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Abstract 

Tailings Dam Breach Analyses and various modelling software are used to estimate 

consequences of a hypothetical failure at a Tailings Storage Facility. The results of such 

forward-analyses are used in risk assessments and emergency planning. Many model 

inputs and approaches are currently based on expert judgment or adapted from other 

fields. There is some existing research and guidance for modelling approaches applicable 

for Tailings Dam Breach Analyses, however, there are few resources available that 

assess the hydrotechnical and geotechnical characteristics for dam breach and runout 

modelling from multiple diverse events. This presents a challenge for the experts who 

must make specific judgements for forward-analysis with little available hindsight into 

previous events. 

To address this knowledge gap, detailed investigations into 12 historical tailings 

dam breach events across a range of Tailings Storage Facility arrangements and 

taxonomies were completed. The investigations considered the outflow volumes, breach 

characteristics, and observations of downstream impacts. Some of these values or 

observations were previously reported by others for some events, but never previously 

compiled for the specific purpose of breach and runout modelling. These previous reports 

were critically assessed and included where relevant. Several original interpretations 

were made, and novel data were uncovered for many of the events evaluated in this 

thesis. Misconceptions regarding the events were frequently encountered, which likely 

contribute to the existing dearth of hindsight. 

Using the compiled information, a back-analysis model was developed to 

simultaneously simulate the breach and the tailings runout for the 12 events using HEC-

RAS. HEC-RAS is a publicly available software for water resources and geohazards 

modelling. The modelling used the parametric breach method and non-Newtonian flow 

capabilities within HEC-RAS. The non-Newtonian flow parameters were determined 

through a comprehensive calibration process. The quality of the terrain data and 

misconceptions were found to be the most influential on model fit to any observed impact. 

The investigations and 12 models form the most comprehensive, diverse, and 

detailed tailings dam breach database to date. The insights from the investigations and 

modelling are applicable to forward-analysis Tailings Dam Breach Analyses, and the 

database serves as a springboard for multiple avenues of future research. 
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Lay Summary 

Processing from mine projects creates a waste product known as tailings, which are 

commonly stored in perpetuity in large earthfill structures called tailings storage facilities. 

Computer models are used to predict the impacts from a failure of such tailings storage 

facilities as part of risk assessments and emergency planning. Limited information is 

known about past tailings storage facility failures, and the physical phenomena during the 

failure and runout are not well understood. This presents a challenge to the prediction 

models, as they may have unrealistic results and therefore little use for risk assessment 

and emergency planning. The focus of this research was on investigating and modelling 

past failure events. The findings can be used to guide computer modelling for predictive 

purposes, so mine owners, consultants, regulators, and civilian stakeholders can better 

understand and manage the risks associated with tailings storage facilities. 
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du/dy  Shear Rate 

ȹt  Computational time step 
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ɟw  Water density 

µ  Dynamic Viscosity 

 ̱  Shear Stress  

ḏ  Dispersive stress component of the Quadratic formula (OôBrien, 1988) 

v̱  Viscous stress component of the Quadratic formula (OôBrien, 1988) 

Ṯ  Turbulent stress component of the Quadratic formula (OôBrien, 1988) 

y̱  Yield Stress 

ɋTm  Metric for areal fit, as defined by Barnhart et al. (2021)  
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Chapter 1: Introduction 

In this chapter, the overall context for the thesis is established by introducing the 

background, research problem, research objectives and hypotheses, and describing the 

overall research approach. 

1.1 Background 

Open-pit mines produce a large volume of tailings that are stored in massive 

impoundments behind earthfill dams, which are referred to as Tailings Storage Facilities 

(TSFs). Conditions and requirements for the design, construction, and operation of TSFs 

can be highly variable, and unfavourable geotechnical, meteorological, or structural 

circumstances can cause a breach or failure of the dam (Rana et al., 2021a). As these 

tailings dams are among the largest structures constructed in the world (Vick, 1990; 

ICOLD, 2001), their failure results in catastrophic consequences to downstream 

communities, devastates the environment, and erodes public trust in the mining industry 

(Santamarina et al., 2019, and the references therein). 

The Global Industry Standard on Tailings Management (GISTM) strives to achieve 

a goal of zero harm to people and the environment from TSFs (GISTM, 2020). To support 

this goal, the Standard requires that mine owners and operators analyse the potential 

societal, economic, and environmental consequences of a hypothetical but credible 

tailings dam breach event for their TSFs. Similarly, all dams following the Canadian Dam 

Association (CDA) Dam Safety Guidelines are recommended to complete a dam breach 

study, including tailings dams (CDA, 2013). These Tailings Dam Breach Analyses 

(TDBAs) are becoming a critical aspect of a risk assessments for TSFs and can also be 

used to improve emergency planning, response, and mitigation measures (Martin et al., 

2022). The CDA Technical Bulletin on Tailings Dam Breach Analysis (2021) is the most 

comprehensive description of the process and technical considerations for a TDBA to 

date. A TDBA can be a simple desktop study, where conservative application of empirical 

relations or qualitative analysis are used to meet the scope and objective. Alternatively, 

detailed studies, complete with site-specific characterization and numerical modelling, 

can be used for more detailed quantification of consequences (CDA, 2021). This thesis 

focuses on the detailed study and numerical modelling approach. 
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1.2 Problem Statement 

Much has been said about limitations and uncertainties of TDBAs (Pirulli et al., 2017; 

CDA, 2021; Ghahramani et al., 2022; Martin et al., 2022;). Carefully investigating each 

assumption, input variable, and modelling approach for every dam breach study is not 

feasible due to limitations with budgets and schedules. Expert judgment is commonly 

invoked to address these concerns (Adria et al., 2021; Martin et al., 2022). Without the 

contextual background for past tailings dam breach events, misconceptions about 

important field processes may arise (Rana et al., 2021a). 

Misconceptions also inevitably impact the calibration, validation, and application of 

numerical models. Ghahramani et al. (2022) noted such difficulties when modelling two 

of the best documented cases (i.e., Prestavèl, Italy, 1985, and Harmony 4A, South Africa, 

1994, also known as the Stava and Merriespruit events). Ghahramani et al. recognized 

that more model calibration of tailings flows is needed. However, even the most 

comprehensive tailings dam breach database currently available (Rana et al., 2021b) 

primarily focuses on failure conditions, failure triggers, and broad statistical approaches, 

rather than the subsequent breach processes and localized runout characteristics 

relevant for numerical modelling of such events. A review of the literature for specific 

cases shows a dearth of reliable and nuanced observations from past tailings dam breach 

events to compile such a database. Basic reporting regarding tailings dam breach 

characteristics is often described as lacking in detail and reliability (Rana et al., 2021a; 

Rico et al., 2008). For example, Sanz-Ramos et al. (2022) noted substantial uncertainties 

and inconsistencies regarding the breach and runout characteristics for the Aznalcóllar 

event in Spain, 1998, despite over 400 scientific publications on the event. 

The validity (or invalidity) of a model is equally dependent on the input parameters 

as the conceptual or theoretical basis of the model itself (Oreskes et al., 1994; Rykiel, 

1996). As Ghahramani et al. (2022) and Rana et al., 2021a noted, there are often 

misconceptions or insufficient information for model inputs and model benchmarking for 

TDBAs. There must be a continued effort to bolster knowledge on both fronts to support 

expert judgement for assessing such hazards (Ghahramani et al., 2022; Gibson et al., 

2022; Zubrycky, 2020). This thesis aims to provide model inputs and continue model 

benchmarking to address these knowledge gaps through investigating and then modelling 

of a dozen tailings dam failure events.  
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1.3 Research Objectives 

To address the challenges in Section 1.2, the main objectives for this research are: 

¶ Investigate historical tailings dam breach events to compile standardized 

observations, including:  

o Refined outflow volumes, 

o Breach characteristics and geometries, 

o Runout observations, 

¶ Set up and calibrate a numerical model for each tailings dam breach event with 

publicly available model software, and  

¶ Make the observations and numerical model set-ups available to support future 

research.  

1.4 Research Hypotheses 

Along with the research objectives, the following hypotheses were tested: 

¶ The variation in breach characteristics and geometries can be explained by 

classifying the breach processes for each event, 

¶ Lower volumetric solids concentration in the breach outflow is a strong contributory 

factor to larger inundation area and runout distance (within the Zone 1 area, 

defined by Ghahramani et al., 2020), and 

¶ Some of the misconceptions in observations or model inputs can be attributed to 

inconsistent or unstandardized reporting of tailings dam breach events. 

1.5 Research Approach and Thesis Structure 

A literature review of tailings dam breach and runout events is provided in Chapter 2. 

Existing frameworks and the state of practice are also summarized in this chapter to give 

context for the subsequent investigations. Key challenges and knowledge gaps are 

identified in order to be addressed within this thesis or in future research. 

The investigation process for the tailings dam breach events is presented in 

Chapter 3. This process consisted of two lines of effort: (1) a literature review of academic 

and technical articles for each event was completed and previously reported variables 

that meet standardized definitions were compiled, and (2) novel observations were made 

based on an ensemble of additional sources, including anecdotal accounts, news articles, 

photographs, and further interpretation of the academic and technical literature. The focus 
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of the investigation was placed on the outflow volumes, the breach process, breach 

geometry, and localized runout observations.  

The numerical modelling methodology is described in Chapter 4. The numerical 

modelling was completed with Hydrologic Engineering Centerôs River Analysis System 

(HEC-RAS versions 6.1 and 6.2) using the parametric breach approach and non-

Newtonian flow capabilities of the software. The compiled database informed many of the 

model inputs and used a mix of publicly accessible and commercial terrain data. The non-

Newtonian flow inputs were determined with a systematic calibration approach. An 

additional trial-and-error calibration approach was undertaken if additional runout 

observations or tailings characterization existed. Commonly required adjustments to the 

terrain data are also described.  

