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This thesis investigates the mechanisms and causes behind a significant failure
in the waste dump at the Mae Moh Lignite Mine, Thailand, which affected an area of
1.56 km2 and involved the displacement of a 70-Mm3 mass of dump material.
Geophysical and geotechnical investigations, including electrical resistivity tomography
and finite element analysis, were conducted to understand the waste dump materials
and perched water conditions.

The research identified two primary factors contributing to the failure: a
perched water table leading to high pore-water pressure and a weak basal layer at the
interface between the hard foundation and the waste dump materials. The weak layer,
composed of claystone, deteriorated due to increased waste deposition over natural
river and pond areas, coupled with rainwater infiltration. The failure was categorized
as a wedge mode, involving the horizontal translation of a passive wedge and the
vertical subsidence of an active wedge.

The findings will enable geotechnical and mining engineering teams to identify
short-term and long-term solutions to improve waste dump stability and facilitate
ongoing material deposition to reach the intended target height. This research
contributes to the broader field of geotechnical engineering and the management of

waste dumps in mining operations.
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CHAPTER |
INTRODUCTION

1.1  Problem Statement

The Mae Moh Mine, located in Lampang Province, Thailand, stands as the
largest open-pit coal mine in Southeast Asia. Encompassing the entire surface lignite
mine and external dumping areas spanning approximately 38 km? and 42 km?,
respectively, its scale is indeed noteworthy. Currently, the mine extracts about 16
million tons of coal annually, a quantity that accounts for a substantial 70% of
Thailand's total lignite production. This vast coal reserve plays a pivotal role in
generating electricity for the Mae Moh power plant (Udomchai et al., 2017). The Mae
Moh Mine, initiated in 1955, has been under the operation of the Electricity Generating
Authority of Thailand (EGAT). In recent years, the associated Mae Moh power plant has
been a substantial contributor to the national power grid, generating an impressive
2,220 megawatts of electricity. This electricity output is strategically distributed, with
50% serving the North, 30% directed to the Central region, and the remaining 20%
allocated to the northeast of Thailand.

Thailand ps

MYANMAR
(BURMA)

Andaman Sea g CAMBODIA

Figure 1.1 Location and the layout perspective of the Mae Moh Mine



Figure 1.1 illustrates the positioning of the Mae Moh power plant, the coal mine
region, and the disposal sites, encompassing the west dump and east dump. The
excess material extracted during mining operations was subsequently conveyed to the

disposal areas using a conveyor system, as depicted in Figure 1.2.

Figure 1.2 Transporting the waste dump materials to the disposal area using a

conveyor system.

According to EGAT's strategic plan, the Mae Moh Mine is projected to be
excavated to a depth of around 500 meters from the original ground surface over the
next four decades, making it the deepest open-pit lignite mine globally. Consequently,
a substantial amount of overburden material, reaching approximately 260 meters from
the original ground level, is anticipated to be deposited in the west dumpsite. However,
a significant incident occurred on March 18, 2018, when a large-scale failure affected
the west dumpsite, encompassing an area of approximately 1.56 km?. This occurred as
the dumped materials reached a height of 135 meters from the original ground, at an
elevation of 330 meters above mean sea level (MSL).

The occurrence of the failure involved the displacement of a massive 70-Mm3

volume of dumped material, with dimensions extending to a length of 1.2 km and a



width of 1.3 km. Consequently, the precarious stability of the waste dumpsite presents
a considerable challenge for EGAT. To address this, comprehensive geotechnical
examinations and the application of remedial strategies are imperative to facilitate the
continuous disposal of waste materials generated during mining operations.

The exact cause of the failure at the west dumpsite in the Mae Moh Mine has
not been completely documented due to the constraints of the experimental program
in the laboratory and on-site investigation immediately following the incident. In
response, the Center of Excellence in Innovation for Sustainable Infrastructure
Development at Suranaree University of Technology was enlisted to identify the causes
of the west dumpsite failure and recommend a practical approach to prevent similar
failures in the future.

This research is primarily dedicated to investigating the failure mechanisms and
causes associated with the waste dump site. It relies on historical and geotechnical
test data, drawing parallels with global case studies for comparative analysis. To assess
the resistivity of subsurface waste dump materials, the study employs electrical
resistivity tomography (ERT) as a geophysical imaging technique. The ERT profiles,
coupled with data from boring logs, facilitate the interpretation of soil profiles within
the area of failure. After this investigation, the potential failure mechanism and slope
stability of the waste dumpsite are scrutinized through finite element analysis using
the Plaxis 2D software, leveraging seographical and material properties obtained during
the study.

This paper thoroughly discusses various issues pertaining to notable
movements or collapses observed in waste dumpsites of lignite mines worldwide
(Kasmer et al., 2006; Steiakakis et al., 2009; Wang & Griffiths, 2019; Zevgolis et al., 2019).
B. G. Richards et al. (1981) undertook an extensive slope stability analysis of the
Goonyella mine in Queensland, Australia. Their study identified a direct association
between the collapse phenomenon and the presence of water at the basal layer of
the spoil foundation, leading to a consequential reduction in the shear strength of the
soil. Furthermore, the manifestation of tension cracks in the overburdened materials
at the crest, induced by significant settlement, notably contributed to the failure

movement characterized by a bilinear wedge. An examination of a large-scale failure



in the waste dumpsite of open-pit iron mines in China revealed that the predominant
failure mode of the waste dump slope was a two-wedge failure (Wang & Chen, 2017).
The observed movement was reported to initiate at the toe of the slope, progressing
along the clay basement. This movement was characterized by the division into an
active upper wedge and a lower passive wedge, with separation facilitated by the
presence of tension cracks. Wang and Griffiths (2019) provided evidence that the failure
of the dump slope at Muara Enim Mine in Indonesia was induced by heightened water
pressures, emanating from an undisclosed weak clay layer in the foundation,
exacerbated by the rapid loading associated with dumping. Concurrently, a
comprehensive examination was conducted on a substantial waste dump slope failure
covering an expanse of 0.3 km2 within the dumping site of a strip coal mine in Turkey
(Kasmer et al., 2006). Following an extensive field and laboratory investigation, along
with a back-analysis utilizing finite element analysis, the root causes of the failure were
identified as the gradual softening (degradation) of the fill materials at the base of the
dumpsite over time. The surfaces involved in the sliding failure encompassed a
combination of circular pathways throush the waste dump materials and a transitional
surface located between the softened fill material and the waste dump material. in a
related context, Steiakakis et al. (2009) documented a comparable stability issue in the
South Field Lignite Mine in Northern Greece in 2004, where the failure mass of the
deposit amounted to 40 Mm?®. The failure was attributed to the inherent low shear
strength of the clay layer at the base of the slope and the elevated pore-water
pressure within the overburdened materials.

The failure mechanism of the waste dump slope exhibited various modes of
failure, with the causes attributed to the geological and hydrological characteristics of
the waste dump area, the drainage system, and the dumping rate. Building upon
insights from previous case studies, potential factors contributing to the failure
included the softening of the soil layer and the accumulation of excessive pore-water
pressure under undrained loading conditions. Consequently, the formation of the
sliding failure surface occurred through active and passive wedges along a vulnerable
zone at the interface between the weak soil layer at the base and the waste dump

material.



The findings of this study are anticipated to empower the geotechnical and
mining engineering teams, enabling them to efficiently devise both short-term and
long-term solutions to enhance the stability of waste dumps. This will facilitate the

ongoing dumping operations, allowing them to reach the targeted height.

1.2  Objective of study
To investigate the failure mechanism of the waste dump at the Mae Moh Mine,
a comprehensive study involving geophysical and geotechnical investigations, as well
as numerical analysis, was undertaken. The primary objectives of this research are
outlined as follows:
1) To analyze and identify the potential causes leading to the failure of the
waste dump at the Mae Moh open-pit lignite mine in Thailand.
2) Conduct finite element analysis, utilizing data obtained from geophysical
and geotechnical investigations, to comprehensively study the behavior of

large-scale instability within the deposit.

1.3  Organization of the dissertation

This thesis is structured into four chapters, following the outlined framework:

Chapter | the introductory section articulates the problem statement and
highlights the primary objective of the study.

Chapter Il presents the theoretical background and the literature review of the
recent search papers that relate to the failure of waste dumps at lignite mines in the
world.

Chapter lll focuses on the 2018 landslide incident in a construction waste
dump at Mae Moh mine in Thailand. This chapter encompasses the historical context
of the construction waste dump, a detailed dump description, the presentation of sub-
surface structure imaging results using Electricity Resistivity Tomography (ERT), and a
numerical analysis simulation to evaluate potential factors contributing to the deposit
failure.

Chapter IV summarizes the main research findings and offers recommendations

for future studies.
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CHAPTER Il
LITERATURE REVIEW

2.1  Slope stability Analysis
2.1.1 Limit Equilibrium Method (LEM)

The Limit Equilibrium Method (LEM) is the most typical approach for
studying slope stability in both two and three dimensions in terms of total-stress
analysis or effective-stress analysis. This method identifies possible failure mechanisms
and produces factors of safety for specific geotechnical problems. It is a suitable option
for evaluating the stability of earth-fill embankments, earth dams, retaining walls,
foundations, open-pit mines, and landslides. The factor of safety (FS) plays an
important role in the rotational design of slopes using force or moment equilibrium as
shown in Figure 2.1. It can be used to define the stability of the slope by entering
some parameters into the analysis, such as strength parameters, stiffness parameters,
and strata. The factor of safety is assumed to be the same at all points along the
failure slip surface. Thus, the mean values represent the assumed critical failure slip
surface. Moment equilibrium is mostly used to judge rotational landslides, the other
force equilibrium is mostly utilized to assess both rotational and translational

landslides (Cheng & Lau, 2014).



FOS = 2 ( Total Stress )
A Trequired

LIMIT EQUILIBRIUM _ ¢ +o'tand’ ( Effective Stress )
FOS = ———
¥ Trequired
%_—
R Summation of resisting force
FORCES FOS = =

Summation of mobilized force

Circular
Slip plane

- = u Resisting moment R J sy ds
S & FOS = =

MOMENTS

Overturning moment W x

Figure 2.1 Derivation of safety factor (Abramson et al., 2001)

The factor of safety can be drawn as follows:

_ The available shear strength of soil
The equilibrium shear stress

FS

The Eqg. (2.1) can be written as

S
FS = - in terms of total stress analysis
z-required
C+o'tang’
Or FS=————"-"in terms of effective stress analysis
z-required

In which: S, = Undrained shear strength of soil
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(2.1)

(2.2)

(2.3)

c' and ¢' = The effective cohesion and effective friction angle, respectively

Trequies = e required shear stress for the equilibrium state

Generally, soil mass can be considered stable when the factor of safety is higher

than 1.25 and slope failure can occur frequently as FS is less than 1.07 (Bowles, 1979).

However, it was reported from some previous studies that numerous landslide
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problems are stable due to neglect and extra enhancement of vegetation or soil
suction (Cheng & Lau, 2014). In some cases, an increase in the factor of safety needs
to be required due to the high risk of loss of life or unpredictability.

An array of stability analyses, leveraging the limit equilibrium method,
has been systematically applied to prognosticate the mode of slide failure. This
methodological spectrum encompasses but is not restricted to, infinite slope analysis,

planar surface analysis, circular surface analysis, slice analysis, and block analysis.

Active Central block Passive
re——— >
:

1

wedge wedge

-
1
I
I
|
|
I
|
|
|
1
I
I
|

' 4
LOW STRENGTH
MATERIAL - C, ¢

Figure 2.2 Scheme of block analysis (Abramson et al., 2001)

The safety factor might be computed in this situation where the
embankment fill has a shear strength greater than that of a basal layer as well as a
low shearing strength of a thin layer below (Figure 2.2). A block or wedge analysis
supposes that soil is compacted as layers or blocks, such as an earth-fill dam, rock-fill
dam, or waste dump. This analysis is relatively simple, uncomplicated, and can be
carried out rapidly by hand calculation. The block consists of three parts, namely active
wedge (P,) at the head of the slope, Passive wedge (P;) at the toe of the slope, and
central block (W). The FS is defined as the horizontal resistance forces to the horizontal

driving forces.
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Figure 2.3 Scheme of planar surface analysis (Abramson et al., 2001)

The planar surface analysis might be utilized to evaluate a slope with a
low shearing strength of the soil and the variety of soil strata of different soil
components. The soil failure is considered as a block down to the sliding surface that
all points are on the verge. A closed-form solution can be applied on planar surface
analysis that relies on the geometry of a slope, and shear strength parameter of soil
along slip failure.

