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Preface 

The consequence of massive coal mining is the generation of mine overburden of 
quantity double the amount of coal mined. The requirement of usable or forest lands 
for storage, dust and plume gas from stockpiles, acid mine drainage, occasional 
landslides of dump slopes, and environmental hazard in terms of air, water and land 
contamination, are a few problems associated with mine overburden. Large hetero-
geneity in gradations and complex mineralogical compositions are major impending 
factors for its utilization. Another consequence of mining metals and minerals is the 
dams that are built to store tailings, the waste leftover from mining. Over the last ten 
years, 320 tailing dams have been constructed, more than 1700 tailing dams exist 
all over the world, and 687 dams are classified as high risk. Failures of such tailing 
dams have resulted in incomparable environmental and infrastructure disruption, as 
well as human casualties. 

This book is inspired by the idea of educating about significant geoenvironmental 
and geotechnical issues, practical challenges encountered, and solutions adopted 
with a focus majorly on coal mine overburden and mine tailings. Further, the book 
aims to provide knowledge-based information for diverse readers (researchers, prac-
titioners, and educators) to assess, monitor, and manage coal mine overburden and 
mine tailings. Several authors that are well-known specialists, experts from industry 
and academia in distinct fields, have contributed the chapters covering a wide range 
of topics. The book covers topics such as mine overburden and tailing manage-
ment, mine backfilling and stabilising via various processes, CPTu field-based soil 
behaviour indices, landfill liners and barrier systems, geochemical, microbial and 
environmental aspects of acid mine drainage, treatment techniques, and mineral 
carbonation of mine tailings. The usage of various tailings such as bauxite residue 
and fly ash in the construction, and emerging technology of carbon capture and 
storage of mine tailings is also discussed. 

Engineers and researchers will benefit from it as they improve and advance 
their methodologies. Academicians, researchers, working professionals, and notably
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students in the geoenvironmental and geotechnical fraternity will find this book to 
be a valuable resource. 
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Chapter 1 
Geotechnical Considerations of Mine 
Tailings Management through Mine 
Backfilling 

Seneth Jayakodi , Nagaratnam Sivakugan , and Peter To 

1.1 Mining and Mine Backfilling 

Mining is a complex but systematic process of extracting valuable minerals from 
ore deposits. Currently, almost every continent in the world except Antarctica is 
undergoing mining activities extensively and the major contributing countries include 
Australia, Brazil, Canada, China, India, Poland, South Africa and USA. Nature has 
bestowed Australia generously with valuable minerals and the amount the country 
has mined out thus far is considerably less compared to the amount it reserves. 
Main Australian mining commodities are Gold, Zinc, Copper, Lead, Coal, Silver, 
Diamonds, Mineral Sands and Bauxite for which Australia is known as the world’s 
largest producer. Mining contributes a substantial proportion to the country’s Gross 
Domestic Product (GDP) and is the backbone of the Australian economy. Mining 
of all resources contributes about 10% to Australia’s GDP and around 60% of total 
export revenue [1]. The BHP Group, Rio Tinto, Glencore, Fortescue Metals, Newcrest 
Mining, South32, Northern Star Resources and Evolution Mining are some major 
mining companies operating in Australia. Figure 1.1 shows the locations of major 
mines and mineral deposits in Australia.

Mining can be categorised as open pit mining and underground mining based 
on the orientation and location of the deposit. When the ore deposit is at shallow 
depth and spreading more longitudinally, it can be mined out by removing the over-
burden as the open pit mining method. In contrast, when the ore body is located 
deep inside the ground, underground mining techniques are adopted to reach the ore 
body through shafts and cross-cut tunnels, and to extract the valuable ore where the 
removal of ore generates large voids, known as stopes. These stopes are accessed 
through horizontal drives located along the ore body, allowing access to machinery
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Fig. 1.1 Major mining and mineral deposits in Australia, 2016 (Source Major mining and mineral 
deposits in Australia, 2016 https://www.ga.gov.au/education/classroomresources/minerals-energy/ 
australian-mineral-facts by Geoscience Australia which is © Commonwealth of Australia and is 
provided under a Creative Commons Attribution 4.0 International Licence and is subject to the 
disclaimer of warranties in section 5 of that licence)

and other underground services. Underground mine stopes have base dimensions of 
10–15 m or more and heights as high as 100 m or more, and they are assumed rectan-
gular in cross section for analytical purposes [2]. Once the ore has been removed and 
processed, the stope requires backfill for surrounding stability and continued produc-
tion. The backfilling of stopes can represent up to 20% of underground mining costs 
[3]. The horizontal drives need to be barricaded or capped to allow for the backfill 
process to take place. The construction and performance of these barricades is a major 
topic in the mining industry today. The correct calculation of the stress state in the 
backfill and the associated pressures exerted on the barricade is a critical engineering 
challenge [4]. 

Mine backfilling is an essential step in the mining cycle for artificially supported 
underground mines [5]. An efficient backfill system provides several operational and 
economic benefits such as maximum ore extraction, minimum ore dilution, improve-
ment of regional stability around the ore body, avoid the risk of land subsidence of 
mined out premises, ensure the safety of miners, etc. In addition, backfilling plays 
a vital role in the disposal of mine tailings with a minimum impact to the environ-
ment, thus ensuring sustainable mining practice. The mining industry in Australia 
is also the largest generator of solid wastes [6], making the backfilling of voids and 
the disposal of tailings an integral part of the mining process [7]. The mine tailings 
are waste material generated during the mining process which should be carefully 
disposed to Tailing Storage Facilities (TSF) surrounded by tailing dams [8], and/

https://www.ga.gov.au/education/classroomresources/minerals-energy/australian-mineral-facts
https://www.ga.gov.au/education/classroomresources/minerals-energy/australian-mineral-facts
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or used to backfill the underground voids. The underground voids created annually 
in Australia can reach 10 million cubic metres [3]. Though the backfill system is 
often expensive, typically covering about 30% of total mining costs, reliability and 
flexibility of the backfill system greatly support the mining operation [9]. Backfilling 
gives an extra advantage over tailing dams as it rules out the cost for constructing 
tailing dams, negates the acquisition of massive land surface for TSFs, and reduces 
the negative environmental impacts. 

1.2 Types of Mine Backfills 

Backfills are generally processed mine tailings and are in the form of Hydraulic fills, 
Paste fills, Aggregate fills, Rock fills, Sand fills, etc. The choice of materials that 
are utilized for backfill operation depends on the location of backfilling, availability 
of materials for a particular fill, physicochemical properties of the materials, and 
prevailing ground conditions. Backfills are of two types according to cohesiveness 
namely Granular backfills (no cohesion) and Cohesive backfills. Further, backfills fall 
into two main categories based on the backfilling strategy being used as Cemented 
and Uncemented. 

1.2.1 Uncemented Backfills 

Uncemented backfills have no binding agents mixed thus mechanical behaviour and 
performance can be studied using soil mechanics theories. This includes Sand fills 
(SF), Rock fills (RF), Aggregate fills (AF), and Hydraulic fills (HF). 

Hydraulic Fills (HF) 

Hydraulic fills are sandy silts (ML) or silty sands (SM) with no clay fraction where the 
fine fraction is removed by the desliming process using hydrocyclones. Physicochem-
ical properties of the fill material are among the first few important aspects, to under-
stand the suitability of the material for a particular backfilling process. Particle size 
distribution, specific gravity, bulk density, Atterberg limits, relative density, perme-
ability, angularity of grains, friction angle, etc. are the main physical characteristics 
of the fill material while the chemical properties include the presence of mineral 
phases, elemental composition, acidity/alkalinity, total organic compounds, heavy 
metal concentration, etc. [10, 11]. According to Rankine et al. [12] and Sivakugan 
et al. [13], based on the analysis of more than 25 HFs from different major mines 
in Australia, it has been found that all fills fall within a narrow particle size distri-
bution band and the specific gravity of the grains are in the range of 2.8–4.5 due to 
presence of heavy metals. HFs have very sharp, angular grains, giving higher friction 
angles (φ) than those for natural soils. All HF slurries settling only under self-weight, 
manage to settle at high relative densities (Dr) of 40–70%. According to Pettibone
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and Kealy [14], the in-situ measurements showed Dr values ranging from 44 to 66% 
at four different mines in the United States and that confirms the above laboratory test 
results by Rankine et al. [12] and Sivakugan et al. [13]. Further, HF has void ratio (e) 
of 0.67, and porosities (n) of 37–49% and dry unit weight (γd ) in kN/m3 of 5.7 times 
specific gravity [γd

(
kN/m3

) = 5.7Gs]. Typical γd of HF is in the range of 16–25 
kN/m3 [12]. The lower cost for production and transportation through pipelines, and 
the simplicity in handling are the main advantages of hydraulic fills. 

Behaviour of Hydraulic Fill during Backfilling Operation 

Hydraulic fills are initially transported to the stope in the form of a slurry through 
pipelines, at solid contents of 65–75% [12, 13]. The horizontal drives blocked by 
a barricade wall, made of special porous bricks with permeability (k) 2 or 3 orders 
of magnitude greater than that of HF [12], retains the fill and allows the water to 
drain through. The horizontal access drives are often located at more than one level. 
Initially, the drives located at upper levels of the vertical stope act as exit points for the 
decanted water, and also serve as drains when the HF rises in the stope [13]. Filling 
the stope does not occur instantaneously or continuously at one stretch instead it is 
carried out as layer filling with breaks/laps at certain filling intervals, allowing for 
drainage (e.g., 12 h filling and 12 h resting). 

Drainage Considerations 

One of the primary causes of barricade failures is liquefaction which is often referred 
as ‘mud rush’ by miners. This scenario occurs when the pore water pressure builds 
up and reduces the effective stresses and hence the shear strength within the stope as 
a result of poor drainage in the hydraulic fill system. 

Herget and De Korompay [15] have suggested that the minimum hydraulic 
conductivity/permeability (k) of HF should be 100 mm/h in order for the fill to 
perform satisfactorily. When the permeability is high, faster removal of water from 
the stope helps to increase the stability of the mine fill stope. Grice [16] has suggested 
that the effective grain size D10 > 10 μm will ensure adequate drainage. 

Sivakugan et al. [13] observed that when k = 7–35 mm/h, HF systems in the mine 
stopes performed well, suggesting that Herget and De Korompay [15] threshold value 
is too conservative. D10 for adequate drainage was found to be 10–40 μm, satisfying 
Grice’s [16] recommendation. However, the anecdotal evidence and back calculations 
using the measured flow in the mine stopes suggest that the permeability of the HF 
in the mine is often larger than what is measured in the laboratory under controlled 
conditions [7]. Brady and Brown [17] and Kuganathan [18] proposed permeability 
values in the range of 30–50 mm/h, which are significantly larger than those measured 
in the laboratory for similar fills but still their values are much less than the threshold 
limit prescribed by Herget and De Korompay [15], which is 100 mm/h. Figure 1.2 
shows drainage pipes fixed to the reinforced concrete barricade wall to release water 
out from the HF slurry and to avoid building up the pore water pressure within the 
fill.
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Fig. 1.2 Drainage pipes 
fixed to the reinforced 
concrete barricade to drain 
the water from hydraulic fill 
slurry 

Stability Considerations 

The stability of the HF stope depends on several parameters that govern the strength 
and stiffness of the fill which are directly related to the relative density of the fill. 
When the HF is denser, the relative density (Dr) and friction angle (φ) are higher, 
and thus the fill is more stable. Oedometer tests on HF showed significant creep 
settlements that took place on the completion of consolidation settlements [13]. 

1.2.2 Cemented Backfills 

Cemented backfills include a small amount of binding agent such as cement, fly 
ash, gypsum, blast furnace slag to improve strength. Following fill types are some 
examples for cemented backfills. 

Cemented hydraulic fills (CHF) have grain size < 420 μm and are more similar 
to paste fill but the significant difference is larger particle size distribution (PSD) 
compared to paste fill.
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Cemented rock fill (CRF) is a mixture of RF with CHF (RF:CHF = 1:1 to 3:1 
by weight) and the properties vary within the stope as the two fills segregate during 
placement. 

Cemented aggregate fill (CAF) is a mixture of AF with CHF (AF:CHF = 1:3 by 
weight) and it suffers from segregation thus properties vary within the stope like in 
CRF. 

Paste Fills (PF) 

Paste fills use a very fine fraction of the tailings. A rule of thumb is that 15% of 
particles should be less than 20 μm, with a typical effective particle size (D10) of  
5 μm [19]. PF is a mixture of tailing material with a small percentage of binder, in 
the order of 3–6% by weight, and water [13]. The PSD is finer than HF and CHF, 
but have negligible colloidal fraction finer than 2 μm, and the maximum particle 
size is around 350–400 μm [13]. However, during transport, Pullum [19] has shown 
stratification of paste during pipe flow with all paste fills with a maximum particle 
size of over 20 μm. Paste fills with the maximum particle size Dmax < 20  μm tend 
to form homogeneous paste fills during both transportation and deposition. 

Paste fills fall into the broad category of thickened tailings which was introduced 
by Dr Ely Robinsky in the mid 1970s [20]. It is the densest form of backfill in the 
spectrum of thickened tailings placed underground as a backfill material [20, 21]. 
Thickened tailings are a special case of slurry tailings and tend to show many similar 
characteristics to paste, but paste fills are not same as thickened tailings. The primary 
difference is that the thickened tailings will segregate or settle out once a minimum 
velocity is reached. Hydraulic fills fall into the thickened tailings profile. However, 
a significant difference with the PF in terms of drainage is that the water content in 
paste fill is retained on placement, through the large surface area of the particles, 
eliminating the need for the design of drainage of the fill or barricades. Hence, the 
static and dynamic stability requirements should only be considered when designing 
paste filled stope systems. The static stability requirement is addressed by designing 
the PF system with an adequate strength to ensure that the vertical walls of the 
backfilled stopes remain stable throughout the mining of neighbouring stopes. If the 
paste becomes unstable, the adjacent walls may relax and displace into the open stope, 
causing high level of dilution and loss of mining economics. The dynamic stability 
of the PF system is achieved by designing the backfill mass to resist liquefaction 
or other seismic activities. There is a high risk of liquefaction in a PF system due 
to increased residual moisture content in the PF. According to Clough et al. [22], 
cemented sand with an Unconfined Compressive Strength (UCS) of 100 kPa was 
capable of resisting a seismic activity measuring 7.5 on the Richter scale and this 
value has been used by the mining industry as the minimum design strength of fill for 
any fill mass. The strength of PF satisfying static stability requirements is generally 
in excess of dynamic strength requirements. Because of no drainage requirement 
in PF system, the barricades are designed as temporary structures in PF stopes. 
Nevertheless, barricades must be designed with sufficient strength to retain the liquid 
mass of fill, until such time as it has cured properly to act as a plug at the base of
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the stope, thus preventing the additional deposited paste from entering the mine 
workings. 

1.3 Stress Developments within Backfilled Mine Stopes 

1.3.1 General 

Mine stopes which have been generated by the ore removal during mining, are back-
filled with processed mine tailings called backfills. A stope can be approximated as 
a cuboid with the cross-section dimensions of 10–15 m and vertical wall heights 
exceeding 100 m and thus the aspect ratio falls between 6 and 10. Backfilled or 
non-backfilled stopes are interconnected by horizontal access drives with a typical 
cross section of 5 m × 5 m or  6 m  × 6 m, located at different sublevels of the stope, 
which allow access to mine machinery and other underground services. 

1.3.2 Theory of Soil Arching 

Arching phenomenon occurs when the frictional material moves against stable strata 
where the relative movement generates shear stresses along the interface that tend 
to hold the frictional material at its initial position. As result, the vertical stresses 
within the yielding material will be lower than the actual overburden stress, and that 
is known as arching [23]. 

Arching plays a significant role in many geotechnical and mining applications 
such as earth pressure on retaining walls [24–26], underground situations such as 
backfilled trenches and underground mine stopes [23, 27–32], pressures on piles 
and piled embankments [33–35], loadings on ditch conduits and pressures on buried 
structures [25, 36–40], designing storage silos (e.g., vessels storing granular mate-
rials such as chemical powders, capsules in pharmaceutical industry, flour, cement) 
[41, 42]. 

Arching Effect in Backfilled Mine Stopes 

During filling, the vertical shear stresses acting on the stope walls can be significant. 
As a result, the vertical normal stress anywhere within the fill can be significantly 
less than the actual overburden pressure (γ z) where γ is the unit weight of the fill 
and z is the fill height from top. Therefore, a substantial amount of the fill load is 
carried by the rock walls in the form of shear stresses [23].
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1.3.3 Analytical Methods to Investigate Arching Effect 

Some of the analytical solutions for arching and stresses within backfills include the 
3D sliding wedge failure method [43], Simple arching theory and its modifications 
[29, 36, 40, 44], etc. 

Mitchell et al. [43]: 

In reality, backfilled stopes are surrounded by adjacent rock mass thus the backfill 
material is subjected to lateral confinement. The confined block mechanism (3D 
Sliding Wedge Failure) explained how the rock walls’ support to reduce the fill 
stress due to arching effect in a confined environment like mine stope. The design 
strength required for stability is given by 

UCS =
(
γ − 2 

c 

l

)[
h − 

w 

2 
tan α

]
(sin α)(F) (1.1) 

γ Bulk unit weight of the fill (kN/m3) 
c Cement bond strength of the fill/Cohesion (kPa) 
l Length of the block (m) 
h Height of the block (m) 
w Width of the block (m) 
α Angle of failure plane from horizontal (= 45◦ + φ/2) 
φ Friction angle of the fill 
F Safety factor 

In the long term, the UCS of the fill is mainly due to binding agents, and strength 
contributed by friction can be neglected (i.e., φ = 0). For frictionless material, c = 
UCS/2 (qu = 2cu). Then Eq. (1.1) becomes 

UCS =
(

γ − 
UCS 

l

)(
h − 

w 

2

) F √
2 

(1.2) 

Equation (1.2) can be simplified further as below by assuming F = √
2 and h � l 

UCS = γ h 
h/l + 1 

(1.3) 

Marston’s theory [36]: 

Janssen [41] observed a significant vertical stress reduction in a corn-filled silo, 
compared to overburden stress (γ z). Attributing this reduction to arching, an expres-
sion was developed using the limit equilibrium method to determine the average 
vertical stress at any given depth of the fill (z). This was later modified by Marston 
considering a 2D plane strain theory (for a trench) on arching and equations were
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developed to compute the vertical (σv) and horizontal (σh) normal stresses within 
cohesionless (c = 0) mine fill stope as below. 

σv = γ w 
2μKa

[
1 − exp

(
− 
2Kaμz 

w

)]
(1.4) 

σh = Kaσv (1.5) 

Ka = tan2 (45◦ − φ/2) (1.6) 

γ Unit weight of the fill 
w Stope width 
z Fill depth from top of the fill 
φ Friction angle of backfill 
μ Coefficient of friction of backfill and wall (rock) (μ = tan δ) 
δ Interfacial friction angle between the wall and the fill (between 1/3 φ and 2/3 φ) 
Ka Rankine’s active earth pressure coefficient 

Terzaghi’s theory [40]: 

This includes the effect of cohesion into the Marston’s equation enabling it to be 
used for any soil. 

σv = 
(γ w − 2c) 
2K tan φ

[
1 − exp

(
− 
2Kz tan φ 

w

)]
(1.7) 

σh = Kσ v (1.8) 

K = 1 

1 + 2tan2 φ 
(1.9) 

c Cohesion of the fill 
tan φ Coefficient of internal friction of fill (same as μ, but with δ = φ) 
K Lateral earth pressure coefficient 

Aubertin et al. [44]: Modified Marston’s theory 

Marston’s theory uses the active earth pressure coefficient (Ka) in the equation. 
However, the Aubertin et al. [44] solution (Eq. 1.10) is based on status of the stope 
wall during filling operation assuming the fill to be in active, passive or at-rest state. 

σv = 
γ w 

2K tan φ

[
1 − exp

(
−2Kz tan φ 

w

)]
(1.10) 

σh = Kσ v (1.11)
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Active Earth Pressure Coefficient Ka = tan2(45◦ − φ/2) 

Passive Earth Pressure Coefficient Kp = tan2(45◦ + φ/2) 

At-rest Earth Pressure Coefficient K0 = 1 − sin φ 

Extended Marston’s theory [23]: 

Analytical solutions provided by Aubertin et al. [44], Marston [36] and Terzaghi [40] 
are for the 2D stope where the fill is subjected to plane strain loading (e.g., a trench). 
In reality, mine stopes are rarely 2D. Therefore, it is useful to extend these theories 
to 3D. Therefore, equations were developed for square and circular stopes as well. 

Circular stopes are uncommon, but they are quite easy to model using finite 
element or finite difference methods as axisymmetric problems. Square stopes can 
only be approximated as axisymmetric problems. 

Vertical and horizontal stresses which are acting within the backfilled rectangular 
stope can be found as follows. 

σv = 
γ w 

2K tan δ

(
l 

l + w

)[
1 − exp

{
−2

(
l + w 
lw

)
Kz tan δ

}]
(1.12) 

σh = Kσv (1.13) 

σh = 
γ w 

2 tan  δ

(
l 

l + w

)[
1 − exp

{
−2

(
l + w 
lw

)
Kz tan δ

}]
(1.14) 

For square stopes (w = l), 

σv = 
γ w 

4K tan δ

[
1 − exp

(
− 
4Kz tan δ 

w

)]
(1.15) 

σh = γ w 
4 tan  δ

[
1 − exp

(
− 
4Kz tan δ 

w

)]
(1.16) 

These equations are also valid for circular stopes and storage silos/vessels with 
circular cross section. 

For a very long stope (i.e. w/l = 0), Eqs. (1.12) and (1.14) reduce to Eqs. (1.10) 
and (1.11), given by Aubertin et al. [44]. 

[Note: Here the backfill material is approximated as dry granular soils (Natural 
moisture content wn = 0 and cohesion c = 0). No pore water pressure is present and 
hence effective stresses are equal to total stresses]. 

The reason for using K as K0 is that typically rock is around two orders of magni-
tude larger in stiffness than backfill materials, and therefore wall movement is very 
small and once the backfill is put in place, it would be at rest condition confirming 
no lateral deformation of the wall due to the fill. 

Pirapakaran and Sivakugan [23] have suggested that during loose backfilling, 
it is suitable to use the wall friction angle (δ) as 2/3 of the backfill friction angle
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(φ). Numerical solutions have also shown that K = K0 and δ = 0.67 φ in the 
analytical equations give predictions that compare better with the results from the Fast 
Lagrangian Analysis of Continua (FLAC) simulation program. 

Arching theories [36, 40] have suggested that when arching occurs the vertical 
stress at the bottom of the filled stope is significantly less than that from the self-
weight pressure/overburden pressure (= γ z). 

Sivakugan and Widisinghe [32] have developed a general expression for the 
average vertical normal stress (σz) within the mine fill at a depth of ‘z’ from the  
top of the fill. For generality, the fill is assumed to have both cohesive and frictional 
properties, and a uniform surcharge of ‘q’ is applied at the top of the fill. The fill-
wall interface has a friction angle of δ and adhesion of ca. The lateral earth pressure 
coefficient is ‘K’. The stope cross section has an area ‘A’ and perimeter ‘P’. 

σz =
(
γ − P A ca

)

K(tan δ) P A

(
1 − e−K(tan δ) P A z

)
+ qe−K(tan δ) P A z (1.17) 

The first component in Eq. (1.17) comes from the fill weight and the second 
component is from surcharge at the top of the fill. 

This Eq. (1.17) can be simplified to Eq. (1.12) by assuming the stope cross section 
to be rectangular (width = w, length = l), fill is granular (c = 0) and no surcharge 
is applied (q = 0). 

The Eq. (1.17) can be simplified to Eq. (1.15) by assuming the stope cross section 
to be square (width = length = w), fill is granular (c = 0) and no surcharge is applied 
(q = 0). 

The Eq. (1.17) can be simplified to Eq. (1.4) which was originally developed by 
Marston [36] for plane strain loading situation by assuming a narrow trench where, 
l � w, A = lw, P = 2(l + w) and P/A ∼= 2/w and the backfill is granular (c = 0) 
and no surcharge is applied (q = 0). 

The Eq. (1.17) can be simplified to Eq. (1.7) which is an extension of the Marston’s 
theory by Terzaghi [40] by assuming a narrow trench situation with plane strain 
loading, incorporating cohesion to the backfill and no surcharge is applied (q = 0). 

Concerns with Analytical Equations 

Analytical solutions are based on several approximations and simplifications. Two 
of the common ones are: 

(1) The vertical normal stress distribution within the backfill, at any depth, is 
assumed to be uniform. (i.e., both the analytical and laboratory test solutions 
reflect the average vertical normal stress at any depth of the fill, although labo-
ratory models treat the soil mass as a particulate medium unlike in analytical 
approach, and also most numerical models treat the soil mass as a continuum) 

(2) Assume an earth pressure coefficient as K0, Ka or Kp.
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1.3.4 Lateral Earth Pressure Coefficient (K) used 
in Analytical Equations 

In a homogeneous fill, the lateral earth pressure coefficient (K) at any given point 
is defined as the ratio between effective horizontal stress and the effective vertical 
stress acting on the soil mass. 

Marston [36] suggested that the lateral earth pressure coefficient (K) is given  by  
the Rankine’s active earth pressure coefficient (Ka) [45]. 

Ka = tan2
(
45 − 

φ 
2

)
= 

1 − sin φ 
1 + sin φ 

(1.18) 

Terzaghi [40] used the lateral earth pressure coefficient given by Krynine [46]. 
For rough vertical walls, assuming δ = φ. 

K = 1 

1 + 2tan2 φ 
= 

1 − sin2 φ 
1 + sin2 φ 

(1.19) 

Handy [25] suggested that due to rotation of principal stresses near the wall, 
K increases from Ka towards K0, and hence suggested the Jaky’s [47] expres-
sion (Eq. 1.20) for  K . Aubertin et al. [44]—modified Marston’s theory suggested 
three cases of lateral earth pressure coefficients as the active (Ka), passive (Kp) 
(given by Rankine’s expressions) and at-rest earth pressure coefficient (K0-from 
Jaky’s expression). 

K0 = 1 − sin φ (1.20) 

Relationship between Fill-Wall Interfacial Friction Angle (δ) and Friction Angle 
of the Fill (φ) [32, 48] 

The fill-wall interfacial friction angle (δ) can be in the range of 0 − φ, depending on 
the roughness of the wall. In underground mine stopes that are backfilled, the walls 
formed by blasting and excavation can be very rough (Fig. 1.3). Hence, the slip of 
the fill takes place along a vertical plane at a few grain sizes away from the rock wall, 
on a fill-fill interface, where δ = φ. But in the case of grain silos or storage vessels, 
walls may not be very rough, and δ may be taken as 0.5–0.7 times φ as in the case 
of pile foundations and retaining walls.

Variation of K tan δ against the Friction Angle of the Fill (φ) [32] 

For very rough fill-wall interface (δ = φ), K tan δ is insensitive to the friction angle 
of the fill. Here, with the increasing friction angle, tan δ increases, and K decreases 
such that K tan δ remains approximately the same. Hence, even an estimated friction 
angle would be adequate when applying analytical equations for a very rough fill-
wall interface. Assuming at-rest conditions (i.e., K0 from Jaky’s [47] expression) and
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Fig. 1.3 Roughness of mine 
stope walls

a very rough fill-wall interface (i.e., δ = φ, underground backfilled mine stopes), 
K tan δ can be approximated as 0.3 for all friction angles ranging from 30° to 49°. 
For moderately rough fill-wall interface (δ = 0.5 φ), K tan δ increases slightly with 
the increase in friction angle of the fill. 

1.3.5 The Essence of Numerical Modelling 

Numerical modelling for mine backfilling is extremely valuable for large under-
ground mines, where field measurements and monitoring of stresses, pore pressures, 
etc. is usually very challenging, costly or impractical at all. Moreover, software simu-
lations are necessary as a validating tool for laboratory models and also to solve more 
complex scenarios that cannot be addressed analytically. 

Numerical models embedded with correct input parameters, appropriate constitu-
tive models and sensible boundary conditions can give more realistic predictions of 
stress behaviour within backfilled stopes. Examples are Bloss [49]-CHF TVIS model 
at Mount Isa mines, Pierce [50]-PF FLAC3D at Brunswick mine, Canada; Rankine 
et al. [51]-PF FLAC3D at BHP Cannington mine, Australia; Aubertin et al. [44]-HF 
2D models using PHASE2, Li et al. [29]-HF 2D models using FLAC which is an 
explicit finite difference software being used in solving mining and geotechnical 
problems. It is worthwhile to note that a very long (length is significantly larger) 
narrow (height is much greater than width) rectangular trench can be modelled as a 
2D plane strain problem in FLAC. A circular stope can be modelled representing an 
axisymmetric problem (symmetric around the center axis). For stopes with square 
and rectangular cross sections, modelling is in 3D. 

Aubertin et al. [44] and Li et al. [29] models: 

These models have demonstrated that the vertical normal stress at the bottom of the 
stope is lower than the actual overburden pressure (=γ z). Further, the vertical stress 
reaches a peak value at the mid height of the stope which exceeds the overburden
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pressure unrealistically. This may be due to the way they placed the fill in the stope 
during model construction. They assumed that the entire fill is placed instantaneously 
as one whole body of soil mass which is not the reality. Modelling with layer filling 
is more sensible and it mimics the actual backfilling process in the mine. 

Pirapakaran and Sivakugan [23]: 

Through FLAC modelling, it has been investigated that the vertical stress does not 
exceed the overburden pressure when the stope is filled layer by layer. 

FLAC results for the fill stresses from both rectangular and circular stopes compare 
better with the results from the Marston’s analytical equation with K = K0 and 
δ = 0.67 φ. Stress values from Modified Marston’s equation [44] with K = K0, 
δ = φ and K = Ka, δ = φ give lesser equality with the stresses from FLAC results. 

Through the analysis of both rectangular and circular stopes, it has been evident 
that the lateral variation of the vertical normal stress across the stope width is non-
uniform and the values are lower near to walls compared to that at the middle region. 
Also, the reduction of vertical normal stresses along the stope height is significantly 
increased when compared to the overburden pressures at locations along the stope 
height. This effect on vertical stresses is known as the arching effect. 

It has been shown that the friction angle of the backfill material (φ) is increased 
with the increasing relative density (Dr) of soil mass. In general, the friction angle 
of any backfill type varies from 30 to 49 degrees, and depends on different packing 
densities. The influence of friction angles of hydraulic fills on vertical stresses has 
been studied for narrow stope and circular stope using FLAC simulations. The vertical 
stresses are approximately the same for all the friction angles within the upper region 
of the stope and the stresses are nearly equal for friction angles of 30 and 35 degrees 
in the middle region of the stope, but these are slightly reduced for 40 and 45 degrees. 
However, vertical stresses differ significantly for all angles closer to the stope floor 
region and it has showed completely different variations for vertical stresses when 
compared to analytical solutions. Further research is recommended to understand 
the stress developments within the stope for various friction angles at stope floor and 
closer regions. 

1.3.6 Stress Variation within Mine Stopes Backfilled 
with Granular Soils 

In-situ stress measurements within backfilled mine stopes have been reported in a 
few studies from past research [52–55]. Because of limited availability of field data, 
laboratory and numerical modelling of backfill systems has been carrying out for 
past few decades [4, 23, 29, 31, 32, 43, 44, 56–62].
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Stress developments within backfilled mine stopes should be investigated consid-
ering the arching effect. There are three main independent approaches used exten-
sively in geotechnical studies namely analytical equations, laboratory modelling, and 
numerical/statistical modelling simulations. 

Analytical and numerical models based on continuum modelling approach, 
suggest that vertical normal stress within the fill reaches a maximum value at a 
certain depth beyond which the stress remains constant, whereas laboratory model 
tests show that the vertical normal stresses increase continuously even at very large 
depths without reaching any asymptotic value indicating that the behaviour of the 
soil mass should be analysed in particulate level. 

Given the significance to the particulate modelling in geotechnical engineering, 
To and Sivakugan [63, 64] has analysed the stress distribution of granular material 
settling in silos using the Discrete Element Method (DEM). According to To and 
Sivakugan [64], it concluded that the experimental results for the stresses in the 
granular fill correlate better with DEM simulation results compared to other analytical 
and continuum modelling methods as shown in the dimensionless plot in Fig. 1.4. 
Fill stresses from DEM show a similar trend to that of lab model results where the 
stresses are increasing with the fill depth without reaching an asymptotic value in 
the case of analytical and Finite Difference Method (FDM) modelling. DEM results 
overestimate the vertical stress from the lab model results although the rates are 
similar. The difference is assumed to be attributed to the use of uniform spherical 
particles in DEM simulations where the friction is underestimated due to less number 
of contacts and contact areas, and hence higher stress generation within the fill. 
Therefore, further research on DEM simulations of stopes/silos filled with granular 
material considering the angularity of grains with more number of particles is highly 
recommended. 

Fig. 1.4 DEM simulation of average vertical stress within a granular fill (Source To and Sivakugan 
[64])
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Table 1.1 Evolution of analytical solutions for determining vertical stresses within backfills 

Proposer Material 
properties 

Application Result K value δ 

Janssen [41] Granular Corn-filled silo Average 
vertical 
normal stress 

Marston [36] Granular 
(e.g., 
hydraulic 
fills) 

2D plane strain 
loading (e.g., 
Trenches—very 
long narrow 
stopes) 

Average 
vertical 
normal stress 

Ka from 
Rankine 

Between 
1/3 φ and 
2/3 φ 

Terzaghi [40] Any material 
(both 
granular and 
cohesive) 

2D plane strain 
loading (e.g., 
Trenches—very 
long narrow 
stopes) 

Average 
vertical 
normal stress 

K from 
Krynine 

Equal to φ 

Aubertin et al. 
[44]-Modified 
Marston’s theory 

Granular 
(e.g., 
hydraulic 
fills) 

2D plane strain 
loading (e.g., 
Trenches—very 
long narrow 
stopes) 

Average 
vertical 
normal stress 

Three cases; 
Ka and Kp 
from 
Rankine’s 
expressions 
K0 from 
Jaky’s 
expression 

Equal to φ 

Pirapakaran and 
Sivakugan [31] 

Any material 
(both 
granular and 
cohesive) 

3D mine fill 
stopes and 
storage vessels 
with rectangular, 
square and 
circular cross 
sections 

Average 
vertical 
normal stress 

K0 from Jaky Equal to 
2/3 φ 

Handy [25], Li 
and Aubertin 
[59], Singh et al. 
[65] 

Any material 
(both 
granular and 
cohesive) 

2D inclined 
mine stopes 

Maximum 
vertical 
normal stress 

K0 from Jaky Equal to 
2/3 φ 

The evolution of analytical solutions accounting the arching theory in determining 
vertical normal stresses within material filled structures is shown in Table 1.1. 

