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ABSTRACT
Rainfall Induced Pore Pressure Dynamics in Tailings Dams

C. Theron
PhD Thesis, Department of Earth Sciences, University of the Western Cape, South Africa

Tailings Storage Facilities are some of the largest engineered structures responsible for the
containment of mining waste, yet some physical/hydrological processes causing slope
instability are still poorly understood. Previous studies conducted on the causes of failure of
TSFs indicate rainfall-induced slope instability as the main trigger. However, the generation of
certain physical/hydrological processes and the behaviour of soil hydraulic properties in the
vadose zone when exposed to high intensity rainfall events, have only been considered on
natural hillslopes.

The purpose of this study is to investigate one such process resulting from high rainfall
intensities on partially saturated conditions. In particular, it is hypothesised in this work that
the wetting front advance from high rainfall intensities, anticipated under the force of climate
change, may cause transient air pressure waves to change pore water suction and elevate the
phreatic surface, subsequently impacting on the effective stress. The mechanisms that lead to
the mobilisation of pre-event water through transient air pressure waves are known as
Groundwater Ridging and the Lisse Effect. In this study, it was hypothesized that these
phenomena contribute significantly to slope instability. In order to quantify the processes and
predict these phenomena and their resultant impact on stability, specific experiments were set
up. Laboratory experimentation included a large leak-proof column (600 mm ID x 3,0 m tall)
filled up to 2,65 m with tailings at in-situ dry bulk density of 1 675 kg/ms3. The PVC column
was instrumented with seven data ports, vertically spaced down the column. Each port
consisted of a time domain reflectometry probe to measure volumetric water content, a mini
tensiometer to sense pore water suction and a pore air pressure probe. An external manometer
tube measured the phreatic surface created near the base. The experimental setup allowed for
the application of artificial rainfall at different intensities and controlled boundary conditions,
during automatic logging of the hydraulic state variables, recorded at twenty-second intervals.

Recorded observations were used to determine phreatic surface dynamics, the soil moisture



profile and general pore water/air pressure responses. The experiment was specifically
designed to differentiate between pore water migration due saturated/unsaturated Darcy flow,
from pore water responses to pneumatic pressure transfers. This study also examined the
anticipated impact of climate change on rainfall parameters and quantified geotechnical
characteristics of the tailings porous medium under variably saturated states. The results
demonstrated that after the application of water to the soil surface, pore air pressure ahead of
the wetting front increased, causing higher water content levels and a decrease in pore water
suction. This led to the conclusion that high intensity rainfall events generate transient air
pressure waves in tailings porous medium, thereby inducing the transmission of pore air
pressure head to a potential failure plane. Since air pressure in the unsaturated zone affects pore
water pressure, water content and subsequently shear strength, it also contributes indirectly to

slope instability.
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CHAPTER 1

1.1 Introduction

The global mining industry has seen an exponential rise in severe tailings dam failures since
the 1960s. Similar to landslides on natural hillslopes, these disasters are often found to be
directly related to rainfall parameters, duration and frequency and more importantly, intensity.
Short duration high intensity rainfall events, often increasing under the force of climate change,
have been found to provide additional energy in the tension saturation zone, thereby generating
rapid physical processes that mobilise pre-event water (Guo et al., 2008). This study builds on
research previously presented by Lorentz et al. (2004) and Waswa and Lorentz (2016a) that
investigated the rapid release and mobilisation of antecedent moisture through transient air
pressure waves in natural hillslopes. Even though the contribution of pre-event water to
streamflow by the rapid mobilization of groundwater has not previously been considered in the
case of tailings dams, it could contribute significantly to understanding complex physical
processes that contribute to a decrease in slope instability. Comprehension of the hydraulic
mechanisms that control and transmit induced pore water pressure through transient pressure
waves, would facilitate better long-term design and maintenance of tailings dams, thereby
reducing geo-hydrological risks (Karim et al., 2020). Some research has been conducted on
these phenomena in natural hillslopes but have not been considered in the case of tailings dams.

It is further suggested that certain inherent features pertaining to tailings dams, makes these
structures particularly vulnerable to the impact of climate change and the generation of
transient pressure wave mechanisms. The low hydraulic conductivity of tailings material makes
it more prone to saturated conditions when combined with pre-event water, and therefore also
more susceptible to the formation of tension saturated or near-saturated conditions, enabling
the transmission of an induced pressure head to a potential failure plane (Waswa and Lorentz,
2016b). Cloke et al. (2006) also argued that the fine nature of tailings media allows for a
greater propensity for capillary fringe rise, thereby providing a continuous water phase
necessary for GWR to occur. Capillary zone pre-event water is also supplemented by additional
sources that exacerbate saturation rates. This includes the vast quantities of wet slurry that is
discarded and stored together with tailings; rising consolidation water and the absence of
phreatophytes (Blight et al., 2012; Meyboom, 1967). These water sources, combined with the
effects of climate change, may contribute significantly to the observed increase in the failure
rate of tailings dams. The main focus of this study was to determine pressure propagation under

certain rainfall intensities and how the wetting front affects the stresses in the porous medium
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through pore water pressure by induced pneumatic pore air pressure pulses in the unsaturated
and saturated capillary fringe zones. Data were collected and analysed to contribute to an
understanding of the physical processes responsible for Ground Water Ridging (GWR) as well
as the identification of indicators of the Lisse Effect (LE) and rapid water table response. The
acquisition of information such as rainfall, the hydraulic, as well as geometric properties of
soils, was also analysed. This was done by analysing climate change data, field observation

data obtained from previous studies, laboratory experiments and numerical models.

1.1.1 Background to the Study

The collapse of mine tailings storage facilities (TSFs) has been demonstrating clear increasing
trends in the last few decades. These disasters result in toxic mudflows that cause extensive
damage, catastrophic environmental impacts, loss of life and severe socioeconomic
disruptions. Statistical analysis of failure events, conducted by Azam and Li (2010), found the
rate of failure of tailings dams to be two orders of magnitude higher than the failure rate of
conventional water retention earth dams. This could be attributed to the fact that, unlike earth
dams, the construction of TSFs is a dynamic process that is carried out over long periods of
time. Since dam rises are constructed in parallel to tailings deposition, it has the potential for
modifications leading to errors and long-term variability. South Africa’s own mining industry,
which is a major contributor to economic growth and development, has not been exempt from
experiencing these disasters and saw two major failures in the last five decades. More recently,
on the 11" of September 2022, the former Jagersfontein mine, previously referred to as the
world’s largest diamond mine, experienced a major failure in its TSF. Even though potential
stability and environmental impacts had been a concern since the 1970’s, maintenance efforts

had been downscaled and vulnerable residents exposed to a high-risk hazard.

According to Roche et al. (2017) these disasters will intensify due to the increase in waste and
rapid succession of dam rises brought about by growing mining activities. This study also
recognises the effect that rainfall has had on all disasters researched and suggest that, due to
climate change and intensifying extreme events, risk of slope instability increases
exponentially. Gariano and Guzzetti (2016) stated that changing rainfall characteristics could
make certain areas in southern Africa especially vulnerable to the possibility of landslide
activity, which necessitates the re-evaluation of engineered slopes to determine dynamic
conditions of slopes at risk. Research has shown that slope instability is caused by excessive

stress in either foundation soils, embankments or insufficient control of water pressure, leading
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to structural inadequacy and subsidence failure (Yaya et al., 2017). Liu et al. (2018) suggested
that approximately 30 — 40% of failures in TSFs are caused by seepage and a rise in the phreatic
surface. Earlier research conducted by Johansson (2014), came to similar conclusions but
extended this theory by stating that transient water flow affects pore air pressure conditions,
water content, shear strength, and deformation behaviour of the soil. Chandler and Tosatti
(1995) found that, under these conditions, the factor of safety in TSFs decreases considerably
as the decant pond approaches the stability walls, thereby reducing freeboard and the width of
the beach. This study challenged this particular view and suggested the possible contribution
to slope instability through GWR and the LE by the propagation of pore air pressure on the

porous medium.

1.2 General importance

Since the operational life span of a TSF, also referred to as life-of-mine (LoM), extends well
into the future, the continuous heightening and expanding of TSFs, combined with climate
change, increases risk and the vulnerability to failure (Temper et al., 2015). The comprehension
of hydraulic mechanisms in tailings porous medium is imperative to the efficient management
of risks associated with slope instability and diminishing factors of safety. It is also important
to recognise the impact of externalities brought about by climate change and the resulting

increase in high intensity rainfall events.

1.3 Problem statement and research question

The occurrence of a tailings dam disaster initiates the investigation of possible causes, with
subsequent conclusions normally pointing towards a combination of shear failure, liquefaction
and piping. However, it is not known if, and to what degree, high intensity rainfall events
contribute to physical and/or hydrological processes that cause slope instability. Therefore, this
study will investigate an alternative failure mechanism resulting from high rainfall intensity
events in partially saturated conditions. It was postulated that rainfall infiltration and an
advancing wetting front may cause pore air propagation and transient pressure wave generation
that eventually lead to a change in pore water suction. The change in pore water pressure,
resulting from air pressure wave propagation, is known as GWR and the LE. Some research
has been conducted on these phenomena in natural hillslopes, but the precise pore water
pressure dynamics in tailings dams generated by feedback response and rapid transmission
conditions are unknown. This study attempted to answer the following main research question:

Do physical processes of pore water pressure dynamics, created by tension saturation
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conditions, pore air pressure propagation and rainfall induced pressure head, generate transient
pressure waves that contribute to slope instability in tailings dams? By answering this question,
the hydrological mechanisms that regulate pore water pressure in tailings dams will be better

understood, thereby facilitating better design and reducing the risk of failure.

1.4 Research objectives

The aim of this quantitative research study was to assess the stability of a tailings dam, by: (1)
quantifying the extent of changing precipitation parameters, which includes intensity, duration
and frequency through downscaled data from Regional Climate Models, to predict (to some
degree) future precipitation trends and anticipated Intensity-Duration-Frequency (IDF) curves;
(2) conducting extensive research into geological surveys to establish accurate water retention
characteristics and hydraulic conductivities of the soil profile; (3) using expected future rainfall
data and the hydraulic properties of tailings materials to describe and quantify physical
processes of pore water pressure dynamics and slope instability criteria (4) performing
laboratory experiments to determine feedback response and rapid transmission conditions of
tailings dams when exposed to tension saturation conditions, induced pressure head and
subsequent loading; (5) identifying the contribution of antecedent moisture conditions to the
development of a potential failure plane; and (6) developing a suitable risk assessment tool to
predict the probability of hazardous conditions.

1.5 Specific aim of study

During design of tailings beaches and side slopes, local hydrological conditions are considered
to determine the most efficient management of water. This includes rainfall and flood
frequency curves derived from existing meteorological data (Fayer and Hillel, 1986). However,
changing rainfall characteristics brought about by climate change could have a significant
impact on the typical geo-hydrological response of tailings dam materials. Seeing as
precipitation intensity, frequency and duration contribute to subsurface conditions in the
tailings in varying capacities, it is likely to also alter pore air pressure, water content and
resistance to shear failure to such an extent that safety factors are reduced and the risk of slope
failure increases. It should however be noted that slope failure is not always caused by the most
extreme events. Although rainfall causes slope destabilisation, the challenge lies in determining
precise triggering mechanisms leading to significant slope failures due to changes in pore air

pressure throughout the impoundment (Bogaard and Greco, 2016).
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1.6 Research hypotheses

First hypothesis:

Transient air pressure wave mechanisms create rapid water table responses after the
introduction of additional energy in the capillary fringe. It was hypothesized that this energy is

derived from high intensity rainfall events and gives rise to groundwater ridging.

Second hypothesis:

The second hypothesis described a similar situation whereby additional energy is derived from
compressed pore air, resulting in the propagation of a descending pressure wave referred to as
the LE. The downward pressure is brought about the wetting front, creating an impermeable
lid that prevents the escape of pore air into the atmosphere. There is a direct relationship
between confined pore air pressure in the unsaturated zone between the wetting front and the
phreatic surface and the pressure head of water just below the water table. It was postulated
and that an impermeable wetting front, brought about by a high intensity event, would result in
a rise in water levels in observation wells that are disproportional to the amount of infiltrated

rainwater.

Third hypothesis:

It was hypothesized that both the capillary zone and phreatic zone in tailings dams, respond
rapidly to transient air pressure waves generated by high intensity rainfall events. These events
introduce additional energy in the vadose zone, converting antecedent water held under tension
in the capillary zone, to positive pore water pressure contained in the phreatic zone. The
resulting GWR mechanism and rapid water table responses are thus inconsistent with the
amount of infiltrated rainwater, seeing as it would include pre-event water held in tension in

the capillary zone.

1.7 Overview of the methodologies

The methods used in this study consisted of a combination of different approaches to form a
comprehensive conclusion to the research question. This included trend analysis of climatic
conditions with special reference to increasing temperatures and rainfall intensities,
investigation into existing field observations and geometric properties of tailings porous
medium, laboratory experiments and numerical modelling using the HYDRUS software

package.
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1.8 Significance of the thesis

1.8.1 Contribution of this research to the State of Knowledge

This study attempted to assess risks associated with tailings material instabilities due to rainfall

induced mechanisms in future climates. It included consideration of climatic factors,

geohydrological characteristics and theories of slope failure and combines it with specific

experimentation to demonstrate the likelihood of risks under future climatic conditions. The

following contributions are subsequently also included:

a)

b)

d)

Determination of whether (and to what degree) high intensity rainfall events contribute to
physical and/or hydrological processes that cause slope instability in tailings dams. This
process was also investigated by considering the possibility of non-Darcian behaviour
occurring in the saturated/unsaturated zones.

A better understanding of the phreatic zone in TSFs. Tailings are not permanently saturated
or waterlogged and may illustrate a recognisable response to transient pressure waves,
contributing significantly to a change in the entire pore pressure regime and eventually
contribute to slope instability.

By better understanding pore air pressure propagation under certain rainfall intensities, it
would be possible to anticipate the rate and mechanism for movement of water within the
tailings dam, thereby reducing the risk of failure.

A clear understanding of the hydraulic mechanisms that control and transmit induced pore
air pressure, which contributes to slope instability in tailings dams through transient air
pressure waves, would facilitate better long-term design and maintenance of tailings dams
thereby reducing geo-hydrological risks (Karim et al., 2020).

This study has established the influence of rainfall intensity on pore air pressure
propagation and the rapid transmission of pre-event water through transient pressure
waves.

This study demonstrated pore pressure response to an event. This includes capillary water
held in tension being released to the saturated zone due to the application of a rainfall event

of a particular intensity.

1.8.2 Contribution of this research to the broader scientific community, the mining

industry and society as a whole

South Africa is among the 193 United Nation member states that have adopted a set of 17

Sustainable Development Goals (SDGSs), highlighting a common agenda for development and

global stewardship. Mining companies have the potential to become important allies in

29



achieving these goals and underpin the mining industry’s contribution to development
objectives. Even though the mining industry impacts on all 17 goals to a lesser or greater extent,
it is the UN’s description of the inherent need to manage risks and water-related disasters (SDG
11.5) that may be exacerbated in the face of climate change, that is most relevant to this study.
The principal of sustainable development is based on social, economic and environmental
concerns. By understanding how the failure of TSFs impacts each of these, it provides a holistic
overview of the importance of reducing mining disasters and finding operational solutions for

potential risks and hazards that contribute to slope instability.

1.9 Outline of the thesis

This is a traditional ‘monologue style’ thesis consisting of seven chapters. Figure 1.1 gives an
overview of the lay-out and the interrelationship between different sections. Chapter 1
introduces the study and defines the background information for the problem to be studied. It
also includes the research question, objectives of the study, as well as a broad overview of the

methodologies used.

Chapter 2 includes an extensive literature review and an overview of published results
pertaining to studies relating to the topic. It discusses the three main ideologies pertaining to
this study, namely the main impacts of climate change, geotechnical properties of unsaturated
tailings media and physical processes responsible for slope instability. Chapter 3 describes the
research design and methodology in terms of climate data and hydrogeological analysis, sensor

development, tall soil column set-up and procedures pertaining to laboratory experiments.

Chapter 4 presents data analysis and provides a summary of results. Outcomes of the soil
column experiments, to verify the existence of transient pressure waves (in both air and water),
are also reported. Theoretical development is discussed in Chapter 5 and includes a
comparative analysis with numerical modelling using the HYDRUS software package. Chapter
6 provides an interpretation of results together with a comprehensive discussion and application
of findings. It also includes analysis of climate change prediction models, development of
future IDF curves and a proposed risk assessment tool. The study is concluded in Chapter 7
with an overall discussion, as it relates to the existing body of research. The literature cited in

each chapter is contained in the list of References at the end of the thesis.
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CHAPTER 2

2.1 Literature review

The literature review is structured into five distinctive parts, each tackling different aspects of
this research. The first part provides the background of the study by offering an overview of
historical TSFs failures and construction methods found to illustrate a higher vulnerability to
instability. It also provides theories and/or concepts, which has been a foundational
consideration in formulating research design. The second section gives an introduction to
climate change, models used to predict future rainfall conditions and the effect of climatic
factors on the physical processes involved with TSFs. Rainfall characteristics, found by
previous studies, to exist during historical TSFs failures will be described. The third part
evaluates fundamental porous medium characteristics that contribute to the formation of
conditions conducive to GWR and the LE. The fourth section outlines the concept of rapid
mobilisation of pre-event water through transient air pressure wave mechanisms, eventually
giving rise to GWR and the LE. The final section provides an overview of the main points that
provided the basis for the development of this study. Chapter 5 will further elaborate on the

key concepts and theoretical approach of this study.

2.1.1 Background studies and problem statement

The occurrence of a tailings dam disaster initiates the investigation of possible causes, with
subsequent conclusions normally pointing towards a combination of shear failure, liquefaction
and piping. This study recognised that some physical/hydrological processes causing slope
instability are still poorly understood, and has attempted to suggest an alternative failure
mechanism resulting from high rainfall intensity events in partially saturated conditions. It was
postulated that the occurrence of an advancing wetting front that infiltrates tailings after high
rainfall intensities, will increase due to climate change and contribute to the generation of
transient air pressure waves that rapidly increase the phreatic surface and change pore water
suction. This rise in pore water pressure, resulting from air pressure wave propagation, is
known as GWR and the LE. Some research studies have been conducted on these phenomena
in natural hillslopes but have not been considered in the case of the unique porous tailings

medium in TSFs.
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2.1.2 Tailings dam failures

Blight et al. (2003) described TSFs as being some of the largest engineered structures
responsible for the containment of mining waste. These dams consist of an external
impounding dam wall that holds hydraulically deposited consolidating solids, supernatant
water and stormwater. According to Karombo (2020) approximately 262 TSFs worldwide have
been deemed to be of high risk of failure, while South Africa has the world’s highest number
of high risk facilities involving 52 active and 27 inactive tailings dams (Roche et al., 2017).
Lyu et al. (2019) found that, of the 3500 tailings dams worldwide, an average of three fail every
year. This amounts to 31 major tailings dam failures between 2008 and 2018 (IGU, 2019). The
geographical distribution of these failures that occurred since 1960 is illustrated in Figure 2.1.

South Africa’s
mining hotspot

Figure 2.1: Number and geographical distribution of historical tailings dam failures since 1960
(data from Kovacs et al., 2020).

Figure 2.2 illustrates the annual number of TSF failures which clearly indicate a dramatic
increase since the 1960’s. Although the different trends shown are not necessarily
interdependent, there seems to be some degree of correlation. Halabi et al. (2022) estimated a
total of 356 failures have occurred in the last seventy years. Strachan and Van (2019) noted
that construction of larger-capacity mills and the availability of large earthmoving equipment
started at the same time, resulting in intensified mining activities and cumulative waste
generation. Lyu et al. (2019) supported this notion and suggested that the increasing demand

for mineral resources and rapid economic development results in the accelerated rising of dams
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and consequently lower consolidation rates. It is further recognised that this timeframe was
the start of rapid industrialisation, which also contributed to the increase in global temperatures
brought about by climate change. By superimposing temperature trends with TSF failures,

similar increasing patterns are identifiable.
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Figure 2.2: CO, Emissions, Temperature increases and global TSF failures over time (data
from Lyu et al., 2019; Azam and Li, 2010).

Fredlund et al. (2012) stated that the vast quantities of waste materials that are stored as a liquid
or slurry in these low-level dams during mining and industrial activities, produce physical
characteristics that increase the risk of failure. This includes the fact that (a) embankments are
constructed by mined soil and coarse waste, which itself includes chemical reagents and
process water used to extract minerals (Roche et al., 2017); (ii) rapid multi-stage raising of the
dam in order to facilitate high production and output rates (often preventing sufficient
consolidation rates); (iii) poor remediation due to high rehabilitation costs; and (iv) poor design
criteria combined with insufficient monitoring and control during operational phases (Rico et
al., 2008a). Bowker and Chambers (2016) stated that there are insufficient data on the severity
that each of these elements contribute to a failure event. Even though various sources of
literature e.g., Azam and Li (2010) and Roche et al. (2017) described the lack of management
continuity, maintenance and monitoring as the most apparent reasons for failure, unpredictable
triggering mechanisms such as extreme rainfall events and earthquakes often contribute
significantly to the probability of such disasters. Lyu et al. (2019) also mentioned several other
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possibilities contributing to exacerbated risks, including climatic conditions, inefficient
monitoring of mining operations and the lack of reasonable regulations on design standards.

Rico et al. (2008a) reported that extreme rainfall events have been responsible for 25% of
global and 35% of European tailings dam failures. Precipitation-triggered landslides on natural
hillslopes have shown a similar increase over the last few decades. Jeong et al. (2017) found
that when Seoul in South Korea experienced unusual high intensity rainfall events during two
months in 2011, a record high of 150 landslides occurred in mountainous areas. The World
Information Service on Energy (2020) stated a vast majority of the tailings dam failures
documented since 1961, has occurred as a direct result of water action of the waste material
but is exacerbated by additional water sources (Lyu et al., 2019). Blight et al. (2012) mentioned
that high saturation rates are continually augmented by water from sources other than slurry,
including rising consolidation water, precipitation and the absence of phreatophytes that would
normally be absorbing groundwater. This notion is supported by Fourie and Blight (2009) that
found the presence of large quantities of stored water to be a significant contributing factor to
most of the recent failures. Critical rainfall events have subsequently been identified as one of
the most important factors triggering shallow landslides, and more specifically, tailings dam
failures (Guang-jinx et al., 2017; Mufioz, 2019).

Various researchers including Strachan and Van (2018), Fayer and Hillel (1986), Blight et al.
(2012), Rico et al. (2008b), Halabi et al. (2022), DiSciullo et al. (2022), Fourie et al. (2022)
and Azam and Li (2008) described tailings dam failures due to water loading as a result of one
or a combination of the following conditions: (a) overtopping whereby higher intensity rainfall
events generally lead to more run-off and floods which contribute to rising levels within the
decant pond, thereby exceeding capacity of the impoundment. Unless sufficiently drained,
freeboard could be reduced to such an extent that overtopping of the crest occurs. Due to
retaining structures being constructed of permeable cohesionless materials, the friction caused
by rapid flow over an unprotected embankment crest, may result in erosion and the loss of
slimes is to be expected; (ii) rotational sliding and the reduction in shear resistance brought
about by pore water pressure in saturated conditions cause instability problems in the form of
circular arc slides. Other causes include changes in the water table, specific loading conditions
or changes in hydraulic conductivity. The US National Committee on Large Dams categorizes
rotational shear failure as the main driving force behind slope instability, which results in a

flattening of the slope of the impoundment without a significant loss of tailings (Blight et al.,
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2003); (iii) piping or internal erosion caused by a higher hydraulic gradient and material
susceptibility leading to the formation of a low-pressure conduit allowing for concentrated
flow. This is caused by the upward seepage force becoming equal to the submerged weight of
the soil, resulting in particles being carried upward and deposited at the ground surface. Seeing
as there exists no frictional resistance between particles, shear strength is lost, and liquefaction
occurs. The resulting void space supports progressive erosion and the creation of a direct
channel from the tailings pond to the dam face (Whitlow, 2001); (iv) erosion of surface material
through gradual loss due to heavy rainfall and run-off; and (v) liquefaction whereby loose,
saturated, fine-grained material is subjected to a rapid increase in pore water pressure which
reduces shear strength and margin of safety. Seeing as tailings deposits largely consist of
unconsolidated particles of uniform size, they are susceptible to temporary suspension in water,
demonstrating the behaviour of a viscous fluid. Lyu et al. (2019) and Blight et al. (2012)
suggested that some of the most severe tailings dam failures have resulted from liquefaction of
unconsolidated fines brought about by a sudden increase in pore water pressure.

Pacheco (2018) and Lyu et al. (2019) further proposed that static liquefaction and eventual
slope failure is caused by an imposed stress that exceeds maximum effective shear stress-shear
strain of the saturated contractive granular tailings material. This is often the case in high
productivity mining operations. As deposits into tailings dams increases, consolidation and a
decrease in volume results in higher densities and increased shear strength. However, if loading
stresses are applied to the soil mass under undrained conditions, it results in an increase in pore
air pressure and pore water pressure and consequential decrease in shear strength in the
unsaturated zone. Contractive and dilative states of saturated tailings are separated by
the critical state line (CSL), also referred to as the steady-state line (SSL). It is regulated by
initial void ratio (e) and confining effective stress (p’), thereby delimiting the behaviour of
tailings materials. If the material is initially above the CSL in the compression plane, it will
show contractive behaviour and if below the CSL, the behaviour will be dilative. Rodriquez et
al. (2021) stated that after shear stress and deformation result in the tailings porous medium to
contract, excessive pore pressure develops faster than what drainage systems can relieve. This
study supports this notion, but also suggest that transient air pressure waves contribute
significantly to variations in pore water pressure brought about by pre-event water. It was also
recognised that the increase in height of wastewater as the height of the tailings dam increases,

along with the associated physical mechanisms, add to instability of the slope (Hu et al., 2017).
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Do et al. (2021) found that excess pore water pressure increased with each raising phase and,
although it would decrease after consolidation, it would not return to previous pressure rates.
Each rise would therefore result in a continued build-up of porewater pressure. Additionally, if
the rate of loading is too fast, excess pore water cannot dissipate fast enough, causing a
reduction in shear strength and increased slope instability. The rate at which water is able to
dissipate after loading depends on the hydraulic conductivity of the tailings material. Mufioz
(2019) proposed that the rate of loading, hydraulic conductivity of the material and the
provision of adequate drains, contribute to efficient water transfer which reduces pore pressure
and increases shear strength. Fourie et al. (2022) mentioned the lack of human intervention and
environmental failure modes as additional factors to consider when evaluating the stability of

both proposed and existing TSFs.

2.1.3 Historical TSFs Disasters

From Figures 2.1 and 2.2 it is evident that the failure rate of TSFs have shown a significant
increase over the last few decades. Table 2.1 provides a summary of some TSF disasters,
method of construction and cause of failure (if available). Due to the recency of some of these
events, the exact mechanism of failure has not yet been established, but nearly all were
associated with heavy rainfall, and in some cases monsoon conditions. Fourie et al. (2022) also
identified several triggering mechanisms that contribute to failure. These include high pond
water levels, inhomogeneous tailings material, low density tailings mass, material of low
hydraulic conductivity in the structural zone and heavy rainfall. Section 2.1.3.1 discusses some
specific TSF failures and section 2.1.4 will explain the susceptibility to failure in relation to
method of construction.

Table 2.1: Examples of global tailings dam failures (Lyu et al., 2019; Blight and Fourie,
2003; Wei et al., 2013; WISE, 2023; Bowker and Chambers, 2016; ICOLD, 2001).

Year Location Dam Type Cause of failure
1928 Barahona (Chile) Upstream Earthquake

1937 Dos Estrellas (Mexico) Upstream Seepage

1948 Kimberley (Canada) Upstream Seepage

1958 Mailuu-Suu (Kyrgyzstan) - Earthquake (following heavy rainfall)
1960 La Luciana, Reocin (Santander)

1961 Jupille, Belgium - -

1962 Huogudu (China) Upstream Foundation failure
1963 Louisville, (USA)

1964 Kyrgyzstan - Earthquake

1964 Castano Viejo Mine (Argentina)

1965 El Cobre Old dam (Chile) Upstream Earthquake
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1965
1966
1966
1970
1972
1974
1974
1975
1976
1978
1978
1978
1979
1979
1985
1985
1985
1986
1988
1991
1993
1993
1993
1994
1994
1994
1995
1995
1996
1996
1998
1999
2000
2000
2000
2002
2004
2006
2008
2009
2010
2011
2012
2012
2013
2014
2015
2015
2015
2019
2019
2019
2019
2019
2019
2020
2020
2020
2021

El Cobre New dam (Chile)
Aberfan (UK)
Mirolubovka (Bulgaria)
Mufulira (Zambia)
Buffalo Creek (USA)
Bafokeng (South Africa)
GCOS (Canada)

Mike Horse (USA)
Dashihe (China)

Syncrude (Canada)
Mochikoshi (Japan)
Arcturus (Zimbabwe)
Union Carbide (USA)
Church Rock (New Mexico)
Stava (lItaly)

Chenzhou (China)

Cerro Negro No. 4 (Chile)
Huangmeishan (China)
Lixi (China)

Sullivan (Canada)

Marsa (Peru)

Istanbul, (Turkey) LF
Saaiplaas (South Africa)
Longjiaoshan, Hubei, China
Tapo Canyon (USA)
Merriespruit (South Africa)
Omai (Guyana)

Surigao (Philippines)
Porco (Bolivia)

Sgurigrad (Bulgaria)

Los Frailes (Spain)

Surigao del Norte (Phillippines)

Inez, Kentucky (USA)

Baia Mare/Baia Borsa (Romania)

Dachang, Guangxi

San Marcelino Zambales (Philippines) Unknown

Pinchi Lake (Canada)
Zhenan mine, Shanxi
Xiangfen, Shanxi province

Karamken tailing plant (Russia)

Ajka (Hungary)
Kayakari (Japan)
Sotkamo (Finland)
Padcal No. 3 (Philippines)
Ok Tedi (New Guinea)
Mount Polley (Canada)
Fund&o (Brazil)
Samarco (Brazil)

Bento Rodrigues (Brazil)
Brumadinho (Brazil)
Rond6nia, Brazil

Muri, Jharkhand, India

Hpakant, Kachin state, Myanmar

Cobriza mine, Peru
La Rinconada, Ananea, Peru
Tieli, Yichun City, China

Water retention Seepage

Upstream
Unknown
Upstream
Upstream
Upstream
Upstream
Upstream
Centerline
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Unknown
Upstream
Upstream
Upstream
Upstream
Unknown
Upstream
Upstream
Upstream
Upstream
Unknown
Unknown
Downstream
Upstream

Unknown
Upstream
Upstream
Unknown
Downstream
Unknown
Unknown
Upstream
Unknown
Unknown
Upstream
Unknown
Unknown
Upstream
Upstream
Unknown
Upstream
Upstream
Upstream
Unknown

San José de Los Manzanos, Mexico Unknown

Hpakant, Kachin state, Myanmar
Catoca mine, Saurimo, Angola

Unknown
Unknown
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Seepage

Seepage

Seepage
Overtopping
Earthquake
Foundation failure
Earthquake
Overtopping
Seepage

Seepage

Overtopping
Earthquake

Seepage

Overtopping

Seepage
Overtopping

Shear instability
High phreatic surface

Earthquake
Overtopping

Seepage

Foundation failure
Overtopping

Seepage

Foundation failure
Slurry from burst pipe
Underground Collapse
Overtopping
Overtopping (UN)
Seepage

Earthquake

Overtopping

Foundation failure
Seepage

Static liquefaction

Liquefaction
Overtopping

Erosion, liquefaction


https://en.wikipedia.org/wiki/Church_Rock_uranium_mill_spill
https://en.wikipedia.org/wiki/Brumadinho_dam_disaster

2021 Yedikardes village, Turkey Unknown

2021 San Antonio de Maria mine, Peru  Upstream

2021 Ulundi, South Africa Unknown -

2022 Pau Branco mine, Brazil Upstream Overtopping
2022 Banjhiberana village, India Unknown -

2022 Wenquan Township, China Upstream

2022 Agua Dulce, Potosi, Bolivia Upstream

2022 Jagersfontein (South Africa) Upstream

2022 Mwadui Lohumbo, Tanzania Upstream

Section 2.1.3.1 and 2.1.3.2 will elaborate on some of the above-mentioned disasters. The

selection was based on severity, locality and time of failure.

2.1.3.1 Recent International Tailings Dam Failures

a) Brazil: Feijao Dam I: 2019

On the 25™ of January 2019, the Corrego do Feijao Iron Ore Mine near Brumadinho, Brazil,
collapsed. Reports suggested that the significant and rapid loss of strength resulted in
liquefaction of tailings material which created a 30 m high mud wave, flowing rapidly

downstream towards the Paraopeba River (Robertson et al., 2019).

The dam illustrated in Figure 2.3 was constructed from 1976 to 2013 by the upstream method.
By then, it had reached a height of 86 m and a length of 700 m. Each berm had upstream and
downstream slopes of between 1.5H:1V and 2.5H:1V. A total of ten raises, each between 5
and 18 m, were constructed by the tailings on the beach close to the crest of the dam. This

resulted in the instant flooding of excavations and created fragile areas which would later have

to serve as the basis for future berms. Tailings deposition at Dam | stopped in mid-2016
(Robertson et al., 2019).