Figure 2.3 illustrates the scheme of planar surface analysis. It should be
pointed out that the influence of the inclination of the back slope is neglected. It
means that it does not affect the safety factor value.

In the case of homogeneous soil, the inspection of man-made
embankment might use circular surface analysis which is the simplest method to find
the most critical slip in slopes. Two kinds of methods, namely the circular arc method
(Figure 2.4) and the friction circle method (Figure 2.5).

The straightforward circular analysis is subjected to an expectation that
the rigid, block failure will collapse in its central by rotational behavior. The method is
derived from total stress analysis which the shear strength of soil throughout the length
of the failure slip surface is considered as undrained shear strength. It means that the
internal friction angle is assigned as zero. On the other hand, the probability of tension

cracks is neglected.
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PSS,

Figure 2.4 Scheme of circular arc method (Abramson et al., 2001)

The implementation of the friction circle method in geotechnical
engineering was introduced by Glennon Gilboy and Arthur Casagrande (Taylor, 1937).
It is supposed that the Mohr-Coulomb failure criterion is available and that the failure
surface is cylindrical. This method is suitable for homogeneous slopes with soil
frictional angles greater than zero. Cohesive and frictional angle components are used

to perform the calculation.

Friction Circle
—-——
PN

Force Polygon

Figure 2.5 Scheme of friction circle method (Abramson et al., 2001)
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The method of slices is the most ordinary technique for assessing the
stability of geotechnical problems with intricate conditions, predominantly for slope
stability (Figure 2.6). It can be performed either satisfying overall moment equilibrium

or horizontal force equilibrium.

X, .'."'lx’ P

ot £,

E . -|"-'| base assumed
! o § | to be straight

R~ - yWl of length /

(b)

(a)

Figure 2.6 Scheme of the method of slices (Whitlow, 1990)

(a) Division of slip mass (b) Forces acting on slices

The slope stability analysis divides soil mass into a great deal of small
slices as illustrated in Fig. 2.6 a. The small slices are influenced by the general system
of force (Figure 2.6 b). The effective stress normal reacting force at the base of the
slice (N’) plays a major role in the computation of the safety factor. Many researchers
have proposed methods of obtaining the N’-value, some are perfectly straightforward,
and others are entirely complex.

For example, in the Ordinary Method of Slices (OMS), it is assumed that
the inter-slice forces are neglected (E;=E, and X;=X,) (Fellenius, 1936). The
imperfection of this method is that the assumption of inter-slice force does not meet
the requirement of inter-slice equilibrium due to a variety of base inclinations. For
Bishop’s Simplified Method, all of the shear forces are assumed zero(Bishop, 1955). It
means that the tangential inter-slice forces are equal and opposite (X;=X, and

Ei=E,). The factor of safety estimated from this method is slightly underestimated
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(Whitlow, 1990). In the Simplified Janbu Method, the inter-slice shear force is the
absence of slope stability calculations. This method meets the requirement of vertical
forces equilibrium for individual slices and general horizontal force equilibrium for all
slices. In conclusion, The Ordinary method, Bishop’s simplified, and Janbu’s simplified
neglect inter-slice forces in the slope stability analysis. It is believed that the moment
equilibrium is not influenced by effective normal and pore pressure forces. From that,
the factor of safety estimated from the three methods should not done for non-circular
slip surfaces (Abramson et al., 2001). To overcome these issues, the Spencer method
and Morgestern-price method are introduced. The two methods are similar due to

both vertical and horizontal inter-slice forces being considered.

Table 2.1 Comparison of slope stability analysis (Fredlund & Krahn, 1977)

Safety Factor (FS) Inter-slice Force
Assumption
Method Force Moment
(H=horizontal,
Equilibrium Equilibrium
V=vertical)
Ordinary (Swedish or USBR)
No Yes Neglect H & V
(Fellennius 1936)
Bishop's Simplified
No Yes Neglect H &V
(Bishop 1955)
Janbu's Simpilified Neglect V,
Yes No
(Janbu 1954; 1957; 1973) Consider H
Janbu's Generalized
Yes No Consider H &V
(Janbu 1954; 1957; 1973)
Spencer
Yes Yes Consider H &V
(Spencer 1967; 1973)
Morgenstern-Price
Yes Yes Consider H &V
(Morgenstern and Price 1965)
Lowe-Karafiath
Yes No Consider H &V
(Lowe and Karafiath 1960)
Corps of Engineers
Yes No Consider H &V

(Corps of Engineers 1982)
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Table 2.2 Characteristics of Equilibrium Methods (Duncan & Wright, 1980)

Method

Characteristics

Slope Stability Charts
(Duncan et al.,, 1987; Janbu, 1968)

Ordinary Method of Slices
(Fellenius, 1927; Fellenius, 1936)

Bishop's Modified Method
(Bishop, 1955)

Force Equilibrium Methods
(Engineers, 1970; Lowe, 1960)

Janbu's Generalized Procedure of Slices

(Janbu, 1968)

Morgenstern and Price's Method

(Morgenstern & Price, 1965)

Spencer's Method
(Spencer, 1967)

Suitable for many geotechnical problems
Applied for circular slip surfaces only

Time-saving

Meet a requirement of moment equilibrium

Unsatisfied horizontal or vertical force equilibrium

Applied for circular slip surfaces
Meet a requirement of moment equilibrium
Meet a requirement of vertical force equilibrium

Unsatisfied horizontal force equilibrium

Suitable for any kinds of slip surfaces
Unsatisfied moment equilibrium
Meet a requirement of both horizontal and vertical

force equilibrium

Suitable for any kinds of failure slip surfaces
Meet a requirement of equilibriums

Permits side force locations to be varied

More frequent numerical problems than other

methods

Suitable for any kinds of failure slip surfaces
Meet a requirement of equilibriums

Allows side force locations to be varied

Any shape of slip surfaces
Meet a requirement of equilibriums

Allows side force locations to be varied
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2.1.2 Finite Element Method (FEM)

The finite element method (FEM) is a particular numerical technique for
solving differential equations. The FEM has broad-spectrum engineering applications. It
was the first proposed to geotechnical engineering by (Clough & Woodward Ill, 1967).
The Finite Element Method can be used to find the solution to numerous geotechnical
problems that involve the interaction between structures and soil. The ability of FEM
can generate many desirable characteristics of soil mass, such as stresses,
displacements, and pore water pressure. It can be used to simulate the stage of
construction such as backfill, consolidation, swelling, and dissipation of excess-pore

water pressure. Seepage analysis and slope stability are also verified by FEM.

Nodes

7

SLOPE ANALYSIS

Finite
Elements

/ <
\

\
A FEEI RN .,

Finite Element Boundary

AN

7,

Z

Figure 2.7 Scheme of Finite Element Method (Abramson et al., 2001)

The discrete units, isolated from the soil block, are denoted as finite
elements (Figure 2.7). These elements are interconnected at their nodes and
predefined boundaries of the continuum (Abramson et al., 2001).

Although FEM shows a great deal of advantages, it has its limitations.
The results from finite-element analysis show calculated displacement greater than
the measured displacement (Duncan, 1996). This is because the stiff of soils on site
tends to be higher than soils in the lab due to aging effects. Besides, the samples

suffered from disturbance during sampling and the process of transportation.
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2.2  Previous studies and failure mechanisms of waste dumpsites

An increase in the dimension of the open-pit mine results in the amount of
overburden removal. The mine by-products are excavated and transferred by trucks
or conveyor belts to spread on end-dumped fills. The management of waste dump
areas plays a leading role in the stability of a slope. There are many failures of mine
waste dump have reported in the last two decades (Dawson et al., 1998; Omraci et al.,
2003; Zevgolis et al., 2019; Zhan et al.,, 2018). It was documented from previous studies
that the most failure mechanisms of deposits came from many factors contributing to
the instability of the waste dump, such as high pore-water pressure with a thin layer
of soft clay beneath the waste dump (Poulsen et al., 2014; Steiakakis et al., 2009; Su
& Miller, 1995), wetting and seepage process (Lavigne et al., 2014; Vassilis et al., 2015;
Yin et al,, 2016), high moisture sensitive excavated soil caused reduction in shear
strength of soils (Kasmer et al., 2006; B. Richards et al., 1981), the inclination of original
slope surface (Kavvadas et al., 2020).

The spoil pile at Goonyella Mine in central Queensland, Australia was recorded
as the failure of the basal layer and horizontal movement, forming a passive wedge
and active wedge (Figure 2.8). The inclination of the basal layer was indicated to be

worthy of attention in slope stability.

Coat

Date  Pesition at Toe
Active wedge breaks Tttt Apr 1% RSN Yes
into slabs with ——s——+«—— May 1976 RIS Mo
progress of failure —  __ _ J-uty19'?6 RSS No
- -‘_.—-.,,_"\..}{ —_— Feb1977 R9N Mo
:a'\:'-f'\ ~ A\ ————— Mar1977 R6S Yes

Passive wedge remains
fairly intact

Prefiles from surveys

N e after failure

R Only upper portion of
ST /escurpmenrs measured in

"\ position and inclination

Failure
Planes

Pit Filogr

lu-Defined Zone

Hori
at knee of failure orizontal

Figure 2.8 Monitoring results of a large overburden dump failure at Goonyella Mine,

Australia (B. Richards et al., 1981)
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Similarly, the collapse of the overburden dump in India caused the killing of
14 people in 2009 (Figure 2.9). The failure initiated settle at the crest of a slope and
mobilization of a layer of high plasticity back cotton soil, establishing active wedge and
passive wedge. The toe soil moved approximately 70 m from the original position.
From laboratory test results, the internal friction angle of overburdened soil is typically
from 35 to 40 degrees. However, it was reduced to around 15 degrees due to the
saturation process.

pre failure
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SRR heaved area from
. foundation failure

dump N\ .

\ 1
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wedge / “aa N
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planes // passive wed
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base of black cotton soil
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Figure 2.9 Failure mechanics of mine overburden dump in India

(Poulsen et al., 2014)

Another case, the South Field Mine (SFM) in Northern Greece was claimed to
fail in 2004 (Steiakakis et al., 2009). An enormous failure took action in the center of
the waste dump (Figure 2.10 and Figure 2.11). A volume of 40,000,000 m> of soil was
involved in mobilization as well as 2,500,000 m? of soil flowed to a distance of 300 m
from the toe of the deposit (Kavouridis, 2004). From geotechnical investigation, high
excess pore water pressure of the waste material was generated, together with a soft
clayed layer beneath the dump. As a consequence, the low shearing strength of dump
soil settled vertically and translational progressive landslide along with a lower layer,

showing the slip surface failure at the base.
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Figure 2.10 Schematic representation of South Field Mine (Steiakakis et al., 2009)
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Figure 2.11 Main scarp of the dump failure (Steiakakis et al., 2009)

The Central Pit coal mine in Turkey, a large-scale spoil pile failure was
published by (Kasmer et al., 2006). The overall area of 0.3 km? took place in 2001
(Figure 2.12). Observing from field investigation, several cracks occurred at the crest
before the failure event, and the toe of a slope moved horizontally. It was concluded
that the destruction was initiated as a result of the lowering shear strength of soil at

the base of the dump and settlement at the crest of spoil due wetting process.
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Figure 2.12 Schematic representation of Central Pit coal mine, Turkey
(a) A plan view of Central Pit and
(b) Typical cross-section of dump (Kasmer et al., 2006)
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A comprehensive in-situ work was carried out to investigate the catastrophic

landslide of a waste dump in 2015, in Shenzhen, China (Figure 2.13 and Figure 2.14).