1.3.7 Laboratory Modelling of Backfilled Stopes 

According to Jayakodi et al. [66], a laboratory model apparatus was used to study 
the arching effect on the stresses within the hydraulic fill. Figure 1.5a shows a photo-
graph of the laboratory model stope set up called the ‘arching apparatus’ and it is 
schematically drawn in Fig. 1.5b. High strength steel wires were used to suspend
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the model to which a load cell was connected from the top of the frame. The model 
is positioned vertically such that the minimum possible gap between the stope and 
balance becomes 0.5 mm, ensuring that there is no any load registered on the balance. 
When the model is filled in layers with dry hydraulic fill of weight (m+ n), a fraction 
of the fill load is recorded on the balance at the bottom and the rest is registered 
on the load cell as the fill load carried by the walls. The load cell records the fill 
load transferred to the wall (m) and the balance reflects the fill load transferred to 
the bottom (n), given that the balance and load cell readings were zero at the start 
of the test. At any stage of filing, m and n can be measured separately through this 
setup. A square shape stope with breath (B) = 150 mm and height = 900 mm with 
an open bottom, was tested and the wall condition was varied from rough to smooth, 
to simulate underground mine wall roughness or a grain silo. Since the stope walls 
are very rough after blasting, the interfacial friction angle (δ) can be taken as the 
friction angle of the fill (φ) as the failure occurs on the fill-fill interface, not the fill-
wall interface. Hence, a similar condition was created using a very rough sandpaper 
attached to the stope walls of the model, and acrylic planes were used as the smooth 
walls to represent the condition of a grain silo. 

Figure 1.6 shows a dimensionless analysis to compare the laboratory result to that 
of Marston’s equation (Eq. 1.4). Marston’s analytical equation was used to express 
the stress variation for both Ka and K0 cases separately. The ratio of vertical stress to 
the product of unit weight and the stope width/breath (i.e., σ/γ B) is plotted against

Fig. 1.5 Laboratory model stope setup a photograph b schematic diagram 
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the fill depth and stope breath ratio (i.e., z/B). The dimensionless analysis allows 
for the comparison of varying stope sizes and fill properties. Figure 1.6 depicts that 
the Marston’s equation with K = Ka largely overestimates the stresses whereas, 
K = K0, δ = φ condition gives more reasonable approximation to the laboratory 
results. Hence, the at-rest lateral earth pressure coefficient (K0) is more reliable in 
Marston’s equation (Eq. 1.4) to predict the stress at a depth approaching 6B, and this 
was reiterated by Pirapakaran and Sivakugan [23], however δ = 0.67 φ was applied. 
The mine stope walls are generally more competent and hence the wall movement 
is not expected in a backfill system. Therefore, the backfill can be considered more 
stable suggesting that K0 is more realistic to use in the Marston’s equation. Laboratory 
results from both rough and smooth wall conditions confirmed that the vertical stress 
is continuously increasing through to 6B depth, however the analytical solutions 
suggested an asymptotic value for the stress at a depth as low as 4B. 

Sivakugan et al. [2] presented two distinct ways of developing the variation of 
vertical normal stress within the dry granular fill with the depth of the stope through 
numerical modelling, which give different values of stresses as shown in the 
dimensionless plot in Fig. 1.7.

Method 1: Vertical stress at the stope bottom for each fill layer, replicating the 
laboratory model test above (stress variation is measured only at the stope bottom). 

Method 2: Vertical stresses at corresponding depths for each layer added, 
determined when filling the entire stope is completed.

Fig. 1.6 Comparison of laboratory results and Marston’s analytical solutions 
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Fig. 1.7 Vertical stresses within granular fill in the stope

According to Sivakugan et al. [2], the two methods give significantly different 
vertical stress profiles except for the top and the bottom of the stope (see Fig. 1.7). 
The difference in the stress profiles is attributed to restricting the movement of 
stope bottom, implying zero displacement in any direction, assumed in numerical 
modelling. 

In Method 2, downward movement of the fill is not restricted for all layers except 
for the bottom layer and hence, the friction along the wall is fully mobilised in 
the upper layers. When the fill movement is fully restricted for the bottom layer, 
more fill load is transferred to the bottom due to partial frictional mobility, which 
causes a sudden increase in the vertical normal stress closer to the bottom. This 
behaviour is clearly evident in the numerical modelling work carried out by Fahey 
[56], Kuganathan [57], Li and Aubertin [4], Pirapakaran and Sivakugan [23], and 
Ting et al. [67]. This approach is useful to estimate the vertical normal stresses at 
any depth of the fill, once the filling process has been completed. 

In Method 1, the vertical normal stress is determined only at the stope bottom when 
the fill accumulates, unlike in Method 2. Therefore, the effect of the zero displacement 
of the stope bottom (i.e., partial mobilisation of shear stresses) is accounted for every 
layer, and hence, the sharp increase in vertical stress near the bottom, observed in 
Method 2, is not seen in Method 1. This method is more suitable in situations where 
the stresses at the bottom of the stope are required throughout the stope filling. For 
example, from engineering perspective, it is more important to determine the vertical 
stresses near the underground structure like barricade or at the bottom of the trench/
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stope over the course of filling than knowing the vertical stress profile for the entire 
stope after filling is completed. 

The stress patterns obtained from both methods show similar trends for stopes or 
trenches with different aspect ratios. In the case of Method 1, all the stress profiles 
obtained for any aspect ratio fall over an approximately similar path and hence, the 
use of a single stress curve is accepted. Although, a considerable deviation in stresses 
is observed with regard to the Marston’s equation, Method 1 appears to follow the 
trend of the analytical (Marston) curve, which does not have the sudden increase in 
stresses near the stope floor known as ‘kink’, unlike in the curves from Method 2. 

1.4 Loadings on Drive Barricades 

1.4.1 General 

In underground mines, the horizontal access drives that are connected to the mine 
stope at different sub-levels, are generally barricaded with strong retaining walls 
before backfilling the stope. The barricades are designed to be free draining such 
that they allow the water in the fill to seep through while retaining the fill. The 
construction of a barricade with special porous bricks is shown in Fig. 1.8. Realistic 
determination of the vertical stresses within the mine stope and correct estimation of 
loadings onto barricades can be a successful and correct approach to improving the 
design of barricades. The failure of the barricade can be catastrophic, with in-rush 
of wet hydraulic fill into the mines, trapping the miners and machinery. Between 
1980 and 1997, 11 barricade failures were recorded at Mount Isa Mines in both HFs 
and CHFs [18]. In 2000, three fatalities were reported due to barricade failure at 
the Normandy Bronzewing Mine in Western Australia and later that same year, two 
barricade brick failures were reported as a result of HF contaminant at Osborne Mine 
in Queensland, Australia [3].

1.4.2 Design of Fill Barricades in Underground Mines 

The construction of mine fill barricades is largely associated with the properties 
of barricade bricks and the stress state of the fill material in the stope and drive. 
According to Thompson et al. [68], it is anticipated that the horizontal normal stress 
acting on the barricade below 100 kPa will have a great chance to avoid failure. 
However, a proper evaluation of the stress state along the drive is essential to carry 
out safe barricade design work and also to determine the appropriate filling schedule. 
Analysing barricade stress behaviour for design and construction purposes by means 
of analytical equations, laboratory tests, and validating with numerical modelling is 
significantly important for safe and sustainable mining practice.
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Fig. 1.8 Barricade being 
constructed using specially 
made very porous bricks

Analytical equations are useful for rational assessment of barricade performance 
for fill loads, however, the solutions are constrained by assumptions for barricade-
rock interface properties, geometry simplifications, etc. Unlike in some analytical 
models that consider the arching of the fill load across the entire barricade, field 
observations indicate that the likelihood of barricade failure with punching shear at 
the center area of the wall is high [12, 18]. Kuganathan [69] expresses an analytical 
equation to determine the stresses on fill barricade as below. 

σb = σo × exp
(

− 
PLK0 tan φ 

A

)
(1.21) 

where, σb the horizontal stress at the barricade, σo the horizontal stress at the drive 
entrance, P the drive perimeter, A the barricade cross sectional area, L the barricade 
offset distance, and φ the friction angle of the fill. 

1.4.3 Laboratory Modelling of Stress State at Drive Barricade 

Jayakodi et al. [66] used, a laboratory model barricade comprising 310 mm diameter 
vertical stope and several drive attachments in the model tests (Fig. 1.9). The granular 
soil mass in the model has been subjected to surcharge loads (q) ranging from 30 to 
900 kPa, and the soil pressures were recorded at the stope centre, stope edge and on 
the barricade face using three Earth Pressure Cells (EPC) attached in the model. The 
fill height within the vertical stope was 450 mm. A schematic diagram of the testing 
apparatus is shown in Fig. 1.10, clearly showing the three EPC locations.

Square (SD) and circular (CD) cross section drives of 100 mm and 150 mm width 
have been tested using the apparatus shown in Fig. 1.8 to determine the effect of drive 
shape and size on vertical and horizontal stress distribution. The barricade offset or
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Fig. 1.9 a Drive barricade 
model apparatus b EPCs 
attached to the stope base 

Fig. 1.10 Schematic 
diagram of the barricade 
testing apparatus

setback distance (L) has been set at four different positions (0, 25, 50, 75 mm) for 
each drive size and shape to determine the stress function as offset increases. 

Figure 1.11 displays the recorded barricade pressure at each offset tested for the 
100 mm drive with circular cross-section (CD100). The plot displays a definite corre-
lation between barricade pressure and offset distance. As the barricade is constructed 
at an increasing distance from the stope brow, the stress reduces. This relationship 
has been apparent for all four offsets and it confirms that the reduction of lateral load 
acting on the barricade with increasing offset distance, encouraging miners to install 
the barricade as far as possible from the stope brow. However, the common industry 
practice is to keep the barricade offset distance equal to the drive height to reduce 
the drainage time of the fill [4].
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Fig. 1.11 Barricade stress variation with surcharge pressure q for different offset distances L, for  
CD100 

Laboratory results were compared with the Kuganathan’s equation (Eq. 1.21) in  
a dimensionless analysis as shown in Fig. 1.12. The analytical solutions show an 
overestimation of barricade stresses at an offset (L) approaching the drive height (D) 
for both active and at-rest earth pressure coefficients, however, the at-rest condition 
is more comparable with the experimental results justifying the same behaviour as in 
Fig. 1.6. Furthermore, Kuganathan solutions also verified that the trend of barricade 
stress reduction with offset distance is non-linear.

A novel laboratory model of square-shaped drive barricade apparatus (Fig. 1.13) 
has been built recently at James Cook University, Australia to study the arching within 
drives and to analyse the stress developments on the fill barricade. The vertical stope 
model apparatus (the ‘arching apparatus’ referred in Sect. 3.7) will be integrated with 
the new barricade apparatus to understand the behaviour of fill stresses in a full-scale 
mine stope through laboratory model simulations. The locations of the soil pressure 
sensors in the stope are shown in Fig. 1.14.
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Fig. 1.12 Analytical and experimental comparison of barricade stresses

1.4.4 General Properties of Barricade Bricks 

Drive barricades are constructed either using special porous bricks or shotcrete 
method with drain pipes in place to allow drainage. The porous bricks are composed 
of gravel, sand, cement and water in the approximate ratio of 40:40:5:1 respectively 
by weight. It is believed by mining professionals that the porous bricks used for 
underground barricade construction are susceptible to strength variabilities due to 
rheological properties of the backfill slurry [18, 70]. The porous bricks with average 
porosity values of 18–24% and specific gravity values of 2.39–2.59 are designed such 
that the barricade facilitates free draining of any excess water in the fill. The extensive 
laboratory testing carried out by Berndt et al. [70] have concluded that the bricks 
have permeability values significantly higher than that of the hydraulic fill. Typical 
permeability values of hydraulic fill vary from 2 × 10–4 to 35 × 10–4 cm/s while 
the permeability for barricade bricks ranges between 1.2 × 10–2 and 3.1 × 10–1 cm/ 
s, which confirms that porous bricks are 2–3 orders of magnitude more permeable 
than the fill. It has been concluded that the drainage of the backfill system is not 
influenced by the brick permeability and hence, assuming that the barricade is not 
affecting the pore pressure development within the fill for numerical modelling exer-
cises is reasonable. Porous bricks that were specially made for the use of barricade 
construction are shown in Fig. 1.15.
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Fig. 1.13 Newly built 
square stope-drive barricade 
laboratory model apparatus
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Fig. 1.14 Inside view of the 
model stope and locations of 
soil pressure sensors

Fig. 1.15 Special porous 
barricade bricks
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1.5 Summary 

Mine tailing management through mine backfilling is an important part of the under-
ground mining operation which should be done as the mining progresses. Back-
filling provides numerous benefits for sustainable mining. Geotechnical aspects of 
mine backfilling including properties of different backfill types with more focus on 
hydraulic fills and paste fills, stress developments within backfilled stopes, and the 
stresses on drive barricades were discussed extensively in this chapter. An accu-
rate estimation of the stress state within the full mine stope is critically important 
to design safe and competent barricades and to prevent potential barricade failures. 
Behaviour of a backfill system has been researched over the past few decades through 
analytical modelling and laboratory modelling. Numerical model simulations have 
become popular nowadays in an attempt to study the backfill system conveniently. 
Most of the research on backfill modelling conducted thus far are based on continuum 
modelling and are limited to vertical stopes. Hence, the particulate approach for 
backfill modelling is highly recommended and further research on backfill stresses 
within drive and on barricade are highly encouraged for better designing of barri-
cades. The comprehensive review on geotechnical considerations of mine backfilling 
and the research based solutions for geotechnical issues and challenges arising when 
designing a safe backfill system, presented in this chapter will be useful to many 
stakeholders including researchers, academics, industry professionals and policy 
makers. 
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Chapter 2 
CPTu-Based Soil Behaviour Type Indexes 
that are Independent of Sleeve Friction 
Readings: An Application in Tailings 

Luis Alberto Torres-Cruz , Nico Vermeulen, and Abideen Owolabi 

2.1 Background 

The piezocone penetration test (CPTu) is widely used for the stratigraphic and 
mechanical characterization of soil deposits including human-made fills such as 
tailings (e.g., [1, 2]). The CPTu involves pushing an instrumented probe into a soil 
deposit at a constant rate, while taking readings of cone tip resistance (qc), sleeve 
friction ( f s), and dynamic pore water pressure (u2) [3, 4]. These three readings are 
typically supplemented by the equilibrium pore water pressure (u0) measured during 
dissipation tests [1]. 

One important application of the CPTu is to assess soil behaviour type (SBT). 
Generally, this process relies on two-dimensional SBT charts that have normalised 
CPTu readings on their axes. SBT charts are divided into regions that correspond to 
different soil behaviour types (e.g., sand, clay, etc.) or different states (e.g., dilative 
vs contractive). Herein we focus on the classification into different soil behaviour 
types. It is worth pointing out that, in this regard, the outcome of an SBT chart is not 
generally quantitative but rather qualitative. That is, the outcome is not a number but 
a category such as sand, silt, clay, etc. 

The implementation and interpretation of SBT charts is greatly facilitated by the 
use of SBT indexes capable of quantifying the classification performed by the chart 
[5]. In this context, an SBT index is a function of the normalised cone parameters 
that plot along the two axes of the SBT chart. The key characteristic of an SBT index 
function is that its contours of constant value coincide, at least approximately, with 
the boundaries of the different soil type regions of the chart. The main benefit of a
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quantitative SBT index, as opposed to a qualitative soil type descriptor, is that an 
SBT index can conveniently be used in calculations to derive soil parameters (e.g., 
[5, 6]). 

Perhaps the best known SBT index is Ic of which there are two widely used 
versions. One proposed by Jefferies and Davies [5] and another one proposed by 
Robertson and Wride [6]. Herein we use Ic-JD to refer to the former version and Ic-RW 

to refer to the latter. Equations 2.1 and 2.2 present the functions for both versions 
of Ic. Hereafter, the equations related to Ic-JD are taken from Jefferies and Been [7] 
which presents equations that are slightly different from those in Jefferies and Davies 
[5] (different definition of Q'). And the equations related to Ic-RW are taken from the 
update presented in Robertson [8]. 

Ic−RW = f (Qtn, F) =
/(

3.47 − log10 Qtn
)2 + (

1.22 + log10 F
)2 

(2.1) 

Ic−J D  = f (Q', F) =
/(

3 − log10 Q')2 + (
1.5 + 1.3 log10 F

)2 
(2.2) 

Implementation of Ic-RW requires the definition of the following parameters. 

Qtn  =
(
qt − σv 

pa

)(
pa 
σ '

v

)n 

(2.3) 

n = 0.381Ic−RW + 0.05 
σ '

v 

pa 
− 0.15 (2.4) 

F =
(

fs 
qt − σv

)
100% (2.5) 

And implementation of Ic-JD requires the definition of the following additional 
parameters. 

Q' = Q
(
1 − Bq

) + 1 (2.6) 

Q = 
qt − σv 

σ '
v 

(2.7) 

qt = qc + u2(1 − a) (2.8) 

Bq = 
u2 − u0 
qt − σv 

(2.9) 

In the preceding equations σ v and σ v ' are the total and effective vertical stresses 
prior to the CPTu, pa is the atmospheric pressure in units that ensure a dimensionless 
Qtn, n is a dimensionless stress exponent capped at 1, and a is the unequal area
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Fig. 2.1 a The Qtn-F chart [8] with contours of Ic-RW and b the Q'-F chart defined by contours 
of Ic-JD [7]. Notes: (1) In Fig. 2.1a, the original chart boundaries are shown with dashed lines 
and Ic-RW contours are shown with continuous lines. (2) Square markers correspond to sounding 
CPTU-05-05N_Updated reported in Robertson et al. [9] 

cone factor. The interdependence between Ic-RW , Qtn, and n results in an iterative 
calculation procedure being required to compute these parameters. 

Equation 2.1 emphasises that Ic-RW is a function of Qtn and F. This is a direct 
consequence of Qtn and F being the two variables plotted along the axes of the SBT 
chart on which Ic-RW is based [6, 8]. Similarly, Eq. 2.2 emphasises that Ic-JD is a 
function of Q' and F. As such, the contours of Ic-JD can be used to define an SBT 
chart in Q'-F space [5, 7]. Figure 2.1 shows the SBT charts defined by the contours 
of both versions of Ic. In the case of Ic-RW , the figure also shows the underlying SBT 
chart whose boundaries are approximated by the contours of Ic-RW (Fig. 2.1a). 

Both definitions of Ic were inspired by the Q-F SBT chart proposed by Robertson 
[10]. As such, both definitions include the normalised sleeve friction F. SBT charts 
that are independent of sleeve friction f s (e.g., [11–13])  are also widely used by  
geotechnical practitioners. But it appears to not be as widely known that the imple-
mentation of some of these sleeve friction-independent charts can also be facilitated 
by SBT indexes. These indexes that do not rely on sleeve friction f s readings are 
convenient complements of Ic since investigations suggest that the repeatability of 
f s remains a challenge in soft soils [14]. The purpose of this chapter is to illustrate the 
use of two sleeve friction-independent SBT indexes in the characterisation of tailings. 
Notwithstanding, the approach presented herein is applicable to all soil deposits in 
general.
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2.2 Sleeve Friction-Independent SBT Charts and Their 
Corresponding Indexes 

Figure 2.2 shows two SBT charts that do not require sleeve friction measurements: 
one in Q-Bq space [11] and the other in Q-U2 space [12, 13]. U2 is a normalised 
measure of excess pore water pressure defined as 

U2 = 
u2 − u0 

σ '
v 

(2.10) 

Both SBT charts shown in Fig. 2.2 have been used to develop SBT indexes whose 
contours approximate some of the boundaries of the charts. In the case of the Q-Bq 

chart (Fig. 2.2a), the corresponding SBT index is IQ-Bq [16] which is defined with a 
piecewise function as 

IQ−Bq = f
(
Q, Bq

) =
{
Q · 10−1.9Bq , Bq ≥ 0 
Q · 102.8Bq , Bq < 0 

(2.11) 

For the Q-U2 chart (Fig. 2.2b), contours of Bq approximate the boundaries of the 
undrained (i.e., clay) regions [17]. Furthermore, using results from non-plastic indus-
trial waste, Torres-Cruz and Vermeulen [18] argued that the drained region of the 
Q-U2 chart can also be defined by Bq contours. These two observations imply that 
Bq is a suitable SBT index for the Q-U2 chart [15]. It should be noted that the Bq = 
1 contour line in the Q-U2 chart is not a boundary but rather is intended as a link to

Fig. 2.2 SBT charts that are independent of sleeve friction: a the Q-Bq chart [11] with contours of 
IQ-Bq and b the Q-U2 chart  [12, 13] with contours of Bq. Notes: (1) The original chart boundaries are 
shown with dashed lines and SBT index contours are shown with continuous lines. (2) Figure 2.2b 
adapted from [15]. (3) Square markers correspond to sounding CPTU-05-05N_Updated reported 
in Robertson et al. [8] 
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Table 2.1 Approximate 
correspondence between Bq 
and drainage conditions based 
on the Q-U2 chart proposed 
by Schneider et al. [12, 13]. 
Source Fourie et al. [15]. 

Bq range Drainage conditions 

<−0.01 Partial drainage 

−0.01 to 0.01 Fully drained 

0.01 to 0.05 Partial drainage 

0.05 to 0.2 Partial drainage or undrained 

>0.2 Undrained 

the Q-Bq chart [13]. It is convenient to rewrite Bq in terms of Q and U2 to emphasise 
that Bq is a function of the two parameters plotted on the axes of its underlying SBT 
chart. 

Bq = f (Q, U2) = 
U2 

Q 
(2.12) 

Accepting that during a CPTu sounding sands remain drained, clays remain 
undrained, and silts and transitional soils exhibit partial drainage, then the approxi-
mate correspondence between drainage conditions and Bq is as given in Table 2.1. It  
is worth noting that SBT charts or indexes that involve excess pore water pressure (ue 
= u2 – u0) are only applicable in saturated soils and where readings are not affected 
by cavitation. 

2.3 Implementation at a Tailings Deposit 

A CPTu sounding from Dam I at the Córrego do Feijão iron mine near Brumadinho, 
Brazil, is used herein to illustrate the use of the sleeve friction-independent SBT 
indexes. Dam I exhibited alternating layers of fine and coarse tailings [9]. Figure 2.3 
shows profiles of IQ-Bq and Bq together with profiles of the more common indexes 
Ic-RW and Ic-JD. The profiles of the four indexes reflect the layered structure of the 
deposit and generally agree on the interpreted stratigraphy. These results highlight 
the possibility of using IQ-Bq and Bq to complement Ic-RW and Ic-JD.

One practicality of the Bq profile is that, as shown in Fig. 2.3b, the spread of 
values may be best represented on a logarithmic scale. This precludes the possibility 
of directly plotting negative Bq values, which instead require a different line style for 
their identification. Interpretation of the Bq profile must consider that all Bq values 
smaller (more negative) than 0.01 classify as silts or transitional soils. That is, the 
Q-U2 SBT chart is not symmetric about the U2 = 0 axis [12, 13]. 

Although the profiles in Fig. 2.3 are useful in characterising the stratigraphy of 
the deposits, there is also value in plotting the data on SBT charts as this provides 
additional information regarding parameters such as the overconsolidation ratio and 
sensitivity [10, 13]. To emphasise this point the CPTu data from Dam I is also plotted 
in the SBT charts shown in Figs. 2.1 and 2.2.
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Fig. 2.3 Stratigraphy of Dam I as inferred from profiles of a IQ-Bq, b Bq, c Ic-RW , and  d Ic-JD. Note 
Data from sounding CPTU-05-05N_Updated reported in Robertson et al. [9]

2.4 Conclusion 

The sleeve friction-independent SBT indexes IQ-Bq and Bq can facilitate the imple-
mentation and interpretation of the Q-Bq and Q-U2 soil behaviour type charts, 
respectively. The indexes effectively quantify the soil type classification of their 
corresponding SBT chart which makes the results amenable to mathematical 
manipulation. 

When applied to a CPTu sounding conducted in iron tailings both indexes 
produced SBT classifications that are comparable to those yielded by the more 
common indexes Ic-RW and Ic-JD. The indexes IQ-Bq and Bq are independent of sleeve 
friction readings and are thus particularly useful when there are concerns about the 
repeatability of such readings. Furthermore, these indexes provide another layer of 
information to assist with the interpretation of geotechnical characteristics. 
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Chapter 3 
Assessment of Mine Overburden Dump 
Stability Using Numerical Modelling 

Tarun Kumar Rajak and Laxmikant Yadu 

3.1 Introduction 

The increased demand for raw materials in thermal power plants led in mineral extrac-
tion and a significant expansion in the volume and size of OBD dump. The improper 
handling of OBD materials may result in dump failure and various difficulties such as 
decreased mining efficiency, endangering equipment, and workers [1], and adverse 
environmental effects [2, 3]. Several aspects, including material physico-mechanical 
properties, geological variables, geometrical factors, and hydraulic factors [4], influ-
ence dump stability. External dumping necessitates increasing the height and slope 
of the dump to achieve maximum dump capacity. However, increasing the geometry 
of the external dump necessitates a thorough study of the geo-mechanical char-
acteristics of OBD materials [5]. According to the Directorate General of Mines 
Safety (DGMS), the bench’s height shall not exceed 30.0 m. However, given on 
the geo-mechanical qualities of the available OBD material, an attempt to enhance 
the individual bench height may be beneficial for maximum dump capacity within 
the available land area. With increased coal consumption, a large volume of fly ash 
is also produced, necessitating an alternate manner of safe utilisation. The use of 
fly ash in mining OBD material may provide an effective form of usage. Several 
research showed that fly ash might be utilised to alter the engineering qualities of 
soft soils [6–11]. Fly ash is a desirable construction material for embankments due 
to its low specific value, high frictional properties, and ease of compaction [12–14]. 
According to several research, fly ash-OBD mix material may also be employed as
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a paving material in mine haul roads [15–20]. According to Cockrell and Leonard 
[21], Fly ash, when combined with moisture and calcium oxide, produces a cemen-
titious compound that can be used to strengthen the strength of soft soil. Mallick 
and Mishra [19] examined the strength behaviour of clinker stabilised OBD-fly ash 
blends and proposed that the mix might be used as a sub-base material in mine haul 
roads at optimal proportions. Similarly, the applicability of additional materials such 
as lime [16, 22], and cement [18] for improving the strength qualities of fly ash-OBD 
material has been investigated. 

GGBS was mixed with the fly ash-OBD material in this investigation. When 
crushed to a finer particle size, GGBS, derived from the iron industry, exhibits cemen-
titious behaviour [23, 24]. It aids in reducing swelling behaviour, flexibility, and 
improving the physico-mechanical properties of expansive soil [25–27]. According 
to Sharma and Sivapullaiah [28], combining fly ash with GGBS can be more benefi-
cial than using it alone since it aids in the formation of the calcium-silicate-hydrate 
gel matrix. However, for optimal usage in the mining area, the strength properties 
of GGBS stabilised fly ash-OBD material must be studied. It was observed that an 
optimum GGBS content for the stabilization of the soft soil was found as 6–15% by 
weight [23–27], thus in the present study, 6, 9, and 12% GGBS was added. 

The intent of the study was to look at the viability of using fly ash in conjunction 
with the OBD material for external mining dumps. The study assessed the compaction 
and shear strength capabilities of mixes containing varied concentrations of OBD 
material, fly ash, and GGBS. FLAC/Slope software was used to calculate the FOS 
of an external dump comprising varied mix proportions and different geometrical 
configurations. An overall dump height of 120.0 m was investigated using four 
benches of 30.0 m (height) each, three benches of 40.0 m (height) each, and two 
benches of 60.0 m (height) each. Further, the slope angle was varied from 28° at 
2° interval [29] to suggest the optimum slope angle for each set. A Multiple Linear 
Regression (MLR) model and Artificial Neural Network (ANN) model has been 
developed to evaluate the FOS based on various influencing parameters. 

3.2 Study Area 

The current study focuses on the stability of the external overburden dump in the 
Mand Raigarh Coalfield in Chhattisgarh, India. The research area and OBD material 
collecting site are depicted in Figs. 3.1 and 3.2, respectively. Mand Raigarh coalfield 
is located in the Gondwana basin, which stretches northwest-southeastly (NW–SE). 
Table 3.1 shows the stratigraphy of the studied region.



3 Assessment of Mine Overburden Dump Stability Using Numerical … 41

Fig. 3.1 Location of Mand 
Raigarh coalfield (Study 
area) 

Fig. 3.2 OBD material from 
dump site of Mand Raigarh  
coalfield

3.3 Materials and Methods 

External dump OBD material was obtained from the Gare Pelma Coal mines, Raigarh, 
Chhattisgarh, India. Fly ash and GGBS were collected from the NSPCL thermal 
power plant in Bhilai, Chhattisgarh, India, and the Bhilai Steel Plant. The specific
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Table 3.1 Lithology and stratification of Mand Raigarh coalfield 

Formation Thickness (m) Lithology 

Recent 1.00–17.00 Alluvium/soil basalt flows and dolerite dykes 

Barren 
measure 

3.00–237.97 Fine to medium-grained sandstones shale and intercalation of 
shale and sandstone, carbonaceous shale and coal seam 

Barakar 160.50–482.29 Coarse grain sandstone, medium grain sandstones, shales, and 
coal seams 

Talchir 2.00–8.80 Diamictites, sandstones, shales, rhythmites and turbidites 

Basement 2.10–8.25 Metamorphic

gravity of the OBD material, fly ash, and GGBS was determined using ASTM D854-
14 [30]. ASTM-D6913M was used to analyse the particle size distribution of the OBD 
material and fly ash [31]. Energy Dispersive X-ray (EDX) and Scanning Electron 
Microscope (SEM) tests were used to characterise the chemical and mineral structure 
of the OBD material, fly ash, and GGBS. To establish the Maximum Dry Density 
(MDD) and Optimum Moisture Content (OMC) of the OBD material and fly ash, 
standard and modified Proctor compaction tests were done in accordance with ASTM 
D698-12, [32] and ASTM D1557 [33], respectively. Samples were created and tested 
by blending the OBD material, fly ash, and GGBS in various proportions (Table 3.2). 

Table 3.2 Sample 
preparation at different mix 
proportions 

Sample name Mix proportions containing 

90OBD10F 90% OBD and 10% fly ash 

84OBD10F6GGBS 84% OBD, 10% fly ash, and 6% GGBS 

81OBD10F9GGBS 81% OBD, 10% fly ash, and 9% GGBS 

78OBD10F12GGBS 78% OBD, 10% fly ash, and 12% GGBS 

80OBD20F 80% OBD and 20% fly ash 

74OBD20F6GGBS 74% OBD, 20% fly ash, and 6% GGBS 

71OBD20F9GGBS 71% OBD, 20% fly ash, and 9% GGBS 

68OBD20F12GGBS 68% OBD, 20% fly ash, and 12% GGBS 

70OBD30F 70% OBD and 30% fly ash 

64OBD30F6GGBS 64% OBD, 30% fly ash, and 6% GGBS 

61OBD30F9GGBS 61% OBD, 30% fly ash, and 9% GGBS 

58OBD30F12GGBS 58% OBD, 30% fly ash, and 12% GGBS 

60OBD40F 60% OBD and 40% fly ash 

54OBD40F6GGBS 54% OBD, 40% fly ash, and 6% GGBS 

51OBD40F9GGBS 51% OBD, 40% fly ash, and 9% GGBS 

48OBD40F12GGBS 48% OBD, 40% fly ash, and 12% GGBS
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3.3.1 Compaction Test 

Modified Proctor compaction tests were performed for all mix amounts (Table 3.2) 
in accordance with ASTM D1557 [33]. To determine the MDD and OMC of all 
samples, the compaction curve was drawn. The MDD and OMC acquired were 
utilised to prepare the sample for the triaxial test. 

3.3.2 Triaxial Test 

All samples were subjected to a triaxial test (unconsolidated undrained test) in accor-
dance with ASTM D2850 [34]. Samples of 38 mm diameter and 76 mm length were 
made and tested at three confining pressures, namely 49.03, 98.06, and 147.10 kPa, 
to determine the angle of internal friction and cohesiveness of each material. 

3.4 Dump Stability Analysis 

The external dump’s stability was assessed using numerical modelling with FLAC/ 
Slope software, a finite difference method-based computational tool. FLAC/Slope 
was used to calculate the dump’s factor of safety (FOS), failure pattern, vector 
velocity, and shear strain rate, offering a quick and efficient method for these compu-
tations. FOS is the ratio between actual shear strength to the reduced shear strength 
presented in Eqs. (3.1) and (3.2) which is determined by Strength reduction tech-
niques. In this method, trial FOS (F ') is considered to reduce the material’s strength 
i.e., angle of internal friction (φ) and cohesion (c) till failure initiates. F ' represents 
the real FOS in the event of failure. 

c' = c/F ' (3.1) 

φ' = arctan(1/F ' tan φ) (3.2) 

3.4.1 Simulation of Dump Slope 

In this study, overburden dump was simulated in different stages. Model stage and 
build stage are used to define the geometrical and geomaterial properties of the 
dump. FOS of the dump was determined in the solve stage by bracketing approach. 
Further, the failure pattern, velocity vector, plasticity indicator, and shear strain rate 
are determined in the plot stage.
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Fig. 3.3 Numerically 
simulated OBD dump having 
four benches of individual 
height and bench slope 
30.0 m and 44° respectively 

Fig. 3.4 Numerically 
simulated OBD dump having 
three benches of individual 
height and bench slope of 
40.0 m and 38° respectively

In the present study, stability analysis of the external dump containing different 
proportions of mix were conducted under different geometrical configurations. The 
overall dump height of 120.0 m was analysed under different sets of benches i.e., 
four benches of 30.0 m (height) each, three benches of 40.0 m (height) each, and 
two benches of 60.0 m (height) each. Further, the slope angle was varied from 28° at 
2° interval to suggest the optimum slope angle for each set. Considering FOS value 
of 1.30 [20, 29], the optimum slope angle for each set of benches was suggested. 
The FOS of 1.30 is adequate for the recent fill and for mine dump stability [29]. 
Figures 3.3, 3.4 and 3.5 shows the numerically simulated geometry of external OBD 
dump at an overall height of 120.0 m and 28° slope angle at different bench sets. 

3.5 Multiple Linear Regression (MLR) Model 

MLR is a statistical analysis which builds the relationship between input and target 
variables. It develops a mathematical expression among dependent (input) variables 
and two or more (multiple) target variables. The general mathematical equation for 
the multiple linear regression is expressed in the following form:



3 Assessment of Mine Overburden Dump Stability Using Numerical … 45

Fig. 3.5 Numerically 
simulated OBD dump having 
two benches of individual 
height and bench slope of 
60.0 m and 32° respectively

Y = a1 + b1x1 + b2x2 + b3x3 +  · · ·  +  bnxn + ∊ (3.3) 

where, 

Y dependent variable 
x1, x2, x3 . . .  xn independent variable 
b1, b2, b3, b4 . . .  bn regression coefficient 
a1 constant
∊ error 

Coefficient of determination (R2) is used to suggest the correlation among input 
and output variables in the model fit curve. Prediction of FOS for slope stability using 
MLR analysis has been successfully reported in various literatures [35–37]. MLR 
model was established to determine the FOS using different input variables. The 
developed equation represents the relationship between various input variables i.e. 
unit weight (γ , kN/m3), angle of internal friction (φ, degree), cohesion (c, kN/m2), 
number of bench (BN ), height of individual bench (HB, m), slope angle of individual 
bench (βB, degree), and one output variable i.e., FOS (F). 