Figure 2.3: Corrego do Feijao Iron Ore Mine, Dam | (Google Earth 3D, Image Date July 7,
2018 as cited in Robertson et al., 2019).
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Robertson et al. (2019) conducted a technical investigation into the cause of failure and
subsequent liquified flow slide. It was established that the stress state of the dam showed large
sections to be under considerable loading conditions due to, amongst other reasons, high
internal drainage. Despite tailings not being deposited since 2016, the water level within the
dam did not show signs of significant drainage and remained reasonably constant. Similar
results were obtained by Rotta et al. (2020) who applied the Soil Moisture Index (SMI) over
the tailings dam to reconstruct ponding dynamics since 2011. Thereafter, a standard deviation
map of SMI over time was generated to analyse the spatial variation patterns in moisture
conditions over the dam. Rotta et al. (2020) found that the increase in moisture in different
sections of the dam, implied that the fill material was becoming saturated until it collapsed.
Evidence also pointed towards a high water table, possibly extending to the ground surface.
Both these studies agree that saturated conditions, that allowed ponding close to the crest, were
attributed to higher and more intense cumulative rainfall events measured since October 2019
up to failure in December 2019. The average rainfall over the preceding three-year period
amounts to 1 400 mm. The analysis of rainfall data also provided a clear indication that the
intensity of rainfall events increased in 2019. Robertson et al. (2019) generated a one-
dimensional soil-atmosphere simulation consisting of climate data and surface hydraulic
properties. This data were obtained from previous field and laboratory studies. The results
showed a net infiltration capacity of 50% of rainfall. Computed water pressures from two-
dimensional seepage models also indicated a high piezometric surface, particularly near the
crest. According to Robertson et al. (2019) this would most likely have caused a loss in suction
in the vadose zone coupled with a reduction in shear strength. High shear stresses and internal
strains, which resulted in creep, combined with the brittle nature of the tailings material are
recognised as major contributing factors to critical strength reduction and dam failure
(Robertson et al., 2019). Figure 2.4 illustrates gradation characteristics of the tailings at this
mine, illustrating most of the material to fall within the fine silt fraction.
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Figure 2.4: Particle size distribution analysis for fine, coarse and average gradations for the
Feijao Dam | (Robertson et al., 2019).

b) Canada: Mount Polley: 2014

The Canadian Mount Polley copper-gold mine carried out open pit and underground mining
operations since 1997 (Roche et al., 2017). After failure of the tailings dam in August 2014, it
released an estimated 25 million m3 of waste into the basin. It has been recognised as one of
the largest environmental disasters in Canada. The impact was exacerbated by the large
quantities of metal contaminants including arsenic (84 831 kg), mercury (562 kg) and lead (38
218 kg) (IGU, 2019). Research conducted into the cause of this failure mentions, amongst other
things, the lack of consideration given to extreme conditions such as floods. Chambers (2015)
found that higher than expected precipitation resulted in overflow and high-water levels in the
tailings pond (2.3 m below dam core). According to Lyu et al. (2019) failure had not been
attributed to seepage or overtopping, but poor drainage in the finely graded tailings resulted in
the load bearing capacity of the foundation to be exceeded. Both last mentioned authors agree
that, even though the water level in the tailings pond was a major contributing factor to the
damage associated with the dam failure, it could have been prevented with proper design,

construction and monitoring activities.
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C) Brazil, Fundao dam: 2015

Carmo et al. (2017) described the Fundao dam, located in south-eastern Brazil, as having been
one of the megastructures of the Germano mining complex. It began operations in 2008 and
was meant to have a lifespan of 25 years while ensuring a storage capacity of approximately
79.6 million m? of fine tailings. Since operations commenced, the dam demonstrated various
irregularities with regard to drainage, construction defects, upwelling and exceeded expected
saturation rates. On the 5" of November 2015, the dam breached and released almost 43 million
m?3 [or 32 million m3 according to Fourie et al., 2022] of tailings, killing 19 people and causing
irreversible environmental damage (Carmo et al., 2017). The high-density mudflow inundated
the town of Bento Rodriguez, roughly 8 km from the dam site and advanced along the Rio
Doce river for another 668 km. It eventually reached the Atlantic coast after 17 days (Roche et
al., 2017).

Technical reports concluded that the failure occurred due to liquefaction of the tailings. It was
also found that structural damage to the starter dam had contributed to high levels of saturation
and that the unexpected deposition of sludge in critical areas exacerbated the already unstable
structure. Attempts to solve structural issues involved construction of a concrete gallery which
caused the axis of the dam to retract, resulting in a significant reduction in the beach area and

eventual exceedance of the critical limit (Carmo et al., 2017).

2.1.3.2 South African Tailings Dam Failures

a) Jagersfontein tailings dam disaster: 2022

Slope failure of the tailings dam at the Jagersfontein mine occurred on the 11" of September
2022. Apart from being the world’s oldest diamond mine of its kind, constructed using the
upstream method, it is also the world’s largest hand excavated pit spanning almost 20 hectares
(Brown and van Wyk, 2022). Even though the de Beers mining group ceased operations in
1971, new owners sought to capitalize on improving technology to reprocess the tailings and
extract diamonds that have been discarded. Operations were briefly interrupted in 2020 by

exceedingly high-water levels, but these were resumed in 2021.

Several sources have reported the dam wall collapsed due to structural failure, releasing most
of the tailings from the pond. The mud wave travelled approximately 8 500 m resulting in the
inundation of farmland, including a nature reserve, and the loss of 500 animals and livestock.

A further 154 residences were damaged, 76 people were injured and two were killed (Hansen,
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2022). The plume spread over 1.5 km wide and entered several water sources, including water
systems used for drinking water and agricultural activities (Petley, 2022). Figure 2.5 illustrates
the location of the breach at the dam’s southern side, releasing tailings waste to the nearby

residential area and eventually also to receiving water bodies.

Figure 2.5: Jagersfontein tailings disaster (modified from Planet Team, 2022).

From satellite imagery taken before the breach, Petley (2022) was able to identify several
sections of the dam wall that appear to have been severely eroded. Further mention is also made
of the fact that, on both sides of the breach, fresh slimes were coating the walls of the tailings
dam, illustrating the high mability of the mine waste. Due to the recency of this disaster,
official reports have not been yet been published and researchers are only speculating on
possible contributing factors.

b) Merriespruit Disaster: 1994

On the 22" of February 1994, the number four tailings dam, situated 320 m upslope of
Merriespruit, collapsed. According to Rico et al. (2008b) the failure of the 31 m high northern
wall of the gold tailings dam, caused detrimental impacts on the environment, the mining
industry and resulted in 17 deaths. Davies et al. (2002) determined that, during this event, a 2.5
m high flood wave carried 600 000 m? tailings material and 90 000 m3 wastewater over a
distance of 2 km. Prior to failure, a high intensity rainfall event of 50 mm was received in a
short span of 30 minutes. Although maintenance issues were found to be a contributing factor

to the collapse, various studies found insufficient freeboard, poor pool control (leading to some
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areas having high in situ void ratios) and static liquefaction as the most significant contributing
factors.

Laboratory tests conducted by Papageorgiou et al. (1999) were able to define a series of steady
state lines, which was found to be a good indication of liquefaction and susceptibility to
liquefaction. This line represents the mean effective confining stress and corresponding void
ratio at steady state conditions. It is influenced by tailings material properties such as particle
size distribution, shape and fines content. For instance, an increase in fines content reduces
hydraulic conductivity, resulting in an undrained response to loading conditions. Figure 2.6
illustrates the fine nature of soil porous medium at the Merriespruit tailings dam. From this
analysis, it was found that approximately 79% of the fine limit of the liquefied material lies
within the silt particle-size range, while 7% consists of fine sand and 14% clay-size particles.
The course limit and samples containing up to 60% fines, illustrated a clay content of 5% and
8%, a silt fraction of 20% and 37% and a fine sand content of 75% and 55% respectively.
Papageorgiou et al. (1999) also conducted a comparative analysis of in-situ void ratios from
undisturbed samples, and determined that a large amount of these tailings plotted above the
relevant steady state line and were likely in a metastable state. Fourie et al. (2009) identified
overtopping, due to insufficient freeboard, slope erosion and progressive shear failure as
causing the removal of confinement, exposing loose material and triggering static liquefaction

under undrained loading conditions.
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Figure 2.6: Particle size distribution analysis for fine, course and average gradations for

Merriespruit Gold Tailings material (Papageorgiou et al., 1999).
44



Less than a year before the Merriespruit disaster, the nearby Saaiplaas No. 5A tailings dam,
experienced three separate flow failures, in three days. These are indicated in Figure 2.7 (a)
and (b) below. Blight et al. (2003) describes the breach to be attributed to the high phreatic
surface but according to Fourie et al. (2009) failure due to the high water table could possibly
have been avoided if not for the reduction in unconsolidated effective stress. This may be
attributed to the exponential rate of rise of 1,8 — 2,6 m per annum to 2,8 m per annum, resulting

in the density of successive layers to be highly variable.
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Figure 2.7 (a) and (b): Plan and aerial view of Saaiplaas dam showing locations of failures 1,

2 and 3 (modified from Blight and Fourie, 2003; Fourie et al., 2002).

c) Bophuthatswana: Bafokeng South Mine: 1974

Similar to the above disasters, the Bafokeng platinum tailings mining disaster occurred after a
high intensity rainfall event of an estimated 75 mm in the early hours of 11 of November 1974
(Lyu et al., 2019). Blight et al. (2003) suggested that overtopping most likely led to breaching
of the dam wall by erosion. After failure of the 20 m high dam wall, an estimated 3 million m3
liquefied tailings slurry were released over a distance of 42 km, demolishing surface structures,
submerging an underground shaft and killing 13 people (Blight et al., 1981; Rico et al., 2008b).
As all other TSFs in South Africa, this dam was constructed using the upstream method. Figure
2.8 below illustrates the particle-size distribution of tailings taken from the pool of the tailings
dam. From this, it is evident that 87% of the liquefied materials lies within the silt particle-size
range, while 1% consists of fine sand and 18% clay-size particles. As expected, Blight et al.
(1981) found the material deposited around the walls of the dam to be considerably coarser.

Jennings (1979) stated that even though gradation curves do not provide detailed information
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on the cause of tailings dam failures, it does permit certain conclusions to be made. This
includes a closer inspection of tailings characteristics that may contribute to unstable

behaviour, especially during saturated conditions.
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Figure 2.8: Particle size distribution analysis for fine, course and average gradations for the
Bafokeng tailings material (Blight et al., 1981).

2.1.4 Method of construction and relationship with failure

The stability of an engineered slope, as in the case of tailings dams, is largely dependent on the
method of construction, which is simultaneously carried out during operational activities. It is
affected by both internal and external factors such as local seismic activities, climate,
topography, geology, extraction and deposition methods, hydrological conditions and
economic considerations. Regardless of the construction method used, each layer is constructed
with the coarse fraction of the tailings material, which are often susceptible to internal piping
and liquefaction (EPA, 1994). Consideration of geotechnical properties is therefore a strong
indicator of slope stability and deformation behaviour of the tailings porous medium.

Tailings dams, often built with steep slopes, are constructed by the successive raising of
embankments by either one of the following three methods: Firstly, the upstream method,
which has now been banned in many countries, is illustrated in Figure 2.9. It was developed in
response to a need to operate at low economical costs by using the coarse fraction of the tailings
as construction material. Even though this method has lower construction costs, it requires

more monitoring, responds poorly to seismic activity, is not suitable for significant water
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storage and restricts rapid height raising rates (Vick, 1990). Martin and McRoberts (1999) and
Kossoff et al. (2014) considered upstream tailing dam models to be unstable, especially once
operations cease. Carmo et al. (2017) and Rico et al. (2008b) agreed and stated that upstream
dams are more susceptible to liquefaction and slope failures. It is estimated that ~ 90% of
tailings dam failures that occur are constructed by the upstream method (Piciullo et al., 2022;
Lyu et al., 2019). Strachan and Van (2018) conducted a comparison study into TSF failures
based on the method of construction and found that the majority of failures are associated with
dams constructed by the upstream method. However, Rodriguez et al. (2021) mentioned that
since most tailings dams are constructed using this method, the high proportion of failures
associated with this construction method may be misleading. Construction of an upstream dam
commences with a small starter dam, where after the embankment is progressively raised on
the upstream side (Wills and Finch, 2016). As the supernatant pond nears capacity due to
discharge through, for example, cycloning or spigotting, the embankment is raised, and the
process is repeated. The dam is therefore built on top of previously deposited unconsolidated
slimes, which limits stability and wall height as well as being more prone to leakage (Martin
and McRoberts, 1999; IGU, 2019). Bhanbhro (2014) suggested that under undrained
conditions, an increase in pore water pressure and reduction in effective stresses could result
in shear failure to occur. Do et al. (2021) also mentioned that the rate of filling of ponds
increases porewater pressure, which decreases the stability of TSFs, especially with regard to

upstream tailings dams.

Tailings discharged
by spigots
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from drained sediments
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Fine tailings/slimes

Original ground surface

Figure 2. 9: Upstream tailings dam construction (modified from Wills and Finch, 2016).

The downstream construction method, illustrated in Figure 2.10, is the only method that

achieves acceptable design and construction engineering standards (Wills and Finch, 2016). It

involves successive construction of embankment walls on the downstream slope of the starter
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dam. Wills and Finch (2016) described this method to provide more stability due to its ease of
compaction, the incorporation of phreatic surface control measures and the fact that the dam
raises are not structurally dependent upon the tailings deposits for foundation strength.
According to Azizli et al. (1995) downstream dams are safer than dams constructed using the
upstream method, under both static and seismic loading. It does however require increased fill
volume to raise embankments and takes up large areas of land space, making it a challenging

and a more expensive option.
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Figure 2.10: Downstream tailings dam construction (modified from Wills and Finch, 2016).

Figure 2.11 shows the lay-out of the centreline construction method that allows for the crest of
the dam to remain in the same harizontal position as it is raised in succession. Construction
therefore continues vertically on the crest of the existing dam. Sufficient decant facilities drain
excess free water, thereby reducing the risk of failure (Wills and Finch, 2016). This method
does not require a wide beach and dam raises may be added sooner than in the case of the other
two methods. Even though this embankment type is not suitable as a permanent storage
solution, short term storage of water due to heavy precipitation events will not affect the

stability of the dam (EPA, 1994).
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Figure 2.11: Centreline tailings dam construction (modified from Wills and Finch, 2016).
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2.2 Climate Change

The Intergovernmental Panel on Climate Change (IPCC, 2014) defined climate change as a
long-term increase in average surface air and sea surface temperatures, resulting in irreversible
and permanent variability. Anthropogenic induced warming, through the emission of carbon
dioxide, amounts to an average of 0.2°C per decade, which has resulted in an increase of 1°C
(average) from pre-industrial levels to 2017. Figure 2.12 illustrates the warming trend since
industrialisation, indicating a likely rise of 1.5°C (average) by 2040 (high confidence). Allen
et al. (2018) found that most land regions already experience above average warming
amounting to approximately 1.5°C (average). According to Gutiérrez et al. (2021) and
Engelbrecht et al. (2015) mean annual temperature across different areas of southern Africa
have already increased by between 1,04°C and 1,44°C (1961-2015) and 1,6°C and 1,8°C
(1961-2010) respectively. Kruger and Nxumalo (2017) also found an increase in the number
of hot days per year, as well as a decrease in the number of annual frost days. According to
Lyakaremye et al. (2021) cold extremes are likely to decrease under all emission scenarios but

would be most pronounced in the absence of mitigation measures.
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Figure 2.12: Current human induced global temperature trend (Allen et al., 2018).

Based on this evidence, the IPCC’s sixth assessment report (AR) (2022) predicted that mean
annual temperatures in southern Africa will be 1,2°C, 2,3°C and 3,3°C higher than averages
recorded between 1994 and 2005. It was further established that hot and very hot days are likely
to increase while the annual number of heatwaves are likely to increase by between two and 12
days (Engelbrecht et al., 2015; Weber et al., 2018; Seneviratne et al., 2021).
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2.2.1 Climate Change and Rainfall

Several environmental consequences follow a rise in atmospheric temperatures. Higher
temperatures cause an increase in evaporation, while a warmer atmosphere is able to hold more
water vapour. This results in less frequent rainfall events, but of higher intensity and often of
short duration. These changes in precipitation parameters, i.e. frequency, intensity and
duration, are often observed and is expected to increase under all emission scenarios. Extreme
events have already increased both in severity and frequency over the last century (Kruger and
Nxumalo, 2017) while Mean Annual Precipitation (MAP) across large areas of southern Africa
have increased between 128 and 256 mm during a period of 1980 to 2015 (IPCC, 2022).
According to Kruger and Nxumalo (2017) long term station data in the southern parts of South
Africa show significant trends in rainfall events that exceed 5 mm/hour over a period of 1921
to 2015. Although these trends seem to become more pronounced, various earlier studies
already confirmed similar findings. Van Wageningen (2006) for instance established that
precipitation trends in the Western Cape showed that even though there has been a noticeable
decrease in rainfall frequency, yearly precipitation volumes seem to remain constant. This was
attributed to individual rainfall events occurring at higher intensities. Arnell and Reynard
(1996) explained that it was likely that small changes were taking place annually, while larger
changes, i.e., extreme events, were expected to change known historical parameters of short-
term hydrological features. Even earlier, Ruosteenoja et al. (2003) found the model-simulated
temperature/precipitation change over the southern Africa area to be statistically significant.
Although specific annual rainfall trends were weak, there was a tendency towards a significant
decrease in the number of rain days in almost all hydrological zones. This suggested a
propensity towards an increase in rainfall intensity and an increase in the duration of dry spells.
This notion was supported by the Department of Environmental Affairs (2012), who recognised
that the occurrence of annual extreme rainfall events in South Africa, indicate an increasing
trend (DEA, 2012).

Not only has there been an increase in extreme events, but a decrease in frequency have also
been evident, particularly during the dry season of different regions. While the frequency of
droughts increased between 1961 and 2016, severity and prolonged dry spells have also
occurred more regularly (IPCC, 2022; Seneviratne et al., 2021). According to Spinoni et al.
(2019) meteorological droughts have increased by up to three times per decade over the last
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sixty years while multi-year drought over the southwestern part of South Africa increased by a
factor of three (Otto et al., 2018).

Precipitation characteristics vary widely from area to area and its inter-annual variability is
often difficult to predict with precise certainty. Generally, variability, and particularly inter-
annual variability, is modulated by large scale climate forcings and changes in temperature.
Multi-model predictions indicate that large parts of southern Africa may become drier or
experience significant changes in MAP. Under emission scenario RCP8.5, the area under study
is projected to experience a decrease of between 10% and 20% in MAP, together with an
increase in consecutive dry days (Engelbrecht et al., 2015; Spinoni et al., 2019). According to
the IPCC (2022) higher temperatures in South Africa’s summer rainfall regions will exacerbate
high levels of evaporation and increase drought frequency as well as severity. Under RCP8.5
meteorological drought duration is expected to increase from two months (1950-2014) to about
four months within thirty years (Ukkola et al., 2020). High intensity rainfall and extreme events
are projected to increase, across all warming scenarios, within the Limpopo region (Li et al.,
2021; Seneviratne et al., 2021).

2.2.1.1 Possible impacts of climate change on Tailings Storage Facilities

Climatic factors impact directly on the hydrological behaviour of tailings material. This
includes both wet and dry conditions that bring about the upward movement of water through
capillary rise during dry periods and loss due to evaporation, and infiltration of water during
rainfall events. From sections 2.1, it was shown that TSFs are susceptible to structural
weakening by insufficient control of water pressure leading to erosion, seepage, slope
instability, liquefaction, overtopping and subsidence failure (Yaya et al., 2017). The loss in
structural integrity brought about by variations in environmental and climatic factors is further
described by Roche et al. (2017) as occurring through (i) amplified contraction-expansion
cycles caused by more extreme wet-dry periods during floods and droughts; (ii) high intensity
rainfall events contributing more significantly to erosion and consequent instability of slopes;
and (iii) potential mass movement of dams, i.e. landslides, as a result of higher rainfall
intensity/frequency/duration.

Seeing as rainfall events of high intensity leads to excessive infiltration with a subsequent rise
in tension saturated or near saturated conditions, it would have a significant impact on the

structural integrity of engineered slopes, potentially causing slope failure or volume
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deformation. Changing rainfall characteristics brought about by climate change could make
certain areas in southern Africa especially vulnerable to the possibility of landslide activity. As
previously mentioned, this potential hazard necessitates the re-evaluation of engineered slopes
to determine physical processes and identify slopes at risk (Gariano and Guzzetti, 2016). This
notion was also put forward by Karim et al. (2020) who found that climate change would result
in the Newbury research site in England to experience longer periods of saturation/near
saturation conditions and higher suction magnitudes during dry periods. It is also suggested
that the increased magnitude and decreased frequency of the wetting-drying cycles, would

cause accelerated stiffness/strength degradation, leading to more rapid failure.

Antecedent moisture conditions are established by preceding rainfall events, evaporation rates,
transpiration and winds (Mufioz, 2019). Hillel (1998) suggested that extreme wetting and
drying cycles in natural soil profiles may lead to the formation of surface cracks or even
eventual discrete, vertical columns allowing surface water to penetrate the subsurface.
Infiltration into cracks concentrates water into ‘finger-like’ protrusions, preventing the uniform
one-dimensional distribution of the wetting front until the soil reswells and these voids
coalesce. This may become particularly prominent as temperature increases lead to more
evaporation combined with extended dry periods under the force of climate change. Even
though it is suggested that this magnitude of wetting and drying would not be relevant to
tailings dams (since these facilities are wetted by sources other than precipitation only),
climatic conditions have a significant impact on the movement of subsurface water and the
establishment of a continuous porewater phase. Apart from physical changes in TSFs brought
about by climate change, chemical changes (although not included in this study) are brought
about irregular rainfall patterns and increased temperatures. This can cause a spike in the rate
of oxidation of metal sulphides, resulting in higher levels of acid mine drainage (AMD). Seeing
as AMD is a hazardous substance, concentrated levels may exacerbate the risk associated with
failure (Roche et al., 2017).

2.2.2 Determining future climates

2.2.2.1 General Circulation Models and Regional Climate Models

According to Rebetez et al. (1997) General Circulation Models, also known as Global Climate
Models (GCMs), are useful application in determining large-scale projections over hundreds
or even thousands of square kilometres. GCMs are based on estimated natural and

anthropogenic emission scenarios, taking variables such as global population growth and the
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socio-economic system into account. Schulze et al. (2011b) pointed out that, even though
GCMs successfully simulate first order atmospheric processes, they are less capable in
simulating the intensity, duration and frequencies of individual or extreme rainfall events.
These inherent uncertainties result in (i) discontinuity between the output from GCMs at spatial
scale as opposed to regional scale and (ii) intermodal disagreement. GCMs must therefore be
downscaled from coarse to local spatial resolutions (Schulze et al., 2011b). Confidence in
future climatic conditions predicted by GCMs depends not only on the number of models used,
but also which ones were used. In order to derive accurate future rainfall scenarios within South
Africa, the Climate Systems Analysis Group (CSAG) of the University of Cape Town, has
assembled data from ten different statistically downscaled CMIP5 (Coupled Model
Intercomparison Project Phase 5) GCMs. Statistical downscaling involved empirical functions
and has the advantage of computational efficiency. Anomalies were calculated relative to the
historical period 1980 — 2000. Based on the premise that these relationships are likely to remain
consistent in future, it provides an indication of future scenarios (CSAG, 2020).

By using downscaling techniques, inputs from GCMs are converted to project local climate at
regional scale, resulting in Regional Climate Models (RCMs). According to Buma (1998)
statistical/empirical downscaling involves establishment of a quantitative relationship between
large scale variables (atmospheric surface pressure) and a local variable (e.g., wind speed at a
particular site). This relationship is used to obtain local variables from the GCM output. After
climate scenarios have been downscaled from global to regional scale, it could be linked to
conceptual slope hydrology/stability models and be applied to single slopes, regional landslide
studies, individual landslides and small catchment areas to predict the potential of rainfall
induced landslides in a specific area (Buma, 1998). This study has analysed data derived by
these GCMs to construct trend graphs that will be discussed in Chapter 3.

2.2.2.2 Concentration scenario: Intergovernmental Panel on Climate (IPCC)

The IPCC’s Fifth and Sixth Assessment Reports described GCMs as being based on different
greenhouse gas (GHG) concentration scenarios and pathways. These scenarios and pathways
are in turn based on emissions driven by variables such as population size, economic activity,
lifestyle, energy use, land use patterns, technology and climate policy (IPCC, 2014).
Representative Concentration Pathways (RCPs) describe four different temperature scenarios
depending on how much greenhouse gases are emitted. More recently though, the IPCC (2022)

adopted a greenhouse gas concentration trajectory for its sixth Assessment Report (AR6)
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consisting of both RCP and Shared Socio-economic Pathways (SSPs) scenarios. This gave rise
to an updated set of climate model projections that predict more intense future climate change
conditions. Since SSPs cover a wider range of GHG and air pollutant futures than RCPs, they
are not directly comparable. However, in principle, RCPs relate to the core set of ARG scenarios
(IPCC, 2022). Figure 2.13 (a) illustrates temperature increases based on SSP-scenarios ranging
from very low GHG emission scenarios (SSP1-1.9), low (SSP1-2.6 or RCP2.6), intermediate
(SSP2-4.5 or RCP4.5, high (SSP3-7.0) and very high (SSP5-8.5 or RCP8.5) (IPCC, 2022).
These increases are similar to projections relevant to each RCP scenario - shown in Table 2.2.
Figure 2.13 (b) indicates the level of risk associated with each of the five ‘Reasons for Concern’
(RFC) associated with increasing temperature trends. RFCs include (i) unique and threatened
systems, (i) extreme weather events, (iii) distribution of impacts, (iv) global aggregate impacts
and (vi) large-scale singular events (IPCC, 2022). Based on these projections, increasing

temperature trends bring with it high risk extreme weather events and hazardous conditions.
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Figure 2.13 (a): Temperature increase based on SSP-scenarios (b): Risks associated with each
Reason for Concern (RFC) at a global scale for increasing temperature scenarios (modified
from IPCC, 2022).

Although emission scenario SSP5-8.5 (RCP8.5) is expected to result in an exacerbation of
significant extreme events, all other possible future climate scenarios, also predict an increase
in the frequency and severity of floods and droughts (IPCC, 2022). The likelihood of this
scenario becoming a reality is probable seeing as global carbon emissions have risen to a new
record level in 2018. The IPCC (2022) stated that this emission scenario would be distinct in
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the southern Africa region, most likely resulting in significant temperature increases during the
summer months and more intense and less frequent rainfall events. For the purpose of this
study, and the availability of historical data, future climate change conditions for the study area
has been analysed based on RCP8.5 and RCP4.5 projections. Further reasons for analysis of

these scenarios are stated in Chapter 3.

Table 2.2: Projected change in global mean surface temperature for the mid- and late 21st
century, relative to the 19862005 period (IPCC, 2014; IPCC, 2022).

2046-2065 2081-2100
Scenario Mean Likely Mean Likely
range range
Global RCP2.6 Stringent mitigation 1.0 04-16 1.0 03-17
Mean scenario
Surface RCP4.5 Intermediate 1.4 09-20 18 11-26
Temperat scenarios
ure RCP6.0 Intermediate -y 08-18 (5 14-31
change scenarios
(°C) RCP8.5 Very high GHG 20 14-26 37 26-48
emissions

2.3 Characteristics of rainfall events during which failure occur

According to Sidle and Ochiai (2006) the most significant impact of climate change on
landslides results from changes in regional annual and seasonal precipitation patterns. Another
study conducted by Azam and Li (2010), suggested that even though the number of these
failures were significantly higher in the 1960s, 70s and 80s, the number and frequency of recent
disasters, caused by unusual weather, has increased. It was found that, globally, the failure of
tailings dams due to unusual rain has increased from 25% pre-2000 to 40% after 2000 and
accounts for the most detrimental factor leading to slope failure (Azam and Li, 2010). These
findings were supported by Guang-jin et al. (2017) and Kristo et al. (2017) that identified
extreme precipitation events to be one of the most important factors triggering tailings dam
failures. Rico et al. (2008b) have also established that critical rainfall events have been the
main cause of up to 3% of European tailings dam failures. Mufioz (2019) suggested that even
though rainfall is not directly responsible for the occurrence of landslides, infiltration brings
about changes in soil moisture dynamics, which lead to an increase in the driving forces acting
on the sliding mass. Rodriguez et al. (2021) stated that the degree of saturation is the most

significant factor controlling dam stability.
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As previously mentioned, precipitation events are likely to become more unpredictable under
the influence of climate change. This includes an increase in peak intensity leading to a greater
proportion of the mean annual precipitation (MAP) being received in individual events.
Pardeshi et al. (2013) listed the precipitation characteristics considered to evaluate slope
stability to include: total rainfall volumes, peak intensity, event duration, cumulative rainfall
and rainfall frequency. Even if MAP decreases, a distorted distribution of annual rainfall would
result in flooding and significant changes to pore water pressure in slopes. Rainfall events of
high intensity results in an increase in infiltration of wet mine waste with a subsequent rise in
tension saturated or near saturated conditions. According to Abdul and Gillham (1984) rainfall
intensity, along with surface slope and hydraulic conductivity, has a significant impact on the
mobilisation of pre-event water, which could contribute to slope instability. This is supported
by Rahardjo et al. (2016) who argue that rainfall infiltration causes slope instability by

increasing porewater pressure which leads to a decrease in the shear strength of residual soils.

Further research studies found that high rainfall intensity events have a direct impact on the
rate of GWR and the subsequent rise in the water table (Guo et al., 2008). In contrast, Elsenbeer
etal. (1995) made use of tracers at a streamflow and overland flow site and conducted sampling
during two precipitation events of different intensities. It was found that during a rainfall event
of extremely high intensity (177.7 mm), event water itself dominated the hydrograph. Pre-
event subsurface sources were found to contribute to the rising limb of the storm hydrograph
more significantly under lower intensity events (44.2 mm) of shorter duration. Khan et al.
(2012) suggested the possibility that, even though extreme events trigger landslides, preceding
rainfall conditions are responsible for establishing critical stability conditions in hillslope
materials. A rainfall event of specific intensity and duration combined with particular
antecedent moisture conditions is therefore necessary for failure to occur. The critical event is
characterised by a spike in intensity that could eventually contribute to triggering slope
instability (Figure 2.14). However, Ng and Shi (1998) warned against the use of a single
threshold rainfall intensity as an indicator of landslide risk since slope stability would depend
on not only rainfall intensity, but also initial pore pressure distribution,
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Figure 2.14: Antecedent and critical rainfall parameters (modified after Aleotti, 2004 in Waswa

and Lorentz, 2016a).

Cloke et al. (2006) argued that rainfall intensity is only relevant when the capillary fringe does
not extend to the ground surface and Ks is high enough to have rainfall-limited infiltration.
Similarly, Zandarin et al. (2009) found that a high intensity rainfall event is not necessarily
detrimental to dam safety, but rather lower intensity events that have a longer duration,
resulting in more infiltration. Furthermore, events found to have a higher intensity towards the
end of the event, than at the start, result in a far more destabilising effect than events with
constant intensity. It is recognised that rainfall events associated with shallow landslides have
been found to trigger these failures after a spike in intensity during the middle or towards the
end of the critical event (Waswa and Lorentz, 2016a). Even though this study acknowledges
that high intensity events are not necessarily the cause of landslides, it is suggested that it has

an adverse effect on slope stability when combined with pre-event water.

The frequency of rainfall events impacts on antecedent moisture conditions which, in
conjunction with a critical event, are known to trigger shallow landslides by the formation of a
tension saturated or near-saturated porous medium (Aleotti, 2004). While freely drained soils
reach near saturated conditions when exposed to extreme rainfall events, soils that exhibit
characteristics such as low hydraulic conductivity, i.e. tailings, are more prone to saturated

conditions when combined with significant antecedent rainfall (Rahardjo et al., 2008). Soil
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moisture, combined with a critical rainfall event of a particular intensity, could form a
continuous pore water phase, thereby increasing pore water pressure and enabling the
transmission of an induced pressure head (Marui et al., 1993). The significance of pre-event
water in slope stability is supported by a study conducted into the causes of twenty shallow
landslides on the Nanyang Technological University Campus. An investigation into similar
critical rainfall events, not leading to landslides, showed similar characteristics. However, the
triggering rainfall event during which slope failure occurred, was found to be preceded by
several non-critical rainfall events resulting in elevated levels of antecedent moisture
conditions (Rahardjo et al., 2001). Since rainfall events are becoming increasingly
unpredictable under the force of climate change, it is likely to impact on rainfall frequency and

potentially establish antecedent moisture conditions ideal for failure to occur.

According to Zandarin et al. (2009) infiltration of rainfall may cause an instant rise in the
phreatic surface, but phreatic drawdown is delayed through the process of capillary action,
particularly when combined with the low hydraulic conductivity of tailings. Blight et al. (2012)
estimates the hydraulic conductivity of tailings porous medium between 2 — 3 m/a while Lopez-
Acosta (2016) found an average value of only 0,5 m/a. Low hydraulic conductivity therefore
causes drainage from antecedent events to be delayed and the degree of saturation to stay high
throughout the whole profile (Zandarin et al., 2009). Supporting this concept is the model
results of an extreme rainfall event measured at the Pedro Sotto Alba nickel mine, located in
the southeast of Cuba. During this storm, 722 mm rainfall was measured in 48 hours, with a
peak of 140 mm in 90 minutes (Zandarin et al., 2009).

Figure 2.15 indicate the position of the phreatic surface and associated pore water pressure
regime at different pond depths. It further illustrates widening and narrowing of the tailings
beach, while still maintaining high levels of saturation. Additionally, phreatic water intersects
the slope face of the dam at different heights above the base. Zandarin et al. (2009) established
that the highest position of the phreatic surface occurs between the end of the preceding rainfall
event and up to 11 days later. This point in time marks a critical condition for stability. Closely
repeated rainfall events of lower intensities could therefore cause saturated or near saturated
conditions of tailings and subsequent discharge of pre-event water. Zang et al. (2018) also
reports that pre-event water, contained above the phreatic surface in the capillary fringe, plays

an integral part in mobilising groundwater.
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Figure 2.15: Phreatic line and associated pore water pressure regime observed in a tailings pond
built by the upstream method (Singh et al., 2023).

2.3.1 Pre-event water in the stream stormflow hydrograph

Kim et al. (2017) observed the presence of baseflow water in the stream stormflow hydrograph
through hydrograph separation studies and the use of stable isotope tracers. Apart from
rainwater, pre-event water in TSFs is supplemented by additional sources that contribute to
saturation rates. This includes the vast quantities of wet slurry that is discarded and stored
together with tailings; rising consolidation water and the absence of phreatophytes (Blight et
al., 2012; Meyboom, 1967). The low hydraulic conductivity of tailings also makes it more
susceptible to the formation of tension saturated or near-saturated conditions when combined
with pre-event water, thereby enabling the transmission of an induced pressure head to a
potential failure plane (Katsura et al., 2014). These pre-event conditions and tailings

characteristics may contribute significantly to the rate of failure of tailings dams.

High rainfall intensity events lead to excessive infiltration while pre-event water present in the
subsurface soil horizon during a critical event, is generated by infiltration of previous
precipitation events, and augmented by rainfall frequency (Guo et al., 2008; Rahardjo et al.,
2001). Studies conducted in natural hillslopes, found both these event characteristics to
contribute significantly to tension saturated or near saturated conditions and have an impact on
physical and hydrological processes that regulate structural integrity of earth embankments.

Based on the concept of subsurface flow, Lorentz et al. (2004) found that water in natural
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hillslopes contained within the near-surface macropore layers, contribute far more to the

streamflow than groundwater.