The research and findings are summarized in Chapter 5. The recommendations 

for future research and implications for industry and forward analysis TDBAs are listed, 

informed by the both the investigations and modelling process. The summary tables from 

the tailings dam breach event investigations are presented in Appendix A. A detailed 

failure narrative, parameter investigation results, modelling process and results, and 

recommendations for further work for each event are included in Appendix B. 
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Chapter 2: A Review of Tailings Dam Breach and Runout 

This literature review provides an overview of tailings dams and failures. A background 

on tailings dams is provided in Section 2.1. Existing frameworks for breach and runout 

scenarios and numerical models are described in Sections 2.2 and 2.3. Overviews of 

rheology formulas and numerical models are presented in Sections 2.4 and 2.5 

respectively. Finally, the main challenges and knowledge gaps to be addressed in this 

thesis and future work are outlined in Section 2.6.  

2.1 Tailings Storage Facilities 

2.1.1 Tailings 

A large volume of low-grade ore is produced in a conventional open-pit mine operation. 

The desired resource is extracted from the ore using mechanical and chemical processes. 

The remaining slurry contains ground rock and process effluents from the processing 

plant, referred to as tailings (Blight, 2010). This thesis considers tailings to include both 

the tailings solids and interstitial (pore) water, following the definition from Rana et al. 

(2021a). Tailings solids are fine-grained (clay to sand-sized particles), and can vary in 

mineralogy, grain size distribution, and specific gravity for different mining projects. The 

interstitial water can include additional chemical or environmental hazards such as 

cyanide or arsenic from the mineral processing. Tailings can behave as a semi-solid or a 

weak soil; however, they are prone to high pore pressures and can be susceptible to 

liquefaction. These characteristics depend on the local geology and mine operation 

(Blight, 2010). 

Tailings production is accelerating globally to meet mineral demands (Franks et 

al., 2021). The vast quantities of tailings produced combined with environmental concerns 

require their management and storage within large dam structures, typically in perpetuity 

(Blight, 2010; Vick, 1990). This thesis follows the terminology from Rana et al. (2022), 

where a tailings dam is a constructed embankment designed to impound the tailings. A 

tailings dam is a single element within a tailings storage facility (TSF), which in turn is 

defined as the impounded tailings, tailings dam or dams, supernatant pond, spillway, and 

any appurtenant structures or physical systems related to the management of the TSF. 
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2.1.2 Tailings Dams 

Tailings dams differ from earthfill dams for water reservoirs in several critical aspects 

(CDA, 2021). A tailings dam is raised according to the production of tailings, resulting in 

a facility evolving over years to decades, as opposed to water reservoir dams, which are 

built in a few construction seasons at most. Tailings are not the only material within tailings 

dams; a supernatant pond is a common feature of tailings facilities. The supernatant pond 

may store contaminated process water, be used for dust control, be used to reduce acid 

rock drainage, or be a simple result of the water content used in the slurry from the 

pipeline transportation (CDA, 2021). Water reservoirs contain only water. Due to their soil-

like characteristics, tailings can be relied upon to provide structural support to the tailings 

dam in some cases.  

Tailings dams can be categorized according to the direction the dam is raised 

(CDA, 2021), as shown in Figure 2.1. Earthfill dams for water reservoirs are all built with 

the downstream construction method (Vick, 1990). Blight (2010) summarized the general 

geometric arrangements that tailings dams may take, as shown in Figure 2.2. Multiple 

tailings compartments are occasionally constructed, potentially resulting in permutations 

of the basic arrangements of a single TSF, termed ñsteppedò or ñcompositeò TSFs within 

this thesis. Stepped TSFs are where one compartment is downstream of the other (e.g., 

the Prestavèl mine, Luino & de Graff, 2012; the Cadia mine, Jefferies et al., 2019). 

Composite TSFs are where sections of the impounded tailings volumes are divided by 

internal embankments and potentially used for different types of tailings solids or 

supernatant pond volumes (e.g., the Harmony mine, Wagener, 1997; the Aznalcóllar 

mine, McDermott & Sibley, 2000; MAL Red Mud Reservoir, Turi et al., 2013).  
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Figure 2.1 Schematic of TSF Cross Sections for Different Dam Construction 

Methods: A) Upstream, B) Centreline, and C) Downstream (CDA, 2021) 

 
Figure 2.2 Schematic of TSF Arrangements: a) Ring-Dyke, b) Side-Hill, and c) 

Cross Valley (Blight, 2010) 
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The failure of a tailings dam can be catastrophic, with high fatalities, destruction of 

critical infrastructure, regional geomorphology impacts, and environmental contamination 

commonly associated with such failures (Rana et al., 2021a; Santamarina et al., 2019; 

and the references therein). The various arrangements discussed previously may also 

create distinct breach scenarios, such as a cascading breach or a breach containing 

several different tailings types with different flow behaviours. A Tailings Dam Breach 

Analysis (TDBA) estimates the consequences of a failure for a given TSF to inform risk 

assessments and emergency preparedness plans (CDA, 2019a and 2019b; Martin et al., 

2022). In some jurisdictions these TDBAs are a legal requirement, such as in British 

Columbia (BCMEM, 2017). Regardless of any legal requirement, several guidelines 

highlight the importance of them (e.g., CDA, 2013; GISTM, 2020; CDA, 2021). There is 

limited literature on the hydrotechnical and geotechnical considerations associated with 

TDBAs, with the CDA Technical Bulletin on Tailings Dam Breach Analysis (2021) being 

one of the first documents specific to tailings dam breaches from a professional society. 

2.2 Tailings Dam Breach 

2.2.1 Failure Modes 

Within the CDA Dam Safety Guidelines (2013, 2019a), failure mode analysis is used to 

define the breach scenarios to be considered for engineering purposes and emergency 

planning, including in dam breach analysis. A failure mode is defined as the combination 

of failure cause or causes, a failure mechanism, and an ultimate breach of the dam. The 

failure cause or causes are conditions that promote the onset of a failure mechanism. 

These causes can be long-term preconditioning phenomena or short-term triggering 

events proximal to the breach event, and internal or external to the TSF (Rana et al., 

2022). Examples of tailings dam failure causes are described in Rana et al., (2021a). The 

failure mechanism is an event that could, but does not necessarily, lead to a breach of 

the dam. Common examples of failure mechanisms are overtopping, structural instability 

and deformation, and internal erosion (CDA, 2021). A breach is defined as an occurrence 

where tailings and water uncontrollably flow from a TSF during a sudden physical failure 

of the tailings dam (CDA, 2021; Rana et al., 2022) following the failure cause or causes 

and failure mechanism.  

During a TDBA, it is assumed that a failure cause and mechanism have 

progressed to a breach event without necessarily explicitly defining the cause and the 
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mechanism (CDA, 2013, 2019a and 2021). Following the CDA, this thesis focuses on the 

investigation and modelling of the tailings dam breach, rather than a possible failure of 

any TSF elements that do not lead to a physical breach. CDA (2013, 2019a) describes 

two hydrologic conditions to be considered for TDBA, sunny day and flood conditions 

(which were later renamed to fair weather and flood-induced conditions respectively in 

CDA, 2021). These hydrologic conditions are used to bound the scenarios for risk 

assessments. For the investigations of past tailings dam breaches, the hydrologic 

conditions are known, therefore the framing hydrologic conditions are not needed. 

CDA (2021) discuss two main breach processes. Process I includes erosional 

processes where the velocity or shear stress of flowing water carries away the dam 

materials and tailings. Process I breaches commonly follow overtopping and internal 

erosion failure mechanisms. Such failures evidently involve relatively high supernatant 

pond volumes and are characterized by long durations of outflow (i.e. many minutes to 

hours). The Aznalcóllar event in Spain, 1998, is an example of a primarily Process I 

breach, where the outflow volume was predominantly from the supernatant pond and 

eroded tailings and took 7 hours to discharge (Alonso & Gens, 2006a; McDermott & 

Sibley, 2000). Process II breaches are initiated by a mechanism other than erosion and 

include, but are not limited to, slope instability or foundation failure. Such failures are often 

described as brittle or near-instantaneous and involve the outflow and discharge of 

liquefied or non-liquefied tailings. A notable Process II breach example is the Feijão event 

in Brazil, 2019. A monitoring camera captured the breach and demonstrated the peak 

outflow of liquefied tailings with no supernatant pond occurred within seconds, and the 

outflow terminated within 5 minutes (Robertson et al., 2019). 

CDA (2021) includes a framework classification system from Small et al., (2017) 

to aid selecting failure modes and breach processes. The key factors to consider include 

a presence of a supernatant pond that could be released during a breach, and the 

potential of the tailings to liquefy and flow. The classes are summarized in Figure 2.3.  
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Figure 2.3 Classification System for Tailings Dam Failures (CDA, 2021, Modified 

from Small et al., 2017) 

Specifics of a failure cause and a failure mechanism are not direct inputs to various 

numerical models, nor can they be known with certainty for forward-analysis. 

Consideration of failure causes and mechanisms is still implicitly useful for selecting 

breach processes and overall modelling approaches for such forward analysis. Process I 

breaches can occur for 1A and 1B cases, while Process II could occur for all CDA cases 

(CDA, 2021). Furthermore, breaches may demonstrate both processes; either process 

may occur first, and the timing between each process may be long or short (CDA, 2021; 

Fontaine & Martin, 2015). Rana et al. (2021a, 2021b) compiled the failure causes and 

estimated CDA classes for tailings dam breach case studies, but to date no breach 

processes are included in databases (i.e., Rico et al., 2008; Concha Larrauri & Lall, 2018; 

Rana et al., 2021b). A database of observed breach processes that followed the failure 

causes and mechanisms of tailings dam breach cases can be used by professionals in 

selecting failure modes for forward analysis and risk assessments. 
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2.2.2 Outflow Volumes 

The outflow volume from a water reservoir dam breach can be reliably estimated before 

and after a breach, as all the stored volume above the breach invert can be expected to 

discharge (Froehlich, 2016). During a tailings dam breach, the tailings may stabilize and 

discharge only a portion of the total impounded tailings volume, leaving a depression 

behind in the TSF. Previous tailings dam breach events have outflow volume ratios from 

10% to 100% (Rana et al., 2021a). 