3.6 Artificial Neural Network (ANN) Model 

ANN, a computational model, is used to train the physical structure using the informa-
tion processing system. By learning, capturing, and generalising the neural network, 
ANN is a powerful tool for modelling the direct relation of underlying datasets. The 
input layer, hidden layer, and output layer are the three layers that make up an ANN 
architecture. Although the input layer neurons do not perform any computational 
operations, they do receive input from the outside environment. The hidden layer 
receives information from the input layer, does the calculation, and then transfers the 
results to the output layer. The user received the system output through the output 
neurons [38]. In order to reduce network error, the weights are altered and the network 
error is acknowledged backwards from the output layer to the input layer.
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Fig. 3.6 Neural network architecture of ANN model 6-14-14-1 (N9) 

Architecture of ANN Structure 

The ANN model is examined using Matlab R2015a. A feed-forward back propagation 
network algorithm with a Levenberg–Marquardt (LM) training function is utilised 
to train the algorithm in this paper. When compared to other network algorithms, it 
gives the most helpful and appropriate training algorithm [39]. 

The use of ANN in several civil engineering fields has been mentioned in the 
literature [40–42]. The prediction of FOS of slope stability problems using ANN has 
been explored effectively [37, 39, 43–48]. 

In this study, six input parameters namely unit weight (γ , kN/m3), angle of internal 
friction (φ, degree), cohesion (c, kN/m2), number of bench (BN ), height of individual 
bench (HB, m), and slope angle of individual bench (βB, degree) were simulated in 
the input layer. FOS obtained from numerical modelling was simulated in the output 
layer. Architecture of the ANN model is presented in Fig. 3.6. Various ANN models 
have been constructed by altering the number of hidden layers (single and double 
layer) and the number of neurons in the hidden layer. The activation functions (AF) 
for the input and output layers were tansig and purelin, respectively. The hidden 
layer’s (single and double layer) number of neurons is varied from 10 to 20 neurons 
in steps of 2 neurons in order to examine various ANN models. The specifics of 
different ANN models’ architectures are displayed in Table 3.3.

ANN models from various architectures are trained to achieve a pre-set perfor-
mance objective of 1e−06 across 10,000 epochs. To calculate the FOS, 476 sets 
at various geometrical and geomaterial parameter circumstances were numerically 
modelled. The entire data set is separated into two parts: in the first part, 381 data 
sets (about. 80%) were used to create an ANN model, and in the second part, 95 data 
sets (approx. 20%) were used to validate the generated model. However, in ANN, 
the 381 data sets are further separated into three unique groups: 70% for training, 
15% for testing, and 15% for model validation [49]. The Mean Square Error (MSE) 
value of each architecture was calculated using Eq. (3.4). 

MSE  = 
1 

N 

N∑

i=1 

(Ftarget  − Fpredicted )
2 (3.4) 

When a model achieves the performance target with the least amount of error, it 
was determined to be the best neural network. Model 6-14-14-1’s neural network 
design is seen in Fig. 3.6. The N9 model’s notation 6-14-14-1 indicates that there
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Table 3.3 Architecture detail of different ANN model 

Model name Architecture Number of neurons 

Input layer 1st hidden layer 2nd hidden layer Output layer 

N1 6-10-1 6 10 Layer absent 1 

N2 6-12-1 6 12 Layer absent 1 

N3 6-14-1 6 14 Layer absent 1 

N4 6-16-1 6 16 Layer absent 1 

N5 6-18-1 6 18 Layer absent 1 

N6 6-20-1 6 20 Layer absent 1 

N7 6-10-10-1 6 10 10 1 

N8 6-12-12-1 6 12 12 1 

N9 6-14-14-1 6 14 14 1 

N10 6-16-16-1 6 16 16 1 

N11 6-18-18-1 6 18 18 1 

N12 6-20-20-1 6 20 20 1

are 6 neurons in the input layer, 14 neurons in each of the first and second hidden 
layers, and 1 neuron in the output layer. 

3.7 Results and Discussions 

The present study focuses to utilize fly ash in mine OBD material with and without 
GGBS. Specific gravity of the OBD material, fly ash, and GGBS is found to be 2.66, 
2.10, and 2.83 respectively. The higher iron content of GGBS and OBD material than 
fly ash results in the higher specific gravity [50]. Table 3.4 presents the results of the 
EDX test carried out to determine the elemental composition of the OBD material, 
fly ash, and GGBS. The test revealed that silica (Si) is the most abundant element in 
both the coal mine OBD material and fly ash. On the other hand, calcium (Ca) is the 
most abundant element in GGBS. The mineral structure of the OBD material, fly ash, 
and GGBS is illustrated in Fig. 3.7. It can be observed from Fig. 3.7, that fly ash has 
spherical shape whereas the OBD material and GGBS show some angular structure 
of irregular shape. The particle size distribution curve of the OBD material and fly 
ash is shown in Fig. 3.8. The OBD material is classified as well-graded sand (SW) by 
the Unified Soil Classification System (USCS), while fly ash is classified as inorganic 
silt (ML). The liquid limits of the OBD material and fly ash were calculated to be 
23.60% and 36.30%, respectively. Fly ash with a higher percentage of finer particles 
than the OBD material has a higher liquid limit. Both materials are revealed to be 
non-plastic. The fact that the OBD material and fly ash exhibit a negligible shrinkage 
limit makes them appropriate materials for various geotechnical applications [51].
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Table 3.4 Chemical 
characterization of the 
materials 

Elements Elemental composition (by % weight) of 
materials 

OBD material Fly ash GGBS 

Aluminium (Al) 26.01 24.09 12.14 

Silicon (Si) 56.47 63.00 29.59 

Potassium (K) 03.46 02.61 00.63 

Calcium (Ca) 00.64 01.12 44.80 

Titanium (Ti) 02.61 02.43 00.89 

Iron (Fe) 10.82 06.75 11.51 

Fig. 3.7 SEM image at 5000X magnification a OBD material b fly ash c GGBS 

Fig. 3.8 Particle size distribution curve of OBD material and fly ash 

Compaction curve of the OBD material and fly ash at standard Proctor compaction 
test and modified Proctor compaction test are shown in Fig. 3.9a and b respectively. 
MDD and OMC for the OBD material at standard Proctor test was 17.20 kN/m3 and 
14.30% respectively, and at modified Proctor test it was 19.20 kN/m3 and 11.28% 
respectively. However, in case of fly ash, MDD and OMC at standard Proctor test
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Fig. 3.9 Compaction curve of OBD material and fly ash at a Standard proctor compaction test 
b Modified proctor compaction test 

was 12.45 kN/m3 and 24.56% respectively, and at modified Proctor test it was 13.00 
kN/m3 and 21.50% respectively. OBD material has higher MDD than fly ash because 
of its higher specific gravity. However, OMC of the fly ash is higher than the OBD 
material. 

3.7.1 Compaction Characteristics 

All mixture proportions are tested with modified Proctor compaction tests (Table 3.2), 
and the compaction curve is shown in Fig. 3.10a and d. Table 3.5 displays the obtained 
MDD and OMC for all mix proportions. The findings indicate that as the proportion 
of fly ash in the fly ash-OBD mixture increases, the MDD decreases while the OMC 
increases. This decrease in MDD can be attributed to the reduced specific gravity of 
fly ash. According to Behera and Mishra [16], the non-cohesive characteristic of fly 
ash diminishes the MDD of a fly ash-OBD combination. Furthermore, the addition 
of GGBS to a fly ash-OBD mixture induces an increase in MDD due to its greater 
specific gravity [52]. The reduction in MDD with the incorporation of fly ash and 
GGBS results in the reduction of stress induced due to self-weight. Thus, it can be 
advantageous for the improvement of stability of coal mine dump.

3.7.2 Unconsolidated Undrained (UU) Triaxial Test 

The UU test is a popular laboratory experiment for determining strength factors 
such as angle of internal friction and cohesion. Table 3.6 shows the assessed 
shear strength characteristics for all of the mix proportions that were tested. 
It was discovered that the cohesiveness value of a fly ash-OBD mix increases 
up to 20% fly ash content and thereafter declines. However, when the fly ash 
content in the fly ash-OBD combination increases, the angle of internal friction
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Fig. 3.10 Compaction curve of OBD material at different proportion of GGBS and fly ash a 10% 
fly ash b 20% fly ash c 30% fly ash d 40% fly ash 

Table 3.5 MDD and OMC 
of different samples Material name MDD (kN/m3) OMC (%) 

90OBD10F 18.20 13.20 

84OBD10F6GGBS 18.28 12.90 

81OBD10F9GGBS 18.35 12.40 

78OBD10F12GGBS 18.45 12.20 

80OBD20F 17.56 15.95 

74OBD20F6GGBS 17.75 14.75 

71OBD20F9GGBS 17.86 14.35 

68OBD20F12GGBS 17.92 13.75 

70OBD30F 17.35 16.40 

64OBD30F6GGBS 17.48 15.20 

61OBD30F9GGBS 17.72 14.80 

58OBD30F12GGBS 17.86 14.30 

60OBD40F 17.10 17.20 

54OBD40F6GGBS 17.35 16.70 

51OBD40F9GGBS 17.42 16.60 

48OBD40F12GGBS 17.47 15.87
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Table 3.6 Shear strength parameter of all mix composites 

Material name Cohesion (kPa) Angle of internal friction 

100OBD 20.46 31.10° 

90OBD10F 28.05 29.26° 

84OBD10F6GGBS 29.00 29.16° 

81OBD10F9GGBS 32.26 28.16° 

78OBD10F12GGBS 36.68 28.10° 

80OBD20F 29.25 27.58° 

74OBD20F6GGBS 31.16 27.02° 

71OBD20F9GGBS 34.53 26.13° 

68OBD20F12GGBS 37.12 26.31° 

70OBD30F 28.05 27.18° 

64OBD30F6GGBS 29.15 27.13° 

61OBD30F9GGBS 32.28 26.33° 

58OBD30F12GGBS 36.12 26.28° 

60OBD40F 27.85 25.20° 

54OBD40F6GGBS 29.28 25.12° 

51OBD40F9GGBS 31.75 24.48° 

48OBD40F12GGBS 35.56 24.10° 

decreases. It might be because of the spherical form of the fly ash (Fig. 3.7). 
Furthermore, the inclusion of GGBS enhances the cohesiveness value of the fly 
ash-OBD mixture. The increase in cohesion value might be attributed to the 
filling of cavities in the OBD material by finer fly ash and GGBS particles 
[52], as well as the cementitious character of GGBS particles [23, 24]. Cohesion 
value was increased by 81.42% for 68% OB material, 20% fly ash, and 12% GGBS 
as compared to 100% OB material. 

3.7.3 Stability Analysis 

Stability analysis of external dump containing different proportions of OBD material, 
fly ash, and GGBS under different geometrical configuration has been performed 
using FLAC/Slope software. The overall dump height of 120.0 m was analysed under 
different sets of benches i.e., four benches of 30.0 m (height) each, three benches of 
40.0 m each, and two benches of 60.0 m each. Further, the slope angle was varied 
from 28° at 2° interval. The failure pattern of the external dump containing 78% 
OBD, 10% fly ash, and 12% GGBS at an overall height of 120.0 m and different 
bench set are presented in Figs. 3.11, 3.12 and 3.13.
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Fig. 3.11 Failure pattern, 
shear strain rate contour, and 
FOS value plot for the dump 
containing 78% OBD, 10% 
fly ash, and 12% GGBS at 
four benches with individual 
height and slope angle of 
30.0 m and 44° respectively 

Fig. 3.12 Failure pattern, 
shear strain rate contour, and 
FOS value plot for the dump 
containing 78% OBD, 10% 
fly ash, and 12% GGBS at 
three benches with individual 
height and slope angle of 
40.0 m and 38° respectively 

Fig. 3.13 Failure pattern, 
shear strain rate contour, and 
FOS value plot for the dump 
containing 78% OBD, 10% 
fly ash, and 12% GGBS at 
two benches with individual 
height and slope angle of 
60.0 m and 32° respectively
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Fig. 3.14 Variation of FOS with various slope angles and different samples at four benches of 
30.0 m individual height

The variation of FOS of all the mix proportions at different slope angles and bench 
sets are presented in Figs. 3.14, 3.15 and 3.16. Based on the FOS value of 1.30 [20], 
the suitable slope angle for each sample under different bench sets has been reported 
in Table 3.7. It can be found from Figs. 3.14, 3.15 and 3.16 that with increase of 
the slope angle, the FOS decreases significantly. With increase in the no of benches, 
the FOS of the external dump increases but it may reduce the dump capacity. The 
maximum dump capacity can be achieved with the two benches of individual height 
and slope angle of 60.0 m and 32° respectively compared to other dump geometry 
for the OBD material containing 10% fly ash with and without GGBS. 

3.7.4 Multiple Linear Regression (MLR) Model 

In the present work, MLR model was established to predict the FOS of external 
dump under different geometrical and geomaterial properties. The established model 
enables the relationship amongst explanatory (input) variables i.e., unit weight (γ , 
kN/m3), angle of internal friction (φ, degree), cohesion (c, kN/m2), number of bench 
(BN), height of individual bench (HB, m), slope angle of the individual bench (βB, 
degree), and one response (output) variable i.e., FOS (F). In numerical modelling, a 
total of 476 sets of different geometrical and geomaterial parameters were analysed 
to determine the FOS. In which around 80% data sets (i.e., 381 data sets) were used 
to build the MLR model and the remaining 20% data sets (95 data sets) were used 
for the validation of the developed model. The MLR model for the prediction of FOS 
is presented in Eq. 3.5.
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Fig. 3.15 Variation of FOS with various slope angles and different samples at three benches of 
40.0 m individual height 

Fig. 3.16 Variation of FOS with various slope angles and different samples at two benches of 
60.0 m individual height

FoS  = 0.971 − 0.033γ + 0.011c + 0.050φ − 0.030βB − 0.002HB + 0.132BN 

(3.5) 

Regression statistics of MLR model is presented in Table 3.8. Coefficients of 
input parameters and their corresponding Probability value (P-value) are presented 
in Table 3.9. The significance of the developed MLR model can be explained by 
coefficient of determination (R2) and P value. It can be observed from Tables 3.8 and
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Table 3.7 Suggested individual slope angle at various bench sets for different samples 

Mix proportions/ 
Material name 

Suggested bench slope angle (βB) of at various bench sets 

βB at four benches of 
30.0 m individual 
height 

βB at three benches of 
40.0 m individual 
height 

βB at two benches of 
60.0 m individual 
height 

100OBD 40° 36° 32° 

90OBD10F 44° 38° 32° 

84OBD10F6GGBS 44° 38° 32° 

81OBD10F9GGBS 44° 38° 32° 

78OBD10F12GGBS 44° 38° 32° 

80OBD20F 42° 36° 30° 

74OBD20F6GGBS 42° 36° 30° 

71OBD20F9GGBS 42° 36° 30° 

68OBD20F12GGBS 42° 36° 30° 

70OBD30F 42° 34° 30° 

64OBD30F6GGBS 42° 34° 30° 

61OBD30F9GGBS 42° 36° 30° 

58OBD30F12GGBS 42° 36° 30° 

60OBD40F 36° 32° 28° 

54OBD40F6GGBS 36° 32° 28° 

51OBD40F9GGBS 36° 32° 28° 

48OBD40F12GGBS 36° 32° 28°

3.9 that developed MLR is statistically significant because of the higher coefficient of 
determination value i.e., R2 = 0.98 and very small p-value (< 0.05) of each parameter. 

Validation of MLR Model 

Validation of the developed MLR model has been carried out by comparing the FOS 
value obtained from numerical modelling with FOS predicted by the MLR model. 
20% of the total data set (i.e., 95 data sets), which was not used for the development 
of the MLR model, has been used to compare the observed and predicted values of 
FOS. The comparison between observed and predicted FOS is presented in Fig. 3.17

Table 3.8 Regression statistics of developed MLR model 

Regression statistics 

Multiple R 0.99 

R2 0.98 

Adjusted R2 0.98 

Standard error 0.02 

Observations 381
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Table 3.9 Corresponding coefficients and P-value of the various parameters 

Parameter Coefficients Standard error t-statistics P-value 

Intercept 0.970 0.084896 11.4348 3.60E−26 

γ , kN/m3 −0.033 0.005949 −5.54004 5.71E−08 

c, kN/m2 0.011 0.000422 25.59937 3.11E−84 

φ, degree 0.050 0.001797 27.95101 1.28E−93 

BN −0.030 0.000259 −115.672 7.3E−295 

HB, m −0.002 0.000594 −2.93665 0.003523 

βB, degree 0.132 0.009033 14.60046 1.59E−38

Fig. 3.17 Comparison of 
FOS value for 95 data sets 
(20%) between observed 
(numerical model) and 
predicted (MLR model) 

which indicates close agreement between observed and predicted FOS with high 
value of coefficient of determination value i.e., R2 = 0.9863. 

3.7.5 ANN Model 

Different architectures of ANN model has been developed by varying the number 
of hidden layer and number of neurons to ascertain the best model. Matlab R2015a 
has been used to train the different models. The MSE value and obtained coefficient 
of determination (R2) of testing, training, and validation for all the different ANN 
models are presented in Table 3.10.

Table 3.10 shows that, despite having identical R2 values, the ANN model (N9) 
with architecture 6-14-14-1 is the best model compared to others since it first achieves 
the performance objective of 1e−06 with a low MSE value. However, as the number 
of neurons in the hidden layer increases, like in the case of N10, N11, and N12, the 
performance target is attained with a smaller epoch value.
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Table 3.10 MSE and coefficient of determination value of different ANN model 

Model name Architecture Coefficient of determination (R2) MSE value 

Testing Training Validation 

N1 6-10-1 0.998 0.997 0.999 0.0000808 

N2 6-12-1 0.999 0.997 0.999 0.0001575 

N3 6-14-1 0.999 0.984 0.999 0.0001079 

N4 6-16-1 0.999 0.999 0.999 0.0001380 

N5 6-18-1 0.999 0.992 0.998 0.0001784 

N6 6-20-1 0.998 0.998 0.998 0.0001753 

N7 6-10-10-1 0.998 0.998 0.999 0.0001687 

N8 6-12-12-1 0.997 0.999 0.999 0.0002189 

N9 6-14-14-1 0.999 0.993 0.998 0.0001349 

N10 6-16-16-1 0.998 0.998 0.998 0.0001700 

N11 6-18-18-1 0.998 0.997 0.998 0.0002429 

N12 6-20-20-1 0.999 0.996 0.997 0.0002686

Validation of ANN Model 

The ANN model was validated by simulating the remaining 20% of data sets (95 data 
sets) that were not used while creating the ANN model. The projected FOS (for 20% 
of the data sets) from the ANN model (N9) was compared to the observed FOS from 
numerical modelling. Figure 3.18 shows the FOS value of the ANN model and the 
numerical model (FLAC/Slope) for 95 data sets. Figure 3.19 shows the coefficient 
of determination value (R2) for validation of the ANN model (N9) and comparison 
of observed and projected FOS. Figures 3.18 and 3.19 show a high level of statistical 
dependability (R2 = 0.9968) between the ANN model (N9) and the numerical model.



58 T. K. Rajak and L. Yadu

Fig. 3.18 FOS value of ANN model and numerical model (FLAC/Slope) for 95 data sets 

Fig. 3.19 Comparison 
between observed (numerical 
model) and predicted FOS 
(N9, ANN model) 

3.8 Conclusion 

Following conclusions are drawn from the present study: 

1. The MDD decreased and OMC increased with the addition of fly ash in the 
OBD material. Further addition of GGBS in the fly ash-OBD material, results 
in increase in MDD due to the higher specific gravity of GGBS compared to fly 
ash and OBD material. 

2. The cohesion value of the OBD material increased with the addition of fly ash. 
However, a significant decrease in the angle of internal friction was observed 
with increase in the fly ash content. Maximum improvement in cohesion value
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of fly ash-OBD mix was observed for mix proportions containing 80% OBD 
material and 20% fly ash. 

3. Addition of GGBS in the fly ash-OBD mix shows a significant result in strength 
improvement. The cohesion value increases and the angle of internal friction 
decreases with the addition of GGBS content in the fly ash-OBD material. 
Maximum cohesion value was observed for mix proportions containing 68% 
OBD material, 20% fly ash, and 12% GGBS. Cohesion value was increased by 
81.42% for 68% OB material, 20% fly ash, and 12% GGBS as compared to 100% 
OB material. 

4. Based on the numerical modelling of the external dump of 120.0 m overall 
height, suitable slope angle has been suggested at different bench combinations. 
However, maximum dump capacity can be achieved with the two benches of 60.0 
m (height) each at 32° slope angle for the OBD material containing 10% fly ash 
with and without GGBS. 

5. The developed MLR model and ANN model (N9) with architecture 6-14-14-
1 predict the FOS at high accuracy with coefficient of determination value of 
0.9863 and 0.9968 respectively. 

6. Based on the results findings, it can be recommended to incorporate 10% to 20% 
fly ash with 12% GGBS with mine OB material for the improvement of mine 
dump and for providing a suitable sub-base material for mine haul road. 
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Chapter 4 
Performance of Coal Mine Overburden 
Dump Slope Under Earthquakes Using 
Extended Finite Element Method Based 
Voronoi Tessellation Scheme 

Madhumita Mohanty , Rajib Sarkar , and Sarat Kumar Das 

4.1 Introduction 

In India, the production of coal by the removal of the waste material overlying the 
coal seams is majorly being performed using opencast mining. The sloping structures 
formed due to the piling up of these heterogeneous wastes are termed as coal mine 
overburden (OB) dump slopes [1]. The OB dumps have to be accommodated in 
the limited available space, which leads to rise in their heights, thus making them 
vulnerable to failures. There has been an increase in the number of accidents due to 
the OB dump failures [2]. Various problems occur on account of the presence of OB 
dumps: precious land is lost and existing ecosystems are endangered [3]; occurrence 
of environmental hazards [4]; several houses and people are buried [5] and mining 
activities get interrupted [6]. 

Earthquake is one of the most important factors that significantly influences the 
OB dump failures. Although uncontrollable seismic energy is produced, the Indian 
guidelines do not specify any regulations considering the seismic effects. Further, 
evaluation of the slope stability of the heterogeneous OB dump is a major challenge. 

In the present study, the Voronoi tessellation scheme has been used to represent 
the innumerable discontinuities of the heterogeneous OB dump. The presence of 
numerous discontinuities make the use of finite element method (FEM) troublesome
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as meshing becomes difficult in the problem domain. Thus, extended finite element 
method (XFEM) has been used here as it overcomes the difficulties faced while using 
FEM. The commercial software package, RS2 v11.013 2021 [7] is used to couple 
the XFEM and Voronoi tessellation scheme, then the dynamic analyses were carried 
out. A set of ten earthquakes were chosen [8], which covered a wide range of strong 
ground motion characteristics. Ultimately, the amplification ratios [9] were estimated 
at four key points for investigating the seismic performance of the heterogeneous OB 
dump as well as a similar homogeneous OB dump. On account of negligible literature 
being available considering the seismic damage of OB dump slopes, the current study 
would be helpful in the preparation of design guidelines for OB dumps in earthquake 
prone areas. 

4.2 Background of XFEM 

FEM is advantageous when the domain of the problem is moderately jointed, whereas 
in case of a heavily jointed domain, the process of meshing becomes tough. The 
utilization of XFEM overcomes the abovementioned problem. Several studies have 
successfully implemented XFEM [10] as it considers the mesh and joints to be 
independent of each other [11–13]. The effect of joints is considered in an implicit 
manner when they cross the element [14]. Firstly, the position of the joints are 
disregarded and the discretization of the domain of the problem occurs independently. 
Then, addition of enriched nodes occur to all those elements which are intersected 
by joints. The term enriched node is used to denote the nodes of an element that 
have been intersected by a joint. Additional degrees of freedom (DOFs) are provided 
to each node according to the number of joints present in the element. A domain 
consisting of two joints has been discretized and is shown in Fig. 4.1.

The coordinates of a point in the domain is represented as (x, y) and defined as 
per the local coordinates of the joint. The Heaviside function for a joint has been 
illustrated in Fig. 4.2. Heaviside function, H(x), is used to consider the discontinuity 
in the element and is expressed as follows [12]: 

H (x) =
{

+1 y > 0 

−1 y < 0 
(4.1)

Next, the displacement, u(x) is expressed as follows [10]: 

u(x) =
∑
i∈I 

Ni (x)ui +
∑
j∈J 

N j (x)(H(x)− H(x j )
)
u j
∆

(4.2) 

where, Ni denotes the shape function for the ith node, I denotes the set of all nodes 
in the domain, J is the set of enriched nodes, ui is the set of standard DOFs and u j

∆
is
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Fig. 4.1 Discretization of a problem domain consisting of two joints (adopted from Moallemi et al. 
[14])

Fig. 4.2 Heaviside function 
for a joint (adopted from 
Moës et al. [12])

the set of enriched DOFs. The expression, H(x) − H(xj) represents the enrichment 
function across the joint. 

In the Voronoi tessellation scheme, random shapes and sizes of Voronoi blocks 
can be represented efficiently. The interface existing between the Voronoi blocks 
are called as Voronoi contacts (or joints). The size of the particles in the OB dump 
range from less than 0.0001 m and may exceed 1 m [1]. To specify the density of 
the Voronoi contacts, an average length of 1 m of the edges of Voronoi polygons has 
been used in this study, so that the length of a joint in the problem domain may be 
lesser, greater or equal to 1 m. To obtain the most irregular shaped network of Voronoi 
polygons, the regularity of the polygon shape was considered to be “irregular”, and 
was thus provided as input.
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4.3 Generation of the OB Dump Model 

The properties considered for the Voronoi tessellation scheme are based on multi-
channel analysis of surface waves (MASW) test performed on the OB dump of 
Jambad open cast coal mine (India) and utilizing several correlations [15–18]. The 
properties of the Voronoi blocks and Voronoi contacts have been obtained from 
Mohanty et al. [19] and it also contains the detailed procedure of evaluating them 
[19]. The material properties have been summarized in Table 4.1. Mohr–Coulomb 
model is most applicable for general engineering studies, general rock mechanics 
and very well represents the joints in rock. It can be appreciably applied to loose rock 
mass. Thus, in the present study, Mohr–Coulomb constitutive model was assigned 
to the Voronoi blocks and Mohr–Coulomb slip criterion was assigned to the Voronoi 
contacts. 

In the present study, the geometrical features of the OB dump model have been 
decided according to the regulations stated in Coal Mines Regulations 2017 [20]. 
The schematic diagram for the heterogeneous OB dump has been given in Fig. 4.3. 
The boundary conditions as well as the four key points have been shown in it. The 
average Voronoi joint length has been considered to be 1 m. In order to prevent 
the reflections of the input wave, absorbing and transmitting boundary conditions 
have been provided at the bottom and the lateral boundary. Rest of the surfaces 
were considered as free surfaces. Both the horizontal and vertical movements were 
restricted at the bottom boundary of the OB dump slope model. The movement 
along the horizontal direction was restricted at its lateral boundary. Vx and Vy are the 
velocities along the horizontal and vertical directions respectively. The maximum 
size of the mesh element used was less than one-tenth of the wavelength associated 
with the highest frequency of the input wave as per Kuhlemeyer and Lysmer [21]. 
Three percentage of Rayleigh damping was used. Finally, the set of ten earthquakes 
were applied individually [8] as input motions. Firstly, the input motion was applied 
as velocity history at the base of the OB dump model. Considering the absorbing 
boundary condition, the velocity record had to be converted to a stress record by 
means of the compliant base condition. Then, the input wave propagates upward. 
Lastly, amplification ratios were estimated for the four key points to indicate the

Table 4.1 Properties of the Voronoi tessellation scheme used in heterogeneous OB dump [19] 

Voronoi 
blocks 

Property Unit 
weight 

Elastic 
modulus 

Poisson’s 
ratio 

Cohesion Friction 
angle 

Tensile 
strength 

Unit (kN/m3) (kPa) – (MPa) (°) (MPa) 

Value 14.5 304,850 0.35 0 33.32 0 

Voronoi 
contacts 

Property Normal 
stiffness 

Shear 
stiffness 

Cohesion 
of joint 

Friction 
angle of 
joint 

Unit (kPa/m) (kPa/m) (MPa) (°) 

Value 430,000 70,000 0 30.02 
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Fig. 4.3 Schematic diagram of the XFEM coupled Voronoi tessellated heterogeneous OB dump 
model 

seismic damage. Further, a comparative study was also done between heterogeneous 
and homogeneous OB dump slopes. The homogeneous OB dump slope was prepared 
using similar geometrical features, boundary conditions and material properties of 
Voronoi block as the heterogeneous OB dump, but it was devoid of the Voronoi 
contacts. 

4.4 Results and Discussions 

A set of ten earthquake input motions [8] varying in their strong ground motion 
parameters were considered for the dynamic analyses. Amplification ratio (ratio 
between the peak ground acceleration (PGA) at the key point of the OB dump to 
the PGA of the applied earthquake input motion) was used to quantify the damage 
due to earthquake. As already discussed in the earlier sections, XFEM was coupled 
with the Voronoi tessellation scheme to prepare the model of heterogeneous OB 
dump. Thereafter, a homogeneous model was made considering identical geometrical 
features, boundary conditions and material properties. Next, another step was taken 
to compare the seismic performance of heterogeneous and homogeneous OB dumps. 
The upcoming sections elucidate the results in a detailed manner.
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Table 4.2 Details of the amplification ratios at the toe of lower bench of the OB dump slope for 
the earthquake motions considered in the present study [8] 

Earthquake PGA (g) Amplification ratio 

Heterogeneous OB dump Homogeneous OB dump 

Chi Chi (1999) 0.18 1.04 1.45 

Coyote (1979) 0.12 1.00 1.00 

Imperial valley (1979) 0.17 1.03 1.02 

Kobe (1995) 0.82 1.07 1.14 

Kocaeli (1999) 0.22 0.93 1.19 

Loma Gilroy (1989) 0.17 0.98 1.42 

Mammoth lake (1980) 0.43 1.06 1.11 

Northridge (1994) 0.22 1.38 1.66 

Parkfield (2004) 0.36 1.05 0.94 

Whittier narrows (1987) 0.19 0.93 0.88 

4.4.1 Amplification Ratio at the Toe of the Lower Bench 
of the OB Dump Slope 

The details of the PGA values of the ten input motions, and the amplification ratios 
thus obtained considering the toe of the lower bench of OB dump are given in 
Table 4.2. The pictorial representation showing the variation of amplification ratio for 
the earthquake motions considered in the present study for the toe of the lower bench 
of the OB dump slope has been provided in Fig. 4.4. The amplification ratios observed 
did not proportionately increase with the increase in PGA values. It was further 
observed that in some cases the amplification ratio was higher for the homogeneous 
OB dump while in other cases it was higher for the heterogeneous OB dump. The 
values fail to show any regular trend. The reason may be attributed to the influence 
of the other strong ground motion parameters like Arias intensity, bracketed duration 
and predominant frequency.

4.4.2 Amplification Ratio at the Crest of the Lower Bench 
of the OB Dump Slope 

Similar to the earlier section, Table 4.3 was prepared considering the crest of the lower 
bench. The graphical representation of the Table 4.3 is provided in Fig. 4.5. In case 
of both the OB dumps, the amplification ratios did not show increasing pattern along 
with the increase in PGA values of the earthquakes. It is worthwhile to mention here 
that the heterogeneous OB dump showed higher amplification ratios in comparison 
to the homogeneous OB dumps. The crest is the highest point on the lower bench, 
thus it is more vulnerable to movement during earthquakes. This might have been
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Fig. 4.4 Variation of amplification ratio at the toe of lower bench of the OB dump slope for the 
earthquake motions considered in the present study

due to the sliding and opening of the nodes at the ends of the Voronoi contacts which 
are present in numerous amount in the heterogeneous OB dump, whereas in the 
homogeneous OB dump, there is absolute absence of Voronoi contacts. Therefore, 
during the progress of the earthquakes, there might have been considerable movement 
of the Voronoi blocks which would have led to higher amplification ratio in case of 
the heterogeneous OB dumps.

4.4.3 Amplification Ratio at the Toe of the Upper Bench 
of the OB Dump Slope 

Table 4.4 was prepared along lines similar to the previous two tables considering 
the toe of the upper bench. The changes in the amplification ratios were elucidated 
digrammatically in Fig. 4.6. Even here, the amplification ratios are higher for the 
heterogeneous OB dumps as compared to the homogeneous OB dumps. Moreover, 
any increasing pattern was not noticed for the amplification ratios along with the 
increase in PGA values.

The inferences drawn here are almost similar to the earlier section as the crest of 
the lower bench and the toe of the upper bench are present on the same bench.
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Table 4.3 Details of the amplification ratios at the crest of lower bench of the OB dump slope for 
the earthquake motions considered in the present study [8] 

Earthquake PGA (g) Amplification ratio 

Heterogeneous OB dump Homogeneous OB dump 

Chi Chi (1999) 0.18 1.01 0.84 

Coyote (1979) 0.12 1.24 0.80 

Imperial valley (1979) 0.17 1.76 1.02 

Kobe (1995) 0.82 0.96 0.70 

Kocaeli (1999) 0.22 1.51 1.04 

Loma Gilroy (1989) 0.17 1.67 1.07 

Mammoth lake (1980) 0.43 1.38 0.72 

Northridge (1994) 0.22 1.68 1.03 

Parkfield (2004) 0.36 1.35 0.75 

Whittier narrows (1987) 0.19 2.05 1.10 
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Fig. 4.5 Variation of amplification ratio at the crest of lower bench of the OB dump slope for the 
earthquake motions considered in the present study

4.4.4 Amplification Ratio at the Crest of the Upper Bench 
of the OB Dump Slope 

The PGA of the considered earthquakes and the resulting amplification ratios for both 
types of OB dumps considering the crest of the upper bench have been summarized
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Table 4.4 Details of the amplification ratios at the toe of upper bench of the OB dump slope for 
the earthquake motions considered in the present study [8] 

Earthquake PGA (g) Amplification ratio 

Heterogeneous OB dump Homogeneous OB dump 

Chi Chi (1999) 0.18 0.99 0.81 

Coyote (1979) 0.12 1.19 0.85 

Imperial valley (1979) 0.17 1.51 1.02 

Kobe (1995) 0.82 1.02 0.76 

Kocaeli (1999) 0.22 1.36 1.02 

Loma Gilroy (1989) 0.17 1.68 1.08 

Mammoth lake (1980) 0.43 1.18 0.66 

Northridge (1994) 0.22 1.51 1.10 

Parkfield (2004) 0.36 1.29 0.85 

Whittier narrows (1987) 0.19 1.53 0.91 
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Fig. 4.6 Variation of amplification ratio at the toe of upper bench of the OB dump slope for the 
earthquake motions considered in the present study
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Table 4.5 Details of the amplification ratios at the crest of upper bench of the OB dump slope for 
the earthquake motions considered in the present study [8] 

Earthquake PGA (g) Amplification ratio 

Heterogeneous OB dump Homogeneous OB dump 

Chi Chi (1999) 0.18 0.14 0.81 

Coyote (1979) 0.12 0.15 0.83 

Imperial valley (1979) 0.17 0.23 0.82 

Kobe (1995) 0.82 0.24 0.76 

Kocaeli (1999) 0.22 0.27 0.93 

Loma Gilroy (1989) 0.17 0.32 1.11 

Mammoth lake (1980) 0.43 0.16 0.60 

Northridge (1994) 0.22 0.30 0.99 

Parkfield (2004) 0.36 0.30 0.70 

Whittier narrows (1987) 0.19 0.22 0.87

in Table 4.5 and its pictorial representation is given in Fig. 4.7. The values of the 
amplification ratios did not follow any regular pattern. Moreover, it was seen that 
the amplification ratios for the heterogeneous OB dumps were relatively lesser than 
the corresponding ones for the homogeneous OB dumps. The reason behind this 
may be the lesser continuity of the system near the crest of the upper bench for 
the propagation of wave and the higher damping induced during the earthquakes. 
The discontinuity of the materials in the heterogeneous OB dump slope model may 
have hindered the propagation of the wave to the top. The dynamic response of 
the heterogeneous OB dump slope is also dependent on other factors like material 
properties of the Voronoi blocks and properties of the Voronoi contacts, while in the 
homogeneous OB dump, the Voronoi contacts are absent. 