Hallema et al. (2016) stated that surface response during a rainfall event is affected by
hydrological processes brought about by climatic systems (e.g., precipitation, evaporation) that
interact with soil conditions and characteristics (e.g. infiltration, runoff, porosity, hydraulic
interconnectivity). Rainfall intensity is believed to impact on the rapid rise of the phreatic zone
if (i) the capillary fringe extends to the ground surface, resulting in increased hydraulic
gradients in the groundwater zone and eventual discharge to the stream or (ii) through the
generation of free surface conditions at the ground surface, resulting in overland flow (Abdul
and Gillham, 1984). According to Hallema et al. (2016) the soil surface divides rainfall water
into an infiltration component, restricted by the soil’s infiltration capacity, as well as a surface
runoff component. The latter, also known as Hortonian overland flow (HOF), commences
when the rainfall rate exceeds infiltration rate and the resulting infiltration excess flows off
along the soil surface. During high intensity rainfall events, infiltration capacity controls
overland flow while slope, interconnected pore spaces and channel network define structural
hydraulic connectivity that determines how rapidly excess water is transferred. HOF is
therefore surface controlled and occurs under unsaturated conditions, which are often the case
during prolonged dry spells. However, a soil profile experiencing a critical event, and already
saturated by pre-event water from a preceding low intensity rainfall event, will result in
saturation overland flow (SOF). This would constitute soil/profile-controlled infiltration and
would be dependent on water content and profile characteristics (Hallema et al., 2016).
Subsurface stormflow would have a slower response time than surface run-off seeing as the
residence time of water at the surface is shorter than the residence time of water in the soil.
Waswa (2013) confirmed that antecedent moisture conditions determine the dynamic
interaction between rainfall intensity and saturated zones, contributing significantly to the
stream stormflow hydrograph. In order to understand the presence of antecedent water in the
hydrograph, it is necessary to comprehend the response of the phreatic water table during an

event, which this study intends to investigate.

2.4 Fundamental principles related to porous medium conditions
Figure 2.16 illustrates various hydrological processes that have an impact on hydraulic
boundary conditions in a typical TSF. These dams are constructed by the discharge of slurry,

typically retaining a solid to liquid ratio of 1:3, which impacts significantly on the hydraulic
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operation of the tailings dam. According to Zandarin et al. (2009) water segregates from the
slurry after deposition, either infiltrating previously deposited tailings or running off to collect
in the decant pond. The ratio between run-off and infiltration are impacted by several factors
including rate and duration of discharge, antecedent moisture conditions, saturation rate and
the location of the phreatic surface. Seeing as deposits are discharged through, for example,
cycloning/spigotting from the perimeter of the tailings dam, a downward slope is formed
towards the decant pond. Although this slope usually forms at less than 1%, it has little
influence on the location of the phreatic surface. According to Bhanbhro (2014) this area,
known as the tailings beach, facilitates the natural sorting of particle sizes. Heavier particles
settle out shortly after discharge, which ensures higher hydraulic conductivity in the area near
stability walls which helps reduce the water table level and thus pore water pressure (Zandarin
et al., 2009). Kossoff et al. (2014) referred to this as size-differentiated dispersal that helps
preserve the integrity of the dam by placing the coarse, more porous material in the structure
itself. The finest fraction is deposited near the decant pond where it settles under a water layer
of variable depth (Rodriguez et al. 2021). According to Eriksson and Destouni (1997) in Fala
et al. (2005), grain diameters of tailings can vary by over 6 orders of magnitude (between 1 um

and 1 m), depending on grinding specifications.

The geotechnical/geohydrological properties of tailings, that regulate physical behaviour, is
greatly determined by flotation processes for metal extraction. Since target grinding
specifications often include ultra-fine grinding technology to improve economic benefits,
average values often range between 0.2 — 0.02 mm (Rodriguez et al., 2021). According to Yang
et al. (2015) these ultra-fine saturated soils of low hydraulic conductivity exhibit pore air
pressure diffusion waves of slow velocities and short wavelengths. This study will however
attempt to demonstrate that these could be much faster than ordinary unsaturated or saturated

flow conditions.

Tailings are discharged at alternative points in order to control the location of the decant pond
as well as the level of tailings. The high degree of saturation caused by the constant discharge
of slurry water is further exacerbated by the infiltration of rainwater as well as soil suction and
capillary rise during dry periods (Zandarin et al., 2009). Guo et al. (2008) also suggested that
fluctuations in the phreatic surface brings about the induction of sub-surface airflow, leading
to groundwater movement. During rapid loading, as in the case of saturated soil conditions

under high intensity events, drainage from soil pores becomes restricted, resulting in an
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increase in pore water pressure. Continued soil saturation eventually reduces effective stresses,
surface tension and shear resistance. Under these undrained conditions, shear failure is likely
to occur due to frictional losses as well as the additional water weight being held in the soil

slope. Figure 2.16 illustrates the hydrological processes impacting on hydraulic boundary

conditions.
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Figure 2.16: Schematic illustration of factors affecting hydraulic response and operational

characteristics of a tailings dam (Pacheco, 2018).

Climatic conditions and environmental fluctuations have a significant impact on the moisture
content of tailings. This interactive relationship is mainly controlled by rainfall as input and
evaporation as output (Mufioz, 2019). The reduction of soil moisture during inter-storm periods
is determined by considering historical wetting and drying processes (Mufioz, 2019). Zandarin
et al. (2008) described these processes as infiltration-evaporation boundary conditions, which
impacts on the hydraulic response of the deposit to extraordinary rainfall events. Through the
process of constant infiltration and evaporation, soil is repeatedly subjected to wetting and
drying cycles. The rate and amount of rainfall to infiltrate the tailings would depend on rainfall
intensity, duration and frequency; surface conditions and unsaturated hydraulic conductivity.
Another contributing factor would include the degree to which pre-event water is held in the
profile. According to Zandarin et al. (2009), this is controlled by the height of the phreatic

surface, capillary rise and rate of evaporation.
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2.4.1 The geotechnical stability of tailings dams

In a study conducted by Mufioz (2019) rainfall parameters of up to forty days before a landslide
on a natural hillslope were analysed. Other factors such as soil properties, vegetation and
climate were also considered. It was concluded that a threshold factor of safety may be reached
with varying precipitation characteristics. The factor of safety of tailings embankments are
closely related to soil moisture and the location of the phreatic surface. According to Morton
(2020) slope failure will most likely occur due to compression of water in the pores of the
tailings porous medium, followed by compression and rearrangement of individual sediments.
A further review of historical tailings dam failures indicated that most often, water has been
the incipient factor that propagated failure. According to Liu et al. (2018) approximately 30-
40% of failures in tailings dams are caused by two-dimensional seepage, leading to a rise in
the phreatic surface. Flow consisting of both vertical and horizontal velocity components result
in two sets of orthogonal curves consisting of equipotential (@) and flow lines (¥). The
graphical construction of these curves forms a flow net, which may be used in the determination
of seepage quantities and pressures by solving for Darcy’s law (Whitlow, 2001). Johansson
(2014) suggests that transient water flow affects pore-pressure conditions, strength, and

deformation behaviour of soil.

It is believed that as the decant pond approaches the stability walls, the width of the beach as
well as freeboard is reduced, leading to an increased probability of slope instability and shear
failure. Pacheco (2018) found this occurrence to be particularly detrimental to the stability of
upstream embankments. This study will attempt to challenge this particular view and
investigate the possible contribution to slope instability through GWR and the LE by the

propagation of pore air pressure on the porous medium.

2.5 Rapid mobilization of pre-event water

The movement of pre-event water within tailings could be brought about by the mechanism of
induced pressure head. Waswa and Lorentz (2016a) argued that both a critical rainfall event
and previous rainfall events contribute significantly to the establishment of the tension
saturated continuous pore water phase, which enables rapid transmission of the induced
pressure head to a potential failure plane. This study intends to demonstrate pressure diffusion
mechanisms throughout the porous medium to accurately predict transient air pressure waves
responsible for GWR and the LE which could have adverse impacts on the stability of the

tailings dam structure.
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2.5.1 Transient Pressure Wave Mechanisms

Whitham (1974) described a pressure wave as any clearly recognisable change within a
pressurized system, resulting in a signal transfer within the specific medium. Even though the
signal may become distorted, it is still recognised by a dynamic change in the magnitude and/or
velocity of pressure. For the purpose of this study, reference to transient pressure waves include
both air and water pressure, unless specified differently. This thesis also adopted the notion

that pore air pressure waves descend downwards.

Waswa and Lorentz (2015) stated that transient pressure waves are responsible for the rapid
release and mobilisation of previously stagnant antecedent moisture through the mechanisms
of GWR and the LE. This enables groundwater levels, during storm events, to rise in
disproportion with the amount of water infiltrating the soil profile and faster than predicted
under Darcy’s law. Cloke et al. (2006) suggested that the fine nature of tailings would
contribute to exacerbated capillary fringe levels, establishing a continuous pore water phase
and enhancing conditions facilitating the rapid mobilisation of pre-event water. Many
researchers e.g., Rahardjo et al. (2004), Lins et al. (2009) and Salas-Garcia et al. (2017) have
investigated the occurrence of pore air propagation and transient pressure wave generation in
unsaturated porous medium. These studies made use of tall soil columns fitted with
instrumentation such as Time Domain Reflectometry (TDR), tensiometers and automatic data
loggers, and were successful in demonstrating the water table response to a high intensity
rainfall event. Waswa et al. (2013) also installed pore air pressure probes into a soil column
and were able to observe differentiating pore air responses depending on the depth of the water
table. It was also instrumental in identifying GWR to occur in a shallow water table, while the
LE was observed in deeper groundwater sources. Rassam and Williams (2000) predicted
SWCC in tailings with the use of a tall soil column fitted with two tensiometers and one TDR
sensor, but only drainage cycle analysis had been carried out. Further soil columns studies were
presented by Yang et al. (2004). The apparatus was equipped with TDR and tensiometer
sensors placed at specific depths to measure water content and pore-water pressure. However,
only water content and suction data were analysed. Findings of these studies will be discussed

below.
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2.5.1.1 Groundwater Ridging

The GWR hypothesis is described by Abdul and Gillnam (1984) as a process occurring near
the stream (and in this case near the tailings pond), that allows for the rapid rise of the water
table to the surface. This rise occurs due to the conversion of capillary water held in tension in

the unsaturated zone to phreatic water in the saturated zone.

The GWR mechanism consists of three main components consisting of rapid water table rise
adjacent to the stream, rapid mobilization of pre-event water to the stream and eventual
dominance of HOF. Figure 2.17 illustrates the mechanism of GWR, recognised by the rapid,
uneven rise in the phreatic surface near the pond shortly after a high intensity event. According
to Waswa and Lorentz (2015) the extension of the capillary fringe is a prerequisite for this
mechanism to occur. This notion was supported by Zang et al. (2018) that found pre-event
water, contained above the phreatic surface in the capillary fringe, to play an integral part in
the GWR mechanism. It also allows for a continuous water phase, enabling rapid transmission
to lower horizons (Waswa, 2013). This concept was reiterated by Turner and Nielsen (1997)
after conducting GWR studies on beaches. Results found the rapid and exaggerated water table
rise to be attributed to the upper extent of the capillary fringe to correspond with the sand
surface. It was further determined that this rise was brought about by an insignificant amount
of water applied to the surface (Abdul and Gillham, 1984).

Groundwater High rainfall intensity

Ridging
Decant Pond

Compressed air

7
Lisse Effect

Observation well Saturated 5
. 11} W
Tailings -~ Dam wall

Figure 2.17: Schematic depiction of GWR and the LE.

Gilham (1984) and Abdul and Gillham (1984) argued that the rapid conversion of water held
in the capillary zone occurs due to the fill-meniscus hypotheses, whereby the addition of small
amounts of rainwater brings about a change in matric suction. This change relieves tension in
the tension saturated capillary zone, resulting in vadose water converting to phreatic water with

a subsequent rise in the water table. De Rooij (2010) postulated that a large change in potential
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energy caused by the addition of small quantities of water is brought about by the volume of
water experiencing the change in pressure potential and not so much by the amount of water
added. More recently though, Waswa and Lorentz (2016a) proposed the energy hypothesis
whereby the intensity of a rainfall event provides additional energy that transforms Kinetic
energy to potential energy, causing the conversion of vadose zone water to phreatic zone water.
The extension of the capillary fringe provides the contact between the kinetic-energy-carrying
intense raindrops and the potential-energy-deficient porewater. Moisture profiles involved with

the process of GWR are illustrated in Figure 2.18.
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Figure 2.18: Moisture profiles under GWR: hy, - pore water pressure, 0r - residual soil water

content, 0s - saturated soil water content (modified from Waswa, 2013 and Miyazaki et al.
2012).

Zang et al. (2018) also described the process of increasing pore air pressure below the wetting
front, brought about by the unchangeable capillary pressure, which converts negative pore
water pressure to positive pore water pressure. The addition of rainwater relieves the tension
in the tension saturated capillary zone that converts vadose water to phreatic water and a rise
in the water table. The only difference between the capillary fringe and phreatic zone would
therefore be the energy content (Waswa and Lorentz, 2019). According to Zang et al. (2018)
this increase is not dependent on the amount of rainwater infiltrating the soil during the high
intensity event, but rather on the amount of pre-event water already held in the capillary zone.
The rise in the water table is therefore disproportionate to the amount of infiltrated water. This
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argument is supported by Cloke et al. (2006), who stated that even a small amount of infiltrated
water can rapidly convert the negative capillary pressure head in the capillary fringe to a
positive pressure head, thereby changing the water table gradient and forcing the pre-event

water out.

Waswa and Lorentz (2016b) found that, seeing as an insignificant amount of rainfall is required
to fill the capillary menisci in the capillary fringe, it would result in an almost immediate and
excessive rise in the water table during an event. During this process, the steep hydraulic
gradient is directed towards the stream and leads to the discharge of antecedent water into the
stream (Zang et al., 2018). It should however be mentioned that as rain intensity decreases, so
does pore air pressure in the vadose zone with a subsequent reduction in induced air flow and
groundwater ridging (Zang et al., 2018). Abdul et al. (1984) suggested that seeing as capillary
fringe GWR is entirely dependent on rainfall intensity, the surface slope and the hydraulic
conductivity of the soil, it will not be responsible for pre-event water discharge in all
environments. Previous studies note the complex interrelationship between riparian
characteristics and GWR. Cloke et al. (2006) for instance found no evidence of ridge
development in cases of low capillary rise and low water tables. The initial water table is
therefore a strong indication of the zone of pre-event water proportions (PEZs) reached before
the occurrence of a rainfall event. Rainfall intensity was found to control initial ridge
development, especially if the capillary fringe did not reach the ground surface and hydraulic
conductivity is high enough to allow for rainfall-limited infiltration (Waswa and Lorentz,
2019). However, according to Zang et al. (2018) the capillary fringe is only an influence factor,
and not a controlling factor in the generation of GWR. The magnitude of GWR would be
dependent on rainfall intensity, but it was further found that in order for rapid GWR to occur
through antecedent moisture contribution from the capillary zone, a continuous water phase
extending from the natural ground surface to the phreatic surface is required (Waswa and
Lorentz, 2019). According to Cloke et al. (2006) the development of a positive ridge to also
be dependent on soil type. Fine grained soils were found to encourage ridging by more readily
allowing for the extension of the capillary zone to the ground surface while coarse grained soils
allowed for increased infiltration capacities. Seeing as pore size, and inversely particle size of
the soil media, will determine the height of the capillary fringe above the water table, the fine
nature of tailings would contribute to higher rising water levels in the capillary zone. The rapid

increase in the phreatic surface is met with an equally instant decline due to evaporation from
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an emerging capillary fringe with a reduced curvature in menisci. This decrease is believed to
continue until maximum negative capillary head has been established (Meyboom, 1967).

Previous soil column studies confirmed that a small amount of surface recharge could result in
an instant disproportionate rise of the water table, simulating GWR responses. Khaled et al.
(2011) carried out comparable tests on Toyoura sand and Chiba light clay soils that were
packed homogenously into two acrylic columns with 50 cm length and 7,5 cm ID. The initial
Volumetric Water Content for the Toyoura sand was measured at 0,05 cms3.cm? and the Chiba
light clay at 0,4 cm3.cm3. After the addition of only 1 mm surface recharge, an instant
fluctuation in the phreatic surface occurred, measuring a 50 mm rise within 10 seconds and a
total rise of 120 mm. This upsurge was attributed to the rapid conversion of pressure head in
the vadose zone. A similar field experiment, conducted by Gillham (1984), found a significant
rise of 300 mm in a shallow water table, resulting from the addition of 30 mm of water. Results,
confirmed by Waswa (2013), indicated a significant increase in pressure potential at the initial
water table brought on by the advancing wetting front. It was further established that the rate
of increase was directly related to the thickness of the capillary fringe and therefore
proportional to, but less than, the magnitude of compressed pore air pressure. The rate of
change in pressure potential also varied between grain size of soils. In fact, pressure potential
in fine soils measured 15 cm-H»0O (1,471 kPa) less than in coarse soils within 10 minutes after
application of a simulated rainfall event. The response in pressure potential also seems to be
delayed in fine soils, such as tailing porous medium, which appears to be linked to the height
of the capillary fringe (Cloke et al., 2006).

2.5.1.2 Lisse Effect

Miyazaki et al. (2012) describes another mechanism of similar magnitude to GWR, but of
different origin [a comparative summary listed in Table 2.3], that leads to the mobilisation of
pre-event water through transient pressure waves. The LE, illustrated together with GWR in
Figure 2.17, occurs due to the build-up of air pressure between the wetting front and the
phreatic surface and is recognized by a disproportionate rise in a nearby observation well (Guo
et al., 2008). This effect is probable if pore air is present in the unsaturated vadose zone above
the upper boundary of the capillary fringe and the phreatic surface is located at a sufficient

depth below ground level.
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Table 2.3: Comparison summary between the LE and GWR (adapted from Miyazaki et al.,
2012).

Lisse Effect

Groundwater Ridging

Depth to capillary fringe is less than to the water
table.

The capillary fringe extends from the water table
to almost to the natural ground surface.

Rapid rise in the well but slow recession.

Sharp rise in water table followed by
correspondingly sharp decline.

Occurs during high intensity rainfall events.

Brought about by differentiating intensity rainfall
events.

Water level in the observation well rises to
compensate for the pressure increase in pore water

Water table frequently rises to natural ground
level.

below the water table caused by compressed pore
air pressure above the water table.

Affects both the water table level as well as the
well tapping the phreatic surface.

Even though the actual water table level is not
affected, the rise is significant in the well tapping
the phreatic surface.

Meyboom (1967) and Guo et al. (2008) described the downward moving wetting front,
produced by the infiltration of a rainfall event, to act as a low permeability lid that restricts the
outflow of air. Fayer and Hillel (1986) measured the quantity and persistence of encapsulated
air in a field setting. After the application of artificial rainfall to the soil surface, soil moisture
contents were monitored with a probe. Differences in porosity and the measured moisture
contents were attributed to entrapped air pockets. Results indicated that encapsulated air was
an important component in the occurrence of fluctuations in the shallow water table. The
porous medium is expected to contain approximately 3 - 8% entrapped air according to Kutilek
et al. (2007), while Fayer and Hillel (1986) found this value to be closer to 1.1 to 6.3% of the
bulk soil volume, depending on the rate of sprinkling, soil depth, and initial soil moisture
content. Fredlund et al. (2012) refuted this claim and argued that soil air content could be as
much as 15% air by volume. Fayer and Hillel (1986) suggested that some entrapped air will
escape vertically upwards and some will remain in the soil profile, reducing saturation moisture
content. However, the momentary increase in saturated zone pressure may be sufficient to

induce slope instabilities.

Weeks (2005) explained that, after application of rainfall to the ground surface, pressure is
transmitted rapidly to the top of the capillary fringe and continues to build up until entrapped
air pressure is higher than the pressure head of the infiltration profile above. Cloke et al. (2006)
postulated that the increase in pore air pressure is accompanied by the induction of downward

transient air pressure waves. In response, the increase in pore water pressure establishes a
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continuous water phase in the capillary fringe, enabling the rapid transmission of antecedent
water, and eventual rise of the water level in an observation well. Meyboom (1967) also found
that the water level rise in an observation well (see Figure 2.17 for schematic description) to
commence before actual recharge due to rainwater percolation. Instead, the water level increase
was found to be driven by airflow induced by an advancing wetting front at approximately 0.6
- 1.0 m below ground surface. Figure 2.19 illustrates the LE whereby a rapid rise in water level
in a well is observed during an event but holds little relationship to the water infiltrating the

unsaturated soil profile (Bianchi and Haskell, 1966).

HIGH INTENSITY HIGH [NTENSITY
RAINFALL EVENT RAINFALL EVENT

I B O I

GROUND SURFACE

SATURATED SOIL FROM
INFILTRATING RAINFALL WETTING FRONT

Figure 2.19: The conditions of the Lisse effect occurrence. n: depth of infiltrated water
following an intense rain; AH: water level rise in the observation well resulting from sharp
wetting front during intense rain trapping air and increasing soil air pressure; h: distance from
the ground surface to the upper boundary of the capillary fringe (modified from Miyazaki et
al., 2012; Weeks, 2005; Meyboom, 1967).

It should be mentioned that Meyboom (1967) found the water level rise in the well to be
delayed relative to the rise in air-pressure in the unsaturated zone. The ratio of rainfall to the
rise in the water level was about 1:18. An earlier study by Hooghoudt (1947) found similar
results and found a rainfall/rise ratio of 1:20 after solving for air pressure increase above the
capillary fringe. Application of this calculation (equation [2.1]) presented a rise in the
observation well of 533,4 mm after a rainfall event of 25,5 mm, infiltrating the soil profile to a

depth of 25,5 mm and the capillary fringe at 508 mm below ground surface.
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H. -H=—"atm [2.1]
h—n

Where (H,,, —H) is the change in water level in the observation well, n is the depth of
infiltrated water after a rainfall event and h distance from the ground surface to the upper
boundary of the capillary fringe. Other researchers, e.g. Guo et al. (2008), found the maximum
water level rise in the well would be less than the maximum air pressure induced by infiltration.

This is phenomena is described by equation [2.2] below (Weeks, 2005).
m
AH =P (——— 2.2
e () [22]

Where R, isatmospheric pressure in form of water column height, m is depth of rain

penetration and h is the distance from the natural ground level. Seeing as the entrapped air
causes a decrease in the magnitude of the vertical hydraulic gradient which restricts infiltration
at ground surface, it will also contribute to higher levels of runoff. This explains why light
rainfall events often demonstrate a disproportionate increase in run-off. Entrapped air may not
only give the false impression of recharge, it may also reduce the amount of recharge that

would be expected in its absence (Healy et al., 2002).

Parametric studies suggest the likely response of the water level to: (i) geotechnical properties,
including pore size distribution (A) and hydraulic conductivity (k). Porous medium conditions
demonstrate intrinsic hydraulic conductivity parameters that play a pivotal role in generating
both GWR and the LE. Soil formations of low hydraulic conductivity inhibit the rate of
infiltration, subsequently causing a delay in air-pressure response. In contrast, a soil with high
hydraulic conductivity results in significant air pressure, but the response in the observation
well will be diminished when compared to a less permeable soil profile. For instance, hydraulic
conductivity of 400 mm/h (and permeability of 1 x 10! m2) demonstrated a maximum water
level rise of 0,14 m compared to only 0,08 m for soil with a permeability of 1 x 103 m2 (Guo
et al., 2008). In contrast, higher levels of hydraulic conductivity do not guarantee maximum
water levels in the observation well. This is due to high hydraulic conductivity that does not
allow for ponding, resulting in the release of air from the ground surface. The magnitude of the
LE is therefore insignificant in highly permeable soils and increases as hydraulic conductivity
decreases. In short, an increase in hydraulic conductivity results in a more significant
observation of the LE, however, if soil is highly permeable, the LE is eliminated seeing as air

can freely escape through the descending wetting front (Guo et al., 2008). Another soil property
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impacting significantly on transient pressure waves is pore size distribution, which is directly
related to soil uniformity. Seeing as high pore size distribution denotes a narrow range of
particles and pore sizes, it would encourage higher levels of air pressure in the unsaturated zone
and increasing water levels in the wells (Guo et al., 2008); (ii) surface ponding depth. Results
from simulation studies compiled by Guo et al. (2008), indicate that, during a high intensity
rainfall event, the infiltration capacity of the tailings porous medium could be exceeded and
cause ponding. Strachan and Van (2018) notes that the control of ponding and saturated
conditions is necessary to reduce the risk of overtopping, seepage and piping. Their study did not
consider ponding to cause increases in the water level of an observation well. Fredlund and
Stianson (2011) observed an increasing ponding depth to inhibit the escape of air from the soil,
which also contributes to higher compression values in the unsaturated zone, thereby
intensifying the extent of the LE. Figure 2.20 (a) demonstrates the effect of a 2 cm, 6 cm and
10 cm ponding depth on the water level and air pressure (Guo et al., 2008). Fayer and Hillel
(1986) also noted the impact of ponding on encapsulated air contents within the soil profile
after the application of artificial rainfall events in a field setup. After entrapped air persisted at
300 mm below surface for up to 28 days. The results indicate that encapsulated air is an
important component of shallow water table fluctuations; (iii) air entry pressure hy (bubbling
pressure) of soil describes the pressure head (or suction value) at which air begins to enter the
previously saturated soil and displaces the water contained in soil pores. It is also the pressure
at which confined air would escape. In order for air to escape, air pressure must exceed air
entry pressure (Guo et al., 2008). Figure 2.20 (b) shows the significant effect of different air
pressure values on the response magnitude of the water level in the observation well. A
simulation study conducted by Guo et al. (2008) studied the sensitivity of the LE to the van
Genuchten parameters which included air entry pressure. It was found that both the air entry
value (AEV) and the depth of the capillary fringe, increased with an increase in air pressure;

and (iv) rainfall intensity.
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Figure 2.20: (a) Effect of ponding depth of water level and air pressure; (b) Effect of air

pressure in the unsaturated zone on water level (Guo et al., 2008).

2.6 Summary and Conclusions
The literature review provided strong background information with regard to known physical
mechanisms contributing to slope instability in tailings dams. Additional theories and concepts

that were considered to support the data analysis will further be discussed in Chapter 5.

Discussions pertaining to historical tailings dam failures and aggravating factors, such as the
vulnerability of the upstream method of construction, further provided context to the severity
of possible slope failures. Various research studies such as e.g., Lyu et al. (2019), Jennings
(1979) and Blight et al. (1981) have identified seepage, overtopping, shear failure, piping and
erosion as some of the most significant causes. Blight and Fourie (2003) also reported pore
water pressure and a high phreatic surface to contribute to the generation of flow failure of
mine waste dumps, tailings dams and municipal solid waste landfills. These concepts are
further supported by Mufioz (2019) who described two mechanisms contributing to slope
instability brought about by rainfall. These include, in line with Blight and Fourie (2003), an
increase in pore water pressure due to precipitation recharging the water table and a decrease
in soil suction brought about by the wetting front in the superficial layers of the soil. Although
these studies have mentioned the significance of rainfall events, they failed to recognise the
possibility that the rapid mobilisation of groundwater brought about by GWR and the LE, could

be a principal mechanism causing slope instability in tailings dams.
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Findings by various researchers such as Schulze and Bulcock (2011), established that higher
atmospheric temperatures brought about by climate change, will most likely result in more
regular occurrences of extreme events, higher rainfall intensities and irregular frequencies.
According to Guo (2016) rainfall water infiltrates the tailings deposits or runs off to the decant
pond where some evaporation occurs. Guo et al. (2008) suggested that the increase in water
level in the tailings dam acts as a driving force for a rise in potential pressure head difference
between the water-side and air-side of the dam. As water content increases due to infiltration
into the unsaturated slope, the seepage line not only expands but also changes in movement
regime. This is particularly relevant during extreme rainfall events and would contribute
significantly to tension saturated or near saturated conditions. Rahardjo et al. (2001) supported
this notion and found that high rainfall intensity events lead to excessive infiltration, while
rainfall frequency impacts on antecedent moisture conditions and the generation of pre-event
water. Water held under capillary tension is considered to be a source of antecedent moisture,
which contributes to the rapid formation of near stream groundwater ridges. Unsaturated
porous medium retains pre-event water above the phreatic surface through soil suction and
capillary forces. It is also suggested that the capillary fringe closer to the pond, extends over a
longer vertical distance than the capillary fringe closer to the dam wall, seeing as pore size

decreases towards the point of final deposition.

These external environmental factors, combined with particular unsaturated porous medium
characteristics, have an adverse impact on physical and hydrological processes that regulate
structural integrity of engineered slopes and earth embankments. It is therefore possible to
predict a continuation in the increasing trend in tailings dam failures. A review of previous
literature found evidence of both GWR and the LE pertaining to unsaturated porous medium
in natural hillslopes. This study will address the deficiency identified in terms of pore air
propagation, transient pressure wave generation and rapid mobilisation of antecedent water in
unsaturated tailings media. For this purpose, Chapter 3 will address the main facets pertaining
to this study. This includes (i) determination of expected climatic changes in terms of
temperature, rainfall and some other climatic features; (ii) determination of geotechnical
characteristics of tailings porous material; (iii) laboratory experiments that include a tall soil
column instrumented with seven ports, each consisting of a TDR, a mini tensiometer and a pore
air pressure probe to determine hydraulic state variables and (iv) facilitate numerical modelling
for unsaturated water flow modelling using HYDRUS-SLOPE.
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CHAPTER 3

3.1 Research Design and Methodology

3.1.1 Site selection and study area

Although the consequences of potential structural failure will have detrimental impacts on
ecological degradation, further risks pertaining to human life and economic development will
ultimately also hamper South Africa’s commitment to sustainable development. The active
mining area situated in Mokopane in Limpopo was selected as the primary research area.
Various mines have reported high production and deposition rates which could, combined with
climate change, contribute to the potential risk of slope instability. Since the area has been
identified as already showing significant signs of climate change, it was possible to identify
specific impacts based on the analysis of relevant data, supplemented by finding of previous

studies.

3.1.1.1 Location

The Limpopo Province is located to the north-eastern region of South Africa, bordering on
Zimbabwe and Mozambique. The area contributes vast quantities of coal, copper, diamonds,
gold, iron ore, nickel, platinum group metals, rare earth minerals and tin to South Africa's
wealthy mineral industry. It is also home to the worlds largest open pit platinum mine, located
about 35 km to the north-west of Mokopane. See Figure 3.1.

(@) (b)
Figure 3.1: (a) Location of the mine and (b) tailings dam (modified from Alexander, 2018 and
Temper et al., 2015).
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3.1.1.2 Local Geology

The mining area is situated on the strike of the Northern Limb of the Bushveld Complex (Anglo
American Platinum Limited, 2014). TSFs are built on the Rustenburg Layered Suite, which is
generally divided into five zones based on mineralogical and petrological variations
(Manyeruke, 2007). The Rustenburg Layered Suite is underlain by a highly impervious black
clay stratum, demonstrating a hydraulic conductivity of 0.03 m/a as opposed to the tailings’
hydraulic conductivity of 2 - 3 m/a (Blight et al., 2012). The area falls within the vicinity of a
30 — 100 m thick zone of mineralization known as the Platreef orebody that developed mostly
at the base of the northern limb. According to Manzunzu et al. (2019) major subsidence within
the Bushveld Basin during the Pliocene, caused the reactivation of major marginal faults
resulting in most of depressed area of the Bushveld Basin to record high levels of seismic
activity. Earthquake clusters and active faults in close proximity to the study area are illustrated
in Figure 3.2 (a) and (b) below.
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Figure 3.2: (a) Seismic activity in South Africa. (b) Major active faults in South Africa, with

active faults marked in yellow (Manzunzu et al., 2019).

3.1.1.3 Operational activities

Some operations started in 1991 and consists of large-scale open-cast mining techniques
(Humphries et al., 2006). The current infrastructure consists of four open pits, being the world’s
largest contributing source of primary platinum group metals (PGMs) (Temper et al., 2015).
Tailings dams, with a deposition area of 100 ha, were built to contain vast volumes of disposed
mining waste, amounting to 70 million tons of rock and tailings waste annually (Temper et al.,
2015). Dam 1, serving the South Plant, has an annual tonnage rate of 3.5 x 10% Mt (dry basis).

It was constructed by the upstream spigoted tailings construction method where tailings are

76


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/subsidence

discharged in slurry form, facilitating a mean rise rate of 2,3 m per year (Blight et al., 2012).
Even though production rates increased by 48% between 2012 and 2016, settlement has been
estimated between 1,0 and 0,1 mm per day, displaying a consolidation rate of 90% (Blight et
al., 2012). Dam 2 originally accommodated the production waste from the South concentrator.
It was converted from a conventional upstream spigot deposition type dam to a waste rock
impoundment dam with an annual tonnage rate on dry basis of 7.0 x 10° Mt (SRK, 2011).
Seeing as approximately 75% of the walls of dam 2 were constructed of waste rock, the
permeable structure allows seepage from tailings and poor water recovery rates. Storage
volume was filled through a sequence of spigots, spaced three meters apart. The nominal rate
of rise for this dam was higher than Dam 1 (4,6 m/a) which resulted in only 70% consolidation
(Blight et al., 2012). This modification was required to accommodate a higher rate of rise on
the dam due to an increase in production rate after commissioning of the new North platinum
concentrator (SRK, 2011). According to Rule (2011) Platreef ore processing consists of a
multi-stage, mill-float-mill-float circuit system. Two different grinding technologies are
employed, which includes mainstream inert grinding (MIG) that specifies target grinds at 80%

- 45 um and ultra fine grinding (UFG) that targets grind at 80% - 20 um.

3.1.1.4 Climatic classification

The area falls within a summer rainfall region with a Mean Annual Precipitation (MAP) of
582 mm. The climate is predominantly dry and classified, according to the Kdppen-Geiger
climate classification system, as being a hot semi-arid region. Figure 3.3 illustrates historical
average annual minimum and maximum temperature observations, which clearly demonstrate
strong warming trends, particularly with regard to maximum temperature. Evaporation rates
vary between 2 and 5 mm per day, but are at its highest during the summer rainfall season
(LEDET, 2015). Seeing as Schulze (2012) predicts a 5% increase in evaporation for every 1°C
increase in temperature, evaporation rates are expected to increase significantly due to climate
change. The Limpopo region has a mean A-pan equivalent potential evaporation of 2 218 mm
per year. Monthly values have been plotted in Figure 3.3 together with average

minimum/maximum temperatures and average monthly rainfall (Schulze and Maharaj, 2007).
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Figure 3.3: Historical climate monthly averages (Polokwane) (constructed using data from
CSAG, 2020 and Schulze and Maharaj, 2007).

3.2 Data collection and analysis

This study identified how the wetting front affects stresses in the porous medium through pore
water pressure by induced pneumatic pore air pressure pulses in the unsaturated and saturated
(capillary fringe) zones. Since there are numerous variables that contribute to or influence the
hydraulic behaviour of fine-grained soils such as tailings, there were three different data
collection and analysis approaches followed. Data collected from these methods would
therefore each contribute to a holistic understanding of the physical processes that generate and
are responsible for the occurrence of GWR and/or the LE.

Firstly, a simple investigation into regional climate change was conducted to provide an
overview of the extent of possible changing rainfall characteristics and justify the selection of
design storms used during the simulation. This analysis was based on historical data combined
with estimates of several prediction models. The results were also used to motivate the change
to existing intensity-duration-frequency curves (see Chapter 6). Following the above-
mentioned analysis, geotechnical properties of platinum tailings and its expected hydraulic
behaviour were investigated and compared to the simulated sample, which were found to be
virtually identical and sufficient for comparative analysis. Physical properties of tailings were
supplemented by findings of various other studies to understand its hydrogeological behaviour
and expected response to rainfall events. The third investigation focussed on the main objective
of the study, which was to determine pore air pressure propagation under high rainfall

intensities. For this reason, laboratory experiments were carried out to investigate the hydraulic
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performance of the simulated tailings sample when exposed to different high intensity rainfall
events. Sensor development, tall soil column set-up and methodology pertaining to these

simulations are discussed in Section 3.2.3 below.

