge points were
and the non-stabilised dump slopes by opening only the toeopened progressively from the bottommost toe point till the
discharge point for water discharge. Since this analysis istopmost layer. The effect of the same was seen on maximum
static in nature, the results are obtained only when a steadghear strain, discharge flow rate, and direction of
state of water flow and saturation is achieved during the hydrological movement (Fig. 7). It was observed that the fly
course of the simulation. Fig. 6 shows a comparative studyash layers basically divided the whole dump into individual
of the above-mentioned cases, in the form of maximum hydrological sections, separated by a highly impervious
shear strain profile of overburden dump, as well as the watedayer (of fly ash composite). As the discharge points in each
movement. It is seen that for the case of the non-stabilisedsection are opened, the stress that was built up while
dump, the maximum shear strain peaks at toe with a value oinfiltration, due to saturation of water, is released and water
0.83. This dump also gives a high volumetric discharge of mostly takes the route to the nearest discharge points. (Fig.
water giving a high flow rate of 6.84 m3/h from the toe 7).
discharge point at steady state. Comparatively, the stabilised As is seen in Fig. 7, maximum shear strain reduces from
slope has a relatively less maximum shear strain of 0.18 amodel 7(a) to model 7(d), due to the pressure release from
its toe region. However, a higher shear strain is seen at thehe opening of each successive discharge point. As more
upper edges of each fly ash layer (0.47, 0.68, 0.41, from topnumber of discharge points are opened, the slope becomes
to bottom), which are still comparatively less as compared tomore stable due to decreased stresses and non-accumulation
non-stabilised dump slopes. These higher values at edges aff water. However, as is seen in Fig. 7(d), when all
fly ash layers are attributed to the restriction of overburdendischarge points are opened, there is an increase in shear
material movement due to the higher strength of fly ash strain at the top end of the topmost fly ash layer. This was
layers. As for the water movement in stabilised dump slopes,against the expected results, as the nearest discharge point is
at the steady state, the movement of water is seen from thalready open, and there is apparently no reason for additional
exposed part of the bench below the first fly ash layer, with astress. The reason behind this may be the fact that the total
discharge rate of 6.10 m3/h. The difference in flow rates infiltration of rainwater on the topmost section of stabilised
from discharge point and the restriction in water flow dump (the region above the topmost fly ash layer) is many
direction can be attributed to the almost impermeable naturetimes high as compared to other sections since in those cases,
of fly ash composite layers. This is also an additional reasononly a part of the slope is exposed for direct infiltration.
for stress build-up at the upper ends of fly ash layers.

0.002+000
4.502-002
9.00e-002
1.35e-001
1.80e-001
2.25e-001
2.70e-001
3.15e-001
3.60e-

Fig. 6 Corhparison of‘ thé efféct of faihfabll ihfiltraﬁoh With‘toe dischabrgeb open for non-stabilised dump (left) and stabilised dump slopes(right). The solid do
represents a closed discharged point, while hollow dot represents an open discharge point
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4.508-002
9.00e-002
1.35e-001
1.80e-001
2.25e-001

70e-001
3.15e-001
3.60e-001
4.05e-001
4.50e-001
2.95e-001
5.40e-001
5.85e-001

9.00e-001

Fig. 7 Maximum shear strain profile and water flow directions, for the progressive opening of water discharge points with (a) only toe discharge open, (b) t
and first fly ash layer discharge open, (c) toe and first two fly ash layer discharge open & (d) all discharge points open. The solid dot represents a clos
discharged point, while hollow dot represents an open discharge point

Hence this section handles huge quantities of waterindication of the response of water flow on discharge
transmission when the topmost discharge point is open. Thisopenings. The flow of water is seen to increase as we go
creates a partial oversaturation state, and additional stressefsom top to bottom, which is not in accordance with normal
due to heavy fluid flow result in high shear strain, as is seenDarcy’s flow. This is basically because, as we go up the
in Fig. 7(d). The water flow was as expected, and is seen tcslope of the dump, higher effective infiltration by the
move towards the discharge points. However, during therainwater is observed. This results in higher water
successive opening of discharge points, higher amounts oficcumulation, resulting in higher discharge values. This is
infiltrated water passes through the overburden in theclearly reflected by the bigger jumps between discharge
corresponding section (Fig. 7). The rate of discharge forvalues at first discharge point when only toe discharge point
individual section increases rapidly on the opening of is opened, and the discharge at the second discharge point,
discharge section but then reduces as more discharge pointwhen the bottom two discharge points are opened. A similar
are opened higher up the dump. jump is seen in between third discharge point at bottom three

A plot giving the values of discharge from all the open discharge points, and the topmost discharge point when
discharge sections, along with the discharge section openingll of them are opened.
timeline, is presented here (Fig. 8). This gives a clear
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Discharge Point opening timeline (counting from bottom to top)

Fig. 8 Water seepage from discharge points with their progressive opening
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IV. CONCLUSIONS [7]

A critical geo-hydrological investigation was performed
for analysing the effect of water movement and [8]
accumulation on the overburden dump slope stability. (]

Following were the conclusions obtained from the study. [10]
The fly ash layer type stabilisation for mine overburden [17]
dumps is also applicable for saturated soils and overburden
material. It was seen that the stress due to such saturation iﬁZ]
much more for unestablished dumps. Though the fly ash
layer stabilisation is effective, in heavy rain conditions,
additional stresses may develop due to water accumulation
over the fly ash layers since they have very low permeability [*3]
In these cases, it is advisable to have discharge trenches that
can drain off the accumulated water to prevent any loss in
stability during heavy rains. During rains, the water flow [14]
from top trenches will be much more than the bottom ones.
Hence effective drainage design is to be conceptualised td*®!
handle the amounts of water.

Some future work for this analysis may include the effect [16]
of the nearby water body and some dynamic hydrological

. [17]
analysis.
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