CDA (2021) recommends the following outflow volume components be 

considered: supernatant pond, eroded tailings, liquefied or non-liquefied tailings, as 

appropriate for the TSF conditions and failure mode, and dam materials. The supernatant 

pond can include the operating pond volume and the inflow storm volume. The tailings 

volume can be further separated into interstitial water and tailings solids. These volumes 

are visualized in Figure 2.4.  

 
Figure 2.4 Outflow Volume Materials and Height for a hypothetical Case 1A dam 

breach with a Process II breach followed by Process I breach 

Databases of tailings dam breaches usually only report the total outflow volume 

without separating the solids and water volumes (e.g., Rico et al., 2008; Concha Larrauri 

and Lall, 2018; Piciullo et al., 2022). The volumetric solids concentration plays an 

important role in outflow volumes and runout behaviour (Rana et al., 2021a; Martin et al., 

2022). At best, the supernatant pond volumes are compiled for a limited number of cases 

in Rana et al. (2021b), such as the Mt Polley event (Morgenstern et al., 2015). 

2.2.3 Breach Characteristics 

Geometric characteristics of past tailings breaches of interest for breach modelling (e.g., 

breach depth and breach width) are often not available or of limited reporting. For 

example, the dam height of tailings dam breaches has been included in previous 

databases (e.g., Rico et al., 2008, Concha Larrauri & Lall, 2018, Rana et al., 2021b). Dam 
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height is not synonymous with breach height, however, and in fact it has been found to 

be a poor predictor for breach characteristics for erosional failures of water reservoir dams 

(Wahl, 2004, Wahl, 2014). The mean breach width, as reported in Rana et al. (2021b), 

corresponds to the average planar width of the breach channel. The vertical average 

width at the hydraulic control (i.e., the narrowest section of the breach) is more relevant 

for breach flow of water reservoir dams (Froehlich, 2008; Wahl, 2014). The difference 

between these width definitions is illustrated in Figure 2.5. Limited estimates of breach 

heights or widths for tailings dam breaches exist and to date they have not been compiled 

or meaningfully assessed. In comparison, Wahl (2014) and Locat (2022) summarized 

over 65 and 49 geometries for water-reservoir dam breaches and sensitive clay 

landslides, respectively. Evidently basic geometric observations for tailings dam breaches 

are comparatively lacking. 

 
Figure 2.5 Comparison of Breach Width Definitions from Rana et al. (2021a) and 

Froehlich (2008) 

In addition to the geometric characteristics of the breach, the time component of a 

breach is an important aspect for warning time, peak breach outflow, and flood wave 

arrival time for water reservoir dams (Froehlich, 2008). Wahl (1998) defined two distinct 

time periods for water reservoir breaches: the initiation time and the formation time. The 

initiation time begins with the first awareness of potential for dam failure and lasts until 

the formation time starts. The formation begins when the breach channel first develops 
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until the ultimate breach dimensions are reached. The formation time does not include 

the total duration of the breach outflow. These two periods align with the CDA (2013) 

failure mode framework, as the failure mechanism occurs at the start of the initiation time 

while the breach process occurs at the start of the formation time. The formation time has 

a large influence on the breach outflow (Froehlich, 2008; CDA, 2019b). No compilation of 

any time component of any definition currently exists for tailings dam breach events.  

Physical experimental work on tailings dam breach geometries and formation 

times has recently been completed at Queenôs University. Walsh et al. (2021) found the 

breach arc length on the upstream face of a dam during erosional breaches conducted in 

flume scale experiments was a better predictor of the headcut growth and overall outflow 

than the vertical hydraulic control width. They commented that the breach arc length 

approach is well-positioned for forward analysis of shallow upstream slopes commonly 

seen on tailings beaches. Walder & OôConnor (1997) compared the mean erosion rate 

(defined as the breach height divided by the formation time) for water reservoir dams and 

landslide dams and found they generally varied between 10 m/hr to 100 m/hr. Walsh 

(2019) found that the presence of a tailings beaches resulted in a lower peak flow during 

flume scale experiments. This may indicate that Process I breaches of tailings dams may 

demonstrate similar or lower mean erosion rates (and therefore similar or lower formation 

times) as the range found in Walder & OôConnor. Unfortunately, limited to none 

information on breach arc lengths for water reservoir dams or tailings dam failures and 

formation times for tailings dams exists to compare to these laboratory findings. 

2.3 Tailings Runout 

2.3.1 Impacts from Tailings Flows 

Tailings runout may result in physical consequences through physical damage to 

constructed or natural environment. Additional impacts from tailings can occur within 

waterbodies downstream of the physical damage, but are often transient, difficult to 

quantify, and far reaching (Ghahramani et al., 2020). The impacts can be quantified as 

features or observations specific to a location and time, or observations relating to the 

whole event. Observations can also be qualitative, but such observations are more 

difficult to use as model validation or calibration and are subjective (Heiser et al., 2017). 

Within this thesis, runout characteristics are used to refer to local and event features 

collectively. 
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Quantitative event observations include but are not limited to inundation area, 

runout distance, fatalities, or financial cost. Inundation area and runout distance have 

been compiled for tailings dam breaches (e.g., Rico et al., 2008; Concha Larrauri & Lall, 

2018). Ghahramani et al. (2020) refined such observations for past failures by classifying 

the impacts into Zone 1 and Zone 2. Zone 1 is defined as the extent of the main solid 

tailings deposit, which is characterized by remotely visible or field-confirmed 

sedimentation, above typical bankfull elevations if extending into downstream river 

channels. Zone 2 is the area downstream of Zone 1 further impacted by the tailings flow 

in some form (e.g., geochemical or environmental impacts). These definitions are 

visualized in Figure 2.6. The Zone I and Zone 2 extents for past tailings dam breach and 

runout events were estimated based on aerial and satellite imagery in Ghahramani et al. 

and Rana et al. (2021b). Both studies reported uncertainty based on the mapped area 

and the resolution of the available imagery. Moreover, CDA (2021) notes that TDBAs 

should extend to the point where tailings runout is within the river channel, an extent like 

Zone 1.  

 
Figure 2.6 Runout Zone Classification (Ghahramani et al., 2020) 



15 

 

Local runout observations include but are not limited to the flow depth, velocity, 

and arrival time at a specific time or location. Annis & Nardi (2018) and Rollason et al. 

(2018) use the term Volunteered Geographic Information for local observations of flood 

impacts when such information comes from citizenry using platforms unconventional to 

academia (e.g., Twitter, YouTube, Instagram). The general term ólocal runout 

observationsô is used in this thesis, however the goal of compiling data for improving 

models used in hazards is shared between this thesis and the referenced authors. Local 

observations are commonly included within academic and technical characterization of 

geophysical mass flows and are useful for validating numerical models (Heiser et al., 

2017). Some local runout observations have also been reported for tailings dam breaches 

(e.g., max depth in Wagener, 1997; arrival times in Takahashi, 2014), but in general, 

relevant observations are rare for tailings dam breach events. There has not been an 

effort to compile these types of observations to date.  

In addition to their utility for model calibration, local runout characteristics such as 

depth or velocity have been shown to be better indices than inundation area alone for 

determining fatality rates for landslides and floods (Jakob et al., 2012, Bureau of 

Reclamation, 2015). A database of standardized local characteristics could support both 

numerical model benchmarking and improving vulnerability estimating methods specific 

for tailings runout. 

2.3.2 Downstream Environment 

The runout characteristics are affected by the terrain, which includes the channel slope, 

flow path shape, obstructions, watercourses, and land cover type of the downstream 

environment. The terrain is widely noted to exert substantial control on the runout 

characteristics of debris flows, floods, mudflows, rock avalanches and debris flows (e.g., 

Corominas, 1996; Brunner, 2014; Aaron, 2017; Meadows & Wilson, 2021; Mitchell, 2021). 

Downstream environments have been qualitatively classified as channelized or 

unconfined travel paths for tailings runout for statistical analysis (Small et al., 2017; 

Ghahramani et al., 2020; Rana et al. 2021a). Channelized travel paths are constrained 

by relatively steep side slopes of a valley or gully, while unconfined travel paths are 

relatively flat and allow the spreading of the tailings from an early stage. Channelized 

travel paths usually involve steeper channel gradients, and the concentrated flows result 

in greater velocities and runout distances compared to unconfined flows (Rana et al. 

2021a). This simple qualitative classification is useful for comparing case studies or 
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regression analysis but cannot address site specific features (Rana et al., 2021a). 

Because of this issue, numerical models are recommended for detailed TDBAs (Martin 

et al., 2022, Rana et al. 2021a). Within numerical models, terrain features for the site are 

explicitly used to estimating runout impacts, therefore the qualitative classification from 

Small et al. (2017) is not strictly considered within this thesis.  

In addition to the terrain, the surface or texture of the environment can present an 

external resistance to flow. The most common quantitative measures of resistance to flow 

for open channel flows are empirical roughness coefficients such as the friction factor, 

Chezy coefficient, Gauckler-Manning coefficient, and roughness height (Akan & Iyer, 

2021). There has been extensive literature and semi-systematic methods developed for 

determining roughness values (e.g., Chow, 1959; Barnes, 1967; Arcement & Schneider, 

1989). Arcement & Schneider (1989) provide guidance for assigning a base roughness 

associated with a surface (e.g., smooth concrete has a lower roughness compared to 

coarse gravel) and adjustments to the base value for various roughness elements (i.e., 

flow obstructions, variations in channel size and shape, or vegetation) to determine a total 

roughness for a river channel. Similar guidance for floodplains is also provided in 

Arcement & Schneider. Regardless of the selected coefficient or specific values, CDA 

(2021) recommends the roughness be carefully considered and the sensitivity of 

assumed values be addressed. 