3.2.1 Climate change

To better understand future conditions relating to temperature variations, the CSAG of the
University of Cape Town, combined temperature anomalies relative to the historical period
1980 to 2000 with projected future changes in temperature parameters. Data for the Polokwane
region was downscaled from ten different CMIP5 GCMs and are described in Table 3.1. As
previously mentioned under section 2.2.2.1, the CSAG carried out statistical downscaling by
developing a statistical relationship between observed climate data and predictions by the
climate model for the same historical period. Anomalies were calculated relative to the
historical period 1980 — 2000. Based on the premise that these relationships are likely to remain
consistent in future, it provides an indication of future scenarios. In order to derive accurate
future rainfall scenarios within South Africa, the CSAG has assembled data from ten different
statistically downscaled CMIP5 (Coupled Model Intercomparison Project Phase 5) GCMs.
Although it is not specifically stated, the multi-model ensemble (MME) would have been based
on the selection of the most appropriate GCMs to reduce the risk of uncertainties. For the
purpose of the current study, these secondary data sets were analysed, together with projected
future rainfall trends, and presented as a series of graphs (see Annexure C). Since data sets
were based on the trend analysis of various temperature and rainfall parameters, it provided an
assessment into trends relating to expected climatic changes in the study area. According to
Pierce et al. (2018) the moderate representative concentration pathway RCP4.5, and the more
extreme RCP8.5 should be used in less conservative approaches in analysing climate change
impacts. For this reason, this study will only consider these two climate change scenarios.
Trend analysis indicated an average increase of almost 2,6 — 4,8°C by the end of the century,
which is consistent with predictions by the IPCC (2022) (see Table 2.2). These average
temperature forecasts in terms of different emission scenarios clearly correspond with the
emission scenario RCP4.5 and RCP8.5 temperature estimates put forward by the Climate
System Analysis Group (UCT).
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Table 3.1: Information on the statistically downscaled CMIP5 GCMs downscaled by the

CSAG at the University of Cape Town to predict future climatic scenarios (rainfall and

temperature) at station level at various locations within South Africa.

Global Circulation Description Developed by:
Model
1. MIROC- Model  for Interdisciplinary The University of Tokyo, NIES, and JAMSTEC
ESM Research on Climate - Earth (Watanabe etal., 2011)
system models
2. CNRM- Centre National de Recherches Centre National de Recherches
CM5 Météorologiques contributing to Météorologiques—Groupe d’études de
phase 5 of CMIP5 I’ Atmosphére Météorologique (CNRM-GAME)
and Centre Européen de Recherche et de
Formation Avancée (Cerfacs) (Voldoire et al.,
2013).
3. CanESM2 Second generation Canadian Earth  Canadian Centre for Climate Modelling and
System Model Analysis under the University of Victoria,
4. FGOALS- Flexible Global Ocean- Institute of Atmospheric Physics (IAP) and
s2 Atmosphere-Land System model, Laboratory of Numerical Modeling for
Spectral Version 2 Atmospheric Sciences and Geophysical Fluid
Dynamics (LASG).
5. BNU-ESM  Beijing Normal University - Earth  Beijing Normal University
System Model
6. MIROCS Model  for  Interdisciplinary The University of Tokyo Center for Climate
Research On Climate System  Research, National Institute  for
Environmental Studies, Japan, Japan Agency for
Marine-Earth Science and Technology Frontier
Research Center for Global Change
7. GFDL- Geophysical Fluid Dynamic Lab National Oceanic and Atmospheric
ESM2G model - Earth System Model Administration (NOAA)
Version 2G
8. MIROC- Model  for  Interdisciplinary  Simulations of atmospheric chemistry in
ESM- Research on Climate - Earth MIROC-ESMCHEM are based on the chemistry
CHEM system models model CHASER which has been developed
mainly at Nagoya University in co-operation with
the University of Tokyo, JAMSTEC, and NIES
(Fig. 2). The CHASER model version used in
MIROC-ESM-CHEM considers the detailed
photochemistry in  the troposphere and
stratosphere by simulating tracer transport, wet
and dry deposition, and emissions (Watanabe et
al., 2011).
9. GFDL- Geophysical Fluid Dynamics National Oceanic and Atmospheric
ESM2M Laboratory model - Earth System  Administration (NOAA).
Model Version 2M
10. MRI- Coupled Global Circulation The Meteorological Research Institute (MRI)
CGCM3 Model

3.2.2 Tailings characteristics and geohydrological properties

Understanding the hydraulic properties of tailings material is essential for describing and
predicting variables that may affect operational and slope stability. For practical problems,

Fredlund and Xi (1994) described estimated soil properties as being adequate for analysis under
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unsaturated conditions to base empirical predictions on. For instance, it would be acceptable
practice to estimate unsaturated soil hydraulic conductivity using saturated hydraulic
conductivity and the soil-water characteristic curve. This study depended on research
conducted on the tailings dams shown in Figure 3.4. (Lorentz et al., 2019; MacRobert, 2013;
Blight et al., 2012; Dacosta, 2017). An analysis into reported tailings characteristics was used
as the basis for the prediction of hydrogeological responses and the behaviour of the porous
medium. Some of the important parameters that were considered included particle size

distribution, pore space distribution, hydraulic conductivity and water retention characteristics.

Figure 3.4: Tailings Storage Facilities (SRK, 2011).

3.2.3  Laboratory experiments

The experimental design involved infiltration experiments in a tall soil column under controlled
boundary conditions while monitoring the physical response of hydraulic state variables to
simulated rainfall events. Observations and results were used to determine phreatic surface
dynamics, the soil moisture profile, pore water/air behaviour and physical processes under
different rainfall intensities and varying antecedent moisture conditions. It also facilitated the
analysis of flow of water throughout saturated tailings based on short-term, one-dimensional

laboratory column flow.

It is further recognised that the complexity of physical processes occurring in the unsaturated
zone, necessitated the need for automated data acquisition to accurately simulate infiltration
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and predict transient pressure wave generation associated with unsaturated soil water flow.
Automatic logging of the hydraulic state variables was therefore used to acquire data for the
numerical assessment of hydraulic functions and parameterise the one-dimensional HYDRUS-
SLOPE module for slope stability analysis. Due to ethical considerations and travelling
restrictions during the Corona-virus lockdown, the tailings sample used in the laboratory was
replicated to imitate the physical properties of tailings porous medium (see full discussion in
section 3.2.3.3). These results generated data relevant to determination of feedback response
and rapid transmission conditions of tailings when exposed to tension saturation conditions,

induced pressure head and subsequent loading.

3.2.3.1 Laboratory apparatus

Laboratory experimentation included a large 2,85 m high leak-proof column (600 mm ID)
filled up to 2,65 m with tailings replica at in-situ dry bulk density. The complex nature of
physical and hydrological processes in the vadose zone, necessitated sensing devices and
automized data acquisition techniques to accurately determine hydraulic properties of a
homogeneous tailings medium and simulate the generation of transient pressure waves. For
this reason, the PVC column was instrumented with seven data ports spaced 500, 600, 700,
800, 1100, 1400 and 1700 mm from the bottom of the pipe. Each port consisted of three probes
including (i) a TDR to measure VVolumetric Water Content (VWC), (ii) a 1 bar mini-tensiometer
(MT) to measure soil pore water pressure and (iii) a 0.1 bar pore air pressure probe (PAPP) to
measure pore air pressure. A drainage tube and piezometer were installed at a distance of 200
mm from the base of the pipe to discharge water and monitor the phreatic surface. The
application of simulated rainfall events at different intensities was achieved by an artificial
water supply system at the top of the column. Schematic details of the column apparatus and
test setup are illustrated in Figure 3.5 and follows a similar design as the soil columns used by
Waswa (2013) and Salas-Garcia et al. (2017).
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Figure 3.5: Schematic diagram of the column test apparatus and setup. 0, = residual soil water

content, 0s = saturated soil water content.
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3.2.3.2 Sensor development

a) Measurement of in situ water content was carried out by the TDR shown in Figure 3.6.
The probes were custom-made to consist of three parallel stainless-steel rods with an exposed
length of 200 mm, a diameter of 5 mm, blocked in resin and spaced at 50 mm apart. According
to Fredlund et al. (2012) rods should be placed horizontally to measure water content at a
specified depth. This device was connected to the TDR 100 wave excitation device through a
coaxial cable. The soil water content data were recorded and temporarily stored on a CR1000
Campbell Scientific data logger via a SDMX50 Multiplexer and Campbell Scientific TDR100

wave generator.

Bre
vy

6 mm g stainless steel tube

Coaxial
cable

<
[—p Resistance heater

50 mm

Thermocouple J v
200 mm = PVC block

Figure 3.6: Custom-made TDR used to measure volumetric water content.

Matric suction is the difference between pore air and pore water pressure and has been
measured using a direct method. This included measurement of negative pore water pressure
by means of MT (Figure 3.7) able to measure matric suction up to almost 1 atm (Fredlund et
al. 2012). MT were fitted with 25 mm-long porous ceramic-cups (15 mm exposed) with an

outer diameter of 6 mm (SDEC 230). It comprised over the following characteristics:

Air entry value - 1.5 Bar

Pore size - approx. 1.5 micron
Hydraulic conductivity - 5.10-7cm.s-1
Weight - 1qgr.
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Figure 3.7: Custom-made mini tensiometer.

These porous cups were made of very thin, sensitive ceramics to act as the interface between
the measuring system and negative pore water pressure in the tailings sample. The high-air-
entry ceramic cup ensured a rapid response time. The open end of the ceramic cup was joined
to one end of a 100 mm long rigid fibreglass tube of outside @ - 6 mm and inside @ — 3 mm.
This material has non-corrosive properties and low heat conductivity, while the small diameter
and short length minimised the volume of water in the tensiometer tubing. The other end of the
tube was connected through a PVC tube to a 1 bar Honeywell differential pressure transducer
with a 0 to 100 kPa range for continuous measurement at each monitoring location. These are
illustrated in Figure 3.8 (a) and (b) below. The 26PCCFAG6D Honeywell differential pressure
transducer [15 psi Max Pressure Reading (1 Bar)] had two ports, as indicated in the
specifications illustrated below. Seeing as one port must have a higher pressure than the other
(i.e. P1>P2) the low pressure side, P2, was connected to the ceramic, since it recorded lower
pressures than ambient, and P1 port was left open to atmosphere to discharge at ambient

pressure.
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Figure 3.8 (a) and (b): 1 Bar Honeywell differential pressure transducer (Honeywell, 2014).
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The tensiometers were completely filled with deaired water before insertion into the soil
column to ensure equilibrium with the soil moisture content (Salas-Garcia et al., 2017). The
water in the MT was therefore also under negative pressure like the porewater in the soil, once
equilibrium was reached (Fredlund et al., 2012). The data of pore-water pressure and pore-air
pressure were recorded and temporarily stored on a CR1000 Campbell Scientific data logger
via differential pressure transducers of 1 bar Honeywell sensor and 0.1 bar Motorola
MPX2010DP. The measurement of negative pore-water pressure was statistically equal to the

matric suction when the pore-air pressure was atmospheric (Fredlund et al., 2012).

b) For the measurement of pore air pressure, the pore air pressure probe in Figure 3.9 was
constructed. The sharply pointed probe, similar to the probe developed by Waswa (2013), was
constructed by making use of a solid 140 mm long PVC rod of 10 mm diameter. Five-
millimeter transverse holes were drilled over 50 mm across the length of the PVC cylinder and
orthogonally traversed by a 3 mm diameter hole in the longitudinal centre of the rod,
penetrating the solid cylinder at the back end. The section of the probe, over which the
transverse holes were made, was recessed and wrapped in a hydrophobic membrane, which

allowed the flow of air at low pressure and the passage of water at very high pressure.

140 mm

I 4
1

8 mm 14 mm , 63 mm . 55 mm
T T T

< B - .. To cable
______ [ ‘[DL“_I I —» connecting to
/ $ ¢ data logger
3 mm O S5mm© 10 mm @
longitudinal transverse holes cylindrical PVC tube .
: solid PVC rod .1 bar
hole Hydrophobic differential

membrane
pressure

sensor

Figure 3.9: Custom made pore air pressure probe (modified from Waswa, 2013).

The PAPP was connected to a MPX2010DP, PCB Mount, differential pressure sensor [1.45
psi Max pressure reading (0.1 Bar)] by a 5 mm PVC tube. The transducer (shown in Figure
3.10 (a) and (b)) had two ports, as indicated in the specifications below. In this case, pore air
pressure was anticipated higher than ambient, so the P1 port was connected to the air pressure
sensor and the P2 port left open to ambient. Data pertaining to pore-air pressure responses were
recorded and temporarily stored on a CR1000 Campbell Scientific Data Logger via differential

pressure transducers of 0.1 bar Motorola MPX2010DP.
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Figure 3.10 (a) and (b): 0.1 Bar Differential pressure transducer (NXP, 2008).

3.2.3.3 Material parameters

The tailings sample consisted of an artificial replica of similar physical characteristics. The
experimental material was obtained from a commercial supplier and consisted of a concise mix
of silica sand and silica dust. Materials were ordered and mixed in the laboratory (see Appendix
A — Figure E) in ratios based on predetermined proportions (Table 3.2). The required volume
calculations for the silica sand/dust mix ratio were based on the composite replicated by
Lorentz et al. (2019) to produce a substitute material comparable to the particle size distribution
of a platinum mine’s tailings sample. Figure 3.11 below shows similar particle size distribution
curves between the original tailings sample and the replicated material. Since only physical
characteristics were analysed, the substituted homogeneous sample was found to be sufficiently
comparable to the original tailings sample. Individual grains of the soils were uniform shape,

stable, clean and free of organic matter.

Table 3.2: Sample composition of silica dust and sand to replicate tailings material.

i Ratio Mass per Massper Mass per Texture

Component dlfg;ls;::ﬁ}/ of mix 4m3(kg) 1m3(kg) 0.7 m?3(kg) Class
Silica dust 325 1650 55% 3685 921,25 644,875  Silt-loam
Silica dust 150 1600 10% 670 167,5 117,25 Loam

AF45 1750 15% 1005 251,25 175,875 Sand
No. 2 1700 20% 1340 335 234,5 Sand

100% 1675
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Figure 3.11: Particle size distribution curve of sample (Lorentz et al., 2019).

3.2.3.4 Experimental Procedure

Similar to the procedure described by Waswa (2013), the PVC pipe was packed with dry
tailings (S = 20%) in 300 mm layers and administered the same number of blows after each
deposit to ensure uniform bulk density of 1 675 kg/ms3. To avoid damage, instruments were
installed into the wall of the PVC column after it had been filled and the soil sample had been
compacted to the specified bulk density. The PAPP was connected to the 0.1 differential
pressure sensor, which was connected to the CR1000 data logger. The TDR probes were
connected to the CR1000 data logger via the SDMX50 Multiplexer and Campbell Scientific
TDR100 wave generator. The MTs were connected to the 1 bar pressure transducer, which in
turn was connected to a data logger in order to obtain measurements. These sensors connected
to the CR1000 data logger via the multiplexer. Each instrument was pushed through the
compression fitting into the soil and sealed to ensure a watertight connection. The complete

set-up is illustrated in Figure 3.12 below. See Appendix B for the data program.
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Figure 3.12: Tall soil column fitted with seven ports each consisting of a pore air pressure
probe, mini tensiometer and a TDR probe.
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After setup of the apparatus, deaired water was introduced from the bottom of the soil column
to prevent the capture of pore air and eliminate resulting disproportionate water table responses
(Waswa, 2016). Water was introduced from the supply bath through an inlet valve positioned
10 cm from the base of the column, thereby establishing a stable pre-simulation piezometric
water level. The phreatic surface was positioned at approximately 400 mm from the base, just
below port 1 (and visually confirmed by the piezometer). Initial TDR data indicated the
saturated capillary fringe extended between port 4 and 5 (see Figure 4.11). After set-up, the
installation was allowed to settle and water allowed to come to equilibrium. All sensors were
monitored, by downloading data and plotting graphically, to ensure stability over at least four
hours preceding the application of water at the surface boundary.

Proceeding with the experiment, the coarse-grained topsoil surface was subjected to the
artificial application of rainfall at three different ponding depths, simulating surface recharge
by means of a rainfall event. Design rainfall data for Mokopane were used to determine the
magnitude of an event of particular return periods (Smithers and Schulze, 2002). Based on
these estimations, storm events 1:200, 1:100 and 1:50 years were selected to represent high
intensity rainfall events. Rainfall data analysis (Chapter 4) and estimations by Smithers and
Schulze (2002) indicated that design storm data are projected to increase by 10% in short
duration design rainfalls in the intermediate future (2046 - 2065) while some regions could
reach long term increases of up to 40% by 2100. See Table 3.3 below. After the application of
moderate (10%) increases, rainfall depth at each return period shifted to roughly the value of
the next return period. Ultimately, this means that the frequency of design storms based on
historical return periods will occur more often. For example, a 1:100-year design storm would
have the same intensity as a historical 1:200 storm, but still have an annual occurrence
probability of 1%. The three historical return periods selected, would therefore represent future

high intensity rainfall events due to occur more often.

90



Table 3.3: Description of incremental addition of water to tall soil column. Rainfall depths

based on station specific data (Smithers and Schulze, 2002).

Date Start Event Return Rainfall Rainfall Volume Volume Addition of
time period  depth depth (liter): (liter): 1 water to tall
(mm):15 (mm): 1 15 min hour soil column
min hour (liter)
29 17h30  Test 1:200 52.5 84.1 14.98 24 9 | over 30 min,
Dec eventl year 14 | over 15
2021 minand 11
over last 15 min
7 15h20  Test ~ 1:100 46.7 74.9 13.288 212 8lover15min
March event2 year and 13.2 | over
2022 45 min
1 April  16h04  Test 1:50 41.3 66.1 11.734 18.7 7 1 over 15 min
2022 event 3  year and 11.7 | over
45 min.

Three infiltration tests were conducted to investigate the effect of different boundary conditions
and the advancement of the wetting front. This also assisted in verifying the performance of
the sensors installed in the ATC (Salas-Garcia et al., 2017). Data from each experiment were
recorded at 20 second intervals, downloaded and analysed to identify the rapid (and delayed)
response of transient pressure waves when subjected to different rainfall intensities. After each
application, the tall soil column was allowed to drain before the next experiment. By allowing
continuous recording over five months, the response of each sensor was plotted in various time-
series plots to identify increasing or decreasing responses to artificial rainfall. Transient
profiles of water content and water flux obtained during the redistribution phases where also
compared with simulated values (Hydrus-1D) (Salas-Garcia et al., 2017). The results of

numerical modelling are discussed in Chapter 5.
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CHAPTER 4

4.1 Results

4.1.1  Climate change

4.1.1.1 Temperature trends

Increasing temperatures brought about by climate change impact on the geohydrological
behaviour of tailings in two ways. Firstly, a warmer atmosphere changes historical rainfall
characteristics, specifically rainfall intensity, which is particularly relevant to this study.
Secondly, higher temperatures also result in higher levels of evaporation, thereby exacerbating
the drying of tailings. These external factors have considerable impacts on the wetting-drying

cycles of soils.

Existing climatic characteristics of the study area has been classified by the Koppen-Geiger
climate system. According to this classification, the area is classified as a predominantly warm
semi-arid (Bsh) region under present day conditions. Temperature anomalies predicted under
the force of climate change impacts the surrounding area rather significantly under future

conditions. This substantial difference is illustrated in Figure 4.1 (a) and (b).

(a)
]

Figure 4.1: The Koppen-Geiger climate classification at an unprecedented 1-km resolution for
(a) the present-day (1980-2016) and (b) for the future (2071-2100) (Beck et al., 2018).

BSh BSk Csb Cw

Figure 4.2 is based on data provided by the University of the Western Cape’s CSAG and
illustrate temperature trends and projected future forecasts. Anomalies were calculated relative
to the historical period 1980 — 2000 (CSAG, 2020). All models show significant increase in

average maximum temperature (tmax).
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Figure 4.2: Average maximum monthly temperatures 1960 -2099 based on projected future
changes across 10 different statistically downscaled CMIP5 GCMs (RCP8.5).

The same data have been studied further by analysing it on a monthly basis from January 1960
to December 2099 (not shown). These results showed strong warming trends in each month,
while the strongest warming signal occurred in spring. Analysis of minimum temperatures
(tmin) Show strong warming in summer and winter. In addition to identifying strong warming
trends, all models indicate an increase in the number of hot days exceeding 32°C and 36°C for
both emission scenario RCP4.5 and RCP8.5. Days of which high temperatures exceed the
ninety-fifth percentile of hot days (tmax_95th) also indicate a consistent increasing trend across
all seasons. Although future emission scenarios under RCP4.5 imply less aggressive
temperature increases, it would still likely result in a mean increase of approximately 3°C by
2100 as opposed to 6°C for emission scenario RCP8.5. These drastic temperature increases
describe an anomaly well beyond the natural climatic variability of the area. These trends are
confirmed by historical data obtained from the South African Weather Service (SAWS, 2020)
whose historical temperature data from 1993 to 2020 have already shown clear signs of

increasing trends in all four of Limpopo’s climatic zones.

According to Schulze et al. (2007) potential evaporation rates at a specific location displays
relatively minor variations on an annual basis. This enabled the accurate estimation of monthly

values using a minimum of only three years’ worth of temperature, rainfall and A-pan
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evaporation data. Schulze et al. (2007) identified twelve relatively uniform evaporation
response regions in South Africa. Temperature-based equations of A-pan equivalent
evaporation for each region were developed, while recognising that forcing functions of
reference potential evaporation vary between different areas and climatic conditions. Schulze
et al. (2007) found the area under study as falling within a region that displays minimum and
maximum yearly A-pan equivalent potential evaporation rates of between 1 896 mm and 2 592
mm, while daily evaporation rates vary between 2 and 5 mm (LEDET, 2015). It is predicted
that for every 1°C increase in temperature, a 5% increase in evaporation could be expected
(Schulze, 2011). The projected change in global mean surface temperature for the mid- and
late 21% century, relative to the 1986 — 2005 period and under emission scenario RCP8.5, is
2,6°C t0 4,8°C (IPCC, 2014). This increase in temperature would cause evaporation rates in the
study area to increase between 13% and 24% by the turn of the century. Present and calculated
predicted monthly potential evaporation values are stated in Table 4.1 and illustrated in Figures
43-405.

Table 4.1: Present and estimated monthly A-Pan Equivalent Potential Evaporation (mm):

Limpopo region (Schulze and Maharaj, 2007).

Predicted  Predicted Predicted  Predicted
Amual - present | r® | presen (GR® G Presen COEC e Min
o I Value Value N Value Value ot Value 13%  Value 24%
0 13% 24% 13% 24% Increase Increase
Month Increase Increase Increase Increase
January 10.5 237 267.81 293.88 292 329.96 362.08 168 189.84 208.32
February 9.2 193 218.09 239.32 238 268.94 205.12 146 164.98 181.04
March 8.9 191 215.83 236.84 222 250.86 275.28 159 179.67 197.16
April 7 152 171.76 188.48 165 186.45 204.6 132 149.16 163.68
May 6.1 135 152.55 167.4 152 171.76 188.48 120 135.6 148.8
June 5.2 114 128.82 141.36 128 144.64 158.72 101 114.13 125.24
July 5.7 125 141.25 155 136 153.68 168.64 112 126.56 138.88
August 73 164 185.32 203.36 181 204.53 224.44 142 160.46 176.08
October 10.2 233 263.29 288.92 294 332.22 364.56 187 211.31 231.88
November 10.2 239 270.07 296.36 287 324.31 355.88 179 202.27 221.96
December 10.7 234 264.42 290.16 288 325.44 357.12 175 197.75 217

The second column in Table 4.1 expresses monthly A-Pan equivalent potential evaporation as
a percentage of annual rates. Since the highest temperatures are recorded during late spring and

summer months, it is logical that these periods would also experience the highest evaporation
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rates. Seeing as this is a summer rainfall region, observed monthly rainfall totals indicate the
same months to receive the highest amount of rainfall.
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Figure 4.3: Present and predicted monthly mean A-Pan Equivalent Potential Evaporation
(mm): Limpopo.
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Figure 4.4: Present and predicted monthly maximum A-Pan Equivalent Potential Evaporation
(mm): Limpopo.
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Figure 4.5: Present and predicted monthly minimum A-Pan Equivalent Potential Evaporation
(mm): Limpopo.
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4.1.1.2 Rainfall data

Several environmental consequences follow a rise in atmospheric temperatures. Schulze et al.
(2011a) mentioned that climate change is likely to cause seasonal shifts resulting in an increase
in extreme events and greater rainfall variability in terms of intensity, duration and frequency.
A few studies have shown that, even though some areas will continue to receive its usual mean
annual precipitation, individual rainfall parameters will most likely experience considerable
changes (van Wageningen, 2006; Lawrence et al., 2020). This would be particularly significant
under emission scenario RCP8.5 which is likely to result in a rise in temperature of up to 6°C
by 2100. Figure 4.6 is specific to the study area and illustrates historical temperature and
rainfall patterns per month compared to future (2099) temperature and rainfall trends based on
emission scenario RCP8.5.
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Figure 4.6: Mokopane average monthly rainfall, minimum and maximum temperature.

Different scales of changing rainfall characteristics are applicable to different areas, which
required the analysis of rainfall data specific to the study area. Historical observations and
predicted data were obtained though the Climate Information Portal presented by the CSAG.
This data have been collated from the Computing Centre for Water Resources and the South
African Weather Service and used to predict future scenarios through the application of the
previously mentioned GCMs. The application of data to different global circulation models,
based on different emission scenarios, enabled the prediction of possible rainfall characteristics

in future. Appendix C consists of a series of graphs that are based on the analysis of various
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rainfall parameters and provided a more in-depth assessment into trends relating to specific
climatic conditions in the study area. Analysis of results will be discussed below.

4.1.1.2.1 Summary of rainfall trends

Figures C.1 — C.12 (Annexure C) shows the inconsistency in predictions made by
statistically downscaled CMIP5 GCMs. Downscaled rainfall projections from CSAG (2020) in
relation to changes in total monthly rainfall, maximum daily rainfall, count of wet days, mean
dry spell duration and number of rain days above 5 mm, 10 mm and 20 mm, show large
variations in forecasts up to 2099. Although the issue of intermodal disagreement has been
described by Hewitson and Crane (2006) and Tarek et al. (2021) as being a result of their
individual precipitation parameterization schemes, it illustrates the challenge of accurately

predicting how rainfall is expected to change.

Figure C.1 and C.2 (Annexure C) shows total monthly rainfall trends. For both RCP4.5 and
RCP8.5 all models (except FGOALS-s2, GFDL-ESM2M and MRI-CGCM3) indicate
decreasing trends for total monthly rainfall. Even though there is a noticeable lack in
consistency across future projections, the average trend between 1960 and 2099 points toward
a decrease in total monthly rainfall. Figure C.3 (a) - (I) simplifies the same data into monthly
representations to allow for analysis on a seasonal basis. The latter part of autumn (MAM) and
the following three months of winter (JJA) exhibit a noticeable decreasing total monthly
rainfall trend across all models (Figure C.3 (d), (e), (f), (h)). This supports findings made by
Olivier et al. (2020) that the greater Limpopo area experienced above normal daytime
temperatures combined with below-normal rainfall during the winter months of 2020. This
trend has been particularly evident over the last decade as temperature and precipitation

anomalies increase in terms of warming and dry conditions during the winter month of August.

The maximum daily rainfall per month for emission scenario RCP4.5 and RCP8.5 (Figure C.4
and C.5) indicate an annual decreasing trend across all models except GFDL-ESM2M.
Analysis of monthly predictions does however contradict this approach and finds significantly
less maximum daily rainfall during the winter season, but an increase in maximum daily
rainfall, pointing towards the more frequent occurrence of extreme events during summer
months. The frequency of rainfall events is illustrated by (i) number of wet days for both
emission scenario RCP4.5 and RCP8.5 (Figure C.6 — C.7) and (ii) mean dry spell duration
(Figure C.8 — C.9). This information would be relevant in suggesting possible antecedent
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moisture conditions as well as the wetting-drying processes that regulate geo-hydrological
behaviour. More comprehensive analysis of this data on a monthly basis shows significant

monthly variations across different seasons, as well as different results among models.

Figure C.8 shows the duration of future monthly mean dry spells predicted by different GCMs.
The same data were used to show trends in historical (measured) and future (predicted) monthly
dry spell durations (see Figure C.9 a - I). These trends are projected to increase, particularly
during autumn (MAM) and winter (JJA). While the inconsistency between prediction models
is particularly noticeable during summer, previous studies suggest that December and January
are predicted to show the greatest changes in rainfall due to climate change (Dyson et al., 2012).
Figure C.10—C.12 illustrates an existing average increasing trend, while the contrast in models
predicting the number of wet days per month for both emission scenario RCP4.5 and RCP8.5

is significant. For the sake of simplicity, Table 4.2 summarises these results.

Table 4.2: Rainfall trends identified for each CMIP CGM.

CMIP5GCM | RCP45 | RCP85 | RCP45 |RCP85 |RCP45 | RCP85 | RCP45 | RCP85
Total monthly Maximum daily Number of wet days Mean dry spell
rainfall rainfall per month per month duration per month
1960 — 2099 1960 — 2099 1960 — 2099 1960 — 2099
MIROC-ESM J J & N i 1 N N
CNRM-CM5 N N N N N NG T T
CanESM2 N NY N7 N7 N7 N7 T T
FGOALS-s2 dn No'change J J T 4w ™ ™
BNU-ESM N N N N N N T T
MIROC5 J N N N N T T T
GFDL-ESM2G J J N J | d] ™ ™
MIROC-ESM- N2 N2 N2 N2 AR ]y N2 N2
CHEM
GFDL- /I\ /[\ /I\ No change N /[\ N N
ESM2M
MRI-CGCM3 25 QP J No change AN 2 J J

The IPCC (2007) suggested that the first indication of a possible change in rainfall intensities,
could be obtained simply by dividing the annual rainfall by how many rain days there were. It
was recognised that this approach was inadequate to estimate accurate intensity changes. The
observed number of rainfall events between 1953 and 2001 exceeding 5 mm, 10 mm and 20
mm indicate an approximate 10% decade-on-decade increasing trend in the occurrence of
events of higher intensities. This finding supports estimations made by Knoesen et al. (2011)
that suggested that the area under study will most likely experience 0 - 10% changes in design
rainfall parameters (i.e., intensity) during both intermediate (2046 - 2065) and future (2081 -
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2100) timeframes. Motivation for rainfall intensities and extreme sequences adopted in this
study to demonstrate future risks of tailings failure to rainfall induced mechanisms have been

discussed in section 3.1.3.4.

4.1.2 Physical characteristics

4.1.2.1 Soil classification and particle size distribution

The analysis of particle density (pp), porosity and particle size distribution of a particular soil
is valuable in identifying certain fundamental physical properties that enable realistic
estimations in terms of hydraulic behaviour (Skopp, 2011). Processing activities include ultra-
fine grinding technology that aims to achieve the required grade of concentrates and recover
metals from the host rock. This process results in a final fraction of 80% - 20 um that is
consequently deposited as tailings (Rule, 2011). Existing sieve analysis and particle size
distribution curves from both Dam 1 and 2 were analysed to obtain information on the
distribution of solid particles, the percentage of each particle size, classify the tailings sample
and identify physical characteristics. No distinction was made between Dam 1 and 2 analyses,
since only small negligible variations were found. This was supported by Blight et al. (2012)
that confirmed the grading for Dam 1 to be slightly coarser than Dam 2 in the silt size range,
but clay content was virtually identical. Previous studies conducted by Dacosta (2017), Blight
et al. (2012) and MacRobert and Blight (2013) found the tailings porous medium to exhibit a
uniquely fine nature in terms of particle size. Sample 1 (30 kg) particle size distribution analysis
was obtained from Dacosta’s (2017) study. The Malvern particle size analysis of this
unconsolidated tailings sample (MPL/101), found 30% of the sample to be in the finest fraction.
Subsequently, the results obtained from a particle size distribution analysis, showed finer
particles at D0,9 (i.e. volume under 90 %) had a corresponding particle size of 197,39 um and
smaller (Dacosta, 2017). Sample 2 particle size distribution analysis was obtained from a study
conducted by Blight et al. (2012). The combined particle size (0,002 m3) distribution curves
are illustrated in Figure 4.7 and show similar curves representing the characteristics of a fine
soil. From these studies, it is evident that, on average, approximately 10 - 15% of the
unconsolidated tailings sample falls within the finest clay fraction and 58 — 70% in the fine to
coarse silt fraction. The remaining 15 — 32% was found in the finest sand fraction (Dacosta,
2017; Blight et al., 2012). Laboratory analysis by Lorentz et al. (2019), however, found
Blinkwater Dam 1 and 2 to exhibit 12 — 15% clay, 36 — 39% silt and 46 — 52% sand fractions.

An average of 75% of the tailings sample was therefore contained within the fine fractions of
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silt and clay. Similar results were obtained by Jamiolkowski et al. (2010) after investigation
into the Zelazny copper mine (Poland) that perform comparable grinding specifications. These
fraction values were found to be characteristic of tailings and confirmed by various independent
studies. This notion was also supported by Riquelme and Godoy (2017) after examining a
collection of different tailings samples from TSFs located in the north of Chile. These values
were indicative of the soil’s water retention capacities and its predilection towards the
establishment of a continuous water phase. Blight et al. (2012) also applied these results to the
estimation of the SWCC of the tailings, which provided a reliable approximation of the
bubbling pressure, desaturation rate and matric suction (see section 2.4.1.2). Presently
hydraulic conductivity of the tailings varies between 2 — 3 m/a (Blight et al. 2012). These
results support Kossoff et al.’s (2014) generalised classification of tailings particles sizes to
fall in the range of 625 um - 2 mm (sand) and 3.9 um — 625 um (silt). It does not contain a
significant number of particles sizes > 2 mm (gravel) or < 3.9 um (clay) (Dacosta, 2017).
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Figure 4.7: Malvern particle size distribution analysis.

4.1.2.2 Hydraulic characteristics

Results obtained from the above-mentioned analysis were indicative of the water content-soil
suction relationship as illustrated by a SWCC to support the understanding of unsaturated soil
behaviour. The distribution of solid particles was inversely linked to the distribution of void
spaces and forms the basis for various estimation techniques (i.e. pedo-transfer functions

(PTFs)) that have been proposed for assessing the SWCC (Chen, 2018). These values offer
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information for further analysis into soil properties impacting on hydraulic behaviour and
characteristics such as porosity (Skopp, 2011). Based on the particle size distribution analysis
shown in Figure 4.7, the USDA soil textural classification system was used to classify the
tailings. According to this classification system, the individual samples are classified as a loam
(Lorentz et al., 2019) to silty loam (Dacosta, 2017; MacRobert and Blight, 2013) which
provides the first indication to expected soil hydraulic parameters and likely physical

behaviour. This is shown in Figure 4.8.

