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Abstract

Tailings dams are constructed in stages, exhibit sediment deposits located in the reservoir upstream of the
dam crest (beaches) generated from slurry deposition, and are commonly designed with shallower upstream
slopes in contrast with conventional water storage dams. Current breach models for the failure mode of
overtopping, used to inform flood routing and emergency preparedness plans, have been developed for
water storage dams and have not been calibrated to the tailings dam case. This thesis presents the results of
eleven 1m high homogeneous fine sand dams brought to failure by overtopping to investigate the influence
of dam geometries varying from water storage dams to tailings dams on the outflow hydrograph. Laboratory
observations indicate that the breach crest geometry can be described as a semi-ellipse, and that the size
and shape of the breach crest controls instantaneous discharge during breach. This geometric relationship,
coupled with an observed linear breach crest growth rate and a discharge equation were shown to permit an
estimation of discharge from the onset of breach to peak discharge. Peak discharge was demonstrated to
occur when the combination of breach crest length and depth of water flowing over the crest were at their
maximum, given a finite reservoir volume. The reservoir storage function was shown to limit breach
discharge when the reservoir elevation fell below the sum of the dam height below the breach crest location
and maximum potential depth of water flowing over the breach crest. These findings enabled calculation
of the maximum discharge rate and time to reach peak discharge, based on reservoir and dam upstream
geometry. The presence of a shallowly sloping beach in the reservoir impacted peak discharge only in the
case where the beach was intersected by the breach crest while the discharge rate was on the rising limb of
the outflow hydrograph. A reduction in peak discharge was observed in tests where the beach height was
greater than this threshold, including scenarios that resulted in an approximately 50% reduction in peak

discharge rate.
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Chapter 1

Introduction

1.1 Tailings Dams

1.1.1 Tailings Generation and Storage

During the ore recovery process, mined materials are generally ground at a processing mill for
mineral extraction. The waste byproduct created during this process is referred to as tailings. To
comply with environmental regulations, this waste material is stored at the mine site, often

contained by constructed dams, also termed tailings storage facilities (TSFs)

The grain size of tailings is dependent on site specific conditions and requirements for mineral
extraction, but commonly ranges from sand to clay size fractions (Engels, 2006). A common
method to transport tailings from the mill to the TSF is via a slurry pipeline, where the slurry is
discharged subaerially via a spigot. This deposition method can lead to the formation of a shallowly
sloping beach, between the embankment and supernatant pond (Ritcey, 1989). Coarser, heavier
grains drop out of slurry suspension close to the discharge point, while finer grained material is
transported further upstream of the discharge point (McPhail, 1994) (Figure 1.1). The tailings beach

may form part of the embankment structure as the dam is raised throughout the life of mine.

The three principal classes of raised tailings dam construction, designated by the direction the
embankment crests moves with respect to the starter dyke, include: upstream, centerline and
downstream (Vick, 1983) (Figure 1.2). The upstream method requires the smallest footprint and is
typically the least costly. However, this method does not include internal drainage zones, and relies
on coarse grained material in the beach to dissipate pore water pressures and prevent saturation of

the embankment structure. Hence, the upstream method is not amenable to areas with high seismic



activity or rapid increases in pond elevation, and loading from embankment raises must be carefully

controlled to limit the risk of liquefaction (Davies et al., 2002)

1.1.2 Tailings Dam Breach and Dam Safety Guidelines

Tailings dam breach is failure of a dam structure resulting in the uncontrolled release of retained
materials in a sudden or catastrophic manner (Martin et al., 2019). The Canadian Dam Association
(CDA) Dam Safety Guidelines addresses failure analysis and assessment requirements for both
water retaining and tailings dams, needed to classify the dam hazard rating and to develop
emergency response plans in the case of failure (CDA, 2007). However, tailings dams differ from
water retaining dams in a number of ways including (but not limited to): extended construction
durations, type of material being retained, and design geometry. The CDA Dam Safety Guidelines
offer little in terms of standardized and comprehensive methods to conduct dam breach assessments
specific to tailings dams. Practioners are currently reliant on a combination of other guidance

documents, published papers and professional judgement to perform this work (Martin et al., 2015).

1.2 Research Need

Recent notable examples of tailings dam breach include: Mount Polly in 2014 in British Columbia,
Canada, Fundao in Minas Gerais, Brazil in 2015 (Figure 1.3), Cadia in New South Wales, Australia
in 2018, and the breach at Corrego do Feijao in Brumadinho, Brazil in 2019. Failure at this high
rate of occurrence and level of consequence is not tolerated in general engineering practice (Saiyar
et al., 2019). Tailings dam design and operations need to be improved to lower the probability of
failure and to better manage the risk associated with dam failure. Regulatory bodies globally been
creating and updating guidelines in reaction to these failures, including recent resolutions by the
Brazilian government to ban construction by the upstream method, a precaution that has been
instituted in seismically-active Chile since 1970 (Morrison & Gomide, 2019). To effectively

manage risk from tailings dam breach, the failure process, and how it may differ from water
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retaining dams, must be better understood. However, there is a scarcity of data available to improve
the state of practice. More research efforts are required to quantify dam breach processes specific

to tailings dams for a variety of failure modes.

1.3 Previous Work

There are several methods established to conduct breach analysis, including parametric models
based on empirical data, and physically based models which combine hydraulic, structural and

geotechnical properties to numerically predict the breaching process (West et al., 2018).

Empirical models for tailings dam breach typically predict peak discharge, outflow volume and
runout distance as a function of dam height and volume retained (e.g. Rico et al., 2008; Rourke &
Luppnow, 2015; Small et al., 2017 Larrauri & Lall, 2018). Such relations currently include a high

degree of uncertainty due to the small number of cases available with sufficient datasets.

Limited research has been conducted to inform physically based models for the tailings case.
However, large scale physical modelling of water retaining dams has been an active research topic,
providing valuable details on the breach processes observed. Recent efforts have produced seminal
data, resulting in improved breach modelling abilities, including work at the University of
Auckland by Coleman et al. 2002, the IMPACT project by Morris et al. 2007, the United States
Department of Agriculture — Agricultural Research Service (USDA-ARS) Hydraulic Unit by
Hanson et al. 2005, University of Ottawa by Al-Riffai & Nistor 2010, United States Geological
Survey (USGS) by Walder et al. 2015 (Figure 1.4), and the Laborat6rio Nacional de Engenharia

Civil (LNEC) in Portugal by Amaral et al. 2019.

Observations of the breach crest shape by Coleman et al. 2002, on noncohesive, homogenous dams
breached by overtopping, described it as a curved (hourglass) shape in plan view. The breach crest
was defined by connecting a series of high points along streamlines flowing over the breach channel

where flow is perpendicular to the breach crest at all points along its length. The geometry of the
3



breach crest was defined by breach width, B*, the horizontal distance between the two ends of the
breach crest, and breach arc length, B, measuring the curvilinear distance along the arc shape
(Figure 1.5). In contrast to common methods where the breach crest is thought of a trapezoidal
shaped gutter, formed in balance between erosional and depositional processes, Walder et al. 2015
demonstrated the curved breach crest is a purely erosional feature, functioning as an upstream

hydraulic control structure, analogous to a weir.

1.4 Research Objectives

Dam breach models, developed for water retaining structures, have not yet been calibrated for the
tailings dam case, in large part due to the lack of available data. The overall goal of this research
project was to explore how breach evolution may differ for tailings dams, and to quantify these
impacts in terms of the breach outflow hydrograph. A large-scale physical model program was
undertaken which, for the first time, included upstream geometry conditions that are typical of

tailings dams. The specific objectives of this research are to:

o Investigate the effect of dam upstream slope angle on peak discharge for water retaining
dams, whilst capturing high-resolution measurements of the evolving geometry of the
upstream breach crest to observe and quantify the breach crest’s control on instantaneous

outflow;

e Evaluate the scenario in which breach occurs in a dam with tailings-style beaches in the
upstream reservoir; in particular, to quantify under which conditions the peak outflow rate

is influenced by the presence of a beach.

1.5 Methods

These objectives were achieved by conducting two separate series of physical model dam breach
experiments to quantify peak discharge under a variety of geometries and to monitor breach crest
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evolution. All tests were performed at the Queen’s University Coastal Engineering Laboratory in
the large landslide flume. Each breach was initiated by incising a v-notch in the dam crest, which

resulted in overtopping failure.

The first test series included six 1.0 m high dams, with upstream slope angles ranging from 10.0°
to 30.0° from horizontal. A downstream slope inclination of 3H:1V, or 18.4°, and dam crest width

of 0.30 m was maintained for all tests.

The second test series included five 1.0 m high dams, each with a dam upstream slope angle of
18.4°. Shallowly sloping beaches were constructed upstream of these dams, intersecting the dam
upstream slope at elevations ranging from 0.50 m to 0.90 m. The downstream dam geometry and

crest width were the same as the previous test series.

1.6 Organization of the Thesis

This thesis is presented in manuscript format as outlined by the School of Graduate Studies at
Queen’s University. Chapter 1 is a general introduction, Chapters 2 and 3 present draft manuscripts,

and Chapter 4 gives an overall summary of the work and general conclusions.

Chapter 2, “Effect of reservoir and upstream dam geometry on peak discharge during overtopping
breach in noncohesive homogenous embankment dams”, examines the influence of upstream slope

angle on peak discharge during breach of a water retaining dam.

Chapter 3, “Effect of beach elevation on peak discharge observed during overtopping of physical
model tailings dams™, quantifies how a shallowly sloping tailings beach may reduce peak discharge

in certain cases.

Chapter 4 discusses the overall findings of this research project, presents conclusions and highlights

areas for future research.
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Figure 1.1: Tailings storage facility at Teck Resource Ltd.’s Highland Valley Copper mine.