100 m : T—Terrace

Figure 2.13 Aerial view of the 2015 Shenzhen landslide (Zhan et al., 2018)
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Figure 2.14 Cross-section of the 2015 Shenzhen landslide (Zhan et al., 2018)

The deep-seat translational failure of the 2015 Shenzhen landslide is an overall
mass of 2,500,000 m?, resulting in the loss of 77 lives and the demolishing of 33 blocks.
It was a quarry mine before changing to a construction waste dump. The construction
high of 110 m was completely finished in 22 months, with around 58,000,000 m> of
loose-fill material. With high-speed deposited rate caused the development of excess
pore water pressure in low-permeability material. A poor drainage system induced a
higher groundwater table due to rainfall infiltration—low shear strength of waste

material due to inadequate compaction.
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CHAPTER 1lI
INVESTIGATION OF A LARGE-SCALE WASTE DUMP FAILURE AT
THE MAE MOH MINE IN THAILAND

3.1 Description of the waste dump slope failure

The Mae Moh Mine is situated in the Mae Moh district of Lampang province,
Thailand, as illustrated in Figure 1.1, within the Mae Moh tertiary basin characterized
by a thickness exceeding one thousand meters. Geological investigations in the Mae
Moh basin have identified three primary categories of formations—Na Kheam, Huai
King, and Huai Luang, as detailed by (Songtham et al., 2005; Touch et al., 2015; Zarlin
et al,, 2012). The Na Kheam formation, distinguished as the principal lignite-bearing
formation, exhibits a thickness ranging from 250 to 400 meters, predominantly
comprised of lignite seams, and interposed with gray to greenish-gray claystone and
mudstone. The Huai King formation encompasses a fluvial sequence, comprising semi-
consolidated fine to coarse sandstone, claystone, mudstone, and conglomerate,
presenting various colors (green, yellow, blue, and purple) and variable thicknesses
ranging from 15 to 150 meters. The Huai Luang formation, the youngest tertiary
formation, includes red to brownish-red semi-consolidated and unconsolidated
claystone, siltstone, and sandstone, with thicknesses spanning from 5 to 350 meters,
as depicted in Figure 3.1. The materials extracted from the mine surface were
subsequently conveyed to the west dumpsite through the use of a belt conveyor,

facilitating the creation of the initial terrace on a slope, as depicted in Figure 3.2.
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Catchment

Figure 3.3 Changes in the topography of the study areas from 1992 to 2017

Figure 3.3 delineates the progression of surface topography at the waste
dumpsite between 1992 and 2017. A substantial disposal of coal mining wastes,

originating from mineral resource extraction and processing, was extensively directed
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to the West Dumpsite. The initially planned elevation for the waste dump materials
ranged from 330 m MSL to 590 m MSL, with a designed height of 260 m. Vegetation,
in the form of trees and shrubs, was intentionally introduced on the slope of the
terrace surface.

The disposal procedure commenced with the initial deposition of coal waste
materials into the swamp area at the dump site. Subsequent continuous dumping into
existing rivers and natural ponds resulted in the elevation of the catchment from
+326m MSL to approximately +340m MSL by 1995. Over the years, the spatial extent
of waste material deposition expanded, ultimately encompassing the catchments until
the conclusion of the observation period in 2017.

Initially characterized by a granular composition exhibiting a relatively high
effective friction angle, the waste dump materials underwent substantial degradation
during wetting and drying cycles associated with seasonal variations. This deterioration
rendered the material easily breakable by hand and prone to slaking, transforming into
fine clay particles with relatively high voids. Consequently, the overall waste dump
material transitioned into a loosely compacted clay, devoid of a distinct peak strength,
after several years of deposition. The initial dump materials in the swamp were
anticipated to undergo significant slaking, resulting in the formation of a weak clay layer

above a hard foundation.
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Figure 3.4 The Unmanned Aerial Vehicles (UAVs) images of the waste dump area:
(a) captured before the failure in November 2016 and

(b) captured after the failure in March 2018.
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On March 18, 2018, the waste dumpsite experienced a collapse characterized
by rotational slumping at the crest and the translation of a mass at its toe in a spreading
manner. This failure of the waste dump slope covered an area of approximately 1.56
km2, occurring when the waste dumping reached an elevation of +465 m MSL,
representing a height of approximately 135 m measured from the initial dump
elevation of +330 m MSL. Figure 3.4(a-b) presents aerial views of the waste dump area
before and after the catastrophic waste dump slope failure, captured using the

Unmanned Aerial Vehicles (UAV) technique.
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Figure 3.5 Development of the West waste dump collapsed in the failure

Figure 3.5 delineates the failure zone, partitioned into three distinct areas
denoted as Areas 1, 2, and 3. Areas 1 and 2 represent the principal bodies of failure.
In Area 1, the failure exhibited cohesiveness and underwent lateral translation sliding,
slipping approximately 50 to 70 m. Conversely, Area 2 experienced rotational sliding

and spreading over a distance of roughly 200 to 300 m, displaying indications of
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mudflow at the deposit's toe. The major and minor scarps, measuring approximately
45 m and 25 m in height at the top and central region of the failure zone, respectively,
were observed. The crest of the slope demonstrated vertical slumping between the
back scarp and prominent scarp (active wedge), while the larger spreading blocks
constituted the passive wedge. The observed phenomenon was classified as a deep-
seated multi-wedge failure mechanism, as documented by (Poulsen et al.,, 2014,
Simmons & McManus, 2004). In Area 3, the initial failure occurred at the top,
characterized by an immediate movement collapse following the landslide's body,
subsequently flowing toward the toe of the slope. Numerous transverse and radial

cracks were identified at the first and second benches.

3.2 Geophysical and geotechnical investigation

Thorough geophysical and geotechnical investigations were undertaken to
delineate the characteristics of the waste dump. The utilization of electrical resistivity
tomography, an advanced geophysical technique, involved the systematic
arrangement of electrodes to measure changes in electrical resistivity properties. The
recorded variations consistently correlated with alterations in lithology, water
saturation, fluid conductivity, porosity, and permeability. This dataset facilitated the
mapping of stratigraphic units, geotechnical structures, fractures, and groundwater

within the waste dump.
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Figure 3.6 The locations of boring logs and piezometers monitoring

Within the landslide zone, a comprehensive geotechnical investigation was
conducted, incorporating remote sensing applications, field monitoring, boring logs,
and geotechnical laboratory tests. The primary objective was to characterize water
table conditions within the waste mass and ascertain key materials engineering
parameters. Following the waste dump failure incident, a total of 19 borehole tests
were executed within the failure zone, as illustrated in Figure 3.6. Approximately one
month after the waste dumpsite failure, 11 borehole tests (designated as S1 to S5)
were carried out at the toe of the slope. In March 2019, two additional boreholes (InJ1
and InJ2) were specifically drilled to investigate the failure plane between the waste
dump materials and the existing original ground. Further borehole tests were
conducted in January 2020, including two boreholes (WD7 and WD8) located next to
the south boundary of the failure zone, and one borehole (B2) near the top elevation

of the waste dump. Additionally, Boreholes B3 and B4 were positioned in the middle
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of the failure zone, and Borehole WD16 (next to the north boundary of the failure
zone) was tested in June and August of 2020.

In addition to borehole tests, vibrating-wire, and standpipe piezometers were
strategically installed and monitored at locations depicted in Figure 3.6 to observe
water table fluctuations and pore-water pressure. Utilizing a cement-bentonite grout
mixture proved to be a reliable method for measuring pore-water pressure, given its
capability to provide readings with a notable time lag. This approach, well-documented
in projects of a similar nature, exemplifies our commitment to precision and reliability
in gathering essential data for a thorough understanding of the site conditions
(Mikkelsen & Green, 2003; Wan & Standing, 2014).

Figure 3.7 provides a cross-sectional view (a-a) of the slope profile of the waste
dumpsite, as indicated in Figure 3.6. The dashed black line and the solid red line
delineate the pre-failure and post-failure slope profiles of the waste dumpsite,
respectively, with the original ground approximately at an elevation of +330 m MSL.
The dashed blue lines represent the water levels obtained from piezometer
monitoring. Upon scrutiny of the slope profiles before and after the failure, it becomes
evident that the principal slumping block underwent vertical movement at the highest
elevation (+465 m MSL in 2018), acting as an active wedge. This vertical movement
was succeeded by horizontal translation, functioning as a passive wedge, with the

resulting debris spreading toward the toe of the waste dump area.
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The waste dump materials encountered at Borehole B2 primarily comprised
fragments of claystone, classified as poorly graded sand (SP) according to the Unified
Soil Classification System (USCS). Additionally, a weak clay layer, with a depth of
approximately 3 m, was identified above the existing original ground level at an
elevation of +331 m MSL. In the case of Borehole B3, a significant outflow of water
within the deposit was observed during the drilling process. This water discharge
persisted for approximately 3 hours, starting at a depth of 82 m from the top evaluation
at +420 m MSL, and roughly 10 m above the existing ground level (elevation of +331
m MSL).

This phenomenon may be attributed to elevated excess pore water pressure,
recognized as a primary factor instigating landslide failures (Ouyang et al., 2017; Wang
& Sassa, 2003). The topsoil profile at Borehole B4, characterized by a top elevation of
+360 m MSL and a thickness of about 5 m, is predominantly comprised of claystone.
Below this topsoil, during the drilling process, medium clay was encountered at a
depth of approximately 10 to 15 m. Additionally, about 2 m of weak clay was identified
above the existing ground level.

Significantly, the medium clay and weak clay were situated within an existing
swamp area, as depicted in the topography evolution of the waste dumpsite (Figure
3.3). A typical soil profile at the toe of the waste dumpsite, derived from a series of
boring logs (Borehole S2-1, S2-2, and S2-3), revealed that the overburdened materials,
approximately 10 m in thickness, consisted of relatively moist claystone. The
underlying layer comprised clayey soils, spanning approximately 10 to 12 m in
thickness. Additionally, layers of weak material (swamp clay), measuring about 3 to 5
m, were identified above the original ground foundation at elevations ranging from
approximately +325 m to +327 m MSL.

The vibrating-wire piezometer boreholes (B2, B3, WD16, and WD8) were
meticulously backfilled with cement-bentonite grout. The strategic placement of
piezometers at various locations and depths is depicted in Figure 3.7, where the
nomenclature for vibrating-wire piezometers adheres to the format B-V. Here, B
denotes the borehole name, and V signifies the position of the vibrating-wire

piezoelectric sensor, exemplified by designations such as B2-V2, B3-V3, WD16-V3, and
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WD8-V3. Figure 3.8 provides an illustration of the observed pore water pressure from
the piezometers at different locations. Over a year of observation, water levels
exhibited negligible fluctuations. Pore-water pressure monitoring at B2-V2, B3-V3,
WD16-V3, and WD8-V3, positioned proximately to the original ground level, revealed
that the pressures within the failure zone (B3-V3 and WD16-V3) exceeded those outside
the failure zone (WD8-V3).
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3.3  Electrical resistivity tomography (ERT) method

In pursuit of a comprehensive understanding of subsurface conditions within
the waste dumpsite, the electrical resistivity tomography (ERT) technique was
systematically employed alongside geophysical and geotechnical investigations. ERT
serves as a geophysical imaging method designed to assess the electrical resistivity of
subsurface materials. Leveraging the principle that different materials exhibit unique
electrical resistivities, this technique provides valuable insights into the subsurface
condition. Its versatile applications extend to mineral exploration, groundwater
monitoring, and geotechnical engineering, as evidenced by studies (Al-Fares & Al-Hilal,
2018; Suzuki et al., 2000; Thompson et al., 2012).

The ERT technique involves the controlled injection of an electrical
current into the ground via a specific pair of electrodes, while simultaneously
measuring the resulting voltage across another designated pair of electrodes.
Systematic variations in electrode positions and current direction are implemented to
capture multiple measurements at various points and depths beneath the surface.
Adhering to Ohm's law, the measured voltage values are then converted into apparent
resistivity values for the ground segment situated between the two electrodes. Utilizing
input current, measured voltage, and array geometry, a resistivity model of the
subsurface (pseudo-section) is meticulously generated (Edwards, 1977). The resultant
image depicting subsurface ground resistivity is subject to interpretation to discern

variations in soil or rock properties.