4.5 Conclusions 

The heterogeneous OB dump model was formed by coupling XFEM with Voronoi 
tessellation scheme and its seismic performance was studied using ten different 
earthquakes. The amplification ratio could be properly evaluated considering hetero-
geneity. The amplification ratios did not follow any regular pattern based on the 
PGA values of the earthquakes. At the crest of the lower bench and toe of the upper 
bench, the amplification ratios were higher for the heterogeneous OB dump, whereas 
at the crest of the upper bench the amplification ratios were quite insignificant for 
the said OB dump. The evaluation of the seismic performance of the heavily jointed 
OB dump could be successfully performed by incorporating the Voronoi tessellation 
scheme in XFEM.
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Fig. 4.7 Variation of amplification ratio at the crest of upper bench of the OB dump slope for the 
earthquake motions considered in the present study
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Chapter 5 
Slope Stability Analysis of Coalmine 
Overburden Dump Using a Probabilistic 
Approach 

Ashutosh Kumar , Sarat Kumar Das , Lohitkumar Nainegali , 
and Krishna R. Reddy 

5.1 Introduction 

Coal mining operations involve the excavation of coal deposits from the earth’s crust 
[1]. During this process, large amounts of soil and rock, known as overburden (OB), 
are removed, and deposited in the vicinity of the mining areas. These areas are 
commonly known as overburden dumps or spoil piles. 

Overburden dumps are typically created by dumping the waste materials from 
coal mining operations in a designated area. The dumping process results in the 
formation of a large mound, which can range from several meters to hundreds of 
meters in height. Overburden dumps can cover large areas and are often visible from 
a distance due to their size and elevation. A typical overburden dump is shown in 
Fig. 5.1. The generation of overburden dumps has several adverse effects on the envi-
ronmental such as environmental pollution including air, soil, water contamination, 
and land degradation. Another major concern associated with overburden dumps is 
the risk of slope failure. Dumping of large amounts of overburden can result in the 
destabilization of the soil, which can cause damage to nearby structures, equipment,
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Fig. 5.1 Schematic of typical overburden dump, Jharkhand, India 

loss of lives, and hinderance in mining activity [2]. Therefore, a safe geotechnical 
analysis is needed to ascertain the safety of the dumps. 

The slope stability of these overburden dumps is critical for the safety of personnel 
and the surrounding environment. Further the high heterogeneity of the overburden 
material can significantly affect the slope stability of these dumps [3]. Heterogeneity 
refers to the variation in the physical and mechanical properties of the material. 
This variation can arise due to differences in the composition, density, moisture 
content, grain size, and internal structure of the material [4]. Thus, this wide varia-
tion in the material property can be handled by performing a probabilistic analysis. 
However, the slope stability of the coalmine overburden material was analyzed in 
previous studies, assuming it to be homogeneous and using constant material prop-
erties (deterministic), neglecting the possibility of spatial variability and uncertainty 
[5, 6]. 

In this study, a 2D limit equilibrium probabilistic slope stability analysis has been 
carried out. The dump slope used in the study consists of a 1m thick vegetative 
layer at the top. The results from the deterministic analysis of the vegetated slope 
are compared with the bare slope. Further, a coefficient of variation (CoV ) in the  
shear strength properties of the overburden has been considered and Monte Carlo 
simulations have been performed with multiple realizations to assess the variations 
in the probability of failure (Pf ) and reliability index (β).
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5.2 Methodology 

5.2.1 Overburden Dump Geometry 

The study is performed on a full-scale coalmine OB dump representing the actual 
dump existing in Dhanbad, Jharkhand, India. The bare dump rests on a ground surface 
that consists of 90 m deep foundation strata consisting of multiple strata resembling 
the opencast mine lithology [7]. The multi-layered soil consists of a medium-grained 
sandstone reaching up to 30 m from the ground level, extended by a 10 m thick coal 
seam. The adjacent layer comprises of a 35 m thick coarse-medium-grained sandstone 
underlain by a thick coal seam of 15 m thickness. The geometry of the overburden 
dump (above the ground) comprises the slope (bare) with four benches (W1, W2, 
W3, W4) equal to 25 m at an equal height (H1, H2, H3, H4, H5) of 25 m (total 
height = 130m) and a slope angle (θ ) equal to 2V:1H for each slope face, as shown 
in Fig. 5.2a. The overall slope angle of the dump was 37.5° which complied with the 
safety guidelines of the Directorate General of Mines Safety, India [8]. The geometry 
of the dump slope with vegetation was the same with the addition of an extra region 
of thickness equal to 1m throughout the slope face (Fig. 5.2b). The present study 
compares the result obtained from the vegetated dump with the results obtained by 
Kumar et al. [9] from the bare dump under similar conditions.

5.2.2 Slope Stability Analysis 

The shear strength estimation was done by using Mohr–Coulomb failure criteria. 
A static general limit equilibrium approach (GLE) was employed to determine the 
slope factor of safety (FoS). The GLE method is based on the moment and force 
equilibrium to determine the FoS and it is the most rigorous method for solving 
circular and non-circular failure surfaces. The slope search method was selected as 
the search method for finding the minimum (global) FoS for circular slip surfaces. 
The PLAXIS LE CONNECT edition v21 was used for the slope stability analysis. 

The FoS with respect to horizontal force equilibrium is as follows: 

(Fs) =
∑[c'l cos α + (N − ul) tan φ' cos α]

∑
N sin α 

(5.1) 

The FoS with respect to moment equilibrium is as follows: 

(Fs) =
∑[c'l cos α + (N − ul) tan φ' cos α)]

∑
N sin α 

(5.2)
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1 m 

(b) 

Fig. 5.2 Schematic numerical model for engineered dump a without vegetation (bare) and b with 
vegetation
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Table 5.1 Statistical parameters of coalmine OB from the literature 

Statistical parameters Unit weight Friction angle Cohesion 

Overburden material 

Range 14.0–20.7 kN/m3 8°–40° 0–72 kPa 

Averagerange 17.35 kN/m3 24° 36 kPa 

Standard deviation (σ) 2.13 9.12 17.49 

Coefficient of variation (CoV, %) 12.75% 33.03% 49.72% 

Mean (μ) 16.73 kN/m3 27.63° 35.13 kPa 

Overburden material with roots 

Mean (μ) 16.73 kN/m3 27.63° 80.13 kPa 

where c' = effective cohesion of the material at the base of a slice; l and α are 
geometric properties; N = normal force on the slice of the base; u = pore-water 
pressure; φ' = effective angle of internal friction at the base of a slice. 

5.2.3 Material Properties 

The statistical parameters, including the mean (μ), standard deviation (σ), and coef-
ficient of variation (CoV) in the unit weight (γ , kN/m3), cohesion (c, kPa), and fric-
tion angle (φ, °) values, were calculated using published data from previous studies 
conducted on various coal mines worldwide [5, 6, 10–17]. This approach aimed to 
highlight the global spatial variability linked to the coalmine OB. The presence of 
root provides reinforcement to the soil, which is reflected in the form of soil cohe-
sion, and friction angle being unaltered [18, 19]. The material properties assigned 
to the vegetative layer has the same value of unit weight and friction angle as that 
of overburden, However, the value of cohesion was increased by 45 kPa i.e., c equal 
to 85.13 kPa. This value was selected based on a study performed on the Sisam tree 
grown for the biological stabilization of the mine dumps [20]. The material prop-
erties used for the coalmine overburden and overburden with roots are presented in 
Table 5.1. The  CoV (%) values were applied to the material properties under five 
different cases (Table 5.2) in the form of σ.

5.2.4 Probabilistic Analysis 

It is possible to use reliability-based procedures to assess the uncertainties related to 
material properties in slope stability analysis [21]. These procedures involve treating 
model parameters as continuous random variables with known probability density 
functions and distribution parameters, which can be estimated from measured data to
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Table 5.2 CoV in the input material properties for the probabilistic analysis 

Case Coefficient of variation (CoV, %)  

Unit weight (%) Cohesion (%) Angle of friction (%) 

1 1 10 10 

2 2 20 15 

3 3 30 20 

4 4 40 25 

5 5 50 30

obtain unbiased estimates of the sample mean and standard deviation. In this study, 
the log-normal distribution is used to analyze each material property of overburden. 
The design parameters, including friction angle, cohesion, and unit weight, are treated 
as random variables, and their distribution is evaluated using the probability density 
function (PDF). An alternative method is to use the cumulative distribution function 
(CDF) to determine the probability of a variable being equal to or less than a specific 
value. The probability of failure (Pf ) can be calculated using probabilistic methods, 
which consider the variability of input parameters and indicate the likelihood of 
failure at a particular level. The log-normal PDF, ( f (x)) and CDF, (g(x)) in terms of 
FoS are given below: 

f (FoS) = 1 

FoSσ 
√
2π 

exp

(

− 
(ln(FoS) − μ)2 

2σ 2

)

(5.3) 

g(FoS) = 
1 

2

[

1 + er f
(
ln(FoS  − μ) 

σ 
√
2

)]

(5.4) 

If a result is deterministic and has a higher factor of safety (FoS), it may provide 
incomplete and misleading information because the probability of failure (Pf ) asso-
ciated with it may also be higher. When it comes to risk-based and cost-effective 
design methods, the Pf (%) is typically favoured over deterministic indicators [22, 
23]. It is calculated as the number of times an analysis gives a FoS less than one to 
the total number of FoS analyses. 

The Monte Carlo Method (MCM) was employed to conduct a probability-based 
performance evaluation of the overburden dump by conducting 26,690 trials based 
on the range of coefficients of variation (CoVs) or standard deviation. Various groups 
of X input variables, represented by x1, x2,…,  xn, were generated and evaluated using 
the log-normal probability density function (PDF). Each of the randomly generated 
sets was utilized to calculate a FoS(X) realization, which was then used to define 
the PDF of FoS(X). The statistics for the output outcomes can be presented in the 
probabilistic framework by assessing the reliability index (β), which is given as: 

β = 
E[FoS] −  1 

σ [FoS] (5.5)
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where, E[FoS] = expected FoS; σ[FoS] = standard deviation of FoS. 

5.3 Results and Discussions 

5.3.1 Deterministic Analysis 

The analysis performed by Kumar et al. [9] considering a fixed value of the shear 
strength parameter for the bare slope yielded a FoS = 1.08 with the radius of the 
critical slip surface equal to 61.25 m. In the present study, the same dump geometry 
with a vegetative layer yielded a FoS = 1.115 having a radius of slip surface equal 
to 203.37 m. Figure 5.3a shows the location of the critical slip surface for the bare 
dump slope and Fig. 5.3b shows the most critical slip surface for the vegetated dump 
slope. This increase in the slip surface radius is due to the higher mobilization of 
the shear strength. The higher FoS is attributed to the enhanced value of cohesion 
due to the root reinforcement. However, a probabilistic analysis is required to clearly 
understand the effect of material heterogeneity.

5.3.2 Probabilistic Analysis 

A probabilistic analysis was conducted on the vegetated slope to assess the impact 
of coefficient of variation (CoV ) on the stability in terms of mean FoS, Pf , and 
β. Figure 5.4 depicts the effect of CoV in the material properties (c, φ, and γ ) of  
overburden with and without vegetation on the Pf . The solid lines represent the 
Pf values for the bare slope while the dotted lines represent the Pf value for the 
dump with roots. It is evident that the probability of failure for the vegetated dump 
is lower as compared to the bare dump (Fig. 5.5). For bare slope, Pf (b) = 16.7% 
was obtained for Case 1 with minimum CoV and Pf (b) = 50.7% was obtained for 
Case 5 having maximum CoV. For the dump with vegetation, the Pf (v) = 14.0% was 
recorded for Case 1 while Pf (v) = 46.75% was recorded for Case 5. The deterministic 
FoS is constant for each case (1.115). The influence of material uncertainty on the 
mean factor of safety is depicted in Fig. 5.6, revealing that an increase in uncertainty 
corresponds to a decrease in the mean value of FoS.

The PDF of the FoS was plotted for the OB material in Fig. 5.7, using the contin-
uous random variables for different CoVs. It can be observed that the PDF shows a 
widespread with an increase in CoV values. The minimum FoS range was observed 
under Case 1 (0.75–1.50), while the maximum range was observed under Case 5 
(0.25–2.0). To gain a better understanding of the probability of failure for each case, 
the data from the PDF, relative frequency, and FoS (histogram) were combined and 
depicted in Fig. 5.8. An arrow marks the curve, indicating the mean factor of safety 
(FoS) values with densities (gradient of cumulative distribution function, CDF). To
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Fig. 5.3 Deterministic slope stability output showing the most critical slip surface in a bare slope 
and b vegetated slope
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Fig. 5.4 Pf for different 
combinations of CoVs of the 
material properties 
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Fig. 5.5 Variation of Pf (%) 
for different CoV cases for 
the vegetated slope
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the left of the mean, a straight vertical line shows FoS = 1, with the region to the 
left of the line representing the unstable region where FoS < 1.  Pf , the probability of 
failure, is defined as the ratio of the area under the curve for FoS < 1 to the total area 
under the curve. For Case 1, Pf was calculated to be 14.0%, meaning that 140 out of 
1000 similar slopes are expected to fail at some point in their lifetime. This value for 
the bare slope was 167 in 1000 slopes. In Case 1, the gap between the line and the 
arrow is the widest (Fig. 5.8a). Increasing the coefficient of variation shifts the line 
at FoS = 1 towards the mean value, reducing the gap and indicating an increased Pf . 
The gap between the line at FoS = 1 and mean FoS is the least in Case 5 with Pf = 
46.75% (Fig. 5.8d).

The cumulative representation can also show the probability of failure for different 
factors of safety, which was analyzed using the MCM. Figure 5.9 displays the Pf -FoS
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Fig. 5.6 Variation of mean 
FoS with the material CoV
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Fig. 5.7 FoS distribution of 
the vegetated coal OB dump 
for the different CoV cases
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plot for various scenarios, which represent the heterogeneity in the OB material. The 
‘S’ curve obtained for Case 1 had a narrow range of FoS (0.85–1.4) when compared 
to Case 5 (0.40–1.70) for various cumulative Pf values. The five different curves 
intersected at FoS = 1.115, which was also the FoS for the deterministic analysis 
of the vegetated slope. At the intersection point, the probability of failure was 63% 
which was the same as that of the bare slope.
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Case 4 
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Fig. 5.8 Overlay of relative frequency versus FoS and PDF versus FoS for different cases: a Case 
1, b Case 2, c Case 3, d Case 3, and e Case 5

Fig. 5.9 Variation of Pf (%) 
of the vegetated dump with 
FoS for different CoV cases 
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5.4 Conclusions 

The present study is focused on studying the effect of enhanced soil cohesion due 
to the presence of roots on the slope stability of the heterogeneous OB dump. The 
deterministic analysis performed using the Limit Equilibrium Method yielded a FoS 
= 1.115 which was slightly higher than that obtained on the bare slope (1.08). 
According to the probabilistic analysis, as the variability in the material increased, 
the likelihood of failure increases. The reliability index and the material coefficient
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of variation values had an inverse relationship. The average factor of safety value 
decreased with increasing uncertainty, and the range of factor of safety values also 
increased. The relationship between the probability of failure and the factor of safety 
for the different coefficient of variation cases demonstrated a crossover point at 
a factor of safety value of 1.115, where the probability of failure was 63.38%. To 
account for the random dumping of OB on dumps, it is crucial to account for variations 
in material properties. This necessitates the use of probabilistic analysis to factor in 
heterogeneity and assess the stability of the slope. This approach may also be relevant 
in situations where dump characteristics change gradually over time. The limitation 
of the study lies in the assumption that the material is considered to be homogeneous 
and that there is no significant alteration in soil density due to root penetration. 
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11. Ulusay, R.,  Arikan, F.,  Yoleri, M. F.,  & Çaǧlan, D. (1995). Engineering geological character-
ization of coal mine waste material and an evaluation in the context of back-analysis of spoil 
pile instabilities in a strip mine, SW Turkey. Engineering Geology, 40(1–2), 77–101. 

12. Kasmer, O., Ulusay, R., & Gokceoglu, C. (2006). Spoil pile instabilities with reference to a strip 
coal mine in Turkey: Mechanisms and assessment of deformations. Environmental Geology, 
49(4), 570–585. 

13. Keskin, T., Makineci, E. (2009). Some soil properties on coal mine spoils reclaimed with 
black locust (Robinia pceudoacacia L.) and umbrella pine (Pinus pinea L.) in Agacli-Istanbul. 
Environmental Monitoring and Assessment, 159(1), 407–414.

https://www.dgms.net/CoalMinesRegulation2017.pdf


5 Slope Stability Analysis of Coalmine Overburden Dump Using … 87

14. Steiakakis, E., Kavouridis, K., & Monopolis, D. (2009). Large scale failure of the external waste 
dump at the “South Field” lignite mine, Northern Greece. Engineering Geology, 104(3–4), 
269–279. 
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Chapter 6 
Suitability of Bauxite Residue 
as a Landfill Liner 
Material—An Overview 

Narala Gangadhara Reddy , Tayyaba Siddiqua, Manikanta Devarangadi, 
and Chandra Bogireddy 

6.1 Introduction 

As development progresses, the need for sustainable materials and better manage-
ment of solid wastes also increases. Industries, which play a major role in the devel-
opment of a nation produce tons of waste/byproducts and its disposal is a major 
concern. The byproducts disposed of pollute land, water and the surrounding envi-
ronment. To overcome such problems utilization of waste materials according to 
their properties is a major solution. Aluminium ranks third among the most abundant 
elements on the Earth and its extraction has highly increased over a period of time. 
Among the largely produced byproducts, bauxite residue (BR) is a byproduct formed 
after the production of alumina by Bayer’s or sintered process. In Bayer’s process 
bauxite is digested in NaOH at high temperature and high pressure of 250 °C and 52 
kg/cm2 respectively. 

It is estimated that BR produced across the globe is more than 120 million tonnes 
annually. BR is highly alkaline (pH > 10) due to the addition of caustic soda (NaOH) 
to bauxite ore during the extraction of alumina [1]. The major chemical constituents 
of BR are Fe2O3, SiO2, Al2O3, Na2O, and CaO. The chemical composition of BR
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produced mainly depends on the origin of bauxite, mineral composition, and method 
of processing [1–3]. 

Due to the high volume of BR generated its safe disposal becomes a major issue. 
Generally, BR is discarded in landfills, rivers, and ponds. The construction of tailing 
dams for the disposal of BR utilises huge acres of land and conventional materials 
[2]. Moreover, the failure of such dams causes contamination of surface water and 
land. The average size of BR is around 10 µm causes air pollution and groundwater 
contamination through leaching [3]. Failure of BR dike in Ajka, Hungary in 2010 
discharged about 0.6 million cubic meters of BR, killing 10 people and injuring 
120 people [4]. Similar incidents were also reported in India and China [2, 5]. The 
stockpiling of BR is a major concern worldwide and its utilization is still limited. 
Thus, to avoid such incidents and preserve natural resources, utilization of BR in a 
sustainable way becomes inevitable. Considering the need for sustainable utilization 
of BR, an examination of the properties of BR has been increased. Studies to deter-
mine the suitability of BR for various applications increased over a period of time. 
BR has various applications in construction, contaminated water and soil treatment, 
recovery of rare earth metals, and catalyst in steel production. The main objective 
of this chapter is to assess the suitability of BR as compacted landfill liner material 
through literature. Hydraulic conductivity, the most significant property affecting 
the performance of liner and other properties like grain size distribution, compaction 
characteristics, and shear strength were discussed. Further, the potential of BR as a 
liner with different additives is also presented. 

6.2 Landfill Liner 

A landfill is an engineered structure consisting of a liner system, waste layer and 
cover. The cover is on the top which resists the water reaching into the waste 
layer and the liner at the bottom resists the migration of leachate from reaching the 
groundwater [6]. Landfills are constructed for the disposal of industrial, construc-
tion, demolition, hazardous, municipal wastes and other wastes like coal combustion 
residues. The liner used in landfill acts as a barrier between waste materials disposed 
and the surrounding environment to prevent groundwater, land contamination by 
contaminants, and leachate produced in landfill [7]. 

Figure 6.1 shows the different types of liner systems. Conventional liners also 
include geosynthetic clay liners and composite clay liners. Considerable studies were 
conducted on pond ash, compacted silt loess, cement kiln dust, bentonite embedded 
zeolite, bentonite with coated gravel, and clay with lime were identified as suitable 
liner materials as these materials possess low hydraulic conductivity and have good 
adsorption properties [8]. The liners are then designed with different adaptions like 
using sand-bentonite mixtures, High-density polyethelyne membrane (HDPE) for 
waste containment. In recent years due to the scarcity of natural clays, the conven-
tional clay liners are replaced by locally available sand and lateritic soils blended 
with bentonite and residual soils [9]. Further, the researchers studied the properties
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of industrial byproducts for their utilization as liners. Industrial byproducts such 
as steel slag, ground granulated blast furnace slag (GGBS byproduct of iron-steel 
industries), fly ash and bottom ash (byproduct of thermal power plants) are produced 
in large quantities worldwide and were studied for their suitability as landfill liners 
[8–10]. Among these industrial byproducts, BR was also studied for its suitability 
as a landfill liner. The liners are mainly classified into two types which are further 
classified based on the materials used to construct them. A single liner is made up 
of a liner with a leachate collection system above it and the double liner system, as 
the name suggests is made up of two liners with a leachate collection system at the 
top and a leakage detection system at the bottom called as drainage layer. Composite 
liners are those in which two materials of low hydraulic conductivity are used to 
build a liner system [10] 

As the landfill liner is to prevent the migration of leachate from waste into 
surrounding land and groundwater thus, a material satisfying the standard require-
ments can be utilized as a liner. The standard requirements for landfill liners are listed 
in Table 6.1.

The conventional liner’s construction becomes costly if the material needed to be 
imported and transported to the construction site and clay liners are highly suscep-
tible to chemical attacks. However, BR is available in bulk quantities at alumina 
refineries, highly resistant to chemical attacks and its sorption capacity is very high 
for many contaminants. The sorption capacity is beneficial to deal with hazardous 
waste materials [11–13]. Thus, BR has the potential to be used as a landfill liner.

Fig. 6.1 Types of landfill 
liner systems based on the 
requirement 
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Table 6.1 Standard requirements of a liner material [6, 10] 

S. no Parameters Standard requirements 

1 Hydraulic conductivity ≤1 × 10–7 cm/s 

2 Unconfined compressive strength ≥200 kPa 

3 Maximum dry density ≥1.7 g/cc 

4 Remoulded undrained shear strength ≥50 kPa 

5 Activity ≥0.3 

6 Specific gravity ≥2.5 

7 Volumetric shrinkage strain <4% 

8 Classification CL and CH 
CL and CI 

9 Atterberg’s limits LL ≥ 20%, PI ≤ 7% 

10 Grain size analysis Fines content ≥ 20% 
% gravel  ≤ 30 
Largest grain size ≤ 63 mm 
Silt size content ≥ 15% 
Clay size content > 20%

6.3 Suitability of Bauxite Residue as Landfill Liner 

Geotechnical properties of BR around the world are collected and reported in 
Table 6.2. It is observed that liquid limit and plastic limit are in the range of 21–54% 
and 16–40% respectively. Most of the BRs fall under the category of silt of low 
plasticity (ML) as per USCS classification with a high percentage of clay and silt 
particles. The compaction characteristics (maximum dry density, γ dmax , and optimum 
water content wopt), and hydraulic conductivity (K) were also presented in Table 6.2.

6.3.1 Compaction Characteristics and Hydraulic 
Conductivity (K) of Bauxite Residue 

The compaction properties of a material depend on the type of compaction, grain size 
distribution and water. Low permeability can be obtained at higher compaction effort 
due to the reduction of porosity. Moreover, the lower hydraulic conductivity, lowest 
values of porosity, and void ratio can be attained when geomaterials are compacted 
at maximum dry density (γ dmax) at optimum water content (wopt). Devarangadi and 
Shankar [8] noted that low K values can be obtained at water contents from 0.96% to 
4.8% of wet of optimum. The particles deflocculate at higher moulding water content 
and this helps to reduce void space in turn hydraulic conductivity decreases. As the 
compaction effort moves from dry to wet of optimum moisture content, hydraulic 
conductivity decreases.
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Rubinos et al. [13] established the dry density water content relation of a BR 
sample and observed that the compaction curve followed the same trend and shape 
as that of clayey soils. The same study also demonstrated that the least K value (<1.8 
× 10–7) was obtained for the water content between 28.5 and 32% (0.4–4% wet of 
optimum) and the γ dmax obtained was 1.69 g/cc. A study by Panda et al. [19, 20] 
showed that BR sample had a γ dmax of 1.87 g/cc at 22.6% wopt . However, available 
literature shows that most of the BR samples failed to meet the standard requirement 
of γ dmax (>1.7g/cc), this is due to smaller particle size, surface charge, high amount 
of iron oxide (55%) and highly alkaline least to low dry density and high porosity. 
So, to overcome this Reddy et al. [20, 21] suggested that BR should be compacted 
at higher compaction energy or admixing suitable additive to BR can be adopted to 
enhance the compaction properties of BR. 

The studies were conducted on BR samples from China and India, by adding 
additives to BR, and it is noted that γ dmax values increased with an increase in the 
amount of additives. For the China BR sample, the values of γ dmax were in the range 
of 1.44–1.58 g/cc. The additives used were lime and cement. For the BR of Karnataka, 
India, it has been observed that the γ dmax increased with increase in gypsum content. 
The highest value of γ dmax obtained was 1.66 g/cc for sample with 80% BR, 20% 
FA and 1% of gypsum with wopt of 31.52%. 

Zevgolis et al. [3] have studied the role of fly ash, bentonite, and cement on 
permeability of BR. The tests were conducted on 3 sets of mixtures per additive 
consisting of 5, 10, and 15% of additive by weight. The results demonstrate that 
bentonite and cement admixed samples had a positive effect on permeability to meet 
the standard requirement. It was found that fly ash is not a suitable additive to decrease 
the permeability of BR sample. As in all the three samples admixed with fly ash, there 
was a decrease in γ dmax values, whereas the values of wopt are higher than that of raw 
BR. Regarding the permeability, fly ash admixed BR have not met the specifications. 
To the samples admixed with bentonite there was a rise in γ dmax and fall in wopt with 
an increase in bentonite content. Concerning permeability, the values of K obtained 
met the standard required criteria. For the cement admixed samples there was a 
significant increase in γ dmax with an increase in the cement content and the values of 
K were fulfilling the standard requirement at different vertical pressures i.e., ≤ 1 × 
10–7 cm/s. For the Indian BR sample the study by Panda et al. [19] demonstrate that 
the values of permeability of bioneutralized BR have decreased when compared to 
raw BR sample. The values were significantly reduced from 5.13 × 10–8 to 1.23 × 
10–8 cm/s. 

6.3.2 Index Properties of Bauxite Residue 

Index properties are an important factor to deal with the performance of the land-
fill liner material. The index properties rely on the size of particles. As the fines’ 
content increases the liquid limit also increases as a result the hydraulic conductivity 
significantly decreases [8]. This is due to small pores and electrical charge of the
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fine particles. The material to be used as a liner should contain fine content > 20% 
in order to meet the standard requirement of hydraulic conductivity [10]. The sand 
content of the samples is in the range of 0–30%, clay content from 22 to 52% and silt 
content from 35 to 76%. Sand offers resistance to volumetric shrinkage and provides 
sufficient strength [10]. It is observed that the clay content in all the samples is >20% 
satisfying the standard requirement. As per studies, the BR sample contains silt and 
clay of higher percentages which together contribute 88% of the entire BR particles 
[22]. As such high fine contents in all the BRs irrespective of origin are favourable 
to achieve lower K values and thus reduction of leachate migration [10]. Although, 
soils with high swelling potential show apparently a low-hydraulic conductivity these 
soils crack upon drying due to shrinkage and lead to permeation of the leachate and 
contaminate the environment. In this regard, the use of BR as a liner material gains 
merit as it is known as a non-swelling material. The values of liquid limit, plastic 
limit and plasticity index are summarized in Table 6.2. 

6.3.3 Strength Characteristics of Bauxite Residue 

A landfill liner must possess sufficient strength to resist sliding on the slope. The 
compressive strength depends upon compaction characteristics, and higher densities 
of material leads to higher compressive strength as the material gets closely packed. 
Rubinos et al. [13] performed a direct shear test on BR sample and reported friction 
angle and cohesion as 38° and 79.5 kPa respectively, which are much higher when 
compared to compacted clay. The higher values of frictional angle and cohesion 
have a positive effect on strength. Unconfined compression tests (UCS) conducted 
on Indian BRs were in the range of 136.5–240 kPa [2]. 

Ou et al. [14] conducted experiments to improve the strength of BR by admixing 
cementitious materials. The tests were carried out on samples with different ratios of 
BR, tailings mud, (mud produced by grinding and washing of bauxite ore) quicklime 
(CaO) and cement with different curing periods. UCS values of these samples were 
in the range of 2.68–4.54 MPa which is more than ten times of the required strength. 
The highest UCS was obtained for the sample 1:0.2 (w/w waste to cementitious 
material ratio) with 28 days of curing. Though the studies were conducted to assess 
the suitability of BR as a subgrade material, it can be concluded that the UCS of BR 
can be enhanced with cementitious additives and curing time is another important 
aspect. The studies conducted by Chandra and Krishnaiah [5] by replacing BR with 
10, 20, and 30% fly ash (FA) by its dry weight and adding 0.5 to 1% of gypsum 
with a varying curing period of 1, 7, and 28 days. The results demonstrate that the 
addition of FA to BR enhanced UCS to a greater extent and higher UCS values were 
obtained for 20% of FA. In both cases, it has been observed that higher UCS can be 
obtained if the curing period is longer. Thus, the strength parameters of BR can be 
improved with an appropriate percentage of additives. From the studies conducted 
by Panda et al. UCS obtained for bioneutralized BR was 298.6 kPa, which is not 
only much higher than clayey soils and ≥200 kPa i.e., minimum UCS required for
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a liner material. Therefore, BR strength can be improved with the appropriate use 
of additives such as other industrial waste or cementitious materials for better waste 
management and its use in landfill liner applications by satisfying the design criteria. 

6.3.4 Desiccation Cracking of Bauxite Residue 

Desiccation is the formation of cracks, which has many adverse effects on the perfor-
mance of the liner material. This is because cracks could dramatically increase the 
permeabilty of the geomaterial and destroy the main idea of providing a liner to 
the landfill. The desiccation cracks may lead to various geoenvironmental problems 
like contamination of groundwater, retaining less water in drought conditions, and 
reduction of soil strength [6]. 

Rubinos et al. [13] studied the effect of desiccation on permeability and particle 
size distribution. The samples were dried at 3 different conditions i.e., oven dried at 
60 and 110 ºC and air dried for 21 days. The results demonstrate that when samples 
are dried there was a decrease in clay content (~7–25 times) and fine silt (~2–5 times) 
with an increase in coarse sand fractions (~14–20 times). Even though there was a 
change in particle size distribution there was no change in USCS classification and 
Atterberg’s limits. Whereas, an increase in hydraulic conductivity on desiccation 
was found. This was observed by testing a compacted BR specimen subjected to 
two consecutive wet-dry cycles with hydraulic conductivity determined after each 
cycle. Even though there were no cracks observed, there was an increase in hydraulic 
conductivity due to wet-dry cycling. But the increase in hydraulic conductivity upon 
desiccation was less than the increase found in clay liners. This is due to the presence 
of minerals in BR which possess low swelling potential and crystallinity. 

6.3.5 Adsorption and Leaching Characteristics of Bauxite 
Residue 

Besides favourable geotechnical properties, BR has good adsorption properties for 
the removal of heavy metals, dyes, phosphate, nitrate, fluoride, and arsenic. Studies 
of Coruh et al. (2010) [23] showed that BR is an effective adsorbent for the removal of 
zinc ions from zinc leach residue. As the BR contains metallic oxides and hydroxides 
of Al and Fe which help in metal adsorption. Further BR has higher iron content which 
resists chemical attacks [11]. As per the studies conducted by Rubinos et al. [12, 13] 
it was found that BR is an effective adsorbent of toxic metals like Hg and As and also 
effective to retain Hg and As from aqueous system. Moreover, the adsorption and 
retention of heavy metals by BR can be effectively applied in various engineering 
applications like for decontamination of metal rich industrial effluents or acid mine
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drainage, as a chemical barrier material to mitigate toxic elements, as an integrant 
of liner systems for Hg-rich waste disposal units. 

Any waste may contain impurities like heavy metals and metalloids, leaching 
characteristics of such waste play a vital role to assess its environmental compatibility, 
possible threat to humans and living organisms and its potential to diminish the quality 
of water. Available literature shows that BR contains elements like As, Zn, Mn, Cd, 
Pb, Hg, Na, Ca, Cu, Si, Ar. TCLP (Toxicity Characteristics Leaching Procedure) 
was conducted by various researchers to determine the heavy metals present in BR 
leachate. TCLP tests conducted by Rubinos et al. [23] on BR liners using water, 
acetic acid and 5% CaCl2 demonstrated that concentrations of Al and Cr in BR 
leachate exceeded the WHO drinking water standards. Nonetheless, these metal 
outputs decreased upon the removal of suspended solids from BR liners. From the 
leaching studies conducted by Chandra and Krishnaiah [5] for the best combination 
of 80% BR + 20% FA + 1% gypsum and Zhao et al. [24] for raw BR it was found 
that the concentration of all the heavy metals in BR leachate were within TCLP 
regulatory limits. Another study conducted by Li et al. [25] demonstrated that the 
contents of toxic elements leached were within regulatory standards. Although in 
the above studies the toxic elements leached were within standards it has to be 
noted that the method of extraction adopted by refinery, chemical composition of 
BR directly affects the concentrations of the elements in leachate [2]. Moreover, 
the leaching of toxic elements and sorption/adsorption properties of BR are pH 
dependent. Thus, neutralizing BR with strong acids not only reduces the availability 
of toxic metals and metalloids but also enhances its sorption capacities [26, 27]. The 
addition of gypsum also reduces the toxicity of BR leachate through sequestration 
of atmospheric carbon [27]. Mishra et al. [28] studied leaching characteristics of 
ameliorated BR with gypsum, OPC and GGBS and found that both untreated BR 
treated BR is nontoxic as toxic element contents were within USEPA prescribed 
limits. Qu et al. [29] found that leaching of toxic metals from BR can be potentially 
reduced by bioleaching i.e., leaching of metals with heterotrophic fungus. TCLP 
tests conducted by Chandra et al. [30] on fly ash-gypsum geopolymer composites 
demonstrated that for BR and 80% BR-20% fly ash, the toxic elements were within 
permissible limits. Thus, toxicity of BR can be treated to make it potential for safe 
usage. However, site conditions may not be similar to that of lab environment which 
makes it challenging to predict the leaching behaviour of BR. 