Note tailings beach that has formed upstream of dam crest and tailings slurry deposition
(Teck.com)
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Figure 1.3: 2015 Samarco tailings dam breach (Estddo.com)

11



Figure 1.4: USGS dam breach test facility in the H.J. Andrews Experimental Forest
(Walder et al., 2015)
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Figure 1.5: Breach crest geometry, observed during failure (Walder et al., 2015)
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Chapter 2
Effect of reservoir and upstream dam geometry on peak discharge during

overtopping breach in noncohesive homogenous embankment dams

2.1 Introduction

Dam breach is failure of a dam structure resulting in the uncontrolled release of retained materials
in a sudden or catastrophic manner (Martin et al., 2015). Tailings dams exhibit an alarmingly high
frequency of catastrophic failure, with recent notable examples including the 2014 Mount Polly
dam in British Columbia, Canada, the 2015 Funddo dam breach in Minas Gerais, Brazil, the
slumping failure in 2018 at Cadia mine in New South Wales, Australia, and the 2019 disastrous
rapid release of retained materials at Cérrego do Feijao in Brumadinho, Brazil. Failure at this high
rate of occurrence and level of consequence would not be tolerated in general engineering practice
(Saiyar et al., 2019), yet over the past century, almost 3,000 lives have been lost as a result of breach
of tailings dams (Santamarina et al., 2019). Action is urgently needed to modify tailing dam designs
and engineering practice to lower the probability of failure and to better manage the risk associated
with dam breach. The focus of this paper is the latter; specifically, to increase our understanding of
dam breach processes to improve dam breach analyses relevant for the specific case of tailings

dams.

Dam breach analyses are conducted to limit hazard exposure and potential for loss of life imposed
by dams by informing dam hazard rating, flood-routing analyses, land use planning, flood
mitigation strategies, and emergency response plans (e.g. CDA, 2007). The key relationship at the
core of these efforts is the prediction of the outflow hydrograph, which is defined as the time rate

of outflow during the breach event (West et al., 2018). Models developed to predict the outflow
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hydrograph for water-retaining dams are generally divided in the literature into two classes:
parametric and physically-based. Parametric models rely on regression analysis of empirical breach
behaviour in historical failures to describe breach parameters as a function of dam or reservoir
properties. In contrast, physically based models use fundamental principles of hydraulics, sediment
transport, and soil mechanics to predict breach behaviour (Wahl, 2017). A comprehensive review
of existing breach models by West et al. (2018) indicate that physically based models are generally
more accurate and reliable than parametric models, although parametric models require less

computing time and are commonly used in practice.

Flume and field experiments have played a central role in improving our understanding of dam
breach processes and the development of physically based models. Notable studies include key
contributions from the University of Auckland (Coleman et al., 2002), the IMPACT project (Morris
etal., 2007), the United States Department of Agriculture — Agricultural Research Service (USDA-
ARS) research program (Hanson et al., 2005), and United States Geological Survey (USGS)
(Walder et al., 2015). A key observation from Coleman et al. (2002) and explored in further detail
by Walder et al. (2015) is that the outflow due to overtopping is hydraulically controlled by the
geometry of the breach crest that forms as an erosional feature in the upstream face of the dam.
During a breach event, the breach crest is defined by connecting a series of high points along
streamlines flowing over the breach channel in which flow is perpendicular to the breach crest at
all points along its length (Coleman et al., 2002). This location acts as a broad crested weir that
separates subcritical flow upstream from supercritical flow downstream. As the volumetric flow
rate discharged over the breach crest is governed by the size and shape of the breach crest (Walder
et al., 2015), a prediction of the evolution of the breach geometry is essential for the prediction of

the outflow hydrograph.
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In the literature, the shape of the breach crest is defined by the breach width distance defined along
the crest of the dam, B*, and the breach arc length, B. Due to the curved shape of the breach crest,
B* will be shorter than B (Coleman et al., 2002). Figure 2.1 illustrates the upstream slope of a dam
experiencing dam breach featuring the erosional breach crest feature formed in the upstream face
of the dam and the parameters defining the instantaneous breach geometry. The depth of water
flowing over the breach, d, varies in height from zero at the intersection of the breach crest with

the reservoir water elevation to its maximum point at the arc apex.

Tailings dams differ from conventional water-retaining dams in design (e.g. upstream, central,
downstream construction), materials retained behind the dam and used in construction of the dam,
and of particular importance to breach analyses, the inclination of the upstream face of the dam. To
reduce the risk of seepage induced failure (i.e. piping), shallowly sloping tailings beaches are often
constructed from fine grained tailings material to reduce the hydraulic gradient and the quantity of
seepage flow at the dam face (Mcleod & Murray, 2003). The typical upstream geometry of a
tailings dam therefore is inclined much shallower than would be constructed for a water retaining
dam. Given that the shape of the breach crest in the upstream dam face has been observed to
guantitatively define the outflow hydrograph (e.g. Walder et al., 2015), it is reasonable to
hypothesize that the outflow hydrograph for the shallowly inclined upstream dam face associated
with tailings dam geometry will differ from that of a clear water dam. However, models currently
used in breach studies of tailings dams have been adapted from those developed for more steeply
sloping water storage dams, and have not yet been validated for the tailings case. It is currently
unclear whether this is a conservative approach for estimating tailings dam breach outflow, and if

S0, to what degree.
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The objective of this study is to use detailed observations of breach initiated by overtopping in six
large physical model dams of varying upstream slope angles ranging from steep (e.g. clear water
dams) to shallow (e.g. tailings case) to define, for the first time, the effect of the upstream slope
angle on the breach outflow hydrograph. In the remainder of this chapter we describe the
experimental program, and instrumentation including a specific strategy to capture the evolution of
the geometry of the upstream breach crest. Based on these observations, we then introduce a
mathematical framework to quantify the instantaneous geometry of the breach using a simplifying
assumption of a semi-elliptical shape of the breach crest. We then illustrate how this framework
can be paired with a discharge equation to generate quantitative estimates of peak breach outflow
for differing upstream slope angles including those relevant to the calculation of the breach outflow

hydrograph for the shallowly sloping upstream slope angles associated with tailings dams.

2.2 Experimental Methods and Materials

2.2.1 Experimental Program

A test series comprising of six large physical model dams (1 m high) was designed to investigate
the effect of upstream slope angles ranging from 10.0° to 30.0° from horizontal on the outflow
hydrograph generated during dam breach by overtopping. All dams were constructed with a
downstream slope inclination of 3H:1V or 18.4° (Figure 2.2a). Details of the test matrix are
presented in Table 2.1, including the context of the configuration previously investigated by Walder
et al. (2015) and Coleman et al. (2002). To enable as direct a comparison with the work of Walder
etal. (2015) as practically possible, the geometry of the dam physical models adopted in the present
study used the same dam height (1.0 m), a nominally identical dam width (2.09 m) and crest breadth
(0.3 m), and for the base case, an identical upstream slope angle (30.0°). Notable differences
between these studies include the downstream slope angle (18.4° vs 30.0° by USGS), a different
reservoir stage-volume relationship (discussed later in the manuscript), and tailwater submergence
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in the present study. Based on the conclusions of Walder et al., 2015 that discharge is controlled
by the breach crest located upstream of the dam crest, differences in downstream geometry and
tailwater submergence of the downstream toe were considered to be of little consequence to test
results. The shallower downstream geometry was selected as a practical choice in terms of
constructability and in light of this study’s focus on tailings facilities, where a 30.0° downstream

slope angle would generally be considered quite steep.

As shown in Figure 2.2b, the physical model dams of the present study were constructed in the 36
m long horizontal portion of the Queen’s University Landslide Flume (e.g. Bullard et al., 2019;
Mulligan et al., 2019). The crest of the dam was positioned at the approximate mid-point of the
horizontal portion of the flume, to permit roughly equally sized upstream reservoir and downstream
deposition zones. In other words, the experiment was designed to permit an upstream reservoir to
overtop the dam at an elevation of approximately 1 m, and to enable the observation of breach
flows leading up to the peak outflow before the upstream and submerged downstream water levels
reach equilibrium at an approximate reservoir elevation of 0.5 m. As the work of Walder et al.
(2015) indicates that the outflow hydrograph is hydraulically controlled solely by the upstream
geometry of the breach crest, it is hypothesized that the tailwater submergence in the present study
will not impact the outflow hydrograph. The validity of this hypothesis will be revisited later in the

manuscript.

2.2.2 Materials and construction methods

Dams constructed in this study present a first order approximation for experimental purposes and
do not reflect conventional heterogenous construction employed in a prototypical setting. Each dam
was constructed from uniform fine sand (#730 Silica Sand by Weldon Company) that possesses a

grain size distribution nominally identical to F110 Ottawa sand with a mean grain size, dso, of 0.12
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mm. The uniform fine sand utilized by Walder et al. (2015) had a larger dso of 0.21 mm, however,
both sands are described as “fine sand” by the Wentworth grade chart, and were considered to be
reasonably similar. Comparison of laboratory data by Walder et al. (2015) to Coleman et al. (2002),
which included model dams constructed of uniform noncohesive material with dso ranging between
0.5 mm to 2.4 mm, demonstrated a small increase in peak discharge with dso. Review of several
further studies by Walder et al. (2015) regarding the effect of grain size on peak discharge revealed
conflicting observations and concluded that if any relation does exist, it could be considered a
second order effect. Therefore, the grain size of the sand utilized in this study was considered to
have little effect on peak discharge results and results can largely be considered comparable to

those of Walder et al. (2015) and Coleman et al. (2002).

Triaxial tests conducted on the #730 fine sand indicate that the constant volume angle of internal
friction of the material is 30.5° (Beddoe & Take, 2016), defining the upper bound of upstream slope

angles possible to be tested in the study.