2.4 Tailings Rheology 

Rheology is the study of the deformation and flow of matter, including fluids and ñsoft 

solidsò that can plastically flow under applied forces (CDA, 2021). Water follows Newtonôs 

law of viscosity, where shear stresses are linearly proportional to shear strain rates, and 

the line depicting this relationship passes through the origin, as shown in Figure 2.7. 

Fluids that do not obey this relationship are termed non-Newtonian. The slope of shear 

stress to strain rate for non-Newtonian fluids is non-linear and can increase or decrease 

with shear rate (termed dilatant or pseudo-plastic, respectively). The shear stress to shear 

rate relationship may begin above the origin. Some non-Newtonian fluids demonstrate 

time-dependency, where either the rheological properties increase or decrease without 

shear (aging), increase with shear (rheopexy), or decrease with shear (thixotropy). In 

general, more flowable fluids have higher shear rates at a given shear stress compared 

to less flowable fluids. There is no theoretical equation to fully define non-Newtonian 
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fluids, therefore many equations are empirically based (OôBrien & Julien, 1988). Some 

rheological formulas are shown graphically in Figure 2.7. 

 
Figure 2.7 Shear Rate vs. Shear Stress Plot of Newtonian and Non-Newtonian 

Fluids 

Other rheological formulas include the Herschel-Bulkley, Casson, Quadratic, and 

Voellmy formulas. Each formula has its own definitions, considerations, and limitations. 

The commonality between these formulas is that multiple parameters are needed to 

define the fluid rheology, as opposed to the singular parameter of viscosity needed for 

Newtonian fluids. The fluidôs initial resistance to flow, or the minimum shear stress for 

evidence of flow, is represented by a non-zero y-intercept on the shear rate vs. shear 

stress plot. The initial resistance to flow is commonly called the yield stress (Nguyen & 

Boger, 1983). The names and definitions of a fluidôs resistance to flow, once mobilized, 

are more varied across the formulas. Generally, they correspond to the slope of the 

relationship at a given shear rate and are occasionally termed viscosity as well (OôBrien, 

1986, CDA, 2021). Within this thesis, yield stress and viscosity are used as terms to 

describe the internal initial resistance to flow and internal resistance to flow once 

mobilized, respectively. Likewise, rheological flow properties refer collectively to yield 

stress, viscosity, or other associated parameters for various rheology formulas within this 

thesis. 

The hyperconcentrated water-tailings mixture observed in tailings can resist 

applied stress without motion due to the cohesion, collision, or friction between the tailings 
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particles, and therefore display rheological flow properties when considering the fluid 

behavior as a bulk unit (OôBrien & Julien, 1988; CDA, 2021). Depending on the proportion 

of the solids in the flow, tailings can exhibit characteristics close to water (Newtonian) or 

to thick pastes (fully non-Newtonian). The rheological flow properties for a given tailings 

sample may vary temporally and spatially and affect both breach and runout processes 

for tailings breach and runout flow. The variations commonly occur through changes in 

solids concentration, such as the transition from Process I to Process II (or vice versa) 

during the breach, erosion of additional sediment during runout, or dilution of the flow 

from large watercourses during runout (CDA, 2021). OôBrien (1986) proposed a 

classification system for the continuum between water and landslides, which was adopted 

and modified by the CDA for tailings dam breach and runout (Table 2.1 and Figure 2.8). 

The solids proportion can be defined either by volume or by mass, however within this 

thesis the solids concentration is defined exclusively by volume. 
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Table 2.1 Outflow Behaviour as a Function of Solids Concentration (CDA, 2021, 

Modified from OôBrien, 1986) 

CDA 

Class 

Flow 

Type 

Solids 

Concentration 

by Volume 

(Cv in %) 

Flow Characteristics 

Cases 

1A or 

1B 

Water 

Flood 
< 20 

Water flood with conventional suspended load and 

bedload 

Mud 

Flood 

20 ï 30 
Distinct wave action; fluid surface; all particles resting 

on bed in quiescent fluid condition 

30 ï 35 

Separation of water on surface; waves travel easily; 

most sand and gravel size particles settled out and 

move as bedload 

35 ï 40 

Marked settling of gravels and cobble sized particles; 

spreading nearly complete on horizontal surface; liquid 

surface with two fluid phases appears; waves travel on 

surface 

Cases 

1A or 

2A 

40 ï 45 

Flow mixes easily; shows fluid properties in 

deformation; spreads on horizontal surfaces but 

maintains an inclined fluid surface; waves appear 

but dissipate rapidly 

Case 

2A 

Mud 

Flow 

45 - 48 
Flow of saturated, liquefied tailings at or above liquid 

limit forming a slurry; may show fluid like properties 

48 ï 55 
Flow of saturated liquefied tailings; may show fluid like 

properties 

Case 

2B 

Flow 

Slide 

55 ï 65 
Various forms of outflow movement of non-liquefied, 

partly saturated tailings, does not show fluid properties 

65 ï 80 

Various forms of outflow movement of non-liquefied, 

moist, or partly saturated tailings, does not show fluid 

properties 
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Figure 2.8 Outflow Behaviour as a Function of Solids Concentration (CDA, 2021, 

Modified from Martin et al., 2019 and Julien & OôBrien, 1985) 

Beyond qualitative classification, quantifying rheological values is no simple task 

and requires substantial laboratory effort and expertise. Applying measurement methods 

or conditions inappropriately to a given tailings sample can produce results an order of 

magnitude off from the proper value for the desired purpose (OôBrien, 1986; Boger, 2009). 

Aside from volumetric solids content, the rheology of tailings can be affected by the 

specific gravity, tailings particle size and distribution, tailings particle shape, acidity, 

mineralogy, and chemical additives. Boger (2009) and Martin et al. (2022) demonstrate 

variability in measured rheology for tailings and comparable debris flows across a single 

sample with varying solids concentration (typically two orders of magnitude across the 

mud flood range) and variability between multiple samples at a given solids concentration 

(up to three orders of magnitude). This diversity in rheology is visualized in Figure 2.9 in 

a semi-log plot. The data for a single sample typically only covers a solids concentration 

range of 10% to 20%, which reflects the difficulties in measuring a wide range of solids 

concentrations with a single measurement device or method (Martin et al. 2022). 

Extrapolation of rheology trends carries uncertainties (Martin et al., 2022). 
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Figure 2.9 Measured Rheology Values for Tailings and Debris Flows (Modified 

from Martin et al., 2022) 
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Alternatively, rheological values can be determined through back-analysis and 

calibration of case studies (e.g., Pirulli et al., 2017; Lumbroso et al., 2019; Ghahramani 

et al., 2022). The variability and relative scarcity of measured rheology for tailings (Martin 

et al., 2022) makes this approach attractive, as it may allow insights on rheology from 

past events where tailings samples may no longer be available. The downsides of 

calibrated rheology from back-analysis are the equifinality problem (Gibson et al., 2022) 

and that calibrated rheology does not necessarily match a fluidôs true rheology (Liu & 

Henderson, 2020; Gibson et al., 2020). Iverson (2003) goes as far as stating rheological 

formulas as a concept are insufficient to characterize the complexity of interparticle 

behaviour of debris flows.  

2.5 Numerical Models 

Early predictive work for tailings dam breach and runout characteristics used regression 

equations (e.g., Rico et al. 2008). The relations are between simple observed 

characteristics (i.e., impounded volume, outflow volume, dam height, runout distance, and 

runout area). These regression equations do not provide the detailed runout 

characteristics needed for risk assessments and emergency planning. Furthermore, there 

is persistent concern that these regression equations do not address site-specific 

conditions for a given tailings dam, and may lead to flawed judgement (Martin et al., 2015; 

Small et al., 2017; CDA, 2021; Rana et al., 2021a).  

Numerical modelling is a common tool used to address these considerations and 

meet relevant standards, regulations, and best practices.  Numerical models involve 

many simplifications of real-world phenomena, and includes assumed conditions, 

parametrizations, and limitations. Nonetheless, numerical models can prove useful to 

answer specific questions for engineering purposes (e.g., Box, 1976; Rykiel, 1996; Aaron 

et al., 2018; Brunner et al., 2020). Various numerical model software have been used to 

simulate the breach process or runout of a tailings dam breach. These software were 

commonly originally developed for hydraulic modelling or landslide runout analysis (e.g., 

Pirulli et al., 2017, Ghahramani et al., 2022, Gibson et al., 2022). Within this thesis, model 

is used to refer to any software with numerical modelling capability, modelling is the action 

of choosing the model set-up and inputs, and modeller is the professional doing the 

modelling.  
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The experience and knowledge of the modeller are commonly the most critical 

elements to the quality of a model, rather than the selected model itself (Brunner et al., 

2020, Ghahramani et al., 2022, Martin et al., 2022). Furthermore, computation power 

increases and software updates occur frequently, rendering specific comments and 

comparisons between models obsolete relatively frequently (Martin et al., 2022). General 

considerations for modelling for TDBAs are highlighted below to provide context for 

modelling choices and model results within this thesis. CDA (2021) provides an overview 

of individual software for tailings breach and runout modelling that is available 

commercially or within academic organizations. McDougall (2017) and Brunner et al. 

(2020) give further detail on models for landslide and hydraulic modelling respectively.  

2.5.1 Breach Modelling Considerations 

The initial conditions of the breach and how the outflow is calculated varies depending on 

the software used. A common option within hydraulic model software is to compute 

breach flow within the model based on the weir equation, or to input externally developed 

breach hydrographs at predefined locations (Goodell et al., 2018, CDA, 2021, 

Ghahramani et al., 2022). Some hydraulic model can explicitly simulate the dynamic 

erosional process as the breach develops (e.g., HEC-RAS, XBeach, EMBREA-MUD), but 

such an approach is ill-adapted for Process II breaches. Landslide models commonly use 

a block start initial condition, where the flowing mass is fully fluid and located within the 

model domain at the initial time in the model (e.g., Hungr, 1995, Moretti et al., 2015, Aaron 

et al., 2017), which are inappropriate for a slower Process I breach. 