100
N

¥
80
>
o ’ clay .S

g,
?;.D
S
O,
2%
°©,
®

o
N \
';,g:
& \ &
) & B
A 50 silty
J o
&) sandy clay W I
40 clay -
_4 silty
clay loam \clay lgam 15

o0 sandy clay Ioam/

S
20
loam
2 silt loam o >
10 sandy loam v
loamy \ S
silt .
sand\sand S
% % % ¥ % B %5 BB BB

< Sand Separate, %

Figure 4.8: Tailings classification according to the United States Department of Agriculture.

Understanding the hydraulic properties of tailings material was essential for describing and
predicting variables that may affect operational and slope stability. The most important
parameters to consider were hydraulic conductivity i.e., how water moves; and water retention
characteristics i.e., how water is retained. Particular properties of tailings material vary
depending on their origin, mineral extraction processes, ore type and clay mineralogy (Hu et
al., 2017). This study considered the soil hydraulic parameters obtained from the Genuchten
model (ROSETTA) as well as parameters found by MacRobert (2013) and Blight et al. (2012).
The last two sources mentioned focussed specifically on hydraulic parameters and
characteristics of tailings. These are presented in Table 4.3. Seeing as the TSFs originally

consisted of two spigot deposition type dams (previously shown in Figure 3.4), material from
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both dams have been considered. Dam 2 has been converted to a waste rock impoundment

dam.

Table 4.3: Summary of tailings characteristics (main table from MacRobert, 2013 and

supplemented by other authors as indicated).

1300 — 1 500 (Lorentz et al. 2019)

Parameter Value Determination
Air Entry Value 2,549 kPa (Fig. 5.17) Laboratory determined
Peak Dry Density (kg/m=) 1700 Volumetric Shrinkage Curves

Porosity

0,48 (0,6 - Blight et al., 2012)

RD after deposition

1,8 2,14 (Blight et al., 2012)

Laboratory determined

Field Capacity, at 33 kPa

21% (4,3% standard deviation)

Laboratory determined Suction-
Water Content Curves

Saturated Hydraulic

7,5 x10®m/s? (0,27 mm/h)

Triaxial tests on remoulded

Conductivity samples
Liquid Limit Min | Max Ave Casagrande cup BS1377: Part 2
20 25 23 (1990)
Plastic Limit Min | Max Ave BS1377: Part 2 (1990)
18 21 19
Particle Specific Gravity 3,10 (0,03 standard deviation) Vacuum method BS1377: Part 2
3,0 — 3,6 (Fourie et al., 2022) (1990)

Min | Max Ave Particle size corresponding to
Grading |Dam 1, Dgo 20 60 31 60% and 10% passing on the
ParametersiDam 1, D1 1 4 2 particle size distribution curves.
(Hm) Dam 2, Deo 21 | 30 26 Fala et al. (2005) report
Dam 2, D1o 1 4 2 uniformity  coefficient, CU
(D60/D10), of at least 20.
Residual VVolumetric Water Laboratory determined Suction-
Content 0 (cm3.cm) 0,044 Water Content Curve
0,1 (Lorentz et al. 2019)
Saturated VVolumetric Water 0,46 Unspecified
Content 05 (cm®.cm™®) 0,55 (Lorentz et al. 2019)
Specific surface area 4,6 m2/g Generated from multipoint BET
plot (Dacosta, 2017)
Field Capacity, Water Content 22% (6% Modified Kovacs method on full
at a Hydraulic Conductivity of [Dam 1 standard deviation) range of grading parameters for
10" mes™? 23% (4% each dam.
Dam 2 standard deviation)
c' (kPa) Silt with sand — 0 USCS classification
fine (Lbépez-Acosta, 2016)
Silty sand — coarse 0
0' () Silt with sand — 25 USCS classification
fine (Lbépez-Acosta, 2016)

Silty sand — coarse 35

Soil (tailings — silt) hydraulic functions according to the formulation of van Genuchten:

o (cm™?)

n()

1 ()

Ks(mm.h'?)

0,001
0,014 (Lorentz et al. 2019)

1,581

2,1 (Lorentz et al.

2019)

0,5

0,27

102



4.1.2.3 Estimation of the Water Retention Curve

The SWCC for tailings porous medium, as established by Lorentz et al. (2019) (using the multi-
step outflow method) and Blight et al. (2012) (discussed in section 5.3) are illustrated in Figure
4.9. The difference in cumulative water evaporation between the tailings and the water surface
were attributed to the fact that hydraulic conductivity decreases as moisture content diminishes.
From the graph it appeared that after rewetting of the drying tailings (at 300 kPa), it resulted in
a steeper, almost completely reversible re-wetting branch. Blight et al. (2012) also mentioned
slow drying may be attributed to high moisture profiles continuously being augmented by
consolidation water and the addition of fine tailings (in the form of wet paste) to the surface.
These findings were supported by Rodriguez et al. (2021) that further established that, even
though sand, silt and clay tailings samples vary in particle size, they exhibit similar densities.
It was also found that as particle sizes decrease, the air entry level increases. On the drying
curve, a residual degree of saturation was noticed at approximately 15%. Based on these
characteristics, the theoretical approach used by the current study to explain the expected

hydraulic and physical behaviour of the tailings porous medium, is discussed in Chapter 5.
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Figure 4.9: Drying characteristics of tailings (modified from Lorentz et al., 2019 and Blight et
al., 2012).

4.1.3 Results from laboratory experiments
During the pre-simulation period, all sensors were monitored and found to be stable in the four

hours preceding the application of water at the surface boundary. After application of simulated
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rainfall events, there were several instant responses observed as soon as water was ponded onto
the soil surface. There were also a number of delayed responses. Time-series analyses were
conducted by plotting results over a period of one hour to illustrate rapid responses. Event 1
also recorded delayed responses and was subsequently also plotted across four days. For the
sake of comparison, volumetric water content of event 2 and 3 were also shown over four days,

though there were no delayed responses after the application of ponding events.

To further identify trends and develop valuable insights, data for each response was statistically
analysed by simple analysis to determine probability (P-value) at a confidence level of 95% (or
0,05 significance level/alpha value). Probability calculations were based on hypothesis testing
to determine the significance of results using the Anova: Single Factor method. P-value
thresholds and corresponding levels of significance are indicated in Table 4.4 below.

Table 4.4: P-values and indication of level of significance (Schmidt and Osebold, 2017; Ozili,
2023).

Statistical Value Interpretation Meaning
measurement
p-value > 0,05 Not significant Deviation from the null hypothesis is not

statistically significant, and the null
hypothesis is not rejected.

<0,05 Significant Null hypothesis rejected.
<0,01 Very significant ~ Strong evidence against the null
hypothesis.

<0,001 Highly significant Results unlikely to have occurred by
chance alone.

It should also be mentioned that it was impossible to define an accurate phreatic surface, likely
due to the soils’ fineness and resulting high capillarity resulting in high matric suction (see
Figure 4.9). Waswa (2013) owes this to the fact that the zero-pressure line may rise above the
capillary fringe. The most significant responses are discussed below and summarised, together
with interpretations, in Table 6.4.

Ponding event 1

Before application, the piezometric water level was measured manually with the use of the
piezometer shown in Figure 3.5. It indicated the location of the water level just below Port 1.
Assessing initial Volumetric Water Content at each probe, it is presumed that the four deep
ports were located in the capillary fringe while the three shallow probes measured values close
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to residual Volumetric Water Content. After application, ponding and low infiltration rates
were visually observed, likely due to the soil sample’s fine nature and low hydraulic
conductivity. However, Figure 4.10 shows that an instant change (increasing at nearly the same
rate and magnitude) in pore air pressure probes was observed at shallow ports 4 — 7, but
appeared to dissipate towards deep PAPPs 1 — 3. The four deep tensiometers showed a slight
response within 45 minutes after the start of the experiment (see Figure 4.12). This supports
Boyle and Henry’s laws that assume changes in pore water pressure — and subsequently also
matric suction - were related to changes in pore air pressure (Aua = Auw) (Fredlund et al., 1993).
This observation indicated that tensiometric pore water pressure at MT1-4 in the vicinity of the
capillary zone responded to compressed pore air pressure, before arrival of the wetting front.
Fredlund and Rahardjo (1993) described these fluctuations in pore pressures to vary with depth
and between each compacted layer, thereby demonstrating small variations (at each port) in

hydrological response to external conditions.

As previously mentioned, data were statistically tested for probability with a confidence level
of 95% using the Anova: Single Factor method, the p-value was 1,4E-302, rejecting the null
hypothesis and proving results to be highly statistically significant.
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Figure 4.10: Pore air pressure observations immediately after ponding event 1.

Figure 4.11 illustrates the advancing wetting front that reached the three shallow TDRs 5-7
(0.95 m below surface) after approximately 73 hours. Although TDR1 recorded a steady, yet

insignificant increase, the four deep TDRs remained fairly constant. The results of this data
105



analysis produced a p-value of 2,7E-123, rejecting the null hypothesis and proving results to
be statistically significant.
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Figure 4.11: Volumetric water content a few days after ponding event 1.

The increase in pore air pressure in the vicinity of the capillary fringe, in response to the
advancing wetting front, is shown in Figure 4.12. Imposed compressed pore air pressure also
brought about corresponding responses of tensiometric pore water pressure at deep MTs 1-4 in
the region of the capillary fringe. These results suggest that the magnitude of pore water
pressure responses is directly related to the magnitude of compressed pore air pressure. Waswa
(2013) observed a similar simultaneous response in tensiometric pore water pressure at
different soil depths, after a rainfall event of 67,8 mm, that also consisted of a high peak 1-
minute intensity of 228 mm/h. There was found to be a clear relationship between the total
change in pressure potential in the vicinity of the water table and the amount of compressed
pore air pressure imposed on the capillary fringe after an extended time. Similar to Torres et
al. (1998), Waswa (2013) assumed this to be the result of compressed pore air ahead of the
wetting front, pointing to signs of the LE. The proportional and corresponding change between
pore air pressure and pore water pressure is therefore suggested to signal the presence of a
pressure wave. All p-values were found to be highly significant [pore air pressure results p-
value = 2,7E-230 and tensiometric pore water pressure results p-value = 1,6E-204].
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Figure 4.12: The total change in pressure directly proportional to the magnitude of compressed
pore air pressure a few days after ponding event 1.

Additional analysis of pore water pressure responses after ponding event 1 is illustrated in
Figure 4.13 and shows pressure conditions at 12 hourly increments across the entire column.
From this illustration, it is clear that the greatest change in pressure was recorded at the 4 deep
MTs, with little change recorded at the three shallow MTs. This is indicative of the wetting
front not infiltrating deep enough to reach these sensors, but that recorded changes in the

capillary fringe could be as a result of transient air pressure waves.

Pore water pressure every 12 hours after ponding event 1: 29 Dec '21 - 3 Jan '22
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Figure 4.13: Pore water pressure every 12 hours after application of ponding event 1.
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Ponding event 2

As mentioned in section 3.2.3.4 (experimental procedure), a second infiltration test was carried
out in the tall soil column. Under the conditions described, it was possible to observe the effect
of the advancing wetting front over time. Similar to event 1, the piezometric water level during
the pre-simulation period of event 2 was observed at approximately 400 mm, meaning it was
just below port 1. The four deep TDRs were again located in the capillary fringe, and it
presumed that TDR 4 was situated in the upper boundary of the capillary zone. After both
applications of ponding event 2, volumetric water content at the three shallow probes
immediately recorded changes, while the four deep probes increased shortly after (although at
far less magnitude). This is shown in Figure 4.14. These results coincide with infiltration tests
conducted by Salas-Garcia et al. (2017) that found a sharp increase in water content at the top
of the column, eight minutes after ponding, which decreased shortly after ponded infiltration
stopped. Comparable to the present study, water content measured by the deep instruments
increased and decreased at a delayed time and at a slower rate as compared with those for the
upper section. Similarly, Waswa (2013) observed volumetric water content at the shallowest
sensor to respond after 44 minutes from the start of the experiment, before arrival of the wetting

front. The p-value was 5,7E-193, rejecting the null hypothesis and proving results to be highly

significant.
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Immediately following each application of ponding event 2, consisting of 8 and 13,2 liters
respectively, pore air pressure ahead of the wetting front increased rapidly. The magnitude of
increase between application 1 and 2 illustrates its sensitivity to ponding depth, which in turn
is determined by rainfall intensity. Application 1 of event 2 resulted in less ponding and pore
air pressure increases is at a maximum of 1,8 kPa. This is similar to Waswa’s (2013) study that
observed a 1,961 kPa change in pressure potential in fine soil within ten minutes of infiltration
at the soil surface. The second application, of 13,2 liters, resulted in pore air pressure to increase
instantly to a maximum of 10 kPa. Figure 4.15 shows the rate and magnitude of change in
pressure at the lower boundary of the capillary fringe after ponding. In response, deep pore
water pressure sensors recorded several rapid as well as gradual declines. MT1 for instance
showed an inverted spike at application 2 resulting in a 0,5 kPa reduction in tensiometric water
pressure. MT4 also decreased rapidly from 70 kPa to 60 kPa. Both MT2 and MT3 declined
gradually between 10 — 50 kPa. The p-values were found to be highly significant at 9,83E-15.
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Figure 4.15: Instant response in pore air pressure immediately after ponding event 2.

For the sake of comparison, Figure 4.16 shows volumetric water content for ponding event 2
over four days, clearly illustrating no significant delayed responses. As discussed above, there

were however significant rapid responses after the application of the ponding event.
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Figure 4.16: Volumetric Water Content observation before, during and a few days after 1st and

2nd application of artificial rainfall event 2.

Ponding event 3

Ponding event 3 consisted of the lowest simulated rainfall intensity. Even though there were
no significant pressure changes observed in the unsaturated zone (therefore results not shown),
the three shallow TDRs showed similar results to event 2. See Figure 4.17. Before application,
TDRS5 had a higher water content than the previous two events and resulted in a less spiked
response than the other two deep TDR probes, while all deep TDRs recorded an instant increase
in water content. The response at TDR5 was similar to that of TDRs 1-4 that also showed
higher levels of initial water content. For the sake of comparison, Figure 4.18 shows volumetric
water content for ponding event 3 over four days. The probability value was found to be highly
significant at 2,3E-09.
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Figure 4.19 shows volumetric water content at each port over the entire period of time. From
these observation conditions, the results show that the water content, in the upper and mid-
boundary increased sharply during each infiltration test (although increase after event 1 was
delayed). It is further evident that the instant spike at ponding events 2 and 3 are followed with
an asymptotical decrease back towards steady state values. Similar to results obtained by Salas-
Garcia et al. (2017), the deepest sensors increased and decreased less rapidly and eventually

declined to reach the same steady-state condition as compared with those of the upper portion.
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Figure 4.19: Volumetric Water Content observations over all three ponding events.

4.2 Conclusion

Climate change

Model projections and analysis of historical temperature trends indicated consistent increases
across both minimum and maximum temperatures for the area under study. Even though GCMs
are, to some degree, capable of simulating this first order atmospheric process, it is less capable
of doing this while simulating second order atmospheric processes such as rainfall parameters
(Knoesen et al., 2011). Although some conclusions can be drawn from the analysis above,
intermodal disagreement were evident in several categories. An interpretation of expected
future rainfall conditions that could potentially contribute to slope instability, will be provided
in Chapter 6.

112



Tailings characteristics and geohydrological properties

Based on parameters specific to the tailings material (Table 4.3), the particle size distribution
analysis (Figure 4.7) and SWCC (Figure 4.9), it was possible to provide parametric projections
to estimate probable physical- and hydrogeological behaviour after exposure to high rainfall
intensity events. Interpretation of the hydraulic mechanisms that contribute to pore air
propagation, transient pressure wave generation and rapid water table responses are discussed
in Chapter 6. This discussion further highlights the relationship (and relevance) between high
intensity rainfall events, the role/behaviour of tailings when exposed to these events and

determination thereof through the use of laboratory experiments.

Laboratory experiments

Each high intensity rainfall event exceeded the soil’s infiltration capacity, which resulted in
ponding, preventing air from escaping. The advancing wetting front pushed air into the soil
and since the soil surface was sealed off, air pressure increased due to compression. Most pore
air pressure -, tensiometric pore water pressure -, and water content sensors responded as soon
as or shortly after water was applied to the soil surface. The significant response of deep PAPPs
were met with similar responses in pore water pressure. Observations indicate that tensiometric
pore water pressure responded to the compressed pore air pressure, before the arrival of the
wetting front. From Figure 4.12, it is also evident that the magnitude of pore water pressure
responses in the vicinity of the capillary fringe are directly related to the magnitude of
compressed pore air pressure. This finding suggests that pore air pressure ahead of the wetting
front caused the propagation of pressure waves that mobilised pre-event water and reduced
pore water suction. Table 4.5 provides somewhat of an overview of responses recorded in the

tall soil column that indicate pore air propagation and transient pressure wave generation.

Table 4.5: Summary of the most significant observations that possibly contribute to transient

pressure wave mechanisms contributing to the rapid mobilisation of groundwater.

Observation Event/probe

Rapid ua response proportional to ponding depth ——»  Event 1,2 — all PAPPs

Ua response to advancing wetting front —— Event1-deepprobesl-4
Proportional Auy to Au, — > Event1-deep probes1-4
Rapid VWC response to ponding event —— > Event2,3-all TDRs
*Delayed VWC response to ponding event —> Event], shallow TDR5 -7

Matric suction and capillary pressure contribute to slope stability but observed results

indicating an increase in pore water pressure has the opposite effect and contribute to a potential
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decrease in the factor of safety. The rapid, non-linear response of groundwater also suggests
the possibility of non-Darcian behaviour. It is further proposed that the number of irregular
responses could potentially be attributed to entrapped air pockets (Fayer and Hillel, 1986).
According to Cey et al. (2006) a variation in response could be the result of the flow system
becoming increasingly distorted after repeated infiltration events resulting in soil moisture
approaching saturation. All probability calculations were found to be statistically significant at
a confidence level of 95%. Further analysis of observations and interpretation of responses are

discussed in Chapter 6.
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CHAPTER 5

5.1  Theoretical Approach

The following section will present various assumptions and theories that this study has
considered and used to make predictions regarding the generation of transient pressure waves
in tailings porous medium. The fundamental principles and physical behaviour related to
specific soil characteristics will also be discussed, while recognising the unique engineering
challenge presented by tailings dams that require analysis of both saturated and unsaturated

flow under various boundary and soil conditions.

5.2 Assumptions

Although the current study followed certain conditions assumed by Waswa (2013), additional
assumptions were also made. Herewith a combined list: (i) tailings porous medium is both
homogeneous and isotropic; (ii) physical properties of the porous medium are constant in space
and time; (iii) air is in a continuous phase above the capillary fringe and water is a continuous
phase beneath the upper boundary of the capillary fringe; (iv) air and water viscosities are
constant and homogeneous; (v) water is incompressible and air, as a gas, is compressible; (vi)
an increase in pore air pressure increases effective stress/strength; (vii) hydraulic conductivity
for an unsaturated soil is, among other things, determined by pore-size distribution, and can be
estimated from the soil-water characteristic curve; (viii) climatic conditions cause matric
suction to change with depth below surface; (ix) shear strength is reduced with an increase in
pore water pressure; (x) evaporation (although not considered in this study) influences the
SWCC and causes an upward seepage of groundwater thereby contributing to the establishment
of a continuous water phase — particularly relevant to increasing atmospheric temperatures
under the force of climate change; (xi) the fine nature of tailings contribute to capillary rise
through soil suction; (xii) pre-event water exists permanently in the subsurface profile; (xiii)
tailings are subjected to constant augmentation from sources other than rainfall — including
consolidation water and moisture from sludge deposition; and (xiv) tailings dams require

analysis of both saturated and unsaturated flow under various boundary and soil conditions.

5.3  Rainfall induced pore air pressure diffusion and transient pressure wave
generation through porous soil media: Theories
Rainfall thresholds for landslides, particularly minimum intensity and/or duration of an event,

are defined through a set of governing equations contained in empirical or physical models to
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be used as an instrument for early warning systems (EWS). The challenge in predicting TSF
failures should however consider the identification of complex soil processes and specific
hydraulic behaviour of fluids in porous medium. It is suggested that these processes not only
regulate mechanical behaviour of tailings, but also determine the physical response to events
(over time and space). Following Corey (1986) this complex set of processes will depend on
the following characteristics of tailings materials: (i) the ratio of specific surface area to total
volume; (ii) pore size, which is related to grain size and particle size distribution; (iii) pore size
distribution; (iv) mechanical stability of porous medium with regard to aforementioned
characteristics; and (v) the ratio of interconnected pore volume to total volume (porosity) which
is determined by structure, shape of grains, grain size distribution, packing and cementation.

Matric suction, together with the degree of saturation, influences the mechanical behaviour of
unsaturated porous medium. It is determined by soil properties including particle size
distribution and the geometry of the pores between the soil particles. The distribution of voids
and the amount of water in voids are inversely linked to the size distribution of solid particles,
therefore the fine nature of tailings makes it susceptible to the mechanism of soil suction,
capillary forces and the retention of pre-event water and the perpetual establishment of a

continuous water phase.

In a soil system that is in contact with the atmosphere, either the wetting phase or the non-
wetting phase is at atmospheric pressure. Corey (1986) argues that if the soil is sufficiently
partially saturated for an interconnected air phase to exist, the air is at atmospheric pressure
while the wetting phase (i.e. soil water) is at less than atmospheric pressure (negative). To
achieve a continuous air phase, an amount of approximately 15% air by volume is required
(Fredlund et al., 2012). Even though both the capillary zone and the phreatic zone could be
saturated, they would be separated by an atmospheric pressure of zero while the capillary zone
would exhibit negative pore water pressures as in the case of the vadose zone. Fredlund et al.
(2012) states that it is the negative pore-water pressure relative to the internal or external air
pressure that qualifies the soil as an unsaturated soil. Negative pore water pressure will tend to
be hydrostatic and serve as the measure of soil suction exerted on the pore water by the soil
(Whitlow, 2001). This was supported by Fredlund et al. (2012) who observed the depth of the
water table and accompanying hydrostatic pore water pressure line, to point toward expected
matric suction values. This line is an equilibrium pressure line that resembles either no net

infiltration at ground surface or nearly equal inflow and outflow of moisture at the ground
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surface. According to Corey (1986) water movement in soil depends on soil water potential
which is a function of various forces acting on water, including matric and gravitational forces.
It should be mentioned that this study attempted to prove that the saturated vadose zone
(negative pressure) could be converted to positive pressure and be immersed by the phreatic
surface through application of the energy hypothesis first presented by Waswa and Lorentz
(2016a). This theory was previously discussed in section 2.5.1.1.

The degree of capillary pressure and soil suction is primarily regulated by environmental
changes at ground surface and suction is only generated once water content falls below field
capacity, thus creating partially saturated conditions (Blight et al., 2012). Under extended dry
periods, reduced rainfall frequency and more extreme maximum temperatures, evident under
the force of climate change, tailings dehydrate and become unsaturated. As the tailings become
unsaturated, matric suction develops, binding water more strongly in the smallest of pores at
contact points between grains (Williams, 2015).

In contrast, a high intensity rainfall event resulting in excessive rates of infiltration will reduce
matric suction and soil would become more saturated as more water is held by capillary forces
(Fredlund et al., 2012). According to Rodriguez et al. (2021) tailings saturate quickly but drain
more than ten times slower due to high-suction capacities ranging between 2 and 300 MPa. To
illustrate the impact of the above-mentioned characteristics and resulting physical behaviour
of tailings porous medium, Blight et al. (2012) analysed a sample of 0,002 m? that was collected
along the wet beach of Dam 1 and tested it for soil suction characteristics by setting up a field
experiment during the dry winter months. The experiment extended over a period of fourteen
days and consisted of a bucket of tailings fitted with two calibrated gypsum block sensors, one
centred 20 mm from the surface and the other at 100 mm below the surface. After the bucket
of tailings was exposed for seven days, water content declined from 38,6% to 27%. During this
time, suction steadily increased and reached 100 kPa. After another seven days water content
had decreased to below 20% and suction was found to be close to 300 kPa. Blight et al. (2012)
found negative pressure of this magnitude to be able to extract water up to the surface from a
depth of 30 m. These findings illustrated the capillary forces and matric potential ym of the
porous soil medium as an important component of soil water potential ys. In addition, Pelascini
et al. (2022) suggested that, depending on the physical properties of the soil medium, rainfall
induced pore air pressure changes has the potential to reach up to a few hundred kilopascals.
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Various authors including Fredlund et al. (2012) and Waswa (2013) also found that fine grained
soils release water at lower potentials, whereas coarser grained soils primarily include capillary
binding and releases soil moisture at higher potentials. Porosity therefore plays a pivotal role
in water holding capacity of soil. The complex geometry of the soil pore spaces around which
water films are formed results in numerous air water and soil water contact angles. Matric
potential is also responsible for lower potential energy of water, thereby binding it in the soil.
Suction in tailings is therefore induced by the combined effect of interactive capillary and
adhesive forces between the water and the soil matrix. Dippenaar et al. (2014) describes it as
follows:

a) Negative capillary pressure in tailings is associated with matric suction. Fredlund et al.
(2012) found the height of water rising in the capillary tube and the radius of curvature of the
air-water interface, has a direct impact on the water content-matric suction relationship in soils.
The fine nature of tailings and the radius of curvature of the air-water interface, contribute to
the water content-matric suction relationship. Dippenaar et al. (2014) further explained that
capillarity arises from surface tension between water and the contact angle with soil particles,
causing water to wet the surface of the soil. The presence of the non-wetting air phase provides
conditions for the formation of a curved liquid-gas (LG) interface, referred to as the menisci
radii of curvature (R). The radius of this curvature has a significant influence on the height of
capillary rise and the magnitude of the pressure difference between the two immiscible fluids,
i.e. water and air (Fredlund et al., 2012). The curved interface produces a surface tension force
normal to the LG interface (contractile skin) creating a function of capillary pressure (Pc). This
represents the pressure difference between the non-wetting phase (air pressure) and the wetting
phase (water pressure) (Tuller and Or, 2004). It is referred to as the capillary pressure curve

and is expressed by equation [5.1] (Bear and Verruijt, 1987):

P=P-P [5.1]

c a w

Where P, is capillary pressure, P, is atmospheric pressure and P,, is water pressure. Figure

5.1 demonstrates conditions under which capillary rise takes place. Assuming the air in the
void between soil particles is at atmospheric pressure (Pa~ 0), the water in the void space
would be at a lower pressure, Pw < 0. According to Bear and Verruijt (1987) the water just
below the meniscus demonstrates negative capillary pressure while in unsaturated soil

conditions, air pressure is higher than that of water. Farouk (2004) explained that this is due to
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the tendency of soil particle surfaces to adsorb water more strongly than air, while air is
compressed if it is completely covered in water. The contractile skin is therefore exposed to

greater air pressure than water pressure. This difference in pressure denotes matric suction.
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Figure 5.1: Capillary tube simulating the void between soil particles (modified from Fredlund
etal., 2012).

Figure 5.2 shows a minuscule portion of a curved air-water interface. Pressure is higher at the
concave side of the LG interface and the pressure difference (capillary pressure) can be
calculated using the Young-Laplace equation (Tuller and Or, 2004). From equation [5.2] it can
be reasoned that as the radius of curvature decreases, matric suction increases, supporting the
notion that suction decreases as water content rises (Farouk, 2004). Capillary pressure is
therefore an indication of the inclination of the partially saturated porous medium to draw in

water or to repel air (Bear and Verruijt, 1987).

P,—P.=AP = o{i +i} [5.2]

1 R2
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Where AP is the pressure difference, B, is atmospheric pressure (external), P. is capillary

pressure (internal), o is surface tension of the liquid-vapour interface and R is the radius of

curvature of the surface along any two orthogonal tangents.

Figure 5.2: Segment of the curved air-water interface showing the dependence of capillary

pressure on the curvature Ry and Rz (modified from Fredlund et al., 2012).

According to Yuan (2013) wettability studies can quantify wetting characteristics of a solid
material by determination of the solid surface tension. It involves the measurement of contact
angles shown in Figure 5.3 and is defined as the angle formed by the intersection of the liquid-
solid interface and the liquid-vapour interface. As the pressure difference between pore-air and
pore-water approaches zero, the radius of curvature approaches infinity. The resulting flat air-
water interface associated with zero matric suction, yields complete wetting at 0°, as in the case
of a fully saturated soil (Farouk, 2004). Smaller contact angles correspond to high wettability,
while large contact angles correspond to low wettability and compact droplets (Yuan, 2013).

The angle of transition (0) is 90°.

6 <90° 6 =90° 6 > 90°
Yiv 3
/' 65 Vsv .
Vs

Figure 5.3: High wettability < 90°; transition angle at 90°; low wettability > 90° (Yuan, 2013).
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Young’s equation describes the relationship between the contact angle and the respective

interfacial tensions by means of the following expression [5.3]:

Vs =YL COSO+y [5.3]

Where . is solid surface tension, y, is liquid surface tension and y is solid and liquid

boundary tension.

Adsorptive forces result in the formation of hydration envelopes over particle surfaces. Hillel
(1998) indicated that at low saturation rates, water forms isolated pendular rings around soil
particle contact points (see Figure 5.4), demonstrating strong adhesion forces. Tuller and Or
(2004) described these forces to be most prevalent in fine grained soils such as tailings. As
rainfall infiltrates soil, saturation rates increase and these rings swell until a continuous water
phase is formed that interrupts the continuous non-wetting air phase and reduces adsorptive

forces thereby releasing water held in tension (Bear and Verruijt, 1987).

Figure 5.4: A convex-concave air-water interface at the contact of two spherical particles. The

water lens has two radii of curvature for pendular ring R1 and R2 (Tuller and Or., 2004).

Particle size — and pore size distribution within tailings porous medium affects hydraulic
properties, which determines flow parameters. Fala et al. (2005) described this relationship
between physical and hydraulic properties as hydraulic conductivity and water retention
characteristics. According to Darcy’s Law, groundwater discharge is proportional to the
hydraulic gradient and properties of the porous medium. Whitlow (2001) further states that
groundwater discharge is regulated by hydraulic conductivity as well as the difference in soil
water potential (\ys) between two points. Flow rate is therefore determined by the loss of head
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and inversely proportional to the length of the flow path, allowing for the accumulation of
water to the phreatic surface. Fluid velocity in a porous medium, as described by Darcy’s law,
is defined as the fluid flux through an elementary surface in the bulk volume, applied to small
groundwater velocities to ensure laminar flow. Fluid flows through a complex system of
geometrically irregular pore channels with different orientations and cross-sectional areas,
resulting in both increased and decreased dispersion of flow velocities (Silin et al., 2003). As
the wetting front penetrates the soil profile, the average suction gradient decreases, while the
constant gravitational force ensures further infiltration. In the unsaturated zone, pressure head
IS negative and expressed as suction head (y) (Hillel, 1998). Darcy’s law for vertical flow is
expressed as follows:

q=-K= = —Kd (Hp - 2)/dz [5.4]

Where q is the quantity flowing in unit time (flux), K is hydraulic conductivity, H is the total
hydraulic head (the sum of a pressure head Hp and a gravity head H; = -z). Numerical
experiments conducted by Cloke et al. (2006) confirmed that the greater the propensity for
capillary fringe rise, the less likely it is that rapid Darcian flux of groundwater would occur.
Richard’s equation governs Darcian flow of groundwater in response to rainfall on a hillslope
and may be written as (Bear and Verruijt, 1987; lverson, 2000):

e = =KW — sina)| + 2= [Ku ) GD) | + 17 [Ku ) G — cosa) [5.5]

Where y is groundwater pressure head, ¢ is Volumetric Water Content, t is time and « is the
slope angle. Hydraulic conductivity is considered a key parameter, which may vary depending

on groundwater pressure head or specific soil characteristics (lverson, 2000).

5.3.1 Soil Water Characteristic Curves for Unsaturated Soils

The relationship between the physical and hydraulic properties of tailings porous medium is
described by the water retention curve and hydraulic conductivity. These characteristics depend
on particle size distribution as well as porosity of the soil sample. As particle size and porosity
decrease, water retention capacities increase while hydraulic conductivity decreases (Fala et
al., 2005). Given the specific surface area of tailings particles (4,6 m2/g), these characteristics
are particularly relevant (Dacosta, 2017).
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The Soil Water Characteristic Curve (SWCC) was described by Tian et al. (2022) to reflect the
relationship between water saturation and matric suction. Fredlund et al. (2012) highlighted its
contribution to understanding the distribution of water in voids as well as the energy state of
the water phase. Since matric suction is the difference between pore air pressure and pore water
pressure, any change in either one of these parameters will cause a change in matric suction.
The resulting change in the energy level will cause water to flow into the soil until new
equilibrium conditions are reached (Rassam et al., 2018). Demonstration of the energy state of
the water phase plays a pivotal role in determining unsaturated soil property functions (USPFs)
relevant to tailings. This includes properties such as hydraulic conductivity, water storage,
shear strength and the volume-mass change functions (Fredlund et al., 2012). Tuller and Or
(2004) adds that it also provides an estimate of volumetric water content under a given matric
potential. This implies a direct relationship between SWCC and hydraulic conductivity of the
unsaturated porous medium. The soil structure would therefore regulate hydraulic properties
and determine the characteristics of the SWCC. Experimental techniques used by Lins et al.
(2009) found a constitutive relationship between soil suction and volumetric water content. The
inverse simulation process further enabled accurate estimations of hydraulic properties and
construction of the SWCC.

The shape of the soil water retention curve is defined by various models that consider
volumetric water content or the degree of soil saturation as primary input. Amongst these is the
van Genuchten model, which will also be used in this study. It is defined by equation [5.6] and
allows for the characterisation of the relationship between hydraulic conductivity, saturation
and pressure (Zhang et al., 2022).

0, -0,

_ %0 [5.6]
[1+ (0(|l//| ]l—l/n

O(y) =6, +

Where 6(¥) is the water retention curve, ‘W‘ Is suction pressure, ¢, is saturated water

content, 6, is residual water content, « is the inverse of the air entry suction and n is pore size
distribution. The use of a SWCC to estimate soil suction is based on two points along the curve.
This includes the air-entry value (or bubbling pressure at which a continuous non-wetting phase
exists in a porous medium) and residual suction, with due consideration with regards to

hysteresis created by the wetting and drying cycle (Fredlund et al., 2012). Whether the air-
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water interface is advancing or receding, different surface tension and wettability profiles exist
(Bear and Verruijt, 1987). Variations in climatic conditions cause a continuous cycle of wetting
and drying in tailings moisture content, resulting in continuous desorption and adsorption
curves. This study suggests that the potential for these two extremes to increase in both
frequency and magnitude is likely to occur under the force of climate change. The dynamic
conditions created by hysteresis results in several possible observations from repeated cycles.
Figure 5.5 illustrates typical behaviour between the wetting and drying curves of the SWCC.