6.4 Future Research Needs 

The suitability of BR as the liner material reviewed in this study is based on the 
experiments conducted by various researchers in a controlled laboratory environ-
ment which may not replicate the field conditions. There might be a possibility of 
facing some challenges in field scenarios. On contrary, BR in the fields may undergo 
different chemical and environmental conditions which might not get imbibed in the 
laboratory tests. Though there are efforts made by many researchers to evaluate the
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properties of BR, still there is need to evaluate the BR completely to make it more 
adaptable. From the review of literature, the following research gaps are found to 
work further to explore new avenues for better utilization of BR as a liner material: 

• Effect of additives on hydraulic conductivity under different environmental condi-
tions need to be evaluated so that BR can be utilized as an effective liner under 
different climatic and alkaline/acidic conditions. 

• Studies on desiccation cracking and water retention properties of BR are scarce. As 
desiccation affects many engineering properties (such as strength and stability), 
there is an urgent need to study to enhance its utilization with and without 
additives. 

• Long term durability and short term stability of BR, when admixed with additives, 
are rarely explored. 

• There is a need to explore the volumetric shrinkage strain and diffusion coefficient 
of BR. 

• Novel and innovative engineering applications should be explored to make use 
of BR in the most sustainable way and to reduce reliance on natural materials by 
fulfilling the standard requirements without compromising serviceability. 

6.5 Concluding Remarks 

A brief review of the geotechnical and geoenvironmental engineering properties 
of BR for landfill liners suitability is presented. From this review the following 
conclusions can be drawn: 

• The particle size distribution of BR shows that silt and clay are about 80%. The clay 
content in the samples is much higher than (≥10%) the recommended percentage 
for clay liner application. 

• The liquid limit and plasticity index of BR samples were in the range of 21– 
45% and 5–7% respectively. The liquid limit value of BR meets the standard 
requirement i.e., ≥20%. The plasticity index of most of the samples also meets 
the recommended value of ≥7%. It should be noted that the properties of BR 
largely vary based on the type of the ore chief mineral, type of processing and 
handling of residues. 

• The values of hydraulic conductivity were in the range of 5.83 × 10–4 to 0.13 × 
10–8 cm/s. Cementitious additives can be used to reduce hydraulic conductivity 
to satisfy the requirement of acceptable value (i.e., ≤1 × 10–7 cm/s). 

• The maximum dry density of BR samples are observed in the range of 1.25–1.7 g/ 
cc with or without various additives and this is mainly due to the smaller particle 
sizes of BR. Though maximum dry density values do not meet the value ≥ 1.7 g/ 
cc as per standards the permeability values obtained at this density were fulfilling 
the standard requirements for landfill liners. 

In general, the BR can be utilized as a landfill liner as the majority of prop-
erties meet the standard requirements. Though some minor properties of BR from
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different origins may not fulfil the requirements can be improved to meet the standards 
with additives/amendments or bio-neutralization to satisfy requirements. Besides, the 
strength requirements, environmental safety, and health protection are crucial, so for 
an effective liner, BRs must undergo a careful evaluation according to the landfill 
site conditions like landfill waste type, hydrogeological, climatic conditions, and 
contaminant concentrations. 
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Chapter 7 
Fly Ash Based Geopolymer Modified 
Bitumen (GMB) binder—An Overview 

Bojjam Sravanthi and N. Prabhanjan 

7.1 Introduction 

Viscoelastic and thermoplastic properties of bitumen are important as these passed 
on to asphalt pavements in which it is utilized. Bitumen is a material that is employed 
in construction. Asphalt mixtures suffer degradation well in advance of the end of 
their useful lives as a result of both increased traffic and increased environmental 
impacts [1]. Furthermore, additives are required to improve the strength features of 
the bitumen binder, such as resistance to rutting and fatigue, as well as resistance to 
low temperature cracking. According to this viewpoint, polymer modification of the 
asphalt binder could be a cost-effective approach for reducing pavement maintenance 
and rehabilitation. 

Modified bituminous binder plays a crucial role in various infrastructure projects, 
particularly in the construction and maintenance of roads, highways, and airports. It is 
created by modifying conventional bitumen with additives or polymers to enhance its 
performance characteristics. Modified bitumen offers enhanced resistance to aging 
and deterioration caused by factors like traffic loads, temperature variations, and 
weathering. The additives or polymers in the binder improve its elasticity, flexibility, 
and resistance to cracking, rutting, and fatigue [2–5]. As a result, the modified binder 
provides better durable pavement surfaces. Bituminous binders tend to become brittle 
in cold weather and soft in hot weather, leading to cracking or deformation of the 
pavement [6–8]. By modifying the binder, it becomes more resistant to extreme 
weathers. It remains flexible at low temperatures, reducing the risk of cracking, and 
maintains stability at high temperatures, minimizing deformation [4, 8, 9]. Modified
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binders have better adhesion properties, enabling them to bond more effectively with 
aggregate materials [2, 10]. This enhanced adhesion contributes to the formation of 
a stable pavement structure, reducing the occurrence of delamination and aggregate 
loss. Moreover, modified binders exhibit improved cohesion, allowing the asphalt mix 
to withstand traffic loads and prevent rutting or shoving. Water intrusion is a signifi-
cant cause of pavement deterioration. As per the research investigations in pavement 
designs, modified bituminous binders help to create a more impermeable asphalt mix, 
reducing the penetration of water into the pavement layers [4, 11, 12]. This improves 
the overall durability and performance of the pavement, as it minimizes the damage 
caused by moisture-related issues i.e., stripping and raveling [2, 7]. Moreover, modi-
fied binders have improved resistance to rutting due to their enhanced viscosity and 
elasticity. They can withstand higher traffic volumes and heavy axle loads, main-
taining the pavement’s integrity and smoothness over an extended period. Modified 
binders often exhibit improved workability during the construction process [3, 11]. 
They are easier to handle and mix, ensuring better coating and adhesion to the aggre-
gate particles. This results in a more uniform and homogeneous asphalt mix, leading 
to improved pavement quality. Some types of modified binders, such as polymer-
modified bitumen, offer benefits in terms of sustainability and recycling. They can 
promote the use of reclaimed asphalt pavement (RAP), a process where old asphalt 
is recycled and reused [11]. The modified binders help in rejuvenating the aged RAP 
material, improving its properties and enabling its reuse in new pavement construc-
tion [3, 13]. In general, the use of modified bituminous binders in infrastructure 
projects is essential for achieving long-lasting, high-performance pavements. The 
improved durability, temperature resistance, adhesion, moisture resistance, rutting 
resistance, workability, and sustainability aspects make them a valuable component 
in modern pavement engineering. 

To improve the strength of bitumen binder, it must be modified using additives that 
increase bitumen binder strength. The current research focuses on bitumen binder 
(traditional asphalt binders) modification with a geopolymer, which plays a vital 
role in increasing strength, durability, and reducing deformation [2, 3, 7, 13]. Indus-
trial waste materials such as coal mines, GGBS, red mud, CKD, LKD, and RHA 
are strengthened by the production of this geopolymer. Furthermore, the use of the 
geopolymer material promotes the utilization of by-products (industrial waste) in 
pavement construction, reducing the need for landfills. This geopolymer modified 
bitumen binder (GMB) blend reduces carbon emissions while increasing chemical 
and thermal effects. Geopolymer exhibits good mechanical qualities at both regular 
and severe temperature settings. Not only does it boost the strength of (HMA) the 
hot mix asphalt pavement, but it also increases its durability (long-term perfor-
mance). The major goals of this chapter are to describe various research findings 
on geopolymer materials used in flexible pavements, to develop the geopolymer 
with precursor materials, and to apply the geopolymer modified bitumen binder in 
asphalt pavements.
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7.2 Geopolymer Modified Binder (GMB) 

The geopolymer concept was developed in the 1970s, but rapid research began in 
the year 2000. Figure 7.1 depicts the progress of research on geopolymer mate-
rials through 2022 (data source: various studies, geopolymer materials improve the 
strength, stability, and longevity of bitumen binder and reduce deformation in flexible 
pavements). 

According to new discoveries in material science, geopolymer mix is the most 
effective material in terms of strength, durability, and sustainability [16] Joseph Davi-
dovits pioneered the use of the geopolymer in 1991. Geopolymers are inorganic, non-
crystalline polymers with alumina-silicate chains that are covalently connected. In 
the geopolymer mix, sodium hydroxide (NaOH) or potassium hydroxide (KOH) and 
sodium silicate (Na2SiO3) or potassium silicate (K2SiO3) act as activators. Exam-
ples of industrial waste materials that can be used in the GMB include fly ash (FA), 
metakaolin (MK), red mud (RM), GGBS, cement kiln dust (CKD), and lime kiln dust 
(LKD) [17]. The geopolymer gel with the bitumen binder must be added to the GMB 
in order to prepare it. This geopolymer is considered an environmentally beneficial 
material due to its lower CO2 emissions. The main advantage of this geopolymer is 
that it reduces the use of natural materials while increasing the use of materials derived 
from industrial waste [15, 18]. Table 7.1 shows the general chemical compounds of 
various precursor materials, and these chemical compositions may vary depending 
on the source.

7.2.1 Preparation Process of GMB 

Precursor materials (Fly ash, GGBS, MK, RHA, LKD, CKD, etc.) and alkali activated 
solution are required for the development of the geopolymer. The first process in the 
production of the geopolymer [19] is the use of a liquid alkali activator (LAA), which 
contains NaOH + Na2SiO3 in a 1:2 ratio. The alkali activator and fly ash are mixed

Fig. 7.1 Year wise increases 
of publications on 
geopolymer materials (Data 
source Tang et al. [14]) 
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Table 7.1 Chemical composition of different precursor materials (Komnitsa and Zaharaki [10]) 

Precursor 
materials 

% of Chemical compounds 

SiO2% Al2O3% Fe2O3% CaO% Na2O% K2O% MgO% SO3% 

Fly ash 
(FA) 

43–61 13–33 3–7 1–22 0–0.95 0–1.54 0.47–4.5 0.6 

GGBS 33–42 11–22 0.41–0.71 28–44 0.21–0.4 0.31–1.02 6–13 1.8 

Silica 
fume 

82–94 0.25 0.54 0.21 0.22 0.55 0.5 0.16 

Rice 
husk ash 
(RHA) 

88–95 0–0.54 0–0.31 0–0.92 0–0.12 2.3–2.65 0–0.18 – 

Cement 
kiln dust 
(CKD) 

11.70 2.95 2.6 46.5 2.25 4.32 0.67 12.35 

Meta 
kaoline 
(MK) 

38–62 33–54 0.35–2.0 0.06–0.11 – 0.4–1.2 0.07–0.12 – 

Red mud 
(RM) 

5–28.35 10.2–35.05 30–60 1.5–15 3–20.2 0–3.5 0–0.32 0–13 

Granite 
waste 
(GW) 

60–75 10–20 1–10 1–2 1–4 3–6 0.3–3.5 0–0.3

well to form the geopolymer gel [20], and the bitumen is heated to 150 °C while 
the geopolymer gel is mixed with the bitumen binder (VG10 and VG30). Blend the 
bitumen with the geopolymer gel at 1500C at a mixing speed of 1000 ± 10 rpm 
[4]. Figure 7.2 depicts a step-by-step approach to prepare the geopolymer modified 
binder. 

Fig. 7.2 Preparation of geopolymer modified bitumen binder
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7.2.2 Chemical Composition 

The geopolymer contains two components, a chemical activator and aluminosilicate. 
These components develop a chain system in the geopolymer material by mix with 
the precursor materials. The formation of the geopolymer depends on the alumina 
and silica ratio of precursor materials, and ratio of NaOH and Na2SiO3 [12]. More 
over the strength properties of the geopolymer are affected by the S/L ratio (solid 
to liquid ratio), at the range between 0.35 and 1.25 [21]. The mineral content of the 
precursor material will affect the reaction process and physical properties of GMB 
(Geopolymer Modified Bitumen). In the fly ash based geopolymer material the ratio 
of S/L is 0.18 to 0.6, according to this case the 0.18 ratio represents the lower strength 
compared to the 0.6 ratio [22]. 

7.3 Influence of Geopolymer Modified Binder (GMB) 

7.3.1 Influencing the Physical Properties 

According to the research conducted by Ali et al. [9], there is an increase in the 
softening point value of binder with an increase in the percentage of the modified 
binder content. Furthermore, the findings of this research indicate that the value 
increases up to 5% but then begins to decrease after 7% [23, 24]. The specific gravity 
of bitumen is an important property that helps in assessing and characterizing its 
quality and performance [24]. Observed by many investigations the specific gravity 
value of the binder increases with the modified binder content [2, 3, 5, 10, 24]. The 
importance of viscosity in bitumen lies in its influence on workability, tempera-
ture susceptibility, aggregate coating, mixing and pumping operations, and quality 
control. Understanding and controlling bitumen viscosity help achieve the desired 
performance characteristics in asphalt pavements, promoting durability, strength, 
and overall quality [9, 25].  Ali et al.  [9] and Ibrahim et al. [24] researched the phys-
ical properties of the geopolymer modified binder and discovered that there is a 
sudden drop in the viscosity of the binder when increasing the temperature from 
135° to 165° C, and GMB has a higher viscosity than the virgin binder [21, 23, 
24]. According to Al-Mansob et al. [25] the polymer modified binder has the higher 
viscosity value than the base binder [25]. When it comes to the storage stability of 
bitumen, several factors can influence its performance and quality over time, such 
as temperature, contamination, aging and expose to air and moisture. Ibrahim et al. 
[24] investigated on the storage stability of the geopolymer modified asphalt, and 
obtained good storage stability values [24, 26].
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7.3.2 Influencing the Rheological Properties 

Ali et al. [4] used a Dynamic Shear Rheometer (DSR) to investigate the rheological 
properties of the virgin and geopolymer modified binder, such as the viscous and 
elastic behavior of the binders—both virgin and modified—at two different temper-
ature conditions, one intermediate and another at the high-in-service temperature [4, 
27]. Furthermore, according to the code (AASHTO T315), dynamic shear rheome-
ters evaluate rheological variables such as G* (Complex shear modulus) and (phase 
angle) of asphalt at the desired frequency and temperatures. Walubita (2011) [4, 28] 
drew master curves based on G*/sin values; in this study, he used a 25 mm dia plate 
with a 1 mm gap  for intermediate temperatures  to  conduct frequency sweep tests on 
bitumen binder, both conventional and polymer modified, at 9 frequencies ranging 
from 1 to 100 rad/s. Arey et al. studied those rheological properties of SBSMB with 
different percentages 3, 5, 7 and 9%, and according to him there is an increase in the 
complex shear modulus value with higher percentage of SBS [27, 29, 30]. 

According to Ali et al. (2007), the increase in the complex shear modulus values 
with geopolymer concentration in the bitumen binder is attributable to an increase 
in binder hardness. And there is a little difference in 7% GMB due to a decrease in 
complicated shear modulus values, which occur due to the high chemical content 
contained in GMB [4, 27, 29]. According to Shaban et al. (2017), the phase angle 
curves decrease with increasing polymer modifier concentration, which is caused by 
the polymer modifier binder reaching the failure temperature (46–64 °C). According 
to the G* (complex modulus) and (phase angles) values, 5% GMB produces better 
results, i.e., lower phase angle and higher complex modulus values. Polymer modi-
fiers, according to studies, increase the storage stability and stiffness of the asphalt 
binder; adding 5% geopolymer to the asphalt yields the best results [4, 9, 12, 31]. 

7.4 Conclusions 

In order to produce the pavement utilizing a geopolymer mix with asphalt concrete, 
the fly ash based geopolymer is used as a modifier in bitumen binder mixes in this 
chapter. The literature review indicates that geopolymer modified binder exhibits 
superior strength properties. In the fly ash based geopolymer bitumen binder, the 
findings of many investigations on the geopolymer mix are as follows: (GMB).

● The chemical composition of the precursor materials has an effect on the strength 
of the GMB mix; according to literature, it was noticed that the class F Fly ash 
produces better results when compared to the Class C Fly ash.

● According to the research, the physical properties of GMB are influenced by 
numerous geopolymer components, such as the L/S ratio and calcium content 
contained in precursor materials (Industrial by products) and the alkali activator 
ratio.
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● It was discovered that 5% GMB had considerable physical characteristics, 
viscosity, and softening points. Geopolymers can also improve the workability 
of the bitumen binder and lower the mixing temperature.

● Rheological variables were altered by altering the percentage of the Geopolymer, 
although 5% GMB yielded acceptable values of G* 1 kPa (complex modulus) 
and (Phase angle).

● For sustainable development, the construction industry must increase the use 
of industrial byproducts as modifiers in asphalt mixtures. Fly ash is commonly 
utilised to create geopolymer materials. According to various studies, this fly 
ash-based geopolymer can also be employed with recyclable materials. 
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Chapter 8 
Mineral Carbonation of Mine Tailings 
for Long-Term Carbon Capture 
and Storage 

Faradiella Mohd Kusin and Verma Loretta M. Molahid 

8.1 Introduction 

Climate change due to progressive carbon emission is vastly becoming a global 
concern. Carbon dioxide (CO2) emission is considered the main contributor to global 
greenhouse gases that cause climate change. Thus, adoption of a reliable solution 
will help reduce the CO2 emission for a long term. Carbon sequestration can be 
regarded as a feasible solution for the long-term CO2 reduction in climate mitigation. 
This encompasses the strategies in reducing carbon emission such as focusing on 
low-carbon energy sources, developing renewable energies, applying geoengineering 
approach by enhancing the carbon sinks with reforestation and afforestation, and 
capturing and storing CO2 which is known as carbon capture and storage (CCS). 
Following CCS, carbon capture utilization (CCU) has been introduced along with 
the realization that it is possible to gain something useful and valuable from the 
captured carbon. 

Carbon sequestration or CCS is derived from natural and man-made processes 
with the purpose of eliminating and diverting CO2 from the atmosphere, which is 
then stored within the terrestrial environments, geological formations, or the ocean 
[1]. Generally, the sequestered CO2 is kept permanently in a large storage site or 
reservoir to prevent its release back to the atmosphere [2]. Potential storage methods 
include CO2 injection into deep ocean or underground geological structures and 
carbon fixation of industrial carbonates through mineral carbonation. The process
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which is considered as part of CCU, offers a more stable and permanent solution in 
storing CO2 where the risk of CO2 leakage can be avoided [3]. The carbonate product 
formed can be used for developing new material or as supplementary material so that 
the use of natural minerals can be reduced [4]. Therefore, mineral carbonation can 
be regarded as an ideal approach in minimizing CO2 emission in addition to creating 
a new economy, i.e., circularity, for CO2 product utilization [5–7]. 

From an economic perspective, CCS technology may offer opportunities for the 
advancement of green technology and contribute to green economy. The captured 
CO2 can be useful for other industries which can be used either directly or indirectly. 
In this regard, direct use of CO2 is when it serves as a tool to ease a process, or to gain 
something useful with the help of CO2. However, indirect use of CO2 is when the 
end product of the captured carbon can be used to develop new materials or products. 

This chapter discusses the fundamental processes of mineral carbonation tech-
nology and its potential adoption in the mining industry, and a range of feedstock 
materials for the process and potential utilization of mine tailings as feedstock for 
mineral carbonation application. Prospects and challenges in the adoption of this 
technology is also discussed. 

8.2 Mineral Carbonation Technology 

Mineral carbonation is a process of transforming gaseous CO2 into stable carbonates 
upon reaction with minerals containing calcium or magnesium [3]. For instance, 
the reactions between CO2 and calcium or magnesium oxides, which are derived 
from silicate minerals such as wollastonite, serpentine and olivine will form calcium 
and magnesium carbonates. Mineral carbonation technology can be considered as 
both CCS and CCU technologies, which depends on the process flow and the final 
location of the captured CO2 or the carbonated product. The products of mineral 
carbonation (i.e., carbonates and silicates) are thermodynamically stable and it is 
safe to be disposed somewhere such as silicate mines (CCS) or reusing them for 
construction materials (CCU) [2]. It has been known that an advantage of using 
mineral carbonation technology adopting calcium and magnesium carbonates is due 
to the thermodynamically stable minerals that can withstand unexpected weather 
conditions of the storage site thus preventing CO2 leakage to the atmosphere [8]. 

Feedstock materials for the mineral carbonation are largely available across the 
globe which provides a great opportunity for the adoption of the technology such as 
from industrial and mining waste, e.g., red gypsum, steel slag and silicate minerals. 
As the feedstock materials differ in nature, the process can be manipulated using 
different operating conditions and process variables to optimize the formation of 
carbonates [9]. 

One of the ideas for mineral carbonation implementation is that, it can be inte-
grated with other industries that produce large amount of CO2 emissions such as 
steel-making industry and mining industry, and at the same time, using their own 
waste to reduce the high CO2 emission. This benefits not only the environment but
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also the industry where they can minimize their carbon footprint with minimal cost 
and gain additional revenue using the final product formed (carbonate product) from 
the carbonation process. As the integration of mineral carbonation in the industry is 
still considered as expensive, there is a need to evaluate the carbonate product formed 
so that it can be commercialized as a revenue-generating product which can be the 
stepping stone in promoting mineral carbonation technology [10]. 

8.2.1 Mineral Carbonation Methods 

Mineral carbonation can be achieved through direct and indirect carbonation. The 
direct mineral carbonation deals with a single-step carbonation process, while indi-
rect carbonation involves the extraction of ionic minerals from magnesium- and 
calcium-based minerals which will then undergo the carbonation step. 

Direct Mineral Carbonation 

Direct mineral carbonation encompasses two means of processes, i.e., gas–solid 
phase and aqueous phase. The direct gas–solid method is a relatively simple process 
however, it suffers from the slow reaction rate and is therefore not recommended 
for a big-scale project [11, 12]. Whereas the direct aqueous carbonation has been 
more commonly used in mineral sequestration compared to the direct gas–solid 
method [13–15]. Through the direct aqueous carbonation, the conversion efficiency 
can be enhanced by manipulating the operating variables under certain conditions. As 
for instance, 83.5% carbonation efficiency was obtained using wollastonite mineral 
(CaSiO3) which is a calcium-bearing mineral, at a reaction temperature of 150 °C, 
reaction pressure of 40 bar and particle size < 30 µm [14]. In theory, an increase 
in temperature and pressure conditions, and decrease of particle size will increase 
the carbonation conversion efficiency. This has been proven in a study using red 
gypsum which is a high-calcium material that carbonation purity and efficiency can 
be improved by optimizing the operating parameters [13, 15]. 

Indirect Mineral Carbonation 

Indirect mineral carbonation occurs through more than one step process prior to 
carbonation such as applying an initial extraction and precipitation. This method 
enables the dissolution and carbonation steps to be controlled separately [16]. The 
advantage of controlling these processes separately is that oxide minerals other than 
calcium and magnesium oxides can be removed to prevent interference during the 
carbonation process, which can improve the carbonation efficiency. This can be done 
by adding solvents or additives such as acids, bases or ammonium salts under certain 
conditions to leach out required cationic minerals and reacting it with carbon dioxide 
to form carbonate precipitation. Acids, bases and salt reagents, e.g., ammonium 
salts and ammonium chloride are commonly used in cation extraction. A cheaper 
alternative has been suggested using water as solvent in the dissolution of fly ash 
to facilitate cation leaching [17]. pH adjustment with the use of reagents can be
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adopted to provide feasible pH condition in enhancing carbonation efficiency [12, 
18]. Furthermore, adopting low-reaction condition such as performing the mineral 
carbonation under ambient pressure and temperature can be a feasible approach to 
reduce energy consumption. 

8.3 Potential Feedstock for Mineral Carbonation 

Table 8.1 describes the conditions of the mineral carbonation process using Ca/ 
Mg/Fe-based minerals and waste materials in different operating conditions and the 
carbonation conversion efficiency obtained. There are a number of potential feed-
stocks for mineral carbonation which can be simplified into two types; natural silicate 
minerals and industrial waste. Both types contain essential minerals for carbonation 
such as Ca and Mg oxides, however, it varies in terms of its amount. Basically, 
natural silicate minerals have substantial amount of essential oxides for carbonation 
compared to industrial waste. Examples of commonly used natural silicate minerals 
are olivine, serpentine, wollastonite and limestone. For instance, in Table 8.1, wollas-
tonite which is a Ca-based silicate mineral has a relatively high carbonation conver-
sion of 91.1% [19]. Similarly, Yan et al. [14] also achieved a high carbonation 
conversion for wollastonite (83.5%) followed by serpentine (47.7%) and olivine 
(16.9%) from the same experiment. Furthermore, carbonation of limestone yielded 
65% conversion efficiency [18]. Although the carbonation conversion was consid-
ered high, energy consumption used in the process was also high, suggesting that the 
use of these feedstocks has their uncertainty for real-life application.

On the other hand, the use of industrial waste provides an alternative for industries 
to reduce their waste in addition to a sustainable use of natural resources. According 
to Veetil and Hitch [20], the sources of the waste materials that have been utilized in 
the mineral carbonation process can be categorized into three namely, power plants 
with oil shale and coal as the fuel, construction and materials processing industry (i.e., 
cement, steel, aluminium and paper), and raw materials extraction site (i.e., natural 
minerals and ore deposit). Examples of commonly used waste from these sources 
are fly ash, steel slag, recycled concrete aggregate and mine waste. Referring to 
Table 8.1, carbon uptake capacity for fly ash is 0.11 g CO2/kg in ambient condition 
[21]. Steel slag has been studied the most where a CO2 capture capacity of 283 g CO2/ 
kg was obtained [22] in higher operating conditions, while Revathy et al. [23] found 
an uptake capacity of 82 g CO2/kg under lower operating conditions. Additionally, 
the use of recycled concrete aggregate is among the recent applications using waste 
material originated from construction and demolition waste. The use of this waste 
yielded 24.1% of carbonation conversion efficiency, and carbon uptake capacity of 
27 g CO2/kg of waste [24, 25]. For mine waste material, serpentinite-based tailings 
were used by Kemache et al. [26] and was able to obtain 0.22–0.25 g CO2/kg of 
uptake capacity and 8.5–10.8% conversion efficiency. Similarly, Li and Hitch [10] 
achieved 8.7% of carbonation efficiency using mine waste rocks that contain Mg/ 
Fe-oxides.
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Carbonation using waste materials can be considered noteworthy considering the 
limitation on an essential oxide amount. By carefully considering the utilization of 
these materials, waste accumulation can be reduced, as well as its adverse impact on 
the surrounding environment. However, more efforts need to be put into investigating 
the specific waste materials used for mineral carbonation as the composition varies 
widely in terms of mineralogical and chemical components. 

8.4 Mine Waste Utilization for Carbon Sequestration 

The increase in demand for raw minerals such as gold, iron, coal, chrome, copper, 
fluorspar, zinc, diamond and manganese towards modernization has made waste 
generation from mining industry inevitable [34]. It is of no doubt that mining compa-
nies will continue to face high accumulation of waste. Additionally, there have been 
health and environmental issues associated with mining activities. For example, 
weathering of the mine waste can cause contamination of surface water with heavy 
metals, causing the water to become acidic mine drainage [35]. On the other hand, 
mining and mineral extraction, ore processing, and post-mining activities such as 
handling of mine tailings can cause health effects to humans upon exposure for a 
long time [34]. Furthermore, accumulation of mine waste will eventually occupy 
all available land for storage which can be a burden as the location needs to be 
rehabilitated when the mining operation ends [36]. 

Despite this, mining waste can be utilized as a feedstock material for carbon 
capture in the mining industry. Mineral carbonation technology provides an oppor-
tunity for mining waste utilization in carbon sequestration to permanently store CO2 

in stable carbonates. Mining waste such as waste rocks, soils and mine tailings enable 
long-term CO2 storage because of the mineral availability and reactivity with the CO2. 
The overall concept of mineral carbonation utilizing mine waste is as illustrated in 
Fig. 8.1. Targeted minerals have often been the best approach to obtain minerals 
that can react with CO2 to optimize the conversion rate and products. However, this 
chapter deals mostly with mining waste materials produced as waste rocks, tail-
ings and residues from mining operations rather than purposely mine for targeted 
minerals. These materials are vastly produced as a consequence of mining activities 
and have often been left abandoned. This could bring environmentally undesirable 
impacts on our ecosystems and on earth generally. When mine tailings are removed 
from the ground in the mining process and exposed to the atmosphere and to water, 
they can react to form new minerals that trap CO2 from the atmosphere.

Clearly, mine tailings utilization in mineral carbonation serves as an alternative 
approach to minimize damages or problems related to mining waste. Apart from 
reducing the adverse impact on environment, the mining industry can also reduce 
the expenditure required in handling mine waste, as well as managing the mine site 
for rehabilitation. In addition, there is an opportunity for the mining industry to
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Fig. 8.1 Conceptual mineral carbonation process for carbon sequestration of mining waste

earn additional revenue when integrating mineral carbonation in producing value-
added carbonated products [36]. In return, it can be commercialized as a carbon-
negative product, where CO2 is permanently captured. Carbonated product can also 
be used in the construction sector such as partial replacement for cement or aggregate 
in concrete- or cement-based materials [4]. Although it is still at early progress, 
the benefits from this approach are noteworthy and will be a great step towards 
low-carbon future. 

8.5 Influencing Factors for Mineral Carbonation 

In the mineral carbonation process, major reactions that occur through aqueous 
carbonation are greatly dependent on the operating conditions applied. The major 
reactions include CO2 dissolution in slurry, metal ion liberation from its minerals 
(e.g., Mg2+, Ca2+, Fe3+) and carbonate product precipitation which involves the 
reaction between the metal ions and bicarbonate ions (HCO3

−) [33]. These major 
reactions are governed by the operating conditions which are crucial in achieving 
optimum carbonate yield throughout the process. There are a number of factors 
that are influential for mineral carbonation. Some of the studied factors are reaction 
temperature, particle size, CO2 pressure, pH, reaction time, water content and stirring
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rate. However, details on reaction temperature, CO2 pressure, particle size, and pH 
condition are discussed below as these are the main parameters investigated in most 
studies. 

Reaction Temperature 

Increase in reaction temperature has two differing effects on the carbonation reaction; 
faster metal ion leaching from its mineral and lower CO2 solubility in the solution 
[11]. This was found that the carbonation rate increases with temperature and when it 
reaches higher than 175 °C, the degree of carbonation started to decline. This shows 
that low CO2 solubility limits carbonate precipitation at elevated temperatures. Yan 
et al. [14] reported similar increasing trends from 80–150 °C for wollastonite, serpen-
tine and olivine. However, as temperature increases to 200 °C, carbonation decreases 
slightly for serpentine, while it increases to nearly 60% for wollastonite and to 9.3% 
for olivine. The optimum temperature was found to be 185 °C for all these minerals. 
Azdarpour et al. [13] found a declined carbonation efficiency at a temperature of 
200 °C despite increasing carbonate purity with increasing temperature. Ukwattage 
et al. [9] experienced a decrease in carbonation efficiency at temperature > 60 °C 
because of low CO2 solubility. Fagerlund et al. [37] obtained low final carbonation 
rate due to over-increase in temperature. A study has reported an optimum tempera-
ture for wollastonite carbonation which was at 150 °C, while olivine was at 185 °C 
[10]. Apart from wollastonite and olivine, the optimum temperature for limestone 
was 150 °C [18]. In addition, the optimum temperature when utilizing industrial 
waste as the carbonation agent was reported to be 25–90 °C for steel slag [9, 23, 32, 
38], 32–40 °C for serpentinite-based tailings [26], 25–80 °C for fly ash [21, 32], and 
55°C for carbide slag, waste lime and waste concrete [32]. Therefore, it is impor-
tant to use an appropriate temperature for specific feedstock so that an optimum 
carbonation rate can be achieved or the process can be accelerated. 

Carbon Dioxide Pressure 

Another important parameter that can enhance mineral carbonation is CO2 pressure. 
Higher partial CO2 pressure causes more CO2 solubility in aqueous media, forming 
carbonic acid, thus increasing the formation of bicarbonate ions [39]. Therefore, 
more bicarbonates can react with the metal ions. Previous studies have revealed a 
direct relationship between carbonate purity and efficiency with CO2 pressure, where 
increased CO2 pressure improves both carbonate purity and efficiency [13, 15]. The 
study applied CO2 pressure ranging from 1 to 70 bar and found 100% of carbonation 
efficiency and 98% of CaCO3 purity which was achieved at CO2 pressure of 8 bar 
for direct aqueous carbonation using red gypsum [13]. At 70 bar CO2 pressure, the 
maximum FeCO3 and CaCO3 in the final products of red gypsum were 5.01% and 
14.28%, respectively [15]. Another research was using basic-oxygen-furnace slags 
as a feedstock for mineral carbonation and had found that the maximum carbonation 
conversion was 93.5% at 1 bar CO2 pressure and 65 °C [22]. Notwithstanding this, 
a higher CO2 pressure which is between 100 and 150 bar will be able to increase 
the carbonation rate and reduce the reaction time [3]. Thus, in sequestrating more
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CO2, a higher CO2 pressure seems to have an important influence on the formation 
of carbonate, however the application is limited by cost and energy constraints. 

Particle Size 

Generally, smaller particle size will increase the carbonation degree. For example, a 
carbonation rate of 91.1% was achieved using particle size of 20 µm [19], while simi-
larly a high carbonation was achieved using feedstock with particle size of between 
25 and 37 µm [27, 38]. Additionally, the following carbonation rate was obtained 
using particle size of < 45 µm for red gypsum (10.8%), < 47 µm for serpentinite-
waste tailings (12.53%), < 10 µm for steel slag (13%), and 2 mm steel slag (27%), 
respectively [9, 15, 23, 26, 31]. Smaller particle size will facilitate CO2 gas exchange 
with the entire mass of the waste [25]. Decreasing the particle size provides more 
available surface area for the reaction to occur as carbonation is proportional with 
the total specific surface area of a particle, thus a higher carbonation rate can be 
expected. A smaller particle size will also improve the metal ion leaching rate from 
its matrix up to 99% [40]. Leaching is an important step for the indirect carbonation 
process where the leached metal ions will be able to react with bicarbonate ions 
more effectively prior to form carbonates. Therefore, it is important that the right 
particle size be used in the carbonation process which can benefit both the leaching 
and precipitation processes. 

pH Condition 

Another controlling factor that can affect the carbonation rate is pH condition. The 
pH condition will determine the availability of metal ions essential for carbonate 
precipitation to occur [3]. Magbitang and Lamorena [41] reported that altering pH 
(i.e., pH 4–10) can improve metal ion dissolution and CO2 reaction in an aqueous 
solution. However, pH condition may have contradicting effect on the carbonation 
process. According to Wang et al. [42], the carbonation rate can be increased by 
increasing the concentration of Ca/Mg/Fe ions or carbonate ions. It appears that low 
pH can aid Ca/Mg/Fe extraction from the matrix which increases its availability 
for CO2 gas to react with, however, it also lowers the carbonate ion concentration 
in the solution [7, 13]. Increase in pH results in higher concentration of carbonate 
ions, but lowers the availability of Ca/Mg/Fe ions. Some studies suggested that the 
optimum pH for carbonation to occur is greater than 10 [43, 44]. In addition, some 
suggested adding sodium bicarbonate, NaHCO3 as a means to increase carbonate ion 
concentration and successfully achieved 70% conversion rate in 2 h [45]. NaHCO3 

and sodium chloride, NaCl are common additives used as buffering agents to maintain 
the solution pH in the range of 7–8 [10, 46]. In essence, pH needs to be carefully 
controlled in order to balance the opposite effect it gives to the major reactions in 
the carbonation process. In other words, the chosen pH needs to enhance the metal 
ions extraction, while at the same time able to facilitate the precipitation process by 
providing more carbonate ions. 