Breach modelling set-ups within all models are evolving, with greater options 

becoming available to the modeller over time (e.g., Mitchell, 2021), although to date no 

commercial model has included the breach arc length method from Walder et al. (2015) 

and Walsh et al. (2021). Aside from the erosionally-based breach models, all methods 

are subject to uncertainty with estimating breach characteristics (i.e., ultimate size and 

shape of the weir and breach formation time) for forward analysis (Froehlich, 2008; Wahl, 

2004). Empirical equations or guidance exists for water reservoir dam breaches, and have 

been summarized by Brunner (2014), but these equation involve some uncertainty (Wahl, 

2014). This uncertainty is compounded by the questionable applicability of empirical 

equations based on water reservoir dam failures for tailings dam breach modelling (Martin 

et al. 2015). 
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The weir equation method for modelling the breach hydrograph, also known as the 

parametric beach method, is founded on Torricelliôs natural law of fluids, and is 

independent of the fluid characteristics (Francis, 1855). The breach characteristics must 

be defined by the modeller. It has been shown to be flexible for modelling both erosional 

breaches (e.g., for earthfill dams, Wahl, 2004, Froehlich, 2008, Goodell et al., 2018) or 

instantaneous release (e.g., brittle failure of concrete arch dams, USBR, 1988, Froehlich, 

2016, Brunner et al., 2018) for water reservoirs. Beyond the uncertainty of breach 

characteristics, the parametric breach method has not been verified against tailings 

breaches.  

2.5.2 Runout Modelling Considerations 

A simple differentiator between models is the dimensionality, where decreasing 

dimensionality averages flow along the vertical or bed-normal direction (i.e., 2D 

modelling) or vertical and lateral directions (i.e., 1D modelling). As discussed by Brunner 

et al. (2020), higher dimensions require successively increasing computation power and 

input requirements, and do not necessarily guarantee improved results. Two-dimensional 

models are preferable to one-dimensional models for complex flow directions common in 

dam breach scenarios, and current computation power allows 2D tailings dam breach 

and runout models to run in a reasonable timeframe (Martin et al., 2022). Most models 

have two-dimensional capabilities (CDA, 2021). 

Non-Newtonian flow is now a common feature in many models (CDA, 2021); 

however, the available rheology formulas and specific capabilities vary by software. A 

common limitation is the solids concentration of the fluid is limited temporally or spatially 

(e.g., Gibson et al., 2022, Martin et al, 2022). If the model is limited to a single fluid or the 

Process I and Process II breach types are estimated to occur simultaneously, a single-

phase approach with an average solids concentration may be used (CDA, 2021). 

Ghahramani et al. (2022) found that different model software with different inputs result 

in different back-calculated non-Newtonian properties. 

Erosion may not be limited to the breach process itself and may influence the 

downstream runout impacts and tailings deposition. For example, Cuervo et al. (2017) 

noted that channel incision up to 7 m deep occurred during the Mount Polley event in 

Canada, 2014. Models that assume the erosion is negligible are referred to as a fixed-

bed or fixed-boundary models (Chanson, 2004). Entrainment models can simulate the 

erosion or deposition and do not rely on the fixed-bed assumption remaining valid during 
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runout modelling. Entrained volumes have been noted to influence the flow characteristics 

and runout mobility for debris flows (McDougall and Hungr, 2005; Pudasaini & 

Krautblatter, 2021; Zubrycky, 2020). Entrainment models typically require a greater 

number of input parameters and modelling effort than fixed-bed models (Gibson et al., 

2022; Pudasaini & Krautblatter). 

2.5.3 Terrain datasets 

The terrain data are the one of the most important inputs to modelling landslides or floods 

(Zhao & Kowalski, 2020; Meadows & Wilson, 2021). Martin et al. (2022) showed a forward 

analysis TDBA where better definition of the terrain affected the modelled inundation area 

far greater than the outflow volume or peak breach outflow. Meadows & Wilson (2021) 

commented that substantial errors were common in global satellite sources, which 

negatively affect the reliability of flood risk assessments. In particular, Meadows & Wilson 

noted the impacts of vegetation in digital surface models (DSMs). Similarly, Turner et al. 

(2022) demonstrated substantial differences between model results with a global satellite 

source versus a high-quality DEM generated by satellite photographs and geophysical 

processing. An uncertain input with strong sensitivity is of great concern to a modeller 

(Ghahramani et al., 2022), and terrain is a universal input to all models. Therefore, an 

understanding of DEMs and potential issues is warranted for proper modelling of tailings 

runout, regardless of selected model.  

Remote sensing technologies, such as photogrammetry using structure-from-

motion, interferometric synthetic aperture radar (InSAR), or light detection and ranging 

(LiDAR), can be used to generate a DEM. Global or near global DEM coverage is publicly 

available from various agencies (e.g., the Shuttle Radar Topography Mission or SRTM, 

Advanced Land Observation Satellite or ALOS, and Advanced Spaceborne Thermal 

Emission and Reflection Radiometer or ASTER) and is commonly considered in flood 

modelling (Meadows and Wilson, 2021). Alternatively, site-specific data can be collected 

for a TDBA, typically at greater expense (Martin et al. 2022). Depending on the remote 

sensing technology, interference from vegetation, cloud cover, and water bodies may 

exist to varying degrees in the elevation model. DEMs may also include random errors or 

ñnoiseò (Meadows and Wilson, 2021). The inclusion or exclusion of the previous elements 

have led to various definitions of a DEM. Meadows and Wilson (2021) defines a DSM to 

be a dataset that includes the top surface of vegetation and structures, a digital terrain 

model (DTM) to be the ground elevation underlying the vegetation and structures, and a 
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DEM to be a general term for both DSMs and DTMs. Within this thesis, the terminology 

from Meadows and Wilson (2021) is followed, as visualized in Figure 2.10. The DEM used 

in a hydraulic model is ideally a DTM with channel bathymetry included (Brunner et al., 

2014, 2020, Meadows and Wilson, 2021, Martin et al. 2022). 

 
Figure 2.10 Distinction Between a DSM (Dotted Magenta), a DTM (Dashed 

Orange), and True Bare Earth Elevation (Solid Brown) 

Within many hydraulic models (e.g., HEC-RAS, FLO-2D, RiverFlow-2D, FLOW-

3D), the input DEM is in the form of gridded elevation, like pixels from a digital photograph. 

Two key measures of quality are the horizontal resolution of the grid and the vertical 

accuracy of the elevation values (Turner et al., 2022). Horizontal resolutions can range 

from 0.5 m for local uncrewed aerial vehicle surveys or specialized commercial satellites 

to 30 m to 90 m for global public datasets (e.g., SRTM, ASTER, ALOS). Finer horizontal 

resolution can represent smaller features within the area of interest, which may be 

relevant to hydraulic controls of inundation in flat terrain (Martin et al., 2022). Various 

standards exist for reporting vertical accuracy (e.g., ASPRS, 2015), and it is self-evident 

that low accuracy terrain is less desirable for input to any analysis. The costs associated 

with fine horizontal resolution and high vertical accuracy tends to limit DEMs of such 

quality to small areas. This tradeoff between cost and desired high quality of large terrain 

extents poses a challenge for professionals conducting TDBAs. 

2.5.4 Model Calibration, Validation, and Verification 

Any modelling exercise should include some mention or discussion of model calibration 

and validation. The topic is fraught with opposing philosophies and controversies (e.g., 
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Oreskes et al., 1994; Rykiel, 1996). To give context to the discussions within Chapters 3 

and 4 and avoid potential polemics, several terms are defined here. 

Model calibration is the manipulation of input variables to obtain a match between 

observed and modelled results. Ideally, calibration is quantitative, as the adjustments and 

observed errors can be explicitly quantified, although calibration is occasionally qualitative 

(e.g., the modelled areal fit to the observed impact area can be assessed visually). 

Calibration can range from simple trial-and-error (e.g., Ghahramani et al., 2022) or very 

sophisticated like the parameter estimation PEST (e.g., Aaron et al., 2019).  

Model validation is the assessment if a model is useful for a scientific or 

engineering purpose. Broadly speaking, three questions are applicable to model 

validation:  

1. Are the estimated or calibrated inputs within reason or realistic? 

2. Are the differences between observations and the calibrated model results within 

acceptable tolerances? 

3. Do the model simplifications impact the engineering decision or policy that initiated 

the modelling? 

The first two questions relate to the calibration process. A model that produces 

results that matches observations but is based on inputs that differ from the prototype 

conditions or accepted practice should not be considered highly valid. More validity is 

assigned to models that rely on fewer calibrated inputs and instead use observed or 

universally accepted inputs. More observations that can be used for comparison to the 

model results increase the assessed model validity. Subjectivity in answering this 

question arises when multiple observations compete during calibration. In other words, 

does one aim for a good model match for a single observation at the expense of other 

observations, or use model inputs that can result in moderate but equal errors across 

multiple observations? These two questions may become quite subjective when inputs 

and calibration constraints are uncertain. Correlation between inputs may or may not be 

known and may be difficult to account for during modelling (El-Ramly et al., 2002). 

The last question is regarding the purpose and scope of the model, and therefore 

substantially varies between models and events. For example, a 1D model involves more 

simplifications than a 2D or 3D model for runout modelling, even if the input data are the 

same between all models. If the downstream environment is highly channelized however, 

then a 1D model may suffice for risk assessments, despite the greater simplification 



28 

 

(Martin et al., 2022). Determining when simplifications are still ñgood enoughò appears to 

be the most enduring and popular form controversy with model validation (e.g., Iverson, 

2003 and 2017). 

Each question has overlap with the other questions, is sensitive to uncertainty, and 

is subjective. A model, including the input data, needs to be re-validated under any 

change in context (Rykiel, 1996). For example, Ghahramani et al. (2022) benchmarked 

several models with two tailings dam breach events, however the successes or 

weaknesses of those models and input data are not necessarily relevant to another 

tailings dam breach event with different input data and conditions. Using the three 

questions can help determine whether a specific input or model approach is ñmore validò 

than another modelling choice. 