Field capacity
I
I
[}
I . .
v Primary drying curve
g ]
2 ]
E |
E ' Scanning drying curves
2 !
= 1
> |
I wetti !
: i ,,mg Air entry pressure
| curve 1 » -
-------- 1.i-l-l--------.--.-l-------- h-‘%-‘:-- s .
I 1
1 1 4 :
i | Capillary
[} E
! fringe
WT :
N 1
— o Bs
L ———

Volumetric Water Content Entr .,
ntrapped air

Figure 5.5: Water retention curves indicating the hysteretic relationship between the wetting

and drying cycles (modified from Bear and Verruijt, 1987).

Fredlund and Pham (2006) further divided the SWCC into three distinctive zones or stages of
desaturation, as illustrated in Figure 5.6. These areas are classified according to suction values

and distinguished as follows:

a) S1 - low suction portion from a small suction value to the air entry suction (boundary
effect stage);

b) Sz - intermediate suction from the air entry suction to residual suction (transition stage);
C) Sz - high suction from residual suction onwards (residual stage). This is also the point

at which maximum shear strength due to suction occurs (Nishimura et al., 2008). The SWCC,
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together with saturated shear strength parameters (c' and ¢') therefore provides an accurate
prediction of the shear strength of unsaturated soils.
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Figure 5.6: Soil water characteristics curve: drying resulting in three desaturation zones. S1:

Capillary zone; S2: Transition zone; S3: Residual zone (Fredlund et al., 2012).

5.3.2 Pore air pressure and slope stability of tailings dams

Pore water pressure and shear strength are considered some of the main factors when evaluating
slope stability. However, the flow of groundwater is affected by pore air pressure that is
triggered by infiltration after a rainfall event. Slope stability is therefore also impacted by the
interaction of water and air (Tian et al., 2022). Even though an increase in compressed pore air
pressure reduces shear strength in the unsaturated zone and eventually contributes to slope
destabilisation, it is not often considered in slope stability analysis methods (Tian et al., 2022).
In the case of fine-grained soils, such as tailings materials that exhibit low hydraulic
conductivity, infiltration capacity is exceeded by high intensity rainfall events, thereby
increasing run-off and ponding. The advancing wetting front causes an increase in pore air
pressure (in the unsaturated zone) resulting in an increase in pore water pressure (in the
saturated zone), higher water content and a decrease in capillary pressure (Mufioz, 2019). All

of these conditions contribute to slope instability and a decrease in the factor of safety.

Sun et al. (2015) used numerical methods to investigate the characteristics of airflow induced
by rainfall infiltration and the effects on unsaturated soil slope stability. It was found that, under

these conditions, the safety factor for a given slip surface decreased during rainfall, and reached
125



the lowest value immediately after the event, whereafter it rose suddenly and increased until
steady state conditions were reached. According to Sun et al. (2015) shifts in the safety factor
is similar to that of the negative total air pressure acting on the slip surface. These finding were
previously established by Fredlund et al. (1993) who demonstrated the destabilising effect of
increased pore air pressure on earth dams. This was done by comparing the factor of safety at
the end of construction, with and without regard for pore-air pressure. Findings pointed to

lower safety factors if pore-air pressure was considered in the analysis (see Figure 5.7).
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Figure 5.7: Factor of safety with respect to matric suction (¢°) for the end-of-construction of
earth dams (Fredlund et al., 1994).

Additionally, negative pore water held in tension could be converted to positive pore water and
also contribute to groundwater flow (Fredlund et al., 2012). The addition of soil moisture
through rainfall infiltration or the conversion of capillary water to phreatic water, could
therefore be described as a dynamic element able to result in the loss of adsorptive forces and

soil suction (). The increase in soil weight (W) as it becomes increasingly saturated puts
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further stress on shear strength and the factor of safety, which could trigger landslides. Fredlund

et al. (1978) proposed equation [5.7] for interpreting the shear strength of unsaturated soils:
Tp = Toqr + Tys = [ + (0, — ug)tand’] + [(ug — uy)tand?] [5.7]

Where tf is shear strength of an unsaturated soil, tsat iS shear strength under saturated
conditions, tus is the contribution of suction towards shear strength, c’ is effective cohesion, @’
is effective internal friction angle, (on — Ua) is net normal stress, (Ua — Uw) IS matric suction and

@ is angle of shearing resistance due to the contribution of suction.

Pore air propagation brought about by a rainfall event, and the resulting variation in the phreatic
surface, can be described by Iverson’s (2000) diffusion model. This one-dimensional model is
particularly relevant to the current study, since it is applicable to homogenous material where
hydraulic properties do not change with depth. Similar to the HYDRUS software model, it
considers the Richard’s equation and assumes vertical diffusion as well as pre-event water.
This model describes the pore water pressure front yrain Using the following 1D equation [5.8]:

aq"rain — 2 azlprain
o = Dcos“a -1 [5.8]

Where D is maximum hydraulic diffusivity, z is depth. The consequential development of
excess pore air pressure, particularly in the unsaturated zone, results in a change in effective

stress and consequent diminishment of the factor of safety.

Clifton et al. (1999) advised that, for unsaturated soils, the effect of pore air pressure on shear
strength in the unsaturated zone must be interpreted in the context of the Mohr-coulomb
strength equation. This was supported by Pelascini et al. (2022) who suggested that the
equation [5.9] was able to accurately model a landslide on the slip surface if shear stress
exceeds the Mohr-Coulomb criterion:

T¢ = C + Oy, tang [5.9]

Where 7. is the critical shear stress, ¢ is cohesion (kPa), oy, ff is effective normal stress (kPa)

and ¢ is the angle of internal friction (°). Even though compressed pore air pressure reduces
effective stress, it could also increase matric suction, further enhancing a continuous water

phase. However, the addition of soil moisture through rainfall infiltration and gravitational
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seepage could lead to a rise in pore water pressure, thereby changing the mechanism of soil

suction () and further reducing the shear strength of the soil. Waswa and Lorentz (2016a)

found another mechanism that contributes to the conversion of vadose water to phreatic water.
They confirmed that, in natural hillslopes, pressure pulses generated by kinetic energy from a
high intensity rainfall event, is introduced into the unsaturated zone, thereby converting
capillary fringe water into phreatic water. This mechanism does however require the zone of
tension saturation to extend to the ground surface. Pore air propagation and transient pressure
waves thereby contribute to the mobilisation of pre-event water and change in pore water

pressure, which in turn reduces shear strength of soil.

5.3.3 The phreatic surface and slope stability of tailings dams

The factor of safety of tailings embankments are closely related to soil moisture and the
location of the phreatic surface. Since water content in TSFs are continually augmented by
sources other than rainfall, a high groundwater table and continuous pore water phase is
constantly present. In addition, TSFs could operate under undrained conditions, exacerbating
pore water pressure during the application of compressive forces. The addition of soil moisture
through rainfall infiltration or the conversion of vadose water to phreatic water, can change the

mechanism of soil suction (y ), thereby reducing effective stress.

Monitoring activities of tailings dams include the use of geotechnical instruments as well as
open standpipe piezometers. Even though piezometers can provide large amounts of data, they
are unable to measure negative pore water pressure, detect capillary water content or the matric
suction potential of tailings. The resulting loss of margin of the safety factor can therefore
occur without any peripheral warning (Pacheco, 2018). Chandler and Tosatti (1995) found the
factor of safety in straight-line failure surfaces to reduce considerably with a rise in the water
table, as illustrated in Figure 5.8. Mufioz (2019) argued that this assumption relates shear
strength to soil moisture, which modifies soil suction (y) thereby causing the factor of safety

to equation [5.10] below:

FS =FS. + FSys ™" [5.10]
Where;

—_ _ Prywtano® _ tang’
FSC - YeZsinBcosOr FSU) - YeZsinBcosOr FS(D ~ tand’
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Figure 5.8: Influence of the water table on the safety factor in the case of static liquefaction
and flow failure of the Stava tailings dam failure on July 19, 1985, Italy (Chandler and Tosatti,
1995).

Mufoz (2019) provided further insight into the relationship between the probability density
function (pdf), cumulative distribution function (cdf) of a safety factor (FS) and constant
conditions (a), soil moisture (that affects suction) (b), soil weight (c), or both (d). These results
are plotted in Figure 5.9, which indicate soil moisture to play a significant role in FS when

considering soil suction.
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Figure 5.9: (a) pdfs (solid lines) and cdfs (dotted lines) of s and FS when s affects (b) soil
suction (y), (c) soil weight (W), and (d) both. Z;- 90 cm, A=0.22d?%, a-1.5cm, A-0cm, Ew
-0.01 cm d?, Emax- 0.45cmd?, ws-9cm, b-4.38, ks- 100 cm d?, n-0.42, B - 12.7, sn - 0.08,
sw=0.11, $*=0.31, stc - 0.52, ¢ - 2 kPa, ya - 18 KN M v - 10 KN m3, y; - 16 kKN m3, 0 - 50°, @
- 15°, @ - 10° (Mufioz, 2019).

5.4  Numerical modelling for unsaturated water flow

Numerical simulation, such as finite element analysis, is often used to assess physical behavior
and the stability and safety of tailings dams. These simulations require input parameters, which
are typically obtained from laboratory testing. By using these input parameters, numerical
simulations can provide a detailed understanding of the behavior of tailings dams under
different conditions, including seepage, deformation, and seismic loading (Hu et al., 2017). In
order to facilitate the comparison of simulated (theoretical) and measured water pressure and
content profiles, the same precipitation events as conducted in the laboratory were simulated
by HYDRUS-1D. The measured groundwater level was used as input conditions, along with

additional data from a combination of direct and indirect methods. This process enabled the
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accurate estimation of physical and hydrological characteristics of the tailings porous medium
to be used as input information into water flow simulations. The soil water movement simulated

based on field data were analysed and compared with the laboratory simulation results.

Although various models have been employed in slope stability analysis, the majority of these
have focussed on earth dams containing water and not for the estimation of a breach relating
to tailings dams that include floods of high sedimentary content (Rico et al., 2008a). The
HYDRUS-1D model (version 4.17.0140) was selected, based on parameterisation data, to
simulate water content, vertical flow and water distribution within the one-dimensional tall soil
column. This numerical code facilitated the inversion of field monitoring data by using the van
Genuchten model (Zhang et al., 2022). Table 5.1 provides soil hydraulic parameters, according
to the van Genuchten formulation, in order to facilitate input data and model these processes
through saturated and unsaturated porous medium under steady-state or variable conditions
(Salas-Garcia et al., 2017). This research approach includes HYDRUS 1D numerical modelling
that enabled the quantitative and qualitative description of pore air propagation in the tall soil
column under different precipitation intensity and infiltration scenarios. The estimation of
hydrodynamic parameters of unsaturated soils was also conducted. HYDRUS 1D uses a
conceptual model to estimate physical behaviour by means of known inputs including
hydraulic conductivity and water retention characteristics. It is also useful in verifying results
obtained from measured data, in order to confirm results of quantitative assessment of soil
hydraulic functions and water fluxes within the column. It should however be mentioned that
the numerical approach assumes isothermal conditions and does not account for evaporation
rates. The following section will provide background information and report on the formulation
of responses by HYDRUS 1D.

5.4.1 HYDRUS 1D Numerical Model

HYDRUS-1D considers soil properties such as hydraulic conductivity, moisture content and
bulk density. These parameters are defined in terms of averages and referred to as continuum
properties of the porous medium (Tarboton, 2003). The mathematical model simulates soil
moisture content and infiltration associated with unsaturated soil water flow profiles, by
solving the modified form of the Richards equation for saturated and unsaturated flow (Salas-

Garcia et al., 2017). Richard’s equation [5.11] is defined as follows:

% - 61 [K(h)(Z—: + 1)] [5.11]
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Where h is matric potential in cm, K(h) is unsaturated hydraulic conductivity cm/d, z is depth
in cm, @ is volumetric water content in cm3.cm™ and t is time in days. K(h) and & are solved

according to van Genuchten as follows:

05—0
H(h) = 97’ + m h<0 [512]
6(h) =6, h=0 [5.13]
K(8) = KU — (I — S7™)? [5.14]

Where K is the saturated hydraulic conductivity in cm-day™?, Se=(6—6:)/(6s—6) is effective
saturation (non-dimensional), and [ is a factor of pore connectivity (non-dimensional); 0s is
saturated water content in cm®-cm3; 6, is the residual water content in cm3-cm; m, a, and n
are empirical shape parameters, where m=1—1/n. A high value of [ corresponds to a low pore

connectivity or a high pore tortuosity (Salas-Garcia et al., 2017).

5.4.2  Variable parameters as input data for HYDRUS 1D

The one-dimensional finite element seepage model was developed using known hydraulic
material properties (discussed in section 4.1.2), boundary - and initial conditions. It was run for
a predefined time-step condition to predict the moisture and suction responses of the soil
column. Each simulation was selected to run over the same time period as its observed
counterpart to allow for accurate comparative analysis. Even though this study was interested
in instant short-term flux and resulting changes in slope stability, long term water content was
also analysed and compared to provide a comprehensive overview. This corresponds to some
data analyses sheets illustrated in Chapter 4. The following section will explain the selection

of variables made.

Water flow — Soil hydraulic property model:

The modified van Genuchten model illustrated some inconsistencies relating to the lack of
second order continuity of the soil water retention function at saturation and the inability of the
hydraulic conductivity function to account for microporosity. For this reason, Rassam et al.
(2018) suggested that, for fine soils such as tailings, the van Genuchten-Mualem model with
air-entry value of -2 cm should be used to improve the convergence of the numerical solution
as well as the description of the hydraulic conductivity function. Selecting this option will also
present a correction in the water retention function to force the slope of the retention function
to become zero as saturation is approached. Although hysteresis was not included in the

simulation, HYDRUS makes provision for it by using an empirical model that assumes that
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drying scanning curves are scaled from the main drying curve, and wetting scanning curves

from the main wetting curve.

Water flow — Soil hydraulic flow parameters:

Hydrus-1D requires the soil hydraulic parameters such as residual water content (6r, L3 L-3),
saturated water content (0s, L3 L-3), saturated hydraulic conductivity (Ks, LT-1), inverse of the
air entry value (a), pore size distribution index (n) and pore connectivity parameter (I) as input
data (Patle et al., 2017). Available soil hydraulic parameters were obtained from previous
studies conducted by MacRobert (2013), Lorentz et al. (2019) and Blight et al. (2012) and
supplemented with data from the Neural Network Prediction (NNP) option available in
HYDRUS-1D. These parameters were determined using pedo-transfer function model
(Rosetta) taken from Carsel and Parrish (1988) for the Genuchten model. The pore connectivity

parameter (I) was entered as 0.5. These calibrated hydraulic parameters are shown in Table 5.1.

Table 5.1: Soil parameters for different soils used to estimate soil hydraulic functions according

to the formulation of van Genuchten (Salas-Garcia et al., 2017).

Soil Or 0s a n m Ks
(em’cm?d) (emicm®) (em?t) () () () (em.h*Y)

Sand 0,045 0,430 0,145 2,680 0,627 05 29,70
Sandy 0,065 0,410 0,075 1,890 0,471 05 4,42
loam
Loamy 0,057 0,410 0,124 2,280 0561 05 14,59
sand
ATC 0,055 0,420 0,130 1,900 0,474 0,5 21,00
sand
The following parameters have been selected as inputs for this study:
Tailings 0,044* 0,46* 0,0012 1,581 - 05 27
(silt)

*MacRobert (2013)

Water flow - Initial Boundary conditions:

A homogeneous vertical soil profile of 2,65 m was considered as the flow domain to model

recharge flux and allow for comparative analysis with lab observations. Apart from the

hydraulic property functions, hydraulic boundaries were required to model the unsaturated soil

behaviour. These were defined as follows:

a) Upper boundary conditions were defined as an atmospheric boundary condition with surface
run-off while bottom boundary conditions were set to variable pressure head seeing as the

water table was at 2 150 mm below the soil surface. Rainfall was specified at upper
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b)

boundary as (i) event 1: 84,1 mm/h which corresponds to the 1:200 rainfall event in the area
under study; (ii) event 2: 74,9 mm/h which corresponds to the 1:100 rainfall event in the
area under study; (iii) event 3: 66,1 mm/h which corresponds to the 1:50 rainfall event in
the area under study. As explained in section 3.2.3.4, these design storm calculations were
based on data by Smithers and Schulze (2002).

Initial conditions were defined in terms of moisture contents in graphical mode in the soil
profile. Since the water table was positioned at approximately 2 150 mm from the upper
boundary surface, initial moisture content in the saturated zone was set as 0.46 cm®.cm
while the unsaturated profile was set as 0.044 cmi.cm=. Volumetric water content in the
capillary zone were estimated from recorded values obtained in the laboratory. Zones and
spacing of nodes depicting the different initial water content levels are illustrated in
HYDRUS 1 D’s graphical mode, as depicted in Figure 5.10.
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Figure 5.10: HYDRIS 1D Soil profile graphical editor: (a) Initial water content and (b) spacing

of nodes.
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c) Time variable boundary conditions for event 1 — 3 were considered for precipitation rates
[LTY] for the first hour, with no events during the rest of the simulation. A fourth time
variable boundary condition combining all three events were run in order to compare
behaviour over the entire period of time with actual findings in the laboratory.

d) Similar to Udukumburage et al. (2020), evaporation rates were not considered since
individual simulations were over a short time period and protected conditions in the lab
ensured negligible evaporation rates. This simplification allowed only the constant

precipitation through ponding (flood conditions) to be considered.

5.4.3 Output results

Soil properties presented in Table 5.1 were used as input data to generate water pressure and
water content simulations with the HYDRUS 1D model. It also provided modelled hydraulic
properties such as the soil water retention curve for comparison with curves obtained by

Lorentz et al. (2019). The following findings were observed:

The change in volumetric water content after ponding/rainfall event 1, simulated and observed,
are shown in Figures 5.11 (b) and 5.12. These graphs illustrate contradictive responses over a
5-day period. Observed results indicated a delayed response and clear advancing wetting front
from the boundary towards the lower probes. Nao significant responses were recorded at the
four deep probes. Simulated responses show almost no change in the three shallow observation
nodes. From Figure 5.11 (a) it is evident that infiltration only occurred up until 200 mm from
the boundary, 700 mm above the top observation node. The four deeper observation nodes
recorded slight increases in water content, but this is likely due to redistribution of initial
conditions and water seeping to the lower part of the column under the force of gravity. It is
further suggested that the uniform wetting front and redistribution of rainfall throughout the

uniform soil profile, is likely a result of the homogeneity of soil properties.
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From Figure 5.13 (a) — previously discussed in Chapter 4 — the rapid increase in water content

at the four deep probes are likely as a result of the increase in pore air pressure brought about

by the advancing wetting front. The rapid and substantial increase in water content at the three

shallow TDRs were likely due to preferential flow pathways created after infiltration of

ponding event 1. The model’s illustration (Figure 5.13 (b)), similar to the simulation of event

1, did not register any substantial increase in water content at any of the shallow observation

nodes. Even though there were some delayed increases registered at the deep observation

nodes, the immediate response in observed reactions was not estimated by HYDRUS 1D. It
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should however be mentioned that HYDRUS 1D will not model the pressure pulse that is the

subject of this study. The model is therefore only used to illustrate that factors other than

Darcian processes are involved. Similar results were obtained between observed and simulated

water content levels after application/simulation of event 3 (see Figures 5.14 (a) and (b)).
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content after event 3.

Simulated (theoretical) and measured water content profiles over long term flux conditions

were also compared. Under the observed conditions, shown in Figure 5.15, the results indicated

that the water content, in the upper and mid-boundary increased sharply during each infiltration

test. Observed volumetric water content results showed delayed responses only after event 1,

whereafter 6s was reached. From results discussed in Chapter 4, volumetric water content



observations recorded after ponding events 2 and 3 showed immediate changes, whereas, in
the case of individual simulation events, only delayed responses were expected. Even though
such responses could have been anticipated due to the low hydraulic conductivity of the soil,
observed results — in contrast to HYDRUS 1D — demonstrate instant responses as illustrated in
Figure 5.16.
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Soil Water Characteristics Curve

SWCCs provide insight into the relationship between soil water content and pore water
pressure. It is measured either through direct laboratory methods or indirect estimation
techniques using numerical codes. From the comparative analysis between the SWCC model
based on field observations and that of laboratory measurements, it is possible to identify, to
some extent, the theoretical connection between soil water content and suction. Zhang et al.
(2022) suggested that this method could enhance the understanding of hydrodynamic theory in
unsaturated zones. However, both direct and indirect methods present certain challenges in

terms of reliability.

Zhang et al. (2022) advised that laboratory methods often display limitations in terms of time,
cost and accuracy. Since basic soil properties are established in the laboratory using disturbed
soil samples, it often does not represent precise field conditions and therefore results may be
potentially flawed. For these reasons, researchers sometimes rely on fractal theory to replace
direct laboratory measurement. Indirect estimation techniques establish empirical relationships
for physical soil parameters, such as bulk density and particle size distribution, and combine
these with regression analysis, artificial neural network and supplementary mathematical
methods to predict SWCC. However, indirect methods are only evaluated based on the
statistical analysis of the measured data, and the predictions may also present inaccuracies
(Zhang et al., 2022).

For these reasons the SWCC produced through the theoretical simulation of soil water
movement, was compared with a SWCC based on field data and laboratory analysis. Last
mentioned water retention characteristics were derived by Lorentz et al. (2019) using the multi-
step outflow method, and although these water flow parameters were replicated as input data
into the numerical SWCC, results were not identical. These SWCCs are illustrated in Figure
5.17 below, with the theoretical HYDRUS 1D curve presenting residual suction at
approximately 4100 mm-H0O (40,2 kPa) and AEV at 376 mm-HO (3,68 kPa). The SWCC by
Lorentz et al. (2019) displayed residual suction at approximately 1 900 mm-H>0O (18,631 kPa)
and AEV at 260 mm-H,O (2,549 kPa).

139



LI I
_______________ ) L I
= |

|
Air enfry prjﬁssure
(bubbl,ng pressure)
|

N \

A
\

0,3

I}
|
|
|
|
|
|
|
|
| Transition zox Residual zone

|
|

|

|

:

|

0,2 Boundary effect zone |
|

\Volumetric Water Content (6)

]
|
|
|
|
|
|
|
|
|
Il
I ™
: : ,:‘,\:}.T::::,,A eI TTE===
I A/I
0 Residual condition! | |
1 10 100 1000 10 000 100 000
Matric pressure head (mm-H,O )

—HYDRUS SWCC - Blinkwater TSF SWCC (Lorentz, 2019)

Figure 5.17: Theoretical and observed Soil Water Characteristic Curves (modified from
Lorentz et al., 2019).

Further analysis included a HYDRUS 1D SWCC derived from water flow parameters as
suggested by MacRobert (2013) as well as relying on the NNP function of HYDRUS 1D. As
previously mentioned, PTFs are used to predict van Genuchten (1980) water retention
parameters and saturated hydraulic conductivity by using particle size distribution and bulk
density as input data. This function enabled the inversion of field monitoring data and
parameterisation of the model’s parameters. These parameters were, in turn, used to simulate
soil water movement throughout the tall soil column for the three simulated precipitation
events. Water flow parameters used to illustrate each SWCC are listed in Table 5.2. It should
also be noted that the tailings samples from Dacosta (2017) and MacRobert and Blight (2013)
were classified as silty loam, while the sample obtained by Lorentz et al. (2019) appeared to
fall within the coarser loam fraction. See the USDA soil textural classification system (Figure
4.8).

140



Table 5.2: Water flow parameters used for the three SWCCs in Figure 5.18.

Source 0s Or o n | Ks Method of
cmécm®  cmicm® mm/h determination

Lorentz et 0,55 0,1 0,014 2,1 0,5 0,36 Multi-step outflow

al. (2019) method

HYDRUS 0,46 0,044 0,001 1,581 0,5 0,27 Laboratory

1D determined Suction

(MacRobert, Water Content Curve

2013)

HYDRUS 0,393 0,052 0,001 1,491 05 10,07 Computed using the

1D (NNP) Neural Network
Analysis based on PTFs
(ROSETTA)

The same SWCC by Lorentz et al. (2019) is shown in Figure 5.18 below and compared with
the two HYDRUS 1D curves detailed in Table 5.2 above. The less distinct curvature of both
HYDRUS 1D SWCCs suggest an unreliable estimation of AEV of the soil sample (Fredlund
and Houston, 2013) while the SWCC derived from direct measurement, illustrates a distinct
break in curvature around 2 000 mm-H.O (19,612 kPa), indicating residual suction. This curve
also shows that there is a distinct air-entry at about 300 mm-H-0O (2,94 kPa). Since original soil
samples analysed by the two independent studies mentioned above were also classified
differently, it is expected to translate into dissimilar SWCCs. Variations are similar to results
found by Rodriguez et al. (2021) while comparing SWCC of three tailings samples. Even
though the samples had similar densities, their slight variation in size distribution, resulted in
different SWCC. Although generally close agreement between moisture retention relationships
were found, the finer soil sample exhibited a more gradual decrease in water content as matric
suction increased. It should also be noted that similar bubbling pressures (AEV) were evident,
but water entry pressures differed quite considerably. According to Islam et al. (2006) fine
grained soils generally tend to exhibit higher saturated and residual volumetric water content,

which contradicts values stated in Table 5.2.
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Figure 5.18: SWCCs derived by HYDRUS 1D based on (i) the NNP and (ii) MacRobert (2013)
compared with SWCC by Lorentz et al. (2019).

55 Conclusion

The determination of a SWCC and other hydraulic soil characteristics was simplified through
numerical studies. Even though, according to Fredlund et al. (2012), engineered slope designs
are not readily influenced by the application of numerical modelling, it remains a useful tool
to predict both long and short term geo-hydrological subsurface behaviour brought about by
rainfall events. HYDRUS 1D is particularly valuable, as a numerical instrument, in establishing
practices where the permanence of matric suction is part of the functionality of slopes. For this
reason, the simulation presented in this study provides insight into the behaviour of unsaturated

flow systems in tailings porous medium.

The comparative analysis above, does however highlight discrepancies between different
approaches and HYDRUS 1D does not seem to capture all the relevant physics that are
involved in simulating two-dimensional column flow. While numerical studies allow for a wide
variety of factors to be considered during the design of a soil slope, its reliability is often
questioned due to its limitation to consider site specific variations. The HYDRUS 1D

predictions above, show saturated soils of low hydraulic conductivity to exhibit delayed
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responses after a rainfall event. Even though, as discussed in Chapter 4, significant changes
were delayed, modelled responses did not identify any rapid changes in pore water pressure.
The simulations also suggest that water flow could be limited due to low hydraulic conductivity
of the fine-grained layers. Although this would have been anticipated, some observed results
(discussed in Chapter 4) demonstrated rapid response mechanisms, also at deep probes,
indicating the presence of transient pressure waves, while modelled results predicted steady
non-rapid responses. HYDRUS 1D does not model air pressure, which suggests that numerical

modelling of unsaturated soil processes require further development.

One explanation could be the occurrence of preferential flow paths through macropores in the
subsurface that has been evident in practical observations but not often included in models
simulating hydrological responses (Hopp et al., 2020). HYDRUS 1D, similar to various other
numerical models, considers some form of the Darcy—Richards equation and requires specific
estimated values of hydraulic properties as input. The accurate identification of soil hydraulic
parameters for hydrological models may prove to be a challenge and the process may further
be complicated by the parameterization of preferential flow in hydrological models (Hopp et
al., 2020). According to Hopp et al. (2020) this creates an inherent difference between the scale
of measurements of physical soil characteristics and the scale of hydrological models that study

flow at hillslope scale.

According to Sun et al. (2009) the use of numerical ‘desk-study’ results should be approached
with caution since these are based solely on specific conditions and assumptions that may not
represent actual geological and hydrological conditions. The differences in replications could,
to some degree, also be attributed to field data errors caused by disturbed soil samples and/or
simulated errors as a result of a selection of inaccurate hydraulic functions that can lead to a
large discrepancy in water flow quantification. According to Salas-Garcia et al. (2017) the
differences between modelled and measured values may be caused by applied averaging data
of atmospheric boundary conditions or by the possible existence of preferential flow paths in
the soil. The magnitude of differences between approaches are similar to that found by Wu et
al. (2019) while simulating soil water movement in the black soil area of Northeast China. In
agreement with Zhang et al. (2022), it is suggested a purely theoretical approach should be
supplemented with simulation based on field data to reproduce the soil water movement and
change process more accurately. Zhang et al. (2022) also advised that the impact of hysteresis

should not be ignored, so as to improve simulation accuracy and obtain a suitable SWCC. And
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finally, it is proposed that the validity of different approaches should be verified and accurate
parametrization should be performed to avoid errors in the prediction of hydrodynamic

behaviour in fine grained soils such as tailings porous medium.
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CHAPTER 6

6.1 Interpretation and discussion of results

6.1.1 Climate change

6.1.1.1 Temperature trends and predicted future temperature characteristics

The prediction of future climatic conditions in the study area was carried out based on the
analysis of secondary data provided by CSAG (2020) and interpreted with reference to
supporting literature. Parametric projections and analysis of historical temperature trends
indicated consistent increases across both minimum and maximum temperatures. Although
future emission scenarios under RCP4.5 imply less aggressive temperature increases, it would
still likely result in a mean increase of approximately 3°C by 2100 as opposed to 6°C for
emission scenario RCP8.5. These drastic temperature increases describe an anomaly well
beyond the natural climatic variability of the study area. As a first order effect of climate
change, increasing temperatures also result in an intensification of the water cycle, resulting in
more intense rainfall but also more drought conditions. Since higher temperatures associated
with climate change are also associated with increased levels of evaporation, it intensifies
wetting-drying cycles of soils and are therefore critical in the analysis and modelling of soil
moisture conditions (Mufioz, 2019). It is however suggested that the area directly under study
is subjected to micro-climatic conditions, similar to that of heat islands generated in city
centres, and would likely display higher temperatures. This may be caused by the absence of

vegetation, topography, intense industrial activities and dust.

6.1.1.2 Interpretation of rainfall data and predicted future rainfall characteristics

Even though GCMs are reasonably capable of simulating first order atmospheric processes
such as temperature, Knoesen et al. (2011) notes its inherent limitation in simulating second
order atmospheric processes such as rainfall parameters. According to Tarek et al. (2021) it is
generally accepted that GCMs are a major source of uncertainty in climate change impact
studies. This study supports this view after finding a significant contrast in future rainfall trends
from each of the GCMs analysed. Even though most projections point toward an overall change
in rainfall characteristics, it is met with a high level of uncertainty due to the inconsistency in
model predictions. The issue of intermodal disagreement again illustrates the challenge of
accurately predicting how rainfall is expected to change. However, models pointing towards
increasing rainfall intensity trends are consistent with forecasts made by Knoesen et al. (2011)

and suggests that the area under study will most likely experience 0 - 10% changes in design
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rainfall parameters (i.e., intensity) during both intermediate (2046 - 2065) and future (2081 -
2100) timeframes.

In an attempt to calculate short duration design rainfall (SDR) from GCMs, Knoesen et al.
(2011) developed a technique which allowed for the processing of GCMs’ daily rainfall records
to obtain one-day mean annual maximum series (AMS) (L_1: day) values. From these results,
it was possible to calculate the SDR for the present climate. After application of this method to
the study area, rainfall depth for each storm duration indicates increasing trends. This data are

illustrated in Figure 6.1 below.
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Figure 6.1: Comparison of intermediate future and more distant future scaling relationships to
present climate scaling relationships for the study area, calculated from GCM rainfall output

(Knoesen et al., 2011).

Although there has been a significant increase in extreme rainfall events in the study area, it
remains a challenge to establish consistent predictions of future events. Although intermodal
disagreement contributes to this challenge, seasonal, monthly and interannual variability
complicates an accurate assessment. However, based on historical data and the predictions of
various academic sources (discussed below), it is expected that all seasons, but especially
summer periods, would experience increased rainfall intensities. This is in line with findings
by Burger (2012) that conducted a study on the effect of climate change on SDR at seven

stations throughout South Africa, one of them being positioned in Limpopo. Data analyses
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were divided into a study of the magnitude as well as the frequency of the SDR. Storm duration
data generated from the combined autographic and AWS data were analysed for the generalised
extreme value distribution (GEV) and the generalised Pareto distribution (GPD). All
distributions indicated a likely increase in rainfall intensity in this region, particularly during
the summer months (DJF) (Burger, 2012). According to Rapolaki (2020) the majority of two
hundred extreme events in the greater Limpopo area (between 1981 and 2016) occurred during
the late summer months. This prediction is supported by recent rainfall events within the study
area that exceeded 50 mm/day. Over the last decade, the summer period of DJF also had two
major events exceeding 100 mm/day, leading to flooding and large-scale damage to
infrastructure (Munyai et al., 2021). Extreme events have also been recorded earlier during the
SON period, such as the event of 101 mm/h on the 21% of November 2016 (SAWS, 2020).

Models predicting higher rainfall projections with less wet days indicate that events, as well as
the possibility of severe events, are likely to increase. This supports the idea that MAP values
possibly only demonstrate small variations due to climate change, but intensity-duration-
frequency parameters are likely to vary more significantly. Schulze et al. (2011a) found the
average rate of change per decade of MAP in the study area to amount to less than 20 mm per
decade for periods ranging from intermediate (2046 - 2065) to present (1971 - 1990), future
(2081 - 2100) to present and future to intermediate. For the same timeframes, the median of
changes to MAP are projected as 100-200 mm, 200-300 mm and less than 100 mm. These
projections were based on averages using output from multiple GCMs. Cognisance was taken
of the fact that the analysis of rainfall trends could be inherently inconsistent due to (i)
intermodal disagreement and (ii) inaccurate prediction of second order atmospheric processes
by GCMs. Confidence in future climatic conditions predicted by GCMs could further be flawed
due to the discontinuity between the output from GCMs at spatial scale as opposed to local
spatial resolutions. Even though the use of CMIP5 model rainfall data have been approached
with caution due to uncertainty of reliability, intermodal disagreement and variance between
seasons, the overall results of most models are consistent with predictions by various authors

as discussed above.

6.1.1.3 Intensity-Duration-Frequency Curves
Based on the analysis of historical and projected future rainfall data, it was evident that existing
rainfall design criteria should be updated to reflect expected climate change scenarios. IDF

curves represents the probability of different intensity rainfall events occurring in relation to
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the duration. This implies that each combination of rainfall intensity and duration, has a
corresponding frequency or ‘return period’. These relationships are illustrated as a contour plot,
where the return period of each intensity is represented by a probability distribution (van der
Zon, 2021). Seeing as intensity variability on sub-daily extreme precipitation is more sensitive
to change, it is recognised that analysis of hourly and sub-hourly durations is of particular
interest. Flood frequency analysis is required to ensure that the design of engineering structures
provide sufficient stability to withstand the impact of peak floods brought about by extreme
rainfall events. Seeing as climate change will exacerbate rainfall variability of both short and
long duration events, historical observed data are often supplemented with rainfall-based
methods of flood frequency estimations. This probabilistic approach includes the description
of ‘design rainfall’ in terms of intensity (mm/h), frequency (return period) and duration (e.g.,
minutes, hours, or days) (Knoesen et al., 2011). Current short duration design storm
magnitudes (<24 hours), for the region under study, are summarised in Table 6.1 (Smithers and
Schulze, 2002). This historical data were used to construct IDF curves that would have been

relevant to the study area if climate change did not exist (see Figure 6.2).