Figure 3.9 The positions of the electrical resistivity tomography (ERT) profiles within this investigation
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Within the scope of this study, four Electrical Resistivity Tomography (ERT)
profiles (LINE A, LINE B1, LINE B2, and LINE D) situated within the collapsed zone and
two additional ERT profiles (LINE C1 and LINE C2) in proximity to the failure zone were
systematically examined, as illustrated in Figure 3.9. These ERT profiles were
strategically positioned to intersect the specified boring logs outlined in Figure 3.6,
offering a comprehensive understanding of the soil profiles. The recorded resistivity
values spanned from 2 to 40 Ohm.m (Qm). Based on these resistivity values, the
subsurface materials were systematically classified into three distinct groups: clay and
silt materials (2 — 8 Qm), clayey-sand materials (12.5 — 17.5 Qm), and sandstone or
lignite materials (23 — 40 Qm). (Al-Fares & Al-Hilal, 2018; Pasierb et al., 2019; Porras et
al., 2022).

Figure 3.10 specifically illustrates the ERT profile for cross-section Line C1,
providing insights into the inhomogeneous nature of the waste dump materials. The
resistivity values, calibrated with soil properties at boring log B2, offered a
comprehensive understanding of the subsurface properties and groundwater level
within the elevation range of +342.02 m MSL to the existing ground elevation of +330
m MSL. In this segment, resistivity values spanning from 12.5 to 17.5 Qm indicated
clayey-sand materials, while the detected water table at approximately elevation +440
m MSL, in alignment with piezometer analysis, was identified as a perched water table,

situated within the waste material and surpassing the ground surface.
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The resistivity values along the longitudinal cross-section of the failure zone,
depicted in Figure 11 (Line D), illustrate the gradual descent of the perched water table
from the highest elevation (WEST) to the lowest elevation (EAST). Examining the
resistivity values within the elevation range of +346.9 m MSL to the existing ground
elevation +330 m MSL, corresponding to the soil profile from boring log B3, revealed
a range of 5 to 10 @m. This range indicated the presence of clay materials with high
moisture content, aligning with the soil properties identified in the boring log. The
consistency between resistivity values and soil properties reinforces the
characterization of clay materials with elevated moisture content.

Figure 3.12 portrays the ERT profile of the transverse cross-section Line A,
situated at the lower part of the slope within the failure zone. The resistivity values in
this profile were compared with soil profiles from boring logs B4, In J1, and In M1. The
results exhibit agreement, confirming the presence of silty clay materials with high
moisture content, as identified through both ERT and boring log analyses. Despite the
inhomogeneous nature of waste dump materials with varying moisture contents, to
simplify the analysis of the failure caused using the finite element method, the

materials were assumed to be homogeneous, as illustrated in Figure 3.6.
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CHAPTER IV
STABILITY ANALYSIS OF A LARGE-SCALE WASTE DUMP FAILURE
AT THE MAE MOH MINE IN THAILAND

4.1  Stability Analysis by the Finite Element Method

In this chapter, the primary objective of this investigation is to identify the cause
of the waste dump slope failure by analyzing the stability of a waste dumpsite,
considering its geometry and construction sequence. The analysis results are then
compared against established minimum stability criteria explicitly formulated for mine
waste dumpsites, as documented in prominent research and practical literature.

Various analytical techniques were employed to assess waste dumpsite
stability, broadly categorized into two main groups: deterministic and probabilistic. The
deterministic method aims to determine a specific index value representing stability,
such as the factor of safety (FS) or strength reduction factor (Goh et al., 2019; Zhang &
Goh, 2012). This approach is frequently intertwined with numerical modeling
techniques, including finite element and distinct element methods.

The probabilistic techniques are geared towards establishing a probability of
failure (PF), denoting the likelihood of a failure of a given magnitude based on the
variability of input parameters(Giasi et al., 2003; Xu & Low, 2006). The correlation
between the factor of safety and probability of failure for overall static stability is
outlined as follows: FS < 1.1, PF > 20%, FS = 1.1 — 1.2, PF =10 — 20%, FS = 1.2 — 1.3,
PF=5-10%,FS =13-15PF=1-5%,andFS> 1.5, FS <1% (efferies et al., 2008;
Read & Stacey, 2009; Tapia et al., 2007).

In the field of geotechnical engineering, the assessment of stability for both
natural and man-made earthworks often involves a parametric study. Traditional
methods rely on the factor of safety, as determined through the limit equilibrium
method. Pioneered by Janbu (1954), Bishop (1955), and Morgenstern and Price (1965)

based on the method of slices, this approach has a lengthy history. However, it is not
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exempt from limitations, including assumptions about the failure plane's shape, forces
acting between slices, and a lack of consideration for strain and displacement
compatibility (Krahn, 2003). Consequently, despite its widespread use, the method's
high reliability continues to be a subject of ongoing investigation. In contrast, the finite
element method, particularly when utilizing a strength reduction technique, has gained
increasing favor in recent decades. The strength reduction technique, introduced by
Zienkiewicz et al. (1975) entails estimating the safety factor through a simultaneous
reduction in the effective friction angle and effective cohesion of the soil material.
Therefore, this research employed the finite element method through the utilization
of the Plaxis 2D computer software to examine the failure of the waste dump slope.
Plaxis 2D is a widely adopted software for addressing intricate geotechnical and mining
challenges, renowned for its capacity to model soil behavior with high precision (Afiri
& Gabi, 2018; Albataineh, 2006; Udomchai et al., 2017).

In general, the stability of a mine waste dumpsite is governed by a range of
factors. Based on the site investigation and electrical resistivity tomography (ERT)
profiles, this study categorizes these factors into three primary considerations: the
foundation geometry and condition, the waste dumpsite geometry, material
properties, and construction sequence, and the presence of perched water conditions.

To analyze the potential causes of waste dump failure, this study conducted a
comprehensive examination through three distinct cases. The first case focused on dry
waste dump materials and their consequences. The second case simulated an increase
in the perched water table. A comparative analysis between these two cases was
undertaken to discern the impact of the perched water table on waste dump failure.

Within the waste dump mining area, a perched water table can form due to
impermeable materials, like clay or waste rock, creating a barrier that impedes
downward water movement. The recorded annual rainfall in the Mae Moh Mine, as
depicted in Figure 3.8, is representative of typical tropical region precipitation. Rainfall
prompts water infiltration through the waste dump, and impermeable layers trap the
water above, resulting in the development of perched saturated zones. Over

prolonged periods, with cycles of wet and dry seasons, these perched zones may
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expand or merge, culminating in the formation of a large interconnected perched water
table.

The third simulation case (Case 3) incorporates the inclusion of a thin and weak
basal layer above the hard foundation and beneath the waste dump materials. This
layer accounts for the degradation of the waste dump material (claystone) discovered
in the swamp area during geophysical and ERT investigations. The incorporation of this
layer aims to model the potential sliding failure of the dumpsite resulting from the

gradual weakening of the basal layer over time.

Basal layer = SESER (S

R s E s e p e e

Figure 4.1 Finite element modeling of the waste dump slope

The finite element modeling incorporated geological and perched water
conditions, as depicted in Figure 4.1. The waste dump, with a maximum height of 135
m and an average slope inclination of 10% (horizontal to vertical ratio of 1:6), was
situated above the original ground, represented as a horizontal line. The waste dump
materials were stratified into four sub-layers to account for the history of the waste
dumping process. A 4-meter basal layer was assumed to be a weak clay layer based
on field and geotechnical investigations. The foundation layer beneath the waste
dump was considered a hard stratum. The waste dump material itself was modeled
as normally consolidated material, indicating no prior stress history or compaction. This
modeling approach aimed to capture essential geological and structural features
influencing the waste dump slope stability.

The finite element analysis was conducted using the Mohr-Coulomb
constitutive model, selected for its appropriateness in representing the soil

characteristics and stage construction at Mae Moh Mine. This model, widely utilized in
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analogous mining studies, is known for its simplicity and effective approximation of soil
behavior (Afiri & Gabi, 2018; Albataineh, 2006; Udomchai et al., 2017). The Mohr-
Coulomb model relies on five soil parameters: friction angle, cohesion, Young’s
modulus, Poisson’s ratio, and dilatancy angle. For clay soils, the dilatancy angle was
set to zero. When the friction angle was less than 30 degrees, the dilatancy angle was
also set to zero. In cases where the friction angle exceeded 30 degrees, the dilatancy
angle equaled the friction angle minus 30 degrees (Brinkgreve, 2005).

There were totally six stages of the construction process, including (1) the
generation of initial stresses and installation of the first terrace, (2) the installation of
the second terrace, (3) the installation of the third terrace, (4) the installation of the
fourth terrace, (5) the installation of the fifth terrace, and (6) the determination of the
factor of safety (FS). The soil parameters of the waste dump materials obtained from
the laboratory testing required for finite element analysis are presented in Table 4.1.
Undisturbed samples of the basal soil were collected using thin wall tube samplers
according to ASTM D6519. It was found that the samples were clayey sand with high
organic content. Hence, it was impossible to obtain the undisturbed sample for

laboratory triaxial tests.

Table 4.1 Soil Parameters for Finite Element Analysis of Waste Dump Materials

Soil pazamet Dunyp soil Dump soil Dump soil Dump soil Basal Soil* Foundation

OFf patameters (Layer 4) (Layer 3) (Layer 2) (Layer 1) asaiso soil
Material model M-C M-C M-C M-C M-C M-C
Drainge type Drained Undramed (A) Undraimed (A) Undramed (A) Undraned (A) Undrained (A)
Unsatwated wut weight, Y ynsar 18 18 18 18 16 KN
Saturated unit weight, ., 20 20 20 20 18 KN
Young's modulus, E 20 40 45 60 60 M
Poission's ratio. ! 0.25 0.3 0.3 0.3 03 :
Initial void ratio, e, 1 1 0.8 08 08 :
Cohesion, ¢' 1 35 50 70 1-20 Kl
Friction angle, o' 25 15 17 20 12-20 Dey
Permeability, k - 6.0E-04 6.0E-04 5.5E-04 5.5E-04 n

* Note: the shear strength parameters (¢’ and ¢’) of the basal soil layer were varied for case I1I finite element analysis.

The meticulous calibration of the constitutive model played a pivotal role in
ensuring the precision of simulation outcomes. This intricate process involved the
careful adjustment of model parameters to closely align with the observed behavior,

emphasizing the accurate replication of failure mechanisms and deformation patterns.
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The successful calibration affirmed the appropriateness of the chosen constitutive
model and its parameters for capturing the specific conditions that culminated in the
waste dump failure. Subsequently, armed with a validated model, a comprehensive
parametric study was conducted to delve further into the underlying causes of the

failure.
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[ Factor of Safety (Based on the varied shear strength parameters)

Figure 4.2 Finite element analysis results of the waste dump slope: (a) case 1 - dry

condition, (b) case 2 - influence of groundwater level, and (c) case 3 - influence of

groundwater level and softening basal layer at the base.

Figure 4.2 displays the results of the finite element analysis for the three cases.
In Case 1 (Figure 4.2a), a minor slope sliding mechanism is observed with a factor of
safety of 1.51, indicating the stability of the waste dump slope under dry conditions.

Transitioning to Case 2 (Figure 4.3b), where the influence of the perched water table
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is considered, a major sliding failure mechanism is evident with a factor of safety of
1.11. This observation aligns with field assessments of soil movement at the toe and
along the base of the dump. Moreover, the soil mass movement at the top of the
model corresponds to the formation of active and passive wedsges, consistent with
descriptions in prior studies (B. G. Richards et al,, 1981; Zhan et al,, 2018). This
substantiates the significant impact of the perched water table on the waste
dumpsite's stability, positioning it as a primary contributing factor to the waste dump
failure.