Lastly, verification or ñtruthò is a common discussion point regarding modelling. 

Occasionally this discussion surfaces as ñmechanicalò verification, relating to logical 

errors in model software code (colloquially, ñbugsò in the code). Mechanical verification is 

commonly addressed by the software developer prior to publishing or selling a software 

or for major version updates (e.g., Brunner, 2018). Andrews et al. (2019) notes engineers 

are still legally and ethically responsible for code errors within software they use in most 

Canadian provinces however (e.g., Newfoundland and Labrador, Alberta, and Ontario), 

regardless of who originally developed the software. Another discussion is regarding true 

knowledge or ñconceptuallyò verified models that represent all physical phenomena (Box, 

1976; Oreskes et al., 1994, Rykiel, 1996). A conceptually verified model is regarded by 

some as necessary for scientific purposes (Iverson, 2003) while others consider it an 

impossibility (Oreskes et al., 1994). The demands of society cannot afford such a luxury 

as a verified model; therefore, engineers and others often do not require strict conceptual 

verification (Box, 1976; Burland, 1987; Rykiel, 1996; Aaron et al., 2018). Instead, a model 

may simply be ñoperationallyò verified, where model inputs are realistic and informed by 

professional judgement and model results are useful for a defined purpose and 

interpreted by experts. The term ñoperationally verifiedò is in effect synonymous with 

validated (Rykiel, 1996). This thesis follows the latter convention and philosophy.  

2.6 Summary 

Conventional mine operations and mineral processing produce a mixture of water and 

fine-grained particles called tailings, which may include additional chemical and 
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environmental hazards. Tailings are stored behind dam structures; however, these 

tailings dams differ in several ways from earthfill water retaining dams. Some of the key 

differences from water reservoir dams include the construction method (i.e., upstream., 

centreline, or downstream), facility arrangement, and impounded material characteristics. 

The comparative diversity in tailings dams leads to correspondingly diverse breach 

scenarios. Substantial judgement is required to select credible failure modes and 

scenarios for TDBAs. Past tailings dam breach events have demonstrated slow erosional 

breaches that take hours, while non-erosional breaches can take as little as several 

seconds to minutes. No compilation of breach processes exists. Observed outflow 

volumes and breach characteristics from past tailings breach events have been reported 

to some extent but would need to be improved in detail and nuance to better inform 

forward analysis. Breach characteristics are likewise not well reported for either breach 

process. 

Tailings runout results in many consequences in the downstream environment. 

Recent work has standardized the reporting regarding the impact area for tailings runout. 

Similar standardization and compilation of other characteristics have not been completed 

to date. Previous classification of the terrain shape and substrate provide qualitative 

comparisons between tailings dam breach characteristics but are limited by their inherent 

simplicity for risk estimates and emergency planning. Numerical models are 

recommended to address the site-specific needs of a given tailings dam. 

The hyperconcentrated mixture of tailings solids and water behaves in a non-

Newtonian manner. Non-Newtonian flow is complex, and the flow characteristics of a 

hyperconcentrated fluid can change under different conditions. There are multiple 

formulations for non-Newtonian flow, however, measurement of flow properties for a 

given formula is difficult in laboratory conditions. Back analysis offers some advantages 

for estimating non-Newtonian flow properties but comes with its own downsides as well.  

Models are evolving and capabilities for tailings dam breaches are being added. 

Breach modelling methods either are specific to a single breach process or have not been 

verified for tailings dam breach flows. The lack of observed tailings dam breach 

characteristics represents a challenge for breach modelling methods that require these 

parameters as inputs. The approach for modelling the tailings runout varies on the 

software assumptions. Knowledge of the site-specific conditions and the limitations of the 

selected software, as well as experience, are key requirements of a modeller.  
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Publicly accessible and global terrain datasets from satellite sources are 

commonly required to fully model the large extent possible for large tailings dams. These 

terrain datasets have been noted to be lacking in quality for the purpose of TDBAs, limiting 

the confidence in modelled results. 

Model calibration is a different process than validation. Calibration implicitly 

involves some form of validation, through the assessment of the range of inputs used and 

the results produced therein. A model and its inputs need to be validated for each tailings 

dam breach event.  
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Chapter 3: Development of a Tailings Dam Breach Database 

The tailings dam breach events investigated, along with the data sources that were relied 

upon for this database, are described in Sections 3.1 and 3.2. The variables in Sections 

3.3 to 3.5 are observations of tailings dam breach characteristics. The list of 

characteristics selected is similar to databases for water reservoir dam breaches (e.g., 

Wahl, 2014) with some additions relevant to tailings dam breaches, specifically relating 

to the outflow volume variables. The variables in Section 3.6 contain characteristics 

related to the flow or runout behaviour and include a mix of measured inputs and 

calibrated runout parameters. The list of breach characteristics and runout parameters 

are commonly required as inputs for modelling, but the list is not comprehensive for every 

model software. Non-physical model inputs (e.g., computational cell resolution) are not 

included as they are specific to individual model software. The characteristics defined and 

discussed in Sections 3.7 and 3.8 are not inputs to numerical models, rather they are 

measures used in calibration and validation. Finally, a discussion of the findings from all 

the investigations is included in Section 3.9. The values of all characteristics for each 

event are included in the tables in Appendix A. Specific details and commentary on the 

investigations for each event are presented and discussed in Appendix B. 

3.1 Investigated Events 

The events investigated in this thesis were selected from the database in Rana et al. 

(2021b). They were chosen based on their TSF characteristics and the availability of 

information to compile the database and support the numerical modelling (discussed in 

Chapter 4). TSFs vary in their impounded material properties, construction method, 

arrangement, and potential travel path of tailings runout. The new database covers a 

diverse set of tailings dam breach events to reflect the heterogeneity observed with TSFs 

and be of wider applicability in forward analysis. Sufficient information is required to 

estimate inputs, develop a numerical model, and calibrate the results. The availability and 

quality of publicly accessible terrain data is also a key consideration in selecting the 

events (as previously discussed in Section 2.5.3). 

The selected events and some of their impoundment characteristics are presented 

in Table A.1, with the associated dam breach and runout events in Table A.2 in 

Appendix A. The name of the mine company or official TSF was used for each event, with 

the colloquial name or names (commonly the name of a nearby town or geographical 
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region) presented in parentheses. When the breach occurred at multiple compartments 

of a TSF, the individual compartments were included as sub-items in italics. The 

compilation included various CDA classes, except for 2B events. This is explained by the 

relative under-reporting of 2B events (Rana et al., 2021a). All dam raising methods are 

accounted for, but upstream tailings dams were the most common in this database. 

Between the historical popularity of upstream dams (Franks et al., 2021) and the 

additional design and monitoring needed to mitigate the risks of upstream dams 

(Morgenstern, 2018), it is not surprising that upstream dams formed the majority herein. 

The tailings type were mostly hard rock tailings, which is also aligned with the database 

from Rana et al. (2021). The arrangements of the TSF and travel paths of the runout are 

relatively diverse in this database as well. 

Previous tailings dam breach databases (i.e., Rico et al., 2008; Concha Larrauri & 

Lall, 2018; Rana et al., 2021) include several dozen events, depending on the specific 

database and variable. A dozen events were considered in this thesis, primarily due to 

the comparatively more detailed investigation of each event and practical time 

constraints. Further information relevant to the breach and runout characteristics of each 

event can be found in Appendix B, and general information about them can be found in 

Rana et al. (2021a and 2021b). 

3.2 Data Sources 

The investigations considered three data source types: technical reports, civilian news 

reports, and peer-reviewed journal articles. In this thesis, technical reports were 

considered to be the documents issued by governments or companies after the event 

that investigated some element of the failure. They typically focused on the conditions 

leading to and during the tailings dam breach, but sometimes addressed runout 

characteristics as well. Civilian news was limited to online articles found on various 

websites. These types of news typically focused on the tailings runout and the subsequent 

impacts. Academic journal articles covered any or all stages and may reference either 

technical reports or civilian news articles. Publicly available translation software was 

occasionally required for non-English sources, which may result in a loss of nuance for 

the technical discussion in such sources. 

The data sources and references are presented in Table A.3 in Appendix A. The 

evidence generally fell into four categories in these sources: simple observations, 
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measured data, anecdotes, and photographs. Simple measurements are dimensions 

(e.g., height or width) or timing of characteristics that do not require sophisticated 

instruments to determine (e.g., ñthe tailings stain on the building was 2 m tallò, or ñthe 

tailings arrived at 12:00 PMò). Simple measurements were found in all source types. 

Measured data includes topographic surveys and mapping or scientific instruments like 

seismographs, flow gauges, or laboratory tests (e.g., a post-failure DEM from a LiDAR 

survey, or cone penetration test results from the tailings prior to failure). These data were 

exclusive to academic literature or technical reports. Qualitative descriptions or simple 

observations too broad to be considered quantitative (e.g., ñthe tailings wave was very 

highò or ñthe breach occurred some time after lunchò) are considered anecdotes in this 

thesis. These are most common in civilian news articles but can occasionally be repeated 

in academic literature. Anecdotes were often not specific enough or did not include useful 

details, and as such, were not included in the database or used for model calibration in 

this thesis. Photographs were found in all source types. They cannot be relied upon for 

detailed or accurate assessments alone, but often can help cross-check other evidence, 

provide a sense of scale, or are helpful visuals to technical reporting where inputs or 

calibration measures for numerical modelling may not be explicitly stated.  