Similar to predictions made by the IPCC (2022), Knoesen et al. (2011) suggested that South
Africa is expected to experience an increase of up to 10% in short duration design rainfalls in
the intermediate future (2046 - 2065) while some regions could reach long term increases of
up to 40% by 2100. The study area has been identified as likely to experience 0 - 10% changes
in design rainfall parameters during both intermediate (2046 - 2065) and another 10% during
future (2081 - 2100) timeframes.
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Table 6.1: Design rainfall data (mm) for Mokopane (Smithers and Schulze, 2002).

Return Period T

Duration 2 5 10 20 50 100 200
5 min 9.7 13.3 15.8 18.4 22 24.9 28
10 min 145 19.7 23.5 27.3 32.7 37 41.6
15 min 18.3 24.9 29.6 345 41.3 46.7 52.5
30 min 23.1 315 37.5 43.7 52.2 59.1 66.4
45 min 26.5 36.2 43.1 50.1 60 67.9 76.3
1hr 29.3 39.9 47.5 55.3 66.1 74.9 84.1
1.5hr 33.6 45.8 54.5 63.5 75.9 86 96.6
2 hr 37.1 50.5 60.2 70 83.8 94.8 106.5
4 hr 43.7 59.6 70.9 82.5 98.8 111.8 125.6
6 hr 48.1 65.6 78.1 90.9 108.7 1231 138.3
8 hr 51.5 70.2 83.6 97.3 116.4 131.8 148.1
10 hr 4.4 74.1 88.2 102.6 122.8 139 156.1
12 hr 56.8 Lbe® 02" el 2 128.2 145.2 163.1
16 hr 60.8 82.8 98.6 114.7 1:3-/~3 155.4 174.6
20 hr 64.1 87.3 104 121 144.8 163.9 184.1
24 hr 66.9 91.2 108.6 126.4 151.2 171.2 192.3

In order to estimate the most extreme change in design storm characteristics brought about by

climate change, existing design rainfall data in Table 6.2 have been amplified by 10% and used

to construct future IDF curves, shown in Figure 6.2.

Table 6.2: Adjusted future design rainfall data (mm) for Mokopane.

Return period T

Duration 2 ) 10 20 50 100 200
5 min 10.67 14.63 17.38 20.24 24.2 27.39 30.8
10 min 15.95 21.67 25.85 30.03 35.97 40.7 45.76
15 min 20.13 27.39 32.56 37.95 45.43 51.37 57.75
30 min 25.41 34.65 41.25 48.07 57.42 65.01 73.04
45 min 29.15 39.82 47.41 55.11 66 74.69 83.93
1hr 32.23 43.89 52.25 60.83 72.71 82.39 92.51
1.5hr 36.96 50.38 59.95 69.85 83.49 94.6 106.26
2 hr 40.81 55.55 66.22 77 92.18 104.28 117.15
4 hr 48.07 65.56 77.99 90.75 108.68 122.98 138.16
6 hr 52.91 72.16 85.91 99.99 119.57 135.41 152.13
8 hr 56.65 77.22 91.96 107.03 128.04 144.98 162.91
10 hr 59.84 81.51 97.02 112.86 135.08 152.9 171.71
12 hr 62.48 85.03 101.31 117.92 141.02 159.72 179.41
16 hr 66.88 91.08 108.46 126.17 151.03 170.94 192.06
20 hr 70.51 96.03 114.4 133.1 159.28 180.29 202.51
24 hr 73.59 100.32 119.46 139.04 166.32 188.32 211.53
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Although increases seem to be relatively small, the cumulative effect of higher intensities,
shorter duration and the increase/decrease in storm frequency may exacerbate the effect of
extreme events and even cause a significant reduction in safety margins relating to slope
stability. For example, at a storm duration of 5 minutes and a return period of 1:200 years,
rainfall intensity could increase by 70 mm/h (for the intermediate period of 2046 to 2065) when
compared with historical collected in 2012. Since rainfall parameters, and particularly higher
intensity events discussed above, regulate infiltration and contribute to the energy hypothesis
suggested by Waswa and Lorentz (2016a), it also affects pore air — and pore water pressure,

both of which are important factors in the consideration of slope failures (Tian et al., 2022).
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Figure 6.2: Historical and adjusted future IDF curves derived from predicted design rainfall
data: Mokopane.

6.1.2 Climate change conclusions

The study has predicted climatic changes over the study area by analysing historical data and
making use of existing prediction models that were downscaled to regional levels. All models
indicated positive temperature changes of different magnitudes in the study area. Seeing as
intermodal disagreement between circulation models were found to limit accurate second order
atmospheric processes, i.e., rainfall parameters, one-day mean annual maximum series values,
developed by Knoesen et al. (2011) were considered. These short SDR data, along with area

specific climate change predictions, made it possible to determine the magnitude of increasing
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rainfall intensities. Trend analysis of different historical rainfall data sets, including total
monthly rainfall, observed monthly rainfall, maximum daily rainfall, number of wet days, mean
dry spell duration, observed dry spell duration and rainfall events exceeding 5 mm, 10 mm and
20 mm were also conducted. It was concluded that the area under study is likely to become
drier during dry seasons and experience more frequent high intensity events, particularly under
RCP8.5. The projected increase in dry spell duration (and higher temperatures) combined with
more extreme events, is expected to impact significantly on the wetting/drying cycles of

tailings porous medium.

6.2 Interpretation of soil behavior based on characterisation

Chapter 4 provided an overview of the physical characteristics of fine-grained material relevant
to this study. It includes secondary data to predict subsurface flow and geohydrological
behaviour of tailings during and after rainfall events. Soil characteristics, and particularly
hydraulic conductivity, has been mentioned by several authors as being a determining factor in
the occurrence of both GWR and the LE. Since this study did not include experiments on
material other than fine grained soils (replicating tailings porous medium), comparison with
coarser material and propensity towards the rapid mobilisation of groundwater were derived
from previous studies. These academic sources are listed in Table 6.3, together with a complete
summary of factors that the present study has taken into consideration. These will be discussed

in more detail in section 6.3.
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Table 6.3: Summary of factors considered to contribute to slope stability and transient pressure

wave mechanisms in tailings porous medium.

Factor

Rational/relevance

Source

Soil  characteristics
e.g., hydraulic
conductivity

Fine grained soils most likely to allow
rapid mobilisation of groundwater due
to holding pre-event water in tension,
thereby establishing a large capillary
fringe.

> soil fineness = > soil water retention
capacities and matric suction
> hydraulic conductivity =
discharge

> GW

Abdul and Gilham (1989), Cloke
et al. (2006), Guo et al. (2008),
Zang et al. (2018), Gillham
(1984).

Capillary Fringe

Establishment of a continuous pore
water phase
> CF height => GWR

Abdul and Gilham (1984); Abdul
and Gilham (1989); Cloke et al.
(2006); Miyazaki et al. (2012);
Zang et al. (2018)

Rainfall parameters
e.g. intensity,
duration and
frequency and

ponding depth.

Determines proportion of event — and
pre-event water in stream.

Only where the capillary fringe does
not reach the ground surface and the Ks
is high enough to have rainfall-limited
infiltration.

< rainfall intensity = < GWR

> rainfall intensity = > pore air pressure

Waswa et al. (2013); Waswa and
Lorentz (2016b); Gilham (1984),
Meyboom (1967); Heliotis and
Dewitt (1987); Guo et al. (2008);
Zang et al. (2018)

Pore air pressure

Build-up of air pressure between the

wetting front and water table
contributes to the LE.

Air  pressure  effects  soil-water
movement.

Guo et al. (2008); Waswa et al.
(2013); Waswa and Lorentz
(2016b); Zang et al. (2018); Tian
et al. (2002); Sun et al. (2015)

Pre-event water and
initial  groundwater
depth.

GWR, highly related to the depth of the
phreatic surface and less dependent on
the existence of the capillary fringe.

Waswa et al. (2013); Waswa and
Lorentz (2016b); Cloke et al.
(2006); Zang et al. (2018)

*Surface slope

< slope infiltration = > infiltration but
also less storage

Abdul and Gilham (1984); Cloke
et al. (2006)

**\/egetation

Reduce erosion, extract soil moisture

Sekhar et al. (1983)

*Cloke et al. (2006) also elaborates on sloping topographies and suggests that lower slopes encourage GWR since
these riparian zones have less water storage capacity and lower overland flow velocity. The slope formed in the
location of the tailings beach has been mentioned in section 2.4, and although it has not been considered in this
study (together with the presence/absence of vegetation), it is recognised as a factor that is likely to influence the
generation of the GWR mechanism. **Not considered due to the absence of vegetation on the tailings beach.

Based on parameters specific of tailings material (Table 4.3), the particle size distribution
analysis (Figure 4.7) and SWCC (Figure 5.18), it is possible to estimate physical behaviour and
hydraulic mechanisms that are likely to contribute to pore air propagation, transient pressure
wave generation and rapid water table response. These expectations would for instance include
the relationship between the physical and hydraulic properties of tailings porous medium that

is described by the SWCC and known hydraulic conductivity. Firstly, from these observations
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it was evident that small particle sizes combined with low porosity, exhibit higher water
retention capacities and low hydraulic conductivity (Fala et al., 2005). Given the fine nature of
tailings soil particles, these characteristics are particularly relevant to this study. Secondly,
findings reported by Gillham (1984) stated that rapid GWR and the LE are more likely to occur
in coarse grained soils. However, in agreement with Cloke et al. (2006), it is suggested that
fine grained soils actually have sufficient propensity to the rapid mobilisation of groundwater.
This is based on its high-water retention capacities that enable a large capillary fringe, a
continuous pore water phase and the storage of pre-event water. This study does however
recognise that a coarse-grained soil is able to transmit more energy through the capillary fringe
and in a more rapid manner compared to a fine textured soil. Additionally, the homogenous
characteristics associated with this soil suggested the possibility of less dense particle packing
and thus a more porous medium. Since the homogenous size, arrangement and interaction of
soil particles determine its mechanical properties and physical behaviour, it is likely to impact
on effective stress and shear strength parameters. Another concept to consider is that the
movement of pore air within the soil medium is affected by soil characteristics and soil
moisture content. Tian et al. (2022) also mentioned the air pressure gradient and the viscosity
of the gas phase to contribute to this movement. Referring to the main drainage curve of Figure
5.18 (Lorentz et al., 2019), the air entry value for the tailings porous medium is about 260 mm-
H>0 and the residual water content is reached at a pressure head of approximately 380 1 900
mm-H20. From a hydrogeologic point of view, this would indicate that soil would remain
saturated for a distance of about 26 cm above the phreatic surface, while the soil above 190 cm
from the water table would be at the residual water content (Abdul, 1984). The particle surface
area of the soil sample (4,6 m2/g) enables a high degree of adsorption and water movement
under these conditions may deviate from the simple laws of capillarity and Darcian flow.
Bound water retained in micropores is probably held more tightly due to larger surface area of
soil particles and adsorptive forces. And lastly, the rapid movement of water observed after the
application of artificial rainfall events, is likely due to transmissivity feedback and macropore
flow (established after repeated applications and the development of preferential pathways),
exacerbated capillary rise (due to high hydraulic conductivity) and less because of Darcian

flux.
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6.3 Interpretation of laboratory results

Following the analysis of laboratory results in section 4.1.3, various assumptions,
interpretations and conclusions have been made to provide a description of physical
mechanisms most likely taking place within the tall soil column, and presumably therefore also
in TSFs. From the recorded observations, it is confirmed that pore air pressure propagation and
transient air pressure wave generation are likely mechanisms in laboratory studies. These are

discussed below and summarised in Table 6.4.

Although none of the ponding events resulted in the wetting front reaching the deep sensors,
its approach (as recorded by the shallow probes) brought about pressurized pore air in the
unsaturated zone, which in turn introduced additional energy into the capillary fringe and
simultaneously changed pore water pressure. This study also recognised that the dynamic load
applied to the soil surface could result in the tailings porous medium to contract, thereby
enabling rapid responses evident by excess pore pressure values. This was particularly
noticeable at ponding event 2 (see Figure 4.15). However, the delayed response of ponding
event 1 (see Figures 4.11-12), demonstrated before arrival of the wetting front, suggests that
transient air pressure waves contribute significantly to the generation of pore air propagation
and a subsequent change in pore water pressure contributed by pre-event water. It was therefore
postulated that the gradual rise in pore air pressure at the deep probes was an indication of
entrapped air and, as the wetting front approached, it compressed. The corresponding change
in tensiometric pore water pressure levels at MT1-3 in the vicinity of the capillary zone
responded before arrival of the wetting front (on the 2" of January at TDR 7) and suggests
response due to compressed pore air pressure. These changes may suggest the formation of a
distinct capillary fringe and rising phreatic surface, fed by groundwater and not due to
infiltration. This was indicative of a downward air pressure wave that converts water held in
tension in the capillary fringe, to positive pressure, thereby causing the phreatic surface to
ascend upwards to the top of the capillary fringe. Fredlund and Rahardjo (1993) described these
fluctuations in pore pressures to vary with depth and between each compacted layer, thereby
demonstrating small variations (at each port) in hydrological response to external conditions.
The results support the notion that downward air pressure propagation has an effect on the
phreatic surface as well as the capillary fringe.

Ponding event 3, providing the lowest rainfall intensity, resulted in disparate, seemingly
insignificant, fluctuations in the phreatic surface (and inadvertently also capillary fringe depth).
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It is proposed that the response recorded by this event has indicated a degree of transient pore
air pressure wave generation, but that ponding depth (i.e., rainfall intensity) did not reach
thresholds high enough to establish a stable response. These results highlight the significance
of both antecedent and critical rainfall in the formation of a continuous pore water phase and
recognises pore water as the medium through which transient pressure waves are transmitted.
It further suggests that lower intensity rainfall events may have less of an impact on the
compression of pore air in the region of the capillary fringe, and thus less inclined to impose

pressure that results in the diffusion of the injected energy through soil water.

The contradiction in responses between events could be associated with the second and third
applications starting at a different initial water content distribution in the column (due to the
first application distributed through the column). It should however also be mentioned, that a
distortion in responses could also be attributed to the soil system becoming increasingly
distorted after repeated infiltration events (Cey et al., 2006). This notion also supports Hardie
et al.’s (2013) claim that flow paths depend on the soil’s wettability which changes with
repeated application, changing the actual dynamics of soil water content. Salas-Garcia et al.
(2017) attributes different responses to the use of capacitance-based soil moisture monitoring,
which may be limited in soils in which macropore flow is enhanced at high antecedent soil
moisture content. The last mentioned study further mentioned variations in water content
monitoring, boundary conditions at the upper boundary, and porous medium features as
possible contributing factors that contribute to inconsistent results. Comparable studies by
Mustafa et al. (2015) whereby plots of the time series response of pore water pressure to
climatic conditions were analysed, illustrate similar highly dynamic, nonlinear, and complex

behavioural patterns.

Both theoretical and observed results indicate a delayed response after the first ponding/rainfall
event. The difference in the rate and magnitude of change between ponding event 1, 2 and 3
observations may be explained by the fact that before ponding event 1, the soil had not
previously been wetted or one may consider the contribution of pre-event water generated by
event 1. Itis further recognized that structured piles with horizontal fine-grained layers, similar
to tall soil columns, could lead to vertical preferential flow paths, potentially changing flow
patterns (Fala et al., 2005). It is also possible that preferential flow paths developed in the tall

soil column after each infiltration event. Responses observed during and shortly after ponding
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events 2 and 3 are likely influenced by the cumulative effect of preceding events, which
highlights the relevance of rainfall history, i.e. antecedent water, in assessing slope stability.

Additionally, it is proposed that the magnitude of responses in the vicinity of the phreatic
surface is dependent on the amount of energy injected into the soil system, which in turn is
determined by the intensity and duration of a rainfall event. This conclusion would support
Waswa and Lorentz’s (2016a) energy hypothesis, whereby the intensity of a rainfall event
provides additional energy that transforms kinetic energy to potential energy. It is further
recognised that these rainfall characteristics, combined with the soil’s infiltration capacity,
slope and general topography, would also regulate energy injected by ponding depth. Although
the rapid (spiked) increase in pore air pressure after application 1 and 2 of event 2, alludes to
the importance of rainfall intensity, it may very well have been brought about by the depth of
rainfall resulting in ponding. The effect of ponding depth, which is essentially generated by
rainfall intensity and duration, and the magnitude of pressurised pore air pressure, is clearly
illustrated in Figure 4.15. The subsequent release of tension within the capillary fringe, brought
about by this downward air pressure wave, causes the conversion of vadose zone water to
phreatic zone water, resulting in volumetric water content values that are substantially above
the residual value. This assumption was supported by the slight increase (4,5 mm) in water
content at TDR 1 within hours after event 1 (not shown). This observation supports Cloke et
al.’s (2006) study that found a rainfall event of medium intensity to allow for the mobilisation
of pre-event water to contribute to GWR. In field conditions, this would mean that water level
rise in an observation well would be delayed relative to the rise in air pressure in the unsaturated
zone. These results indicate that the height of the initial water table, is a controlling factor in

the formation of near-stream (or pond) ridges. capillary fringe

Results reported by Gillham (1984) and Waswa (2013) stated that rapid GWR and the LE is
more likely to occur in coarse grained soils. This is supported by Yang et al. (2015) that
assumes this theory likely due to the stability of macropores in fine grained soils, resulting in
the rapid outflow of air ahead of a wetting front. However, even though this study only
considered fine grained samples, results showed signs of rapid pore air pressure diffusion
waves. Results interpreted here also suggested that fine grained soils, such as tailings porous
medium, provides the ideal conditions for the entrapment of air, exhibit high (pre-event) water
holding capacities and therefore potentially also provide ideal conditions for the establishment

of a continuous pore water phase. It is further proposed that low hydraulic conductivity
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associated with fine grained soils, enable the creation of an impermeable wetting front,
preventing the escape of pore air and thus leading to higher levels of compression. The uniform
nature of particle sizes found in TSFs, could also result in higher porosity, enabling the rapid
movement of both air and water throughout the soil medium. It is however recognised that, due
to the fine nature of tailings, the network of energy pathways is complex, thereby adding
resistance to energy transformance. Even though this causes higher energy losses and lower
energy velocities, the results presented here show that the rate of response in the phreatic
surface is rapid and possibly indicative of non-Darcian behaviour. In addition, the greater the
propensity for capillary fringe rise, the less likely it is that rapid Darcian flux of groundwater
would occur (Cloke et al., 2006). These findings are supported by a study by Hogervorst et al.
(2003) that found groundwater levels at 1 — 2 m in sandy soils without macropores, to rise
within a few hours after a rainfall event. According to Miyazaki et al. (2012) this contradicts
models that rely on the Richards equation, which could possibly explain the variation in
observed and theoretical SWCCs illustrated in Figure 5.18. In agreement with Islam et al.
(2006) fine grained soils generally tend to have higher saturated and residual volumetric water
content but lower bubbling pressure, together with a gradual decrease in water content as matric

suction increases. The shape of the SWCC is therefore very important.

Based on results mentioned in Chapter 4 and explanation of responses above (and summarised
in Table 6.4), this study concluded that high intensity rainfall events cause the entrapment and
compression of air in tailings porous medium, and results in an increase in water content and a
decrease in soil suction. An increase in pore air pressure therefore serves as an indirect

contributor to diminished shear strength and a reduction in the factor of safety.
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Table 6.4: Summary of individual physical responses per ponding event, interpretation and conclusions.

phreatic surface

| Event 1 | Event 2 | Event 3
Initial conditions
Position of the Approximately 400 mm from base*
phreatic surface above | (Piezometer level was stable for 4 hours preceding each application).
base of the soil
column
Height of the CF | Approximately 400 mm. Approximately 400 mm. > 400 mm
above phreatic
surface.
Initial VWC between | 0.34 — 0.355 cm®.cm? (Fig. 4.11) 0.31-0.33 cm®.cm® (Fig. 4.14) 0.31-0.36 cm3.cm® (Fig. 4.17)
the CF and the

Initial VWC between
CF and top boundary
(soil surface)

0.03 - 0.044 cm3.cm? (Fig. 4.11)

0.075 - 0.125 cmd.cm?® (Fig. 4.14)

0.15-0.16 cm3.cm® (Fig. 4.17)

Ks = 0.27 mm/h

Dry bulk density = 1 675 kg/m3
* It was difficult to establish a stable water table. This may be caused by fine nature of the soil sample, together with its high capillarity, or due to the zero-pressure
line that may rise above the CF (Waswa, 2013). It is also this characteristic of fine soil and the great propensity for CF rise that makes rapid Darcian flux of groundwater
unlikely (Cloke et al., 2006).

Experimental Procedure

Return period and
application

1:200 — 84.1 mm/h
9 liters over 30 minutes; 14 liters of 15
minutes: 1 liter over last 15 minutes.

1:100 — 74.9 mm/h
8 liters over 15 minutes; 13.2 liters of 45
minutes.

1:50 - 66.1 mm/h
7 liters 15 minutes; 11.7 liters of 45 minutes.

Note: After set-up, sensors were monitored, by downloading data and plotting graphically, to ensure stability over at least four hours preceding application.
Individual responses are summarised below.

Physical response

Pore air pressure

Instant, yet small, increase at the 4 shallow
probes (Fig. 4.10) after application 1 and 2
[< 0.5 kPa]. Application 3 (1 liter) did not
register any response.

Delayed response at deep PAPPs 1-4
recorded after 50 hours (Fig. 4.24). [< 10
kPa]

Instant increase at all PAPPs [< 1 kPa at
shallow PAPP 5-7 and < 10 kPa at deep PAPP
1-4].

Significant (rapid) increase in deep pore air
pressure, more distinct in the 2" application
resulting in deeper ponding depth (Fig. 4.15).

Disparate, yet insignificant fluctuations.
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Pore water pressure

All MT excluding 5 and 7 recorded a small
decrease in tension within 45 min.
Significant change after 73 hours at deepest
MT 1-4 (Fig. 4.12). [< 4 kPa]

Reduction in tensiometric pore water pressure
responses recorded at MT 1 [<0.5 kPa], MT 2-
3[10-50 kPa] and MT4 [< 70 kPa] (Fig. 4.15).

Disparate, yet insignificant fluctuations.

Volumetric Water
Content

Shallow probes increase after approximately
73 hours illustrating infiltration by the
advancing wetting front (Fig. 4.11). [< 0.05
cmi3cm?]

Rapid increase after application 1 and 2 [<
0.224 cm*cm?® at shallow TDRs and < 0.03
cm3cm?3 (Or 5%) at deep TDRs]. VWC at deep
TDRs 1-4 responded 2 minutes after shallow
probes (Fig. 4.14).

Spikes recorded at TDR 6 and 7 (Fig. 4.17/18)
[£ 0.4 cm?cm?]. Before application TDR5 had
a higher water content than the previous two
events and resulted in a less spiked value
(similar to TDRs 1-4). All deep TDRs
indicated a small increase as soon as ponding
started. [< 0.02 cm*cm?].

Interpretation

Pore air pressure

Instant PAPP responses likely generated by
the energy of the high intensity event applied
to the soil surface. Delayed increase in pore
air pressure in the vicinity of the CF due to
imposed compression rates induced by the
advancing wetting front.

Higher magnitudes of ponding (i.e. rainfall
intensity) result in increased pore air pressure
rates. This is evident between application 1
and 2 and particularly relevant at deep PAPPs
1,2 and 4.

Disparate, yet insignificant fluctuations likely
due to the fact that ponding depth (i.e. rainfall
intensity) did not reach thresholds high enough
to establish a stable response. It is also
suggested to wettability and the creation of
preferential flow paths were influenced by
previous ponding events.

Pore water pressure

Tensiometric pore water pressure decreased
in response to compressed pore air pressure,
before the arrival of the wetting front.

Substantial changes in pore water pressure
coincide with PAPPs recording the most
significant responses. Specifically MT’s 2, 3
and 4

As above.

Volumetric Water
Content

The wetting front advanced but infiltration
only reached the shallow TDRs 5-7 after
approximately 73 hours. The delay may be
ascribed to a number of reasons, e.g. that this
was the first application and wettability and
flow dynamics were not yet established.

Instant increases in VWC at deep TDRs 1-4
likely caused by the reduction of tension in the
CF, thereby releasing water to the phreatic
surface.

Instant increases in VWC at deep TDRs 1-4 (5)
likely caused by the reduction of tension in the
CF, thereby releasing water to the phreatic
surface.

NOTE: The contradiction in responses between events could be associated with the second and third applications starting at a different initial water content distribution
in the column (due to the first application distributed through the column).

Conclusions

Pressurized pore air in the unsaturated zone,
which in turn introduced additional energy
into the CF resulted in a simultaneous
decrease in tensiometric pore water pressure.

The magnitude of pore air pressure responses
is directly proportional to ponding depth (i.e.
rainfall intensity). Pore water responses at
deep probes indicate an upward water pressure

Some degree of transient pressure wave
generation caused responses at the deep
probes, but ponding depth was insufficient to
trigger stable responses. Lower intensity
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The magnitude of pore air pressure is
dependent on the magnitude of the
advancing wetting front while the magnitude
of pore water pressure is influenced by the
magnitude of pore air pressure. In other
words, the magnitude of pore air pressure is
dependent on ponding depth (i.e. rainfall
intensity). Pore air pressure ahead of the
wetting front caused the propagation of
pressure waves that mobilised pre-event
water and reduced pore water suction.

wave causing the water table to rise in
response to a downward air pressure wave
brought about by the descending wetting front.

rainfall events have less of an impact on the
compression of pore air in the region of the CF,
and thus less inclined to impose pressure that
results the diffusion of the injected energy
through soil water.

A step-by-step description of the processes most prevalent from the above observations:

Rainfall

O

ol :

v—"y v
7
6
5
CF
4
3
2
WT

@O
©

1. Rainfall event, ponding and infiltration

Advancing wetting front

Increase in pore water pressure in the saturated zone

3. Compression and increase in pore air pressure in the unsaturated zone in the vicinity of the CF

4. Decrease in tensiometric pore water pressure in the vicinity of the CF

5. Release of CF water to the phreatic surface increasing water content

Increase in slope instability

Reduction in Factor of Safety

SLOPE

A 4

FAILURE?
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6.4 Risk assessment

As mentioned in Chapter 2, South Africa possesses just over 200 TSFs, of which 79 are
classified as having a high risk of failure (Roche et al., 2017). In order to provide an indication
of risk associated with the TSFs, a basic risk assessment tool was developed. Previous risk
assessments conducted by van den Berghe et al. (2011), Nisi¢ (2021) and Zheng et al. (2011)
were used as guidelines. This tool is presented in the form of risk assessment matrix (Table
6.5) and considers different hazardous conditions that contribute to slope instability. It takes
into account a range of factors that each have been deemed, through expert judgement, data
analysis and laboratory testing, to have an impact on slope stability. Probability and level of
impact/severity have been carefully considered and assigned a score representing different
levels of probability and severity. Comparison and alignment with risk assessments from
studies mentioned above allowed for a reasonable indication of the risk associated with each
hazard. Even though this approach may be considered highly subjective, it may provide the
first indication to possible risk ratings relevant to a particular facility, thereby contributing to

the prioritisation of high-risk scenarios.

The assessment also included analysis of physical and geological characteristics of the tailings
material, earthquakes, the design and construction of the TSF, operational/production
activities, rainfall intensity, the presence of pre-event water, capillary rise and slope. Kovacs
et al. (2020) stated that the vulnerability of the surrounding area should also be considered in
terms of the distance to waterbodies and human settlements downstream, including the
landscape of the downstream territory. These factors would be exacerbated by political
complications if potential failure would release waste and toxins into transboundary river basin
systems. By evaluating these variables and establishing a clear relationship between them, the
assessment tool provides the first step to an indication of the overall risk associated with the
TSF. According to Kovacs et al. (2020) these assessments provide a preliminary generalized
semi-quantitative overview and takes cognisance of different risks. It also enables the
prioritization of different risks for further analysis. This information can be used to inform
decision-making, prioritize risk mitigation measures, and improve the management of TSFs to
minimize the risk of failure. It is important to note that the accuracy and reliability of this type
of tool will depend on the quality and completeness of the data used to support it, as well as
the methodology and assumptions used in its development. It is therefore important to regularly
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review and update the tool to ensure it remains relevant and reliable over time. Motivation for

selection of variables to be included in the risk analysis is discussed below:

a)

b)

Various authors have indicated the inherent stability flaws associated with the construction
of TSFs using the upstream method, which accounts for 90% of historical failures (Martin
and McRoberts (1999); Kossoff et al. (2014); Carmo et al. (2017); Rico et al. (2008b); Lyu
et al. (2019)). Since most TSF are constructed using the upstream method (although dam 2
was converted to a waste rock impoundment facility), it was considered as part of this risk
analysis.

After analysing both future IDF curves and responses recorded during laboratory
experiments under differing ponding depths, high rainfall intensity events have the potential
to trigger pore air propagation and transient pressure wave generation in the vicinity of the
capillary fringe. For example, from Figure 6.2 it is evident that the 1:10 year storm will be
replaced by the 1:2 year while the historical 1:200 storm event is exceeded by the future
1:100 year. In other words, the occurrence of extreme events is predicted to become more
frequent. In order to predict the occurrence of events that are likely to contribute to slope
instability, this study has considered design storms of equal and higher value than ponding
event 2 since ponding event 3 did not illustrate any significant/immediate changes in
recorded parameters. Even though low intensity events also exceeded the soil sample’s
(tailings replica) infiltration capacity, it is suggested that this evaluation include a rainfall
intensity above ~ 66 mm/h to consider extreme events that are presently increasing in
frequency. Based on this assumption, future short duration high intensity events are likely
to add to higher risk of GWR and the LE, which could contribute to slope instability. Since
the area under study has already shown visible signs of future predictions, such as the event
of 101 mm/h on the 21% of November 2016 (SAWS, 2020), it is suggested these conditions
will be realised far sooner than previously estimated. The relevance of rainfall history plays
a key role when assessing slope stability and will undoubtedly also influence the water
content of the soil, the height of the water table and the capillary fringe, thereby establishing
the presence of pre-event water. Additional moisture generated by the deposition of wet
mining waste will further increase the weight of the soil, thereby adding to stress and
reducing shear strength, making it more prone to sliding and collapsing.

Production activities and specific grinding technology would impact on the fineness of the
tailings material and consequently also on hydraulic properties and physical behavior.

Although this would depend on the geology in the area as well, it is a well-known fact that
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ultra-fine grinding technology improves economic benefits, often resulting in fractions as
small as 80% - 20 um. The level of grinding technology employed during the mine’s
production and operational activities have therefore been considered.

d) Earthquake clusters and active faults in close proximity to the study area were previously
illustrated in Figure 3.2 (a) and (b). According to Manzunzu et al. (2019) mining activities
in the area induce seismic activity and trigger earthquakes at a rate much higher than
observed in the tectonic regions of South Africa. Over the last two years there have been ten
seismic activities between 10,5 to 64,2 km from the study area. These events registered
between ML 3,3 and 4,2 while the largest event in this region occurred in 2014 and
registered a magnitude of ML 5,5 (Manzunzu et al., 2019). Even though there is no evidence
of TSFs failing due to earthquakes in South Africa, the Global Industry Standard on Tailings
Management recommends the inclusion of seismic criteria during design (Fourie et al.,
2022) and it has therefore also been included in the risk analysis.

e) Severity of occurrence in terms of social, economic and environmental impacts has also
been taken into account. Apart from the ‘worst case scenario’ of a TSF failing, daily
operational activities also have adverse long term social and environmental consequences.

This includes the generation of dust, uncontrolled seepage polluting water sources and noise.

In order to validate the matrix, this study has examined its predictions and compared it to the
three TSF disasters in South Africa (see section 2.1.3.2). These scores were all above 200 (out
of 225) indicating an extremely high risk of slope failure. Findings have therefore corroborated

to a certain degree of reliability.
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Table 6.5: Risk Assessment Matrix of slope instability.

Risk rating key: Impact/Severity
<19 Very low
[ ] 2-3,9 Low Insignificant Minor Significant Major Severe
4-99 Medium 1 2 3 4 5
10-14,9 High
B 5199 Very high
20-25 Extreme
Hazard Probability
Rainfall intensity > | Almost certain 5
hydraulic Likely 4
_ conductivity Moderate 3
[
s Unlikely 2
E Rare 1
o
@ 25/25
2 | Probability of | Almost certain 5
2 preceding  rainfall Likely 4
= P
g contributing to pre-
= event water (high Moc_ierate 3
water table) Unlikely 2
Rare 1
High capillary fringe | Almost certain 5
Likely 4
Moderate 3
Unlikely 2
3 Low hydraulic | Almost certain 5 |11
2 conductivity  (soil [T jkely 4
% fineness) Moderate 3
©
< Unlikely 2
%
= Rare 1
o
iz 16/25
Ultra fine grinding Almost certain 5
technology/geology  [™ikely 4
(soil fineness) M oderate 3
Unlikely 2
Rare 1
25/25
High volume and/or | Almost certain 5
highly hazardous Likely 4
waste substances Moderate 3
Unlikely 2
Rare 1
20/25
- Upstream method of | Almost certain 5
S construction Likely 4
8
= Moderate 3
(@]
g Unlikely 2
i= Rare 1
L%n - “

Short beach length,
steep starter dam
slope, high dam
height, limited
drainage facilities

Almost certain 5

Likely 4
Moderate 3
Unlikely 2
Rare 1

16/25
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Other impacts

Seismic activity

Almost certain 5

Likely 4

Moderate 3
Unlikely 2

Rare 1

12/25

Impact of TSF failures on sustainable development, thereby increasing risk:

Social,  economic,
environ-mental
impact e.g. inhabited
areas and/or nearby
water sources

Almost certain 5

Likely 4
Moderate 3

Unlikely 2

e

Rare 1

20/25
Total: 191/250 = 19,1 Risk rating: Very High

Even though this tool may be useful as a first order assessment of risk, particularly when
considering future climatic risks, there are however certain limitations. First of all, it did not
consider the extent of safety measures such as regular inspections, maintenance and mitigation
strategies implemented as part of remedial or preventative action. Furthermore, although this
study did not find the extension of the capillary fringe to the ground surface a requirement for
the rapid mobilisation of groundwater to occur, its presence was acknowledged as being a
contributing factor and not a controlling factor. Due to the fine nature of tailings porous
medium, the capillary fringe is likely to extend to the ground surface, particularly due to the
constant addition of wet mining waste, contributing to infiltration rates and a high-water table.
These conditions, combined with high intensity rainfall events, provide the ideal environment

for the generation of transient pressure waves and the rapid mobilisation of pre-event water.