The construction process for each dam is illustrated in Figure 2.3. The base of the concrete flume
prior to dam construction is illustrated in Figure 2.3a. The most prominent feature in the photograph
is the presence of the 10.2 cm diameter toe drain constructed from two sections of corrugated high
density polyethylene (HDPE) drainage pipe that was installed under the dam crest, flush to the
flume base and secured to the floor with metal strapping. A perforated 2.0 m long pipe section was
located parallel to the crest and wrapped in geotextile fabric to allow for water ingress while
providing a barrier to the sand material. The perforated pipe section was attached to a solid (non-
perforated) 3.5 m long pipe section with an L-joint, extending from the dam crest to beyond the
downstream toe of the dam. The outline of the downstream face of the dam was defined using

aluminum angle brackets anchored to the concrete sidewalls of the flume.
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Sand was deposited into the flume with a Bobcat skid steer loader (Figure 2.3b) for later placement.
The construction methods of the dams included a variety of techniques including hydraulic
placement, shovelling and hand tamping (Figure 2.3c). Hydraulic placement was a method that
allowed for relatively consistent construction across tests, while not requiring the sand to be dried
to an optimal moisture content following each test or utilization of traditional compaction
techniques (e.g. construction in lifts, vibratory compaction). Density was measured prior to
reservoir impoundment with a nuclear density gauge at three points on the dam crest and one point
on the downstream slope 1 m from dam crest, prior to each test, and is reported in Appendix A.
Generally, density measurements were similar across all tests, however some variation in
downstream water content was noted. Dams were deliberately constructed in a “as loose as
possible” state to investigate liquification susceptibility. The average measured dry density of the
dam material, 1517 kg/m®, was similar to the dry density reported by Walder et al. (2015) of 1514

kg/m?®.

In order to contain the sand in the desired dam geometry, formwork was constructed from plywood
sheets. The plywood sheets were saw-cut to allow for drainage, then wrapped in geotextile fabric
to hold the sand in place. Aluminum angle brackets were drilled into the flume side walls, inclined
at 18.4° from horizontal on each of the downstream sidewalls and inclined at angles ranging from
10.0° to 30.0° from horizontal on each of the upstream sidewalls. The plywood formwork was then
sequentially bolted to the brackets as sand was deposited (Figure 2.3d). Sand was liquefied into
slurry form for hydraulic placement by jetting the sand with high pressure water. Generally, the
slurry sand:water ratio was 1:3 based on bottle samples taken during pumping. The slurry was
pumped into place with a Tsurumi HSD 2.55S submersible single-phase portable slurry pump, and
a 186 W submersible puddle pump was utilized with the form work area to quickly evacuate ponded

water.
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Following construction, dams were left to drain for several days prior to removing the formwork.
After the formwork was removed, any additional sand required to form the desired shape was

shovelled into place, hand tamped and smoothed with a trowel (Figure 2.3e).

After each breach test, several days were allowed for drainage of the flume and deposited sand
material. Finally, the sand in the downstream area was moved back upstream for construction of

the next dam by shovelling and with a Bobcat 325 excavator.

2.2.3 Instrumentation

The test instrumentation was specifically designed to capture the instantaneous breach crest
geometry. The falling height of water in the reservoir during the test results in a variable scale factor
between linear distances and pixels due to refraction. Scales were marked on aluminum angle
brackets drilled into the flume side walls, allowing for calculation of a scale factor for each image

analyzed that accounted for the differences in refraction as the reservoir water level decreased.

The dam structure was homogenous, constructed entirely from the same light coloured material.
To provide increased contrast for image analysis, a thin layer of sand dyed black with India ink was
placed on the surface of upstream dam slope. The breach crest shape could then be more clearly
and consistently delineated from discrete images, where it was measured as the shape along the

boundary between the dark sand (uneroded) and light sand (eroded).

The breach crest evolution was measured on plan view images captured by four Canon EOS Rebel
T5 cameras Digital Single-Lens Reflex (DSLR) with 18-55 mm focal length lenses, mounted to a

rotating support beam. The beam was constructed to suspend cameras above the dam, along the
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flume centreline. When in its upright position, cameras mounted to the beam were located 2.5 m
above the dam crest elevation, capturing a combined field of view of approximately 8.0 m in length.
This structure pivoted about two bolted connections, allowing for access to cameras between tests
(Figure 2.3f). The cameras each had an 18 megapixel APS-C 22.3 mm by 14.9 mm sensor. The
cameras were synchronized and images were acquired every five seconds during breach with a

synchronized remote intervalometer.

Quialitative video was captured throughout each test with a Canon EOS Rebel T5 camera positioned
downstream of the dam, oblique to the downstream face. Plan view video was recorded with a
GoPro Hero 3 camera, also attached to the rotating support beam. Additional plan view video was
recorded with a Canon EOS Rebel T5 camera, mounted to a tall extendable tripod, located against

the exterior wall of the flume, near the dam crest.

Reservoir elevation was monitored with five Akamina AWP-24 wave capacitance height gauges,
distributed longitudinally upstream of the dam along the reservoir centreline, set to a sampling
frequency of 100 Hz. Discharge over the dam during breach was calculated from the change in
reservoir elevation over the known reservoir geometry. One wave height capacitance gauge was

also positioned 1.0 m downstream of the dam toe to monitor outflow downstream of the dam.

2.2.4 Test procedure

Upon completion of dam construction, cameras attached to the rotating camera mount were
connected to AC power, the mount was raised into position over the dam, and secured with guy
lines. A pre-failure laser scan of each dam was completed with a Faro Laser Scanner Focus® 150,

with three scanning locations required to capture the upstream, downstream and crest of the dam
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due to occlusions. Additional laser scans were completed of the downstream deposit and remaining

dam structure following failure.

To initiate failure by overtopping, a v-notch approximately 6 cm wide by 6 cm deep with side
slopes of 45° was incised into the centre of the dam crest with a piece of aluminum angle bracket
prior to filling the flume reservoir. This notch size was sufficiently small to encourage a slow
initiation phase of breach, whereas a substantially larger initial notch would have resulted in short
initial phase. As the reservoir was filled, calibration of the capacitance wave height gauges was
conducted. When water entered the v-notch, the water tap was turned off. As the first bead of water
flowed through the notch and reached the downstream toe of the dam, data acquisition with the
capacitance wave height gauges and plan view cameras was started simultaneously. The qualitative

cameras began recording slightly after this time.

During several tests, sediment grab samples were taken downstream of the dam, around the time
of peak discharge. The sand and water volumes of each sample were measured in a graduated

cylinder and recorded.

2.3 Observations of Dam Breach

2.3.1 Breach evolution

The breach process for noncohesive earthen embankments, where overtopping is initiated with a v-
notch incision in the crest, can be described by three sequential stages, previously detailed by others
including Visser et al. (1995), Coleman et al. (2002), and Walder et al. (2015). Photos of the breach

evolution, observed from a downstream oblique view are presented in Figure 2.4.
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In Stage 1, the v-notch slowly begins to increase in size, however, since the downstream face of
the dam is not fully saturated, some of the water and sediment exiting the notch infiltrates and is
deposited on the downstream dam face, respectively. Eventually, as the downstream face of the
dam in the vicinity of this infiltration becomes saturated, the notch outflow incises a narrow channel
into the downstream face. The stage ends when the incised channel reaches the downstream toe

(Figure 2.4 a,b).

In Stage 2, the incised channel begins to form steps beginning at the toe of the dam, retrogressing
toward the crest. The channel is widened by slumping blocks of undercut material, usually
alternating from one side of the channel to the other. The stage ends when the stepping channel

intersects with the breach crest (Figure 2.4 c,d).

In Stage 3, the final stage, discharge increases rapidly, as a path between the stored volume in the
reservoir and downstream dam toe has been opened. The breach channel widens quickly as
increasing outflow continues to undercut the channel banks, and the channel is eroded both laterally
and vertically. Peak discharge is reached, and as the outflow is decreasing, the channel continues
to erode until the end of the breach. The end of the stage coincides with the end of breach process

(Figure 2.4 e-h).

Walder et al. (2015) conducted six breach tests to demonstrate the reproducibility of the outflow
hydrograph. Each dam in this test series was constructed using the same methods and maintained
a constant geometry. They showed that by selecting the time datum, T=0, as the onset of Stage 3,
the time of rapid increase in outflow, test to test variations in outflow hydrographs were small and
behaviour could be directly compared. This approach has also been applied to the outflow

hydrographs presented in this study, as it was previously demonstrated to account for variability in
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the saturation of dam downstream face, reflected in morphological Stage 1 and 2, which was not

tightly controlled in this study.

2.3.2 Outflow hydrographs

Discharge with time throughout the breach process was calculated utilizing reservoir elevation data
captured by upstream wave capacitance gauges, and the reservoir geometry. Peak discharge was
observed to increase as the upstream slope angle increases, ranging from 0.07 m*s for a 10.0°
upstream slope to 0.24 m®/s for a 30.0° upstream slope (Figure 2.5a). It can also be seen that there
is reasonably good repeatability for the tests with 18.4° and 30.0° upstream slope angles, and that
time to reach the peak discharge value decreases as slope angle increases, ranging from 120 seconds
for a 10.0° upstream slope to 75 seconds for 30.0° upstream slope. In the case of Test S2, peak
discharge was taken at the time the discharge rate slowed significantly, though this was not the

absolute maximum value observed.

Due to the small drain in the depositional zone, the maximum reservoir elevation decrease during
breach was limited by the size of the flume downstream of the dam. The equilibrium water level,
between the dam reservoir and depositional area, was a function of the upstream geometry of the

dam, as the downstream geometry was constant for all tests (Figure 2.5b).

A linear relationship between peak discharge and the dam upstream slope angle was identified
(Figure 2.5c). However, this linear relationship does not describe the peak discharge observed by
Walder et al. (2015), for the same upstream dam geometry. Therefore, upstream slope angle alone
cannot fully describe peak discharge. This is an interesting observation that will be further explored

later in this paper in Section 2.3.7.
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2.3.3 Breach geometry

Breach geometry throughout failure was measured on the plan view images captured at five second
intervals during breach. Figure 2.6a shows the breach evolution captured during a typical test, in
this case with an upstream slope angle of 30.0°. The breach crest was manually identified in the
images. The surficial black sand layer placed on the upstream dam face provided contrast between
the upstream face (black) and eroded breach crest (white). On the images, this boundary has been
identified in red. The shape of the breach was observed to be more rounded for the dam with an
upstream slope of 10.0° (Figure 2.6b). This results in the breach arc length, B, being longer in

comparison to other tests.