Scaled and detailed topographic surveys presented visually in academic or 

technical reports were considered reliable in this thesis. Written reporting from firsthand 

forensic work and field investigations carried out by experts were also considered 

credible. When multiple anecdotal reports of similar observations at a specific location 

exist, the anecdotes were treated as reliable. Photographs were only considered if they 

included some form of approximate scale or were accompanied by additional verifiable 

information, such as the elements above. Individual eyewitness accounts and anecdotes 

were not considered verifiable without further evidence to support them. Eyewitness 

accounts rarely came with sufficient quantitative elements or detail to be of use for 

developing, calibrating, or validating a model (e.g., no specific time or location was 

reported) regardless of their veracity.  Sources that included unverifiable, contradictory, 

or incorrect information were still included in Table A.3, with further justification and detail 

on the assessment and exclusion of their details in Appendix B. When a range of values 

were reported, the average was taken if other supporting information or context was not 

available to confirm any of the reported values. 
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3.3 Outflow Volume 

The outflow volumes are compiled in Table A.4 in Appendix A. The supernatant pond, 

tailings solids, and interstitial water were individually compiled or estimated for each 

event, following the framework from CDA (2021). The following subsections describe the 

approach and effort to confirm previously reported volumes and quantify them where 

none existed. 

High-level comments are included for each event to categorize the confidence (i.e., 

high, moderate, and low) for each material volume and the dominant transport 

mechanism for the tailings (i.e., liquefaction, erosion, or slumping). Given the range of 

data sources, the confidence level is primarily a subjective assessment, as it is not 

possible to quantify the uncertainty in any consistent manner for all events. 

3.3.1 Supernatant Pond Volume 

The supernatant pond volume (VP) is typically the easiest volume to estimate for tailings 

dam breach events. In many cases, it is readily apparent from eyewitnesses, aerial 

imagery, or mine documentation that there was no supernatant pond at the TSF at the 

time or that it did not discharge during the breach (e.g. for Cadia in Jefferies et al. 2019, 

or for Feijão in Robertson et al., 2019). For TSFs with supernatant ponds, mine operators 

may undertake regular bathymetric surveys for operational requirements, allowing for 

relatively confident supernatant pond volume estimates at the time of the breach (e.g., for 

MAL Reservoir X in Turi et al., 2013 and Mecsi, 2013; and for Mount Polley in 

Morgenstern et al., 2015). 

For breach events with a supernatant pond but without bathymetric surveys, the 

uncertainty and the subjectiveness of volume estimates increased. Any reported 

observations of the maximum or average supernatant pond depth, combined with the 

surface area of the pond from satellite imagery or scaled figures, helped determine a likely 

supernatant pond volume or a reasonable range. This range was adjusted based on any 

additional information, such as photographs and qualitative descriptions of the three-

dimensional pond shape.  

3.3.2 Tailings Volume 

Where possible, the tailings volume (VT) that outflowed during the breach for each event 

was estimated as discharging due to erosion, slumping, or liquefaction, primarily based 

on the descriptions in the data sources. Like supernatant pond volumes based on 



35 

 

bathymetric surveys, the discharged tailings volumes estimated from topographic surveys 

in literature are relatively trustworthy (e.g., Muramoto et al., 1986; Jefferies et al., 2019; 

Robertson et al., 2019). When survey data was not mentioned or did not exist, alternate 

methods were considered to cross-check reported tailings volumes, based on the 

framework from CDA (2021). 

When imagery or photographs allowed, a simplified cone of depression was 

generated, and its volume was compared to the reported volume. Each cone used a 

combination of the average residual slope in the TSF (taken from reporting or estimated 

from aerial imagery and the dam height), photographs of the event, and any additional 

information available to refine the shape. Natural flood events rarely experience 

volumetric solids concentrations higher than 30% (OôBrien, 1986; and Garcia et al., 2008). 

This volume-based rule of thumb was adopted in this thesis as a guide for cross-checking 

eroded tailings volume estimates, similar to Fontaine and Martin (2015) and Small et al., 

(2017). 

3.3.3 Tailings Solids and Interstitial Water 

Once the tailings volume was confirmed for an event, the tailings were proportioned into 

tailings solids and interstitial water if not previously done so in existing sources. This was 

done by assuming saturated conditions and using the void ratio reported in Rana et al. 

(2021b) to determine the proportion of interstitial water and tailings solids according to 

Equations 3.1 and 3.2: 

ὠ  ὠ ὠ         (3.1) 

ὠ ὠ z 
 

      (3.2) 

where VT is the tailings volume, VS is the tailings solids volume, VI is the interstitial water 

volume, and e is the pre-failure void ratio. 

When no void ratio for the tailings prior to failure was reported, it was assumed to 

be 1. This implies half of the released tailings volume is tailings solids and half is interstitial 

water. This assumption was based on the range of void ratios in Vick (1990) for 

conventional hydraulically placed tailings and in Rana et al. (2021b) for tailings dam 

breach events. Rana et al. (2021a) also indicate there is a strong prevalence for the TSFs 

in these events to have poor drainage, suggesting the simplification of saturated 

conditions appears reasonable for the estimates herein.  
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3.4 Breach Processes and Formation Time 

Breach processes were estimated from the descriptions of failure conditions and 

mechanisms and any observations of the runout, particularly the duration of outflow. The 

classification was straightforward in most cases. Breaches without a release of a 

supernatant pond are considered Process II breaches, as there is no free water to initiate 

erosion. Breaches with outflow described in terms of hours are considered Process I 

breaches, as all Process II are characterized by near-instantaneous collapses. Several 

events exhibited multiple breach mechanisms. In such cases, further interpretation was 

required to assign a dominant breach process. The breach process for each event 

partially informed the modelling approach as well, which is discussed in Chapter 4. The 

compiled failure causes, breach processes, and formation times are presented in Table 

A.5 in Appendix A. 

The formation time (Tf) was estimated for each event and the breach initiation time 

and outflow duration were compiled when available. No variation from Wahlôs definition 

(1998) for formation time for water reservoir dam breaches was used. Estimating a 

formation time for water reservoir dam breaches is non-trivial even for experts and carries 

some uncertainty (Wahl, 2004). The formation time was estimated for Process I breaches 

using eyewitness accounts and narratives, which involves some level of uncertainty and 

subjectiveness. No quantitative estimate of uncertainty has been made for this thesis, but 

any uncertainty would be comparable to that discussed by Wahl. 

The formation time of all Process II breaches was considered instantaneous, or 0 

seconds. While any breach is not truly instantaneous, the events with direct evidence or 

reliable eyewitness accounts suggest formation times equivalent to 10 seconds or less 

for Process II breach events (e.g., for Prestavèl in Takahashi, 2014; Fundão in 

Morgenstern et al., 2016; and Feijão in Robertson et al., 2019). Reducing the time for loss 

of strength and breach progression from near-instantaneous to instantaneous is a well-

known and commonly used simplification in landslide modelling and breach analysis of 

concrete arch dams (e.g., Aaron et al., 2018; USBR, 1988).   

3.5 Breach Geometry 

The breach geometry was defined in this thesis generally following the conventions in 

water reservoir dam breach modelling (e.g., Wahl, 1997, 2004; Froehlich, 2008). 

Spatially, the breach geometry is measured at the hydraulic control (i.e., typically the 
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narrowest section of the breach). Temporally, it is the geometry at the termination of the 

formation time, or the point in time when the breach no longer increases in depth or width 

during outflow.  

Chanson (2004) defines hydraulic control as the location where flow conditions are 

based solely on the geometry of the control section and are independent of the upstream 

and downstream conditions. Morgenstern et al. (2015) provided a commentary on the 

progression of the breach geometry and hydraulic control for the Mount Polley tailings 

dam breach. Walsh (2019) investigated hydraulic controls for tailings dam geometries in 

flume scale experiments (albeit following a different geometry convention, as discussed 

in Chapter 2). It is therefore concluded that an assessment of the hydraulic control is still 

relevant for tailings outflow, despite the definition originating from water flow mechanics. 

For some events, the hydraulic control is explicitly described (e.g., Morgenstern et al.) or 

is otherwise easily apparent. For other events, the variation in dam construction methods, 

facility arrangements, and breach processes specific to tailings dam breaches made 

identifying the hydraulic control difficult and subjective. Additional labelling and 

conventions were developed for this thesis to reduce the subjectivity in determining the 

hydraulic control. These conventions required a balance between standardization among 

all events while conforming to the specific considerations for the hydraulic control of 

individual events. The breach geometries are presented in Table A.6 in Appendix A. Each 

geometric dimension is defined and described in the following subsections.  

3.5.1 Height Conventions 

The International Commission on Large Dams (ICOLD, 2011) defines dam height (HD) to 

be the difference between the dam crest elevation (ZC) and the dam toe elevation (ZTD) 

of the lowest point of the dam (i.e., the deepest section of the dam). For each event, the 

pre-failure dam crest alignment was set at the change in angle between the tailings beach 

and the dam slope, as determined graphically from profiles of the tailings dams from 

literature or visually in Google Earth imagery. The dam height is often used for regulatory 

or classification purposes (e.g., World Register of Dams). It has also been included in 

past tailings dam breach databases as a measure of the potential energy of a breach and 

a predictor of other runout characteristics (e.g., Concha Larrauri & Lall, 2018). The breach 

is not always located at the deepest section of the dam for all events, however, and the 

foundation elevation along the crest can vary greatly for ring-dyke or side-hill TSF 

configurations. For tailings dams built on steeper slopes, the natural ground below the 
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crest may be noticeably higher than the lowest foundation elevation for the dam. To 

address these concerns for tailings dams, additional height variables were defined in this 

thesis for more relevant comparisons than the dam height alone. 

The concept of a ñsetting-out-lineò for referencing the dimensions of a breach was 

used by Morgenstern et al. (2015) and was adopted here as well. It is noted that the 

setting-out-line is a two-dimensional plane, not a one-dimensional line as implied by its 

name. The setting out line was considered to project directly downwards from the dam 

crest alignment. The breach invert elevation (ZB) was set at the intersection of the setting 

out line and the post-failure surface, which may or may not be the original ground 

elevation or crest foundation (ZCF). These locations are shown in Figure 3.1, with an 

annotated sketch of the Harmony 4A breach hydraulic control and a hypothetical 

schematic profile for clarity. 

