UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

CENTRIFUGE AND NUMERICAL MODELLING OF
TRIGGERS OF SLOPE FAILURES

PETRUS ARNOLDUS CROUS

A thesis submitted in partial fulfilment of the requirements for the degree of
PHILOSOPHIAE DOCTOR (ENGINEERING)
In the

FACULTY OF ENGINEERING , BUILT ENVIRONMENT AND INFORMATION
TECHNOLOGY

UNIVERSITY OF PRETORIA

July 2025



THESIS SUMMARY

CENTRIFUGE AND NUMERICAL MODELLING OF
TRIGGERS OF SLOPE FAILURES

PA CROUS
Supervisor: ProfessoiS.W. Jacobsz
Department: Civil Engineering
University: University of Pretoria
Degree: Philosophiae Doctor (Engineering)

This research investigates the triggers and mechanisms of slope failiinessiand focusing on both
drainedinstability and triggers of undrained instabilityit addresses a critical issue in geotechnical
engineering: ensuring the stability of slopes constructed with brittle soils, such as tailings dams and
loose fill slopes under varying loading and environmental conditions. Historically, slope stability
assaesments have relied on drained shear strength. However, the introductiew ofternational
standardsn response toecent failures have underscored the need to consider undrained conditions and
their role in triggeringslope failures. The 2019 Brumadinho tailings dam disaster highlighted the

uncertainty surrounding failure mechanismsgifferentexpert panels proposed differing triggers.

This studyinvestigated a range of triggers that might result intthlggeing of undrained slope
instability through physical modellingin the geotechnical centrifuge, complemented by limit
equilibrium (LE) and finite element method (FEM) numerical analyle triggers investigated
includeddrained instability resulting frora rising water table, rapid removal of confinement at the toe
of the sloperapidbuttress constructioagainst the taeapidsurcharge loading at the crefthe slope
andfluid injectioninto a hydraulically continuous layassociated withorehole drilling. The tests also

examined the effects of soil density, pore fluid viscositgisoil saturation state on failure mechanisms.

In this study, Bpe failure typically occued when the drained factor of safety approathaity. A
dense slope subjected to a rising water table exhibited progressive sloughihgglly propagating
upwards along the slope, never resulting in catastrdpliice. Loose slopes experienced rapdep
seatedbrittle failures, initiatingfrom drainedinstability, transitioning to undraineshearingdue to the
rapidity of collapse. Rapid removal of confinement at theréselted in similaresponses to those

observedduring drained instability, suggesting thiée two instability mechanisms (i.e. drained



instability and loss of confinement) resulted in practically indistinguishable pore pressure and

deformation responses upon failure

The importance of toe stability and saturation was evidoyes with unsaturated toes remained stable
underimposedtriggers, whereasearfull saturationof the toe was a precursor to failuewas found
that even slight disturbance of a nsaturated toe, such as ttenstructon of a buttresgriggeredslope

failure.

Surcharge loading at the crest led to negligible excess pore pressures due to stress redistribution in
unsaturated sodverlying the water table andggered drained instabilitgfter a slight pausé&inally,

raising pore pressures in a hydraulically continuous layer, simulating conditions during ehritling

water, was shown to be a credible triggéundrained instabilitgue to localised loss of effective stress

and hence strength

Instances where positive pore pressures were observed during failure, presumed to be indicative of
undrained conditions, were highly localised to some regions within the saturated sand, with the most
susceptible region being the saturated toe. Despiteditel slopes being prepared in as loose a state

as possible, negative pore pressure measurements were far more commonly observed upon failure than
positive responses, suggesting that modelling all materials below the water table as undrained is a very
congrvative approach.

Numerical backanalyses were conducted usitige LE method andhe FEM with the NorSand
constitutive model. LE analyse@wicated that slope failures were triggered when the drained factor of
safety was approximately on& this study, slope failure could not be triggered by the trigger

mechanisms modelled, unless the drained factor of safety was one.

The NorSand-EM modelscaptured prdailure mechanismsuch as pore pressure responsestnds
path developmentAdditionally, the NorSand FEM models were capable of capturing-siesed

failures as observed in the centrifuge models

It is recommended to analyse the stability of slopes using the drained strength in combination with the
appropriate pore pressures to cater for partially drained or undrained conditiensesults of this

study suggest that modelling all material below the water table as undrained is -@oreawvative
approach. RBcommendationsre providedfor improving slope stability assessment, desayd
managemenodf tailingsandother marmade slopesFuture work should focus on refining numerical

models to beér capture podiailure mechanisms
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I NTRODUCTI ON

BACKGROUND

The mining industry is one of the largest global producers of solid and liquid waste, primarily
in the form of tailings. Historically, highrade ore was mined to yield large mineral quantities,
but with industrialisation and market globalisation, lowyeade ores have become increasingly
exploited. This trend, coupled with declining ore quality, has led to a surge in tailings

production, necessitating the construction of large storage facilities, known as tailings dams.

Due to common construction methods, tailings dams often contain brittle soils that are prone to
failure (Lebitsa, 2016)Despite the weldlocumented risks, tailings dam failures continue to
occur at an alarming rate. Azam & Li (2010) observed that approximately one in one hundred
tailings dams will experience a significant failure, with severe environmental, ecoanthic

social consequences. The catastrophic Brumadinho disaster, for example, released an estimated
12 million m3 of iron tailings downstreamigf 1-1), resulting in 270 fatalities (Robertson et

al., 2019). These failures are often linked to undrained conditions, where tailings may undergo
strainsoftening, resulting in long ruout distances and rapid flow, commonly attributed to

static liquefaction.

Figure 1-1: Collapsed Brumadinho tailings dam (Petley, 2019).

Similar liquefactiontype failures have been documented in conventional loose fill slopes, such

as those in Hong Kond\lithough considerably smaller than tailings dams, these geotechnical
structures can still cause catastrophic damage. In 1972, two landslides, the Po Shan and Sau
Mau Ping events, led to a combined 138 fatalities (Fg.;1 Ho et al ., 2015
findings, while centred on tailings dams, are applicable to all loosely constructed, manmade
slopes.
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Figure 1-2: (a) 1972 Po Shan landslides (67 fatalities); (b) Sau Mau Ping landslide (71
fatalities) (adapted from Ho et al., 2015).

Regardless of the scale, ensuring the stability of these structures is critically important.
Unfortunately, triggers of slope failures are often inferred from-fadlsire analyses and
eyewitness accounts, as few are documented idtine@l This limited @rect evidence leaves

critical gaps in understanding and emphasises the need for research into the specific triggers of

these failures.

In response to recent higinofile incidents, tailings management has seen new standards

emerge, such as the Global Industry Standard on Tailings Management (GISTM) (ICMM,
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2020). Many of these standards prioritise conservative design to mitigate risk. However, there

remains a need to refine these approaches to balance safety with economic feasibility.

OBJECTIVES OF THE STUDY

This study investigates potential trigganader both drained and undrained loading conditions,

of sand slope failures and their associated failure mechanisms. By analysing the factors
contributing to these failuresuch as density, pore fluid viscosity and loading conditities,
research aims to improve modelling techniques and provide design guidance for slopes under
various drainage and loading conditions. The specific objectives are:

Identify credible triggers of slopes failures using the limit equilibrium (LE) method.

Modelthe identifiedcredibletriggersusing the geotechnical centrifugad analyse the impact

of soil density on slope failure mechanisms.

Assess thappropriatenesand limitations of the LE and finite element methdBEM) for
numerical backanaly®s of slope failures.

Evaluate the conservatism associated with using undrained shear strength in slope stability

assessments.

SCOPE OF THE STUDY

The objective of this study is to investigate potential triggers for slopes failures through a
combination of element testing, centrifuge modelling and numerical modelling. The scope of

the work includes:

Element testing: Conducted on the material used in the study to quantify key parameters and
investigate material brittleness, focusing on:

o Critical state parameters

o0 Stiffness parameters

0 The permeability of the soil

0 The soil water retention properties of the soll
Centrifuge and numerical modelling: A series of centrifuge tests and numerical analyses were
performed to investigate various slope instabililggers, including:

0 The impact of soil density on sand slope failure mechanisms under a rising water table.
The effect of pore fluid viscosity on failure mechanisms.
Slope response to a loss of confinement at the toe.
Response to rapid buttress construction at the toe.

Slope behaviour under rapid surcharge loading at the crest.

O O O o o

Slope response during borehole drilling, specifically fluid injection into a hydraulically

continuous layer.
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1 Additional numerical analyses evaluated the conservatism in using undrained and liquefied

strengths for slope stability assessment.
The limitations of this study are:

This study focuses on the instability behaviour of loose, contractive sand skpesgenting
tailings dams and loose fill slopes. The models do not attempt to simulate the full structural
composition of upstream or downstream raised dams, nor the behaviour of rockfill-or fine
grained tailings layers. Instead, the aim is to isolate anderstand thdundamental
mechanisms of triggirg instability, such as liquefaction and drained instability. The findings
are therefore most applicable to tailings fdigif with loose, saturated sand deposits and are
intended to suppoliroader understanding of critical state behaviour and instability triggers of

martmade slopes. Specific limitations are:

This study used a fine silica sand as the only test material.

Only homogenous slopes were considered.

Most models were constructed using the moist tamping method, which is more representative
of soil fabric found in fill slopes than tailings dams. This method was chosen to create a brittle
fabric.

Numerical analyses were limited to a single software package each for the LE and FEM

analyses, as well as one constitutive model.

METHODOLOGY

Firstly, the material used in this study was thoroughly characterised using a series of element
tests. This was done to identify a material that is highly susceptible to static liquefaction under
the correct condition§.e. contractive state, nearly fully saturatecandsubjected to a trigger)

A series of preliminary limit equilibrium analyses were conducted to establish credible triggers
for slope failuresand to identify when the drained factor of safety approachedratlewing

these analyses, thertrifuge tests were conducted to investigate the respective triggers. Upon
successful completion of each centrifuge test, two additionaldaalyses (one LE and one

FEM) were conducted using calibrated constitutive models.

ORGANISATION OF THE REPORT
This thesis is presented in seven chapters as described below:

Chapter 1 provides background information and introduces the report. The chapter includes the

objectives, scope and layout of the thesis.
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Chapter 2 reviews current knowledge on critical state soil mechanics, instability and
liquefaction. It also discusses the characteristics of tailings dams, recent case studies of relevant
tailings dam failures and physical and numerical modelling techsigfuglope failures.

Chapter 3 describes the properties of the fine silica sand used in this study, including its
behaviour under undrained shearing.

Chapter 4 details nine centrifuge tests conducted in this study, covering test design, construction
methods, equipment used and testing procedures.

Chapter 5 discusses the numerical analyses and modelling procedures used in this research.
This includes preliminary and baekalysis LE analyses of the centrifuge tests, the calibration

of a complex constitutive model and FEM bastalyses.

Chapter 6 presents and discusses the results of all the numerical analyses and centrifuge tests.
Chapter 7 summarises the research findings and offers recommendations for future research,
along with practical recommendations for industry.

Appendix A further details the instrumentation and equipment used.
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INTRODUCTION

Slope instability in granular materials, particularly in the context of tailings dams and loose fill
slopes, remains a significant challenge in geotechnical engineering. Failures in these structures
often lead to catastrophic consequences, including lbfifepenvironmental damage, and
substantial economic costs. The complexity of predicting and preventing such failures stems
from the interaction of multiple factors, including soil behaviour under vamgargities and
drainage conditions, slope constian methods, and triggering mechanisms. Despite advances

in research, recent higrofile incidents, such as the Brumadinho tailings dam failure in 2019,
highlight the ongoing need for a comprehensive understanding of instability mechanisms and
credible ailure triggers.

This chapter introduces tailings dams, which as a specific category of engineered slopes, are
examined to contextualise challenges associated with their design, construction and
management. Case studies of notable failures are presented to illustraagetyeof failure
mechanisms observed and the consequences of inadequate stability assessment. Recent failures
have necessitated the need for investigating triggfaradrained instabilitywhich necessitate

the need for more sophisticated models, whiehodten based on critical state soil mechanics.

Following tailings damsa detailed review of the current state of knowledge on critical topics
related to slope stability and failure mechanissndiscussedThe discussion begins with an
overview of critical state soil mechanics, a foundational framework for understanding the
behaviour of granular materiails terms of both stress and densithe focus then shifts to
instability and liguefaction phenomena, exploring the conditions under which loose soils

exhibit contractive behaviour ardoss of sheastrength in a critical state framework

Furthermore, thiditerature review evaluates existing physical and numerical modelling
approaches used tmodel slope instability, highlighting their strengths, limitations, and

relevance to the objectives of this research.

By analysingfindings from the literature, this chapter identifies key gaps in understanding the
triggers of slope failuresnderdrained and undraineznditions These insights form the basis

for the experimental and numerical investigations undertaken in this study, which aim to refine
slope stability assessment methodologies and contribute to safer and more efficient

geotechnical practices.
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TAILINGS DAMS

Mining operations generate large volumes of waste material as a byproduct of the extraction
and processing of ore. Once ore is mined, it undergoes a milling or beneficiation process to
extract valuable minerals. This process involves crushing, grindingtserdical treatment,

which produces a fingrained, slurnjike wage known as tailings. Tailings typically consist

of finely ground rock, residual process water and, in some cases, chemical reagents used during
mineral separation. Depending on the ore type and processing method, only a small fraction of
the extracted matial becomes marketable product, while the remainder is discharged as
tailings onto tailings dams.

Tailings dams are crucial structures within the global mining industry, designed to contain and
manage tailings. Given the inherent risks associated with these structures, effective engineering
and environmental management are essential. The rising déonanicherals, especially those
critical to modern technological applications, is driving the need for more and larger tailings
dams, heightening the risks they present.

Critical minerals, such as lithium, cobalt, nickel, and rare earth elements, are essential for
renewable energy technologies, powering applications from electric vehicle batteries to wind

and solar energy facilities. As the world shifts from fossil furtehewable energy, the demand

for these minerals has caused global exploration and mining, necessitating the expansion of

tailings storage facilities to manage increased volumes of waste.

South Africa plays a prominent role in the global mining sector, with its vast and diverse

mi ner al resources making it one of the worl

gold, chromium, and manganese (Robinson, 2016). These resources haysvbtgnn
driving the countryds economic growth and i
global supply chain is especially critical for platinum group metals, essential in automotive
catalytic converters and emerging green technolodiesli hy dr ogen f uel cel
abundant resources thus contribute significantly to both the global economy and the transition

to sustainable energy solutions.

Unfortunatelytailings dams have come under scrutiny in recent decades due iproifig
failures worldwide, which have caused severe environmental, economic, and socigbksses
Fig. 1-1). The stability of tailings dams is a critical concern in geotechnical engineering, given
the catastrophic consequences of their failure. Tailings dams differ from natural slopes and
conventional earth embankments due to their unique construction methoelsalmpeoperties,

and operational requirements. These stmg&s are constructed using mine waste, which
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typically exhibits contractive and brittle behaviour under stress, making them particularly

susceptible to instability.

Tailings dams present a complex engineering challenge because their stability is governed by
both drained and undrained conditions, often influenced by external triggers such as rising
water tables, loss of confinement, or dynamic loading. Recent failoobsding highprofile
incidents like the Brumadinho disaster, have demonstrated that the failure mechanisms in
tailings dams are often poorly understood, with uncertainty surrounding the triggering events.
This highlights the importance of studying tha@ique behaviour of tailings dams within the

broader framework of slope stability.

This section reviews the characteristics, construction methods, and failure mechanisms
associated with tailings dams. By examining case studies and research on these structures, it
establishes a foundation for understanding their vulnerability to insyeadnild the relevance of
integrating drained and undrained conditions into their stability assessments. This discussion
connects directly to the experimental and numerical modelling approaches presented later in
the chapter, which aim to address gaps irrerurknowledge and improve the predictive
accuracy of slope stability models for tailings dams.

Characteristics of tailings dams

Tailings dams, commonly constructed as raised embankments, are essential to the mining
industry These dams are typically staged and raised progressively throughout their operational
life (Priscu, 1999). They are often situated in natural depressions, valleys, or large open areas,
where tailings are deposited as a sludhen managed effectivelhis slurryis allowed to

settle, consolidatand desiccatdbefore subsequent lifts are placddhe construction and life

cycle of tailings dams generally follothree main stages:

1. Initial construction: An initial starter dike is built to create a primary containment area
and central pond.

2. Operational staging: Additional embankments are progressively raised as mining
continues until the structure reaches its design height or mining ceases.

3. Closure and reclamation: The site undergoes closure, with efforts focused on

stabilisation and environmental reclamation.

Tailings dams are typically constructed using one of three methods: upstream, centreline, or
downstream. These methods differ in how the dam is raised over time to accommodate
additional tailings storage. In the upstream metffsee Fig. 2L(a)) each new raise is built on

top of previously deposited tailings, making it the most -efftictive but also the most
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vulnerable to instability, especially if the tailings remain saturated or are poorly consolidated.
The centreline methofsee Fig. 2L(b)) involves raising the dam vertically from the original

starter dam, with fill placed partly on the upstream tailings and partly on the downstream shell.
This method offers greater stability than upstream construction. The downstream (sethod

Fig. 21(c)) involves progressively raising the dam outward and downstream, placing new fill
entirely on engineered fill or consaated ground. This approach is the most stable and robust

but also the most expensive and laminsive. The choice of construction method has
significant implications for the damds stabi

conditions.

(@)

Upstream

(b)

Centreline

(€)

Downstream

Figure 2-1: Schematic diagram of (a) upstream; (b) centreline; (c) downstream tailings

dams

According to Blight (2010), the outer wall or impounding dike is the most critical part of a
tailings dam, as it contains the saturated tailimggs interior (Fig. 22). This dike must be
designed to withstand hydraulic pressures from the stored tailings and water, as well as resist
external forces such as seepage, eroamhgravitational and shear stresses. It is typically
constructed from earth fill, rockfill, or tailingend are some of the largest earth structures that
geotechnical engineers congit Due to the immense volumes involved, tailings dams rank
among the largest manade structures, with embankments built at slope angles that balance
stability and capacity. While slope angles of 1:2 to 1:3 (vertical to horizaralpften used

for stability, some tailings dams are built at steeper angles 3949f to maximse storage
capacity, which is significantly steeper than other engineered or natural slopes (Blight, 2010).
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Figure 2-2: Schematic diagram of the impounding dike of a tailings dam containing the
saturated tailings within.

Unlike conventional earth fill dams, which are fully constructed before operation, tailings dams
are incrementally raised throughout their life, often at rate$ ®hn2eters per year (Chamber

of Mines of South Africa, 1996). This continuous constructidect$ the seepage patterns and
the phreatic surface within the dam, creating conditions distinct from conventional earth fill

dams.

Tailings dams are constructed using various methods tailored to the material properties of the
tailings, site conditionandoperational requirements. Hydraulic deposition involves pumping
tailings as a slurry and allowing them to settle naturally, with the coarser particles forming the
dam and finer particles settling in the pond. Paddocking involves creating small, intetednne
paddocks or compartments within the dam to control tailings deposition and improve drainage.
Spigotting is a widely used teclguie where slurry is discharged from multiple outlets (spigots)
along the dam crest, creating layers of deposited material. This allows for better segregation of
particles, with coarser fractions forming a stable dam wall and finer fractions settling in the
pond. Cycloning is another method used to enhance particle segregation by employing a
cyclone to separate coarser particles from fines before deposition. The coarse material is placed
on the dam wall for structural stability, while fines are directechéotailings pond. These
methods are often combined and adapted to agtidam stability, control seepagedmanage

tailings disposal efficiently. Each method requires careful monitoring and design to ensure

safety and environmental compliance.

The hydraulic deposition method leads to unique layering within the (Bagm 2-3). Fine

particles (silts and clays) and coarser particles (sands) tend to segregate based on particle size
and density, forming distinct strata with varying compositions and properties (Vermeulen,
2001). These layers consolidate over time as excess wataingd or evaporates, leading to
differential settlementand thus different gradingg-or example, gld tailings are often
classified as sandy silts or silty sands, witlefi content ranging from 8% to 95% (Reid et al.,

2021; Vermeulen, 2001). The plastic and liquid limits of gold tailings, when fines are sufficient,
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vary from 22% to 39% and 23% to 56%, respectively, with a plasticity index typically between
1% and 17% (Lebitsa, 2016uch variations in the properties are also present in other types

of tailings.

Figure 2-3. A core sample of tailings demonstrating the layering found in tailings dams
(Jacobsz & Narainsamy, 2022).

To improve the stability and environmental performance of tailings storage facilities, mining
operations are increasingly turning to dewatered tailings technologies. These involve removing
a portion of the water from the tailings slurry before depositieaulting in higher solids
content and reduced water demand. Thickened tailings are produced by increasing the solids
content to 4065% using thickenerd hickened tailingfow under gravity and can be deposited

with gentle slopes. Paste tailings haverekigher solids content (typically >65%) and exhibit

a yield stress, meaningdoesnot segregate or bleed water after deposition. Filtered tailings,
also referred to as distack tailings, are dewatered to the extent that they can be transported
and placed as a moist, unsaturatedldal material, typically with solids contents exceeypl

80%. These technologies reduce the risk of catastrophic failure by mingrttie presence of

free water and enabling deposition with steeper slopes, altlibreguires greater capital and
operational investment. The geotechnical behaviour of dewatered tailings differs significantly
from conventional tailings and must be carefully considered in dd3igrhe purposes of this
study, focus will be placed on the properties of hydraulically placed tailings.