6.5 Conclusion

This study confirmed that high intensity rainfall events, combined with pre-event water,
contribute to the creation of an induced pressure head and the rapid, and in some cases delayed,
mobilisation of groundwater. In contrast to expected Darcian behaviour (as shown by the
HYDRUS 1D predictions), observations suggest alternative flow and related physical
mechanisms. As expected, because of the fine nature of soil and its great propensity for
capillary fringe rise, this implies the presence non-Darcian responses, similar to those found
by Waswa et al. (2013). Even though Waswa et al. (2013) suggests GWR and the LE are more
likely to occur in coarse grained soils — due to its higher porosity allowing for the rapid
transmission of an induced pressure head - conclusions based on the hydraulic behaviour of
tailings after ponding events, indicate a possibility for the rapid mobilisation of groundwater
to occur in fine grained soils. This study did however recognise the slow progression of the

first wetting front and suggests this to be exacerbated by the fineness of the soil. This is
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supported by Waswa (2013) that found pore water responses in fine-grained soil to lag in
response to compressed pore air in comparison with coarse-grained soils. Although some
research studies have also suggested that soils of low hydraulic conductivity exhibit pore air
pressure diffusion waves of slow velocities and short wavelengths (Yang et al., 2015), the
responses observed after each ponding events 2 and 3, suggest that these could be much faster
than ordinary unsaturated or saturated flow conditions. This response therefore refutes the
theory suggested by Pelascini et al. (2022) that even though infiltration induces pore air
pressure changes, its effects are delayed as a result of flow and diffusion. Results further
indicated that deep pressure responses are sensitive to ponding depth and ensuing loading

conditions.

The significant response of deep MTs suggested that pore air pressure ahead of the wetting
front caused the propagation of pressure waves that mobilised pre-event water and reduced
pore water suction. Due to the fine nature of the soil and slow infiltration rates, this change is
likely to be brought about by loading conditions, compressed air pressure and the subsequent
generation of transient pressure waves. The magnitude of change in pore water pressure was
found to be less than the magnitude of induced air pressure, which implies that the extent of
water level rise would be less than the magnitude of induced air pressure. Although the 10 kPa
increase in pore air pressure mentioned in Table 6.4 would result in the phreatic surface rising
by only 1 m (under hydrostatic conditions), it may contribute significantly to reducing slope
stability. Since the factor of safety of tailings embankments are closely related to soil moisture
and the location of the phreatic surface, a seemingly insignificant rise in the phreatic surface may
approach threshold conditions. As previously mentioned, the factor of safety in straight-line
failure surfaces reduce considerably with a rise in the water table (see Figure 5.8) (Chandler
and Tosatti, 1995). Muiioz (2019) also provided insight into the relationship between the safety
factor and the influence of the water table in combination with other factors such as soil suction,

soil weight or both (see Figure 5.9).

It is further recognised that, although airflow, caused by an advancing wetting front, may
induce movement in the phreatic surface, fluctuation in the water table may also further induce
sub-surface air flow. It was also established that the rise of the phreatic surface is regulated by
time-dependent flux boundary conditions and that the magnitude of water table response is
regulated by the magnitude of compressed pore air pressure. This is similar to the observed

results interpreted by Waswa (2013), whereby the increase in pore air pressure was associated
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with a reduction in pore water tension (see section 4.1.3). This indicated that pore air pressure
has transferred to the water phase across the meniscus. Even though a relaxation of pore water
tension could be caused by the arrival of the wetting front, it would have arrived as a rapid
response and changes to pore water suction would be attributed to the rapid air phase pressure

pulse.

The disparate fluctuations in the phreatic surface could possibly be attributed to the rapid
response of groundwater to surface recharge, brought about by pore air propagation and the
generation of transient pressure waves. These pressure diffusion mechanisms cause an
exacerbated increase in the water table that changes matric suction (ua — uw) and reduces slope
stability in partially saturated conditions. In agreement with results obtained by Waswa et al.
(2013), this change was found to vary between 2 and 50 kPa. It is suggested that the magnitude
of change is determined by, amongst other things, antecedent rainfall events, rainfall intensity
and soil characteristics. Results further indicate the presence of transient pressure waves in
saturated and partially saturated tailings material, signalling rapid water table response and air
pressure induced groundwater fluxes. In agreement with lverson (2000), it is proposed that
these mechanisms contribute to slope instability and that landslide responses to rainfall involve

transient processes with different intrinsic timescales.
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CHAPTER 7

7.1 Conclusion

Conditions in the study area, predicted under the force of climate change, include temperature
increases across both minimum/maximum values and seasonal variations. These atmospheric
changes result in a shift in rainfall parameters. It is suggested that the magnitude of future
climatic conditions is likely to have a significant impact on the soil’s physical behaviour, and
therefore also on the stability of TSFs. Firstly, the more intense magnitude and possibly
accelerated frequency of wetting-drying cycles could cause enhanced stiffness/strength
degradation that could contribute to more rapid progressive failure. It was also recognised that
not only rainfall conditions, but also higher temperatures and intense dry periods or drought
conditions could result in the tailings material to exhibit higher suction magnitudes. This study
further suggests that historical IDF curves are no longer an accurate estimation for design

criteria and should be adjusted (see Figure 6.2) to compensate for future climatic conditions.

The overall effect of climate change on TSFs also relates to its response to external
mechanisms. Since physical behaviour and transmissivity feedback depends largely on the
unique geohydrological features of tailings, proper characterisation enabled the prediction of
pore air propagation in tailings in response to external factors. This notion is supported by
various authors, who suggest a strong interrelationship between soil characteristics and the
rapid mobilisation of groundwater. Even though Cloke et al. (2006) argues that the relationship
between capillary fringe height and hydraulic conductivity is overestimated, it is suggested that
a greater propensity for capillary fringe rise (particularly in fine grained soils) makes the rapid
Darcian flux of groundwater less likely. It is also suggested that higher water retention
capacities and low hydraulic conductivity make this soil medium particularly susceptible to
retention of pre-event water. This study is of the opinion that the intrinsic geo-hydrological
characteristics of tailings make it vulnerable to mechanisms of transient pressure wave
generation that could eventually be evident through the occurrence of both Ground Water
Ridging and the Lisse Effect. Results indicate the presence of groundwater movement before
arrival of the wetting front.

The most interesting interpretation to emerge from the analysis is the change in pore water
pressure above the water table, not due to infiltration, but rather due to a change in tension,
thereby indicating the release of water from the tension saturated zone to the phreatic surface.

This may not necessarily result in the physical flow of pre-event water, but merely an
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adjustment in pressure as the porous soil medium is fully saturated in the capillary fringe and
below water. It further appears that the laboratory experiments conducted in this study
demonstrate the rapid mobilisation of groundwater before arrival of the wetting front. It is
therefore confirmed that, as rain water infiltrates into soils, the downward wetting front
compresses the pore air and increases pressure between the wetting front and the capillary
fringe. This finding is consistent with previous studies, which have shown that these responses
can appear as either Ground Water Ridging or the Lisse Effect depending on water table depth
(Waswa, 2013).

According to Waswa (2013) Ground Water Ridging is more likely to occur due to the energy
of the rainfall event, whereas the Lisse Effect is more likely to occur due to compressed pore
air. Another important finding was that the magnitude of groundwater level responses was
directly related to the magnitude of the compressed pore air pressure. In turn, it was found that
the extent of pore air propagation was determined by ponding depth (i.e. rainfall intensity) and
points to the significance of energy injected into the tension saturation zone just above the
phreatic surface as the downward air pressure wave propagates towards the water table. As it
reached the water table, groundwater started to ascend as an upward water pressure wave. In
contrast to Waswa (2013), and since the laboratory set up did not allow for the extension of the
capillary fringe throughout the tall soil column, a continuous pore water phase was not found
to be a prerequisite for Ground Water Ridging to occur. This finding was also reported by Zang
et al. (2017).

This study enumerates the rainfall induced movement of air and water in tailings to illustrate
its possible contribution to an alternative mechanism and loading conditions that lead to slope
instability (Smith and Connell, 1973). The change in pore air pressure influences normal stress,
matric suction and shear strength while pore water pressure, generated by pre-event water,
contribute to stresses that reduce shear strength, and thus a lower factor of safety. This
assumption is made on the premise that the energy content above the water table changes from
negative pore water pressure to positive pore water pressure. Morton (2020) stated that a
change in effective stress causes the rearrangement of particles (or volume deformation) that,
under undrained conditions, lead to compression of water in soil voids. This results in higher
pore water pressure and further changes in effective stress. As described by Morton et al.
(2008), the stress state for any point in a slope is governed by the principal stresses and the

acting water pressure. From these observations, it can be concluded that both surface water
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and groundwater play significant roles in the failure of tailings dams. Based on the above, it is
suggested that transient air pressure waves are generated by the intensity of a rainfall event as
well as by the advancement of a wetting front. These pressure diffusion mechanisms cause an
increase in the water table that changes groundwater pressure heads and matric suction, thereby

reducing slope stability in partially saturated conditions.

Due to the physical characteristics and high suction capacity of tailings porous medium, it
saturates quickly but drains up to ten times slower, providing for a constant high-water table
and large volumes of pre-event water sources (Zang et al., 2018). It is also these same
characteristics of tailings (fineness) that causes higher energy losses and lower energy
velocities. However, the results presented here show that the rate of response in the phreatic
surface could be rapid and indicative of non-Darcian behaviour. Based on this work, the
probability of tailings dam slope failure by rain induced instabilities in future climates is more

likely than under historical conditions.

7.2 Recommendations for policy and engineering design

Based on observations by Rodriguez et al. (2021) it is evident that the failure of tailings dams
does not occur based on one factor only. The contribution of weather, climate,
operational/production activities, maintenance effort, design and construction, closure and
post-closure, governance and accountability, risk assessment and management and stakeholder

engagement/communication should all be considered.

Due to the inherent vulnerability of these structures, planning of tailings dams will have to
factor in this uncertainty and address the associated risks. Climate change mitigation and
adaptation measures put in place by the mining industry would reduce risks associated with
extreme events and ensure a more robust system. The development of such plans would require
reliable data coupled with good planning and a zero-risk approach (Roche et al., 2017). The
risk assessment tool mentioned in Chapter 6 considers technical, operational, environmental,
social and economic factors that influence the likelihood and associated risk of a potential
failure. It also provides the first step in determining relevant factors and associated risks that
are appropriate to a specific site and its distinct characteristics. It would also ensure the
calculation of the safety factor has taken all on-site variables into consideration. This finding
broadly supports the work of other studies (Robertson et al., 2017; Rodriguez et al., 2021) and
suggests that the formulation of engineering design protocols and practices should be more
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purposefully integrated with the outcomes of theoretical, field and laboratory studies to develop
the most cost-effective and safe systems. The current study supports Rodriguez et al.’s (2021)
belief that triggering mechanisms that eventually result in static liquefaction and flow failure
are permanent and gravitational. Risk reduction should be regarded from the perspective of
both mitigation and adaptation strategies. It should therefore be standard practice that each TSF
have a comprehensive risk assessment plan that includes preventative measures as well as a
comprehensive emergency plan in the event of a breach. These plans should be updated
regularly in response to variables such as tailings volume, increase in vulnerability or any other
changes that could increase risk and/or hazards. Risk assessments would also be useful in
scenario planning designed to assist decision-makers in identifying potential outcomes and
impacts, assess responses, implement suitable adaptation and resilience strategies and/or adjust
existing policy requirements. Policy and decision-makers should facilitate the establishment of

such strategies through systematic, transformative and integrative approaches.

The design and construction of TSF should be supported by extensive desk-studies and
comprehensive investigations into site conditions such as topography, surface and groundwater
sources and geology to determine long term engineering stability and drainage patterns. From
a practical viewpoint, mitigation measures should include additional pre-construction design
measures, such as sufficient consideration of compressed pore air pressure in design
calculations and methods of slope stability analysis. Drainage systems and seepage control
measures that are designed to limit groundwater levels more aggressively, would also
contribute to the efficient reduction of pore water pressure. Since tailings dams are continually
supplemented with sludge and wet mining waste, additional water sources such as rainfall adds
to loading conditions that further increases pressure. For these reasons, it is suggested that
supplementary drainage systems be incorporated near the face of the tailings dam (Rodriguez
et al., 2021). Since initial indications and risk assessment point towards a high probability of
slope instability, assessment of vulnerable TSFs should be supplemented by a comprehensive
analysis of hydraulic and geotechnical parameters.

Prerequisites regarding siting should also be reviewed. It is recognised that the establishment
of mining facilities, residential areas and informal settlements nearby are unavoidable. It is
however recommended that the placement of these areas is planned in accordance with high-
risk protocol to prevent loss of life and damage to property in the event of dam failure. Since

the siting of mines rely on geology, it’s positioning is rather fixed. However, the siting of waste
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containment facilities such as TSFs should be as far away as possible from waterways, and on
stable geology. It is also advised that if the natural topography slopes towards ecologically
sensitive areas, barriers such as berms should form the first line of defence to minimise damage.
These structures could add additional advantages such as the reduction of dust during mining

operations as well as visual deterrence of industrial activities.

Operational plans should also include the particulars and regulated enforcement of regular
inspections and scheduled maintenance efforts. Apart from visual inspections, it is suggested
that continuous automated monitoring equipment be installed and reviewed to identify
anomalies as soon as they appear. The importance of regular compulsory monitoring practices,
together with an appropriate risk response plan, cannot be overemphasised. Meyer and Hrubes
(1998) described the purpose of instrumentation monitoring is to provide real-time information,
but also to verify the validity of assumptions made during the design process. Even though
visual inspections should be conducted regularly, it is likely to only identify movement after it
has already occurred and failure is imminent. Morton (2019) advises a Strategy that identifies
the cause of movement before it occurs, thereby activating an early warning system. Morton
(2019) also recommends the monitoring of rainfall, pond levels, up- and downstream surface
and groundwater flows (and pressures), as well as active monitoring of pore water pressure
within the slopes of the TSF. To add to these, it is advised that the measurement of pore water
pressure be monitored at strategic points along the tailings dam to identify any significant rise
in water content before it saturates the constructed dam walls. This may include measurements
in the unsaturated zone, the capillary fringe or below the phreatic surface. Different monitoring
networks and multiple points that deliver real time information would provide a reliable
indication of developing risks. The identification of high-risk conditions triggers intervention
early on to prevent failure. The intensity of monitoring activities is likely to depend on the
method of construction, the level of risk/hazard and its potential impact on social, economic

and environmental factors.

Planning, design, construction, operation, maintenance and close-out of a TSF should be
assigned a framework of relevant laws and regulations. This includes the National
Environmental Management Act 107 of 1998 (NEMA). It is the most important environmental
piece of legislation in South Africa, regulating various aspects pertaining to socio-economic
and environmental protection. This act also includes listing notices to identify activities that

would require an environmental authorisation prior to the commencement of that activity and
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to identify competent authorities in terms of sections 24(2) and 24D of this Act. Since the
construction of TSFs are included in these notices, the planning, design, operation and eventual
close-out of these engineering facilities are subjected to various requirements and stringent
obligations. This includes closure, post-closure and rehabilitation plans to ensure long term
stability and reduce additional social, economic and environmental risks. Although NEMA
requires engagement between stakeholders, communication is often influenced by external
barriers that hamper equitable engagement. Effective stakeholder involvement should therefore
be established during the planning phase and maintained throughout operational and close-out
phases to assist in identifying concerns, potential solutions and include local knowledge in
decision-making processes, thereby minimising negative socio-economic and environmental

impacts.

NEMA is further divided into several sub-laws of the following are relevant to the mining
industry: the National Environmental Management: Waste Act, No. 59 of 2008 (NEMWA);
the National Environmental Management: Biodiversity Act, No. 10 of 2004; the National
Environmental Management: National Forests Act, No 84 of 1998; the National Environmental
Management: Protected Areas Act, No. 57 of 2003; the National Heritage Resources Act, No.
25 of 1999; and the National Environmental Management Air Quality Act, No. 39 of 2004.
Mine owners are legally responsible to comply with all the above-mentioned regulations, laws
and legislation pertaining to TSFs. Non-compliance in this regard will in future be addressed
by the National Environmental Management Laws Amendment Act No. 2 of 2022 (NEMLAA
4). Even though this act is not yet in effect, it will affect changes to the above-mentioned
environmental legislation pertaining to the mining industry. This includes stricter regulation of
TSF and enforcement of fines and administrative penalties for non-compliance with
environmental laws. In addition to NEMA, TSFs are required to comply with the provisions of
the Mine Health and Safety Act, No. 29 of 1996, as well as the Dam Safety Regulations,
published under the National Water Act, No. 36 of 1998.

7.3 Limitations

Since this study only considered a particular TSF and parameters concerned with its specific
tailings porous medium, simulations were limited to one fine grained soil sample. Even though
particular attention was paid to Ground Water Ridging and the Lisse Effect in TSFs, different
mining operations and grinding technology results in material of varying physical
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characteristics. It would therefore not be possible to draw a comparative analysis and apply the
same conclusions on all TSFs. As previously mentioned, the sample had been made up
artificially to replicate the tailings porous medium to produce a similar particle size distribution
curve. However, since there is no universally accepted method for measuring particle shape,
establishment of these features was restricted. The physical effect of this particular
characteristic was therefore not considered. Furthermore, the role of evaporation was briefly
discussed, but this study did not take it into account as a major contributing factor in the
movement of soil moisture or its contribution to the establishment of a capillary fringe. The
effect of extreme future temperature changes was also not considered but its effect, particularly
on the clay fraction of tailings, is acknowledged as causing exacerbated wetting-drying cycles,
and therefore impacting on hysteresis in the SWCC (Kristo et al., 2019). These conditions
influence soil structure and changes its hydraulic conductivity and reduce peak strength. It
should also be mentioned that, because of the limited scale and artificial conditions under which
laboratory tests were conducted, it is not precise what the practical significance of the results
will be. And lastly, in contrast to Cloke et al. (2006), this study did not consider the effect of
the surface slope normally found on tailings beaches. Even though lower slopes reduce
instability, it is recognised that it also facilitates less run-off, higher infiltration rates and
ponding that results in extended loading conditions, preventing the escape of pore air.

7.4 Future Perspectives and Recommendation for Further Research

Further research is required to address the limitations discussed above. It is also suggested that,
in order to produce a generalised approach that would be applicable to a wider variety of
climatic conditions, different soil hydraulic functions and TSFs in general, additional studies
may be required. For instance, whether or not humid conditions prevent the capillary fringe of
being responsible for rapid mobilisation of pre-event water, as indicated by Cloke et al. (2006).
The role of evaporation and slope morphology was large ignored in this study. Since the top
surface of the tailings beach is exposed to atmospheric boundary conditions that allow for water
infiltration as well as extraction by evaporation, additional consideration should be given to the
role of evaporation, particularly with regards to wetting-drying cycles and the hysteretic nature
of tailings porous medium. It should also be mentioned that this study did not investigate future
rainfall events in detail and, similar to du Plessis and Burger (2015), this was partly due to the
limited amount of reliable digitised autographic data available in South Africa. Future studies
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may therefore be useful in determining a more accurate estimation of the magnitude and

frequency of future rainfall events.
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Figure C: Illustration of instruments fitted into tall soil column (from left to right: TDR,
PAPP and MTs).
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Figure D and E: Course grained aggregate on top of sample and preparation of the sample in
predetermined ratios. The soil lab facilities at Cape Peninsula University of Technology was
used.

-

Figure F: Water éupply from
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7 x Time Domain Reflectometer
(TDR) connected to SDMX50
multiplexer

7 x Mini Tensiometer (MT) connected to 1 bar differential pressure

transducer (4 wires)

7 x Pore air pressure probes (PAPPs) connected to 0.1 bar
sensor (4 wires)

Figure G: Instrumentation at each port consisting of a TDR, MT and PAPP.
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APPENDIX B

' Client:
' StationID: Pressure
' CSA Job: ####

' Description: Campbell Scientific CR1000 datalogger

! AM16/32B multiplexer (2 x Mode)

| MUX1 | Common:1H1L Reset: Cl Clock C2 | Power: 12V

! Freescale MPX2010DP 0.1 Bar Differential Pressure 40mV
Full Scale 2.5mV/kPA | MPX2010DP DPress 1 | AM1632B 1HIL

| Powered with 10V

! Honeywell TSCO01BD 1 Bar Differential Pressure 10.2mV/V
Full Scale | TSCOO1BD DPress 1 | AM1632B 1HIL

| Powered with 5V

' Power Supply: ##### AC Charge Controller

' ##444 Solar charge controller
' #4444 Watt Solar Panel

! ##V/##Ah SLA Battery

' Comms: #### Modem with Callback

' Note all changes made during installation/maintenance and save as new
file with revision and date

' Version: 1 Revision: 0 Date: 20211001 Author: F1R CSAf Description:
Integration and lab test

' Version: # Revision: # Date: YYYYMMDD Author: ### #### Description:
FHAFH A H AR AR AR AR AR EA RS HHA

' Version: # Revision: # Date: YYYYMMDD Author: ### #### Description:
SRR R R i ik ki

' Version: # Revision: # Date: YYYYMMDD Author: ### #### Description:
FHAHH A AR AR AR AR AR A

Public Station ID Block As String * 12 = "***kxdkkkkxkxn
Public StationID As String * 22 = " Pressure" : ReadOnly StationID

' Declare MPX2010DP DPress 1 to 7 Variables, Units and Calibration-----
Public MPX2010DP DPress 1 Block As String = "****xkxxkxskxn

Public MPX2010DP DPress 1 Slope = 0.4

Public MPX2010DP DPress 1 Offset = 0

Public MPX2010DP DPress 1 : Units MPX2010DP DPress 1 kPa

Public MPX2010DP_DPress 2 : Units MPX2010DP DPress_ 2 kPa

Public MPX2010DP DPress 3 : Units MPX2010DP DPress 3 = kPa
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Public MPX2010DP DPress 4 : Units MPX2010DP DPress 4 = kPa
Public MPX2010DP DPress 5 : Units MPX2010DP DPress 5 = kPa
Public MPX2010DP DPress 6 : Units MPX2010DP DPress 6 = kPa
Public MPX2010DP DPress 7 : Units MPX2010DP DPress 7 = kPa

Public TSCOO1BD DPress 1 Block As String = "***x*xkxkxkxn
Public TSCOO1BD DPress 1 Slope = 0.0196

Public TSCO01BD DPress 1 Offset = 0

Public TSCO01BD DPress_(7)

' Units TSCO01BD DPress 1 = bar

\l

Public LAL(8)
Public LedieuVWC (8)
Public flag(l)

Dim il

Dim WavePT (260) 'To conserve datalogger memory, use Dim
' instead of Public for waveform data points.
Public MuxChan

Public LoggerInternal Block As String * 12 = M*x*xkxkkksxkn
Public ProgramName As String * 50

Public ProgramSignature As String * 6

Public LoggerSerialNumber As String * 6

Public LoggerBattery : Units LoggerBattery = V

Public LoggerTemp : Units LoggerTemp = degC

Public LoggerLithiumBatt : Units LoggerLithiumBatt = V

Public ScanTimel : Units ScanTimel = mSec
Public ScanTime2 : Units ScanTime2 = mSec
'"Public ScanTime3 : Units ScanTime3 = mSec
Public ScanTimed4 : Units ScanTime4 = mSec

Dim rTime (9)
Dim LCount

Public Modem Block As String * 12 = "***xkxxkskoxskn
Dim ModemReset : Units ModemReset = Flag
Dim ModemLowPower : Units ModemLowPower = Flag

Dim PingRetry
Public PingTime As Long : Units PingTime = msec
Public IPFailCount As Long : Units IPFailCount = Count

DataTable (TablePressure, True, -1) 'Data table for pressure records
DataInterval (0,1,Min,10)
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'-StationID
Sample (1, StationID,String)

' MPX2010DP DPress 1
! Sample (1,MPX2010DP_DPress 1, ieee4, false)

Average (1,MPX2010DP DPress 1, IEEE4,False)
Average (1,MPX2010DP DPress 2, IEEE4,False)
Average (1,MPX2010DP DPress 3, IEEE4,False)
Average (1,MPX2010DP DPress 4,IEEE4,False)
Average (1,MPX2010DP DPress 5, IEEE4,False)
Average (1,MPX2010DP DPress 6, IEEE4,False)
Average (1,MPX2010DP DPress 7,IEEE4,False)

' TSCO01BD DPress 1
! Sample (1, TSCO001BD DPress_ (1), ieeed, false)
Average (7,TSC001BD DPress (), I1EEE4,False)

'-Logger internal

Sample (1, LoggerSerialNumber, String)
Sample (1, ProgramName, String)

Sample (1,ProgramSignature, String)

Average (1,LoggerBattery,FP2,False)
Average (1,LoggerTemp,FP2,False)
Average (1, LoggerLithiumBatt, fp2, false)

Average (1,PingTime, ieeed, PingTime=0)

Totalize(1l,1,ieeed, false)
FieldNames ("ScanCount™)

EndTable

DataTable (TDR min, True, -1)
DataInterval (0,1,Min,10)
Sample (8,LAL() ,FP2)
Sample (8, LedieuVWC (), FP2)
Sample (1, LoggerTemp, FP2)
EndTable

DataTable (TDR Wave,1,240) 'Data Table (i.e. Capture TDR Probe
Waveforms)

sample (1,MuxChan, IEEE4)

sample (260,WavePT (),FP2)
EndTable

BeginProg

' Default Datalogger Battery Voltage at startup
Battery (LoggerBattery)

' Power modem on power up of logger
SWl2 (1)
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' Wait for sensors to power up
Delay (1,2, Sec)

Scan (30, Sec, 1, 0) ' Do not change

'-Starting time of processing
Timer (1,mSec,?2)

LoggerSerialNumber = Status.SerialNumber
ProgramName = Status.Progname
ProgramSignature = Status.ProgSignature
Battery (LoggerBattery)

LoggerLithiumBatt = Status.LithiumBattery
PanelTemp (LoggerTemp, 50Hz)

RealTime ( rTime)

VoltDiff (MPX2010DP DPress 1,1,mv250,2,True,0,50,MPX2010DP DPress
1 Slope,MPX2010DP DPress 1 Offset)

VoltDiff (MPX2010DP_DPress 2,1,mv250,3,True,0,50,MPX2010DP_DPress
1 Slope,MPX2010DP DPress 1 Offset)

VoltDiff (MPX2010DP_ DPress 3,1,mv250,4,True, 0,50, MPX2010DP_DPress
1 Slope,MPX2010DP DPress 1 Offset)

VoltDiff (MPX2010DP DPress 4,1,mv250,5,True,0,50,MPX2010DP_DPress_
1 Slope,MPX2010DP DPress 1 Offset)

VoltDiff (MPX2010DP_ DPress 5,1,mv250,6,True,0,50,MPX2010DP_DPress
1 Slope,MPX2010DP DPress 1 Offset)

VoltDiff (MPX2010DP_DPress 6,1,mv250,7,True,0,50,MPX2010DP_DPress
1 Slope,MPX2010DP DPress 1 Offset)

VoltDiff (MPX2010DP DPress_7,1,mv250,8,True,0,50,MPX2010DP_DPress
1 Slope,MPX2010DP DPress 1 Offset)

'-AM1632B Measurements every 2 minutes
! If TimeIntoInterval (0,120,sec) Then

'Turn AM16/32 Multiplexer On
PortSet (5,1 )
Delay (0,150, mSec)

LCount=1
SubScan (0, uSec, 7)
'Switch to next AM16/32 Multiplexer channel
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PulsePort (6,10000)
Delay (1,150, msec)

VoltDiff (TSCO001BD DPress_ (LCount),1,mv250,1,True,0,50,TSCO001BD DP
ress 1 Slope,TSCO01BD DPress 1 Offset)
LCount=LCount+1
NextSubScan

' Reset AM1632B
PortSet (5,0 )
Delay (1,150, msec)

'Measure La/L on SDMX50 for all channels and convert to VWC using

Tbr100(LAL(1),0,0,1001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
TDR100O (LAL(2),0,0,2001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
TDR100 (LAL(3),0,0,3001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
TDR100O (LAL(4),0,0,4001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
TDR100 (LAL(5),0,0,5001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
TDR100 (LAL(6),0,0,6001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
TDR100 (LAL (7) , Q70 iCI0NE 1~ 1BN0M2' S SHCIFS= =002~ 0"~ 0I8I5 ="
TDR100 (LAL(8),0,0,8001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)

'Perform linear Ledieu conversion to VWC
For il=1 To 8
LedieuVWC (il)=LAL(i1)*0.1138-0.1758

Next il

'PortsConfig (andB00000111,andB00000000O)
' PortsConfig (andB0111,andB0000)

CallTable TablePressure
CallTable (TDR min)

! EndIf

' Restart logger on Mondays at 00:00:10 (10 seconds after
midnight) (This can be enabled in remote installations where a logger
restart is the only way to restore comms)

'If rTime(8) = 2 AND TimeIntoInterval (10,86400,sec) Then
FileManage (Status.ProgName, 6)

'-Calculate comms time - all comms must take place in less
than the scan rate
ScanTimel = Timer (1,mSec, 4)
NextScan

205



'-Scan2: ####-----—---"-"--"""""""""""""""""""""""""—
SlowSequence
Scan (30, Sec, 3, 0)

'-Starting time of processing
Timer (2,mSec,?2)

MuxChan=1001 'store the SDM8X50 channel in wvariable "MuxChan"
TDR100 (WavePT(),0,1,1001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
CallTable TDR Wave ()

MuxChan=2001 'store the SDM8X50 channel in variable "MuxChan"
TDR100 (wWavePT(),0,1,2001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
CallTable TDR Wave ()

MuxChan=3001

TDR100 (WavePT(),0,1,3001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
CallTable TDR Wave ()

MuxChan=4001

TDR100 (WavePT(),0,1,4001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
CallTable TDR Wave ()

MuxChan=5001

TDR100 (WavePT(),0,1,5001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
CallTable TDR Wave ()

MuxChan=6001

TDR100 (WavePT(),0,1,6001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
CallTable TDR Wave ()

MuxChan=7001

TDR100 (WavePT(),0,1,7001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
CallTable TDR Wave ()

MuxChan=8001

TDR100 (WavePT(),0,1,8001,4,1.0,251,8.9,5.0,0.2,0.085,1,0)
CallTable TDR Wave ()

'-Calculate comms time - all comms must take place in less
than the scan rate
ScanTime2 = Timer (2,mSec, 4)

NextScan
EndSequence

! -Scan3: ####--------"-"""-""""""""""""""""""""""""""

! SlowSequence
! Scan (60, Sec, 3, 0)

'-Starting time of processing
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' Timer (3,mSec,?2)

1 '### ________________________________________________________
\} \}

1

! '-Calculate comms time - all comms must take place in less
than the scan rate

! ScanTime3 = Timer (3, mSec, 4)

\}

! NextScan

! EndSequence

' Scan4: Modem power————-——--—--—-—-—-—--—--—--—--——-————-———————————————

SlowSequence
Scan(l,min,0,0)

'-Starting~time.of proecessing
Timer (4,mSec,?2)

'-First check if modem is enabled
If status.pppinterface <> 0 Then

'-Measure battery voltage
Battery (LoggerBattery)

'-Power down between 23:57 and 23:59
If TimeIsBetween (1437,1439,1440,min) Then
If (ModemReset = false) AND (ModemLowPower =
false) Then
ModemReset= true
PPPClose
Delay (1,5, sec)
SW12 (0)
EndIf
Else
If (ModemReset = true) AND (ModemLowPower =
false) Then
ModemReset = false
SW12 (1)
Delay (1,20, sec)
PPPOpen
EndIf
EndIf

'-Power down below 12V
If (LoggerBattery < 12) AND (ModemLowPower = false)
AND (ModemReset = false) Then
ModemLowPower = true
PPPClose
Delay (1,5, sec)
SW12 (0)
EndIf

'-Power up above 12.2V
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If (LoggerBattery > 12.2) AND (ModemLowPower = true)
AND (ModemReset = false) Then
ModemLowPower = false
SW12 (1)
Delay (1,20, sec)
PPPOpen
EndIf

'-IP Keep alive (30 minute)
PingTime = 0
If (ModemReset = false) AND (ModemLowPower = false)

Then

SetSetting ("DNS(2)","8.8.8.8") 'Add google
as seconday DNS

IPRoute("8.8.8.8",1) 'Ping test
through modem

IPRoute ("callback.csafrica.co.za",1l) 'Callback

through modem
For PingRe thayms T"Rey3
PingTime = PingIP("8.8.8.8",3000)
If PingTime > 0 Then ExitFor
Next PingRetry
If PingTime = 0 Then IPFailCount += 1 Else
IPFailCount = 0
If (IPFailCount <> 0) AND (IPFailCount MOD 30 =

0) Then
PPPClose
Delay (1,5, sec)
SW12 (0)
Delay (1,10, Sec)
SW12 (1)
Delay (1,15, sec)
PPPOpen
EndIf
EndIf
EndIf
'-Calculate comms time = all comms must take place in less
than the scan rate
ScanTimed4 = Timer (4,mSec, 4)
NextScan
EndSequence
EndProg
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APPENDIX C

Linear (MIROC-ESM )
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Figure C.1: Total monthly rainfall 1960 — 2099 based on projected future changes across 10

different statistically downscaled CMIP5 GCMs for RCP4.5.
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Figure C.2: Total monthly rainfall 1960 — 2099 based on projected future changes across 10

different statistically downscaled CMIP5 GCMs for RCP8.5.
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12) based on projected future

Figure C.3: Observed monthly rainfall totals (A1-L1) 1953 — 2001 compared to predicted total monthly rainfall (a2

changes across 10 different statistically downscaled CMIP5 GCMs (RCP8.5).
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Figure C.4: Maximum daily rainfall per month 1960 — 2099 based on projected future changes

across 10 different statistically downscaled CMIP5 GCMs (RCP4.5).
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Figure C.5: Maximum daily rainfall per month 1960 — 2099 based on projected future changes

across 10 different statistically downscaled CMIP5 GCMs (RCP8.5).
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Figure C.6: Number of wet days per month 1960 — 2099 based on projected future changes
across 10 different statistically downscaled CMIP5 GCMs (RCP4.5).
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Figure C.7: Number of wet days per month 1960 — 2099 based on projected future changes
across 10 different statistically downscaled CMIP5 GCMs (RCP8.5).
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Figure C.8: Mean dry spell duration per month 1960 — 2099 based on projected future changes
across 10 different statistically downscaled CMIP5 GCMs (RCP8.5).
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Figure C.9: Observed dry spell duration per month (al — 11) 1953 — 2001 compared to predicted dry spell duration (a2-12) 2001 -2100 based on
projected future changes across 10 different statistically downscaled CMIP5 GCMs (RCP8.5).
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Figure C.10: Observed occurrence of rainfall events exceeding 5 mm 1953 — 2001.
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Figure C.11: Observed occurrence of rainfall events exceeding 10 mm 1953 — 2001.
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Figure C.12: Observed occurrence of rainfall events exceeding 20 mm 1953 — 2001.
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