B* and B were measured for a select number of images during failure, between time T=0 (start of
Stage 3) and the point where the breach shape was observed to be limited by the flume side walls.
(Figure 2.7a and Figure 2.7b, respectively). For the period of the breach process where data was
collected, the breach width and arc length growth rate can be broadly described as linear with

respect to time.

The ratio of B/B* is presented in Figure 2.7c. The results observed at the Queen’s University
laboratory were within the range reported by Al-Riffai (2014) and Walder et al. (2015) of 1.05 to
1.45, with the exception of the dam with an upstream slope of 10.0°, which exceeded this threshold.
This observation is consistent with the rounder shape and comparatively longer breach crest length

for this test, noted above.

2.3.4 Ellipticity index

Review of the plan view images shows that the breach shape generally resembles a semi-ellipse.

Taylor et al. (2018) observed that shape of landslides is generally elliptical and quantified the
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degree of ellipticity of the landslide with an ellipticity index. The ellipticity index, a measure of
how well the observed shape fits to the geometric definition of an ellipse, has been adapted here to

measure the degree of semi-ellipticity of the breach crest:

eB=1—2% 1)

where:

eg = breach semi-ellipticity index

As = original breach area

Agne = area of geometrical intersection between original breach shape and its idealized

elliptical shape

A perfect fit would be where the area of the breach exactly overlaps with the area of an ellipse, As
= Asng, SO es =1. The degree of semi-ellipticity of the dam breach is generally greater than 0.9, so
a semi-ellipse shape can describe the shape of the dam breach crest very well (Figure 2.8a).The
breach shape throughout failure was shown to maintain this semi-elliptical shape when the
calculated semi-elliptical shape is plotted against the measured shape extracted from the plan view

images (Figure 2.8b).

2.3.5 Breach ellipse parameters

As described above, the breach shape can be well described by a semi-ellipse. Based on the method
by Ramanujan (1914), the perimeter of the semi-ellipse (breach crest arc length) is approximately

equal to:

B~ n[3(a+b)—/(3a+b)(a+3b)
2

)
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The ellipse shape is typically described by its major axis, a and minor axis, b. If a semi-ellipse is
fit to the breach shape, the major axis a, aligns with the breach width, B*, where a=B*/2.

From geometry, the depth flowing over the breach crest can then be determined at any point along
the crest by:

d = x * tana 3

where:

d = depth over breach (m)

x = perpendicular distance from point of water surface intersection with upstream dam face

to breach crest (m)

o = dam upstream slope (°)
The ellipse minor axis b, measures the maximum perpendicular distance from the intersection of
the breach crest with the reservoir water elevation, to the intersection with the breach crest (Figure
2.9).
As shown in Figure 2.10a and Figure 2.10b, calculations of the ellipse parameters a and b,
respectively, produce largely linear trends, which is to be expected as they are a function of B*,
which was shown earlier to increase linearly with time. Similarly, the average depth flowing over
the breach crest throughout the breach event, calculated with Equation (3), presents a linear trend

(Figure 2.10c).

The aspect ratio, a/b, describes the proportional relationship between the major and minor axes of
the ellipse (Figure 2.10d). The mean value of a/b was 1.43 + 0.28, ranging from about 0.9 to 2.2
across all tests. Though a/b was variable throughout the failure, it was observed to be somewhat
constant between 20 seconds to 80 seconds in all tests. Data acquisition during breach was limited

to about 100 seconds, or before the breach crest began to be limited by the flume width. The
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relatively constant a/b ratio during the monitored period of the breach event indicates that as the

breach crest grew larger, the elliptically shaped breach crest grew proportionately along both axes.

2.3.6 Rating Curve

In hydraulics, a rating curve communicates the integrated effect of stream geometry and hydraulic

parameters, converting flow height to volume (Chubak & Mcginn, 2002).

The discharge equation to describe flow over the breach crest employed by Walder et al. (2015)

was:

Q= Cq4 (§)3/2g1/2 B < E >/ 4)
where:
Q = discharge (m®/s)
Cq = discharge coefficient (dimensionless)
g = acceleration due to gravity (m/s?)
B = breach crest arc length (m)

<E> = mean specific energy (m)

At an average depth along the breach crest, davg, <E> can be written as:
1]2
<E>:£+davg (5)

where:
v = mean flow velocity (m/s)

davg = average depth flowing over breach crest (m)
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The Froude number is a hydraulic relationship of the ratio of gravitational forces to inertial forces,

and provides a method of classifying flow conditions, defined as:

v

Fr = T (6)

where:

Fr = Froude number (dimensionless) (Yalin & Da Silva, 2001)

The breach crest has previously been described as the location of critical flow, separating upstream
subcritical flow and downstream supercritical flow. However, as discussed by Walder et al. (2015),
due to the strong curvature of the streamlines at the breach crest, relationships for steady, uniform,
rectangular flow cannot be applied to the elliptically shaped weir, specifically, the critical Froude
number does not equal 1 at this location (Castro-Orgaz & Chanson, 2009). Walder et al. (2015)
calculated the critical Froude number at the breach crest to be 0.74 +0.14 utilizing laboratory data.

In other words, the Froude number will equal 1 slightly downstream of the breach crest location.

The flow velocity was not measured during this experiment as any technique available at the time
of testing would have obscured images required for breach geometry analysis. Therefore, a Froude
number at the breach crest of Fr=0.74 was adopted based on the work by Walder et al., 2015, due
to comparable dam dimensions and materials. Fr=0.74 can be substituted into Equation (5) to solve
for the average flow velocity, and Equation (6) can be re-written as:

<E >=1.274dgy, @

If a Froude number of Fr=1 was utilized in analysis, this would have resulted in a 13.5%

reduction in calculated mean specific energy at the breach crest.
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A rating curve has been developed for this test series, comparing measured outflow to the outflow
calculated utilizing Equation (4), without a discharge coefficient value (Figure 2.11). This plot also
includes data presented by Walder et al. (2015). The slope of the rating curve is equal to the
discharge coefficient, Cq. Cq can be thought of as a correction factor, which accounts for observed
differences between discharge measured in the laboratory and the theoretical discharge calculated
with the discharge equation. The Cq value for this test series was found to be 0.98, which is close
to that reported by Walder et al. (2015) of C4=0.96. Two tests conducted at Queen’s have been
omitted from the Cq4 calculation due to the reservoir being filled for a long period of time pre-test,
possibly resulting in over calculation of depth flowing over the breach crest due to variation in post
impoundment geometry from the design geometry (e.g. wetting collapse). The rating curve suggests
that the outflow equation presented by Walder et al. (2015) is a good method to describe outflow

over the breach crest for an elliptically shaped breach crest.

2.3.7 Peak Outflow Calculation

As discussed in Section 2.3.2, the dam upstream slope angle alone could not describe peak outflow
for dams with equal upstream geometries constructed in both the reservoir at Queen’s University
and the reservoir constructed by Walder et al. (2015). However, the shape of the reservoir storage
function for the two facilities was different, and the total volume available for release during breach
was about 13 m® at the USGS facility, compared to roughly 16 m? at the Queen’s facility (Figure
2.12). As will be detailed below, the available reservoir volume is critical in determination of peak

discharge.

From the elliptical breach geometry definition, it has been established that the depth of water over

the breach at the intersection of the breach crest with the reservoir water elevation is zero, or in
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other words, the depth of water in the reservoir, H, is equal to the dam height, D. At every other
point along the breach crest, the depth of water in the reservoir must be equal to the depth flowing
over the breach crest plus the dam height (H=d+D). If the reservoir elevation becomes less than
this condition (H < d+D), the discharge rate is limited, as the reservoir is unable to completely fill
the available breach crest area. Discharge will decrease due to a decreased depth flowing over the
breach. Peak discharge has been reached when this reservoir elevation condition can no longer be

satisfied (Figure 2.13).

To calculate breach outflow based on the discharge equation, the breach crest geometry was defined
based on laboratory data. A general breach width growth rate, based on a linear regression of B*

vs time, is shown on Figure 2.7a.

Since the breach crest was found to be elliptical, the ellipse aspect ratio can be used to calculate the
breach crest arc length, B, based on the horizontal breach crest width, B*, and the aspect ratio, a/b.
The mean aspect ratio, a/b=1.43 has been used in this analysis. Next, the depth flowing over the
breach crest can be calculated based on the upstream slope angle. Finally, incremental discharge
can be calculated with the discharge equation and C4=0.98 from the rating curve in Figure 2.11. To

calculate peak discharge, this iterative calculation is repeated until condition H<d+D is true.

In contrast to the peak discharge relationship based on upstream slope angle alone, the method
described above can be used to accurately calculate the peak discharge rate and time to peak for
dams with upstream slope angles of 30.0° in each of Queen’s University and USGS reservoirs
(Figure 2.14a). Further, this method is also applicable for dams with upstream slope angles ranging

from 10.0° to 30.0°, with a constant reservoir, exemplified by the calculation of peak discharge
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compared to measured peak discharge for each dam in this test series constructed in the Queen’s

University flume (Figure 2.14b).

Post-peak discharge behaviour has not been calculated in this study due to the limitation of the
flume width. Generally, breach behaviour transitioned from 3D to 2D soon after peak discharge
was reached, and data collection stopped. As such, the 3D breach crest width growth rate behaviour

post-peak discharge is unknown.