The properties of tailings, such as density, permeahititistrength, are influenced by particle
arrangement and compaction. In situ dry densities generally range from 1250 to 1650 kg/m3,
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with an assumed design density of 1450 kg(Bitght, 2010) However, uniform density
assumptions may be misleadit@r instance, in situ void ratios farSouth African platinum
tailings dam measured by Blight (2010) varied between 0.57 to 1.26 (see-4igTlas
variability indicates that tailings are often in a loose stdiscussed in Section 2,3naking
them potentially prone to instability and liquefaction
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Figure 2-4: Measured in situ void ratios of samples obtained from a platinum tailings dam
(modified from Blight, 2010).

2.2.2. Case studies of tailings dam failures

Tailings dams are widelyinderstoodto experience at least some form of structural or
operational failure over their lifetimes (Smith, 1972; Vermeulen, 2001). These failures range
from minor issues, such as slight design deviations that can be corrected, tosengerents

(see Fig. 11). Although minor failures often go unreported, larger incidents can trigger
cascading effects, resulting in the collapse of large sections of the structure and causing

significant environmental, economanidhuman loss.

Common causes of distress in tailings dams include improper management of the phreatic
surface and insufficient freeboard, which can exacerbate seepage issues and internal erosion
(Vermeulen, 2001). Lyu et al. (2019) further support this, identifying seematernal erosion,
foundation failures, overtoppingand seismicinduced instability as primary failure
mechanisms. Often, these incidents arise from a combination of factors, as shown by
Vermeulen (2001), Davies (200&)dLyu et al. (2019), which carelcategosed into six major

failure types:

1. Hydraulic failuressWien t he damdébs capacity to manag
due to factors like excessive rainfall, rapid snowmelt, or overtopping from inadequate

freeboard
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2. Structural failuresArising from compromised dam integrity, leading to embankment
deformation or collapse. Causes include foundation instability, seapdgesed
piping, erosion, or construction deficiencies that create weak zones within the structure

3. Design deficienciesCovering inadequate slope stability analyses, poor foundation
assessments, insufficient freeboartl lack of seismic considerations, all of which
weaken dam resilience

4. Operational errord?oor practices such as inadequate maintenance or monitoring may
worsen structural vulnerabilities and elevate failure. risk

5. Environmental factorsExternal conditions like seismic events, extreme weathdr
changes in groundwater levels can destbitlams and increase the likelihood of
failure.

6. Human factorstssues in training, communication, or orgational culture that affect

decisionmaking can contribute significantly to dam failure risks

More recently, Fourie (2024) discussed three idealised effective stress paths that often occur in
tailings dams that can trigger instability (Fig5R The first common stress path is what occurs
during a rising water table, where a soil element experiences a constant shear drained (CSD)
stress path. Here, the shear stress remains constant whilst the effective stress is reduced due to

the rising watetable(discussed further in Section 2.3.5)

CSL

Instability
line

Deviatoric stress, q

Rapid surcharge
loading

P
<

Rising water tableIn|t|al stress state

»
>

Mean effective st

Figure 2-5: Three idealised effective stress paths common in triggering instability

(adopted from Fourie, 2024).
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The second stress path is rapid loading, which quickly increases the vertical effective stress,
increasing the shear stress in the soil, moving the stress state vertically toward the onset of
instability (instability line; discussed in Section 2.3.5). Peto Valley tailings dam failure is

an example of where too rapid loading caused a failure to occur (Adams et al., 2018). Waste
rock was deposited in 17 m lifts on the tailings surface, which rapidly increased the pore

pressures and shear stress in thimdg, triggering failure.

The final stress path is a lateral or basal extrusion stress path. Deformation or loss of
confinement causes the horizontal effective stress (or minor principal effective stress) to reduce,
whilst the vertical effective stress (or major principal effecsitvess) remains unchanged. This
causes the mean effective stress to reduce, while the shear stress increases, leading to instability.
This is similar to what occurred in the Merriespruit tailings dam failure, where a loss of

confinement at the toe triggat failure (discussed below).

Understanding the root causes and outcomes of past failures is critical for enhancing dam
management practices and preventing future incidents. The following sections explore several

high-profile cases of tailings dam failures from recent decades
2.2.2.1 Merriespruit tailings dam failure, 1994

On 22 February 1994, a 31 m high tailings dam embankment near Merriespruit, South Africa,
experienced a catastrophic failure. That evening, during an intense rainstorm, approximately
55 mm of rainfall occurred within a 30 minute period. A few hours afterrainfall, the
impounding dike breached, releasing around 600 000 m?3 of liquefied tailings. This surge of
tailings flooded the town situated just 300 m downstream, ultimately flowing 4 km further.
When the liquefied tailings reached the first row of thinigjs, they were approximately 2.5 m

deep. The event resulted in devastating property and environmental damage, along with the loss

of 17 lives.

In the years leading up to the breach, signs of distress had been observed on the side of the
tailings dam that eventually failed. Persistent seepage and sloughing at the toe indicated
underlying stability issues (Blight, 2010). Efforts to halt furthelings deposition did not

resolve these issues and minor slip failures continued to occur, with repairs attempted using dry
tailings. Despite warnings about potential instability, excess water from the treatment plant was
illicitly deposited on the structar which further reduced its freeboard. This water accumulated
toward the section of the dam that later failed, increasing the saturation level near the

impounding dike.
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As noted by Papageorgiou (2004), the global factor of safety (FoS) was estimated to be 1.23
using a friction angle and cohesion of’3thd 2 kPa, respectively. However, owing to the
continuous sloughing and seepage, paired with the illicit deposition of water, it was noted that
localised stability at the toe was marginal (FeSslightly above one).

On the night of the failure, heavy rainfall raised the water level within theadathe reduced
freeboard allowed water to overtop the embankment. This overtopping initiated erosion of the
dam wall, increasing shear stress at the toe and triggering undrained shearing cdisditions
lateral/basal extrusion in Fig-3). As shearing progressed, excess pore pressures developed,
leading to a reduction in shear strength and rapid destdluii of the structure. Ultimately,

these conditions led to a liquefam failure of the impounding dikd-ollowing the initial

failure, a series of subsequent slip failures were triggered in a domino Eife2ts illustrates

the sequence of events, as described by Wagener et al. (1998), that culminated in the

Merriespruit tailings dam disaster
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Bermovertops after rainfall.

Loose tailings infill to the earlier failures on the lower slope.

Tailings buttress starts to fail.

Water from the pool overtops the impounding dike, eroding the slope and buttre

The unstable lower slope fails and the liquefied material flows downstream.

aprwbdpRE

(b)

1. The lower slope fails and is washed away.
2. Retrogressivslip failures are triggered and the material is washed away.
3. Major slope failure occurs with a massive volume of liquefied tailings flowing
downstream.
Figure 2-6: Sequence of retrogressive failures of the Merriespruit tailings dam failure (a)
Critical section of impounding dike during early stages of the failure; (b) Critical section

of the wall during failure (modified from Wagener, 1997).

2.2.2.2 Mount Polley tailings dam failure, 2014

The Mount Polley tailings dafailed on4 August 2014, in British Columbia, Canad&e dam

primarily consisted of tailings from the processing of copper and goldTolee da md s
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foundation consisted of glacial till deposits with highly variable strength and composition.
These glacial till layersvent undetected during the design of the dam. The panel responsible
for the failure report (Morgenstern et al., 20idi)ndthese layerso be susceptible to strength
changes under sustained loading.

In the original design, the foundation was charasgdras stiff and overconsolidated (Figr)2

and these assumptions guided the strength parameters used in stability assessments
(Morgenstern et al., 2015). Howeves the glacial till went undetectetie glacial till began

to transition to a normally consolidated staseconstruction progressed and loading increased
This shift necessitated undrained shear strength parameters for accurate stability evaluation, a
factor overlooked in the design. Thisactye critically affected the weaker glacial till layer
resulting in excessive settlement, which ultimately led to overtopping of the damwvaik

the breach ultimately developed.

Rockfill I Fill1
Tailings B Fill 2
I Core Fill 3
mASL Upper Glacial Till Cycloned Sand
dam centreline ~ Glaciofluvial Soils The Lower GLU
970- I Middle & Lower Tills [ The Upper GLU
Transition Sedimentary Bedrock
960 Filter I Mafic Bedrock
950 - .. . .
Initially overconsolidated till
940 1
930+ ==
9201
9101 5
40 20 0 20 40 60 80 100 120 140 m

Figure 2-7: Pre-failure cross section of the Mount Polley tailings dam (modified from
Zabolotnii et al., 2022).

The breach extended along a 180section of the containment embankment. Both the
Morgenstern et al. (2015) and Klohn Crippen Berger (2015) investigations concluded that a
foundation failure triggered a rotatioriaanslational movement, which resulted in the
embankment crest dropping bByleast 3.3 nsurpassing the 2.3 of available freeboard and
leading to overtopping. Fig.- illustrates the undrained deformation analysis, showing the

significant displacement that allowed overtopping and initiatedtbach
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Figure 2-8: Finite element deformation analysis of the Mount Polley tailings dam failure

(modified from Morgenstern et al., 2015).

Threedimensional deformation analyses by Zabolotnii et al. (2022) further indicated that the
embankment failure was progressiVewas suggested that initial strains in the glacial till
foundation began accumulating early as 2011 amdceleratetdy the rapid tailings deposition

in 2014 triggering the undrained mobilisation of shéfdris loading triggered undrained strain
softening in the glacial till, leading to failure either through extension or a loss of confinement
(Fig. 25). This progressive fal ur e, coupled with rapid | oact

catastrophic breach.
2.2.2.3 Fundéo tailings dam failure, 2015

The Funddo Dam failure in Brazil in 2015 stands as one of the emétonmentally
catastrophic tailings dam collapses in recent memory. Located near the town of Mariana in
Minas Gerais, Brazil, the dam breached®November 2015, releasing approximately 32
million m3 of tailings and watef about 61% of its conten{®o Carmo et al., 2017). This
release unleashed a devastating mudflow that travelled downstream, destroying villages,
infrastructureand natural habitats. The mudflow extended from the DoaeRBasin to the
Atlantic Ocean, contaminating nearly 7@én of watercourses and tragically causing 19
fatalities.

According to the official investigation by Morgenstern et al. (201&)ee seismicevents
(magnitudes between 1i.&.6)wererecorded at approximately 14 on the day of the breach,
but the embankment showed no immediate signs of disaedsoperations continued.
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However, by around 15:45, a failure occurr e
rapid breach and a subsequent lesgale debris flow.

Signs of distress had previously been observed in the left abutment, including seepage and
internal piping. To address these issues, t
set further back, reducing its slope for additional stability. Howelrsr diesign adjustment led

to an unintended consequence: the dam was constructed over a section containing fine tailings,
or f s.|Ad ilmsrated in Fig. 2, the fine tailings had encroached into the portion of the

dam typically reserved for coarseilitags (closer to the face of the dapgn outcome of the

revised desigrrhis caused the dam wall to be constructed on top of the softer, weaker slimes.

Sep 26, 2011 pre-setback

newly-added tailings sand tailings -=---- final dam
I interbedded slimes isolated slimes B bedrock
/

Aug 25, 2014 slope cacking

Figure 2-9: Distribution of slimes at the left abutment of the Funddo dam (Morgenstern
et al., 2016).



2-14

Sl i mes ar e generally confined within t he
embankment, due to their lower strength and reduced permeability compared to coarse tailings.
The modification atFund&antroduced two critical issues:

1. Structur al weakness: The sl i meso i nher
instability zone within the embankment.

2. Drainage obstruction: With lower permeability, the slimes impeded downward
drainage, increasing saturation in the material above and reducing overall embankment

stability.

The step in the embankment configuration subjected the underlying slimes to rapid loading.

Under these conditions, the weak and saturated slimes underwent lateral exFigsiérb),

pushing outward from beneath the coarser tailings. This lateral movement caused a loss of
confinement in the overlying coarse material, triggering undrained shearing and ultimately

resulting in a largescale failure of the slope.
2.2.2.4 Brumadinho tailing dam failure, 2019

The Brumadinho tailings dam collapse 2mJanuary 2019 markemrguablyone of the most
devastating tailings dam failures record Like the Fund&o dam failure, this disaster also took

pl ace in Brazilds Minas Gerais state. Accor
embankment face collapsed within 10 seconds, releasing approximately 9.7 milligh m
liquefied tailings in just five minutes. The material surged downstream in a wave approximately

10 m high, traveling nearly 10nkand engulfing rach of the surrounding ard&ig. 1-1).

Although the volume of tailings released was significantly less than the Fundao failure,
Brumadi nhods i mp a c ttermngafsumdnlass with 859 eonfisned deaths i n

and 11 people reported missing.

Following the expert report by Robertson et al. (2019), several key findings were highlighted,
which are summarised belo®efore the collapse, the dam was deemed statéhere were

no visible signs of distrest. wasreported that tailings deposition had ceased approximately

2.5 years before the failure, no larggale operations were ongoiagdthe drainage system

had beerupgradedDuring this time, B cess pondi ng water on the
drained and piezometer readings showed a graduadluction in the phreatic surface.
Instruments such as inclinometers and a grevased radar system showed no significant
deformations preceding the collapse. Satellite data indicated a minor downstream deformation
at a rate of 36 mm/year, which was coesatl within normal longerm settlement ranges for

tailings dams.
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Robertson et al. (2019) found that the tailings had a high iron content, resulting in a unit weight
of 26 kN/m3. Historicalcone penetrometer test (CPBsults suggested that the tailirgsd

weak and brittle layers, which could cause instabifttystfailure testing indicated the presence

of cementation between particles, which can explain the unusually hgjtuimane shear
provided by Robertson et al. (2019).

Numerical analyseby Robertson et al. (201®)dicated that the high unit weight and steep
slope(2H:1V) of the dam created substantial shear stresses within the tdiliwgs. proposed

that rainfall events reduced the suction in th@aloeducing the available shear strength.
Additionally, the analyses indicated thiaese stresses graduadlycumulatedtrain over time,
consistent with the creep behaviour observed in element tests. Eventually, this strain
accumulation led to the breakdown of cementation, resulting in a sudden, brittle loss of shear
strengt h, known a<€0).dhisrapid girengthulpss triggezed the f&lureyof 2

the slope
CSL Strength loss bonding

a @

4] o .

2 7 /Strength los$ no bonding

8 8

77 77

@ /

7/
— o
High shear stresse
Effective normal stress Strain

Figure 2-10: Schematic comparison between soil that has a contractive tendency either
with or without bonding (adopted from Robertson et al., 2019).

In 2021, a second expert report by CIMNE (2021) came to dramatically different conclusions
as to the causes of the Brumadinho failure. In contrast to what was stated by Robertson et al.
(2019), the report highlighted that i) there was no evidenceroéntatioin the tailings, ii)that

the observed creep was not sufficient to cause failure on its own and iii) that a reduction in
suction played no role in the failure of the facilitpystead, CIMNE(2021) proposed that
percussion drilling occurring at theéime of the collapsé might have reached a hydraulically
continuous, liquefiable layer within the darihe hydraulically continuous layer was a
continuous, coarse layer with a high permeabiliyring drilling, water was injected into this

layer, increasing the pore pressure by several hundred kilopgsmantially initiating a
localised failure, which triggered a larger, global collapBee analygs simulatedmultiple

cross sections with liquefiable, hydraulically continuous layers (Fid) 2Whenthese layers
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liquefied in thenumericaimodel, a global failure wasotinduced except for one cross section
(Fig. 212). While the analyseslid not confirm this as the definitive trigger, the results
demonstrated that iwvas a plausible alternative tthe creep rupture hypothesisf
Robertsoretal. (2019) It was stated that the percussion drilling with water was the most likely

trigger based on the analyses.

Figure 2-11: Liquefied zone across the width of the tailings dam (modified from CIMNE,
2021).

Figure 2-12: Contours of incremental displacements simulated when a liquefied zone was
activated in the Brumadinho tailings dam (CIMNE, 2021).

Offering a third perspective, Wates (2024) indicated how a mechanism of drained instability
could be predicted using a simple limit equilibrium (LE) analy$ise two hypothesised
triggers discussed aboweere triggersof undrained instabilitywhere the undrained shearing

of the soilwas triggered before the slope fadl Wates suggested that instead dfigger of
undrainednstability, the failure may have resulted from drained instability. According to this
hypothesis, a lower bench with a FoS below @iRig. 213) failed under drained conditions,
which removed support for upstream tailings. This loss of confinement led to undrained
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shearing in the remaining tailings, setting ofiragression of retrogressive slip surfasmsilar

to the cascading failures discussed by Wagener et al. (1998) in Se2tibh.2.
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Figure 2-13. Results from limit equilibrium analyses conducted on the Brumadinho

tailings dam (modified from Wates, 2024).

2.2.2.5 Construction of a buttress on a gold tailings dam

In response to these higinofile incidents, the industry has moved towards adopting standards
that also consider undrained failure modes as recommendke I63lobal Industry Standard

on Tailings Management (GISTM) (ICMM, 202@ne aspect of the Go o d
theGI STM requires that all/l

specified that brittle

mechani smso. As t he utvetailmgscan eéxhibitdritie behayvieur, o f
this implies that tailings dams need to be designed for undrained conditions. This is one of the
most onerous requirements of the new standards, especially considering the implications for

existing tailings damss the undrainedtrength of contractive materials, often present in

failure modes

tailings dams, is usually significantly lower than the drained strength.

According to the new guidelines outlined by GISTM, many existing facilities previously
categorised as safe are now considered unsafe, thereby necessitating remedial measures such
as the placement of buttresses. However, if buttresses are constructeidklyo excess pore

pressures are generatgdtentially triggering undrained conditions and the subsequent failure

of the slope

In a study by Geldenhuys et al. (2021), pore pressures within a gold tailings dam were closely

monitored during buttress construction. Although no mdgm breacloccurred, longitudinal

practice
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cracks had formed on the lowest bench of the slope. Piezocone tests revealed elevated pore
pressures around these cracks, indicating a heightened risk of bench failure. To address this
risk, a buttress was constructed at the toe, with vibrating wire peteosrinstalled throughout

the slope to monitor pore pressures in real time during construction. Tessirements
showed that the phreatic surface waiially close to the slope facand visible seepage
indicated lowpermeability layers within the tailgs, heightening concern about the potential

for excess pore pressure build. This could have led to reduced effective stress and triggered

instability in the form of an undrained failure.

To evaluate the stability of the slope under these conditions, a series of LE analyses were
conducted. Pore pressures in the analysis were set to match those measured during the
piezocone investigation. The buttress was designed specifically to prevaligelbcslips,
especially near t he dtheiminediate poee.predBurechanggsec o n st
captur@. The LE analysis assessed thrainedFoSat the start of each lift, with pore pressure
increases modelled to match the weight of each atiig@ig. 2-14). Subsequent analgs
wereperformed after pore pressures dissip&didwing each liff providing insight into how

stability evolved over timdt should be noted that the initial FoS was slightly below one. This
could be due to the simplified assumptions that the LE method uses and the lack of the

implementation of suction into the model.
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Figure 2-14: Factor of safety of a tailings dam versus the height of a single buttress lift
(data adopted from Geldenhuys et al., 2021).

Results indicated that as the buttress height increased, the FoS deceaabat values lower
than those seen for smaller lifts. This finding led to the decision to build the buttress in smaller,
incremental lifts, allowing time for pore pressure dissipation after each stage. Without this
precaution, the FoS could have droppetbw one, risking slope failur&@he reduction in FoS

due to rapid buttress construction reflects the response of-pdoneability, saturated layer
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under undrained loading conditions. Although Geldenhuys et al. (2021) did not explicitly
attribute this to static liquefaction, the mechanism is inherently undrained. The excess pore
pressures generated by rapid loading reduce the effective stress anstramegh, posing a

risk of instability, particularly where contractive, liquefiable tailings are pre3éig. phased
construction approach, combined with reéale monitoring, enabled the safe completion of the
buttress and ultimately stalsifid the slpe.

While buttressing is traditionally considered a reliable staitin technique, the study by
Geldenhuys et al. (2021) highlighted that constructing a buttress too rapidly over low

permeability layers could act as @wigger ofundrainednstability.

In light of the case studies presented in this section, it is necessary to discuss the conditions that
can cause these slope failumsd the factors that can increase the likelihood of failures
Conventionally, the stability of tailings dams were determined by determining the drained FoS
using a simple Moh€oulomb model. However, with the complexity of tailings dams and the
associated mechanisms within, more sophisticated models based ahstetie soil mechanics

(CSSM) are needed for investigatinggers ofundrainednstability.

CRITICAL STATE SOIL MECHANICS
History

In a survey conducted by the British Geotechnical Society (1999), CSSM was voted as the most
significant research geotechnical development in the second half of the 20th century. CSSM is
a theoretical framework foundational to soil mechanics and geotetherigineering. Its
development traces back to the fundamental principles of soil mechanics established by
Terzaghi (1943). Early contributions by Roscoe et al. (1958) involved element tests aimed at
understanding soil behaviour under various loading ¢mmdi, particularly focusing on soil

plasticity and failure in both drained and undrained conditions.

Fig. 215 shows a boundary separating elastic from plastic soil behaviour in thgstress

space, wherg andrjaglenote deviatoric and mean effective stress, respectively. This boundary

is defined as the yield surface. When a soil element is within the yield surface (Point A), only

elastic strains occur upon loading. At the yield surface (Point B), both elastitaatid gtrains

are generated, while a stress point outside the yield surface (Point C) is inadmissible. Moving

to Point C requires an expansion of the yield surface, indicating a hardening response.
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Figure 2-15: Example of a yield surface (adapted from Jefferies & Been, 2016).

I n CSSM, plastic strain increments align w
principle of associative flow for perfectly plastic materials. This implies that plastic strain
increments occur normal to the yield surface in the stress spacen@lfastic deformation

with the surfaceds steepest gradient. For C¢
function, typically identical to the yield function. This normality condition predicts a volume
change in soils under shearing bagedheir stress state or density (further discussed in Section

5.4).