On a general note, mineral carbonation is a relatively slow process if it occurs 
naturally, however, the reactions can be accelerated by adjusting the operating vari-
ables. If the process was accelerated, large mines may have the capacity to sequester
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more CO2, thereby providing a great potential to offset greenhouse gas emissions 
from the mining industry. While it has been known that alkaline materials are often 
preferred for the process, further understanding of the changing pH on the process 
can be evaluated. Similarly, other variables such as small-sized particles could be 
an option for a better carbonation reaction. Varying the parameters will help iden-
tify the variables that can be applied to optimize the carbonation conversion. This 
is particularly important to identify the limits of conversion rate and assess process 
efficiency. Understanding the process efficiency will provide insights into large-scale 
application as carbonation efficiency can be estimated and compared for different 
feedstock materials at different operating variables. 

8.6 Case Study: Carbon Sequestration of Mine Tailings 

From a Malaysian experience, a range of mining waste have been studied for their 
potential as sequestering agents through mineral carbonation including those that are 
generated from metal mines such as iron ore, gold, tin and bauxite and non-metal 
mines such as limestone. Figure 8.2 shows the abundance of mine tailings that are 
generated from limestone, iron ore and gold mining, respectively. 

Mine waste is regarded as a potential feedstock for mineral carbonation due to 
its alkaline nature and affinity to react with CO2, a mild acid. Potential feedstocks

Fig. 8.2 Mine tailings a stockpile of limestone waste b waste dump of iron mine c waste dump of 
gold mine d stockpile of gold mine waste 



126 F. M. Kusin and V. L. M. Molahid

for carbon sequestration from mining waste consist of alkaline earth metal-bearing 
silicates, hydroxide minerals and silicate waste rocks or tailings that are rich in diva-
lent cations such as magnesium, calcium and iron oxide. Mineralogical and chemical 
composition play important roles in determining the suitability of these materials for 
mineral carbonation. Silicate minerals that are present in mine waste act as an impor-
tant agent for trapping CO2 and store it as stable carbonates. Ca and Mg silicates 
have been known to have a great capacity for sequestering CO2 and are particu-
larly useful for mineral carbonation. Table 8.2 demonstrates the types of minerals 
that are available from respective mines, which are potential minerals to undergo 
mineral carbonation. Limestone waste particularly contain Ca–Mg-silicates of aker-
manite and carbonate minerals of calcite and dolomite. Iron mine waste consists of 
Ca-silicates of anorthite and wollastonite and Fe-oxides of magnetite and hematite, 
and Ca–Mg-silicates of diopside. However, the gold mine waste comprises of Mg-
silicates of sepiolite and chlorite-serpentine and Fe-silicates of stilpnomelane. Upon 
reaction with CO2, these minerals will be able to capture the gas and convert it into 
a stable carbonate form. 

In view of its potential as feedstock for the mineral carbonation process, carbona-
tion efficiency can be determined from the utilization of mine tailings as summarized 
in Table 8.3. Varying parameters and operating conditions were taken into account 
during the lab-scale experiment including particle size, reaction temperature, pH 
and CO2 pressure. Findings indicated that small-sized particles of < 38 µm, reaction 
temperature of 80–200 °C and pH 10–12 were able to achieve a feasible carbonation 
conversion, which was conducted at an ambient CO2 pressure (1 bar) [47, 49].

Therefore, it has been shown that these types of mine tailings are potential candi-
dates for mineral carbonation, which is governed by the availability of Ca/Mg/Fe-
bearing minerals and their oxide composition. Clearly, reutilizing mine waste may 
give an opportunity for restoring natural resources while tackling the issues of carbon 
emission at the mining site in general.

Table 8.2 Potential minerals 
for mineral carbonation of 
mine tailings 

Mining waste type Potential mineral Reference 

Limestone Akermanite [4] 

Calcite 

Dolomite 

Iron ore Anorthite [47] 

Wollastonite 

Magnetite 

Hematite 

Diopsite 

Siderite 

Gold Sepiolite [48] 

Chlorite-serpentine 

Stilpnomelane 
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Table 8.3 Carbonation conversion efficiency of mine tailings 

Waste material Carbonation efficiency, ECO2 Reference 

Iron mine tailings Particle size Temperature pH CO2 pressure [47] 

<38 µm 
ECO2: 6.66% 

80°C 
ECO2: 2.68% 

pH 8 
ECO2: 2.41% 

1 bar  

<75 µm 
ECO2: 2.78% 

200°C 
ECO2: 5.82% 

pH 12 
ECO2: 5.85% 

Limestone mine waste Particle size Temperature pH CO2 pressure [49] 

<38 µm 80 °C pH 10 1 bar  

ECO2: 7.53%

8.7 Challenges in the Adoption of Mineral Carbonation 
for Mining Waste 

Among the major challenges in the adoption of mineral carbonation are the concerns 
about cost and energy consumption [50]. Moreover, the limitation of the current 
scale-up applications of mineral carbonation are mainly due to large amount of costs 
and energy usage. Generally, the costs and energy consumption for mineral carbon-
ation are associated with the mineral carbonation plant, pre-treatment requirements, 
operating conditions, use of additives and disposal of the reaction products [3]. 
As mining is often associated with the issues of CO2 emission and waste genera-
tion, mineral carbonation can be an option to tackle both issues if operated under 
feasible conditions, such as considering the reduction of costs and energy. However, 
another challenge for mineral carbonation is to increase the carbonation reaction to 
be feasible for large-scale deployment. It has been known that the slow dissolution 
kinetics and the potentially high energy required are the main challenges to manipu-
late mineral processing. An economic analysis of mineral carbonation adoption for 
mining industry has been evaluated in an earlier study that found an operation cost of 
USD82.5 per t CO2 [51]. Cost comparisons from other industrial waste and natural 
minerals could be the benchmark for mineral carbonation adoption with mine waste 
in the long term. Generally, the cost of indirect mineral carbonation is estimated to be 
higher than the direct mineral carbonation which accounts for about 40% of the total 
cost [52]. Despite this, opportunity for mineral carbonation with mining waste can be 
seen through the integration of the waste material to reduce the environmental impact, 
and utilization potential of the captured carbon into revenue-generating products to 
counterbalance the energy-cost implications.
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8.8 Current State-of-The-Art of Mineral Carbonation 
Technology 

Industrial-scale mineral carbonation has taken place in some instances global wide. 
For example, CarbonCure Technologies (Canada), Mineral Carbonation Interna-
tional (Australia), Carbon8 Systems (United Kingdom), and Solidia Technologies 
(United States) are the companies that are mainly focusing on construction materials 
production through the mineral carbonation process. Besides having it successfully 
implemented at industrial-scale, the concept of this technology has been widely 
promoted to encourage more research and development at various levels [50]. 
Although it is still in early stage, this shows that the nation is well-exposed to the 
benefit of this technology. 

Awareness on mineral carbonation technology has been greater, and this is partic-
ularly true mostly in places where the technology has reached commercialization 
stage. The success of CarbonCure technology, a Canadian cleantech company has 
taken the interest of many individuals especially the local communities in adapting 
to climate change mitigation actions, while at the same time generating income. 
Starting in 2007, CarbonCure have nearly 200 companies across North America and 
Southeast Asia that have adopted their technology. To date, more than 5 million 
cubic yards of concrete made with recycled carbon dioxide have been delivered to 
the construction project across the globe. Pan-United Corporation Ltd. Singapore 
is the first company in Asia that has adopted CarbonCure technology, initiating an 
environmentally friendly scenario and low-carbon industry in Singapore [51]. 

8.9 Conclusions 

From a mining perspective, utilization of mine waste or mine tailings would be 
advantageous in restoring natural mineral resources. Mine tailings that have often 
been associated with undesirable impacts on the environment can be seen as a valu-
able resource for sequestering carbon dioxide. While they are abundantly generated 
from mining operations, mine tailings may serve as reservoir or sinks for atmo-
spheric carbon sequestration at mining sites. Depending on the availability of reac-
tive minerals and input of carbon dioxide, the process may form part of a sustainable 
mining in the future. Despite current challenges in terms of implementation costs, 
on-site deployment method and technological acceptance by the key industry players, 
this technology remains a reliable option for future sustainability in the mining sector. 
This is also in line with the concept of circular economy such that mine waste can 
be turned into a useful resource. Therefore it can be learned that the technological 
approach would likely be a reliable solution in response to global carbon reduction 
and climate mitigation for the mining industry.
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Chapter 9 
Environmental Sustainability Assessment 
of Alternative Controlled Low Strength 
Materials as a Fill Material 

Anshumali Mishra , Sarat Kumar Das , and Krishna R. Reddy 

9.1 Introduction 

The majority of the world’s greenhouse gas (GHG) emissions (37%) are produced by 
the construction industry [1]. In construction operations, addressing growing envi-
ronmental concerns requires prioritizing sustainable practices, including attention 
to small details, such as backfilling techniques, that are often overlooked in project 
planning [2]. Controlled low strength material (CLSM), which offers a potential 
sustainable solution which was not thoroughly explored, has emerged as an alterna-
tive backfilling approach in recent years [3–6]. CLSM, also referred to as flowable 
fill, is a permitted alternative to the typical aggregate back-filling process used to 
fill utility trenches and other excavations at construction sites. A CLSM is a self-
leveling, highly flowable material that is often comprised of cement, water, and a fine 
aggregate substance like industrial waste. With a compressive strength of 8.3 MPa or 
less [7], the CLSM is a self-compacting, flowable, strong, and long-lasting cementi-
tious material, according to the American Concrete Institute (ACI). The advantages 
of a CLSM over a conventional backfill include the absence of vibration compaction, 
decreased labour requirements, narrower trench, ease of distribution in complex sites 
(due to its flowability), low compressive strength, absence of settlement, flexibility, 
durability, and the mouldability with byproducts that would be disposed of in land-
fills. The use of cement and transportation of raw materials in CLSM mix design can
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Fig. 9.1 Schematic of the proposed utility trench 

increase emissions and energy consumption, which is a disadvantage of the material. 
This life cycle sustainability assessment’s primary goals are to compare the sustain-
ability of CLSMs to conventional backfilling methods and determine which CLSM 
mix design, if any, best satisfies the three pillars of sustainability (environmental, 
economic, and social) [8]. 

In this project, the environmental sustainability assessment is performed for alter-
native CLSMs as the backfill material in a utility trench of stretch 100 m, width 3 m 
and depth 3 m proposed to be constructed by Dhanbad municipal corporation as 
shown in Fig. 9.1. Considering, CLSM_OB [9]; ferrochrome based controlled low 
strength material (CLSM_FS) [10]; and wastewater treated sludge based controlled 
low strength material (CSLM_WTS) [11] as the alternatives adopted for the analysis 
are technically sound. For the baseline, conventional M5 concrete has been adopted. 
The different alternatives have been compared on the basis of midpoint indicators 
(i.e., Global warming, Ozone depletion, smog, acidification, eutrophication, carcino-
genics, non-carcinogenics, respiratory effect, ecotoxicity, and fossil fuel depletion. 
In addition, the endpoint impacts including human health, ecosystem quality, climate 
change, and resource depletion have been also compared. 

9.2 CSLM Properties and LCA Methodology 

9.2.1 CLSM Material Properties 

The material property of the alternative CLSMs is shown in Table 9.1. The design mix 
available in the literature are selected on the basis of strength criteria of approximately 
2.5 MPa. The density adopted is the fresh density reported in the literature.
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Table 9.1 Material property of alternative CLSMs 

Properties CLSM_OB [9] CLSM_FS 
[10] 

CLSM_WTS [11] M5Concrete 

Density (kg/cm3) 1810 2000 1742 2300 

UCS (MPa) 2.5 2.65 2.44 5 

CBR 135 – – – 

Flow value 170 260 110 – 

Bleeding (%) 0.25 9.73% – – 

Mix C:F:OB (1:2:4.5) C:F:FS 
(1:0.66:7.5) 

C:F:WTS (1:4:4) C:FA:CA 
(1:5:10) 

Note C—Cement, F—Fly ash, OB—Coalmine overburden, FS—Ferrochrome slag, WTS—Water 
treated sludge, FA—Fine aggregate, CA—Coarse aggregate 

9.2.2 LCA Methodology 

Goal and Scope 

The goal of the present study is to compare different alternative backfill material on 
the environmental ground to find out the most sustainable alternative. 

System boundary 

The system boundary for the analysis includes the cradle to gate approach considering 
the collection of waste from the storage facility to be cradle and construction of 
backfill trench as the gate for the study. The end of life of the filled material is 
outside the scope of the present study and is not considered. 

Functional unit 

1 ton of CLSM is considered as the functional unit for the analysis. 

Inventory Analysis 

The quantity of the material used in the analysis is tabulated in Table 9.2. The quantity 
of the materials is estimated neglecting the volume of the conduit installed. The 
transport distance of cement from the source is considered as 20 km. The waste used 
in the study that includes OB, fly ash, ferrochrome slag, water treatment sludge and 
conventional aggregate were proposed to be collected from a source at a distance 
of 50 km. The source of water is assumed to be near the proposed site and the 
transportation associated with water supply is ignored.

Impact Assessment 

TRACI 2.1 (Tool for Reduction and Assessment of Chemicals and Other Environ-
mental Impacts) developed by USEPA [12] for midpoint impact categories was used 
for the study. Waste material emissions were not taken into account for this project;
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Table 9.2 Material quantity and transport distance 

Materials Units CSLM_OB CLSM_FS CLSM_WTS M5 Concrete Distance (km) 

Cement Tons 165 188 167 124 20 

Fly ash Tons 330 124 668 – 50 

OB Tons 742.5 – – – 50 

Ferrochrome 
slag 

Tons – 1410 – – 50 

Water treatment 
sludge 

Tons – – 668 – 50 

Fine 
aggregate (FA) 

Tons – – – 620 50 

Coarse 
aggregate (CA) 

Tons – – – 1240 50 

Water Tons 321.75 413.6 771.4 557 –

instead, emissions related to materials manufactured especially for the backfill alter-
native were taken into account. Impact 2002+ [13] was used for the determination of 
endpoint impacts in terms of human health, ecosystem quality, climate change, and 
resource depletion. The commercially available software SimaPro 9.4.0.2 was used 
for the analysis [14]. The database used for the emission inventory was Ecoinvent 
3.0 [15]. 

9.3 Results and Discussions 

9.3.1 M5 Concrete 

The environmental impact caused by the use of 1 ton of M5 concrete is shown in 
Fig. 9.2. It is observed that the use of cement contributes relatively the most in global 
warming (56%), followed by smog (40%), acidification (44%), eutrophication (58%), 
41% in non-carcinogenic and respiratory effect categories. The use of CA contributes 
relatively the most in ozone depletion (46%), carcinogenic (47%), ecotoxicity (43%), 
and fossil fuel depletion (45%). The production of cement involves the consumption 
of electricity and emission of CO2. In contrast, the production CA involves blasting 
and crushing operation that may be accountable for the higher environmental impacts. 
The relative contribution of consumed water and cement transportation is found to be 
negligible. The contribution of FA and transportation of FA and CA make up the rest 
in each impact category. The absolute contribution of the material and transportation 
in the midpoint impact categories are captured in Table 9.3 and endpoint categories 
are captured in Table 9.4.It is observed that cement and CA contribute collectively
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Fig. 9.2 Midpoint impact caused by the use of M5 grade of concrete as a fill material

78% impact to human health, 66% impact to ecosystem quality, 82% impact to 
climate change, and 73% impact on resource depletion. 

9.3.2 CLSM_OB 

Cement used is CLSM_OB was found to contribute relatively to most of all impact 
categories ranging from minimum 82% in carcinogenics and respiratory effects to 
maximum 95% in smog formation as shown in Fig. 9.3. The contribution of coal mine 
overburden (OB), water and transportation of all the materials together contribute to 
a minimum of 5% in smog formation and maximum of 18% in carcinogenics and 
respiratory effects. The absolute impact caused in the midpoint impact and endpoint 
impact is shown in Tables 9.5 and 9.6, respectively.

9.3.3 CLSM_FS 

Similar, to CLSM_OB, the cement consumption in CLSM_FS is observed to 
contribute relatively the most in CLSM_FS as shown in Fig. 9.4. The absolute
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Table 9.3 Absolute midpoint impacts caused due to the use of 1 ton of M5 grade concrete 

Impact category Unit Total Cement FA CA Water Cement 
transport 

FA 
transport 

CA 
transport 

Ozone depletion kg 
CFC-11 
eq 

1 × 
10–05 

2 × 
10–06 

2 × 
10–06 

4 × 
10–06 

1 × 
10–09 

3 × 
10–08 

3 × 
10–07 

7 × 
10–07 

Global warming kg CO2 
eq 

80 50 10 20 0.04 0.1 1 3 

Smog kg O3 
eq 

7 3 1 3 0.002 0.005 0.06 0.1 

Acidification kg SO2 
eq 

0.3 0.1 0.06 0.1 2 × 
10–04 

3 × 
10–04 

0.004 0.008 

Eutrophication kg N eq 0.1 0.07 0.01 0.03 1 × 
10–04 

1 × 
10–04 

0.001 0.003 

Carcinogenics CTUh 4 × 
10–06 

1 × 
10–06 

6 × 
10–07 

2 × 
10–06 

2 × 
10–08 

6 × 
10–09 

7 × 
10–08 

1 × 
10–07 

Non-carcinogenics CTUh 1 × 
10–05 

5 × 
10–06 

2 × 
10–06 

5 × 
10–06 

1 × 
10–08 

3 × 
10–08 

3 × 
10–07 

7 × 
10–07 

Respiratory effects kg 
PM2.5 
eq 

0.05 0.02 0.008 0.02 7 × 
10–05 

8 × 
10–05 

0.003 0.002 

Ecotoxicity CTUe 400 100 70 200 0.5 0.8 10 20 

Fossil fuel 
depletion 

MJ 
surplus 

90 20 20 40 0.01 0.003 3 6 

Table 9.4 Absolute endpoint impacts caused due to the use of 1 ton of M5 grade concrete 

Damage 
category 

Unit Total Cement FA CA Water Cement 
transport 

FA 
transport 

CA 
transport 

Human 
health 

DALY 6 × 
10–05 

3 × 
10–05 

1 × 
10–05 

2 × 
10–05 

6 × 
10–08 

7 × 
10–08 

9 × 
10–07 

2 × 
10–06 

Ecosystem 
quality 

PDF*m2*yr 40 10 8 10 0.009 0.1 1 3 

Climate 
change 

kg CO2 eq 80 50 10 20 0.04 0.1 1 3 

Resources MJ primary 900 300 200 300 0.5 2 20 50

midpoint impact and endpoint impacts are shown in Tables 9.7 and 9.8, respectively. 
Cement contributes 95% impact in global warming and acidification, 96% impact 
in smog and eutrophication, 91% in respiratory effects, 90% in non-carcinogenics, 
85% in carcinogenics, 88% in ecotoxicity, 76% in ozone depletion, and 77% in fossil 
fuel categories. The ferrochrome slag is found to contribute 21% in ozone depletion, 
and 20% in fossil fuels. Similarly, cement consumption is found to impact the human 
health (93%), ecosystem quality (80%), climate change (95%), and resources (87%).
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Fig. 9.3 Midpoint impact caused by the use of CLSM_OB as fill material

9.3.4 CLSM_WTS 

The environmental impact caused by the use of CLSM_WTS is shown in Fig. 9.5. 
It is observed that the use of cement is found to contribute the maximum in all 
midpoint impacts, 96% in smog formation, 95% in eutrophication, 94% in global 
warming and acidification, 90% in respiratory effect, 89% in non-carcinogenics, 
87% in ecotoxicity, 79% in carcinogenics, 77% in fossil fuel, and 76% in ozone 
depletion. The use of water contributes 12% in carcinogenics. The transportation of 
fly ash and WTS contributes 11% each in ozone depletion and fossil fuel depletion. 
The contribution of other waste consumption and transportation is to a maximum of 
10% in other midpoint impact categories. The use of cement dominates the endpoint 
impacts with 92% in human health, 80% in ecosystem quality, 94% in climate change, 
and 87% in resource depletion. The absolute impact in endpoint categories is shown 
in Table 9.9, and in midpoint impacts is shown in Table 9.10.
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Table 9.5 Absolute midpoint impacts caused due to the use of 1 ton of CLSM_OB 

Impact category Unit Total Cement OB Water Cement 
transport 

Flyash 
transport 

OB 
transport 

Ozone depletion kg 
CFC-11 
eq 

4 × 
10−06 

3 × 
10−06 

1 × 
10−07 

8 × 
10−09 

5 × 
10−08 

2 × 
10−07 

2 × 
10−07 

Global warming kg CO2 
eq 

80 80 3 0.3 0.2 0.9 0.9 

Smog kg O3 
eq 

5 5 0.2 0.02 0.009 0.04 0.04 

Acidification kg SO2 
eq 

0.3 0.2 0.01 0.003 5 × 
10−04 

0.003 0.003 

Eutrophication kg N eq 0.1 0.1 0.01 0.001 2 × 
10−04 

9 × 
10−04 

9 × 
10−04 

Carcinogenics CTUh 2 × 
10−06 

2 × 
10−06 

2 × 
10−07 

1 × 
10−07 

1 × 
10−08 

5 × 
10−08 

5 × 
10−08 

Non-carcinogenics CTUh 1 × 
10−05 

9 × 
10−06 

7 × 
10−07 

1 × 
10−07 

4 × 
10−08 

2 × 
10−07 

2 × 
10−07 

Respiratory effects kg 
PM2.5 
eq 

0.04 0.04 0.006 5 × 
10−04 

1 × 
10−04 

7 × 
10−04 

6 × 
10−04 

Ecotoxicity CTUe 300 300 20 4 1 7 7 

Fossil fuel 
depletion 

MJ 
surplus 

40 30 1 0.1 0.4 2 2 

Table 9.6 Absolute endpoint impacts caused due to the use of 1 ton of CLSM_OB 

Damage 
category 

Unit Total Cement OB Water Cement 
transport 

Fly ash 
transport 

OB 
transport 

Human 
health 

DALY 5 × 
10−05 

4 × 
10−05 

5 × 
10−06 

4 × 
10−07 

1 × 
10−07 

6 × 
10−07 

6 × 
10−07 

Ecosystem 
quality 

PDF*m2*yr 20 20 0.6 0.07 0.2 0.9 0.9 

Climate 
change 

kg CO2 eq 80 80 3 0.3 0.2 0.9 0.9 

Resources MJ primary 600 500 40 4 3 20 20

9.3.5 Comparative Assessment of Alternative Backfill 
Materials 

The comparative environmental sustainability of alternative backfill materials 
CLSM_OB, CLSM_FS, CLSM_WTS, and M5 grade concrete is shown in Fig. 9.6. It  
was observed that the impact of CLSM_OB in ozone depletion is 39%, smog is 71%, 
acidification is 80%, carcinogenics is 63%, non-carcinogenics (78%), ecotoxicity
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Fig. 9.4 Midpoint impact caused by the use of CLSM_FS as fill material

(65%), and fossil fuel depletion (41%). Impact in global warming (96%), respiratory 
effects (83%), and in eutrophication (100%) compared to other alternative filling 
material. In the endpoint indicators the impact of CLSM_OB is the most sustainable 
in ecosystem quality (52%), and resource depletion (67%). However, it is the second 
most in human health (80%), and climate change (96%) as shown in Fig. 9.7.

The impact caused by CLSM_ WTS is slightly more than CLSM_OB and CLSM_ 
FS in most of the impact categories. M5 grade concrete is found to be relatively the 
most polluting options among the CLSM prepared using industrial waste. The relative 
impact of processing OB is also shown in Figs. 9.6 and 9.7. It is highlighted that 
the contribution of processing is considered, however, the processing of other waste 
is not considered if considered that impact would have added and, in that scenario, 
impact caused due to processing of FS and WTS to achieve required specification 
for application would have added to the emissions in different impact categories.
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Table 9.7 Absolute midpoint impacts caused due to the use of 1 ton of CLSM_FS 

Impact category Unit Total Cement Water Cement 
transport 

Fly ash 
transport 

FS 
transport 

Ozone depletion kg 
CFC-11 
eq 

4 × 
10−06 

3 × 
10−06 

9 × 
10−09 

5 × 
10−08 

8 × 
10−08 

9 × 
10−07 

Global warming kg CO2 
eq 

80 80 0.3 0.2 0.3 4 

Smog kg O3 eq 5 5 0.02 0.009 0.01 0.2 

Acidification kg SO2 
eq 

0.3 0.2 0.001 5 × 
10−04 

9 × 
10−04 

0.01 

Eutrophication kg N eq 0.1 0.1 0.001 2 × 
10−04 

3 × 
10−04 

0.004 

Carcinogenics CTUh 2 × 
10−06 

2 × 
10−06 

1 × 
10−07 

1 × 
10−08 

2 × 
10−08 

2 × 
10−07 

Non-carcinogenics CTUh 1 × 
10−05 

1 × 
10−05 

1 × 
10−07 

5 × 
10−08 

8 × 
10−08 

9 × 
10−07 

Respiratory effects kg 
PM2.5 
eq 

0.04 0.04 6 × 
10−04 

1 × 
10−04 

2 × 
10−04 

0.003 

Ecotoxicity CTUe 300 300 4 1 2 30 

Fossil fuel 
depletion 

MJ 
surplus 

40 30 0.1 0.4 0.7 8 

Table 9.8 Absolute endpoint impacts caused due to the use of 1 ton of CLSM_FS 

Damage 
category 

Unit Total Cement Water Cement 
transport 

Fly ash 
transport 

FS 
transport 

Human 
health 

DALY 5 × 
10−05 

5 × 
10−05 

5 × 
10−07 

1 × 10−07 2 × 10−07 2 × 10−06 

Ecosystem 
quality 

PDF*m2*yr 20 20 0.08 0.2 0.3 4 

Climate 
change 

kg CO2 eq 80 80 0.3 0.2 0.3 4 

Resources MJ primary 600 500 4 3 5 60

9.4 Conclusions 

The environmental sustainability of alternative backfill materials CLSM_OB, 
CLSM_FS, CLSM_WTS, and M5 grade concrete was assessed by TRACI 2.1 for the 
midpoint indicators and Impact 2002+ for the endpoint indicators. It was observed 
that CLSM_OB is the most sustainable in ozone depletion (39%), smog (71%), acid-
ification (80%), carcinogenics (63%), non-carcinogenics (78%), ecotoxicity (65%), 
and fossil fuel depletion (41%). It is the second most sustainable in global warming
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Fig. 9.5 Midpoint impact caused by the use of CLSM_WTS as fill material 

Table 9.9 Absolute endpoint impacts caused due to the use of 1 ton of CLSM_WTS 

Damage 
category 

Unit Total Cement Water Cement 
transport 

Fly ash 
transport 

WTS 
transport 

Human 
health 

DALY 5 × 
10−05 

5 × 
10−05 

1 × 
10−06 

1 × 10−07 1 × 10−06 1 × 10−06 

Ecosystem 
quality 

PDF*m2*yr 20 20 0.2 0.2 2 2 

Climate 
change 

kg CO2 eq 90 80 0.7 0.2 2 2 

Resources MJ primary 600 500 9 3 30 30

(96%), respiratory effects (83%), and least sustainable in eutrophication (100%) 
compared to other alternative fill materials as shown in Fig. 9.6. In the endpoint indi-
cators CLSM_OB is the most sustainable in ecosystem quality (52%), and resource 
depletion (67%). However, it is the second most in human health (80%), and climate 
change (96%). 

CLSM_ FS is the second most sustainable, and CLSM_WTS is the third most 
sustainable. M5 grade concrete was the least sustainable compared to the CLSMs. 
The relative impact of processing OB is highlighted as the contribution of processing
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Table 9.10 Absolute midpoint impacts caused due to the use of 1 ton of CLSM_WTS 

Impact category Unit Total Cement Water Cement 
transport 

Fly ash 
transport 

WTS 
transport 

Ozone depletion kg CFC-11 
eq 

4 × 
10−06 

3 × 10−06 9 × 
10−09 

5 × 10−08 8 × 10−08 9 × 10−07 

Global warming kg CO2 eq 90 80 0.3 0.2 0.3 4 

Smog kg O3 eq 6 5 0.02 0.009 0.01 0.2 

Acidification kg SO2 eq 0.3 0.2 0.001 5 × 10−04 9 × 10−04 0.01 

Eutrophication kg N eq 0.1 0.1 0.001 2 × 10−04 3 × 10−04 0.004 

Carcinogenics CTUh 3 × 
10−06 

2 × 10−06 1 × 
10−07 

1 × 10−08 2 × 10−08 2 × 10−07 

Non-carcinogenics CTUh 1 × 
10−05 

1 × 10−05 1 × 
10−07 

5 × 10−08 8 × 10−08 9 × 10−07 

Respiratory effects kg PM2.5 eq 0.04 0.04 6 × 
10−04 

1 × 10−04 2 × 10−04 3 × 10−03 

Ecotoxicity CTUe 300 300 4 1 2 30 

Fossil fuel depletion MJ surplus 40 30 0.1 0.4 0.7 8

Fig. 9.6 Midpoint impact caused by the use of alternative backfill materials
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Fig. 9.7 Endpoint impact caused by the use of alternative backfill materials

OB is considered, however, the processing of other waste (FS and WTS) is not 
considered. If considered then the impact would have been added and, in that case, 
CLSM_OB would have become the most sustainable in all aspects. 
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Chapter 10 
State of the Art Review 
on the Geochemical, Microbial 
and Environmental Aspects of Passive 
Acid Mine Drainage Treatment 
Techniques 

M. K. Kaushik 

10.1 Introduction 

Mining impacts the environment and the legacy of mining may persist for many 
years long after the site has been abandoned. Another critical problem with mining 
is the change of chemical characteristics of natural waters around mining activity 
sites due to the natural oxidation of sulfide mineral tailings exposed to water, oxygen, 
and microorganisms. Depending on the type of interactions, namely hydrological, 
chemical, or biological processes, these mine water usually have a low pH which 
contains high levels of metals such as iron, manganese, zinc, copper, nickel, and 
cobalt resulting in the Acid Mine Drainage (AMD) generation which is very common 
at a number of sites in the Northeastern coal field (Assam, Arunachal Pradesh) and 
South Central coal field (Jharkhand, Orissa, Chhattisgarh) and many other places of 
India (Fig. 10.1). Preliminary tests conducted by the Centre of Science and Environ-
ment (CSE) in 2019 have reported that the heavy metals (like Cd, Pb, Hg, and Cr) 
were present in the acidic water discharges from the coal mining areas ultimately 
flows in the nearby rivers, water reserves results into adverse environmental effects.

Numerous recent studies [2–9] reported that when the hazardous mixture flows 
towards streams and rivers as well as into the groundwater produces many environ-
mental problems. Chabukdhara and Singh [3] observed that various metals such as 
Fe, Mn, Ni, Pb, and Cu were present in relatively higher concentration levels in the 
mine waste samples from Northeastern coal fields than in other coal mining sites of 
India.
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Fig. 10.1 Acid Mine Drainage (AMD) in a stream just outside of Pittsburgh, PA and Copper in 
natural acid steam (images by Curtis [1])

Prasad et al. [10] recorded drastic changes in the physicochemical properties of 
land as a result of environmental degradation. Muhammad et al. [8] showed that the 
quality of mine drainage affected the undistributed forest soil by means of pH, heavy 
metal concentration, etc. Pyrite oxidation exposed to reactive sulfides minerals in 
the presence of molecular O2 causing AMD from the open pit mines (≈85% of the 
total are from the open pit as reported by Gupta and Paul [11] releases Potentially 
Hazardous Elements (PHEs) creates big water and soil pollution problems. 

Li et al. [6] reported that Zhijin coal-mining district, located in Midwestern 
Guizhou Province, China, has been significantly exploited for several years. The 
discharge of AMD from coal mining in this area has created a severe problem for the 
local water environment, which greatly affected the normal use by the local people. 
It was also observed that the availability of macroinvertebrates in the AMD-affected 
areas is very low compared to unaffected areas. Also, the population of scrapers 
was found to be low at AMD-impacted sites due to their low tolerance capacity for 
contamination and due to the scarcity of benthic algae which is an important food 
reservoir for scrapers in the AMD-affected water [12, 13]. AMD imparts toxic effects 
on aquatic organisms by destroying the ecosystem and staining water in regions near 
the mine [14, 15]. AMD containing heavy metals has a number of serious health 
implications for human beings as well as for other animals due to their critical and 
long-term toxicity [16]. Also, it creates adverse effects on plant growth due to its 
low concentration of organic matter and unfavorable and poor soil structure [17]. 
Abandoned mines overburden also creates an adverse condition for the microbes 
present in the soil. 

The oxidation of sulfide minerals (such as pyrite, pyrrhotite, etc.) increases the 
formation of sulfuric acid which consequently promotes the release of a number of 
traces and heavy metals like Fe, Cu, As, Cd, Hg, Co, Ni, Zn, Pb, Se, Mn, etc. [2].
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10.1.1 Iron–Sulphide Oxidation 

Acid mine drainage is commonly associated with the extraction and processing of 
sulfide-bearing metalliferous ore deposits, sulfide-rich coal, and weathering of metal-
liferous black shales [18]. During weathering the mobility of elements depends upon 
the susceptibility of minerals to chemical breakdown and subsequent release of 
cations and anions. The principal geo-chemical process that operates when water 
comes in contact with the geological mass includes oxidation–reduction, dissolu-
tion—precipitation, and ion exchange processes, etc. The oxidation of iron sulfide 
minerals such as pyrite (FeS2), pyrrhotite (Fe1-x SO.7 < x < 1.0), and chalcopyrite 
(CuFeS2) is mainly responsible for the bulk of acid production from the mining sites 
and mine overburdens, etc. 

Pyrite Oxidation In most mining sites, Pyrite is the most widespread sulfide mineral, 
and weathering of pyrite is estimated at 36 * 1012 g/year, involving 0.02 mol of elec-
trons per square meter of earth’s land-surface area. In most mine wastes, oxygen is the 
primary oxidizing agent of ferrous iron to ferric, which implies that sulfide oxidation 
generally occurs only in areas where dissolved or gaseous oxygen is present [19]. 
Aqueous pyrite oxidation by O2 is represented by the following overall reactions: 

FeS2 + 3.5O2 + H2O→Fe2+ + 2SO2− 
4 + 2H+ (10.1) 

Ferrous iron (Fe2+) is released into solution where it is oxidized by O2, to ferric 
iron (Fe3+) 

4Fe2+ + O2 + 4H→4Fe3+ + 2H2O (10.2) 

Thermodynamic considerations suggest that under anoxic conditions, ferric iron 
Fe3+ , manganese dioxide MnO2, and nitrate NO3− might oxidize pyrite. There 
is also an opinion that in abiogenic anoxic environments, Fe3+ is the only relevant 
oxidant of pyrite. Ferric iron (Fe3+) is a powerful oxidant of pyrite in highly acidic 
conditions [20], and reacts with pyrite according to the following reaction: 

FeS2 + 14Fe3+ + 8H2O→15Fe+ + 2SO2− 
4 + 16H+ (10.3) 

This reaction results in the release of 16 mol of H+ for each mole of pyrite oxidized. 