2.4 Conclusions

A key finding of this study is that a semi-ellipse can describe the shape of an upstream hydraulic
control section breach crest. It is this upstream feature, at the location of critical flow, which
governs breach discharge, and not the chaotic slope failure and erosion events occurring in the
breach channel downstream. Further, the profile of water flowing over the breach crest is also semi-
elliptical shaped, with water depth increasing from zero at the intersection of the breach crest with

the reservoir water elevation, to its maximum point below the apex of the breach crest semi-ellipse.

The growth rate of the breach crest horizontal length, B*, and breach crest arc length, B, was found
to increase linearly with time from the time datum, at the onset of morphological Stage 3, to the
point where the experiment transitioned from a 3D to 2D scenario (flume width limit reached). This
transition coincidently occurred around the time peak discharge was reached for most tests in this
study. Within the geometric framework of a semi-ellipse, the shape aspect ratio, a/b, was calculated.
It was observed to be reasonably steady between time T=20 to T=80, or the majority of the period
where data was collected. By combining a constant ellipse aspect ratio with a linear breach crest

growth rate, the size and shape of the breach crest can be numerically calculated throughout failure.
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Discharge over the breach crest was calculated using the same equation presented by Walder et al.
(2015). The Froude number, Fr=0.74, observed at the breach crest in that study was assumed to be
similar here. Discharge calculated based on data from this test series also fit reasonably well on the
rating curve presented by Walder, indicating that their discharge equation can describe both
experiments. Al-Riffai and Nistor (2011) showed that peak discharge was inversely correlated to
peak discharge in terms of void ratio, and therefore the effect of density on peak discharge with

respect to upstream slope angle warrants further research.

Finally, the influence of dam upstream geometry and the reservoir geometry was examined. It was
observed early in the study that though there was a relationship between peak outflow and the dam
upstream slope angle, this relationship was not valid for equally sized dams in differently shaped
reservoirs. Peak discharge occurs at the point in the breach event when the breach crest is longest
while the depth of water flowing over the breach is at its maximum. The breach discharge becomes
limited by the reservoir capacity when the reservoir elevation, H, becomes less than the sum of the
dam height, D, and the theoretical depth of flow over the breach crest, d. Given the dimensions of
the dam and reservoir, a breach crest growth rate, and a semi-ellipse aspect ratio, discharge could
be evaluated iteratively, reaching peak when this geometric condition was no longer satisfied. This
methodology resulted in calculations of peak discharge and time to peak that were reasonably
accurate for dams constructed in this study and selected dams from the Walder et al. (2015) study.
Post-peak outflow calculations were not included due to the test flume width limitation,

coincidentally restricting data collection after peak discharge was observed in most tests.
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Table 2.1: Slope Angle Sensitivity Test Series Details

Test Dam Crest Dam Upstream Downstream
Research ID Height Breadth  Width Slope Slope Pilot Notch dso Qpeak
Group (m) (m) (m) ©) ®) Location (mm)  (md/s)
S4 1.00 0.30 2.09 10.0 18.4 Flume Centre 0.12 0.07
Queen's Sl 1.00 0.30 2.09 18.4 18.4 Flume Centre 0.12 0.14
University S2 1.00 0.30 2.09 18.4 18.4 Flume Centre 0.12 0.16
(present S5 1.00 0.30 2.09 25.0 18.4 Flume Centre 0.12 0.17
study) S3 1.00 0.30 2.09 30.0 18.4 Flume Centre 0.12 0.24
S6 1.00 0.30 2.09 30.0 18.4 Flume Centre 0.12 0.23
1 1.00 0.36 2.00 30.0 30.0 Flume Centre 0.21 0.13
2 1.00 0.36 2.00 30.0 30.0 Flume Centre 0.21 0.13
(V\l/Ja?(?ef o 3 1.00 0.36 2.00 30.0 30.0 Flume Centre 0.21 0.14
al., 2015) 4 1.00 0.36 2.00 30.0 30.0 Flume Centre 0.21 0.17
5 1.02 0.33 2.00 30.0 30.0 Flume Centre 0.21 0.15
10 1.00 0.36 2.00 30.0 30.0 Flume Centre 0.21 0.13
University of
Auckland Flume
(Coleman et N/A 0.30 0.07 221 20.3 20.3 Sidewall 0.50 0.20
al., 2002)

38



B /FTOW direction

through breach
[V B*

#

Figure 2.1: Schematic of dam breach geometry. B is the arc length distance of the breach
crest, B* is the horizontal width between the two ends of the breach crest. The depth of

water flowing over the breach, d, is geometrically related to the dam upstream slope angle,

a.
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Figure 2.2: Test series experimental program. a) Dam upstream slope angle sensitivity— angles selected for testing b) Instrumentation

setup The total horizontal flume length is 36 m, with the dam positioned approximately in the middle. The reservoir horizontal length is
dependant on the dam upstream slope angle, a. In the schematic above, a=18.4°.
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angle brackets
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- Lidar tarﬁt( ~

Figure 2.3: Images of the construction process. a) L-shaped toe drain drilled into the flume base
prior to sand placement; b) Materials handling with Bobcat skid steer; ¢) Sand placement in
progress; d) Slurry pumping sand between geotextile-wrapped plywood forms; e) Downstream view

of finished dam, post surface smoothing; f) View of cameras mounted to the rotating support beam,

in its upright position
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Figure 2.4: Downstream view of dam breach morphology for a typical test. Stage 1 (a-b): an initial
channel is incised into the downstream dam face. Stage 2 (c-d): The breach channel forms step like
features, retrogressing backward toward the dam crest. Stage 3 (e-h): The breach channel

intersects the upstream dam crest, marked by an exponential increase in outflow.
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Figure 2.5: a) Breach outflow hydrographs for each test in the series (Discharge vs Time); b)
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T = 80 sec ) i R s 120 sec

Figure 2.6: a) Plan view of breach growth during a typical test (Test S3). The breach crest shape is visually observed as the boundary of
light coloured (eroded) sand and dark colored (intact) sand; b) Plan view of breach crest growth during the 10.0° test. The shape was

noted to be more rounded than all other tests, effecting the aspect ratio.
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Figure 2.7: a) Horizontal Breach Width (B*) vs Time measured during each test. The white
markers indicate peak discharge; b) Breach arc length vs Time measured during each test;

c) Ratio of B/B* for each test in the series.
45



a) 1.2 : : . . . . .
[ o © o
o
1+ . © -
o © ° o ?
o o
o) o Q
— 0.8 @] o o _
E o 0 ?
) o
g 0.6+ o © O © © C O © i
© o (0] (8]
o o}
o o ©%90_ ©
0.4' o QO O o O O -
OO o o° 500%0, © ° 4
%0 o 000~ o 0o
o o}
0.2+ % 0”0 Q¥ q © |
8 98 o
e}
D 1 1 1 1 L 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Distance [m]
b) 11 T T T T T T
¢ Py
“n_‘.,/ —
~ 0.9 4
L
Py
S 0.8+ -
4
a
o
0.7
@® 10.0°
0.6F| ¢ 18.49 1
® 2509
A 30.09
0.5 1 L 1 1 1 L
0 20 40 60 80 100 120 140

Time [s]

Figure 2.8: a) Example of the ellipticity index calculation; b) Ellipticity index of the breach

crest shape, measured during each test, where e. =1 means the breach crest is perfectly

elliptical.
46



Apply common ellipse
notation to breach
shape definition

B a
/ >’B*
A
\
[
\ s/
d
\L_' [ | L
oo A7
a
N\

Figure 2.9: Schematic of breach crest, defined by common ellipse notation. The breach crest
horizontal distance, B*, equals 2a, where a is the major ellipse axis. The minor ellipse axis,
b, measures the horizontal distance from the location where the reservoir elevation

intersects the dam height to the breach crest.
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Figure 2.13: Schematic of maximum available discharge condition. The reservoir storage

function was shown to limit breach discharge when the reservoir elevation (H) fell below the

sum of the dam height below the breach crest location (D) and maximum potential depth of

water flowing over the breach crest (d).
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Chapter 3
Effect of beach elevation on peak discharge observed during

overtopping of physical model tailings dams

3.1 Introduction

Tailings dam failure is defined by the Tailings Dam Breach Working Group of the Canadian Dam
Association (CDA) as “a physical breach of the dam followed by an uncontrolled release of stored
materials that could include fluids and tailings” (Martin et al., 2019). Tailings dam breach
assessments currently being employed in practice are heavily reliant on methodologies designed
for water retaining dams. Considerable research effort has been undertaken to define dam breach
processes for water retaining structures including work by Coleman et al. (2002) at the University
of Auckland, and Walder et al. (2015) at the United States Geological Survey (USGS) research
station in Oregon. These studies were both conducted on breach initiated by overtopping for
homogenous, noncohesive embankment dams. In departure from research on dam breach
conducted elsewhere, these studies focussed on the arc shaped erosional feature that forms the
upstream breach crest, as this was shown to hydraulically control the outflow through the breach,
rather than the width of the downstream channel through the dam. In these studies, the breach crest
was defined by connecting a series of high points along streamlines flowing over the breach channel
where flow is perpendicular to the breach crest at all points along its length (Coleman et al., 2002).
Follow on work by Walder et al. (2015) showed that the breach crest is a hydraulic control structure
analogous to a weir, separating subcritical flow upstream from supercritical flow downstream, with
the volumetric flow rate discharged over the breach crest governed by the size and shape of the

breach crest, which evolves dynamically through the breach process.
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The shape of the breach crest is defined in these past studies by the breach width horizontal distance,
B*, and the breach arc length, B (Figure 3.1). The depth of water flowing over the breach, d, ranges
from zero at the intersection of the breach crest with the reservoir water elevation to its maximum
point at the arc apex. As discussed in Chapter 2, a semi-elliptical shape can describe the arc shape
of the breach crest throughout failure. The ellipse major axis, a, is equal to B*/2. The minor axis,
b, measures the perpendicular distance from the intersection of the breach crest with the reservoir
elevation to the breach crest apex. The geometry of tailings dam structures is distinctly different
from water retaining dams in a variety of ways, including the presence of tailings beach features
combined with a shallow upstream slope angles, which may impact the upstream breach crest

evolution and therefore the outflow hydrograph through a breach in the tailings dam case.