Roscoe et al. (1958) observed that, under |
stateodo, where deformation continues at a co
Acritical stateodo condition for soils is exp
— — — ™ (2.1)

where- representshear strain and volumetric strain.

Building on these findings, Schofield & Wroth (1968) conceptualised the CSSM framework,
integrating contributions by Drucker et al. (1957), Roscoe et al. (1958) and Calladine (1963).

A key development was the concept of the critical state line (CSL)n¢grtkie yield surface

size to the void raticQ) at a given state, thus enhancing

shear behaviour.

Critical state line

The development of the CSL addressed key limitations in traditional soil mechanics theories,
which were often limited in predicting soil behaviour under complex loading conditions.
Through triaxial testing, it was observed that soils tend towards a Icsitita at large strains.

Figs. 215(a) and (b) illustrate the failure states reached in drained and undrained isotropically



2-21

consolidated triaxial tests in thie 1) plane and th&® naplane, respectively. When these
data points are connected, a unique CSL emerges for a given soilfjin theplane, the CSL
is represented as a straight line, defined by:

n 0 dje (2.2)
wherel is the critical state stress ratio, or the slope of the CSL.

IntheQ naplane, the CSL appears as a curved logarithmic line. When plottedtn thefjae
space, it becomes linear (Figl@(c)) and is expressed as:

Q & _bfe (2.3)

wherewis the void ratio of the CSL at a mean effective stress of 1 kPaiartte slope of the
CSL. While studies (e.g. Li & Coop, 2018; Reid et al., 2021; Macedo & Vergaray, 2022) have
shown the CSL may curve in the 1 haspace for certain soils, this report assumes a straight
CSL for the material used.
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Figure 2-16: Failure points for drained and undrained triaxial tests conducted on Weald
clay in (a) A wmaspace; (b)g wmaspace; (C)g | maspace (data adopted from Parry,
1960).
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Samples that are prepared using consistent sample preparation methods will converge to the
same CSL under identical loading conditions, irrespective of initial state or drainage conditions.
However, experimental investigations have shown that the loadimditions (i.e. compression

or extension) affect the CSL (Vaid et al., 1990; Negussey & Islam, 1994; Riemer & Seed, 1997,
Yoshimine et al., 1998; Fakharian et al., 2022).

Most soils have some degree of inherent anisotropy, meaning the particle arrangements and
inter-particle forces vary depending on the direction of applied stress. Under compression, the
principal stress direction altendyta earrangetand t h e
compact differently than under extension, where the direction of principal stress is opposite.
This directional dependence affects the soi
the CSL.

The uniqueness of the CSL has been debated in relation to sample preparation methods.
Changetal. (2011) found that fabric could affect the CSL of tailings, although a uniqwes

still observed. Reid & Fanni (2020), however, reported that intact silty tailings samples and
moist tamped samples reached the same CSL, attributing discrepancies in previous studies (e.g.
Chang et al., 2011) to layering within intact samples andsatam localisation in very dense
samples, preventing the critical state to be assessed from global void ratio measurement.
Riveros & Sadrekarimi (2021) supported this observation that sample preparation does not
affect the CSL. For the purposes of tlapart, it is assumed that the CSL inferred from samples

prepared using moist tamping is fit to interpret results.

Volumetric behaviour of soil

Soil behaviour during shearing is complex, especially as it often undergoes a change in volume
under drained condition€asagrande (1936) conducted shear box tests on soils prepared at
various densities, revealing two distinct volumetric responses during shearing. For loose sails,
shearing caused a reduction in volume, referred to as contraction. This occurs as sef particl
rearrange and roll into voids, resulting in a denser packing configuration ¢(Efag. In
contrast, dense soil specimens tenttethcrease in volume during shearing. This expansion,
known as dilation, occurs because particles must roll over each other during shearing, causing

an overall increase in volume (Fig1Z(b)).
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Figure 2-17: (a) Initially loose soil exhibiting contraction; (b) initially dense soil exhibiting

dilation.

Casagrande (1936) also noted that, regardless of initial density, both loose and dense specimens
tended to reach a similar final void ratio at failure, known as the critical state voidQatio,

when sheared from the same initial mean effective stijesérig. 218). It was observed that
specimens with initial void ratio$), larger tharthe critical state void ratiwould contract and

specimens witff) valuessmaller tharf2 valueswould dilate.
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Figure 2-18: Idealisation of the critical state line and the volumetric behaviour of a dense

and a loose sample.
2.3.4. Drainage conditions

As discussed in Section 2.2.Betdrainage condition is another critical factor influencing soil
behaviour during shearing. It refers to whether water can flow freely through the soil system

during loading, which influences the pore water pressure response and, consequently, the
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effective stress within the soil. Under drained conditions, water flows freely in and out of the
soil, allowing volume changes as soil particles rearrange. This condition typically occurs under
long-term loading, where there is sufficient time for consimh and dissipation of excess

pore pressures.

In contrast, undrained conditions arise during rapid shearing events, such as during earthquakes
or fast loadingsee Section 2.2.2.8)here water cannot flow quickly enough to equilibrate. In

this case, pore pressure changes instead of volume, significantly influencing soil stability.
Understanding the drainage conditions is crucial within the CSSM framework, as it defines the

stress pth soil follows during shearin@.g. Fig. 25).

Fig. 219illustrates how drainage conditions influences the shear response of soil, also showing
the effects of density. For loose, saturated soil under slow, drained shearing, the soil contracts
as the particles rearrange (Figl@a)), forcing water out of the voids. This leads to a change

in effective stress, directly reflecting the applied load. In dense soils under similar slow,
monotonic shearing, initial contraction is followed by dilation, where the soil particles begin to

roll over each other, reasing void spaces.
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Figure 2-19: Influence of density and drainage condition on the shear response of soil.

During rapid shearing, undrained conditions cause shear stresses to be transmitted entirely
through the water phase, resulting in the generation of excess pore water pr¥ésurés,

loose soils, this causes positive excess pore pressures, reducing effective stress and decreasing
shear strength (Fig-20). If the reduction in shear strength is sufficient to fall below the static
shear stress, large plastic strains will develop rapidly, resulting in instability. This failure can
be triggered by monotonic or cyclic loading, provided the driving stressastee soil shear

strength.
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For dense soils under undrained, rapid shearing, the tendency to dilate reduces the pore water
pressure, increasing effective stress and shear strength-@&g.2uring cyclic loading, dense

sands may generate positive excess pore pressures at small shear strains, leading to temporary
softening and the accumulation of deformation. However, as shearing progresses to larger
strains, dilation increases the sheaersgjth, as described by Castro (1975), who termed this

behaviour cyclic mobility.

Dense ndrained
stress path

Initial stress
Loose undrained state
stress path

Deviatoric stresgg

v

Mean effective stresg,

Figure 2-20: Comparison of loose and dense undrained effective stress paths.
2.3.5. Instability

Soil instability, which was used to described the initiation of slope failure in Sectiorefes

to the condition where soil loses its ability to maintain its structure or support loads, resulting

in largescale deformations or even complete failure. This phenomenon is primarily driven by

an i mbal ance bet ween apihhéerendsheartsteeagth. Véhenrtlees s «
applied shear stress exceeds the soil's shear strength, failure modes such as landslides, slope

failures, bearing capacity cajpses and liquefaction can occur.

Eckersley (1990) highlighted that instability is not strictly dependent on drainage conditions
but rather on the soil's inherent response to shearing, specifically the potential collapse of the
soil 6s structure under | eceodtraction (seedig:27@N.Inl ap s e
drained conditions, contraction is expressed through significant volumetric strain. In undrained
conditions, it results in the buHdp of positive excess pore pressures, as the soil particles

attempt to rearrange withian incompressible pore fluid, leading to instability.

Skopek et al. (1994) observed similar behaviour in loose, dry sand under a constant shear
drained (CSD) stress path. Sand samples were anisotropically consolidated to a specific stress
ratio, then subjected to a gradual reduction in effective stress wialisttaining constant

deviatoric stress (Fig.-21(a)). Initially, the sand exhibited elastic behaviour. However, once
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the effective stress was reduced sulfficiently, a collapse point iip thg plane was reached,

where the sand underwent structural collapse. This was marked by volumetric contraction and

increased compressibility in te naplane (Fig. 221(b)). The onset of structural collapse

was correlated with a mobilised friction anglege, which was lower than the angle of repose

(critical state friction angle, &9.
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Figure 2-21: (a) Stress paths and (b) contraction during CSD tests conducted on dry sand

(modified from Skopek et al., 1994).

Sasitharan et al. (1993) conducted CSD tests on a loose saturated soil samples, simulating the

stress path that a soil element experiences during a rising water table. In this case, the presence

of water in the pore spaces, which is nearly incompres$#ulép an increase in pore pressure
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upon reaching the instability point. As in the study by Skopek et al. (1994), instability was
triggered at anobilised friction angléower than tle critical state friction angléJpon reaching

the instability threshold, the soil transitioned from drained to undrained behaviour, dhesing
pore pressurto increaseapidly andthe structural collapsef the soil matrix

Chu et al. (2003) extended these findings to dilative soils, showing that even dilative soils can
experience conditional instability if effective stress is reduced sufficiently. When unloading
occurred wunder undr ai ned c e@natd hegative mxcess pora e s
pressures caused the mean effective stress to increase, thus averting instability. Under drained
conditions, instability was triggered due to a sufficient reduction in effective stress, causing a
loss of shear strengtHowever instability was only triggered when the stress ratio was steeper

than the critical state (i.e. the slope of the soil was steeper than the angle of repose).

In addition to CSD effective stress paths, undrained shearing can also trigger instability. Lade
(1992) introduced the concept of an instability line (IL) withinfthe )} plane, demarcating a

region of potential instability (Fig.-22(a)). The IL, drawn by connecting peak states from
undrained stress paths, indicates that states within this region of potential instability are prone

to sudden collapse. Lade & Yamamuro (2011) suggested that while a soil element below the IL

is inherentlystable, loose, saturated soils subjected to undrained shearing will destabilise upon
crossing this line. This instability onset coincides with the generation of positive excess pore
pressur es, which reduce eff ectsheaestrengthrie ss t

insufficient to resist the applied stresses, leading to failure.

Take & Beddoe (2014) observed that this loss in shear strength during undrained shearing can
trigger instability in as short a timeframe as needed to generate excess pore pressures. Once in
the instability region, even a transient decrease in effectigess8 can compr omi S e

ability to support its load, triggering failure.

It is important to note that simply being within the region of potential instability does not
guarantee failure. For instance, during drained compression or anisotropic consolidation, soils
within this region can remain stable (Lade & Yamamuro, 2011). Mewé a loose soil under

a CSD stress path approaches or crosses the IL, instability can be triggered, especially under
conditions of gradual unloading, as shown in the studies by Chu et al. (Z0§33-22(b)).

For specimens consolidated to a stréastedeneath the IL, failure was triggered upon reaching

the IL, while for samples within the instability region, failure was immediate upon unloading.
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Figure 2-22: Location of region of potential instability and the subsequent instability

determined using (a) undrained compression tests; (b) constant shear drained tests.

These findings emphasi that soil instability is multifaceted, influenced by stress paths,
drainage conditions and the internal structure of the soil. Integrating these insights into design

and safety evaluations can improve stability assessments, especially for soils daesteptib
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stressinduced failure transitions, such as those encountered in tailings dams, embankments and

natural slopes.

2.3.6. State parameter

While the void ratio is fundament al i n und
effective confining stress is equally importaRbr instance, Fig.-29 illustrates two soil

elements under the same confining stress but at different void ratios, demonstrating different
responses. Similarly, Figs-22 and 223 present soil specimens prepared at identical void

ratios but subjected to different initial confining stresses before shearing.
Yamamuro& Lade(1997) identified three distinct regions chasaising the shear behaviour

of clean sand specimens prepared at the same void ratio but consolidated under varying

confining stresses:

1. Stabe Region: At low confining stresses, clean sands exhibit a strong dilatant tendency,
undergoing straiimardening as they shear. This behaviour corresponds to a stable
region, where the soil's structure resists large deformations.

2. Temporary Instability Region: At intermediate confining stresses, sands typically show
an initial contractive response, leading to a temporary reduction in shear strength.
However, as shearing progresses, phase transformation occurs, after which dilative
behaviour and increasing shear strength are observed (Ishihara et al., 1975).

3. Instability Region: At high confining stresses, the same sands demonstrate contractive

behaviour, marked by stragoftening and instability, where the soil structure collapses

as it fails.
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Figure 2-23: Influence of confining stress on the shear response of soil in tige | wee

plane.
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Figure 2-24: Typical effective stress paths of clean sands prepared at the same void ratio
but sheared at different confining pressures under undrained conditions (modified from
Yamamuro & Lade, 1997).

Al t hough terms |ike filoosed and fidenseodo pro
guantitative approach is desirable. The state parameter, introduced by
Been& Jefferie 1 985) , of fers a measure of how far
parameter is defined as the difference betwnitial and critical state void ratioat a given

mean effective stress:
[ Q Q (2.4)

As shown in Figs. A8 and 222, the state parameter can be visualised irfkthd haspace
relative to the CSL. If the state lies above the CSL, the state parameter is positive, indicating a
loose state with a tendency to contract. Conversely, if the state lies below the CSL, the state
parameter is negative, reflecting a dense statediétive tendencies. Thus, the state parameter
provides a way to predict whether a soil is likely to exhibit contractive or dilative behaviour

upon loading.

In addition to characterising the volumetric tendencies, the state parameter can help in
predicting potential instability. For example, Fig22 shows a defined region of potential
instability. Unlike the CSL, however, the IL is not an inherent material property but rather a
n

threshold that varies with state. The slope of thelIL, , Wherern and

nee

Nne are the deviatoric stress and mean effective stress at the peak of the effective stress path,
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depends on the state of the soil. Chu et al. (2003) found that for negative state parameters,
only reduces slightly as becomes less negative (Fig-223). However, once¢ becomes

positive,0  sharply decreases with small increases,ithen gradually stabilises.
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Figure 2-25: Relationship between the slope of the instability linel Lj and the state

parameter, + , for a dredged marine sand (redrawn from Chu et al., 2003).

LIQUEFACTION

The term "liquefaction" has evolved in geotechnical literature to describe the behaviour of loose
granular soils under certain stress conditions, particularly undrained loading.
Terzaghi& Peck(1948) first described "spontaneous liquefaction" as the sudden loss of shear
strength in loose sands under undrained conditions, where a slight disturbance could cause the
sand to behave like a viscous fluid. Later, Mogami & Kubo (1953) used "liquefaati@an

similar context but focused on cyclic loading. Castrale (1982) expanded the definition,
describing liquefaction as the phenomenon where loose soil subjected to undrained monotonic,
cyclic, or shock loading experiences a significant loss of shear strength, causing the soil to flow

in a fluid-like manner util shear stresses fall to the residual shear strength of the soil mass.

Kramer (1996) generakd the definition, proposing that liquefaction involves any substantial

loss of shear strength during undrained shearing. However, Ng (2007, 2008) argued that this
phenomenon is more accurately described as "strdtening” and suggested that the term
"liquefaction” should be reserved for cases where the excess pore pressures generated during
undrained shearing equal the initial mean e

definition. In this contextfistatic liquefaction describes an ultimate state @&mnte of zero
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effective stregswhere both mean effective stress and deviatoric stress approach zero under
monotonic loadingHowever, slopes would have failed before reaching this point, as the driving
stresses are then higher than the shear streRgthertson (1994) proposed that if positive
excess pore pressures sufficiently reduce the ultimate strength to zero, the soil has liquefied.
Ng (2007) added that if the soil reaches zero ultimate strength and behaves like difllovd, a
failured has occurredif residual shear strength remains, the failure should be classified as a

fislide failure, which may still exhibit signifiant runout.

Take & Beddoe (2014) defined static liquefaction as occurring when a loose, saturated granular
soil experiences significant straéoftening due to positive excess pore pressures under
monotonic loading. These positive pore pressures reduce the effdcege, gemporarily
diminishing the soil's shear strength and triggering potential large plastic deformations.
Although liquefaction is an undrained process, the conditions leading Upsiacih as gradual
buildup of shear stresséscan be drained and ew triggered by drained loading conditions

(e.g. Sladen et al., 1985; Eckersley, 1990; Chu et al., 2012; Ng et al., 2022; Ng et al., 2023).

Despite the variety of definitions, four key conditions commonly charaetéifjuefaction
across the literature:

The soil is in a loose, saturated state.
A disturbance (trigger) initiates a response in the soil.

3. Flow or liquefaction follows the trigger, rather than being the primary cause of
instability.

4. The soil d6s | iquefaction potenti al i ndex
sufficiently high, meaning the degree of straoftening can induce instability.

For this report, "true liquefaction” is defined as the condition in which generated positive excess
pore pressure equals the initial vertical effective stress, thereby reducing the effective stress to
zero. This definition is preferred because stsaftaning alone may not bring the soil to
complete fluidsation. For soil to behave like a liquid, it must have zero residual shear strength.
Where positive excess pore pressures reduce effective stress but residual shear strength
remains, the terms "instabifitand "strairsoftening" will be used instead. Fig28 illustrates

the distinct stresstrain responses and effective stress paths associated with instability versus
liguefaction. Based on this definition, liquefaction can be understood as a specific form of

instability involving complete strairoftening.
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Figure 2-26: Typical instability response during undrained shearing resulting in strain
softening and static liquefaction (a) stresstrain behaviour; (b) effective stress path in

A =aplane (modified from Crous, 2022).
FACTORS INFLUENCING THE INSTABILITY OF GRANULAR SOILS

Extensive research has explored the instability of loose granular soils, as documented in studies
by Casagrande (1976), Poulos et al. (1985), Vai & Chern (1985), Ishihara (1993), Yamamuro
& Lade (1997, 1998), Riveros & Sadrekarimi (20ahfiFanni et al. (2022). Numerous factors
affect the brittleness and instability of soils. This section outlines key factors identified in the

literature
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2.5.1. Soil type and grading

Loose and dense sands exhibit different volumetric responses when sheassdsands tend

to contract, while dense sands dildigring shearindFig. 217). However, as discussed in
Section 23.6, volumetric behaviour depends not only on initial density but also on initial
confining stress. Research on clean sands has focused on how density and confining stress
impact shear response (e.g. Roscoe & Poorooshasb, 1963; Been & Jefferies, 1985; Bolto
1986; Yamamuro & Lade, 1997).

Clean sands can be characdi into the three behavioural regionshown inFig. 2-24.
However, Yamamuro & Lade (1998) observed that silty sands exhibit "reverse sand behaviour."
In the study, five distinct regions were identified for silty sands at the same void ratio but
different confining stresses (Fig-2Z). Unlike clean sands, silty sands may exhibit contractive
tendencies at low confining stresses, making them prone to instability under undrained
conditions, often resulting in static liquefactioft slightly higher confining stresses, silty
sands may undergo temporary liquefaction, initiallydergoing instabilityout then strain
hardening after sufficient shearing. At intermediate confining stresses, silty sands display stable
behaviour, with no significant reduction in shear strength even if effective stress decreases. At
higher confining stresses, silty sand$idee similarly to clean sands, with the potential for

temporary or complete instability.

Critical State

Instability
Line

Deviatoric stressy

v

Static liquefaction Mean effective strespQ

Figure 2-27: Typical effective stress paths for silty sands prepared at the same void ratio
but sheared at different confining stresses under undrained conditions (modified from
Yamamuro & Lade, 1998).
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2.5.2. Fines content

Yamamuro & Lade (1997) examined the effects of fines cont@nbn Nevada and Ottawa
sands. In loose samples under low confining stress (~25 kPa), incréasmgontentvas
observed to raise liquefaction potential. However, studies by Kuerbis et al. (1988) and
Pitmanetal. (1994) found that increasédes contenin Ottawa sand led to greater liquefaction
resistance. These contrasting results are due to differences in test conditions
Kuerbisetal. (1988) and Pitman et al(1994) conducted tests at higher confining pressures

(~350 kPa), operating within different behavioural regions (F&ji)2

The confining stress has a pronounced effect on silty sand shear response. As illustrated in
Fig.228, a silty sanddés structure consists of
particleswhen loosely placedAt low confining stresses, these silt particles separate sand grain
contacts. During shearinthe silt particlesare pushed into tharger void spacesetween the

sand particlesinducing contraction and brittleness under undrained conditions, potentially
resulting in liquefaction. Hjher confining stresses force silt particles into voidsapngtively,
improving contact between sand grabefore shearinggarnett et al. (2021)This improved

contact increases the strength of the soil.

Initial volume contraction due

to sand grains moving together
Sand grains separated

by silt particles

<&
<

. . —P l«—
< Silt particles between

contact points

_Better contact between
" sand particles increase:
tendency to dilate

Particle structure of silty sand
deposited in a loose state

Particle structure of silty sand
compressed and sheared

Figure 2-28: Schematic diagram of the particle structure of a silty sand deposited in a

loose state (after Yamamuro & Lade, 1998).

Not all silty sands exhibit identical behaviour. One factor influencing this is the effécesf
contenton the CSL. Ashe fines conterincreases, the CSLtheQ 1 faspace initially shifts
downward, reflecting increased bulk dengFig. 229). However, at a threshofthes content,
the CSL begins moving upward, marking a transition from a-dantinated matrix to a fines

dominated matrix (Thevanayagam et al., 2002).
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Figure 2-29: Critical state lines for platinum tailings with varying fines contents (data

adopted from Torres-Cruz & Santamarina, 2020).