In light of the comprehensive field and geotechnical laboratory investigations,
it was recognized that the characteristics of the weak soil in the basal layer above the
original ground level played a pivotal role in the failure of the waste dump.
Consequently, a meticulous parametric study was undertaken, involving the variation
of shear parameters—specifically, the effective friction angle and effective cohesion
values—to meticulously evaluate their impact. In this particular instance, the effective
cohesion was fixed at 1 kPa, and the effective friction angle values were systematically
adjusted to identify the minimum value resulting in a factor of safety greater than 1.
Subsequently, variations in effective cohesion values were explored to discern their
influence on the stability of the waste dump slope.

As depicted in Figure 4.2c, the waste dump slope experienced failure when the
effective friction angle of the weak clay layer dipped below 12 degrees. The observed
failure mechanism mirrored that of Case 2, with the factor of safety registering below

1.0 in this particular scenario.
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Figure 4.3 Influence of effective cohesion and friction angle of weak clay layer on

the factor of safety of waste dump.

Figure 4.3 delineates the correlation between the shear strength parameters,
specifically the effective friction angle and effective cohesion, and the factor of safety
of the waste dump slope. The graphical representation underscores that the stability
of the waste dumpsite is notably more influenced by variations in the effective friction
angle compared to changes in effective cohesion. This observation aligns with prior
research on high waste dump slope failures (Poulsen et al., 2014). This reinforces the
notion that the waste dump failure stemmed from the presence of a thin, degraded
soil layer above the hard foundation, exhibiting weaker characteristics than the waste
dump materials and susceptible to sliding failures involving the formation of active
and passive wedges. This phenomenon closely resembles findings from previous
investigations into waste dump failures, as documented by various researchers (Kasmer
et al,, 2006; Poulsen et al., 2014; Steiakakis et al., 2009; Wang & Griffiths, 2019; Zevgolis
et al, 2019). The formation of the basal layer can be attributed to the gradual
degradation of claystone waste in the swamp area, eventually transforming it into

clayey soil over an extended period.
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Upon careful consideration of both the site investigation data and the results
derived from finite element analysis, the identified factors contributing to the waste
dump failure predominantly involve the presence of a perched water table inducing
heightened pore-water pressure and the potential degradation of waste dump
materials interfacing with the foundation. The failure within the dump's basal zone
aligns with a wedge failure mode, characterized by kinematics encompassing the
horizontal translation of a passive wedge and the vertical subsidence of an active
wedge.

In response to the outcomes of this investigation, it is recommended to employ
advanced soil improvement techniques, such as the installation of vertical or
horizontal drains, to effectively mitigate water pressure within the waste dump
material. This strategic approach is intended to bolster stability as dumping operations
progress toward the targeted height. Additionally, a systematic regimen of monitoring
pore-water pressures and deformations through inclinometers during the dumping
process is strongly advocated, providing a proactive means to detect and address
potential stability challenges.

This research significantly advances the understanding of the contributing
factors leading to the catastrophic waste dump slope failure at the Mae Moh Mine.
While previous case studies have underscored factors like excess pore water pressure,
weak foundation layers, and wedge failure mechanisms, this study provides a
comprehensive examination of the unique combination of causal elements specific to
the Mae Moh dump failure. The utilization of an integrated methodology, combining
electrical resistivity tomosgraphy imaging with geotechnical field data, enables a
detailed characterization of the complex  stratification of waste layers and
hydrogeological conditions. The application of 2D finite element stability analyses,
driven by empirical data, quantifies the respective impacts of elevated perched
groundwater and strength reduction within a thin degraded clay layer above the rigid
foundation. These nuanced insights will serve as a basis for informed and targeted
remediation strategies, optimizing stability considerations as dumping activities progress

toward the ultimate height.
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4.2 Conclusions

The investigation into the catastrophic waste dump failure at the Mae Moh
Mine was prompted by data obtained from the Electricity Generating Authority of
Thailand (EGAT). According to EGAT, the excavation at Mae Moh Mine, located in the
northeast region of Thailand, is planned to extend to a larger and deeper scale,
reaching depths of up to 500 m. Consequently, the waste material was initially
intended to be dumped to a height of 260 m. However, a significant failure occurred,
covering an area of approximately 1.56 km2 when the dump had reached a height of
only 135 m from the original ground level. This research aimed to ascertain the cause
of this catastrophic waste dump failure through a meticulous examination of slope
stability at the dump site. The investigation incorporated a comprehensive geophysical
approach, employing electrical resistivity tomography, coupled with geotechnical
methods such as field observation, borehole exploration, remote-sensing techniques,
geotechnical laboratory tests, and finite element analysis.

The results of the geophysical and geotechnical investigations revealed that
the subsoil profile of the waste dump was characterized by heterogeneity and varying
moisture contents. The deposition of different types of mine waste materials over time
contributed to this variability in the subsoil profile. Notably, the presence of a weak
and degraded claystone layer above the hard foundation, particularly in swamp areas,
was identified during the investigation. The formation of a perched water table, caused
by impermeable materials obstructing downward water movement, was observed in
the waste dump mining area. The inadequate drainage system at the dumpsite was
also noted, suggesting that the seepage force or the influence of the perched water
might be significant contributors to slope failure.

Another potential cause of the slope failure was identified in the reduced shear
strength of the degraded clay layer situated between the original foundation and the
waste dump body. The primary failure mode of the waste dump slope was identified
as an active/passive wedge failure, initiated at the toe of the slope and propagating
along the clay basement. Tension cracks formed at the rear part of the slope, leading

to the destabilization of the mass. The subsequent movement of the mass resulted in
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the formation of upper active and lower passive wedges, exhibiting a two-wedge failure
mode.

This study is expected to provide valuable guidance to the geotechnical and
mining engineering teams in efficiently devising short-term and long-term remediation
solutions. Moreover, it aims to assess the long-term implications for waste dumps,

especially those intended to reach the target height.
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CHAPTER V
CONCLUSION AND RECOMMENDATIONS

5.1 General summary

The main objective of this study was to investigate the potential mechanisms
and possible causes of the West Waste Dump in the Mae Moh mine. A piece of detailed
information and a discussion of the failure were represented in Chapter 1. The
literature review of the slope stability analysis including the Limit Equilibrium Method
and Finite Element Method was provided. Additionally, the number of waste dump
failures around the world is illustrated in Chapter 2. Chapter 3 presented the potential
mechanisms and possible causes of a large-scale waste dump failure in the Mae Moh
Lignite Mine. The following conclusions can be summarized from this study:

1) The slope stability of the waste dumpsite was conducted based on a
comprehensive geophysical investigation using electrical resistivity tomography and
geotechnical investigation, including field observation, borehole exploration, remote
sensing technique, geotechnical laboratory tests, and finite element analysis.

2) The geophysical and geotechnical investigation results indicated that the
waste dump subsoil profile was inhomogeneous and had various moisture contents.

3) The inadequate drainage system of the dumpsite was found during the
investigation. Hence, the seepage force or the effect of the perched water might be
the cause of the slope failure.

4) The reduced shear strength of the degraded clay layer, which existed
between the original foundation and the waste dump body, might be the other
potential cause of slope failure.

5) The collapsed waste dump can be categorized as a two-wedge model in
which the moving mass was divided into upper active and lower passive wedges and

the active wedge pushed a passive wedge horizontal movement.
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5.2 Recommendation for future works

In this study, building on the findings and conclusions drawn from the current
study, there are several areas where future research can contribute to a more
comprehensive understanding of waste dump failures and aid in the development of
effective mitigation strategies. The following recommendations are proposed for future
works:

1) Improved drainage system analysis: Conduct a detailed investigation
focusing on the drainage system of waste dumpsites. Evaluate the effectiveness of
drainage systems in preventing the accumulation of perched water and seepage forces.
Develop improved drainage strategies to enhance slope stability and reduce the risk
of failure.

2) Advanced Geophysical Techniques: Explore advanced geophysical
techniques for a more accurate characterization of subsoil profiles. Consider the
integration of innovative methods to assess moisture content and heterogeneity in the
waste dump. This could include the use of advanced imaging technologies and real-
time monitoring systems.

3) Three-Dimensional Slope Stability Analysis: Expand the slope stability
analysis to a three-dimensional framework. This could involve more sophisticated
numerical modeling techniques, such as advanced Finite Element Analysis or other
advanced numerical methods. A 3D analysis would provide a more realistic
representation of the waste dump's stability under varying conditions.

4) Risk Assessment and Management: Develop a comprehensive risk
assessment framework for waste dump failures. Consider factors beyond geophysical
and geotechnical aspects, such as climate change, socio-economic factors, and land-
use planning. Formulate effective risk management strategies to mitigate the impact

of potential failures.
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Fig. 2. Spreading the waste dump materials to the dumping area via a conveyor system.

and hydrological features of the waste dump area, drainage system, and
dumping rate. Based on the previous case studles, the softening of soil
layer and the build-up of excess porewater pressure under undrained
loading conditions were found to be the potential causes of the failure.
Consequently, the sliding failure surface occurred in the formation of
active and passive wedges along a weak zone at the interface between
the weak soil layer at the base and the waste dump material.

3. Site investigation of failed west waste dumpsite at the Mae
Moh Mine

. Description of the waste dump siope failure

The Mae Moh Mine is located in Mae Moh district, Lampang prov-

dump materials was 260 m, deposited from +330 m MSL to +590|
MSL. The trees and shrubs were planted on the slope of the terrs
surface. The disposal of coal waste rials was first dumped i
swamp area at the dumpsite. The waste materials were then contiy
ously dumped into the existing rivers and natural ponds, which caus
the elevation of the catchment from +326 m MSL to approximat,
+340 m MSL in 1995. The spread of the waste materials was in a larj
area and finally covered the catchments until 2017. The characteristic|
the waste dump materials was initially granular in nature with a re|
tively high effective friction angle. However, the waste dump materi|
were significantly broken down by the wetting and drying cycles due|
seasonal changes. This material slakes into fine clay particles w|
relatively high voids. As a result, the waste dump material, in gene|

b d clay with no pronounced peak strength af|

I a loose

ince, Thailand (Fig. 1) in the Mae Moh tertiary basin with a thickness of
more than a thousand meters and three main categories of geological
formations, including Na Kheam, Huai King, Huai Luang (Sosgtham
et al, 2005; Touch et al, 2015; Zarlin et al, 2012). The Na Khaem
formation is the most significant lignite-bearing formation with a
thickness of 250 to 400 m and is primarily composed of lignite seams
and gray to greenish gray claystone and mudstone. The Huai King for-
mation is a fluvial sequence consisting of semi-mnsolbdaled fine to
coarse sandstone, claystone, d and with
different colors (green, yellow, blue, and purple) and thickness (15 to
150 m). The Huai Laung formation, including red to brownish-red semi-

lidated and unc lidated claystone, siltstone, and sandstone, is
the youngest tertiary formation with a thickness ranging from 5 to 350
m. The excavated materials from the mine surface were then transferred
to the west dumpsite by utilizing a belt conveyor to establish the first
terrace of a slope.

Flg. 3 shows the surface topography evolution of the waste dumpsite
from 1992 to 2017. The enormous disposal of the coal mining wastes
from extracting and p ing mi 1 1 was widely dumped
into the West Dumpsite. The preliminary designed height for the waste

a few years of dumping. The first dump materials in the swamp w
expected to be seriously slaked and became weak clay layer above hj
foundation.

On March 18, 2018, the waste dumpsi llapsed with the rotati
slumping at the crest and translation of 8 mass at its toe in a spread]
manner. This waste dump slope failure covered an area of approximat)
1.56 km* when the waste dumping reached an elevation of +465 m M|
which was about 135 m in height measured from the first dump ele1
tion of +330 m MSL. Iig. “(a-b) shows the aerial views of the wa|
dump area before and after the catastrophic waste dump slope faily
using an Unmanned Aerial Vehicles (UAV) technique.