A beach is a commonly designed feature in tailings dams, extending from the dam face upstream
into the reservoir. At a facility where tailings are deposited from the mineral processing mill in
slurry form, shallowly sloping beaches form in the area of the discharge outlet, commonly
positioned close to or on the dam crest. In the absence of thickeners or other homogenizing agents,
particle segregation occurs as the slurry flow spreads into the reservoir. Denser, coarser grained
particles drop out of slurry suspension close to the outlet, while finer grained particles are carried
further upstream of the dam, with fluids eventually coming to rest in a supernatant pond (McPhail,
1994). Seepage failure (i.e. piping) is another common dam failure mode. A minimum width of the
tailings beach upstream is often specified to maintain a dry distance between the supernatant pond
and the dam face. This lowers the hydraulic gradient, reducing the risk of seepage induced failures

(Mcleod & Murray, 2003).

The influence of the presence of a tailings beach is hypothesised in Figure 3.2, in which the breach
process and outflow hydrograph for a clearwater dam and a tailings dam with a beach are illustrated

in Figure 3.2a, and b, respectively. In a clearwater dam, discharge increases rapidly until a peak
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point is reached. Peak discharge occurs when the breach crest width and depth flowing over the
breach crest reach a maximum combined volume, a function of the geometry of the upstream dam
slope and reservoir (Figure 3.2a). However, in a tailings dam with a shallowly sloping beach, the
reservoir volume available to flow over the breach crest will be reduced when the breach crest
erosion retrogresses beyond the intersection point of the upstream dam slope and the beach. The
time during the breaching process that this intersection occurs is important; if the intersection
occurs while the discharge rate is still on the rising limb of the outflow hydrograph, then peak
discharge will be reduced (Figure 3.2b). However, if peak discharge had already been reached, then

the beach cannot have an effect.

The influence of upstream slope angle has already been investigated in Chapter 2, where it was
demonstrated that peak discharge is linearly related to the dam upstream slope angle. A steeper
upstream slope angle resulted in a deeper flow over the breach crest, leading to a higher peak
discharge rate. However, tailings dam slopes are typically constructed with shallower upstream
slopes compared to the water retaining dams. Therefore, depth flowing over the breach crest in a

tailings dam is expected to be lower, limiting peak discharge.

In this paper, the potential for a tailings beach to impact peak discharge during breach is
investigated, specifically if the breach crest intersects the beach while on the rising limb of the
outflow hydrograph. Beach features are not found in a traditional water storage facilities, therefore
it is imperative to quantify whether this difference in upstream geometry impacts discharge. Five
large scale physical model dams, on the other of 1 m in height were constructed, with beach heights
ranging from 0.50 m to 0.90 m. In the remainder of this paper we describe the experimental program
and show that the previously presented mathematical framework to quantify the instantaneous
geometry of the breach crest shape for clearwater dams is also applicable to this case including an

upstream beach. Quantitative estimates of peak discharge are made for each beach height tested,
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recognizing that the time the breach crest intersects with the beach slope is a determining factor on

whether peak discharge is affected by the beach.

3.2 Experimental Methods and Materials

3.2.1 Experimental program

To investigate the effect of shallowly sloping beaches in the upstream reservoir of tailings storage
facilities on breach outflow due to overtopping, a test series including five large physical model
dams (1.0 m in height) was undertaken. The dams were constructed at the Queen’s University
Landslide Flume facility, in the 36 m horizontal runout section. Similar to the test series conducted
in Chapter 2, the dam crest width, 0.30 m, and downstream dam slope angle, 18.4° (3H:1V),
remained constant for all tests. Beach height, measured vertically at the intersection of the beach
with the dam upstream slope to the flume base, ranged from 0.50 m to 0.90 m (Figure 3.3). The
dam upstream slope angle above the beach intersection was 18.4° in all tests. Details of this test
series are presented in Table 3.1, along with two tests, S1 and S2, from Chapter 2, to provide

comparison the case of no beach for a dam with an upstream slope angle of 18.4°.

Due to space and material constraints, the length of the beach was terminated at a point located 3
m beyond the original upstream toe location of Tests S1 and S2. To achieve a beach slope angle of
2.9° (5%) over this shortened distance, a vertical cut-off wall at the end of the beach was required.
The wall consisted of plywood sheeting, matching the height of the beach at the wall location. The
wall was constructed upward sequentially, by adding plywood sections to increase the wall height

coinciding with each raise in beach height.

Sliding and overturning were resisted by two 1 m® soil bags, each filled with approximately 1000

kg of sand, placed on horizontal straps extending from the wall base upstream into the reservoir.
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The vertical cut-off wall also limited the reservoir water volume available during breach. Water in
the reservoir below the elevation of the top of the cut-off wall was referred to as “dead volume”

since it was obstructed by the wall.

Materials, construction methods, instrumentation and procedures of the clearwater dam test series
in Chapter 2 were replicated in their entirety for this test series, with the exception of the addition
of the tailings-style beach to the upstream reservoir, to permit a direct comparison between these

two cases.

3.2.2 Materials and construction methods

Each dam and beach were constructed entirely from uniform fine sand (#730 Silica Sand by Weldon
Company) with a mean grain size, dso, of 0.12 mm. The construction process, highlighting the
beach addition, is illustrated in Figure 3.4. The dam structure was constructed in tandem with beach
placement. Material from previous tests that was not mobilized downstream of its original location
during breach was left in place, while additional sand for subsequent beach raises was added to the
flume with a Bobcat skid steer loader. In Test W5, due to the decrease in beach height from Test
W4, excess material was removed from the flume prior to construction. A Bobcat excavator was
also utilized to move materials deposited downstream in previous tests back to the dam location at
the midpoint of the flume horizontal reach (Figure 3.4a). In order to contain the sand in the desired
dam geometry, formwork was constructed from plywood sheets. The forms were bolted in place
onto aluminum angle brackets, inclined at 18.4° from horizontal for both the upstream and
downstream dam slopes, attached to the concrete sidewalls of the flume using anchors. The planned
beach height, extending upstream from the intersection point with the dam upstream slope, was

marked on each flume side wall at 1 m intervals for a visual guide during placement(Figure 3.4b).
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The dam structure was constructed through a combination of hydraulic placement, shovelling and
hand tamping. Sand was liquefied into slurry form for hydraulic placement by jetting the sand with
high pressure water. The slurry was pumped into place with a Tsurumi HSD 2.55S submersible
single-phase portable slurry pump, and a 186 W submersible puddle pump was utilized to evacuate
ponded water. The beach structure was constructed by end dumping material into the flume with
the Bobcat skid steer, then distributed by hand with a shovel, with limited compactive effort applied

by walking on the material (Figure 3.4c).

As in Chapter 2, to avoid the risk of shear failure, a toe drain constructed from two sections of 10.2
cm diameter corrugated high density polyethylene (HDPE) drainage pipe was installed under the

dam crest, flush to the flume base and secured to the floor with metal strapping.

Following construction, dams were left to drain for several days prior to removing the formwork.
After the formwork was removed, any additional sand required to form the desired shape was

shovelled into place, hand tamped and smoothed with a trowel (Figure 3.4d).

3.2.3 Instrumentation

The instrumentation was specifically designed to capture the instantaneous breach crest geometry.
This is difficult to capture with images as the height of water changes during the test, causing a
variable scale factor between linear distances and pixels due to refraction. Scales were marked on
the upstream aluminum angle brackets drilled into the flume side walls, which allowed for
calculation of a unique scale factor for each image analyzed that accounted for the difference in

refraction as the reservoir water level decreased throughout the breach.

The breach shape evolution was measured on plan view images captured by four Canon EOS Rebel

T5 Digital Single-Lens Reflex (DSLR) cameras. The cameras were located at a height of 2.5 m
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above the dam crest elevation, positioned over the flume centreline, capturing a combined field of
view of approximately 8.0 m in length. These four cameras were synchronized and remotely

triggered every 5 seconds during breach.

To consistently delineate the breach crest shape, a thin layer of sand was dyed black with India ink
and placed on the surface upstream of the crest. This surficial layer of dark sand contrasted the rest
of the light coloured sand of the dam and beach structure. Since the breach crest growth is an
erosional process, the breach crest shape could be defined at the boundary of dark (unaffected) and

light (eroded) sand.

The reservoir elevation, from which breach discharge can be calculated, was monitored with five
Akamina AWP-24 wave capacitance height gauges, distributed longitudinally upstream of the dam
along the reservoir centre line, set to a sampling frequency of 100 Hz. One wave height capacitance
gauge was also positioned 1.0 m downstream of the dam toe to monitor outflow downstream of the

dam.

3.2.4 Test procedure

Following construction of each dam structure, a pre-failure laser scan was completed with a Faro
Laser Scanner Focus® 150. Additional laser scans were completed of the downstream deposit and
remaining dam/beach structure following failure, gathering data for volume displacement

calculations.

A v-notch, approximately 6 cm wide by 6 cm deep, was incised into the centre of the dam crest
prior to filling the flume reservoir. The reservoir was filled to the point where water entered the v-

notch, initiating overtopping failure. As the first bead of water flowed through the notch and
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reached the downstream toe of the dam, data acquisition with the capacitance wave height gauges

and plan view cameras was started simultaneously.

During several tests, sediment grab samples were taken downstream of the dam, around the time
of peak discharge. The sand and water volumes of each sample were measured in a graduated

cylinder and recorded.