Barnett et al. (2021) observed that for samples at the same initial void ratio but dffferent
contentspeak and critical state shear strength decreadattasontent increasetihis effect

was attributed to reduced mechanical coordination (fewer contact points) and diminished
contact force between larger sand particles.fiAes contentincreags the interlocking
capability of sand grains weakens. Yamamuro & Lade (1998) and Barnett et al. (2021) noted
that below the transition threshold, silt pelds contribute minimally to the loaokaring
structure and primarily increase bulk density. During shearing, these particles roll within the
voids, rather than contributing to soil strength. Yamamuro & Lade (1997) also observed that
silty sands can liqug at higher relative densities than clean sands, a phenonsepported

by Barnett et al. (2021).

Sadrekarimi (2014) explored the influencdingés contenbn liquefied strength in silty sands,
varying initial confining stress and density. The study concluded that critical state strength
could decrease, increase, or remain constant fivigs content,depending on void ratio,
effective stress, particle shapad mineralogy. When fines had similar mineralogy to sand,
critical state shear strength decreasefings contentncreasedHowever, with more angular

or compressible fines, the initial soil state governed the critical state strengté.vanesions

affect the state parameter and the compressibility of the soil matrix, underscoring the

complexity of fines' influence on soil behaviour

Void ratio

As discussed in Section3%, woid ratio significantly impacts shear behaviour. Loose soils with
higher void ratios tend to contratiiringsheaing, generating positive excess pore pressures in

undrained conditions, reducing effective stress and potentially leading to instability or
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liquefaction. Denser soils, in contrast, tend to dilate and gain strength during shear. Thus, a

loose initial state (i.e. positiye) is a prerequisite for instability

Initial effective confining stress

Also discussed in Section36, the initial confining stress is essential in determining soll
behaviour, as void ratio alone does not fully describe soil state. Specimens at the same void
ratio but different confining stresses show distinct shear responses (E@jané 223). In the

field, vertical effective stressg,=e is used to assess instability, as it is easier to measure or
estimate than horizontal effective stres®. The excess pore pressure raitig,is commonly

used to measure strength loss during undrained shearing and is calculated as follows:
i — (2.5)

wherei p indicates true liquefaction. An  Ttindicates zero loss of shear strength.

Initial shear stress state

The initial shear stress state significantly affects undrained shear response in loose soils (e.g.
Kramer & Seed, 1988; Di Prisco et al., 1995; Yamamuro & Lade, 1997; Fourie & Tshabalala,
2005; Fakharian et al., 2022; Fanni et al., 2022). Studies shoanikatropically consolidated
specimens are susceptible to instability when subjectedC®astrespath. Ng et al. (2004)
observed that increasing the initial stress ratio r)j nggmade shear responses more brittle

and increased liquefaction potential, reducing strains needed to reach instability.

Fakharian et al. (2022) recently noted that, while initial anisotropy does not alter the CSL, it

affects the slope of the CSL, depending on the loading mode (compression or extension), with
ediffering by up to 8. It was also observed that the initial anisotropy significantly influenced

the onset of instability. The geostatic stress ratio, , a9 , &, further influences initial stress

state and is more practical for field applications. Fi@02llustrates how lowelh values

increase—, pushing the state closer to the instability linenIf is low enough, it might

potentially bring the specimen into the region of potential instability.



2-39

80

~
o
T

CSL

[e2]
o
T

-— -

al
o
T
=
I
o
ol
*

~N—_—— -

Deviatoric stress, q (kPa)
w Y
o o

T T

.

« &

11

= o

I o
o
\'

N

o
T

L 2
S
1]
o
[ee]

[EnN
o
T

® K,=09

Ky =1.0
O | | | | ¢ 0

0 20 40 60 80 100 120
Mean effective stress, p' (kPa)

Figure 2-30: The effect of L on the stress ratio for a soil element under 100 kPa vertical

effective stress.

Fig. 231 shows the impact that has on the undrained triaxial compression strength of Erksak
sand. If the specimen is located in the region of potential instability (i.e. the specimens with a
low 0 value), then the slightest disturbance can trigger instability. Thus, when a soil element

has a lowenh value, less shear strength and shear strains need to be mobilised to trigger

instability.
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Figure 2-31: Effect of L on the undrained triaxial compression strength of Erksak sand
(from Jefferies & Been, 2016).
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In laboratory testsy values of approximatel@.5 are typicallymeasuredor reconstituted
specimens undergoing virgin compression. However, Jef@rigsen (2016) argue that in situ

0 values may increase over time, influenced by repeatedioplitude cyclic loading events,

such as blasting. Ghafga&i Shuttle (2008) measured in sibu values using a selforing
pressure meter test, finding evidence of higher values than typically observed in time lab.
contrast, Morgenstern et al. (2016) suggested that the Feijao tailings dam failure involved an

extrusiontype mechanism that could have redugedn situ, as the horizontal stress reduced.

Further complicating the understanding of in sitwalues are potential limitations in historical
measurement methods, which, as noted by Talesnick et al. (2020) and Narainsamy (2024), may

undermeasure horizontal effective stress

Discrepancies also arise among failure investigation panels regarding appiopvialiges for
analysis. For instance, while Morgenstern et al. (2016) recommended wsirg 0.5
Jefferieset al. (2019) used = 0.7in the assessment of the Cadia tailings dam failure. These

differences highlight the inherent uncertainty in determining the actual in situ value of

Sample preparation method

The sample preparation method is another critical factor influencing the shear response of soils.
Chang et al. (2011) compared the shear behaviour of intact gold tailings specimens to specimens
prepared via moist tamping (MT) and slurry deposition (SDJ.(Ri32). Intact specimens
exhibited only strairhardening behaviour, while SD specimens initially showed strain
softening before undergoing phase transformation. In contrast, MT specimens demonstrated
significantly reduced shear strength and, in somescasdibited only straisoftening during
undrained shearing. These differing shear responses were attributed to the distinct soil fabrics
created by each preparation meth8 specimens had a uniform particle distribution similar

to intact specimens, whereas MT specimens exhibited a flocked fabric, with finer particles
clustering between larger sand particl€be flocked fabric allowed for a more collapsable
fabric, causing more significant contractive tendendidslitionally, MT specimens showed a
redwction in smalstrain stiffness, ranging from 14% to 43% compared to SD and intact

specimens.
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Figure 2-32 Comparison of undrained effective stress paths of specimens prepared using
different sample preparation methods (modified from Chang et al., 2011).

Reid and Fanni (2020) observed similar behaviour when comparing intact aqpdelddred

gold tailings specimens. Riveros and Sadrekarimi (2021) found that the effect of fabric was
pronounced for gold tailings with a high fines content negligible for those with lower fines
content. In the Siprepared silty tailings, fine particles remained suspended during deposition,
preventing the formation of a fabric prone to liquefaction, as these suspended particles
maintained void stabilityHowever, MTFprepared i#ty tailings developed a mor#éocked
particle structure, facilitating void collapse and increasing liquefaction potemdialbserved

by Chang et al. (2011)

Fanni et al. (2022) further investigated the influence of principal stress direction on the
instability of sands under CSBtresspaths, comparing MT, dry pluviation (DR)d wet
pluviation (WP) specimens. Only MT and DP specimens could be prepared loose enough to
trigger instability. For MT specimens, it was observed thatprogressively decreased as the
major principal stress direction rotated. DP specimens exhibited a transition in shear response,

from strairhardening to straisoftening, as the major principal stress direction shifted.

EVALUATION THE BRITTLENESS OF SOILS

Soils prone to instability may exhibit a brittle response, charaeterby a sudden and
significant reduction in shear strength after reaching peak shear str@&agid on the

literature, bittleness in soils can be defined by several key traits:
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1. After reaching peak shear strength, the soil rapidly loses its ability resist shear stresses.
The stresstrain curve displays a sharp drop in shear strength after the peak.

3. Birittle soils exhibit minimal ductility, failing at relatively low strains compared to more
ductile soils, which deform considerably before failure.

Brittleness can be evaluated both in the laboratory and in situ, with an overview of each method

provided below.

Brittleness assessment based on laboratory testing

Laboratory assessment of soil brittleness or liquefaction potential dift&ninvolves
determining or estimating the soil's state. As discussed in Sec@iénthe state parameter can

be calculated if thposition of theCSL and the void ratio arknown. This parameter provides

a qualitative indication of whether the soil tends towahtraction or dilationvhen sheared.
While the state parametean only be used to compare different states of a single soil type
rather than providing comparisons between different soils, if this initial assessment indicates
contractive tendencies, the material can be said to be potentially brittle.

Brittleness can also lexpressedsing the peak deviatoric stres®d the deviatoric stress at the
critical stater] . One widely used measure is the undrained brittleness, ii@jes defined by
Bishop (1971):

0o — (2.6)

Numerically'Oranges from 0 to 1, whei® T1tcorrespond to a straimardening material with
no strength reduction ari® p describes a material that liquefies to zero shear strength. A
similar metric, the LPI, proposed by Ng et al. (2004), uses the minimunpeaktdeviatoric

stressf] , instead of the critical state stress:

LPI ———— (2.7)

As with 'O, values of 0 and 1 for LPI denote stri@rdening and liquefaction, respectively.
The primary distinction is that LPI accounts for stragftening in cases where phase
transformation occurs, as illustrated in Fig32 Using O alone would overlook this phase
transformation behaviour, making LPI more suitable for capturing the full brittleness response.
In this report, LPI will be used in the analysis of results. It should be noted that both these
indices have the limitation afot considering the strain level over which the drop in shear

strength occursThus, the ductility is not considered when evaluating the brittleness.
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Figure 2-33: Comparison of brittleness index and liquefaction potential index for a strain
softening material and a material experiencing phasé&ansformation.

Brittleness based on field testing

The cone penetration test (CPT) is a commaesitin test used to evaluate soil properties and
profile characteristics. During a CPT, a cone penetrometer is pushed into the ground at a

constant rate, measuring cone tip resistance, shaft friction and pesei:.

In brittle soils, a high initial tip resistance followed by a sharp decrease may indicate brittle
layers, or that a layer is underlain by a softer layer (Tafreg, 2016). Changes in sleeve
friction similar to the tip resistance can also provide insighdoil brittleness. Additionally,

rapid pore pressure increases during penetration may potentially indicate a loose soil with

contractive behaviour. However, it may also be indicative of a clay layer.

Been et al. (1986) suggested that CPT data could help infer-itel istate parameter for soil
profiles. However, such interpretations rely on correlations sensitive to soil type and
compressibility, limiting their general applicability. If thesitu state parametef a soil profile

can be estimated, it may help identify potential brittle layers. For the purposes of this report,
the CPT method will not be used further.

PHYSICAL MODELLING OF SLOPE FAILURES

Understanding slope failures is a critical aspect of geotechnical engineering, particularly in the
context of tailings dams and other earth structures where failure mechanisms can lead to

catastrophic consequences. While in situ and laboratory testingi@neaiuable insights into
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soil behaviar, they often face limitations when attempting to fully capture the complex

interplay of factors that govern slope instability.

In situ testing, such as cone penetration tests and borehole sampling, offers a snapshot of soil
conditions and properties. However, these methods are constrained by spatial variability and
challenges in simulating the exact stress paths and boundaryi@mn@ixperienced during

slope failure. Similarly, laboratory testing, while enabling controlled analysis of soil properties,

is typically conducted on smadkcale samples and may not adequately replicate-dalte
processes, such as stress redistrinytiargescale deformation, and the interaction of soil

layers.

Moreover, slope failures have historically been documented through eye witness reports, as
failures are often unpredictable and are typically not recorded bingtedled cameras.
Physical modelling, particularly geotechnical centrifuge modelling, addresses these limitations
by providing a scaledyet representativeenvironment to study slope failures. By applying
centrifugal forces, stresses within the model can be scaled to match prototype conditions,
allowing reaitime responses to triggers like risimgater tables, rapid loading, or loss of
confinementto be monitored This method enables detailed investigation into failure
mechanisms, stress redistribution and-swilicture interaction, offering insights that bridge the

gap between laboratory experiments and in situ behaviour.

Physical modelling is indispensable in geotechnical research because it not only complements
in situ and laboratory data but also allows for the controlled reproduction of failure scenarios
under welldefined conditions. This makes it a powerful tool falidating numerical models,
improving our understanding of complex failure mechanisms, and developing more reliable

design guidelines for slope stability.

Laboratory testing at 1 g

Flume testing at 1 g is a widely used method in geotechnical engineering to investigate slope
stability. It offers the advantage of being eeffective and straightforward to setup, making it
accessible for preliminary studies. It provides-téak visud observations of deformation and
failure mechanisms and allow control over variables such as water flow, slope angle and
boundary conditions. However, flume testing is particularly limited in its inability to replicate
field-scale (prototype scale) stressnditions, as the stress levels in the soil are much lower
than reallife scenarios. Despite these limitations, flume testing remains a valuable tool for
understanding fundamental mechanisms and is often complemented by centrifuge modelling,

numerical aalyses, or field studies.
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Eckersley (1990) performed flume tests on slopes maitétiafly unsaturateatoking coal, in

which instability was triggered by raising the water table. Failure occurred when the water table
reached the slope toe, where large seepage forces were present. Pore pressure transducers were
installed to monitor responsasda maximumpore pressure ratio, 0.8 (Eqn. 2.5)below

the theoretical threshold of 1.0 required for static liguefastias recordedThis was attributed

to low stress levels in the slope, which likely limited pore pressure generpt@mrenting
liquefaction

Moriwaki et al. (2004) subjected a 1.2 m thicksaturatedslope to rainfall, observing a
maximum excess pore pressure of 12 &Pténe baseclose to the overburden stresssulting

in liquefaction

Wang & Sassa (2000) tilted a 0.1 m thick soil layer until failure, measupeglkexcess pore
pressuref 1 kPa, similarly close to overburden stress. In both studéggioned abovdailure

only occurred when the slope angle reached or exceeaetihis was in both cases attributed

to the norrepresentative stress state in the soil, which led to the soil having less contractive

tendencies.

Papageorgiou (2004) conducted flume tests to study the runout behaviour of liquefied gold
tailings fromtheMerriespruit tailings dam but found limited correlation with realrld failure
behaviour. Due to the inability of flume tests to replidakl stress conditions (referred to as
prototype conditions from here gn3ignificant differences in soil response were noted.
Moreover, discrepancies in preparation and deposition methods between the flume tests and the

Merriespruit tailings dam contributed to the differences observed.

2.7.2. Centrifuge modelling

2.7.2.1 General scaling law

Unlike flume testing, centrifuge modelling can simulate prototype stress condifsns.
discussed in Section 26, the initial state of soil significantly influences its response to
shearing.In low-stress environments, a soil element on the loose side of the CSL in the
prototype may behave as dense in a sswille flume tes{Fig. 219 and Fig. 223).
Consequently, soil that would exhibit contractive behaviour at full scaleextaipit dilative
tendencies at . Centrifuge modelling overcomes this byalerating smalscale models to

achieve representatiygototypestress levels.

The core principle of geotechnical centrifu

conditions in a scaled o wn model by applying i ncreased
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dimensions are scaled down by a factot) ofcorresponding to the acceleration level, which
results in an effective unit weight in the model thalt ismes that of the prototype. The scaling
factor is defined as:

5 — (2.8)

whered0 and0 represent the model and prototype quantities, respectively, with subscripts

Aimd and fApd indicating the model and protot
Section 4.2.

Along with correctly scaling the stresses in the model, centrifuggellinghas other benefits.
As smallscale models are constructed, it is considerably easier and cheaper to test varying
boundary conditions and model conditions than testing aspects at prototype scale.

2.7.2.2 Centrifuge modelling of slope failures

Take et al. (2004) conducted centrifuge tests on model slopes constructed of completely
decomposed granite (CDG) from Hong Kong. A steep, uniform slope was subjected to rainfall
(model 1) with the toe remaining unsaturated. Consequently, no failure was triggered.
However, additional tests were performed vatbose, wet CDG layesntop of a coarse base
(model 2) Rainfall led to ponding at the slope toethe CDG (above the sandjiggering a
slideto-flow failure. Fig. 234 presents the sequence of events in the slopeodel 2 The
unsaturated slope before wetting is presentdedgn2-34(a). Figs. 2-34(b) and (c) present the
progression of the wetting front and the ponding at the toe. Eig4(d) to (h) present the
failure sequence of the slopExcess pore pressures generated in this test peaked below
i 1.0, confirmingthat liquefaction did not occur. The study recommended intercepting
groundwater percolation near slogbhsough drainage systemis prevent pondingt the toe
rather than relying solely on compacting the top layer.
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Slide failure

Figure 2-34: Transition from slide to flow in loose fill model (modified from Take et al.,
2004).

Based on thabovementionetests, Take & Beddoe (2014) hypottsesi that liquefaction is
most likelyto occurat the slope toe, where water is more likely to pond. Irstingy; rainfalk
induced failure yielded a peak 1.0 at the base, signalling liquefaction, whereas a-well
drained slope face showed a péak 0.22.This confirmed that liquefaction potential is
highest at the basand toeof slopes.
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Askarinejad et al. (2015) subjected slopes to rainfall usoth wateranda viscous fluid to
observe differences sloperesponseThe study was undertaken to investigate the fact that the
fluids with different viscosities are known to replicate different aspects of slope instability in
centrifuge modelling (specific details on this phenomenon is provided in Section 4.2). In the
study by Askarinejad et al. (20153urface movements in the viscous fluid test wavserved

to besignificantly largerand movements continued after rainfall ceased, leading to a minor
sloughing failure. In contrast, the water test displayed no falluras explained that the more
viscous fluid caused excess pore pressures to dissipate more slowly, resulting in a loss of shear

strength in the slope of longer duration.

Ng et al. (2022) investigatattainedfailuresin loose sand fill slopegypical of the manmade
slopes found in Hong Konddne slope was exposed to rainfall, while another faced a rising
water table. Only settlement occurred in the rainfall test, whereas the rising water table caused
significant seepage and erosiahthe crestin the rainfall test, it was concluded that the
infiltration from the top of the model caused the surface layer to densify due to inundation
induced settlement. The densificatioeyented the slope from failure. In the rising water table
test, theseepageaused erosion, whiolxtended towards the crest, leading to a slip failure
(Fig. 2-35). Atfter the initial slip failure, as series of subsequent and rapid failures were
triggered Although the peak measured was below 1.0, it was suggested that this was due to
the slow logging rate, concluding that liquefaction had occuifbi was concluded as the

final slope angle was almost completely horizontal.

Gully erosion

A
S
N
A 4
Phreatic surface
e >
©0m 65m

Figure 2-35: Postulated failure mechanism and failure zones for the liquefaction of the

model slope presented by Ng et al. (2022) (redrawn; dimensions in prototype scale).

Ng et al. (2023) performed two centrifuge tests on model taistgyses (with different initial
densities) prepared using a viscous fluid, whereptireatic surfacevas slowlyraised. Two

distinct failure mechanisms emerged: in the looser slope, drained instability at the toe triggered
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a retrogressive flowslide due to excess pore pressures {8&). & the denser sloput still
in a loose statefailure occurred when the drained factor of safety reached unity, resulting in a
slip failure with limited undrained sheariagdno evidence of liquefaction (Fig-37).

g
S "
—

Observed
failure surface

Figure 2-36. Side view of flowslide failure of loose (a) before failure; (b) after failure (Ng
et al., 2023).
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Figure 2-37: Side view of the denser model slope that experienced a drained slip failure

(a) before failure; (b) after failure (modified from Ng et al., 2023).
NUMERICAL MODELLING OF SLOPE FAILURES

Given the time, materiahnd equipment costs required for physical modelling, numerical
modelling offers a more accessible and economically viable alternative for investigating slope
failure triggersUnlike physical models, which are constrained by the type, number and location
of measurement instruments, numerical models offer detailed insights into any calculable
parameter (e.g. pore pressure and effective stress) at any point in the model ataog ins

time. This flexibility allows numerical backnalyses to complement physical testsding in

the interpretation of test results.
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In addition to its accessibility, numerical modelling offers a wide array of software packages
and constitutive models, each varying in complexity and usability. Although there are several
numerical modelling methods (e.g. discrete element or material pathods), this report
focuses on the finite element method (FEM).

Jefferies& Been (2016) emphasised that effective numerical modelling should capture two
types of nodinear behaviournamely,material and geometric ndimearity. Material non
linearity accounts for the degradation of soil stiffness as plastic strains develop, while geometric
nortlinearity reflects how large displacement gradients at greater strains impact the numerical

solution. Bothtypes ofbehaviour can baccounted fousing FEM.

Griffiths and Lane (1999) conducted plane strain slope stability analyses usingpeafstotly

plastic constitutive models and a rassociated Moh€oulomb failure criterion. After
applying gravity loading to establish initial stress conditions, teagth reduction method was
used, progressively reducing soil strength parameters until failure occurred. Failure was
indicated by nortonvergence, attributed to large plastic strains signalling slope failure. The
FoS obtained from FEM closely aligned witiat from traditional LE methods, with similar

slip surfaces and FoS values (Fig38. This demonstrated that FEM could provide results
comparable to classical LE analyses.
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Figure 2-38: Example of (a) deformed mesh corresponding to the neconverged solution
by finite elements; (b) the critical slip surface determined using the limit equilibrium
method (Griffiths & Lane, 1999).

A significant advantage of FEM over traditional LE methods is its ability to capture the brittle,
strainsoftening nature of loose, saturated materials, a critical feature in complex geotechnical
analyses (e.g. Morgenstern et al., 2016; Jefferies et @L9;2Robertson et al., 2019).