Sl 5 demonstrates the failure zone, divided into three main ar
{Areas 1, 2, and 3). Area 1 and Area 2 were the main failure bodies.
Area 1, the failure stayed intact and slipped about 50 to 70 m by late|
translation sliding. Area 2 failed by rotational sliding and spreading|
approximately 200 to 300 m, where a sign of mudflow was visible at {
toe of the deposit. The major and minor scarps were about 45 m and
m in height at the top and the central region of the failure zol
respectively. It was indicated that the crest of the slope was slumped i|
vertical movement between the backscarp and prominent scarp (act|




72

Fig. 3. Topography evolution of the study areas between 1992 and 2017,

wedge), while the spreading larger blocks were the passive wedge. This
ph was categorized as a deep-seated multi-wedge failure
mechanism (Poulsen et al, 201 4; Simmons and McManus, 2004). Area 3
indicated the initial failure in the top (initial movement collapse)
i diately after the landslide’s body and then flowed to the toe of the
slope. A number of transverse and radial cracks were found at the first
and second benches.

3.2. Geophysical and geotechnical investigation

Geophysical and geotechnical investigations were performed to
identify the characteristics of the waste dump. Electrical resistivity to-
mography, an advanced geophysics technique for characterizing sub-
surface materials, was employed to determine the changes in the elec-
trical resistivity properties achieved by the organization of electrodes.
The changes were consistently collected and were found to correspond
with variations in lithology, water saturation, fluid conductivity,
porosity, and permeability which might be used to map stratigraphic
units, geotechnical structure, fracture, and groundwater.

In the landslide zone, the geotechnical investigation, including
remote sensing application, field monitoring, boring logs, and
geotechnical laboratory tests, were carried out to characterize water
table conditions in the waste mass and the materials engineering pa-
rameters. After the waste dump failure incident, 19 borehole tests were
carried out within the failure zone, as shown in Fig 6. 11 borehole

Engineering Geology 329 (2024) 107|

(designated as S1 to S5) tests were carried out at the toe of the sl
about 1 month after the waste dumpsite failure. In March 2019, 1|
boreholes (InJ1 and InJ2) tests were conducted to investigate the fail|
plane between the waste dump materials and the existing origi
ground. In January 2020, two boreholes WD7 and WD8 (next to
south boundary of the failure zone) and one borehole B2 (close to the
elevation of the waste dump) test were carried out. Boreholes B3 and
were located in the middle of the failure zone, and borehole WD16 (n|
to the north boundary of the failure zone) test was conducted in Jy
and August of 2020, respectively. In addition, vibrating-wire ¢
standpipe piezometers were installed and recorded at the locati)
shown in Fig. 6 to observe the water table and porewater pressure|
cement-bentonite grout mixture has been one of the most dependa|
methods to measure porewater pressure as a reading of a pi |
sensor with notable time-lag and was also utilized in this project (¥

kelsen and Green, 2003; Wan and Standing, 2014).
5. 7 demonstrates the slope profile of the waste dumpsite at a crq
section (a-a), as shown in Fi3. 6. The dashed black line and the solid |

line indicated the waste dumpsite’s pre-failure and post-failure sl
profile, while the original ground was approximately at elevation
+330 m MSL. The dashed blue lines displayed the water level obtaii
from the piezometer monitoring. It was seen from the slope profi
before and after the failure that the main slumping block moved ve
cally at the highest elevation (+465 m MSL in 2018), acting as an act|
wedge. The translation occurred in horizontal movement as a pass|
wedge shortly thereafter, and its debris spread to the toe of the wa
dump area.

The waste dump materials at Borehole B2 were mostly clayst(
fragments, classified as poorly graded sand (SP) based on the Unif
Soil Classification System (USCS). Furthermore, a depth of apprq
mately 3 m of weak clay layer was found above the existing origi
ground level (at elevation of +331 m MSL). At Borehole B3, wa
gushed out within the deposit during the drilling process for about 3 I
82 m from the top evaluation of +420 m MSL and about 10 m above
existing ground level (elevation of +331 m MSL). This might be dus|
the high excess pore water pressure, which is one of the main fact
triggering landslide failure (Ouyang et
The topsoil profile at Borehole B4 (top elevation +360 m MSL), abou|
m in thickness, was claystone, and below this topsoil, the medium clay
about 10 to 15 m was found during the drilling process. In additi
about 2 m of weak clay was found above the existing ground level. It i
interest to note that the medium clay and weak clay were located at|
existing swamp area, as described in the topography evolution of
waste dumpsite (Fig. 2). The typical soil profile at the toe of the ws|
dumpsite obtained from the group of boring logs (Borehole §2-1, S2|
and S2-3) indicated that the overburdened materials about 10 m
thickness were relatively moist claystone, and the underlying layer
clayey solls of approximately 10 to 12 m in thickness. In addition,
weak material (swamp clay) layers of about 3 to 5 m were found aby|
the original ground foundation at the elevation of approximately +
m to +327 m MSL.

The vibrating-wire piezometer boreholes were fully backfilled w|
cement-bentonite grout (B2, B3, WD16, and WDS8). Piezometers w|
installed at different locations and various depths as described in Fig
Thevibrating-wire piezometers were denoted as B-V, where B stands
the name of the borehole and V for the position of the vibrating-w
plezoelectric sensor, Le., B2-V2, B3-V3, WD16-V3, and WD8-V3.

Fig. & shows the pore water pressure observed from the piezomet|
at various locations. The water levels were changed insignificar|
during the year of observation. The piezometer monitoring at B2-V2, |
V3, WD16-V3, and WDS-V3 close to the original ground level dem|
strated that the pore water pressures within the failure zone (B3-V3 ¢
WD16-V3) were higher than those out of the failure zone (WD8-V3)

al., 2017; Wang and Sassa, 20(
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Fig. 4. The Unmanned Aerial Vehicles (UAVS) images of waste dump area: (a) before failure in November 2016 and (b) after failure in March 2018,

3.3. Electrical resistivity tomography (ERT) method

To understand the overall subsurface conditions in the waste
dumpsite, the electrical resistivity tomography (ERT) technique was
used in conjunction with the geophysical and geotechnical in-
vestigations. The ERT is a geophysical imaging technique used to
determine the electrical resistivity of subsurface materials. Since
different materials have different electrical resistivities, the electrical
resistivity values can be used to examine the subsurface condition. This
technique can be used in various applications, Including mineral
exploration, groundwater monitoring, and geotechnical engineering
(Al-Fares and AMHilaly 2083 Suzuki et al,
2012).

The ERT technique involves Injecting an electrical current into the
ground through a pair of electrodes and measuring the resulting voltage
between another pair of electrodes. By varying the electrodes' pasitions
and the current’s direction, multiple measurements were taken at
different points and depths beneath the surface. Based on Ohm’s law, the
voltage was then converted to apparent resistivity values for the ground
between the two potential electrodes. The resistivity model of the sub-
surface (pseud; tion) is g d using the input current, measured
voltage, and array geometry (Edwards, 1977). The subsurface ground
resistivity image can be interpreted to identify variations in soil or rock
properties.

2000; Thompson et al.,

Engineering Geology 329 (2024) 1074(

In this study, 4 ERT profiles (LINE A, LINE B1, LINE B2, and LINE [}
within the failure zone and 2 ERT profiles (LINE C1 and LINE C2) clog
to the failure zone were investigated as shown in Fig. 9. The ERT profilg
were designed to cross the boring logs prescribed in Fig. 6 to ascertai
the soil profiles. The ERT profiles indicated that the resistivity value
ranged from 2 to 40 Ohm.m (£2m). Based on the resistivity values, th|
subsurface materials can be classified into three main groups, Le., cla|
and silt materials (2-8 Qm), clayey-sand materials (12.5-17.5 Qm), an|
sandstone or lignite materials (23-40 Qm) (Al-Fares and Al-Hilal, 2014
Pasierb et al., 2019; Porras et al., 2022)5

Fig. 10 illustrates the ERT profile of the cross-section Line C1, ind|
cating the inhomogeneous waste dump materials. The resistivity value
were used to verify the waste dump materials’ subsurface properties an|
groundwater level. The resistivity values were calibrated with so|
properties at boring log B2. From the elevation +342.02 m MSL to th
existing ground elevation +330 m MSL, the resistivity values range|
from 12.5 to 17.5 Qm, defined as the clayey-sand materials. In addition|
the water table was detected at an elevation of approximately 440 g
MSL, which is in agreement with the detected level obtained from th)
piezometer analysis. Since the water table was located in the wast
material and higher than the ground surface, this water table Is desl
nated as perched water table.

Similarly, the ERT profile p: d by the resistivity values alon|
the longitudinal cross-section of the failure zone (Line D) was depicte|
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Fig. 6. The locations of boring logs and piezometers monitoring.
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Fig. 8. Water pressure elevation observed from piezometers monitoring.

in Fig. 11. The perched water table gradually lowered down from the top
elevation (WEST) to the lowest elevation (EAST). To compare with the
soil profile from boring log B3, the resistivity values from the elevation
+346.9 m MSL to the existing ground elevation +330 m MSL were
studied. The resistivity values ranged from 5 to 10 2m obtained from the
ERT analysis indicated the clay materials with high moisture content,
which were consistent with the soil properties obtained from the boring
log.

Flg. 12 presents the ERT profile (the transverse cross-section Line A)
at the lower part of the slope within the failure zone. The resistivity
values in this profile were used to benchmark with the soil profiles ob-
tained from the boring logs B4, In J1, and In M1. The results for both the
ERT analysis and boring log indicated that the waste dump materials

were inhomogeneous materials with various moisture contents. Hoy|
ever, in order to simplify the cause of failure analysis by the fini
element method, the waste dump materials were assumed to be hj
mogenous, as described in Fiz. 6.

4. Stability analysis by the finite element method

tiaat

This | aims to d ine the cause of the waste dum
slope failure, in which the stability of a waste dumpsite was analyz
based on the geometry and construction sequence. The analysis resu|
was d with the mini stability acceptance criteria explicit
developed for mine waste dumpsite and published by well-know
research and practical work. Analytical techniques were used |




76

M. Hoy et al. Engineering Geology 329 (2024) 1074|

Fig. 9. The locations of the electrical resistivity tomography (ERT) profiles in this study.
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Fig. 10. ERT profile of a cross.section Line C1.

analyze the stabllity of a waste dumpsite, which can be classified into 1.3-1.5, PF = 1-5%, and FS = 1.5, FS <1% (Jefferies et al., 2008; Re:

two main groups: deterministic and probabilistic. The deterministic and Stacey, 2009; Tagid eial., 2007).

method is designed to determine the specific index value that represents, In geotechnical engineering practice, a p ric study is g I
stability, such as the factor of safety (FS) or strength reduction factor used to evaluate the stability of natural and man-made earthworks. TH|
(Goh et al., 2019; Zhang and Goh, 2012). This technique is more slope stability is conventionally defined based on the factor of safe|
commoaly associated with numerical modeling techniques, including using the limit equilibrium method. The limit equilibrium methods we
finite element and distinct el ethods. The probabilistic tech- proposed by Janbu (1954), Bishop (1955), and Morgenstern and Prid

niques determine a probability of failure (PF), which represents the (1965) based on the method of slices. Despite the long-standing exp|
likelihood that a failure of a given magnitude could occur based on the rience with limit equilibrium analysis, this method presented sever
variability of the input parameters (Giasi et al, 2003; Xu and Low, drawbacks, such as the assumption of the shape of the failure plane ar|
2006). The relationship between the factor of safety and probability of the force acting between the slices. The strain and displaceme)
failure of overall static stability was summarized as follows: FS < 1.1, PF compatibility was not considered (Krahn, 2003). Consequently, the hig
> 20%, FS = 1.1-1.2, PF = 10-20%, FS = 1.2-1.3, PF = 5-10%, FS = reliability of this method still needs to be discovered. On the other han|
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the finite element method using a strength redoction technique has
increasingly become popular over the last few decades. The strength
reduction technique was proposed by Zienkiewlicz er al. (1975) to esti-
mate the safety factor by a simultaneous reduction in effective friction
angle and effective cohesion of the soil material.

Therefore, the finite element method using computer software Plaxis
20 was carried out o investigate the waste dump slope failure in this
research. Plaxis 2D is & common practice software for solving complex:
geotechnical and mining problems, which provides the high accuracy in
modeling the soil behavior (Afirl and Gabd, 20018; Albataineh, 2006
Udomchai et al., 2017).