3.3 Observations of Dam Breach

3.3.1 Outflow hydrographs

The time rate of outflow during the breach process was calculated utilizing reservoir elevation data
captured by upstream wave capacitance gauges, and the geometry upstream of the dam crest. Peak
discharge was observed to be similar for dams with beach heights between 0.50 m to 0.72 m, and
is comparable to those of clearwater dam tests with the same dam upstream slope angle of 18.4°
(Tests S1 & S2 in Chapter 2), ranging from 0.12 m*/s to 0.16 m®/s, with a mean peak discharge
across these five tests of 0.136 m*%s, and standard deviation, o, of 0.015 m%s (Figure 3.5a). It is
postulated that the differences in observed peak discharge in the tests above is likely due to test to

test variability.

In contrast, tests completed with beach heights of 0.80 m and 0.90 m recorded peak discharge
values of 0.07 m%s and 0.06 m®/s, respectively. This marked decrease in peak discharge is an
important observation in this test series and is investigated further in the remainder of this

manuscript.

Another way to visualize breach outflow is to compare reservoir elevation and discharge rate. In
each of the 0.80 m and 0.90 m beach height tests, the peak discharge is reached at or slightly above

the beach elevation (Figure 3.5b). It was hypothesized that if the beach elevation was intersected
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by the reservoir elevation while on the rising limb of the hydrograph (i.e. before peak discharge),
then the beach limited water volume available to flow over the breach crest, thereby limiting

discharge.

Note that due to the small drain in the depositional zone, the maximum reservoir elevation decrease
during breach was limited by the size of the flume downstream of the dam. When the equilibrium
water level was reached between the dam reservoir and depositional area, the breach process was

halted.

3.3.2 Breach geometry

As described in detail by Walder et al. (2015), the breach crest evolution occurs in three distinct
stages. Only the final stage, Stage 3, is of interest in this study. It is marked by the onset of a rapid
increase in discharge. This coincides with the time datum, T=0, on the outflow hydrographs
presented herein. Similar to Chapter 2, breach geometry throughout failure was measured on plan
view images captured at five second intervals during breach. B* and B were measured for a select
number of images during failure, between time T=0 and time to peak discharge (Figure 3.6a and b,
respectively). For the period of the breach process where data was collected, the breach width and
arc length growth rate can be largely described as linear with respect to time, similar to observations

in Chapter 2.

The ratio of B/B* is presented in Figure 3.6¢. The results observed during this test series were
mostly within the range previously reported by Al-Riffai (2014) and Walder et al. (2015) of 1.05

to 1.45.
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As demonstrated in Chapter 2, the breach shape throughout failure can be described by a semi-

ellipse, with the degree of ellipticity quantified by the ellipticity index:

Agp—A
ep=1-2 B ABBnE (1)

where:
eg = breach semi-ellipticity index
As = original breach area

Asng = area of geometrical intersection between original breach shape and its idealized

elliptical shape

A perfect fit would be where the area of the breach exactly overlaps with the area of an ellipse, As
= Asgng, S0 eg =1. The measured degree of semi-ellipticity of the dam breach crest was generally
greater than 0.95, so a semi-ellipse shape can also describe the shape of the dam breach crest in this

test series very well (Figure 3.7).

When a semi-ellipse is fit to the breach shape, the major axis a, aligns with the breach width, B*,
where a=B*/2. Based on the method by Ramanujan (1914), the perimeter of the semi-ellipse

(breach crest arc length) is approximately equal to:

n(3(a+b)—+/(3a+b)(a+3b)
B ~ TREC ] 2)
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As shown in Figure 3.8a and b, the growth rates of ellipse parameters a and b were largely linear,

as be expected as they are a function of B*, which was shown earlier increase linearly with time.

The aspect ratio, a/b, describes the proportional relationship between the major and minor axis of
the ellipse (Figure 3.8c). The mean value of a/b for was 1.31 £ 0.23, ranging from about 0.87 to
1.84 across all tests. Though a/b was variable throughout the failure, it was observed to be
somewhat constant between 0 seconds to 50 seconds in all tests, with a mean value of about 1.4.
Image analysis during breach was ended at the time peak discharge, at about 100 seconds after the

start of Stage 3.

From geometry, the depth flowing over the breach crest can be determined at any point along the

crest by:

d = x * tana 3
where:
d = depth over breach (m)
x = perpendicular distance from point of water surface intersection with upstream dam face
to breach crest (m)

a = upstream slope angle (°)

From Equation (3), the depth flowing over the breach crest is a function of the upstream dam
geometry, inclusive of the beach geometry. When the breach crest intersects the inflection point
between the upstream dam slope and the beach, transitioning from a slope angle from 18.4° to 2.9°,
depth is reduced (Figure 3.8d). However, upstream slope angle alone cannot be used to calculate
peak discharge, as discussed in Chapter 2. The behaviour observed in this test series indicated that

in addition to the change in slope angle at the breach-beach intersection, the timing of this

63



intersection was important in determining whether the presence of the beach affected peak
discharge. If the intersection of the beach occurs while the breach process is on the rising limb of
the hydrograph (Figure 3.5a), then the beach essentially starves the breach process of water by
limiting the depth available to flow over the breach crest and drive the erosional breaching process.
On the contrary, if the beach is not intersected by the breach crest before peak outflow is reached,

then the beach was not observed to have a meaningful effect on peak discharge.

3.3.3 Rating Curve
The methods for calculating discharge during breach were identical to those presented in Chapter
2, with the exception of test data from this series being utilized to evaluate the discharge coefficient,

Ca.

The discharge equation to describe flow over the breach crest employed by Walder et al. (2015)
was:
Q= Cy (2)3/2 g2 B < E >, 4)

where:

Q = discharge (m®/s)

Cq = discharge coefficient (dimensionless)

g = acceleration due to gravity (m/s?)

B = breach crest arc length (m)

<E> = mean specific energy (m)
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At an average depth along the breach crest, davg, <E> can be written as:

2
<E>=Z—g+davg (5)

where:
v = mean flow velocity (m/s)

davg = average depth flowing over breach crest (m)

The Froude number is a hydraulic relationship of the ratio of gravitational forces to inertial forces,

and provides a method of classifying flow conditions, defined as:

_ v
Fr = Nz (6)

where:

Fr = Froude number (dimensionless) (Yalin & Da Silva, 2001)

The breach crest has previously been described as the location of critical flow, separating upstream
subcritical flow and downstream supercritical flow. Due to the strong curvature of the streamlines
at the breach crest, relationships for steady, uniform, rectangular flow cannot be applied to the
elliptically shaped weir, specifically, the critical Froude number does not equal 1 at this location
(Castro-Orgaz & Chanson, 2009). Walder et al. (2015) calculated the critical Froude number at the
breach crest to be 0.74 +0.14 utilizing laboratory data. Assuming that the Froude number at the
breach crest in this study is similar, due to comparable dam dimensions and materials, Fr=0.74 can
be substituted into Equation (6) to solve for the average flow velocity, and Equation (5) can be re-

written as:

<E >=1.274dgy, )
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A rating curve was plotted to evaluate the fit of the discharge equation to lab measurements in this
test series, comparing measured outflow to the outflow calculated utilizing Equation (4) (Figure
3.9). This plot also includes data presented by Walder et al. (2015). Any points occurring after the
marked decrease in depth flowing over the breach crest were omitted from the rating curve, with
the intention of only describing breach behaviour from time T=0 to the time of peak discharge. The
slope of the rating curve is equal to the discharge coefficient, Cq. Cq is a correction factor, calculated
post-test to account for difference in measured discharge and ideal calculated values. The Cq value
for this test series was found to be 0.89, which is lower than observed in Chapter 2 and that reported
by Walder et al. (2015) of 0.98 and 0.96, respectively. However, the data from the 0.65 m beach
test does not fit well with the other tests in this series, potentially due to over calculation of depth
flowing over the breach crest due to possible variation in post impoundment geometry from the
design geometry. If this test is omitted from the calculation, Cd=0.96. In model calculations, a
C4=0.98 was utilized, with the rational of conservatively overestimating peak discharge, and for a

direct comparison to Chapter 2 results.

The rating curve suggests that the outflow equation presented by Walder et al. (2015) is a good
method to describe outflow for a semi-elliptically shaped breach crest, prior to breach-beach

intersection.

3.3.4 Peak outflow model

As discussed in Section 3.3.2, the dam upstream slope angle alone could not describe peak outflow.
Available reservoir storage volume was also found to be an important factor in Chapter 2. The
shape of the reservoir storage function for each dam in the test series was unique due to the variable
height of the beach. The total volume available for released during breach ranged from was about
10.25 m?® for a beach height of 0.90 m to roughly 16 m?® for the case of no beach (Figure 3.10).
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To model breach outflow based on the framework of a semi-elliptical breach crest shape, a general
breach crest growth rate, based on a linear regression of B* vs time, shown on Figure 3.6a, was
incorporated into the discharge equation presented by Walder et al., 2015. The aspect ratio of the
breach crest was taken as 1.4, the approximate mean value before the beach started to interact with
the breach crest. The depth flowing over the weir can be calculated on an iterative basis, by tracking
the breach crest location as it retrogresses upstream. When the breach crest shape surpasses the
intersection of the upstream dam slope and the beach slope, the depth flowing over the breach
begins to decrease. Simultaneously, the discharge iteration also monitors the reservoir elevation,
which decreases for each timestep based on calculated discharge and compares to the modelled
depth over the breach crest and dam structure elevation. Peak discharge is affected by the presence
of the beach only if the breach crest interacts with the beach slope before the peak discharge
condition is reached. That is to say, for the given reservoir and dam geometry, there is a specific
discharge volume that is required to reach peak discharge. Since the beach limits volume available
to the breach process, if this peak discharge volume has not been released prior to beach

intersection, then the beach will limit peak discharge.

The method described above can used to reasonably calculate the peak discharge rate and time to
peak for dams constructed with beaches of height 0.50m to 0.72 m (Figure 3.11a), 0.80 m (Figure
3.11b) and 0.90 m (Figure 3.11c). The model estimation compared to peak discharge measurement
for the 0.90 m test did not agree as well as the other cases. Standard deviation, ¢, was calculated
for peak discharge for the population of dams with an 18.4° upstream slope angle, and beach height
between 0.00 m to 0.72 m (Tests S1, S2, W1, W2 &WS5). Standard deviation was 0.017 m3/s. When
this is considered along with the ellipse model fit for the 0.90 m case, the modelled result and

measured peak discharge comes within *c.