Increasingly sophisticated constitutive models are needed to accurately poadptexsoil
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behaviourresulting from for example,density variations. Historically, few modelgave
included void ratio (or soil state) as a variable. However, constitutive models based on CSSM
have addressed this, forming a robust framework for analysing instability and liquefaction
(Jefferies & Been, 2016).

Manica et al. (2022) investigated the Merriespruit tailings dam failure using a modified version
of the Clay and Sand Model (CASM), which is rooted in critical state soil mechanics. The study
utilised twodimensional FEM to simulate the static liquefactienent triggered by
overtoppinginduced erosion at the dam's toe, as described in Wagener et al. (1998). Failure
was induced by progressively reducing the confining load at the toe, modelled using a force
reduction factofFig. 2239). The numerical analyseshowed that the removal of confinement
resulted in a loss of effective stress along the failure plane, culminating in full liquefaction,

where the effective stress and deviatoric stress reduced to zero.

Reduced load cpc_ (5 15504

=
T |

0 1.0x107% 20x102 30x102 40x10? 50x10? 6.0x1072

Figure 2-39: Deviatoric strain generated during the removal of confinement at the toe of
the Merriespruit tailings dam (Ménica et al., 2022).

Despite the robustness of the CASM model in capturing the initiation of liquefaction, some
limitations in its application were noted. For example, the study primarily focused on the
macroscale behaviour of the dam and did not fully resolve localised iiitigskor pore
pressure gradients at smaller scales. Thisdiditith e model 6s abil ity to
cascading retrogressive failutescussed by Wagener et al. (1998) (Fi§) 2Furthermore, the
transition from peak undrained strength to gudfied state was highly sensitive to the
calibration of the constitutive model parameters, emphasising the importance of obtaining

representative laboratory data for tailings characterisation.

The findings of Manica et al. (2022) have significant implications for understanding undrained
behaviour and failure mechanisms in tailings dams. The results demonstrate that static
liquefaction can be reliably simulated using a critical sbat®ed framewrk, provided the
constitutive model is weltalibrated. The development and distribution oerve as critical

indicators of failure potential, reinforcing the necessity of integrating pore pressure monitoring
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into slope stability assessments. Additionally, the study highlights the importance of
considering the role of undrained behaviour when assessing the stability of tailings dams,
particularly under conditions of rapid loading or confinement loss.

In addition to the centrifuge tests discussed in Section Ng.2t al. (2022) performed a three
dimensional numerical bagknalysisat prototype scaléo gain insight into the trigger and
failure mechanismshown in Fig. 235. The numerical study focused on validating the
hypothesised failure mechanism observed in the centrifuge test, where a rising groundwater
table led to diquefaction failuretriggered by gully erosion at the crest. Using a-liosar
constitutive model(not based on CSSM)he simuléions successfully reproduced the

progression of instabilitgFig. 2-40).
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Figure 2-40: Computed shear strain during numerical backanalysis of slope failure (Ng
et al., 2022).

As theseepage in the gully saturated the ¢ritst strength of the sand was reduced in that
region. As a result, drainedslip failure, which matched the initial failure shown in FigB%

was triggered at the cresthich subsequently generatacconcentrated zone of excess pore
pressuresThis ultimately led to norconvergence in the model, indicating the generation of
large plastic straing.his behaviour strongly supports the hypothesis that static liquefaction was
induced by the rapid and localisgltkearing at the crest, leading to a dramatic reduction in shear
strength.

Despite the robustness of the numerical model in replicating the general failure mechanism,
certain limitations warrant discussion. While the model captured the generation and
redistribution of pore pressures, it underestimated the magnitudeompared to centrifuge

test measurements. This discrepawegattributed to the use of a constitutive maidheit does

not account for stafewhich may not fully captur¢he volumetric behaviour of the soil
Additionally, the model's inability to account for matric suction in the unsaturated zone may

have influenced the computed pore pressure profiles.

In another study, Ng et al. (2023) conducted a-tiwoensional FEM backnalysis on the

centrifuge test shown in Fig-:& using the NorSand modéh the test excess pore pressures
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reached a peak = 0.4, confirming undrained respons$allowing the initiation of drained
instability. The numerical backnalysis was capable of capturing the triggering of drained
instability (Fig. 241), with the overall shape, depth and location of the slip surface comparing
well with the centrifuge test (Fig.-Z7). A significant difference between the measured and
computed results were the pore pressure responses. In the centrifuge test, the pore pressures
initially decreased during the triggering of the failure, followed by an increase. However, in the
numericalanalysis, only the increase was poteld. It was stated that the centrifuge test,

tension in the wiring of the tensiometargused a cavity to form between the face of the
tensiometer and the soil, causing suction to be measured. However, the magnitudes of the

positive excess pore pressures were comparable.
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0.0%

Figure 2-41: Computed shear strain from numerical backanalysis of slope failure (Ng et
al., 2023).

Reid et al. (2022) alsmodelledslope failures triggered by a rising water table, examining
conservative design standards like the GISTM (ICMM, 2020). GISIggests using the
undrained soil strength when assessing slope and tailings dam stability (e.g. Olson & Stark,
2003; Been, 2016; Sadrekarimi, 2016; Jefferies, 2018; Reid et al., 2022), presuming soil may

lose shear strength asttainsoften or evetiquefy under certain conditions.

Two widely used methods fastimating the peak and critical state undrained shear strength
are the yield strength ratio (YSR) and liquefied strength ratio (LBise undrained strengths
are then used to estimate the geotechnical stability of sIg8&Sis the ratio of peak undrained
shear strengthi , to initial vertical effective stressat the location in the slope under

consideration, e , marking strairsoftening onset:

YSR — (2.9)
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LSR is the ratio of residual (or critical state) strength after liquefaction to initial effective

stress, indicating podiguefaction soil strength:

LSR — (2.10)

These conservative methodologies aim to maximise stalciability. However, Reid et al.
(2022) demonstrated that some assumptions may lead to overly conservative failure predictions.
In the study, a slope with a conservative 1V:2.5H geometry was analysedtusimgmaterial
parameters, with eeand effective cohesiongeof 40 and 5 kPa, respectivelfhe phreatic
surface was raised in the slope until failure was triggered, similar to the centrifuge tests shown
in Fig. 236 and Fig. 237. Theposition of thephreatic surfacat failure (measured as distance
from the toe)was notedn each analysis. This was doag certain parameters, suchtlaes in

situ 0 value(Section 25.5), choice of YSR or LSRnfluenced the distance of the phreatic
surface away from the toe when failure was prediciettiitional factors, such as principal
stress rotation angle, and the intermediate principal stress rafjayere also consideretihe
analyses showed thtte phreatic surface was anywhere between 4 m to 55 m away from the
toe wherfailure waspredicted depending on the combination of the parameters

NorSand model 2
b scaling: No
ascaling: Yes
PS distance: 49 m

NorSand model 4
b scaling: Yes
ascaling: Yes
PS distance: 52 m

NorSand model 3
b scaling: Yes
ascaling: No
PS distance: 18 m
NorSand model 1
b scaling: No
ascaling: No
PS distance: 4 m

Figure 2-42: Examination of failure conditions of NorSand model and comparison with
YSR and LSR models (Reid et al., 2022).

As Reid et al. (2022) highlighted, there remains limited consensus on slope stability analysis
assumptions. Some approaches may Yyield excessively conservative failure predictions,

emphasising the need for tailored analysis methods.

SUMMARY

This chapter serves as a literature review, westablishes a foundation for understanding the
instability of granular slopes, particularly in tailings dams and loossldifies Key insights

are drawn from critical state soil mechanics, which provides the framework for interpreting soil
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behaviour in terms of the state parameter, critical state line, and instability line. These concepts
are pivotal in assessing the response of soils under different drainage conditions, including their
susceptibility tanstability orliquefaction failures.

Research on liquefaction underscores the influence of factors such as soil type, grading, fines
content, and void ratio, which collectively dictate the contractive or dilative tendencies of soils
under undrained loading. Studies have demonstrated thatinedrinstability is strongly
associated with excess pore pressure generation, with liquefaction occurringxebsgpore
pressure ratioseachunity. However, the interaction between these factotsggering slope

failures under undrained conditioremains insufficiently utderstood.

Case studies of tailings dam failures, including the Brumadinho and Merriespruit disasters,
highlight the catastrophic consequences of undrained failure modes. Numericahbbades

and physical models, such as centrifagedelling have been employed tavestigate slope
failures While these methods have successfully predicted mechanisnasdiked instability

due torising water tables, they have limitations. Physical modelling efforts, including
centrifuge tests, offer valuable insights into thelisgaof geotechnical processes. However,
many of these tests have focused predominantly on drained conditions without exploring
triggering slope failures under undrained conditions.

Numerical methods, such as tirait equilibrium andfinite element method, have advanced

the predictive capabilities for pifailure behaviour, but struggle to accurately simulate complex
postfailure phenomena like liquefaction propagation or retrogressive failddzhtionally,

few studies have investigated how well the tools that are widely available to industry can
capture the triggering of failures and the associated failure mechanisms. The models are often

idealised and do not serve as baclalysesvith physical data for comparison.

This research aims to address these gaps by employing a combination of advanced centrifuge
modelling and limit equilibrium and finite element simulations. The centrifuge tests
systematically evaluatiea variety of slope failure triggers, including rising water tables, rapid
removal of toe confinement, surcharge loadihthe toe and the crest and the borehole drilling
trigger discussed in Section22.4. Instrumentation captutlepore pressurand total stress
evolution as well as deformatiom detail during the failure of the sloped\dditionally,
numerical simulations usirgjther the limit equilibrium method with the Meiloulomb model

or finite element method wittihe NorSand constitutive model complement these experiments,

which focusedn replicating both préailure andthe triggering of the slope failures
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By bridging the limitations of physical and numerical modelling, this study preadaore
comprehensive understanding of the triggers and mechanisms of slope instability, particularly
under conditions representative of tailings damd loose fill slopes
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PROPERTI ES AND SHEAR BEHAVI OUR OF

INTRODUCTION

This chapter introduces the properties and behaviour of the sand used throughout this research.

It presents the sandébés index properties

mat eri al 6s brittleness i s e X a miameddtriaxials i n g

compression tests. These tests form the

characteristics, providing a framework for interpreting the results from both experimental and

numerical analyses.

INDEX PROPERTIES OF CULLINAN SAND

The sand utilised in the centrifuge and triaxial tests is a commercially available silica sand,

which is quarried near Cullinan, South Afrigad is referred to as Cullinan sand in this thesis
The particle size distribution (PSD) and some key index properties are provided irlREigd3

Table 31, respectively. The PSD was measured usMgstersizer 2000t has a fines content

defined as particles smaller th&n3 ¢ m, o medargraivp e O a of 98 & m,

maxi mum size of 400 em. Based on the PSD,
silty sand according to ASTM D2487. The specific gravi®,was measured as 2.7 using the
Mastersizer 2000 The saturated coefficient of permeabilif®@ 6.5 x 106° m/s, was
determined through alfang head permeameter test a void ratio of 0.9To validate this

results, Hazenbés formula was applied:
T 60 (3.1)

whereO i s Hazends ef f ectdivacoefficieaticonsideringpeesortingnm)

characteristics of the soil. In this caes 1. With a0 of approximately 0.04nm, this gives

an estimate of 1.6 x ¥an/s, which is in the same order of magnitude as the measured value.

a
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Figure 3-1: PSD for the Cullinan sand used in this study and the gold tailings used by
Narainsamy (2024).

According to Murison & Heymann (2024), the maximum and minimum void r&los, and
Q , for the sand are 0.953 and 0.576, determined uliB8gM D4254 and D4253,
respectively. The minimum and maximum dry densities of the sand are 1379 and 1794 kg/m

respectively.

Table 3-1: Index properties of Cullinan sand.

Index property Cullinan Sand
Specific gravity,O 2.7

O (em) 98
O (em) 42
Sand cont Okt 20803 76.5%
Fines contentQ< 63 €& m) 23.5%
Saturated permeabilityQ (m/s) 6.5 x 10°
Maximum void ratioQ 2@ 0.953
Minimum void ratio,Q 2 0.576
Maximum dry density (kg/f)? 1704
Minimum dry density (kg/r§)? 1379

aMurison & Heymann (2024)

BEHAVIOUR OF CULLINAN SAND DURING UNDRAINED SHEARING

Fig. 32 illustrates typical stresstrain responses and effective stress paths from three
isotropically consolidated undrained triaxial tests conducted on Cullinan sand (blueiises)
indicated in the figure for comparison, is a set of consolidated undrained triaxial tests conducted

on gold tailings, as reported by Narainsamy (2@22 lines) It should be noted that the CSL
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presented in Fig.-2 was determined usingraore comprehensive testing programmviich

is presentedh Section 54. Further detailed in Section 5.4 is the sample preparation and triaxial
apparatus used.able 53 details the testing programme, discussing differences in the testing
procedures and test conditio$e tests presented in Fig23are simply shown to illustrate
the brittleness of the Cullinan sand.

The specimenshown in Fig. 2 were prepared using the moist tamping (MT) technique and
wereisotropically consolidated to mean effective stresggmf 50, 100, or 200 kPalthough
thefabric created by thBIT technique is nobhecessarily representative of the falorieated by

the slurry deposition method (used in the construction of tailings déamw&s chosen as it

allows for contractive and brittle specimens to be created (i.e. Chang et al., 2011). The fabric
created by the MT technique also represented the sample preparation method used for the
majority of thecentrifuge tests (discussed in Chapter ®)is maximised the potential for
triggering liquefaction. Additionally, the MT echnique allows for better control over the

density of the specimens during preparation when compared to other methods.

While moist tamping does not replicate the depositional processes of hydraulic fill or slurry
placement, it waslso selected to ensure repeatability and control over initial density. This
method reduces layering and segregation that might otherwise obscure the influence of
controlled triggers on slope stability. However, this simplification means that the results may
not fully capture the effects of natural variability, anisotropy, or layering commonly observed
in field-deposited tailings. Future studieBosld investigate the influence of depositional

layering and the use of finer or more heterogeneous tailings materials.

The stressstrain responsesnd excess pore pressiteain responseshown in Fig. 22(a)and

(b), respectivelyThe deviatoric stres§, and excess pore pressur¥s, increasd with axial
strain until a peakvas reached. Notably, all sand specimens redpkakshear stresbefore

1% axial strain, after which they exhibitrapid strainsoftening. Each specimeeaachedzero
strengthstate within 5% axial strain. Using Equation 2.7, the liquefaction potential index (LPI)
for the specimensvas calculated as 1, indicating that true static liquefaction was triggrered
the triaxial testsThis is further supported by the effective stress paths shown in-gig. s

the mean effective stress decrehdbe deviatdc stress initially increaskto a peak before
strainsoftening occued with each path eventualbollapsing towardshe origin, confirming
liquefaction as defined in Sectiond2(i.e. nageduces to zero)jThese results indicate that
Cullinan sand, when prepared in a sufficiently loose state, is susceptible not only to instability

but also to static liquefaction.
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Figure 3-2: Typical results of isotropically consolidated undrained triaxial compression
tests of Cullinan sand in (a) stresstrain plane; (b) excess pore pressure versus strain

plane; and(c) A =aplane.

The CSL shown in Fig.-3(c) was derived from a seriesgik drained andenundrained triaxial
tests (detailedh Section 54). The slope of the CSLj , is 1.329,corresponding to a critical
state friction angle & of 33.0. Instability lines (ILs) were determined by connecting the peak

of each effective stress path in the naplane with the origin. As discussed in SecticB&.
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the slope of the IL) , varies based on the soil state. Although the initial void ratios of the
specimens in Fig. -2(c) were similar, their state parameters diffdrdue to varying

consolidation stresses, resulting in distinct ILs for each effective stress path

As illustrated in Fig. &L, thecoarse fraction of theSDof Cullinan sand is similar to that of

the gold tailings tested by Narainsamy (2024), although the tailings are slightly finer.
Narainsamy reported a critical state friction angfie&85° for the gold tailings, slightly higher
than that of Cullinan sand. Given that the primary aim of this study is to investigate potential
slope failure triggers, a material that maximises the likelihood of instability initiation was
essentialWith a flatter CSL, the€ullinan sand fits this criterion.

Fig. 33 illustrates the relationship between the slope of the instability line and the state
parametefor the Cullinan sanceven for triaxial specimens with state parameters close to zero,
the IL remains flatter than the CSL, with the maximiim being less than on&his suggests

that even specimens approaching the dense side of the CSL can experience instability below
the CSL threshold. As discussed in Sectidh&@and shown in Fig.-25, an increasing state
parameter correlates with a progressively flatter IL slope.
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Figure 3-3: Relationship between the slope of the instability linel L, and the state

parameter, + , for Cullinan sand.

The CSLinthéQ 1 haspace was determined through a series of drained and undrained tests
(Fig. 3-4). The CSL appears as a straight linini faspace and is represented(Bygn.2.3).

For the Cullinan sandy, the void ratio of the CSL at a mean effective stress of 1 kPa,,and

the slope of the CSL, are U@and 0.020, respectively. The critical state and instability

parameters are summarised in Tabl 3
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Table 3-2: Critical state and instability parameters for gold tailings.

Parameter Cullinan sand
Slope of the CSL i  naplane,0 1.329
Critical state friction angle, & 33.0°
Void ratio of CSL atjez 1 kPa® 0.8698
Slope of CSLifQ 1 haspace,_ 0.0202
Average slope of IL imM naplane,0 0.735
Mobilised friction angle at the peakge 24.7°

LIQUEFACTION POTENTIAL OF CULLINAN SAND

A key consideration in this study is the choice of matars#d in the centrifuge modelling
programmeAs highlighted in Chapter 2, several major tailings dam failures have occurred over
the past century. Investigating the triggers of tailings dam failures and their associated
mechanisms is therefore batlevantand timely.Thus, it was necessary to choose a material
with a pronounced brittle tendency when prepared in a loose state, as it maximises the potential
for triggering slope failureAlthough Culinan sand differs from typical tailings due to
differences in production processes, it was selected for this study due to its suitability for

examining potential instability triggers.

In addition to maximising the likelihood of failure, it was also desirable to investigate
instabilities that occur in a brittle manner. Fig2 3lisplays the sheatrain responses and
effective stress paths of both the Cullinan sand (blue lines) and the gold tailings (red lines)
tested by Narainsamy (2024)s discussed in Section 3.3, Cullinan sand undergoes static
liquefaction under undrained shearing, with initial state parameéterdetween 0.087 and

0.094 for the three specimens. Conversely, nonehef tailings specimens tested by
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Narainsamy2024) exhibitedliqguefaction, even with  values exceeding 0.1. The gold
tailings also displayed less brittle behaviour, reaching critical state only after axial strains of
over 10%. Observing the effective stress paths in F&{c]3 the gold tailings did not liquefy,

and the specimen initially confined at 200 kPa even exhibited phase transformation.
Furthermore, the instability line slopor the tailingswerehigher than that of Cullinan sand,
indicating that greater shear mobilisation is needed in the tailings to trigger instability.

The results in Fig. 3.2(a) also allow for evaluating the LPI discussed in Section 2.5.15Fig. 3
illustrates the relationship between LPI andfor Cullinan sand, alongside the gold tailings
data from Crous (2022) and Narainsamy (2024). LPI values increase withf risiiog both
materials. However, Cullinan sand is significantly more brittle and prone to liquefastiere
multiple tests reached an LPI of 1 (indicating static liquefaction), with other tests reaching LPI
values exceeding 0.75. In contrast, the maximum LPI observed in the gold tailings was 0.79,
even with  values higher than those attained with Cullinan sand.

While the general trend shows increasing LPI with higher state parathetgold tailings data
exhibit some scatter. This may reflect differences in particle fabairation levelfines
content, ordifferences in sample preparatjomhich affect liquefaction susceptibility beyond
what is captured bgtate parameter alon€hese results underscore the need for material
specific calibration when using the state parameter as a predictive index.
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Figure 3-5: Relationship between the LPI and the- for Cullinan sand and gold tailings.

Particle shape is another influential factdfecting the behaviour of granular materials
Ruietal. (2020) notdt hat particl e shape can affect a
electron microscope images in Big-6(a) and (b) depict Cullinan sand and gold tailings
particles, respectively. Archer (2013) characteri€allinan sand as silicaangular to sub

roundedwith a very rough surfac€hang et al. (2011) describtheparticle shape of two types
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of gold tailings The tailings collected from the pond consisted predominantly of platy particles
with small sized bulky particles, which were dispersed within the platy particle matrix. The
material collected from the upper beach was described as a uniform fabricatjtipgutticles
dispersed around and between the bulky partiglesneulen noted that the typical mineralogy

of gold tailings from the Witwatersrand gold reef isi700% quartz with trace amounts of

muscovite, pyrophyllite and illite.

‘t i e v‘* 7;
dl Platy particles and

. e flocks Tilling the voids
between bulky particles

1368 5K\ Y588 taen HOIL

Figure 3-6: Scanning electron microscope images of (a) Cullinan sand (Archer, 2013);
(b) gold tailings (Chang et al., 2011).
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The difference in permeability between the two matershisuld also be notedrable 31
reports a permeability @&.5 x 16° m/sfor Cullinan sandt a void ratio of 0.9whereas the gold
tailings have a permeability d8.0 x 10’ m/s at a void ratio of 0.85 (Crous, 2022;
Ng etal.,2023).1t is acknowledged that the finer tailings may exhibit slower pore pressure
dissipation due tas lower permeability, which could prolong shear strength loss. However,

the choice of Cullinan sarfdr use in this studyas based on its pronounced brittleness

SUMMARY

This chapter outlirethe index properties and undrained shearing behaviour of Cullinan sand,
the material used throughout this study. Initial element tests provided fundamental insights into
its shearing response, revealing that Cullinan paisdesses considerable brittlersass prone

to instability whensheared undraineth a loose stateSufficiently loose and saturated
specimens have a higher liquefaction potential and are even susceptible to full liquefaction.
Given its higher brittleness compared to the gold tailing$ete by Crous (2022) and
Narainsamy (2024), Cullinan sand was selected as the study material



4. CENTRI FMGBEL TEST PROGRAMME AND PRC(

4.1. INTRODUCTION

A series of nine centrifuge tests were conducted to investigate potential drastadidity and
triggers of undrainedinstability. This chapter provides a description of the design and
methodology of each testhe relevant scaling laws for centrifuge modelling are discussed,
with aparticularfocus on the effect of pore fluid viscosityhe centrifuge setup and equipment
used are presented, including modifications made to the centrifuge packihge/fmoudests.
Detailed descriptions of the diffetemodel preparation methods are providaold the section

is then concluded with an outlinedtbk testing program and procedural stefiswed.