Pyrrhotite Oxidation In many mining environments, pyrrhotite is another important 
iron mineral often found in Cu–Ni deposits as a gangue mineral, associated with valu-
able ore minerals. Massive sulfide deposits usually found all around the world, more 
specifically pyrrhotite containing sulfide deposits are mostly available in Russia, 
China, Australia and Canada. Steger and Desjardins [21] reported the predominant 
oxidation products of pyrrhotite to be elemental sulfur and goethite as well as various 
sulpho-oxyanions and smaller amounts of ferric sulfate. The exposure of pyrrhotite 
to air leads to the consecutive formation of iron(II) oxide, an iron(III) hydroxy-oxide
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or hydrated iron(III) oxide. Because of its sulfidic nature, pyrrhotite dissolved rapidly 
under acidic conditions and generate Fe2+ and H2S according to reactions (10.4) or  
(10.5) or more slowly via oxidative dissolution according to reactions (10.6) and 
(10.7): 

Fe1−xS + 2H+→(1 − x)Fe2+ + H2S (for x = 0) (10.4) 

Surface > S2− + 2H+→H2S (10.5) 

Surface > S2− + 4H2O→SO2− 
4 + 8H+ + 8e− (10.6) 

Together with : 2O2 + 4H2O + 8e−→8OH− or 8Fe3+ + 8e−→8Fe2+ (10.7) 

Oxidation of Pyrite and Pyrrhotite occurs when the mineral surface is exposed 
to an oxidant and water. The oxidation of pyrite proceeds to give: (1) FeSO4 or 
Fe2(SO4)3 (2) FeO or Fe2O3; or (3) pyrrhotite. Ivanov [22] has suggested three 
possible oxidation mechanisms for pyrrhotite at the ambient temperature to give: (1) 
FeSO4 even with an insufficiency of oxygen; (2) FeSO4 (OH) in an excess of oxygen; 
and (3) Fe(OH)3 under the effect of sunlight. 

Reactions involved during weathering of a few minerals of host rocks (aquifer 
matrix) in the presence of (1) sulfuric acid (as already discussed), (2) carbonic acid, 
(3) O2, H2O, and CO2. These reactions release cations (Ca2+, Mg2+, Na+ and K+) 
and anions (HCO3− and SO4 

2−) to water. Dissolutions of salts (e.g., NaCl, KCl) 
and minerals like gypsum also release ions into the water. Carbonic acid is derived 
mainly from the soil zone CO2. 

The CO2 in the soil zone is produced as a consequence of the decay of organic 
matter and root transpiration, which in turn combines with downward percolating 
water (rainwater, surface waters) to form carbonic acid or bicarbonate according to 
the following reactions, 

CO2 + H2O→H2CO3(carbonic acid)H2CO3→H+ + HCO− 
3 (bicarbonate) (10.8) 

Bicarbonate is derived from the dissolution of carbonates and silicate minerals by 
the following carbonic acid-aided reactions, 

CaCO3(calcite) + 2H2CO3→Ca2+ + 2HCO− 
3 (10.9) 

CaMg(CO3)2(dolomite) + 2H2CO3→Ca2+ + Mg2+ + 4HCO− 
3 (10.10) 

2NaAlSi3O8(albite) + 2H2CO3 + 9H2O→ 
Al2Si2O5(OH)4(kaolinite) + 2Na+ + 4H4SiO4 + 2HCO− 

3 (10.11)
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Oxidation of sulfides generates sulfuric acid/sulfate and carbonic acid/ bicarbonate 
according to the following reactions, 

2FeS2(pyrite) + 15O + 8H2O + CO2→2Fe(OH)3 + 4H2SO4 + H2CO3 

(10.12) 

2FeS2(chalcopyrite) + 17O + 6H2O + CO2→ 
2Fe(OH)3 + CuSO4 + 2H2SO4 + H2CO3 (10.13) 

2FeS2 + 7O + 2H2O→2Fe2+ + 4SO2− 
4 + 4H+ (10.14) 

4Fe2+ + O2 + 4H+→4Fe3+ + 2H2O (10.15) 

FeS2 + 14Fe3+ + 8H2O→15Fe2+ + 2SO2− 
4 + 16H+ (10.16) 

Sulfuric acid generated from the oxidation of sulfides can react with carbonates 
according to the following reactions leading to the generation of cations (Ca2+,Mg2+) 
and anions (HCO3

−, SO4 
2−). 

CaCO3(calcite) + H2SO4→Ca2+ + SO2− 
4 + H2CO3CaMg(CO3)2 

+ 2H2SO4→Ca2+ + Mg2+ + 2SO2− 
4 + 2HCO− 

3 

Silicate minerals during weathering process react with carbonic acid or with 
various proportions of CO2 and H2O according to the following reactions and provide 
cations (Ca2+, Mg2+, Na+, K+) and anion (HCO3

−) to groundwater [23, 24]. 

2NaAlSiO8(Albite) + 2H2CO3 + 9H2O→ 
Al2Si2O5(OH)4(kaolinite) + 2Na+ + 4H4SiO4 + 2HCO− 

3 (10.17) 

or 

CaMgFeAl2SiO3O12(Auguite) + 6CO2 + 5H2O→ 
Al2Si2O5(OH)4(kaolinite) + Ca2+ + Mg2+ + Fe2+ + 6HCO− 

3 + SiO2 (10.18) 

(NaK)AlSi3O8(alkali − feldspar) + 2CO2 + 2H2O→ 
Al2Si2O5(OH)4(kaolinite) + 2Na+ + 2K+ + 2HCO− 

3 + 4SiO2 (10.19) 

CaAl2Si2O8(Calcic − feldspar) + 2CO2 + 3H2O→ 
Al2Si2O5(OH)4(kaolinite) + Ca2+ + SiO2 + 2HCO3− (10.20)
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The above reactions illustrating sulfuric acid–aided and carbonic acid–aided 
weathering of carbonates and carbonic acid-aided weathering of silicate minerals 
and generation of cations (Ca2+, Mg2+, Na+, K+) and anions (HCO3

− and SO4 
2−) 

(Carbonic acid can react with both silicates and carbonates. Sulfuric acid reacts only 
with carbonates). 

Singh et al. [25] studied values of molar ratios of (1) Ca2+/HCO3
−, (2)  Ca2+/ 

SO4 
2−, (3)  Mg2+/HCO3

− and (4) Mg2+/SO4 
2− weathering of calcite and dolomite in 

the drain water collected from various mining sites and proved that the proportion 
of HCO3

− and SO4 
2− present in mine drainage water reflects the relative abundance 

of the two sources of protons during chemical weathering of minerals. The relative 
importance of two major proton-producing reactions (viz., carbonation and sulfide 
oxidation) could be evaluated on the basis of the values of HCO3

−/(HCO3
− + SO4 

2−) 
equivalent ratio (C-ratio; [26]) of the water samples. C-ratio of 1.0 would signify 
100% carbonic acid-aided weathering of carbonates and aluminosilicates involving 
pure dissolution and acid hydrolysis and by consuming protons from soil-sourced 
and atmospheric CO2 (Table 10.1). 

Values of C-ratio nearing zero indicates predominance of sulfuric acid-aided 
weathering of carbonates. Geological sources of dissolved solids of Ca2+ and Mg2+ in 
water are attributed mainly to (1) dissolution of calcite/dolomite/carbonates (mixing 
of calcite and dolomite in proportions varying from 0 to 100% of each mineral), 
(2) Ca2+ bearing and Mg2+ bearing silicate minerals and (3) Reverse cation reaction 
between ionic load of the water and host rock matrix [25]. If the ionic load of the 
alkaline earths in the water is provided exclusively by calcite/dolomite/carbonates 
(mixture of calcite and dolomite in proportions varying from 0 to 100% of each 
mineral) then the values of the Ca2+/ HCO3

−, Ca2+/SO4 
2−, Mg2+/ HCO3

− and Mg2+/ 
SO2− molar ratios of the hydrochemical composition of the water should be equal 
to the values of these molar ratios. C-ratio values > 0.5 suggested predominance of 
carbonic acid-aided weathering process. Conversely, a value of 0.5 suggested coupled 
reactions involving sulfuric acid–carbonic acid aided weathering of minerals on equal 
proportion (Table 10.1).

Table 10.1 Values of molar ratios of dissolved ions derived from weathering of calcite and dolomite 

Mineral(s) Weathering agent Values of cation/anion molar ratio 

Calcite Carbonic acid (HCO3
−) Ca2+/HCO3

− = 0.50 
Calcite Sulfuric acid (H2SO4 

2−) Ca2+/SO4 
2− = 1.00 

Dolomite Carbonic acid (HCO3
−) Ca2+/HCO3

− = 0.25 
Mg2+/HCO3

− = 0.25 
Dolomite Sulfuric acid (H2SO4 

2−) Ca2+/SO4 
2− = 0.50 

Mg2+/SO4 
2− = 0.50 

Carbonates* Carbonic acid (HCO3
−) Ca2+/HCO3

− = from 0.25 to 0.50 
Mg2+/HCO3

− = from 0 to 0.25 

*Carbonates: A mixture of calcite and dolomite in proportions ranging from 0 to 100% of each 
mineral (Reference: [25]) 
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Table 10.1 gives Values of molar ratios of dissolved ions derived from weathering 
of calcite and dolomite in proportions ranging from 0 to 100% of each mineral. The C-
ratio values of the water samples could be significantly used to suggest that carbonic 
acid-aided weathering of carbonates and silicates (ferromagnesian minerals, minerals 
of feldspar group etc.) as well as sulfuric acid-aided dissolution of carbonates played 
a significant role in the acquisition of dissolved solids (Ca2+, Mg2+, Na+, K+, HCO3

− 

and SO4 
2−) by water [25]. 

10.1.2 Microbiological Process 

Biochemical reactions under natural conditions, during the process of oxidation of 
sulfide minerals, result in the formation of sulfates (FeSO4, CuSO4 etc.) bacteria 
such as Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans universally 
present in sulfide mineral-bearing mine tailing dumps and abandoned mines can 
generate acid. Microorganisms also could catalyze sulfide oxidation, thus greatly 
increasing the rate of pyrite dissolution [20]. From physiological experiments, it was 
observed that microorganisms can impact the rate of sulfide oxidation during the 
dissolution of pyrite. Edwards et al. [31] reported that oxidation of pyrite, arsenopy-
rite, marcasite and sphalerite takes place through a series of intermediate sulfur-
bearing compounds where microbial utilization of sulfide and intermediate sulfur 
compounds can significantly affect the acidification along with the pyrite oxidation/ 
dissolution rates. 

Several researchers throughout the world studied the physicochemical properties 
of mines and the microbial populations therein (Table 10.2). Several isolates with 
high sulfur/iron oxidation and reduction properties have also been identified from 
mine soils which could be used for improving the soil and mine drainage quality.

Researchers concluded that despite the maximum concentration of sulfate and 
heavy metals a number of microorganisms are responsible for increasing AMD envi-
ronments. Microbial activity increases the rate of AMD formation and may also be 
responsible for the bulk of AMD generated. Microorganisms living in such harsh 
conditions adopt special systems for tolerating their environment such as the ability 
to sustain internal cytoplasmic pH homeostasis in such acidic conditions. 

Key microorganisms are also named extremophiles because of their ability to 
live in severe conditions. Acidithiobacillus ferrooxidans (one of the most studied 
acidophilic chemolithotrophs) grows best in the pH range of 1.5–3.5. Favorable 
geochemical conditions quickly develop with an acidic interface between the mineral 
surface and bacteria; which tend to lower pH to a level closer to the acidophilic 
optimum. These acidophilic autotrophic bacteria utilize sulfur compounds and 
ferrous ion as their energy source and reproduce through binary fission up to 108 
cells/ml. Consequently, for the dissolution and mobilization of toxic metals such as 
copper, iron, zinc, cadmium, arsenic, and nickel in acidic solutions generated from 
abandoned mines, mine wastes, and tailing dumps, the Acidithiobacillus group of 
bacteria is responsible [58].
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Bacterial Influences on Acid Mine Drainage 

A.ferrooxidans is a chemolithoautotrophic bacteria, due to the oligotrophic nature 
(low dissolved organic carbon concentration) of acidic environments, and their lack 
of illumination for phototrophy. Even when in vadose conditions, A.ferrooxidans can 
survive, if the rock retains the moisture and the mine is aerated [59–61]. Favorable 
geochemical conditions quickly develop with an acidic interface between the bacteria 
and the mineral surface, and pH was lowered to a level closer to the acidophilic 
optimum. The process proceeds through A.ferrooxidans exhibiting a quorum level 
for the trigger of AMD. At first colonization of metal sulfides, there is no AMD, and as 
the bacteria grow into microcolonies, AMD remains absent, then at a certain colony 
size, the population begins to produce a measurable change in water chemistry, and 
AMD escalates. 

Oxidation of metal sulfide (by oxygen) is considered slow without colonization 
by acidophiles, particularly Acidithiobacillus ferrooxidans (synonym Thiobacillus 
ferrooxidans). These bacteria can accelerate pyritic oxidation by 106 times. A 
proposal for the rate at which A.ferrooxidans can oxidize pyrite is the ability to 
use ferrous iron to generate a ferric iron catalyst as per the following reaction: 

Fe2+ + 1/4O2 + H+→ Fe3+ + 1/2H2O (10.21) 

Under the above acidic conditions, ferric iron (Fe3+) is a more potent oxidant 
than oxygen, resulting in faster pyrite oxidation rates. Other bacteria also impli-
cated in AMD include Leptospirillum ferrooxidans, Acidithiobacillus thiooxi-
dans and Sulfobacillus thermosulfidooxidans. 

Microorganism Used in the Bioremediation of AMD 

The search for ideal microbial isolates for the removal of heavy metals is still an 
ongoing process. The use of in-situ microbial efficacies will not only yields a greener 
technology but also be cost-effective. Microbial capabilities like bioleaching, oxida-
tion/reduction reactions, and biosorption are generally utilized. Such isolates have a 
two-fold utility, viz., firstly, heavy metal resistant bacteria may be used for bio-mining 
of expensive metals, directly from ores or by taking back metals from effluents of 
any industrial process, and secondly, they may simply be used for bioremediation 
of metal-contaminated environments. Thus, the use of microbes in bioremediation 
plays a critical role particularly for diluted and widely spread contaminants. 

Important pure cultures like Gallionella, Acidithiobacillus, Acidiphilium, Desul-
fosporosinus, etc., with thermophilic and acidophilic properties, have been isolated 
from mines which have potential use in industries and bioremediations. Researchers 
studied the microbial diversity of Indian mine soils where bacterial isolates like 
Acidithiobacillus ferrooxidans, A. thiooxidans, Thiomonas sp., and Desulfotomac-
ulum nigrificans, Pseudomonas, Bacillus, Enterobacter, Cellulosimicrobium cellu-
lans and Exiguobacterium and Staphylococcus etc., were characterized and proposed 
to be used to remediate the polluted mine sites, drainage waters or the overburden 
dumpsites [59–63].
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Techniques that are being researched with the use of microorganisms include the 
use of metal-immobilizing bacteria, biocontrol with the use of alkalinity-generating 
microorganisms’ species, and bioleaching. Laboratory experiments were conducted 
by Sharma et al. [64] using a poorly graded sand that was artificially contaminated 
with lead (toxic heavy metal). Algae Nostoc commune (blue-green algae) was used 
individually and in consortium with Bacillus (B.) sphaericus and Sporosarcina (S.) 
pasteurii in sand. Up to 16 days, the uncontaminated and artificially contaminated soil 
specimens were inoculated with different consortia combinations and treated with 
two different cementation media concentrations. To analyze the engineering prop-
erties of the sand and the contaminant (lead) immobilization after biocementation, 
permeability, direct shear, unconfined compressive strength and leachability tests 
were conducted. The amount of calcite content was analyzed based on a calcimeter 
test. Using the Toxicity Characteristics Leaching Procedure (TCLP), the leachability 
of lead from biocemented sand was analyzed which showed 94–99.2% immobiliza-
tion of lead. The formation of CaCO3 and PbCO3 was identified by microcharacter-
ization, which showed immobilization of leachable lead. The results revealed that to 
increase strength, decrease permeability, and increased contaminant immobilization 
of sand’s biotreatment with the consortium of B. sphaericus and Nostoc commune is 
an effective method. 

Sharma et al. [65] also performed investigations on the immobilization of heavy 
metals, specifically Pb, Zn, Cr(VI), and bio-mediated calcite precipitation for strength 
improvement in the contaminated soils. Firstly, for each heavy metals, the toxicity 
resistance of bacteria against different concentrations (1000, 2000, 3000, 4000, and 
5000 mg/l) was investigated. Sharma et al. [65] observed that Pb and Cr were less 
toxic to Sporosarcina pasteurii than Zn. For 18 days, contaminated soil was biotreated 
with Sporosarcina pasteurii and cementation solutions (a solution of urea and 
calcium chloride dihydrate). Biocemented sand specimens were subjected to testing 
of hydraulic conductivity, Unconfined Compressive Strength (UCS), Ultrasonic 
Pulse Velocity (UPV), calcite content, pH, Toxicity Characteristic Leaching Proce-
dure (TCLP), X-Ray Diffraction (XRD), and Scanning Electron Microscopy (SEM). 
The heavy metal contaminated samples showed decrease in hydraulic conductivity 
and increase in UCS and UPV after biotreatment; however, the changes in engi-
neering properties were found more moderate than clean biocemented sand. The 
conversion of Cr(VI) to Cr(III) followed by Cr2O3 precipitation in calcite lattice was 
observed. No Pb precipitate was identified in XRD results whereas Zn was precip-
itated as smithsonite (ZnCO3). Pb and Cr(VI) immobilization was achieved up to 
92% and 94%, respectively. In the contaminated biocemented sand, TCLP leaching 
showed Pb and Cr(VI) immobilized proportional to calcite precipitated amount, and 
higher calcite amounts yielded levels (within regulatory limits). 

Mwandira et al. [66] performed studies to bioremediate lead, on the use the 
microbially induced calcium carbonate precipitation (MICP) technique in conjunc-
tion with the bacterium Pararhodobacter sp. Complete removal of 1036 mg/L of 
Pb2+ was achieved during the laboratory scale experiments. These results were further 
confirmed by scanning electron microscope (SEM) and X-ray diffraction (XRD) 
analysis, which indicated lead and co-precipitation of calcium carbonate (CaCO3).
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The unconfined compressive strength increased with an increase in injection interval 
with maximum unconfined compressive strength of 1.33 MPa for fine sand, 2.87 MPa 
for coarse sand and 2.80 MPa for mixed sand. To efficiently induce lead immobili-
sation the bacterial interval required is four times with a calcium and urea concen-
tration of 0.5 M and bacterial concentration of 109 cfu/mL for Pararhodobacter sp. 
Mwandira et al. [66] concluded that for the lead bioremediation, very few low-cost 
in situ heavy metal treatment processes are available, therefore, bioimmobilization 
of lead by MICP has the potential for application as an eco-friendly and low-cost 
method for heavy metal remediation. 

Microorganisms present in the filter bed materials also help in improving biolog-
ical rehabilitation possibilities. Studying the microbial population in coal mines, 
especially the recently abandoned mines, without any anthropogenic interventions 
for bioremediations, also provides a basic understanding of microbial succession 
which may help design ideas to remediate AMD from contaminated sites. 

10.2 Remediation Approaches 

10.2.1 Active Acid Mine Drainage Remediation Approaches 

Numerous column studies performed by different researchers showed that mixing 
with calcareous material with pyrite mine spoils or tailings may produce thiosulfate 
(a good reducing agent) which promotes acid mine drainage water neutralization 
in natural conditions. The oxidation of pyrite produces H2SO4 which in turn reacts 
with the calcite of the rocks and leads to the formation of gypsum. Meanwhile, where 
calcite is scarce, the acid attacks the clay and leached out alkalis and alumina to form 
Jarosite or natrojarosite. 

Jarosite is usually formed under low pH conditions and an increase in pH leads to 
the formation of goethite. Studies also showed that the burial of neutralizing reagents 
below pyrite materials may protect water bodies more effectively than the application 
of lime to the surface. In the past many neutralizing reagents have been used, including 
lime (calcium oxide), calcium carbonate, slaked lime, sodium hydroxide, sodium 
carbonate, and magnesium oxide and hydroxide. These vary in effectiveness and 
cost; for example, sodium hydroxide is about nine times the cost of lime but is some 
1.5 times as effective. When calcium-containing neutralizing reagents are used some 
removal of sulfate (as gypsum) is achieved. Although active chemical treatment can 
provide effective remediation of AMD, it has the disadvantages of problems with the 
disposal of the bulky sludge produced and high operating costs. 

This has necessitated the development and use of alternative, low-cost, energy-
efficient, and sustainable techniques for the optimal removal of toxic heavy metals 
from polluted waters. The application of bio-techniques coupled with engineering 
methods has recently been gaining attention and is being emphasized for the 
remediation and protection of the environment.



160 M. K. Kaushik

10.2.2 Passive Acid Mine Drainage Remediation Approaches 

10.2.2.1 Construction Wetlands (CWs) 

During the 1990s, around 500 ‘reed bed systems’ or also known as ‘root zone 
systems’ were built in various regions of Europe. Since the 1990s, CWs were widely 
constructed and functioned to treat wastewater from different sources including agri-
cultural farms, mine drainage, industrial sources, food processing, surface runoff, 
landfill leachate, sludge dewatering [67], and dairy farms [68–70]. 

The CW system contains natural processes of aquatic macrophytes that not only 
accumulate pollutants directly into their tissues but also act as catalysts for purifi-
cation reactions that usually occur in the rhizosphere of the plants. In constructed 
wetlands, substrate interactions remove most metals from contaminated water. 

Classifying Construction Wetlands (CWs) 

The most accepted criterion for classifying CWs is on the basis of the type of wetland 
hydrology i.e., Free Water System (FWS) or surface flow (SF) and sub-surface flow 
(SSF) systems. Further SSF systems are categorized into horizontal SSF (HSSF) and 
vertical SSF (VSSF) systems, in accordance with the water flow direction. A CW 
system comprising combinations of different CW designs i.e., hybrid CW systems 
such as a combination of VSSF and HSSF CW or FWS with VSSF or HSSF systems 
is also emerging as a viable option. Hybrid CW combinations may prove to be helpful 
in maximum pollutant removal as well as the production of good-quality effluent [69] 
(Fig. 10.2). 

(a) Surface flow CW (b) Horizontal SSF CW           (c) Vertical SSF CW  

 (d) Hybrid (Two stage) CW (e) View of HSSF CW with Macrophytes 

Fig. 10.2 Construction Wetlands (CWs) categories (based on the type of wetland hydrology)
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Canna indica Typha Latifolia Phragmites australis   Scirpus    Colocasia esculenta 

Fig. 10.3 Common aquatic macrophytes communities used for Construction Wetlands (CWs) 

a. Free water surface (FWS) Construction Wetlands (CWs) systems 

FWS CW having emergent macrophytes plantation largely defined as a shallow 
closed channel or a series of channels that has generally about 20–30 cm rooting 
soil and 20–40 cm water depth. In the free water surface constructed wetland system 
settleable organic matter content is reduced by processes such as deposition and filtra-
tion. FWS CWs having emergent macrophytes plantation serve to be land-intensive 
biological treatment systems and the treatment methods involved are sedimentation, 
aggregation, and adhesion. Also, attached and suspended microbial populations play 
a key role in the reduction of soluble organic matter that can be decomposed aero-
bically as well as anaerobically. The most frequently planted macrophytes in FWS 
CWs include Phragmites australis (Common reed), Typha spp. (Cattail), Scirpus 
spp. (Bulrush), Arundo donax (Giant reed), Sagittaria latifolia, etc. (Fig. 10.3). 

FWS CWs efficiently reduce nitrogen through nitrification/denitrification 
processes. The aerated zones in FWS CWs appear particularly close to the water 
surface due to atmospheric diffusion, and anoxic or anaerobic regions surrounding 
the sediments. However, this is despite numerous conflicts among civil engineers 
regarding odor, poor performance in cold seasons, and attraction to flies and 
mosquitoes. 

b. Sub-Surface flow (SSF) Construction Wetlands (CWs) systems 

i. Horizontal sub-surface flow Construction Wetlands (HSSF CWs) 

HSSF CWs comprise of the bed filled with gravel or rock filter media substrates sealed 
by impervious coating and planted with wetland vegetation. In HSSF CWs, previ-
ously treated wastewater is dosed into the inlet and drifts gradually throughout the 
porous filter materials below the CW bed surface via a slight horizontal passageway 
till the water reaches the outlet for sample collection outlets (Fig. 10.2). The filtra-
tion beds allow the reduction of pollutants by several processes such as microbial 
activities, chemical and physical processes including a combination of simultaneous 
aerobic, anaerobic and anoxic reactions that are just limited to the regions surrounding 
the roots where oxygen leakage into the substrate occurs. 

A few limitations in accordance with the records of some field measurements were 
also observed by various researchers such as rhizospheric oxygenation in HSSF CW
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system is very low and hence limited nitrification rate results in less nitrogen removal. 
According to the studies conducted by Vymazal and Kropfelova, horizontal treatment 
filters are well-known to attain incomplete nitrogen reduction that takes place because 
of deficient oxygen flux required to carry out the nitrification procedure. 

ii. Vertical sub-surface flow Construction Wetlands (VSSF CWs) 

The initially designed VSSF CW system also known as infiltration or percolation 
tanks with a vertical flow filled with sand or soil as a filter medium and a discharge 
drain at the bottom basically requires the pumping of water intermittently over the 
wetland bed surface. Wastewater is intermittently added onto the filter media substrate 
having surface vegetation and gradually flows toward the bottom of the bed. Intermit-
tent water flow (batch-type feeding) provides good nitrification potential as well as a 
good oxygen transfer rate. Plant species such as Typha, Canna, giant reed (Arundo 
donax), Phragmites australis, etc. (Fig. 10.3) are commonly used as surface vegeta-
tion in VSSF CWs. The treated effluent (treated sample) is collected at the base of 
the CW filter beds. 

VSSF CWs can prove to be the most consistent and trustworthy alternative. The 
infiltrate that retains after the first treatment, consists of high nutrient content (organic 
and inorganic matter). This quality of the infiltrate could be further improvised by 
operating the VSSF CW system under the recycling process either in the same or 
another unit. 

c. Hybrid Construction Wetlands (CWs) 

In order to overcome such type of limitations, it was suggested by some workers 
to introduce HSSF systems which have proved to be very efficient for BOD and 
suspended solids removal whereas VSSF CW systems provide better conditions for 
nitrification whereas limits denitrification efficiency. Therefore, demand for hybrid 
CW systems is growing day by day Besides, VSSF CW systems provide better 
conditions for nitrification whereas limits in denitrification efficiency is observed. 
Therefore, demand for hybrid CW systems is growing day by day. 

In the current scenario, hybrid CWs are being operated in various nations all over 
the world and are generally employed for ammonium reduction and other nitrogen 
compounds. Further, hybrid CWs are used in the purification of different kinds of 
wastewater from different sources for instance, slaughterhouses, landfill leachate, 
compost leaching, or wineries [71]. These systems most commonly consist of VSSF 
and HSSF systems combined together in a staged manner. 

Many previous literature works have documented the use of these treatment 
systems for purifying wastewater from sources such as composting leachate, dairy 
effluent, refinery effluent, airport runoff [71–73], etc. Some examples of VSSF CWs 
used in several regions of the world have been revealed in Table 10.3

In the recent past, developing countries have come up with the use of CWs in 
treating other different kinds of wastewater also like agricultural wastewater, lake and 
river water [48], sludge effluent, stormwater runoff, hospital wastewater, laboratory 
wastewater and landfill leachate.
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Table 10.3 Types of constructed wetlands used for treatment of different kinds of wastewater 

Type of constructed 
wetland 

Type of wastewater 
used 

Country Reference 

SF CW Storm water runoff 
(residential area) 
Dairy pasture 

Australia 
New Zealand 

Bavor et al. [74] 
Tanner et al. [75] 

SF CW Cooper mine drainage 
Acid coal mine 
drainage 

Canada 
U.S.A 

Sobolewski [76] 
Brodie et al. [77] 

SF CW Refinery wastewater U.S.A Gillepsie et al. [78] 

SF CW Landfill leachate U.S.A 
Sweden 

Martin et al. [79] 
Benyamine et al. [80] 

SSVFCW River water India Yadav et al. [81] 
(Removal:- Cr 98.3%, Ni 
96.2%) 

SSVFCW, SSHFCW Synthetic greywater India 82 
(Removal:- Nutrient 87.4% 
Heavy metal ~ 94.88%) 

HF CW Tannery Portugal Dias et al. [82] 

HF CW Distillery and winery India Billore et al. [83] 

HF CW Dairy wastewater U.S.A Hill et al. [84] 

HF CW Agricultural runoff China Zhou et al. [85] 

HF CW Landfill leachate Solvenia Bulc [71] 

HF CW Municipal sewage – Kadlec et al. [86] 

HF CW Distillery and winery India Billore et al. [83] 

VF CW Refinery wastewater Pakistan Aslam et al. [72] 

VF CW Leachate compost Germany Lindenblatt [87] 

VF CW Municipal/Domestic Worldwide Cooper et al. [88], Kadlec 
et al. [86] 

VF CW Refinery wastewater Pakistan Aslam et al. [72] 

VF CW Compost leachate Germany Lindenblatt [87] 

VF CW Airport runoff Canada McGill [89] 

Hybrid (HF-VF) Sewage Denmark Brix et al. [90] 

Hybrid (VF-HF) Landfill leachate Solvenia Bulc [71] 

Hybrid CW Fertilizer wastewater – Maine et al. [91] (Removal: 
80%)

Constructed wetlands (CWs) provide efficient passive low cast viable treatment 
options with a higher percentage of sulfide reduction, removal of other metals, and 
alleviation of extreme acidic conditions. CWs provide sufficient surface area for 
physicochemical as well as biological reactions that are involved in reducing the 
organic, inorganic nutrient, and metal contents from wastewater [86]. Due to these 
characteristics, researchers from all over the world have been attracted to CWs and



164 M. K. Kaushik

are implementing CWs for the purification of wastewater from different sources. 
Other additional benefits include the use of clean and green treatment processes, 
water recycling and reuse, tolerance to influent load fluctuations as well as habitat 
provision to various wetland life forms. Aerobic wetlands are designed to encourage 
the precipitation of hydroxides or metal oxides by maintaining suitable residence 
time and aeration period, availability of energetic microbial biomass, chemistry of 
mine water, conc. of dissolved metals etc. 

Two lab-scale hybrid wetland system’s pollutant removal efficiencies for treating 
textile wastewater were also studied by Saeed and Sun [92]. The systems were oper-
ated under high hydraulic loading (HL) (566–5660 mm/d), organics loadings (9840– 
19,680 g COD/m2 d and 2154–4307 gBOD5/m2 d) and inorganic nitrogen (254–508 
g N/m2 d). In the first stage of VF wetlands of BOD5 (74–79%) and ammonia (59– 
66%) instantaneous removals, demonstrated the efficiency of the media for oxygen 
transfer to cope with the high pollutant loads. The organic carbon (C) content of sugar-
cane bagasse facilitated denitrification in the VF wetlands. Under predominantly 
anaerobic conditions second-stage HF wetlands provided efficient color removal. 
Overall, under high and unsteady, pollutant loadings the wetland systems showed 
stable removal performances. 

CWs also provide better nutrients as well as metal removal efficiency depending 
on the factors such as CW type, configuration, Hydraulic Retention Time (HRT) as 
well as the loading rate. CWs have high wastewater purification capability along 
with the least energy consumption and minimal operational as well as maintenance 
costs. Constructed wetlands mainly remove metals through adsorption to organic 
substances and also through acid-tolerant bacterial species. Aerobic wetlands are 
generally constructed to treat AMD that is net alkaline as the main remediating 
reaction that occurs within the constructed wetlands. 

The main limiting factor observed for these systems is metal precipitates. These 
deposits need to be removed to allow for continued wetland operation. Additionally, 
current design practices for AMD wetland treatment systems are dominated by empir-
ically derived contamination removal rates. Long-term move towards establishing a 
relationship between a process-driven basis (used to quantify and predict the Biolog-
ical, Physical, and Chemical interactions those control contaminants removal rates 
at full scale) with performance parameters (e.g., hydraulic loading, influent conc.’s, 
flow rates, removal rates, treatment efficiency, etc.) needs to be established for AMD 
Construction Wetlands (CWs) treatment technology. 

10.2.2.2 Phytoremediation 

The use of different kinds of plants to remove pollutants from the environment is a 
growing field of research because of the advantages of their environmental friendli-
ness, cost-effectiveness, and the possibility of harvesting the plants for the extraction 
of absorbed contaminants such as metals [93–95]. Macrophytes are retained because 
it was accepted that plants probably remove metals into their biomass and that they 
supplied microaerobic zones for bacteria that may assist in the removal process. For
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the removal of contaminants from the environment for human benefit use of the 
biological mechanisms of innate plants known as Phytoremediation was adopted. 
It has been reported that these plants can accumulate heavy metals 100,000 times 
greater than in the associated water. Therefore, they have been used for nutrient and 
heavy metal removal from a variety of sources [17, 96, 97]. 

Aquatic macrophytes, have shown great potential to sequester selected heavy 
metals and nutrients by uptake through their plant bodies and through their root 
systems. Some of the plant species have the potential to grow in heavy metal-
contaminated soils [98, 99]. Many factors may affect the HMs’ accumulation which 
includes species, topography, growth conditions, stage and length of contaminant 
exposure, and ability to bioaccumulate [100]. 

Bang et al. [101] experimentally demonstrated the phytoremediation capability 
of Miscanthus sp. Goedae-Uksae 1, a hybrid, perennial, bio-energy crop developed 
in South Korea for the uptake of six metals (As, Cu, Pb, Ni, Cd, and Zn). The plant 
showed the highest removal for As (97.7%) and minimal removal in the case of Zn 
(42.9%). In addition, Goedae-Uksae 1 absorbed all the metals from contaminated 
water except As. Alternatively, Cd, Pb, and Zn were 100% removed from contami-
nated water samples. The free-water flow wetlands planted with Phragmites australis 
were the most effective in metal removal. The majority of the bacterial communities 
were amply dominated by the Proteo-bacteria phylum and the highest diversity and 
richness was found in those occupying mesocosms planted with Phragmites australis. 