67



The quality of the ellipse model fit, and the effect of the breach-beach interaction, can also be
visualized as peak discharge compared to the depth to beach from the maximum reservoir elevation,
where the semi-elliptical model results and the measured peak discharge are bounded in the grey

area (Figure 3.12).

3.4 Conclusions

Five large-scale physical model tests of 1.0 m high dams with upstream beach elevations ranging
from 0.5 m to 0.9 m were tested to define the effect of beach elevation on breach peak discharge.
The results of these tests quantitatively confirm the hypothesis that the presence of at tailings-style
beach in the dam reservoir impacts peak discharge only if the breach crest intersects the beach slope
while the discharge rate is on the rising limb of the outflow hydrograph. Peak discharge rates for
beach heights less than 0.80 m were similar to those for clearwater dam Tests S1 and S2 in Chapter
2. However, when the beach height exceeded 0.80 m, peak discharge was reduced by almost 50%,

from about 0.14 m®/s to less than 0.07 m®/s.

The semi-elliptical fit peak discharge calculation presented provided reasonable estimations of peak
discharge. The model utilized a linear breach growth rate and constant ellipse aspect ratio to
iteratively determine peak discharge based on upstream geometry, occurring when the erosional

breach process became water limited, either due to reservoir geometry or beach intersection.

This work focussed on breach by overtopping, initiated with a v-notch cut in the dam crest along
the flume centreline. Other failure modes, such as shear failure, would result in different discharge
relationships and warrant further research. In this study, materials did not experience flow
liquefaction during failure. Post-peak outflow calculations were not included due to the test flume

boundary conditions, restricting data collection.
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Table 3.1: Beach Height Test Series Details

Reservoir Dam Cut-off
Dam Elevation Crest Dam  Upstream Downstream Beach Wall
Test Height  atBreach Breadth Width Slope Slope Pilot Notch dso  Height  Height Qpeak
ID (m) (m) (m) (m) ) ) Location (mm) (m) (m) (m¥/s)
w1 1.00 0.93 0.30 2.10 184 184 Flume Centre  0.12 0.50 0.28 0.12
W2 1.00 0.96 0.30 2.10 18.4 18.4 Flume Centre  0.12 0.65 0.40 0.12
W3 1.00 0.94 0.30 2.10 18.4 18.4 Flume Centre  0.12 0.80 0.53 0.07
w4 1.00 0.98 0.30 2.10 18.4 18.4 Flume Centre  0.12 0.90 0.61 0.06
W5 1.00 0.99 0.30 2.10 18.4 18.4 Flume Centre  0.12 0.72 0.45 0.14
S1 1.00 0.96 0.30 2.10 18.4 18.4 Flume Centre  0.12 0.00 0.00 0.14
S2 1.00 0.97 0.30 2.10 184 184 Flume Centre  0.12 0.00 0.00 0.16
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Figure 3.1: Breach geometry definition sketch
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Figure 3.2: Reservoir geometry peak discharge condition for: a) water retaining dam; b) dam with a tailings-style beach. Developing a
revised peak discharge condition to describe the effect of a beach on peak discharge is the main subject of this paper.
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Figure 3.3: Test series instrumentation layout
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Figure 3.4: Beach construction images. a) Excavation of material deposited during previous

breach trial; b) Dam and beach structure construction — formwork in place on upper
portion of dam slope, beach construction occurring below form piece; ¢) Dam and beach
structure nearing end of construction; d) Looking downstream from behind the beach cut-
off wall, formwork removed, and dyed sand place on upper portion of upstream slope for
image analysis.
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Figure 3.7: Ellipticity index throughout failure, a measure of how well a semi-ellipse fits the
breach crest shape. Where e =1, the semi-ellipse fit is perfect, so it is a very good fit for this

test series.
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Chapter 4

Conclusions

4.1 Summary of Research

An experimental program was conducted to quantify the effect of upstream geometry on peak
discharge in the overtopping failure of tailings dams. Two test series investigating the breach of 1
m high dams were undertaken with the specific objectives of evaluating the influence of dam
upstream slope angle on peak discharge for water retaining dams, to quantify the breach crest’s
control on discharge throughout failure, and to understand the conditions in which a shallowly

sloping tailings-style beach in the upstream reservoir impacts peak discharge.

In the first test series, presented in Chapter 2, six dams were constructed with an upstream slope
angle ranging between 10.0° to 30.0° from horizontal. The downstream slope of 18.4° and breach
crest width of 0.30 m were maintained in each test. Each dam in this research project was
constructed with the same homogenous, fine grained sand, and breach was initiated in all tests by
incising a v-notch in the centre of the dam crest, causing overtopping. The dynamic geometry of
the erosional breach crest feature was measured with high-resolution images, allowing for the shape
to be assessed in a mathematical framework of a semi-ellipse. To aid in delineation of the breach
crest shape, a thin layer of black sand was placed on the upstream slope of the dam, permitting the
definition of the surface elevation of the erosional breach crest feature. The reservoir elevation was
monitored with a series of wave capacitance gauges, from which discharge could be calculated as

a function of reservoir geometry.

The second test series, presented in Chapter 3, included the addition of shallowly sloping beaches

to the reservoir, extending upstream from the dam face at a slope of 2.9° (5%). Beach height,
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measured from the flume base to the upstream slope intersection, ranged from 0.50 m to 0.90 m.
The upstream dam slope was held constant at 18.4° in each of these tests. Similar to the first test

series, instrumentation was utilized to measure breach crest shape evolution and discharge rates.

4.2 Conclusions

The following conclusions were made from the two physical model test series, with a combined
total of 11 test dams, focused on the objectives of utilizing a mathematical framework to define the
upstream breach crest evolution and quantifying the effect of upstream geometry on peak discharge

during overtopping breach in tailings dams.

The shape of the breach crest was demonstrated to be semi-elliptical throughout failure, which
formed the basis of the mathematical framework presented to numerically calculate peak discharge
for a variety of upstream geometries. The breach crest growth rate, for both B and B*, was shown
to be linear from the onset of morphological Stage 3, defined as the time datum, to the time of peak
discharge. The aspect ratio of the elliptical breach crest shape was also observed to be relatively
stable during this period. The effect of the upstream slope angle on peak discharge, which was
observed to be linearly correlated, could then be quantified for a range of slope angles, concluding
that due to greater depth between the reservoir surface and the upstream slope of the dam, steeper
upstream slope angles resulted in higher peak discharge for dams with similarly sized reservoirs.

In Chapter 3, the presence of a shallowly sloping beach in the upstream reservoir was investigated.
The results of this test series were utilized to quantitatively confirm that a beach may only impact
peak discharge if the breach crest intersects the beach slope prior to reaching peak discharge on the
outflow hydrograph. Test data showed that peak discharge was reduced by up to 50%, from 0.14

m®/s to less than 0.07 m*/s when beach heights were greater than or equal to 0.80 m. Peak discharge
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was unaffected in tests conducted with beach heights up to 0.72 m when compared to tests with no

beach and a similar dam upstream slope angle from Chapter 2.

4.3 Future Work

The work conducted as part of this research project was constrained to the case of overtopping in
homogenous, noncohesive dams, where materials did not experience liquefaction during failure.
Other failure modes, such as shear failure, are anticipated to effect the breach outflow hydrograph,
and should be the subject of future physical model tests. Additionally, static liquefaction of tailings
materials is of concern to dam owners and engineers due to observed liguefaction during breach
events (Fourie et al., 2019), which may impact the outflow hydrograph and effect rheological
conditions of the breach flow. Triaxial testing of test model construction materials should be
undertaken to establish the critical state line, required to understand conditions necessary to for
liquefaction to occur in the context of critical state soil mechanics framework (Jefferies & Been,
2016). To date, tailings materials from a mine mineral processing mill have not been utilized in
dam breach physical model testing. However, these anthropogenic materials may behave
differently than naturally occurring materials of similar grain size, and should investigated (Reid
& Jefferies, 2017).

Future studies could measure flow velocity at the breach crest utilizing particle image velocimetry
or in stream acoustic velocimeters. This data could be used to directly calculate the Froude number
at the breach crest and compare to the results of Walder et al., 2015. Scale effects of the dam height
should be explored by constructing both shorter and taller dams, and/or conducting tests in an
increased gravity environment in a geotechnical centrifuge. Finally, enhanced density control
during construction and block sampling could improve the quality of the data. Further studies
should be conducted to assess any coupled effects of increased dam density with respect to

upstream slope angle.
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Measured Dry Density (kg/m3)

Measured Water Content (%0)

pate festib EC MC WC DS EC MC wWC DS
20181017 S2 1552 1507 1547 1513 2.88 2.53 2.24 8.10
20181211 S3 1512 1468 1483 1556 2.11 2.09 2.08 13.99
20190205 W1 1460 1428 1508 1548 1.00 1.00 1.06 4.54
20190305 W2 1442 1478 1491 1549 2.16 1.60 1.97 8.57
20190403 W3 1559 1555 1547 1499 2.76 2.89 2.75 11.62
20190413 W4 1509 1478 1484 1591 1.75 2.03 1.77 17.55
20190503 W5 1463 1458 1486 1632 2.54 1.89 1.98 16.34
20190522 S4 1519 1480 1534 1511 7.19 5.00 5.33 9.58
20190530 S5 1535 1528 1500 1569 2.92 3.20 3.01 11.14
20190606 S6 1535 1473 1536 1658 1.46 1.82 1.92 13.98

Test Locations
EC: East Crest
MC: Middle Crest
WC: West Crest

DS: 1 m downstream of crest, on dam centre line
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