4.2. PRINCIPLE OF CENTRIFUGE MODELLING
4.2.1. Scale relationship and scaling laws

Element tests, such as triaxial or direct simple shear testsyseful in characterising the
complex behaviour of soil specimens due to the strict control of boundary conditions offered.
However, such tests cannot capture the behaviour of more elaborate boundary value problems
such as tailings slopeas discussed in Section 2.7, physical modeliisgecifically centrifuge
modellingi is employed to more accurately simulate soil behaviour under field condition. In
centrifuge modelling, reducestale modis are constructed to replicate the geomaiy stress
statesf full-scale geotechnical structures, referred to as the prot@gpbe behaviour of soll

is highly nonlinear, the stress state will govern whether the soil contracts, dilates or undergoes

phase transformation.

Thesesmallscalemodels are accelerated in a geotechnical centrifuge to increase the stresses
experienced by the model, allowing for stress states that realistically reflect those in the field.

To ensure that oth@hysical processes and behavioural characteristtb® model correspond

with those of the prototype, appropriate scaling laws must be applied. The following sections

introduce and explain the scaling laws relevant to the centrifuge tests in this study.
4.2.1.1 General scaling laws

As discussed in Section3%, the initial state of soil significantly influences its response to
shearing and its strength characteristics. While the initial void r&jopf the soil is an

important factor, the stress, determined by-sef i g ht |, al so defines t he
principle of geotechnical centrifuge modelling is to replicate the prototype's stress conditions

in a scaleedown model by applying increasecelerationdiscussed in Section 2.7.2A.

summary of the relevant scaling laws for this study is presented in T-able 4
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Table 4-1: Relevant scaling laws for centrifuge tests.

Parameter Unit Scale ET "H/FETT "1 "l
Acceleration aji 0
Linear dimension a pj 0
Stress Q0 ® P
Strain p
Density QI P
Permeability aji P
Dynamic Vscosity 0 & P
Time i pj O

4.2.1.2 Scaling law for seepage flow (macroscopic scale)

Askarinejad et al. (2015) described in detail two different scaling laws that are applicable to the
centrifuge modelling of the triggering of slope failures. The first scaling law is that for seepage

flow on a macroscopicscalB.e epage vel ocity is governed by
b QQ (4.1)
whered, Qand® epresent the flow velocity, Darcyods

respectively. During the wetting process of a fully drained slope, where no excess pore
pressures are generated, the sl opedéstrifuygeespon:
model, when the same soil, hydraliiead and pore fluid are used as in the prototype, certain

scaling relationships hold, as discussed by Schofield (1980).

The geometric scaling in the centrifuge ensures that the model length scales inversgly with

_ (4.2)

Here, the subscripts andr denote the model and prototype, respectively. As the seepage flow
in the centrifuge model is driven by the full scale hydraulic head, but the flow path is called
down, the hydraulic gradient is thlstimes higher. Subsequentlyhet flow velocity scales

proportionally to the centrifuge acceleration:

— (4.3)

To determine the macroscopic seepage tiife, , it is necessary to consider the

relationship between flow velocity, length, and time. Since seepage time represents the time
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required for water to flow through a characteristic length under the influence of a hydraulic

gradient, it scales as:

"y - (4.42)

Substituting the scaling relationships for length and velocity yields:

i L (4.4b)

This indicates that macroscopic seepage processes in the centrifuge model ditoas faster

than in the prototype.

For soil movementesulting from inertial forcesthe characteristic time scal¢f
depends on the length scale and the acceleration scale. Assuming soil movement is governed

by inertial forces;Y scales as:
Y e - (4.5a)

Under centrifugal conditions, the acceleration in the madel,is 0 times greater than the

acceleration in the prototypé, . Substituting these scaling relationships, scales as:
— -0 — - (4.5b)

Unlike seepage timgegn. 4.4b) soil movement time is only scaled piy0 (Eqn. 4.5b) From
these equations, it is evident that seepage processes and soil mowedegrihertial forces
occur at different rates in the centrifuge model, leading to a mismatch in the scaling of these

phenomenahould they have to be scaled simultaneaously

To simultaneously scaléy and”Y correcty t he model 6s per me

artificially reduced by a factor af. As a result, the scaling law in Eqn. 4/8angesgo:
_ o A4 p (4.6)
Meaning Eqn. 4.4b changes to:

—L > - 4.7)

Thus, the scaling laws foY and’Y are equal.
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To reduce the permeability ly, the particle size of the saihn be reducedr the viscosity of

the pore fluidcan be increase®educing particle size can significantly alter the density, stress
conditions, and strength characteristics of the model, which may compronise mo del 6
validity. Therefore, it is generally preferable to use the prototype soil and modify the pore fluid
viscosity. By using a fluid with viscosity times higher than water, the scaling favor

Y and”Y are equalvithout altering other scaling laws or soil properties. This
approach ensures that teeepage behaviour in tleentrifuge modelis representatie of

seepage behawuioin the prototype system.
4.2.1.3 Scaling law for liquefaction triggering (grain scale)

While macroscopic scaling laws effectively describe the seepage flow, static liquefaction

operates at the grain scale, involving the collapse of saturated voids in a loose soil
(Takeetal.,2004). Since this process depends on interactions between individual particles and
the surrounding pore fluid, it requires a different approach to scaling compared to seepage
(Askarinejad et al., 2015; Zhang & Askarinejad, 2021)

When the model and prototype use identical soils, the physical dimensions of soil particles are
not scaled. This is expressed as:

— P (4.8)

whered and 0 are the characteristic particle dimensions in the model and prototype,

respectively.

The difference in scaling laws between the grain scale and macroscopic flow means that the
pore fluid viscosity must be scaled diffedgrfor liquefaction triggering than for seepage flow
(Askarinejad et al., 2015). To understand the timescales, consider a single soil particle
accelerating from rest under constant force, such as gravity (&ig.The time for a particle

to travel a given distancéy , can be estimated as:

0% — (49a)

where is the distance travelled by the particle. Assuming particle size and shape remain
unchanged (Eqn. &), but the acceleration scales in the centrifugej® 0 ,"Y

scales as:
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2 —0 — - (4.9b)

A B
Figure 4-1: The soil structure showing one patrticle impacting another (modified from
Askarinejad, 2013).

At the same time, the dissipation of positive excess pore pressures generated by particle settling
is governed by Darcyodos |l aw (Eqgn. 4&AandB, The

O, is determined by the soi Qiadtheaistame€a bi | i t vy
0 O— (4.10a)
0 5 o—" G0 (4.10b)
Consequently, the time for dissipation of pore pressiives, , scales as:
f
_ - (411
h
The diffeentscaling laws foi'Y (Egn. 49) and™Y (Egn. 411) mean that these

processesforming part of the liquefaction everdgccur at different rates in the centrifuge

model. To reconcile this, Askarinejad et al. (2015) recommended increasing the pore fluid

viscosity in the centrifuge byi0 , upon which both processes will scale byj U .

In conclusion, as reported by Askarinejad et al. (2015), for seepage velocity scaling, the
viscosity of the pore fluid should letimes higher than that of water. However, for accurately

modelling the triggering of static liquefaction at the grain scale, the viscosity should be
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increased by a factor dfi0. Selecting the appropriate viscosity ensures that either the
macroscopic or the grasscale processes are correctly scaled in the centrifugenot both.
The choicedependg on the objective of the test.

Effect of pore fluid viscosity

As outlined in Section 4.2.1, adjusting the viscosity of the pore fluid is necessary to satisfy
specific scaling laws. The appropriate increase in viscosity depends on whether a macroscopic
(seepage flow) or microscopic (grasnale liqguefaction) mechanisis being modelled.
However, irrespective of the scaling law being addressed, changing the pore fluid viscosity
significantly influences the pore pressure response during slope failure, particularly its
dissipation rate and associated failure mechanisms.

Stewart et al. (1998) conducted centrifuge tests on sand slopes saturatsattwitateranda

fluid with ten times the viscosity of water, under seismic loading. The magnitudes of excess
pore pressures generated during failure events were similar in both models, but the dissipation
rates differed markedly. The viscous fluid slowed the dissipaifoexcess pore pressures
compared to the wataaturated model, prolonging the loss of shear strength. Notably, the study
did not mention any observed deformasmr movements, making it unclear how the slowed
dissipation affected failure modes or slope stability in comparison to other studies. It is also
important to note that the tests were conducted at differimtels than subsequent studies,

making directomparisons challenging.

Askarinejad et al. (2015) investigated slope responses to rainfall events with two centrifuge

models: one saturated with water and another with a Hlidimesmore viscoushan water.

The watersaturated slope exhibited continuous but smooth deformations without triggering
failure. Conversely, the model with the viscous fluid experienced large deformations and
persistent movements at the toe, even after raihi@ll ceased. These differences were
attributed to the slower dissipation of excess pore pressures in the viscous fluid model, which
prolonged the duration of weakened shear strength and resulted in more pronounced slope
instability.

Zhang& Askarinejad (2021) extended this understanding by conducting centrifuge tests on
submarine slopes subjected to progressive increases in slope (dltighp. Tests were
performed using water and fluids with viscosities/ttf and( timesthat of waterlt was
observed that as pore fluid viscosity increased, failure occurred at lower mobilised friction
angles. The slowed dissipation of excess pore pressures in the viscous fluid models increased

the likelihood of the behaviour transitioning from drained to unédconditions. Higher peak
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excess pore pressures were recorded with increasing viscosity, leading to paxiciped
conditions where soil shearing generated excess pore pressures that dissipated concurrently.
This phenomenon underscores the critical role of pore fluid viscosity in controlling the rate of
pore pressure dissipation and the resulting failure mésrhan

Across these studies, several common observations emerge:

1. Increasing pore fluid viscosity consistently slows the dissipation of excess pore
pressures, regardless of the loading or failure mechanism.

2. The use of viscous fluids often results in more severe or pronounced slope instability
due to themoreprolonged loss of shear strength.

3. Higher viscosities shift the behaviour toward undrained conditions, as the ability to

dissipate pore pressures diminishes.

However, notable differences exist as well: Stewart et al. (1998) did not observe significant
changes in pore pressure magnitudes or pravitgghts into deformation behaviour, unlike
Askarinejad et al. (2015) and Zha&gAskarinejad (2021). Additionally, Zharg& Askarinejad

(2021)specifically demonstrated that the use of a fluid with viscasitynes that of water is

essential for accurately scaling seepage behaviour, whHabesscous fluids are better suited

for modelling liquefaction triggering.

These findings underscore the challenge of achieving appropriate scaling for both seepage and
liquefaction processes in centrifuge tests. Viscosity scaling laws are inherently incompatible

for simultaneously modelling seepage tinte and liquefaction triggering at the grain scale

MO . In this study, two different fluids were employed. Water was used to establish a baseline
system, as its behaviour provides a lodweund condition (Ng et al., 2022). If failure occurs
with water, it will certainly occur, and potentially more dramaticalligh a more viscous fluid.

To study the graiscale mechanisms of liquefaction triggering, tests were repeated with a fluid
MO times more viscous than water. Notably, no tests utilised a fluid with viscosityes that

of water, as seepage behaviour was not a primary focus of this study.

4.2.3. Viscous pore fluid

A glycerinewater mixture was chosen for all tests involving a viscous fluid. Crous (2022)
conducted viscosity tests on various glycefiveger mixtures at different glycerine
concentrations (Fig.-2), measuring viscosities with a rheometer at a constant temperature of
25AC. These measurement s, taken across diff

mixture behaves as a Newtonian fluid. With the centrifuge tests conducted at an aooealérat
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30 g, a fluid viscosity of/io Ttimes that of water was required, corresponding to a mixture
containing 53.5% glycerine by mass.
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Figure 4-2: Viscosity (mPa.s)of glycerine-water mixtures at different concentrations of

glycerine and shear strain rate v ) (modified from Crous, 2022).
CENTRIFUGE PACKAGE

The centrifuge tests in this study were conducted at the geotechnical centrifuge facility at the
University of Pretoria (Jacobsz et al., 2014). This centrifuge has a radius of 3 m from the axis
of rotation to the model platform and a capacity of 186y

All models used a standard centrifuge package, with specific modifications discussed later in

the respective section$he main components of the centrifuge package included:

A model container (often referred to as a strongbox)
A groundwater control system
The model slopes

Relevant instrumentation

Model container

The model container and slope geometry used in this study were similar to those of Crous
(2022) and Ng et al. (2023), shown in Fig34The container is built with 50 mm thick
aluminium walls, with one side featuring a 50 mm thick glass viewing window. The interior

dimensions of the container are 800 mm (length) x 160 mm (wic4B) xm (height).

The potential influence of model boundaries on failure development was carefully considered.
The slope geometry was positioned with sufficient distance from the side walls of the container
Ng etal. (2023) notedho signs of boundarinduced constraint or reflectiot.was noted that

all movements remained within the central portion of the slope. These observations indicate
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that boundary effects were minimal, and the results reflect realistic slope behaviour under the

applied triggers.

The general test setup, modelling procedure and sequence of events throughout the various tests
were similar, with differences discussed in the following sections. In general, the model slopes
were accelerated in the centrifuge. Once at the design aticeietiae slopes were wetted using

the dedicated groundwater control system to establish a water table. Once close to failure, the

respective triggers were applied to the slopes.

To preventerosion caused bgreferential flow paths forminglong the sides of the model
during wetting aluminium fluid diverters and a coarse sand filter were installed upstream of
the model slopéCrous et al., 2022)Additionally, a thin layer of silicone was applied to the

base of the model container to minimigeeferentialflow along the bottom boundary. As
discussed in the previous section, the tests employed either water or a viscous fluid as the pore
fluid, necessitating two distinct groundwateontrol systemqdiscussed below)Fig. 4-3

illustrates he general setugsed in all the centrifuge tests.

PERFORATED
PLATE

SAND FILTER

MODEL
CONTAINER

FLUID DIVERTER/

® TENSIOMETER
FLUID

DIVERTER
OUTLET

VERTICAL AND HORIZONTAL E INLET

4 STRESS CELLS

Figure 4-3: General centrifuge package used fothe centrifuge tests.
Groundwater control system

All model slopes in this study were initially unsaturated. Before any triggers could be applied,
a water table was established. The groundwater control system was based on that described by
Ng et al. (2023) and comprised a fluid supply systmriorated divider platialuminiumangle

profiles acting afluid diverters at the toeand against the model side walsid an outlet.

A fluid reservoir was created at the upstream side of the slope using a perforated plate as the
perforated plate divideiFig. 44). The plate contained holes, permitting fluid flow from the

reservoirinto the slope, while a geotextile covering prevented sand from entering the reservoir.
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This setup allowed for precise control over the hydraulic head applied to the upstream section

of the slopeas describetelow.

Perforated
divider plae

Aluminium
fluid divertes

Figure 4-4. (a) Perforated divider plate; (b) perforated divider plate and fluid diverters
installed in the model container (modified from Crous, 2022).

For tests using water as the pore fluid, the centrifuge's dedicated water control system was
employed. A water supply pipe connected to the inlet (F8) @was regulated from the
centrifuge control room by adjusting a supply valve, allowing control thesflow rate. A
pressure transducer at the inlet measured hydtaedidin the reservoir, and the water level at

the upstream side was visually monitored to adjust the supply valve as needed. Near the toe of
the slope, an aluminium fluid diverter (Bigt-3 and 44(b)) was installed at the same level as

the toe. As the water table rose, the water level reached the toe before any trigger was applied,
ensuring full saturation in this area. Once the fluid was level with the toe, it flowed over the

diverter and out othe model container, preventing submersion of the slopes.
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For tests with a viscous pore fluid, a setup similar to those in Crous (2022), Crous et al. (2022),
and Ng et al. (2023) was used. A fluid storz:
centre at an elevated level, providing hydraulic headldal flow from the tank to the model
container. A solenoid valve installed at the inlet, connected to the storage tank, was controlled
from the centrifuge control room, enabling precise control of the hydraulic head in the reservoir.

A pressure transduceronitored the fluid pressure in the reservoir.

As in tests using water, an aluminium fluid diverter was placed at the toe of the slope. An outlet
storage tank was connected to the model con

over the diverter to drain into the outlet storage tank.

4.4. INSTRUMENTATION

To capture the response of the model slopes during testing, instrumentation was carefully
selected and installed. Pore pressure changes were recorded using tensiometers, slope
deformation was tracked with linear variable differential transformers (LVIRHRg)total stress

was monitored with miniature stress cells.

4.4.1. Pore pressure measurement

Understanding pore pressure changes is esse
onset of failure and its behaviour during failure, as these changes impact effective stress and
thus shear strength (Section 2.3). In this study, the slopesniteaty in an unsaturated state,
transitioning to saturated conditions as the water table rose. To capture both positive and
negative pore pressures throughout this process, custom tensiometers designed at the University
of Pretoria (Jacobsz, 2018; Lelk & Jacobsz, 2021) were used (Figh)4 These tensiometers

consist of a porous ceramic filter, a pressure sensor, structural epoxy resin, awlea 4
electrical wire. The primary advantage over conventional pore pressure transducers is their
ability to measure suctions (negative pore pressures) as well as positive pressures, enabling full
coverage of the pore pressure spectrum. The pressure sensor has a rated capacity of +700 kPa,
while the negative range is limited by the-amtry value (AEV) of the eramic, selected as
100kPa to ensure rapid response. While the main focus of the study was on drained and
undrained behaviour, the inclusion of suction data enabled better representation of initial
conditions in the numerical models, especially where unsaturated zones perBssed.
additional data did not complicate interpretation but rather enhanced the understanding of pore
pressure evolution prior to failur€éensiometers were strategically placed within the slopes to
capturethe pore pressure profileDesign and construction detaitd the tensiometers are

provided in Appendix A.
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Ceramic tip

Figure 4-5: University of Pretoria tensiometer.

To ensurdastresponse times, tensiometers underwent a thorough saturation pvdtebss

based on the procedure proposed by Take & Bolton (2008ally, they were dried in a 65°C

oven, then placed in a custom saturation cell where a vacuum was applied to remove trapped
air. The cell was slowly filled with daired water under vacuum/hen the tensiometers were
submerged, the vacuum was releasgubrreleasing the vacuum, the water was drawn into

the tensiometers, achieving initial saturation. Trmalfse saturation, the cell pressure was
increased to around 600 kPa, and the tensiometers were left pressurised overnight. Calibration
then followed byfollowing a loading and unloading phase in whilsé cell pressureas varied
betweerD to 500 kPa in 100 kPa increments. Based on Jacobsz (2018), the tensiometers' linear
calibration for positive pressuragssextrapolated for negative pressures. Appendix A details

the calibration process.

Settlement measurement

LVDTs were installed on the slopes to monitor deformation during testing, with the number
and positioning of LVDTs tailored to each
output and a stroke length of 60 mm. Before accelerating the models imthége, each

LVDT spindleand plungervereadjusted to optimise measurement range. An example LVDT

is shown in Fig. 4.

Figure 4-6: Linear variable differential transformer.
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4.4.3. Total stress measurement

Miniature total stress cells (Fig-4 were installed in certain tests to record changes in total
stress within the slopes during specific triggers and failure events. Narainsamy (2024) noted
that measurements may underestimate the true total predgarto either cell deflection or
arching effects as the soil shears. Although some valueshenagbeen undermeasuredhe

cells still provided valuable qualitative insights into stress changes and failure mechanisms.

Figure 4-7: Miniature total stress cells.

The stress cells were calibrated within the centrifuge. They were placgghdtatontally
orientatedlin an empty model container and subjected to incremental increases in acceleration
(5 g steps up to 58) to confirm that elevated acceleration levels did not affect their response.
Calibrationthen involved filling the model container with 200 mm of water, placing two
calibrated tensiometers adjacent to the stress cells for verifi¢aigprd-8). The container was

again accelerated incrementally upS@g. Details of the calibration process are outlined in

Appendix A.
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Figure 4-8: Calibration of miniature total stress cells in model container.

4.5. VISUAL MONITORING ARRANGEMENTS

Since the models were constructed to simulate plane strain conditions, the side view through
the viewing window effectively represented the entire slope model. This view enabled detailed
analysis of slope deformation during inundation and provided cleanedtion of slope failure
mechanisms. Two visual monitoring methods were used: traditional photography and

videographyfor visual monitoring angarticle image velocimetry (PIV) analysis.

4.5.1. Photography and videography of centrifuge tests

Three cameras were employed in this study. A digital silegle reflex (DSLR) camera was
positioned perpendicular to t heesolnmndelowds vi
images of the slopes. This setup allowed for capturing images at interfisdguent as once

every three seconds. However, this rate was insufficient to document some rapid failure events,
prompting the addition of a video camera alongside the DSLR. The video camera recorded at a
resolution of 1920 1080 pixels with a frame ratd 30 frames per second. The two cameras
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together allowed for capturing the slope response during the entirety of the tests, including the
failure events. The DSLR camera and the video camera were used for PIV analyses (discussed
below). However, after initial tests, the resolution of the videoera was deemed insufficient

for PIV analysis and was thus replaced bygher resolutiornigh-speed camera. This camera

is capable of capturing high resolution black and white images at 100 frames per second.