Yadav [102] studied the comparative evaluation of Cu, Cr, Co, Ni and Zn removal 
from aqueous solution for three different plants species, i.e., Canna indica L., Typha 
angustifolia L., and Cyperus alternifolius L. planted in vertical constructed wetlands 
(CWs) microcosms. Results demonstrate that the wetland bed depth has a significant, 
direct effect on final heavy metal removal efficiencies leading to 16–23% increase in 
the removal efficiency when the gravel bed depth of CWs was increased from 0.3 to 
1.5 m. Considering three different plant species, Zn removal was found to be highest 
and Co removal was found to be the lowest. In all the cases, the contribution of below-
ground biomass (roots) was more in metal removal as compared to above-ground 
biomass (leaves and stem). Ondo et al. [103] reported that Amaranthus cruentus had 
greater potential for bioaccumulation for copper and zinc in their roots than in leaves 
and shoots (<0.0001). 

Abdallah [104] carried out a study to see the efficiency of two aquatic duckweed 
macrophytes, Lemna gibba and Ceratophyllum demersum in eliminating Pb and Cr. 
These plants were grown in four concentrations in a single metal solution of the two 
metals and were harvested at regular intervals after 2, 4, 6, 9, and 12 days in the 
laboratory. Plants showed good performance in removing chromium and lead from 
their solution and had been capable of removing up to 95% Pb and 84% Cr. Among 
the two species, L. gibba was found to be more efficient in reducing Pb and Cr. 

Abdallah [104] reported that the heavy metal removal efficiency of duckweed 
becomes enhanced when grown in polyculture with different aquatic and sub-merged 
plant species. The exposure concentration and duration are effective on lipid peroxi-
dation, ion leakage, protein content, and antioxidant enzyme activities in plants grown 
hydroponically in arsenic solution. The highest accumulation was obtained for the
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highest cadmium concentration of 10.0 mg Cd/L as 11.668 mg Cd/g at pH 6.0, and 
38.650 mg Cd/g at pH 5.0. The cadmium accumulation gradually increased with the 
initial concentration of the medium. Wolffia has been reported to be a strong Cd accu-
mulator and has great Cd phytoremediation potential. The enormous accumulation 
ability was mostly due to the passive adsorption of Cd by the apoplast. 

The fast accumulation and transfer of Pb from nutritive solution to plants has 
been reported by Sobrino et al. (2010). Aquatic macrophytes have been reported to 
accumulate heavy metals from natural ecosystems (Muzamdar & Das, 2014; Shah 
et al., 2015) as well as from the constructed wetland systems 10,000 times greater 
than in the surrounding water column (Huguenot et al., 2014; Weiss et al., 2006; 
Yilmaz & Akbulut, 2011). Zayed [105] found that under prolonged experimental 
conditions, duckweed proved to be a good accumulator of Cd, Se, and Cu, a moderate 
accumulator of Cr, and a poor accumulator of Ni and Pb. The toxicity effect of each 
trace element on plant growth was in the order: Cu > Se > Pb > Cd > Ni > Cr. 

Researchers also suggested that the bioconcentration factor (BCF) is a viable 
indicator of phytoremediation efficiency plant [104, 106]. It provides an index of the 
ability of the plant to accumulate the metal with respect to the metal concentration 
in the substrate [104]. Table 10.4 lists some common aquatic macrophytes used for 
heavy metal removal from aquatic ecosystems.

The heavy metal content (chromium, lead, zinc, cadmium, and iron) was analyzed 
in all parts (root, stem, and leaves) of the plant by Lata and Bhateria [107]. Chromium 
concentration was found to be high in the roots of Amaranthus viridis followed by 
stem and leaves as shown in Fig. 10.4 Solanum nigrum, Chenopodium murale, Datura 
inoxia, Cannabis sativa, Parthenium hysterophorous also accumulated consider-
able amounts of chromium. Obtained results also revealed that concentrations of 
chromium, zinc, and lead were higher in Amaranthus viridis L. and Parthenium 
hysterophorous L. as compared to other plants (Fig. 10.4).

Saghi et al. [108] also reported the accumulation potential of Pb by Rapistrum 
rugosum and Sinapis arvensis in a metal-contaminated soil. Wang et al. (2015), 
reported that Medicago sativa L. (alfalfa) accumulated huge amounts of Cd, Pb, and 
Zn in the roots as compared to other parts of the plant. Subhashini and Swamy [109] 
studied the phytoremediation potential of Abutilon indicum, Catharanthus roseus 
and Canna indica species. Subhashini and Swamy [109] concluded that Catharanthus 
roseus was found to be a good accumulator of lead. The accumulation of lead was 
least in the roots and highest in the stem. Lead was absorbed from the soil by the 
roots and was further translocated to the above-ground parts i.e., stem and leaves. 
Roots were found to accumulate a higher amount of lead of Amaranthus viridis. The  
concentration of cadmium was also high in Datura inoxia but in a lesser amount in 
comparison with Amaranthus viridis (Table 10.5).

The accumulation of various heavy metals in duckweed species affects different 
physiological and biological activities in plants. It may include decreased shoot 
growth, and root growth inhibition (Gopalapillai et al., 2013). Plants evolved several 
effective mechanisms for tolerating high concentrations of metals in soil. High accu-
mulation of cadmium (about 12,320–2155 mg/g at 500 mM CdCl2) was reported 
using Lemna species. The concentration caused a gradual decrease in plant growth,
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Table 10.4 Some common aquatic macrophytes used for heavy metal removal from aquatic 
ecosystems 

Duckweed 
species 

Biomass 
type 

Heavy 
metal 

Remarks Reference 

L. gibba L Live Cu, Pb 
and Zn 

Sewage wastewater Cu 100%, Pb 
100%, Zn 93.6% removal was 
observed 

El-Kheir et al. 
(2007) 

Lemna gibba 
L 

Live Pb Maximum accumulation of lead 
achieved on third day in the 50 mg/L 
test, and 100% inhibitory effect on 
sixth day. Proved an economical 
alternative treatment technique 

Sobrino et al. 
(2010) 

Lemna gibba 
L. 

Live Al Effective aquatic plant for municipal 
secondary waste water effluent 
treatment, Harvesting every 2 days 
maintains maximum efficiency 

Obek and 
Sasmaz (2011) 

Lemna minor 
L 

Live Ar Accumulation of As depends on As 
concentration and exposure duration 

Duman et al. 
(2010) 

Lemna minor 
L 

Live Cd Cd accumulation increased with 
initial concentration of the medium, 
but the opposite trend was observed 
for the percentages of cadmium 
uptake 

Uysal and Taner 
(2010) 

S. polyrhiza Dead Cd and 
Pb 

Maximum adsorption capacity of Pb 
(II) and Cd (II) was found at 
optimum pH of 4.0 and6.0, contact 
time of 120 min, and temperature at 
20 8C 

Meitei et al. 
(2013) 

Lemna 
perpusilla 

Dead Pb Dosage of 4 g L 1 of plant material in 
a solution with an initial pH of 4.6, 
an initial Pb(II) concentration of 50 
mg L 1 with contact time of 210 min 
resulted in the maximum Pb(II) 
removal efficiency (above 95%) 

Tang et al. 
(2013) 

Lemna minor Live Cr Cr ions showed toxic effects on 
plants at concentration above 2.0 mg/ 
L and system continued to remove 
chromium ions with low efficiency 

Uysal (2013) 

L. minor L Live Cr, Cu, 
Pb 

Textile wastewater Cr 33%, Cu 27%, 
Pb 36% 

Sekomo et al. 
[106]

increased lipid peroxidize activity, and weakened the entire antioxidative defense 
mechanism [110]. 

In some plant species coined excluders, tolerance is achieved by preventing toxic 
metal uptake into root cells [111]. These plants have little potential for metal extrac-
tion. One such excluder is “Merlin,” a commercial variety of red fescue (Festuca 
rubra), used to stabilize erosion-susceptible metal-contaminated soils.
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Fig. 10.4 Concentration of chromium and cadmium in various parts of the plant. Concentration of 
lead and Zinc in various parts of the plant [107] (Source Lata and Bhateria)

Table 10.5 Some common heavy metal accumulating aquatic macrophytes 

Aquatic macrophytes Common name Heavy metal accumulation 

Azolla fililiculoids Water fern Cr, Ni,  Zn, Fe,  Pb, As,  Hg, Cd  

Azolla pinnata Water fern Cd, Cu,  Zn, Hg  

Phragmitis australis Giant reed Fe, Mn, Zn, Cu 

Potamogeton crispus Common reed Cu, Pb, Mn, Fe, Cd 

Salvinia spp Water moss Cu, Fe, Ni, Zn 

Typha domingensis Cattail Fe, Mn, Zn, Al, Ni 

Ceratophyllum demersum Coontail Cu, Cr, Pb, Hg, Fe, Mn, Zn, Ni 

Eichhornia crassipes Water hyacinth Cd, Pb,  Cu, As,  Ni, Cr,  Zn, Hg,  Co, Al  

Hydrilla verticillata Water thyme Cu, Hg, Fe, Ni, Pb 

Lemna spp. Duckweed Pb, Mn, Cu, Cd, Cr, Hg, Ni, Fe 

Mentha aquatica Water mint Cd, Zn, Cu, Fe, Hg 

Nymphaea alba White water lily Cr, Cd, Pb, Ni, Zn, Mn, Fe, Co 

Spirodela polyrrhiza Giant duckweed As, Hg
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A second group of plants, coined accumulators, does not prevent metals from 
entering the root (Brirazani et al., 2012). Accumulator species have evolved specific 
mechanisms for detoxifying high metal levels accumulated in the cells. These 
mechanisms allow the bioaccumulation of extremely high concentrations of metals 
[112]. 

Aquatic macrophytes have been reported to accumulate heavy metals from natural 
ecosystems as well as from the constructed wetland systems which is about 10,000 
times greater than in the surrounding water. CWs also provide better nutrients as well 
as metal removal efficiency depending on the factors such as CW type, configuration, 
loading rate as well as Hydraulic Retention Time (HRT). CWs have high wastew-
ater purification capability along with the least energy consumption and minimal 
operational as well as maintenance costs. 

10.3 Conclusions 

Acid Mine Drainage (AMD) is commonly associated with the processing and extrac-
tion of sulfide-bearing metalliferous ore deposits, sulfide-rich coal, weathering of 
metalliferous black shales and sulfide oxidation of metallic/non-metallic minerals, 
etc. Pyrite oxidation exposed to reactive sulfide minerals in the presence of molecular 
O2 causes AMD to release Potentially Hazardous Elements (PHEs). Due to its low 
pH (i.e., as low as pH 2) and high levels of metals (e.g., Fe, Zn, Mn, Ni, Cd, As, Pb, 
and Cu) and reactive sulfide content it causes harmful effects from active, abandoned 
mine and mine wastes on the surrounding ecosystems. 

During sulfuric acid–aided and carbonic acid–aided weathering the mobility of 
elements depends upon the susceptibility of minerals to chemical breakdown and 
subsequent release of cations and anions. The proportion of HCO3− and SO4 

2− 

present in mine drainage water reflects the relative abundance of the two sources of 
protons during the chemical weathering of minerals. 

During the process of oxidation of sulfide minerals leading to the formation of 
sulfates (FeSO4, CuSO4, etc.) bacteria such as Acidithiobacillus thiooxidans and 
Acidithiobacillus ferrooxidans universally present in sulfide mineral-bearing mine 
tailing dumps and abandoned mines can generate acid producing biochemical reac-
tions. Microorganisms living in such harsh conditions (extremophiles) adopt special 
systems for tolerating their environment. 

Techniques that are being researched with use of microorganisms include the 
use of metal-immobilizing bacteria, biocontrol with the use of alkalinity-generating 
microorganisms’ species, and bioleaching. Several isolates with high sulfur/iron 
oxidation and reduction properties have also been identified from mining areas 
soils which can be used for improving the soil and mine drainage quality by 
utilizing Microbial capabilities like bioleaching, oxidation/reduction reactions, and 
biosorption. 

Constructed Wetlands (CWs) provide efficient passive low cast viable treatment 
options with a higher percentage of sulfide reduction, removal of other metals, and
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alleviation of extreme acidic conditions. Many acid-tolerant aquatic plant species 
such as Typha sp., and Sphagnum dominate along with Catharanthus roseus, (Lemna 
minor L., Lemna gibba L.—duckweeds) are the most common easily available 
options for use in the constructed wetlands. Acid-tolerant aquatic plant species 
such as Sphagnum dominates (found to accumulate iron) along with Ceratophyllum 
demersum, Lemna gibba (accumulating Pb and Cr) and Phragmites australis (accu-
mulate Fe, Mn, Zn, Cu) could effectively contribute in the remediation of acidic 
metal contaminated runoff waters from mines and mine wastes processing/disposal 
area. 

A relationship between a process-driven base (used to quantify and predict the 
biological, physical, and chemical interactions those control contaminants removal 
rates) with performance parameters (e.g., hydraulic loading, influent heavy metals 
concentration and types, flow rates, removal rates, treatment efficiency, etc.) needs 
to be established for the passive AMD treatment techniques. 
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Chapter 11 
Acid Mine Drainage and Metal Leaching 
Potential at Makum Coalfield, 
Northeastern India 

Sk. Md. Equeenuddin , S. Tripathy , Prafulla Kumar Sahoo , 
and M. K. Panigrahi 

11.1 Introduction 

Acid mine drainage (AMD) is a commonly occurring environmental problem asso-
ciated with coal mining, and it can even last for decades after the mining has been 
ceased. AMD is characterized by low pH, high SO4 

2− and metal concentrations, 
particularly Fe. It is caused by the oxidation of sulfide minerals present in coal when 
they come in contact with atmospheric oxygen and water. AMD is one of the major 
sources of water pollution that affect the lotic system in numerous interactive ways 
resulting in serious ecological disasters [1]. 

Assessment of acid drainage potential is important in the management of large 
scale disturbances of surface or subsurface materials, especially if they contain signif-
icant amounts of sulfide minerals [2, 3]. This assessment is usually carried out through 
ABA study. This is the most common method for predicting the post mining water 
quality, and has become a widely adopted technique for overburden characteriza-
tion [4, 5]. It involves the determination of acid production potential (APP) and 
neutralization potential (NP) of the overburden materials. 

The role of carbonates and silicates in consuming acid generated during oxidation 
of sulfides viz. pyrite, pyrrhotite and arsenopyrite in determining the water chemistry 
resulted due to mining activities is well established and reviewed [6]. Carbonate
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minerals, mainly, calcite and dolomite are very crucial in determining the post-
mining water quality and neutralize AMD and helps in inhibition of pyrite oxidation 
[7]. Static tests have been conducted for determining the NP of several carbonates-, 
aluminosilicate-minerals and with different rock types [8, 9]. The calcite and dolomite 
have maximum acid neutralizing capacity. Silicate minerals—pyroxene, amphibole, 
feldspars, micas, chlorite and clay—have relatively much lower NP, however, olivine, 
serpentine and wollastonite show significantly elevated NP value than the former 
silicate minerals. Siderite (FeCO3), though it is a carbonate mineral, has zero NP value 
[10]. Hence, the type and occurrences of minerals at the mines help to understand 
the potential environmental impact due to mine discharges. 

Release of metals through leaching of overburden and coal subsequent to oxidation 
of sulfide minerals is a potential source for contaminating water [11, 12], sediment 
[13] and soil [14] around both active and abandoned coal mines. Leaching of trace 
elements is one of major pathways for entering into the ecosystem [15]. The concen-
trations of various elements in both overburden and coal, and their leaching behavior 
are critical to understand the impact by AMD. Laboratory-scale batch leaching tech-
niques have been widely used, and provide information on leaching potential of 
elements on either shorter or longer time duration in order to determine the potential 
impacts of mine overburden at the disposal site [16]. 

The occurrence of AMD at Makum coalfield of India was earlier reported and 
well studied [17, 18]. Beside, a significant amount of work has been carried out on 
the petrography [19], leaching behavior [20], metal distribution [21] and variation 
of sulfur in coal seams of Makum coalfield [22, 23]. However, mineralogy of over-
burden, ABA study of both overburden and coal, and metal leaching potential from 
overburden have received less attention. Therefore, an attempt has been made to 
study the ABA of overburden and coal from the Makum coalfield along with their 
metal leaching potential. 

11.2 Geological Setting 

Makum coalfield in Tinsukia district of Assam is the largest Tertiary coal deposit in 
India (Fig. 11.1) and covers about 100 km2. It consists of three open cast coal mines, 
Tikak, Tirap and Ledo and two underground collieries such as Baragolai and Tipong. 
A total reserve of 453 million tonnes of coal has been estimated by the Geological 
Survey of India (unpublished, 2019).

Makum coalfield consists of five workable coal seams. Two seams having thick-
ness of 18 m and 6 m are very prominent in the study area. Other seams are highly 
irregular and sporadic in nature. Coal seams belong to the Tikak Parbat Formation of 
Oligocene age. It comprises of sandstone, siltstone, mudstone, carbonaceous shale 
and coal seams. The coal is classified as semi-bituminous in rank with low ash, high 
sulphur (2–6%) and volatile matter content with very high caking properties [24]. 
Three forms of Sulphur–sulphate, pyrite and organic sulphur were observed in the 
Assam coal and about 70–80% of total sulphur remains in organic form [22]. Chandra
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Fig. 11.1 Location of the study area and different collieries

et al. [25] and Rajarathnam et al. [23] indicated the formation of Makum coalfield 
under marine influence. 

11.3 Materials and Methods 

Seventeen overburden samples of sandstone, shale and siltstone; 13 coal samples 
were collected from different collieries of the Makum coalfield (Fig. 11.1). The solid 
samples were powdered and passed through 60 mesh for ABA test. The static ABA 
test was carried out by determining the NP and APP of both coal and overburden. 
The difference between NP and APP is termed as net neutralization potential (NNP) 
and the ratio of NP to APP is known as neutralization potential ratio (NPR). The 
NP, APP and NNP have been expressed in CaCO3 equivalent tons/1000 tons (parts 
per thousand, ppt). The paste pH, which is a quick measure of acid generation or 
acid neutralization capacity of materials, was measured based on Price et al. [26] 
and less than 4.0 was considered potentially acid generating [27]. The paste pH was 
determined by placing 10 g samples in 50 ml beakers. Ultrapure water was added 
to the sample at 1:1 solid/solution ratio. The slurry was mixed for 5 s and pH was 
determined after 10 min by the pH electrode. 

The NP of overburden and coal was determined following the standard Sobek 
method [27]. Fizz test was performed, prior to the Sobek method to determine the 
requisite amount and strength of HCl needed to be added for dissolving the carbon-
ates. Fizz ratings are shown in Table 11.1. The NP was determined by adding HCl 
to 2 g of samples, and heated at nearly 90 to 95 °C without boiling until no bubble 
can be visible. After digestion, distilled water was used to bring the volume in the 
beaker to 100 ml. The beaker was heated for a minute and then cooled. The digested 
samples were titrated to pH 7 by using NaOH having normality same as that of the 
HCl used during the digestion step.

The SobPer method was also employed for comparison because of inability of 
the Sobek method to allow sufficient time for oxidation of Fe2+ [10]. In the SobPer
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Table 11.1 Description of Fizz rating [10, 27] 

Fizz rating Description Amount of 
HCl (ml) 

Strength of 
HCl (M) 

0-None No reaction 20 0.1 

1-Slight Minimal reaction; a few bubbles per second to many fine 
bubbles 

40 0.1 

2-Moderate Active bubbling with only a small amount of splashing 40 0.5 

3-Strong Very active bubbling that includes substantial splashing 80 0.5

method, all steps of the Sobek method are to be followed. After titration to pH 7.0, a 
further digestion using H2O2 was required for complete oxidation of Fe2+ as siderite 
is very common in the overburden and coal. 0.5 ml of 30% H2O2 was added to the 
suspension of the Sobek method and slightly boiled for 1 min. Then the solution 
was allowed to stand at room temperature before retitration to pH 7.0. When there 
was decrease in pH or the solution turned dark or green after second titration, a 
further H2O2 treatment was required. Total amount of NaOH consumed during all 
the titrations was used in determination of NP. However, NP measured from the 
SobPer method was used in all the calculations. APP was calculated by multiplying 
31.25 with wt% of pyritic sulphur. This is based on the assumption that sulphide 
sulphur is acid generating; and sulphate and organic sulphur are nonacid generating 
[28]. 

Overburden and coal samples were sieved through 230 mesh for the detailed 
mineralogical study carried out by X-ray powder diffraction (XRD) using CuKα and 
CoKα targets. The sulphide-sulphur content of coal and overburden was measured 
using ASTM D 2492 and [29] methods respectively. The samples were powdered 
and sieved (<54 μm) for chemical analysis. Major oxides and trace elements such 
as Cr, Cu, Mn, Ni, Pb and Zn in overburden were determined using Philips PW 
2400 Wavelength Dispersive X-ray fluorescence spectrometer (WDXRF) with Rh 
target using press pellets. Major oxides of coal were determined from ashed coal 
(850 °C) samples using WDXRF. Major elemental concentrations were determined 
from fused beads of ashed coal while total S analysis was done on pressed pellets of 
whole coal prepared with wax as the binding material. The concentrations of Cr, Cu, 
Ni, Mn, Pb and Zn in coal were determined by AAS (Perkin Elmer Aanalyst 300) 
from the digested whole coal using a mixture of HNO3, H2O2 and HF. 

Leaching of overburden and coal was carried out at liquid to solid ratio of 20:1 
following USEPA (1994) in order to access the potential release of metals under 
natural weathering. The mixture of powdered overburden with deionized water (pH 
maintained at 4.2 by adding sulphuric and nitric acids) was gently shaken in an 
incubator shaker prior to measuring the pH in unfiltered splits collected after 1, 2, 4, 
6 and 9 day intervals. Subsequently, the filtrates were analysed for determining the 
concentrations of the selected metals employing an AAS.
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Fig. 11.2 XRD patterns of 
some overburden materials 

11.4 Results and Discussion 

11.4.1 Mineralogy 

The XRD patterns of overburden materials from the Makum coalfield are shown in 
Fig. 11.2. Quartz is the dominant mineral in overburden followed by kaolinite and 
siderite in most of the samples. However, in some overburden, dolomite is the most 
dominant mineral. Plagioclase has moderate occurrence. Pyrite, calcite, gypsum, 
melanterite and muscovite occur as minor quantity in most of the samples though 
in some samples pyrite was present in moderate quantity. Dolomite is abundant in 
overburden from the Baragolai and Ledo collieries. At Baragolai, Tirap and Ledo 
collieries, some overburden materials show prominent small peak at 7.6 Å which 
is assigned to gypsum. The overburden material at Tirap colliery shows sharp and 
prominent peaks of melanterite at 5.49, 4.92, 3.78, 2.27 Å. The detail mineralogy 
of overburden samples are given in Table 11.2. From the mineralogical study it is 
observed that pyrite is associated with the laminated carbonaceous shale, whereas 
dolomite is the dominant mineral in siltstone and non-laminated carbonaceous shale. 
The splintery shale, sandstones and sandy shale are found to contain trace amount 
of carbonates.

11.4.2 Acid Base Accounting 

Various results of ABA test are given in Table 11.3. It is observed that the NP 
measured by the SobPer method is always lower than that of the Sobek method. A
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similar trend was noticed by several researchers [3, 10, 30], and attributed to the 
insufficient time for oxidation of Fe2+ to Fe3+ in the Sobek method. Since most of 
the samples of overburden and coal contain siderite, Sobek method has resulted in 
the overestimation of NP, but SobPer method is found to give more accurate NP due 
to complete oxidation achieved by addition of H2O2.

It is observed that the NP value in the overburden ranges from −67.92 to 580 ppt; 
APP between 0.09 and 41.25 ppt, NNP between −109.1 and 579.9 ppt and NNR 
between −1.65 and 6444 in the overburden. Further, very high NP of overburden 
is associated with Baragolai and Ledo collieries while it is intermediate at Tipong, 
and low at both the Tikak and Tirap. Very high NP values can be attributed to the 
presence of relatively higher amounts of dolomite and trace amount of calcite which 
is corroborated with high concentration of CaO and MgO which is up to 20.7 and 
9.3% respectively. At Baragolai, it is observed that acidity generated by the oxidation 
of pyrite (8%) is neutralized by the presence of dolomite (48%). The negative NP 
at Tikak and Tirap is due to the oxidation of pyrite that is present up to 25% of the 
total mineral content while trace amounts of dolomite and calcite along with high 
amounts of quartz and kaolinite are found to be insufficient to neutralize the acid 
produced. The presence of pyrite is also associated with high concentration of SO3 up 
to 5.8%. Melanterite which is a common efflorescent salt and often the first mineral 
to be deposited from aqueous solution at sites of pyrite oxidation has been observed 
in overburden from Tirap. 

The NP value for coal varies from −162.7 to 8.62 ppt. The lowest NP is associated 
with Tipong and the highest is found at Ledo colliery. The APP ranges between 10.93 
and 45.31 ppt with maximum at Tipong. The NNP is negative for all the coal and 
ranges from −3.57 to −208 ppt while NPR varies from −3.59 to 0.70. The relatively 
higher APP is possibly due to the abundance of reactive framboidal and very finely 
disseminated pyrite [17, 23]. All the coal samples contain more than 0.3 wt.% of 
pyritic-sulphur which is considered to be the threshold for generating AMD [26]. 
The pyritic-sulphur concentration in coal is above the threshold and ranges from 0.35 
to 1.45 wt.% where as in overburden it lies between 0.003 and 1.32 wt.%. Therefore, 
the post-mining discharge quality is largely depends on the concentration of pyrite 
in both coal and overburden, and their neutralization potential. 

A strong positive correlation between APP and S is observed which indicates that 
the APP is related to the pyrite content and high concentrations of S (Fig. 11.3a). 
On the other hand, high NP is associated with large amounts of dolomite besides 
traces of calcite in overburden. It is further established that high NP is due to high 
concentrations of Ca and Mg as strong positive correlation between Ca and NP 
(Fig. 11.3b), and Ca and Mg have been observed (Fig. 11.3d). No strong correlation 
between AP and Fe is found (Fig. 11.3c). It is possibly due to the fact that Fe is not 
only present as pyrite but also as siderite, which does not contribute to AP.

It has been reported that the pH of mine discharges at Baragolai and Ledo collieries 
are found to be mildly alkaline (Table 11.3). It is due to abundance of dolomite and 
calcite. Mine discharges from the Tikak and Tirap coal mines are highly acidic which 
is attributed to the more pyrite content in overburden. The pH of the mine discharge 
from Tipong ranges from 2.3 to 4.2 [17].
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Fig. 11.3 Relationship between S and APP (A), NP and Ca (B), APP and Fe (C), and Mg and Ca 
(D) in overburden and coal from Makum coalfield

The NNP and NPR are commonly used to assess the post-mining water quality 
more accurately than both NP and APP [5]. The criteria for evaluating mine discharge 
quality based on NNP and NPR are given in Table 11.4. Based on these, all the coal 
measures are found to have potential for acid generating (Fig. 11.4). However, based 
on NPR value, it is found that most of the overburdens can generate net alkalinity 
except two samples, R-5 and R-9, showing negative NPR. The NNP of most of 
overburden ranged between 0 and 12 ppt indicating their capacity for generating 
either acidic or alkaline discharges; but in case of few samples it is much above 
the threshold for generation of alkaline discharge. NNP result is also negative for 
the same overburden samples which have acid generating capacity by using NPR. 
However, the NPR shows a good relationship with paste pH. Therefore, the NPR can 
be used as better predictor for the post mining discharge quality than NNP.
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Table 11.4 Criteria for the 
characterization of post 
mining water quality 

Water Quality aNNP (ppt) bNPR 

Net Acid <0 <1 

Either acid, neutral or alkaline 0–12 1–2 

Net Alkaline >12 >2 

aBrady et al. [28], bPerry [31] 

Fig. 11.4 Relationship 
between paste pH and NNP 
(A); paste pH and NPR (B) 

11.4.3 Metal Concentration and Leaching Study 

Among the heavy metals in overburden, it is found that Mn has the highest concentra-
tion range, 158–1623 mg/kg, followed by Cr (105–433 mg/kg), Ni (41–309 mg/kg), 
Zn (5.8–199 mg/kg), Cu (4.5–66 mg/kg) and Pb (13–38 mg/kg). Most of these metals 
are above their respective crustal abundances and Ni showed the highest enrichment 
followed by Cr (Fig. 11.5). Similarly, in coal Cr ranges from 0.2 to 26.6 mg/kg, Cu 
3.1–48.5 mg/kg, Mn 7.8–115.9 mg/kg, Ni 2.5–211 mg/kg, Pb 14.6–36.9 mg/kg and
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Fig. 11.5 Comparison of 
concentration of heavy 
metals in overburden and 
coal with crustal abundances 

Zn 11.3–99.4 mg/kg. In contrast to that of overburden, except Pb, all other heavy 
metals are below their respective crustal abundances in coal. 

Time-dependent leaching of metals from overburden and coal was carried out 
as described earlier. The change in pH and concentrations of metals leached with 
time are given in Table 11.5. During the leaching of sandstone and siderite-bearing 
shale, the initial pH of leachate is found to be acidic; however, the pH increases 
with time and becomes alkaline after 6 days (Fig. 11.6). It is due to dissolution of 
carbonates present in trace amounts and consumption of H+ by silicates. Shale with 
higher dolomite content has produced alkaline leachate. After the day 1 the leachate 
pH has been found to be 7.6 and increased to 8.1 at the end of 9 days. Presence 
of higher amount of dolomite in overburden has consumed the initial acidity and 
leachate becomes alkaline. Coal and overburden, those are rich with pyrite, have 
generated acidic leachate throughout the experiments. The leachate pH has been 
found in the range of 2.1–2.5 and 1.6–2.9 for coal and pyritic-shale respectively. The 
leachate from pyrite-rich overburden and coal remains acidic due to the oxidation of 
pyrite that is responsible to produce acidity (Fig. 11.6).

The concentrations of Mn, Ni and Pb in the leachate has been observed to be 
higher than their respective water quality guideline values as per the Bureau of India 
Standards (BIS) (Table 11.6), while concentrations of Cr, Cu and Zn are within 
their respective limits in leachate from both overburden and coal. Some overburden 
releases Cr above its permissible limit. Similar to the result obtained from leaching 
experiments, it has been commonly observed that Mn, Ni and Pb exceed their permis-
sible limits in different coal mine drainages from USA and other countries [17, 32– 
34]. Equeenuddin et al. [17] reported the high concentration of Mn, Ni and Pb in the 
mine discharges and ground water in the Makum coalfield region.

The leachate generated from the coal and pyrite-rich overburden contains abnor-
mally high metal concentrations with respect to that of the other overburdens. It is 
attributed to the oxidation of pyrite that causes very low pH (<3). Thus, metals are 
highly mobilized under strongly acidic environment as solubility of metals increases 
with decrease in pH [35]. The concentration of Mn in the leachate obtained from
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Table 11.5 pH and concentration of metals (mg/L) in leachate at different time intervals using 
acidify deionized water at pH 4.2 

Type Days 1 2 4 6 9 

R1 (Siderite bearing shale) pH 4.60 4.70 6.90 7.00 7.80 

Zn 0.15 0.10 0.06 0.03 0.03 

Cu ND ND ND ND ND 

Mn 1.45 1.76 1.76 1.37 1.37 

Ni 0.39 0.19 0.12 0.03 0.03 

Cr 0.08 0.08 0.07 0.06 0.06 

Pb 0.19 0.13 0.11 0.18 0.24 

Days 1 2 4 6 9 

R5 (Pyrite bearing shale) pH 2.90 2.50 3.00 1.60 2.90 

Zn 3.85 2.91 2.70 2.95 2.87 

Cu 1.48 0.99 1.12 1.20 1.19 

Mn 5.27 4.47 4.25 5.04 4.89 

Ni 4.95 3.88 3.68 3.85 3.67 

Cr 0.28 0.28 0.28 0.32 0.29 

Pb 0.30 0.24 0.16 0.27 0.27 

Days 1 2 4 6 9 

R12 (Dolomite bearing shale) pH 7.60 7.40 8.00 8.80 8.10 

Zn ND 0.05 0.04 0.02 0.01 

Cu ND ND ND ND ND 

Mn 0.32 0.30 0.32 0.23 0.21 

Ni 0.09 0.09 0.06 0.15 0.02 

Cr 0.05 0.06 0.05 0.04 0.04 

Pb 0.15 0.15 0.08 0.19 0.21 

Days 1 2 4 6 9 

R16 (Sandstone) pH 4.40 4.90 6.50 6.80 7.30 

Zn 0.02 0.01 0.01 0.01 0.01 

Cu ND ND ND ND ND 

Mn 0.14 0.18 0.15 0.13 0.12 

Ni 0.12 0.13 0.11 0.11 0.13 

Cr 0.03 0.04 0.04 0.03 0.03 

Pb 0.09 0.07 0.06 0.12 0.14 

Days 1 2 4 6 9 

Coal pH 2.50 2.50 2.40 2.30 2.10 

Zn 1.93 1.81 1.86 1.99 1.95 

Cu 0.38 0.38 0.36 0.44 0.48 

Mn 2.84 2.63 2.78 3.10 2.91

(continued)
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Table 11.5 (continued)

Type Days 1 2 4 6 9

Ni 13.95 13.39 13.65 14.45 13.76 

Cr BDL BDL BDL BDL BDL 

Pb 0.23 0.21 0.26 0.28 0.24 

Fig. 11.6 Variation of 
leachate pH with time for 
different overburden and coal

Table 11.6 Desirable limits 
of drinking water quality as 
per Indian Standard (IS: 
10500; BIS 2012) 

Parameters Limits 

pH 6.5–8.5 

Zn 15 

Cu 1.5 

Mn 0.3 

Ni 0.02 

Cr 0.05 

Pb 0.01

siderite dominated overburden is very high (up to 1.76 mg/L) as compared to other 
non-pyritic ones (up to 0.32 mg/L). It is caused due to its possible association with 
siderite. Occurrence of Mn in siderite bearing overburden has been earlier reported 
and indicated siderite as the source for very high concentration of Mn in coal mine 
drainage [36]. Similarly, abnormally high concentration of Ni (up to 14.5 mg/L) has 
been found in the coal leachate compared to that of the overburden (up to 4.9 mg/ 
L). This might be due the occurrence of Ni in the exchangebale part of the coal 
components as it is easily water soluble. Finkelman et al. [37] reported the associ-
ation of 55% of the Ni in an exchangeable form in coal. Equeenuddin et al. [17]
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reported abnormally high concentration of Ni (up to 11.13 mg/L) in Makum coal 
mine drainages relative to that of other places. Therefore, it can be concluded that the 
results of the leachate chemistry from the mine overburden and coal provides very 
good information on mine dishcharges and the likely potential metal contamination 
due to coal mine drainages. 

11.5 Conclusion 

This study aims to identify the mineralogy of overburden and coal in order to evaluate 
the acid mine drainage potential vis-á-vis metal leaching characteristics for under-
standing the impact of mining activities in water, soil and sediment in the Makum 
coalfield. Dolomite is found to be abundant in the overburden and the most important 
mineral contributing towards the maximum NP. The coal measures from all collieries 
are highly acid producing. Siltstones and massive carbonaceous shale are observed 
to have higher neutralization potential whereas laminated carbonaceous shale are 
found to be enriched in pyrite and have maximum APP. The results of ABA test is 
nearly consistent with the direct mine discharge and NPR is found to predict the mine 
discharge water quality more accurately that that of NNP. Leaching study indicates 
that the concentration of Mn, Ni and Pb is above their respective allowable limits. 
Thus, it is proposed that ABA study along with the leaching test of overburden and 
coal is highly essential to assess the post-mining water quality and its environmental 
impact. 
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