Generally, several factors can affect the stability of mine waste
dumpsite. However, based on the site investigation and ERT profiles in
this study, these can be categorized into three main factors. The first
factor is the foundation geometry and condition; second factor is the
waste dumpsite geomefry and material properties and construction
sequence; and the last but not least factor is perched water conditions.
This study performed three different possible cases for examining the
cause of the failure of the waste dump. For the first case, the dry waste
dump materials with the dumping consequences were studied. $imilar to
the first case, the increase of the perched water table was simulated in
the second case. These two cases were compared and used (o investigate
the influence of the perched water table on waste dump failure. In the
waste dump mining area, the perched water table can be formed when
impermeable materials like clay or waste rock create a barrier that
prevents downward water movement. The recorded rainfall data (Fig. 8)
indicated that the heawvy rainfall was not detected prior to the slope
failure incident; the failure occurred indry season. It is therefore impliad
that the rainfall causes water to infiltrate through the waste dump and to
get trapped above less permeable layers, leading to the formation of the
perched saturated zones. With progressive saturation and waste material
alterations over long time periods (many wet-dry seasons), the expan-
sion or merging of existing perched zones formed a large interconnected
perched water table. The degradation of the waste dump material

EAST
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(claystone), which deposited in the swamp area and discovered duri
the geophysical and ERT investigation, could cause the sliding failure
the dumpsite. Therefore, the thin and weak basal layer above the hal
foundation and beneath the waste dump materials was included in o3
2 for the simulation case 3.

The finite element modeling was based on the geological a
perched water condition as shown in Fig. 12 where the maximum heig
of the waste dump material was 135 m with an average inclination slof
of 108 (horizontal to vertical ratio of 1:6). The original ground wj
assumed to be a horizontal line. The waste dump materials of four sy
layers were studied based on the history of the waste dumping proce
Based on the field and geotechnical investigation, the 4-m basal lay
was assumed to be & weak clay layer. The foundation layer wi
considered 8 hard stratum. The waste dump material was normal
consolidated material as it was not subjected to any stress history a
compaction.

The constitutive model used in finite element analysis was select|
hased on stage construction and soil material characteristics, where
the Mohr-Coulomb model was used for the studied soil materials. TH
maodel was chosen because of its simplicity and ability to approxims
the behavior of the specific soil types found at Mae Moh Mine,
employed in similar mining studies (Afifd and Gabi, 2008, Albataine
2006y Udomehal et al., 2017). The Mohr-Coulomb model requires fi
soil parameters. friction angle, cohesion, Young's modulus, Poisso
ratio, and dilatancy angle. The value of the dilatancy angle was zero f
clay soils. The dilamncy angle of soil was set as zero when the frieti|
angle was <30 degrees and equal to the friction angle minns 30 degre
when the friction angle was higher than 30 degrees (Brinkgreve, 200
There were six stages in the construction process: (1) the generation
initial stresses and installation of the first terrace, (2) the installation
the second terrace, (3) the installation of the third terrace, (4) o
installation of the fourth terrace, (5) the installation of the fifth terrad
and (6) the determination of the factor of safety (F5). The sodl param|
ters of the waste dump materials obtained from the laboratory testi
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Fig. 12. ERT profile of a cross-section Line A.
required for finite element analysis are presented in Table 1. Undis- behavior of the failure mechanisms (deformation patterns). The good

turbed samples of the basal soil were collected using thin wall tube agreement achieved through calibration indicates that the constitutive
samplers according to ASTM D6519. It was found that the samples were maodel and parameters were appropriate for the conditions leading to the
clayey sand with high organic content. Hence, it was impossible to waste dump failure. With the validated model, a parametric study wa
obtain the undisturbed sample for laboratory triaxial tests. then conducted to further investigate the essential causes of failure.
The calibration of the constitutive model was a crucial step in Fig. 14 shows the finite element analysis results for all three cases
ensuring accurate simulation results. This process involved adjusting For case 1, Fig. ! 4a indicated the minor slope sliding mechanism with
model parameters to match the observed behavior. The calibration the factor of safety equal to 1.51, in other words the waste dump slopy|
aimed to achieve a close match between the simulated and observed did not fail in the dry condition. With the influence of the perched wate)

10
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Fig. 13. Finite element modeling of the waste dump slope.

Table 1

Soil parameters of the waste dump ials for finite el lysi
Sall Parameters Dump sall Dump soll Dump soll Dump sall Basal soll Foundation soll Units

(Layer 4) {Layer 3) {Layer 2) (Layer 1)

Material model MO MC MO MO MC MC .
Drained type Dratned Undralned (A) dralned (A) Undrained (A) Undrained (A) dralned (A) -
Unsaturated unit welght, 7.0, 18 18 18 18 18 kN/m?
Saturated unit wedght, e m 0 20 20 = kN/m®
Young's modulus, £ 2 a0 a5 60 0 MPa
Polsson’s ratio, v’ 025 03 03 03 03 s
Initial vold ratio, e, 1 1 08 08 0.8 .
Cobeston, ¢* 1 35 50 70 1-20 kPa
Friction angle, ¢ b3 15 17 20 12-20 Degree
Permeability, k - G.O0E03 BOUE04 550604 550604 m/day
* Note: the shear strength parameters (¢ and @) of the basal soil layer were varied for case 111 finite element analysis.

table for case 2, iz 14b indicates the major sliding failure mechanism This was similar to the previ dies on waste dump failures reported

of the waste dumpsite and the factor of safety was equal to 1.11. It was
also indicated that the failure mechanism was well associated with the
field observation of the soil movement at the toe and along the base of
the dump. Furthermore, lhemﬂmammvemmtuxhetopﬂd!mdel

specified the formation of the active and pemlvewedgalkuﬂbdhlh‘

previous studies (Richards et al,

firmed that the p
stability of the waste dumpsite, which could be one of the leading causes
of waste dump failure.

Based on the field and geotechnical laboratory investigation, the soil
properties of the weak soil at basal layer above the original ground level
might also influence the cause of the waste dump failure. Therefore, the
shear p effective fri angle, and effective cohesive values,
wemvarledmenmine!udfea In this case, the effective cohesion was
assumed to be 1 kPa, while the effective friction angle values were
varied in order to find its minimum value when the factor of safety was
=>1. Once the minimum effective friction angle was determined, the
effective cohesion values were varied to examine its influence on the
waste dump slope stability.

Fig. 14eshowed that the waste dump slope failed when the effective
friction angle of the weak clay layer was <12° and the failure mecha-
nismwasfoundubadmﬂnxocase2whlleme(aaorofufelywas
<1.0. Fig. 15 shows the relati the shear gth pa-
rameters (effective friction angle.and effective cohesion) and the factor
ofuﬂetyoftbewastedxmpslope_lxmsevldemxhnhemblmyofme
waste dumpsite was more significantly influenced by the effective fric-
tion angle than the effect of the effective cohesion. This finding was
found to be strongly iated with the previ h for high waste
dump slope failure (Poulsen et al., 2014). Therefore, the failure of the
waste dump was also due to the thin degraded soil layer above the hard
foundation which was weaker than the waste dump materials and the
sliding failure may occur in the formation of active and passive wedges.

1981; Zhan et @b 20118). This

gt

hed water table significantly influenced the

11

by several researchers (Kasmer et al., 2006; Poulsen et al, 2014;
Steiakakis et al., 2009; Wang and Griffiths, 2019; Zevgolis et al., 2019).
The base layer might result from the degradation of claystone waste in
the swamp area over time and becomes clayey soil.

Based on the site investigation and finite element analysis results, the
possibility of the causes of waste dump failure could be attributed to two
main factors, which were the perched water table associated with the
high pore water p and/or the deg of waste dump mate-
rials at the interface between the foundation and the waste dump ma-
terials. Failure of the dump basal zone can be classified in the mode of
wedge failure, which causes the kinematics with the horizontal trans-
lation of a passive wedge and vertical subsidence of an active wedge.

Based on this study, the soil improvement techniques, including
vertical drains or horizontal drains to reduce the water pressure inside
thewastedlmpmnemlmsuggaiedwlmmthemmtyﬁm
further dumping to the target height. M. , peri
of pore-water pressures and deformations using an inclinometer during
the field dumping would greatly support anticipating any impending
stability problems.

This study provides new insights into the cause of the catastrophic
waste dump slope failure at the Mae Moh Mine, Thailand. While pre-
vious failures case studies have highlighted factors like excess pore
water pressure, weak foundation layers, and wedge failure mechanisms,
the specific combination of causal factors for the Mae Moh dump failure
has not been fully documented. This investigation applies an integrated
approach using electronical resistivity tomography imaging in combi-
nation with g hnical filed data to ch rize the complex stratified
wnnelayersand‘ drogeological conditions. The data-driven 2D finite
element stability analysuqmdfy the relative contribution of elevated
perched water table and strength loss in a thin degraded soil layer above
the stiff foundation. The findings will facilitate targeted remediation
plans to improve stability as dumping resumes to the ultimate height.

Anti
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S

. Factor of Safety (FS=1.11)

Factor of Safmy (Bascd on the varied shear strength parameters)

a1

n;.u ﬂmmelmmandyﬂsmhsunhemhedumpslapeh)ml dry condition, (b) case 2 - influence of groundwater level, and (¢) case 3 - influence

’

level and ng basal layer at the base.

5. Conclusions

Based on the data from the Electricity Generating Authority of
Thailand (EGAT), the Mae Moh Mine in the northeast of Thailand will be
excavated on a larger and deeper scale up to a depth of 500 m. Hence,
the waste material was designed to dump up to 260 m in the waste dump
site. However, the large-scale failure occurred and covered an area of
about 1.56 km? when the dump reached a height of only 135 m from the
original ground. The cause of a catastrophic waste dump failure at Mae
Moh Mine was investigated in this research. The slope stability of the
waste dumpsite was conducted based on a comprehensive geophysical
investigation using electrical resistivity tomography and geotechnical
investigation, including field observation, borehole exploration, remote-
sensing technique, geotechnical laboratory tests, and finite el

- Case 2 - Influence of groundwater level,

(a)

(b)

Engineering Geology 329 (2024) 1074

< “"'A'A‘ML Yais

. .~"‘g~c FoF

Ay r e G s oy wyws e ey

(c)

material types can cause inconsistencies in the subsoil profile. T
deposition of waste materials within the swamp areas in the mine dun
led to the presence of weak degraded claystone layer above the hal
foundation. In the waste dump mining area, the perched water table |
be formed when impermeable materials like clay or waste rock create
barrier that prevents downward water movement. Rainfall over t
catchment area caused water to infiltrate through the waste dump and
get trapped above less permeable layers, leading to the formation of t]
perched saturated zones over time, resulting in a significant rise in ¢
perched water surface, The inadequate drainage system of the dumpsi|
was found during the investigation. Hence, the seepage force or the |
fect of the perched water might be the cause of the slope failure.
The reduced shear strength of the degraded clay layer, which exist

the original foundation and the waste dump body, might be ¢

=

analysis.

The geophysical and geotechnical investigation results indicated that
the waste dump subsoll profile was inhomogeneous and had various
moisture contents. Different types of mine waste materials have been
deposited in the dumpsite over time. This variation in waste dump

12

other potential cause of slope fallure. The waste dump slope's maj
failure mode was an active/passive wedge failure, the slide of which w|
initiated at the toe of the slope and moved along the clay b
Tension cracks were then generated at the rear part of the slope. U
stable mass collapsed along tension cracks. The moving mass w|
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Fig. 15. Influence of effective cohesion and friction angle of weak clay layer on the factor of safety of waste dump.

divided into an upper active and lower passive wedges. The active
wedge pushed a passive wedge hori 1 in the two-wedge
failure mode.