The visual monitoring system used was constrained by the available camera resolution and
lighting conditions in the centrifuge chamber. While sufficient to identify overall deformation
trends and shear zonesjalker-scale displacement accurgégr PI1V) could be improved with
higherresolution systems. Future studies may benefit from advances in imaging hardware to

enhance the precision of optical measurements.

Particle image velocimetry

The PIV technique as used in centrifuge modelling, also referred to as digital image correlation,
was developed and validated by White et al. (2003), and allowsorgact measurements of

soil deformation. The approach is based on dividing an image iatpan of interest, whereby

the position of individual subsets (patches) is tracked between successive photographs. This
technique combines digital photography, ctesege photogrammetry, and PIV. Further details

on the underlying PIV theory are providad White (2002), White et al. (2003nd Take

(2003) The most recent iteration of PIV, GeoPRG, was used for the PIV analyses. More
detail on GeoPIWRG is provided by Stanier et al. (2015).

In this study, PIV was applied to analyse soil response during the triggering events and failure
int hree centrifuge test s. frequercywBsIkuRicientdomM a 6 s
analysis for most tests. However, one test discussed later in thisdigpgigld DSLR images
suitablefor PIV analysis. The resolution from the video camera did not meet the resolution
needed for PIV analysis. The higheed camera could capture images at high enough quality

and speed for PIV analysis.

PREPARATION OF MODEL SLOPES

This section describes the preparation methods and specific conditions for each centrifuge
model. Table £ summases the series of centrifuge tests, detailgaghtest and model
conditions. Before elaborating on model preparation, preliminary limit equilibrium (LE)
analyses were conducted to asselsen the drained factor of safety of the slopes approached
one,which informed when to apply the triggerstine centrifuge tests. These LE analyses are

discussed in Chapter 5, where the numerical analysieguooes for this study are presented.
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The slope in each model was designed to represent a simplified section of contractive tailings
within the impoundmendykeof a tailings dam. The structural features of upstream, centreline,

or downstream embankment zones were not included in these models.

Table 4-2: Details of the centrifuge testing programme.

Test ID Pore Fluid Initial Void Ratio, Q Trigger
R1-W Water 0.57 Rising water table
R2-W Water 1.00 Rising water table
R3-G Glycerine mixture 10 0.90 Rising water table
L1-W Water 1.00 Loss of confinement
L2-G Glycerine mixture V10 0.90 Loss of confinement
B1-W Water 0.90 Buttress at toe
B2-G Glycerine mixture V10 0.90 Buttress at toe
S1-G Glycerine mixture V10 0.90 Surcharge at crest
ST1-G  Glycerine mixture N0 0.90 Standpipe

R Rising water table; [i Loss of confinement; B Buttress at toe; $ Surcharge at crest;
STi StandpipeW i Water; Gi Glycerine mixture.

4.6.1. Preparation of soil samples

The Cullinan sand described in Chapter 3 was used for all model slopes. To ensure consistency,
the sand was ovedlried at 65°C for at least 48 hours prior to preparation. The model in Test
R1-W was prepared using the slurry deposition (SD) metbguiepare a dense sampihile

the remaining slopes were prepared with the moist tamping (MT) method. For the MT method,
the sand was mixed with water to achieve a 4% gravimetric water content (GWC), sealed in
plastic bags, and left to equilibrate for 48 hoursisture content uniformity was verified
through sampling.

4.6.2. Formation of the model slopes

To manage seepage, two aluminiangle profiles acting dtuid diverters were installed near
the reservoir (Fig.-9), to minimise the occurrence of piping against the model container side
walls where preferential flow paths tended to form. In additioBQ anm wide sand filter
composed of coarse sand (saturated permeability of mi1€) was placed at the upstreaitie
between the aluminium fluid diverteend densified with a tamping rods discussed by
Crousetal. (2022), this filter allowed the fluitb seep evenly through the coarse filter before
reaching the slope, minimising the potential for internal erosrahpreferential flow against

the model boundaries
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Figure 4-9: View of fluid diverters (modified from Crous, 2022).

4.6.2.1 Dense slope subjected to rising water table\{R1

TestRIW6s model sl ope was p tocpaeradahsesleg@@andgandt h e S
water were mixed directly in the container and continuously agitated to maintain a uniform
slurry. After filling, the model was accelerated to 30 g, draining waite30 gand further
consolidating the san@he model wasleceleratedo collect moisture content samples and to
cut the slopeA void ratio of 0.57at a GWC of 2.6%determined using tube sampling after
consolidation, was achievedhis corresponds @ relative density of 102%. The geometry of
the final slope (Fig4-3) resulted in atate parameter,, of -0.30 to-0.21 at 30 g, assuming a

0 of 0.5 (Narainsamy2024) The sandvas thereforén a dense state with an expected dilative
responseThe determination of the state of the slope is discussed further in Chapter 6.
tensiometers or LVDTs were installed in-RY, as interest was primarily on observing pore
pressure responses in looser slopes. Water was used as the poreittuithe modelling
procedure outlined in Section 4Fig. 410 shows the final slope.
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Figure 4-10: Completedmodel R1:-W.

4.6.2.2 Loose slopes subjected to a rising water tableWR2nd R3G)

The slopes in Tests R& and R3G were prepared with the MT method to achieve loose
specimens (Cai, 2001) and a fabric susceptible to liquefaction (Chang et al., 2@ 1o
tests used water and glycerine as their pore fluid, respectivetgel plate was installed along
the fluid diverters to separate the filter from the model slope during constructiod-J)ig.
Sand was compacted in six 50 mm layers, with density controlled by placimgmieed sand
and compacting to the target thickness. Eagkrlavas scarified before adding the next to
ensuregoodinterlayercontact

For R2W, the initial void ratio was 1.0, exceeding the maximum void ratio (Taf)e8hich

was made possible due to the presencaatfic suction (Cai, 2001). Significant settlement
observed during acceleration suggested the soil was extremely looseGntiRStarget void

ratio was reduced to 0.9 (14% relative density) to limit settlerdaring acceleration and
wetting An aspect to note, the density of the loose slopes still changed during testing. Thus,
the distribution of the state parameter thigboutall of the looseslopes are discussed further in
Chapter 6.

To aid flowline visibility, potassium permanganate was applied WM\R2s s a nTdiswas | t er
not repeatedn other test and is not referred to again in this repdtack-dyed sand was
compacted between layeatong the viewing panel for easier identification of slip surfaces

test R3G. Both models were instrumented with tensiometers, LVDTsiartdstR3-G, total

stress cellgFig. 411). Fig. 412 showsthe finished model slope witlthe instrumentation
installed with further details in Appendix A.
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Figure 4-11: Initial geometry and instrumentation for model slope in (a) Test R2WV; (b)
Test R3G.
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Figure 4-12 Completedcentrifuge model with instrumentation installed.
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4.6.2.3 Loose slopes subjected to a loss of confinemeniLand L2G)

Wagener (1997) and Wagener et al. (1998) explained that the overtopping of the Merriespruit
tailings dam resulted in a loss of confinement at the toe of the slope (Set@i)2.This
triggered an initial slip failure, which triggered a series of subsequent slip failures. Téasfts L1

and L2G were designed to investigate the slope response and failure mechanism during a loss

of confinemenat the toe of the model slope

To study responses toss ofconfinementtests LW and L2G were constructed similarly to
R2-W and R3G, but with an additional section at the toe removed to simulate confinement
loss. A geotextilecovered perforated steel platehich was permeable to the pore fluid,
providedmechanicakonfinement It was removed rapidly during testing usingraeumatic
actuator (Fig. 4.3). L1-W (initial void ratio of 1.0) used water as the pore fluid, while@&2
(initial void ratio of 0.9) used a viscous fluid. Test¥WMwas equipped with a single LVDat

mid slopedue to space limitations, while £@ hadanadditionalLVDT at the cresand total
stress cells. Instrument placement is detailed in Appendsigh 414 shows a finished model

slope with instrumentation installed.

- PERFORATED
/ PLATE
LVDT CREST 1 \
~ACTUATOR 210 H \-MODEL
| H CONTAINER
LVDT MID
RESERVOIR

PERFORATED
ANGLE PROFILE

— e e
[ L
D] T1 3 T6 7715

INLET

/ 670
VERTICAL AND HORIZONTAL~
TOTAL STRESS CELLS

Figure 4-13: Initial geometry and instrumentation for the model slope in Tests LiW and
L2-G.
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Figure 4-14: Completedmodel L1-W with instrumentation installed.

4.6.2.4 Loose slopes subjected to the rapid construction of a buttres$\(Bhd B2G)

As discusseth Section 22.2.5, the rapid construction of a buttress could generate excess pore
pressures, triggering a loss of shear strength and slope failure. TedtsaBd B2G were

conducted to investigate this potential trigger.

Tests BIW and B2G were constructed similarly to R® and R3G, each atminitial void

ratio of 0.9. A sand hopper attached to an actuator simulated buttress construction, with sand
dischargedat the toe of the slopepon opening (Fig. 45). Models BXW and B2G had

LVDTs and tensiometers in the same locations. Total stress cells were installed in@st B2
with orientations to allow for both vertical and horizontal total stress measurefesit8t

W used water, and B& used a viscous fluid. Fig-1 shows a fully constructed B&/ model

with installed instrumentation, with location details in Appendix A.
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Figure 4-16: Completedmodel B1-W with instrumentation installed.

4.6.2.5 Loose slope subjected to rapid surcharge loading at the cresB{S1

As discusseth the previous sectiothe rapid construction of a buttress cogherateexcess

pore pressure$Vhile the surcharge loadinig tests BIW and B2G focused on the loading at

the toe, surcharge loading may also take place at the slope crest (e.g. due to deposition of a new
lift). To investigate the response of the slope, tesGSas designed and conductédst S1

G was built as BW and B2G butwith the sand hoppgositionedat the crest (Fig.-47).

Viscous fluid was used in this test. Instrumentation locations are shown inJigwith more

details in Appendix AFig. 4-17 shows the side profile of the final constructed model with the

instrumentation installed.



4-23

-—SAND

ACTUATOR HOPPER

PERFORATED
PLATE

MODEL

CONTAINER
VERTICAL AND HORIZONTAL

TOTAL STRESS CELLS
LVDT MID

RESERVOIR

LVDT TOE .T4

A o3
Ce e

OUTLET 3 ¢/

INLET

670

Figure 4-17: Initial geometry and instrumentation for the model slope in Test S4G.

Figure 4-18 Completedmodel StG with instrumentation installed.

4.6.2.6 Loose slope subjected to borehole drilling ($3)1

As discussed in Section22.4, there are two main hypotheses regarding the Brumadinho
tailings dam failure. Robertson et al. (2019) hypothesised that continuous creep over time
resulted in the cementation being broken, triggering a sudden loss of shear strength known as
creep rupire.

The second hypothesis as provided by CIMNE (2021) is relateertossion drilling that was
taking placeon the facility at the time of failure. Borehole drilling was taking place on the dam.

It was hypothesised that a hydraulically continuous layer of soil was present in the dam and
that water was injected into it when the drill reached that layer, triggarsudden spike in

pore pressure (and loss of shear strength), resulting in the subsequent failure of the slope.
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An investigaion involving cementation and creep rupt{Robertson et al., 2019) is not in the
scope of this studyHowever the trigger hypothesised by CIMNE (20243s investigatedn

this model, the slope was also constructed by moist tamping six layers to a void ratid of 0.9.
replicate pore pressure changes associated with borehole drifistgST1G included a
150x 25mm coarse sand layer within the slope (Figl9% A standpipe connected to a
solenoid valvélocated above the model containeng overflow system allowed fluid injection

into this layer. Test SFG used viscous pore fluid, with the model setup shown irdF2g.
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Figure 4-19: Initial geometry and instrumentation for the model slope in Test STAG.

— e

Figure 4-20: Completedmodel ST1G with instrumentation installed.
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TEST PROGRAMME AND PROCEDURE

All centrifuge tests in this study followed a standsediprocedure, with variatiorrsdetailed
below.Centrifugal acceleratiowas gradually increasdtbm restin 10g increments until the
design acceleration was reached.ti¢ design acceleratiorestablishment of the phreatic
surfacewas initiated using the setup described in Section 4.3.2, where the hydraulic head in the
reservoir wasaised to the targeted level, where it was maintained for the duration of testing
Fluid seeped through a perforafgdte into the slope, establishing the water table. This process
continued untilthe varioustriggersinvestigatedwere applied to the modeléfter trigger
application which normally resulted in slope failyrethe centrifuge was stopped.
Instrumentation was monitored throughout each test, with the sampling rate adjusted from
10Hz in initial tests to 100 Hz in later tests for improved data resolution.

While a neaisurface water table can represent a critical or waase scenario, such a condition
was not present during the tests and would not have reflected the staged seqtaiings
dams, as well as these centrifuge telimvertheless, future numerical studies could benefit
from simulating fully saturated slopes to examine stability under extreme efafilost pore

pressure regimes.

In tests RIW, R2W, and R3G, the phreatic surface was progressively raised until drained
instability occurred. For tests B and L2G, the phreatic surface was raised to just below the
top of theperforated plate at the toe. Once this target water level was reached, an actuator

rapidly retracted the plate, removing confinement and triggering slope failure.

As discussed further iBection 6.2failure in tests RW, R2W, and R3G was triggered once
the water tablsaturatedhe toe. However, in tests BX and B2G, application ofatriggerof
undrained instabilitywvas required before drained instability coolctur. For these tests, the
phreatic surface was raised near the lioewithout triggering instability At this stage, an
actuator activatedhe hopper,dischargingsand at the toe. Test &l followed a similar
approach, with the sand discharged atslbpe crest instead of the toe.

In test ST1G, a phreatic surface was first established. Before the water table reached the toe, a
solenoid valve connected to the standpipe was opened, injecting viscous fluid into the

hydraulically continuous sand layer, which triggered slope failure.
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NUMERI CAL ASALYS

INTRODUCTION

A key obijective of this research was to determine whether undrained conditions could trigger
failure in slopes that were otherwise stable under drained conditions. Various triggers were
applied in the centrifuge tests, but instability only developed wiedrained factor of safety

(FoS) was already close to unity (discussed further in Chapter 6). It was therefore necessary to
first establish the drained stability of the slopes before assessing the feasibility of triggering
failure through different mechams.

To achieve this, preliminary limit equilibrium (LE) analyses were conduotddtermine when

the drained factor of safety (FoS) approachedaseguide the design of the centrifuge tests.

It provided guidance on when to apply the respective triggers, as it was necessary to subject the
triggers to the slopes before drained instabiligllowing the centrifuge tests, refined LE
analyses were performed to provide a more detailed assessment of drained stability before
progressing to more advanced numericalkanalyses.

While LE methods are widely used in engineering practice due to their simplicity, they rely on
pre-defined failure surfaces and do not account for soil ss&am behaviour. To overcome
these limitations, finite element method (FEM) barialyses wereanducted using a critical
statebased constitutive model to simulate the evolution of pore pressures, stresses, and
deformations leading to failure. These analyses provide insight into the mechanisms governing
instability in marginally stable slopes, pattiarly in cases where drained conditions may

transition towards partially drained or undrained behaviour.

Although the results of these numerical analyses are compared with centrifuge observations in
subsequent chapters, this chapter focuses solely on the numerical modelling methodology,

detailing the approach, assumptions, and implementation of both thedlFEEMh analyses.
LIMIT EQUILIBRIUM  ANALYSES

Preliminary LE analyses served two main purposes:

1 To identify credible triggers for slope failures objectively.

1 To guide the design of certain centrifuge tests outlined in Chapter 4.

Each preliminary analysis employed the same layout and methodology, using the commercially
available softwareSEEP/W (FEM) an&LOPE/W(LE). Pore water pressures were estimated

using eithersteady state dransient seepage analysis, as specified below. All analyses were
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conducted at prototype scakeor the LE slope stability analyses the Morgensktoe method
of slices (Morgenstern & Price, 1965) was usedniiimum slip surface depth of 3 mas
specifiedand slip surfacesere generated usirige entry and exit method.

The MohrCoulombstrengthmodel was used in all preliminary LE analyses. A friction angle,
a of 33 was applied (Section 3.3), along with an effective cohesigmof 1 kPa.

Adjustments were made to the saturated unit weight, to align with the initial void ratiqs

Q, of the centrifuge tes@able 4.2). Specifically, for test R&/,;  was set to 20.4 kN/f

and for tests with void ratios of 1.0 and 0.9, values of 18.1 kN/fmand 18.6 kN/m

respectively, were applied.

As the analyses were conducted at prototype scale, the permeability of thalsilransient
analysedad to be appropriately scaled to ensure the results represented the physical processes
observed in the centrifuge tests. As discussed in Section 4.2, the gravitational acceleration is
increased by the scaling factér, which affects the times scale for fluid seepage and
consolidation. To account for this, the permeability used in the analyses throughout this study

was scaled, such that the prototygemeability,Q, is given by:
Q Q2 (5.1)

where™Q is the permeability of the model. This adjustment ensures that seepage and pore
pressure dissipation in the centrifuge tests are correctly represented under prototype conditions

in terms of seepage timAdditionally, astime in the centrifuge moded, , scales as:
6 o7 (5.2)

whereo is time in the prototype, adjusting for the permeability ensures that thelépsndent

processes such as drainage and consolidation align with the prototype behaviour. Thus, for
analyses replicating models where water was used, the permeability wed Isgal (i.e.

increased by 30 times) to 2.010* m/s, assuming a void ratio of 0.9

When a viscous fluid is used as the pore fluid, the measured permeability must also account for
the increased fluid viscosity. The effective permeability in the md@sgj, , is related to

the permeability for wateiQ , by:
Q; Q5 >— (5.3)

where' and' are the viscosities of water and the viscous fluid, respectively. For a

fluid with a viscositylo Ttimes that of water:
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Q5 i (5.4)

This adjusted permeability should then be scaledibyfor use in the analyses, ensuring

consistency with the prototype. Thus, for tests utilising a viscous fluid, the permeability was

increased bylo 10 3.6 10° m/s.

Following the centrifuge tests, LE baakalyses were performed. For the LE baoklyses of
these centrifuge tests, the methodology was modified slightlyilise the Stress History and

Normalised Soil Engineering Properties (SHANSEP) model

5.2.1. SHANSEP model

The SHANSEP model is a wadktablished empirical approach to apply undrained shear
strength within the model. As discussed in Section 2.8, one fundamental assumption of the
Global Industry Standard on Tailings Management (GISTM) (ICMM, 2020) is that of
undrained shear strengtissuming that if a material is susceptible to liquefaction, it will behave

as such. This assumption is implemented by assigning a yield strength ratio (YSR) or liquefied
strength ratio (LSR) to liquefiable materials in slope stigbdissessments. The SHANSEP
model uses the YSR or LSR to normalise the undrained shear striengbh,critical state
strengthj , by the initial vertical effective stresse (see Eqns. 2.9 and 2.18y employing

YSR or LSR, the SHANSEP model allows for the shear strength to be represented in terms of
the verticaleffective stress throughout the slope.

5.2.2. Slopes subjected to a rising water table (R¥, R2-W and R3-G)

In tests RIW, R2W, and R3G, slopes were subjected to a rising water table until drained
instability occurred To pinpointwhenthis would occur analyses were conducted, with the

mesh and geometry shown in Figlan aseries of transient seepage analyseSEEP/Wa

total head of 7.5 mvas appliecat t he sl opeds ulfad).tThisaesutiedsnect i o
the water tablédeingraised progressivelhe factor of safety (FoS) was calculated using the

entry and exit methoith SLOPE/W (Fig. 51(b)). When the FoS fell below one, drained
instability was indicatedCrous, 2022)This process was repeated for each test, with density

and permeability values adjustesirsecessary.
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Figure 5-1: Finite element mesh, dimensions and conditions for (a) transient seepage

analyses; (b) stability analyses of tests R&/, R2-W and R3-G.

Following the three centrifuge tes{®1-W, R2W, and R3G), LE backanalyses were
conducted.The water tables observed at the point of instability initiation were manually
replicated within the models (Fi§-2). Drained stability analyses were conducted using the
Mohr-Coulomb model, as describ@dbove Notably, as discussed in the following chapter,
volumetric contraction occurred due to inundation, leading to changes in void ratios throughout
the tests. Table-% summarises the void ratiasd the satutad and unsaturated unit weights

at failure for each model. Thensaturated unit weightasapplied above the water table, while

the saturated unit weightas applied below. This approach yielded the drained FoS values

the instance immediately prior to failurethe centrifuge tests
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Table 5-1: Void ratios and unit weights of centrifuge tests at time of failure.

Test Void ratio,Q Unsaturated unit weight Saturated unit

r (KN/m3) weight,)  (kKN/m?)
R1-W 0.57 17.0 204
R2-W 0.88 14.25 18.7
R3-G 0.83 14.65 18.9
L1-W 0.87 14.4 18.7
L2-G 0.82 14.7 19.0
B1-W 0.82 14.8 19.0
B2-G 0.82 14.8 19.0
SI-G 0.81 14.8 19.0
ST1-G 0.82 14.7 19.0

After determining the drained stability, the SHANSEP material properties were assigned to the
soil beneath the water table to represent only the saturated material as potentially susceptible to
undrained instability. This conservative assumption implies &l saturated material could
undergo undrained instability. The YSR was then adjusted to the YSR necessary for the FoS to
reach unity.

5.2.3. Slopes subjected to a loss of confinement (M/ and L2-G)

Section 2.2.1 outlines how erosiettiggered loss of confinement at the toe led to the
Merriespruit tailings dam failure. To replicate this scenario in physical modelling, tests L1
and L2G were designed. LE analyses for these tests adopted the same geomefiy.asli

but differed in key respects. Specifically, material was removed at thastoéscussed in
Section 4.6.2.3. Additionally, pore pressures were defined by manually setting a water table
based on FoS results from Section BahalysegFig. 53), ensuring a FoS slightly above one
before the toe section was removed. Stability analyses were thran wéth the material

removed at the to@=ig. 54) to confirm unstable conditions (drained)
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Figure 5-3: (a) Water table for slope before drained instability; (b) FoS for defined water

table.
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Figure 5-4: Dimensions and conditions for LE analyses on slopes subjected to a loss of

confinement (models LW and L2-G).
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Following the centrifuge testeE backanalyses were also conducted for testdaN.and L2

G. As with the previous analysekown in Fig. 8, the water tables observed at the time of
instability were included in the models (F§5). The initial drained FoS was calculated using
the MohrCoulomb model, withthe appropriate unsaturated and saturated unit weights above
and below thevater table (Table-2). The FoS was also recalculated after removing the soil at
the toe. Following this, the SHANSEP modelsnapplied below the water table, with the YSR
varied to identify the YSR required for instability.

7.5m| 6.5m | Defined water table

Entry and exit points

S
(@]
i
L0
X 2
@ 20m .
7.5m |, 65m .| Defined water table
. "
“\J Entry and exit points
S
(o))
B
L0
X 2
(b) B 20m .

Figure 5-5: Limit equilibrium models for back -analyses of tests (a) LAWV; (b) L2-G.
Slopes subjected to the rapid construction of a buttress (B&/ and B2-G)

Section 2.2.5 discusses how rapid buttress construction can induce excess pore pressures
within a slope, reducing effective stress and potentially triggering failure. To evalade$h

under rapid buttress constructjgreliminaryLE analyses were conducted with a marginally
stable slope as the baseline (FoS>1,FHg 5 A buttress was then

a
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(Fig. 56(a)), with its height equalling two compacted layers. A spatial function was used to
increase pore pressure within the slope beneath the buttress by an amount corresponding to the

buttressés weight, simul ating r a@excesspamen st r u
pressures (Fig.-B(b)) assessed the stability gains if the buttress were built more gradually.

Defined

water table | 65m |
T\h i Entry and exit points
e Buttress
o _
S
354 \\ “
L 60kPa : r EI
Y | 70kPa \ -
| 20m N
| 1
@) Increased total pore pressures
Defined
water table < 6.5m |
T\ } Entry and exit points
£ Buttress
© — 30kPa
— 40kPa
— 50kPa
[~ 60kPa \ r EI
o
Y == 70kPa |
(b) | 20m |

Figure 5-6: Dimensions and conditions for LE analyses on (a) a slope with excess pore
pressures generated by the immediate placement of a buttress (modelsW®1land B2-G);

(b) a slope with a buttress and no excess pore pressures.

Following centrifuge tests BW and B2G, LE backanalyses were conducted following the
methodology outlined in Sections 5.2.2 and 5.2.3 (Fg.d&\d Fig. ). The water tables
present at the time of buttress placement were defined as piezometric surfaceg)Fidne
initial drained FoS prior to buttress placement was determined using theQdatomb model
and the unit weights from Table15 Subsequently, the Moi@oulomb model beneath the
water table was replaced with SHANSEP model. The YSR wasstadj to achieve a FoS of

unity, without the buttress.
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Subsequently, the buttress was activated, and a spatial function was employed to increase pore
pressure beneath the buttress, as shown iibfe@). Again, the SHANSEP model was applied
below the water table, and the YSR necessary to trigger instability was identified.

7.9m 65m Defined water table

v

Entry and exit points

Buttress
09m
£ .-
=
(90
y
€
Y —
20m
(a) I: =I
7.5m|, 65m .| Defined water table
T\ ¢ Entry and exit points
Buttress
0.9m
IS
»
=
™
* =
‘5T
Y —
20m
b 1 .

Figure 5-7: Limit equilibrium models for back -analyses of tests (a) BW,; (b) B2-G.
5.2.5. Slope subjected to rapid surcharge loading at the crest (S3)

Rapid loading at the slope crest can generate positive pore premsun@gase shear stresses

that destabilise the slope. To explore this possibility, an initial LE analysis (B)gvas used

as the baseline before applying a surcharge at the crest {Bjg.EXcess pore pressures
matching the surcharge weight were generated using a spatial functi@@fg), and the FoS

was recalculated. For comparison, a second analysis applied the surcharge with no excess pore
pressures (Fig.-B(b)).
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Figure 5-8: Dimensions and conditions for LE analyses on (a) slope with excess pore
pressures generated by surcharge loading at the crest (model-8); (b) slope with a

surcharge load at the crest but with no excess pore pressures.

The LE backanalysis for test SG used the methodology described in Sectid®45.The
primary difference between this analysis and that e¥ABand B2G was the surcharge load's
placementFor test SiG, the surcharge load was applied at the crest5Hglisplays the LE

model used in this analysis.
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Figure 5-9: Limit equilibrium model for back -analysis of test S4G.

X

Slope subjected to borehole drilling trigger

As per CIMNE (2021),the water column introduced durirlgprehole drilling may have
contributed to the Brumadinho dam failure by destabilising a hydraulically continuous layer
through water injection (Section22.4). To examine this mechanism, centrifuge testGT1
incorporated a coarse sand lajed bya standpipgallowing the pore pressure to be raised
during testingSection 4.6.2.6). LE analyses based on Fgfdmed the basis of a parametric
study to determine feasible layer dimensions. The lsgred was modelled at 0.75 m thick (half

a centrifuge model compacted layer at prototype scale) and varied in width by 1.5 m increments,

reaching a maximum of 7.5 m (Fig-18) . The standpipeds top ali
while pore pressure in the sand | ayer was i
adjustments continued until the sl opeds Fo0S

model scale) sahlayer was selected for model SG1(Section 4.6.2.6).
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Figure 5-10: Dimensions and conditions for LE analyses for a slope subjected to a

borehole drilling trigger (model ST1-G).

The final LE backanalysis, for test ST, followed the approach outlined in SectioB.3.to
determine the sl opebs drained FoS. AdAition
piezometric function was then used to increase the pressure in the sand layer and the process

was repeated to determine the FBi§. 5-11 shows the model used for this analysis.

6.5m Defined water table

Y

Entry and exit points

9m

20m

| |
™= =l

Figure 5-11: Limit equilibrium model for back -analysis of test ST1G.
5.3.  NORSAND MODEL FOR NUMERICAL BACK -ANALYSES

Following the LE backanalyses on the centrifuge tests, further bmtiklyses were undertaken
using FEM and a more advanced constitutive maadferies (2021) noted that the LE method
might not be suitable for baeknalysing failures of slopes, owing to the simplified assumptions.

Additionally, FEM is widely employed to simulate evolving conditions within slopes, such as
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stress paths, which aids in interpreting slope responses to various triggers. Since FEM is
commonly used in practice, these barialyses aim to evaluate its effectiveness in predicting
slope failures and capturing failure mechanisms within the slopauéikerical baclkanalyses

were conducted using PLAXIS 2D, a commercially available finite element software package
(Bentley Systems, 2020).

The choice of constitutive model in numerical batialyses is critical, as it directly influences
the simulation of soil behaviour. The model
deformation, including aspects such as elasticity, plastiditatancy, and strathardening or

-softening.

Jefferies& Been (2016)statedthat the critical state soil mechanics (CSSM) framework
(Section2.3) provides a robust basis for predicting soil behaviour. Jefferies (1993) developed
the NorSand constitutive modélksed orthe CSSM framework, as an extension to traditional
CSSM concepts, which were initially focused on fgrained soils such as clays. NorSand was
designed to better capture the behaviour of cegiraimed soils, such as sands. Although it is
named "NorSanti Shuttle& Jefferies (2010) explained that the model is applicable to any soil
where contact forces, rather than cohesion, dominate pddiplgrticle interactions.

While NorSand builds upon the CSSM foundation laid by the -Céy model
(Roscoeetal., 1963), it introduces key modifications tailored to the distinct behaviour of sands.
The most notable adaptation is the incorporation of the state parame{&ection 23.6),

which is essential for predicting the volumetric response of capeseed soils during
shearing. While the CaGlay model is conceptualised within the CSSM framework, it
primarily addresses normally consolidated and overconsolidated clays and doesmoat fac
changes in the yield criterion duevariations in the state parameter, making it less suited to
sands where initial density (dense or loose) strongly influences behaviour. NorSand utilises
changes in the state parameter during shearing (Hig(&9) to dynamically adjust the yield
surface (Fig. 8L.2(b)) and the stresdilatancy relationship (Fig.-%2(c)), discussed further in

the next section), enabling the model to simulate both contractive and dilative behaviour in

sands.
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Figure 5-12: Evolution of (a) the state parameter; (b) the yield surface; (c) dilatancy in
the NorSand model for a loose sample during undrained shearing (modified from
Woudstra, 2021).
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NorSand also usanfimage condition, i ndi cat ed bnyfig.b-h2eThsimdgs cr i p
condition is a mechanism that ensure the so
yield surface and the critical state framework. The yield surface in NorSand is not fixed but
changes in size and shape depending on the siedeneter and stress history. The image
condition acts as a constraint, ensuring that the stress state, representing the forces acting within
the soil, stays aligned with the@propriate position on or near the yield surface as the soil is
loaded and sheared. This condition is particularly important because it allows NorSand to
accurately model soil behaviour under varying densities, predicting whether it will dilate or

contract

NorSand also departs from Cabhay by replacing its single normal consolidation line (NCL)

with an infinite set of NCLs, each dependent on the current state ¢(ER). Fhis adjustment

allows NorSand to accommodate the broad range of initial densities and states observed in
sands, dynamically representing both loose and dense conilifaredaptability that the fixed

NCL of CamClay cannot achieve.

@71 (b)}

CSL

NCL

Void ratio, e
Void ratio, e

CSL

v
v

7

Inp Inp’
Figure 5-13: Comparison of the normal consolidation line idealisation in the (a) CarClay

model; (b) real sand and NorSand behaviour.

The NorSand model further distinguishes itself with a-associated flow rule and a state
dependent yield surface, capturing both steaifiening and strathardening behaviour across
different conditions. In contrast to the associated flow rule assimm@dmClay, where the
plastic potential and vyi adsatiateddlowfrudebeattar reftects n c i
sand behaviour, especially under anisotropic stress and undrained shear conditions. This means
that the plastic strain increments aret mormal to the yield surface, which aligns more

accurately with observed sand behaviour.

NorSand explicitly models the stred#atancy relationship in relation to the state parameter
(Figs. 5-12(a) and (c)), enabling it to predict whether sand will dilate or contract during

shearing. CanrClay, by comparison, assumes a simplified dilatancy response that is often
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inappropriate for sands. The streslatancy relationship is further explored in the following

section.

The versatility of NorSand, capturing a wide spectrum of sand behaviour from loose,
contractive states to dense, dilative states, has made it a robust model. It accurately reflects the
impact of stress path and loading history on soil response, enatdisgrthlation of complex

|l oading conditions (e. g. Morgenstern et al
& Tannant, 2024).

The NorSand constitutive model was selected for this study based on its strong theoretical
foundation in critical state soil mechanics and its demonstrated capacity to capture key
behaviours relevant to tailings dam stability; notably, contractive respamdined shearing,

and the triggering of drained or undrained instability. The model is also widely used in South

African geotechnical practice, particularly in projects involving tailings dam risk assessment,

making it a practical and industrglevantchoice.

While NorSand has proven effective in simulating the conditions leading up to failure,
including instability onset, it does not explicitly simulate gladiure mechanisms such as shear
band propagation, strain softening, or ladgformation runout, whichare critical for
evaluating the full consequences of tailings dam failure. Models such as PM4Sand (Boulanger
& Ziotopouloy 2015) and UBCSand (Byrne et al., 2004) were developed with these post
liquefaction behaviours in mind and may offer improved ptedicapability in this regard. A
comparison with such models was beyond the scope of the current work, but their application
is recommended for future studies that aim to assesdgiose runout or largeleformation
behaviourln view of these strengths, the NorSand model was selected as the constitutive model

for this study as the triggering of instability was the main facus

CALIBRATION OF NORSAND MODEL

The NorSand constitutive model, employed in this study, includes ten parameters grouped into

three categories:
1. Critical state linech_
2. Elasticity:"'0 hx ki
3. Plasticity:0 h.. FO RO

To calibrate these parameters, this study followed the procedure recommended by
Shuttle& Jefferieg(2010), with calibrated parameters summsedi in Table 8. The
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calibration procedures and derivation of these parameters are described in detail in Sections
5.4.1t05.4.3.

Table 5-2: Calibrated parameters for NorSand model.

Parameter Value
Void ratio of the CSL afy p Q0 ,d 0.8698
Slope of the CSL inth@ 1 fespace_ 0.0202
Critical state ratio) 1.329
Reference elastic shear moduli@, 20 MPa
Elastic exponenty 0.5475
Poi sson®s rati o, 0.3
Volumetric coupling coefficient) 0.238
Statedilatancy parameter,. 2 3.5
Plastic hardening modulus (base vali@), 130.1
Plastic hardening moduli® "Qr 1439

2 Jefferies & Been (2016).

Sixteenisotropically consolidatettiaxial compression tests were conductedCullinan sand

for model calibration: ten undrained (CIU) and six drained (CID), with effective confining
pressuregndicatedin Table5-3. For specimen preparation, ovéred sand was moistened to

a 4% gravimetric water contergealedfor at least 24 hourfr moisture equilibrationand
compacted using moist tamping in si@ &im layers in a suction migl, using the under
compaction method (Ladd, 1978). Thesuledin specimens of mm in diameter and4D

mm in height. A membrane and porous discs were apphied 5-14 shovs a prepared

specimen prior tplacement in thé&iaxial cell.

It should be noted that standard end platens were used in the triaxial apparatus, as enlarged or
lubricated platens were not available at the time of testing. While this setup may introduce some
boundary friction, particularly affecting strain localisatiand stress distribution near the
specimen ends, the test results remained consistent and showed clear behavioural trends. The
potential influence of end restraint is acknowledged in the interpretation of the data and is
particularly relevant in the conteaf dense specimens or tests approaching peak strength. This
limitation is common in many triaxial testing setups and does not invalidate the results, though

it may introduce some uncertainty in shear band development or precise strain paths.
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Table 5-3: Summary of triaxial compression tests conducted on Cullinan sand.

TestID Testtype Void ratioafter Maximum effective Effective consolidation pressure Initial state Void ratio after
consolidation’Q consolidation pressure (kPa) at start of shearing (kPa) parameter, test,Q
X1 Clu200 0.855 200 200 0.092 0.855
TX2 Clu400 0.824 400 400 0.075 0.824
TX3 Clu100 0.865 100 100 0.088 0.865
TX4 CIU50 0.886 50 50 0.097 0.886
TX5 Clu100 0.853 100 100 0.076 0.853
TX6 Clu100 0.796 400 100 0.019 0.796
TX7 Clu200 0.766 300 200 0.003 0.766
TX8 Clu400 0.749 400 400 0.035 0.749
TX9 Clue00 0.789 600 600 0.048 0.789
TX10 Clu800 0.744 800 800 0.009 0.744
TX11 CID400 0.773 400 400 0.025 0.741
TX12 CID600 0.777 600 600 0.037 0.727
TX13 CID50 0.796 550 50 0.005 0.781
TX14 CID50 0.676 800 50 -0.115 0.730
TX15 CID100 0.702 850 100 -0.075 0.746
TX16 CID150 0.698 900 150 -0.070 0.764
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Figure 5-14: Cullinan sand triaxial specimen prepared using the moist tamping method.

Fig. 515 depicts the GDS Instruments triaxial apparatus used. Once a specimen was in the cell,
de-aired water filled the cell and an effective confining pressure of 15 kPa was applied. Flushing
with de-aired water continued under gradually inchegsell and back pressures until the back
pressure reached a minimum of 200 kPa, maintaining a 15 kPa effective pr8astigfactory
saturation was indicated by a SkemptorndBue (Skempton, 1954) of 0.96d@ystmentsn the

cell and back pressuregere madeasnecessaryo achieve a satisfactory level of saturation
Specimens were then isotropically consolidated to the target effesttess as outlined in

Table 53, which also lists maximum and shearing effective confining presSioezlibrate

the NorSand model, dilative responses are required from a series of drained triaxial tests.
However, specimens that were normally consolidated could not be prepared in a dense enough
state to achieve such a response. Thus, some specimem®mpacted as densely as possible

by hand and then overconsolidated to the pressshown in Table-8. Once the loose
specimens were saturatadd consolidatedshearing startedn general, the void ratio after
consolidation for the drained specimens differed from undrained speciagtise samples

were compacted to higher initial densities.
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No membrane penetration correction was appliddwever, this is expected to have a
negligible influence on the measured shear strength of the Cullinan sand used in this study due
to the plastic nature of the failu(Bishop & Henkel, 1962)Membrane penetration effects are
more significant in coarse materials with large interparticle voidgjhere shear planes form,

which were not characteristic of the specimens lére.resistance of the latex membrane was

not corrected for, as it is typically minimal for the specimen sizes and membrane thicknesses

used and does not significantly affect the stetsain response in sandy sails.

The triaxial load frame waautomatically controlled. During consolidation, the piston was
automatically kept in contact with the top cap of the triaxial sample, with the maximum
measured load on the load cell not exceediNgWwhich was deemed negligibly sm&tandard

triaxial end platens were used. No enlarged or lubricated platens were applied.

An important aspect of the triaxial tests to note is how the void @&tibe end of consolidation

and after the testgere determined. Following all tests, the specimens were squeezed to at least
600 kPa effective confining pressuatter the test, followinyerdugo & Ishihard1996. This

was done, as some of the loose specimens had liquefied during shearing. Squeezing the samples
made handling the specimens easier following the tests. The specimens were then removed
from the cells, after which the safited mass of the specimens was measured. The sand was
subsequently oven dried to determine the dry mass, which was used to determine-the post
squeezing void ratio. The void ratio at the start of shearing was then back calculated using the
measured volumehange from the pressure controllers of the triaxial setup. The pressure
controllers have an accuracy of 1 fawhich was deemed sufficient for back calculating the

void ratios.

Shuttle & Jefferies (2010) advise calibrating the NorSand model using drained and undrained
tests on dense specimehsthis study specimens were compacted to the lowest possible void
ratio (just above 0.8)y means ofmoist tamping, remaining on the wet side of @®_. Dense
specimens were consolidated to higher confining pressures before being unloaded to shearing
pressures. All shearirgfageswvere conducted at a rate of 0.1 mm/narensure fully drained
conditions in drained tests, allowing sufficidime for pore pressure dissipation. In undrained
tests, the shearing rate is less critical, as drainage is prevented by boundary conditions. The rate
is consistent with typical values used in triaxial testing of sandy daileng tests,axial
displacement, pore pressure, cell pressure, and axiaMe@imeasured/olume change was

tracked in drained tests, and void ratio at test complé@lgwas calculated after oven drying.
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Figure 5-15: GDS Instruments triaxial setup.

Critical state parameters

The CSL was determined for the Cullinan sand. Figk6 and 517 illustrate the CSL in the

N naandQ | faplane, respectivelyFig. 516(a) shows the CSL determined from all of

the triaxial tests (drained and undrained). Fig.6%b) focuses on the effective stress paths of
just the undrained triaxial tests. It is evident that even the overconsolidated specimens showed
some form of straksoftening, albeit followed by phaseansformation and straimardening.
However, the triaval tests highlight the liquefaction potential of the sand used in this study,
emphasising that the sand is susceptible to brittle behaviour under undrained conditions and
potentially susceptible to full static liquefaction if prepared in a loose enacaigtil$te critical

state parameters are summarised in Tatde
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Figure 5-16: (a) Critical state line of Cullinan sand in the gp' plane determined from
effective stress paths from drained and undrained triaxial tests; (b) effective stress paths

of undrained triaxial tests.
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Figure 5-17: Critical state line for Cullinan sand in the state diagram determined from

drained and undrained triaxial compression tests.

Elasticity parameters

The second class of parameters, the elasticity parameters, which are the reference elastic shear
modulus,”O , elastic exponenty , and Poi’s sverendetermined using bender
elements that were at the top and bottom of a specimen in a triaxial setup. To determine the
shear modulusQ, at varying effective stresses, a triaxial sample was prepared at a void ratio

of 1.0, saturated, and consolidated to an initial effective confining pressure of 50 kPa, then
stepwise to 590 kPa, using the methodology discussed above. Here, the shear wave velocity,
®, was measured in the specimen at each confining pressure, which was used to calculate the

shear modulusasing the following equation:
0O " (5.3)

Fig. 518 shows the relationship betweshear modulusind mean effective stresor the
Cullinan sand. Theeference elastic shear modulused in this study is the shear modulus
measured at a reference effective confining pressure of 100 kPa, which is 40 MBlaslibe
exponentwhich governs how soil stiffness varies with changes in effective stress, is 0.5475.
However, as noted by Shuttle & Jefferies (2016), Reid & Smith (2021) and Ng et al. (2023),
using the measuregference elastic shear modutas result in a too stiff predicted response
and it is recommended to reduce it by up to a factor of fou© A value of 20 MPa was
adopted in this study, as it produced the

0.3 was assumed (Jefferies & Been, 2016).






































































































































































































































































































































































































































































