This study will provide more guidance to facilitate the geotechnical
and mining engineering team to efficiently find short-term and long-
term remediation solutions and to access the long-term implications
for waste dump up to the target height.
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Abstract

This paper presents the failure mechanism of a waste cump of the Mae Moh Mine, the largest open-pit mine in
Thailand. The spoil material excavated from the nine was deposited in a dumping area where s around a coal mine.
The rapid dumping rate of 20 m in a month caused the accunmilation of excess pore water pressure in the low
penneability of mine soils. The absence of compaction on fill matenials leads to low relative density and is more likely
to displace vertically at the crest. The high moisture content at the base of the dump and the giant of the deposit,
formmg the development of pore water pressure of clayed soil in the base. As a consequence, a buge mass of
overburden over an area of 1.56 kom? occurred during the routine activity of dumping at the 6th-bench of the slope.
After the waste dump failure event, the in-situ investigation was performed and geotechnical insgumentation was
camried out. This research study confirms the potential factors that developed in the deposit lad waste dump to failure.

Keywords: Coal mine, Slope stability, Waste dump failure, Mae moh mine

1. Introduction

The Mae Moh Mine 15 one of the currendy largest open-pit liznite mines in Southeast Asia. It is situated in the
Mase Moh District, Lampang Province, Thailand. The surface liznmite mine area and extemnal spoil dumping area
approximate 38 k2 and 42 k2 respectively (Fig. 1). Ar the present rate of exmaction, nearly 45,000 tons of
produced annually, which accounts for 70% of the total lisnite production of Thailand [1]. The mine has been
conunencing since 1955, The Electricity Generatng Authority of Thailand (EGAT) owns and manages the Mae Moh
Mine as well as its operation of the power plant to generate electricity of 2.400 Magawatts, which contributes to
20-30% of domestic electricity command [2].

Figure 1 Location of Mae Moh Mine

On 18th March 2018, as reportad by EGAT, a massive scale failure occwred in system A of the west dump area
(Fig. 2). The mstability initiated as the excavated soil was spreading at the 6th-bench slope. The high of dmnping area
is approximately 135 m from the base of the deposit, & width of 1300 m and 1200 m in length. The landslide imvolved
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the mobilization of debnis in the order of 70.000,000 m3. The central failure was moved away and reached a distance
of 250 m from the original location. The inclination of the liznite interface is about 3 degrees.

Figure 2 Asnal view of the large Wast waste dump faihore at Mae Moh Mine

From literature review, several researchers have reported that there is increasing the failure of open-pit dumps in
the world [3,4, 5,6, 7, 8 9,10, 11, 12, 13, 14, 15, 16]. For instance, the overburden dump failed at Indian Colliery
was documented that the spoil was displaced about 70 m from the origimal foot by reason of foundation soil failure,
sufficient spoil strength [17]. A large scale of the external waste dump in Northem Greece was taken place in 2004
[18]. It was found that increase In pore watar pressure caused the deposit to flow a mass of 40,000,000 m3 up to 300
m from the foot. The Hellenic Public Power Corparation (PPC) lignite mines in Greece revealed that the majority
factor induces instability of waste dump is the inclination of original ground and clayed soil strata placed either
margimally above or below the toa [19]. The spoil piles failure at the Gooneylla Mine in central Queensland, Australia
was studied using accurate surface surveying and it was stated that the collapse developed along bi-linear surface
(Fig. 3). This is bacause of the two reasons that reduction in shear strength of moisture sensitive material at the to2
and cracking ar the upper of wasta dump due to consolidation [20]. Groundwater infiltration is partly responsible for
slope instability. It was mentioned in some previously studies that water infiltrated into open faults and joints, as a
result, causing serious movement problems on the deposit [21, 22]. Based on comprehensive review of field study
and laboratory testing. the cracking on the crest and heaving at the toe of slope might be denved from mining activities
as horizontal stress relief [23].
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Figure 3 Monitoring results of a largs overburden dunp failure at Goonyella Mine, Australia [20]
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As claimed by the planning of EGAT, the mine will be extractad dovwn to a depth of closely 500 m from the
original surface in the next four decades and will become the deepest surface lignite in the world. The coal by-products
from mining activities will be transferred to the external waste dump area by a conveyor system and spreaders are
used for dumping. As a result, the stability problems of the waste dump are becoming a challenging issue for EGAT
from a geotechnical perspective. From these considerations above, it 1s apparent that the extansive implementation of
geotachmnical engineering plays the leading role in the stabilization of the dumping area for the future.

2. Field case study
2.1 Descriprion of the failire

The west dump site was started to put into use in 1992, The enormous proportion of excavated soil was placed
into a river and caused the elevation of water flow from +326 m to approximately <340 m in 1995. The northwest
dump failure collapsed on 18* March 2018 in the dry season, measuring about 1.2 km by 1.3 kom and 135 m high.
Prior to failure, the stacker was fed with excavated material from the belt conveyor at roughly +465 m at the crest
while the dump toe was approximately =330 m. According to EGAT’s estimation, the failure mass was 70,000,000
m’ which divided into three main areas (Fig 4).

Figure 4 Development of west waste dump failure

As field observations declared that the main body Area 1 stayed intact and slipped between 35 and 50 m by lateral
mansiation sliding. Area 2 failed by spreading from 200 to 300 m compared with the original location and a sigh of
omdflow was visible at the toe of the deposit. Area 3 collapsed immediately after the main body had moved and
nuadflow also showed on the surface. As specified that it was a river beneath the dump. From that it can be explained
why water flow presented at the base. The geotechnical investizations have confirmed that the basal dump layer was
predominantly clayed soil. Based on borehole data obtained from the Electricity Generating Authority of Thailand
(EGAT). the spoil waste layer commonly comprises of friable clay and the excavatad material in the deeper layers
showed the higher moisture content and higher degree of saturation.
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Figure § Soil boring log of sliding borehole at row 2

The location of sliding borehole at row 2 is shown in Fig. 4. It can be seen that figure 5 illustrates soil profile of
the first bench slope after the failure event. The borehole indicated that the fill materials within a depth of 0-8 m were
relatively moist claystone. Undemeath the claystone is approximately 12 meters of clay. The 3-5 m thickness of soft
soil is above the original ground (Fig. 6).

Figure 6 Soil exploration of sliding 2/3 borshole (a) 0-8 m thickness Claystone (b) 12-13 m thickness Clay () 3-5
m thickness soficlay

The nudflow yellow clay appeared during drilling by the auger hole method at the first bench which has an overall
thickness of from 10 to 20 m (Fiz. 7 a). Borehole samples of toe layer were wet and loose to medium state sandy soil
with the value Standard Penstration Test (SPT-value) from 8§ to 30 blow counts. At the borehole B3 (Szure 8), water
within the deposit was gushed due to high excess pore water pressure (Fig. 7 b).
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Figure 7 Photos of representative borehole installation: (a) At the first bench: (b) At the B-3 borshole
2.2 Earjy studies and imvesniganons

After the occurrence of slope failure, in-sita surveymg was camed out to characterize the failure mechanism of
west dunping area. A layout of the instnumentation is presented in Fig. 8.

Figure 8 A layout of insrumentation at waste dunp failure

At location within collapse regon, a total of 23 botdnleswmcouhmed,mofvhkhemblepom“m
prassure measurement to be mstalled including four barsholes of vibratmg-vire piezomster and five of standpipe
piezometer borsholes, each borehole has one or more instrumenrs. Figuwre 9 shows the detailed piezometers
descriptions. Among other boreholes, Standard Penetration Test (SPT) was camried out in accordance with
ASTM-D 1586, in order to specify the state of overburden soil. To perform SPT, a borehole was explored by drilling
rigs and then 5.1 cm diameter of a slit-spoon sanmpler was lowered into the borehole. The number of blows 1s the sum
of last two increments of 30 an, guided by a 63.5-kg of doughnut hammer falling from a height of 67 cm.
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Figure 9 Cross-section of installed piezometers of the raste dump failare

In this project, the vibrating-wire piezometer boreholes were backfilled fully with cement-bentonite grout (B2,
B3, C3, and A3). A cement-bentonite grout mixture is one of the most dependabls methed to measure pore water
pressure as a reading of piezeelectric sensor without notable dme-lag [24, 25]. 11 piecometer sensors at different
depths, were positionad within everburdsn material and at the original ground (B2-%2, B3-V3, C3-V3, and A3-V3).
The standpipe pierometer consists of 21 m of riser pipe made from PVC plastic pipe and filter tips backdilled with
sand to generate § m long of granular filters. Cement grout vwas refilled into the remaining length of the borehole. The
four comventional standpipe piezometer boreholes were mostly placed at the first bench (B4, A4) and at the foot (A5,
B3) to olserve water level.

3. Results and discussion
With the aim of obtaining information on the relative density of fill materials, four standard penstration tests Trere

comducted at the toe of the slope to identify the mumber of blows (W) with depth (Fig 10). The location of standard
pensTaton tests is marked in Fig. 8.
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Figure 10 The munber of bloms with depth at the toe of the deposit from stadard penetration tests

Based on the fiald investigation the seil layer at the toe of the depasit above the sliding surface mdicated saturated
state. It is noted that the nomber of 5PT blows increased slightly from the pround surface to a depth of 10 m The
N-value measured from ground surface o a depth of 3 m was generally § 1o 10 It is classified as a loose state. At the
depth desper than 3-10 m where is diversion canal was mostly greater than 10, expressing as medium-dense sate.
Some abnormal measured points with an exremely high M-vahie might be atirilbated to a sizable rigid material such
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as claystone, rock. For example, at a depth of 345 m in the dnlled hole SPT-1, the cone Hip came up against big-size
claystone and reached a maomber of blews of 43 and then dropped to 10 blows ata depth of 245 m

Piezometers were placed at differemt depths as well as at various locations. The vibrating-wire piezometsr is
denoted a5 B-V which stands for the name of the borshole and the name of vibrating-wire piezoelectric semsor
position. Similarly, the other B-5 is also the name of the boreholes and the name of the standpipe piezoelecoic sensors
spat. The ratio of measured vrater leval to ground elevation versus rainfall monitoring using vibrating-wile piezometer
is represented in Fig. 11.
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Figure 11 Measurements of water level using vibranng-wire piepometars

As it can be seen that figure 11 shows the rado of boreholes inside the faibare area is higher than that outside. ATl
of semsors sherer that the water lewel remasins 1mchanzed during a year. The record from plezoelectric semsors of
C3-V1 and C3-W3 installed in the borehole C3 mdicated that high emcess pore water pressure appearsd during the
process of domping of excavated material, about 0.98 and 1.01, respectively. The ratio of water level fo ground
elevation of B3-V3 and C3-173 sensors inside the faihoe area are higher than A3-V3, where is located out of that area.
It was around 0.92 of B3-V3 in comparison with 0,88 of A3-V3.

The relationship betveen ratio of water level elevation to ground elevation and ramfall monitoring using standpipe
piezomeiers is described in Fig. 12. From the praph, it is conspicuous that the water level appeared closely beneath
the ground leveal. For instance, the proporion at borehole B4 was approcamately 1, around +354 m at the first bench
slope, about § meter under the growmd surface. A +329 m of water level obsered while the elevaton of we of slope
was +330um as the ratie is relatively 1. It is noted that water level increased slightly darmg the dry season due bo the
lom permeability of waste material. From that, slope faihme incidents might takoe place afer raining season[24].
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4. Conclusions

In an effort to investigate the failure of waste dump, the primary conclusions from this study can be dravm as

follomrs:

* As menfionad by the Elacmicity Generating Autharity of Thailand (EGAT), the mine will be excavated larger
and deeper up to the dapth of 500 m. As a result, the plarming and operation of waste dump are becoming more
demanding and challenging in order to prevent any failure.

+ Inadequate drainage system vas established at the duopsite. A great quantty of water from catchment area
flomed inta the durnp, resulting in 2 siznificant rise in the water surface. From that, seepage failare might ecour
at the bottom of the domp.

+* Based on peotechnical insmumentation, it is revealed that 8 reduction in shear strength of basal soil and
mudflow acoored at the base of the dump due to wetting. Furthermaore, dumping sctivity at the crest raised by
20 m of material in cne month which may lead to growth of high excess pore water pressire. The emargence
of wet excavated soil and the high water pressure of the deposit caused the overburden dump to collapse.
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