 
Figure 3.1 Breach Hydraulic Control shown with A) Annotated Oblique photo of 

the Harmony 4A Breach, and B) Hypothetical Profile 
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The breach height (HB) was measured as the difference between the dam crest 

elevation and the breach invert. The breach height was not measured between the 

elevation of the dam crest and the breach toe (ZTB). This was done as the hydraulic control 

for the breach outflow was visually assessed to be better defined at the crest for most of 

the events. The dam height at the breach location (HDB) was defined following the same 

convention as ICOLD (2011), however ZTD at the breach location was used rather than 

the lowest ZTD of the entire TSF. If the breach occurred at the deepest section of the dam, 

HDB would be the same as HD. The crest height at the breach location (HC) is the 

difference between ZC and ZCF. The crest height at the location of failure would represent 

the maximum potential breach height at the breach location. These height definitions are 

shown visually in Figure 3.2A with a hypothetical schematic profile. For a limited number 

of events, the water surface elevation of the supernatant pond was reported, so the height 

of the water above the breach bottom (Hw) could be determined. The Hw is a common 

variation of the breach height definition in water dam breach databases (e.g., Wahl, 

1998). The Hw is referenced in Appendix B as relevant to the limited number of events 

with such information. 

  
Figure 3.2 Height Conventions for A) Standard Breach Geometry, and B) Slab 

Breach Geometry 
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For a few cases, an alternate convention was used. When the maximum thickness 

of the tailings outflow volume measured normal to the average post-failure surface slope 

(Ts) was larger than the breach height, the event in question was considered using a 

different convention. This scenario is shown schematically in Figure 3.2B. This distinction 

was made as the hydraulic control was assessed to be at the breach toe in these failure 

events (e.g., for Kayakari in Ishihara et al., 2015). The source area for this scenario is 

visually similar to slab avalanche source areas as defined by the United Nations 

Educational, Scientific and Cultural Organization (UNESCO, 1981). Consequently, the 

tailings dam breach events that meet the Ts criterion are termed slab events in this thesis.   

The initial slip surface during the breach may be below the post-failure invert 

elevation, but some measure of tailings self-damming may occur such that the post-failure 

invert is above the initial slip surface (e.g., Harmony 4A in Blight & Fourie, 2005). 

Determining the initial slip surface is more difficult than the post-failure surface (Blight & 

Fourie, 2005). The slip surface is also more relevant to the potential outflow volume rather 

than the actual outflow volume, which may be less than the potential outflow volume due 

to backwatering from the terrain or self-damming (Martin et al., 2022). In this thesis, the 

breach height was always measured using the post-failure invert, but the estimated 

deposited tailings depth below the post-failure invert was mentioned as relevant. A 

hypothetical initial slip surface is shown in Figure 3.2A for visual reference. 

The various heights were determined using any elevation data from academic or 

technical reporting, including figures or maps. In roughly half of the events, detailed and 

reliable elevation data was available for the heights, particularly the breach height. In the 

remaining cases, inferences regarding the breach height were necessary. The most 

common of these inferences was a comparison of the reported regulatory dam height to 

images or descriptions of the breach height (e.g., the dam breached to roughly half its 

height, based on photographs). Evidently, such approximations are more uncertain but 

have some precedence in water reservoir dam breach assessments (Froehlich, 2008; 

Wahl, 2014). 

3.5.2 Trapezoidal Breach Shape 

In this thesis, a trapezoid was used to approximate the breach shape, as shown in Figure 

3.3. The trapezoid is defined using the breach height (HB), top breach width (BT), and 

bottom breach width (BB). The orientation of the breach cross-section is taken looking in 

the downstream direction. The trapezoid alternatively can be defined with the average 
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breach width (BAvg), and left and right breach side slopes (ZL and ZR). The breach side 

slopes do not necessarily need to be the same between the left and right side slopes. 

The trapezoid approximation can be collapsed to a rectangular breach shape 

(through vertical breach side slopes) to a V-shaped breach (using 0 m for BB). The 

trapezoidal approximation is often applied in forward-analysis for water-reservoir dam 

breaches for its simplicity and flexibility (Froehlich, 2008). Observations of past water-

reservoir breaches and large-scale embankment failures also showed that a trapezoid 

approximated the breach shape rather well (Froehlich, 2008; Morris et al., 2007). The 

downside of a trapezoid breach shape is that it may not represent highly irregular, 

composite, or curvilinear breach shapes. 

 
Figure 3.3 Trapezoidal Breach Geometry at the Dam Crest 

For a few events, the dam crest alignment included a bend at the same location 

as the breach. For example, the Feijão event included two slight bends near each 

abutment while the Fundão involved two large setbacks with multiple bends.  A subjective 

assessment was made for each event whether the bend was large enough that an 

alternate alignment was warranted. This alternate alignment was a straight line between 

the right and left side of the breach, with the breach geometry taken at the alternate 

alignment. Part of this subjective assessment was informed by the modelling approach, 

discussed in Chapter 4. 
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The breach geometry is relatively simple to observe and report after a breach 

event, as the ultimate depth and widths can be safely surveyed even without detailed 

surveying equipment (Froehlich, 2008). Consequently, average breach width and breach 

depth are the most widely reported characteristics for water reservoir dam breaches 

(Wahl, 2014). Confident estimates of breach depth and widths can be acquired for some 

events from presented survey information (e.g., 2014 Mt. Polley; Morgenstern et al., 

2015), but surveys of tailings dam breaches appear less common than water reservoir 

dam breaches. 

The breach width (top, bottom or average) is sometimes compared to the dam 

height (Wahl, 1998;, USACE, 2007) to give a normalized comparison between events or 

for forward analysis. Photographs of the breach were used to get an approximation of the 

breach widths using the ratio of the dam height to the breach width for the events without 

survey information. This method is not exact, as photographs may be oblique and lack a 

reported scale (other than the visual of the dam height). Froehlich (2008) noted such 

approximate measurements were also necessary for water reservoir dam breaches in 

some cases. 

3.6 Runout Parameters 

Runout parameters consist of non-Newtonian parameters for the fluid and a roughness 

parameter for the downstream environment. The backgrounds for these parameters were 

discussed in Chapter 2 (Sections 2.3.2 and 2.4). Runout parameters are infrequently 

available in the literature for these events, as they require extensive laboratory testing, 

back-calibration with a numerical model, or expert judgement. 

The runout parameters used in this thesis are presented in Table A.7 in 

Appendix A, however they should be viewed together with the commentary on the runout 

calibrations in Sections 4.4 and 4.5.3. Substantial caution should be exercised when 

considering these parameters in this thesis, as some of them are calibrated and not 

independently measured. The calibrated values may not be transferable to a different 

numerical model software simulation of the same event (as concluded by Ghahramani et 

al., 2022), or a different event with the same model software.  

3.6.1 Quadratic Formula 

This thesis uses the Quadratic formula (OôBrien, 1991) for the non-Newtonian tailings 

runout. The Quadratic formula is defined with Equation 3.3: 
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†  † † † †     (3.3) 

where  ̱is the shear stress, y̱ is the fluid yield stress, v̱ is the viscous stress, Ṯ is the 

turbulent stress, and ̱ d is the dispersive stress. The individual components may be written 

as Equations 3.4, 3.5, and 3.6: 

†  ‘       (3.4) 

† ”Љ         (3.5) 

† ”
Ⱦ
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Where ɛ is the fluid viscosity, du/dy is the shear rate, ɟm is the fluid mixture density, ǎ is 

the fluid mixing length, Ŭi is Bagnoldôs empirical coefficient, ɟs is the solid particle density, 

CMax is the maximum volumetric solids concentration for the fluid, CV is the volumetric 

solids concentration of the fluid, and ds is the representative particle size. The turbulent 

stress is alternatively defined using the Manningôs coefficient in HEC-RAS, therefore the 

mixing length is not considered in this thesis. The turbulent stress includes the fluid 

mixture and is discussed in the following subsection. 

Julien and Lan (1991) found that the Quadratic formula performed well across a 

range of particle sizes, volumetric solids concentrations, and shear rates for laboratory 

testing of hyperconcentrated water-solid mixtures. They also demonstrated that the 

majority of the contribution to shear stress comes from the yield stress and viscosity stress 

terms in the Quadratic formula. With low concentrations of small particles at shear rates 

commonly observed in mud floods and mudflows, the Quadratic formula essentially 

collapses into the simpler Bingham formula (Julien and Lan, 1991). Gibson et al. (2020) 

confirmed the corollary, where high concentrations of large particles at high shear rates 

had large turbulent-dispersive terms in physical and numerical modelling flume scale 

experiments. Gibson et al. noted that the partially theoretical and physical basis 

(discussed below) to the turbulent-dispersive parameter offers some advantages over the 

fully empirical Herschel-Bulkley parameters. Gibson et al. also noted the Bingham formula 

under-predicted internal losses when paired with the measured yield stress and viscosity 

of the materials in the HEC-RAS model, while the Quadratic formula results paired well 

with the measured rheology parameters. Given the diversity of tailings materials, breach 

characteristics, and runout environments, the additional complexity of the Quadratic 
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formula (e.g., compared to the Bingham formula) is warranted for its flexibility for the 

diverse events herein.  

The specific gravity of the tailings particles is commonly reported in academic or 

technical reports, which can be easily converted to density. Not all cases had reported 

densities or specific gravity for the tailings particles. Gibson et al. used the median particle 

size (d50) as the representative particle size in their comparison between numerical model 

results in HEC-RAS and laboratory observations. The same approach was adopted for 

this thesis. When a particle size distribution was not available for the tailings from each 

event, a representative particle size was assumed using any qualitative descriptions of 

the tailings particle size and the Wentworth (1922) particle size classification (e.g., tailings 

described as fine sands were assigned a representative grain size of 250 microns, 

according to the upper limit for fine sands from Wentworth, 1922). 

The remaining inputs (i.e., Bagnoldôs empirical coefficient, density of water, and 

maximum volumetric solids concentration) are empirical, measured, or theoretical 

parameters that have been determined by previous assessments of non-Newtonian flows. 

They have been repeatedly found to be well constrained as constants. Bagnoldôs constant 

is unitless and commonly accepted as 0.01 (Bagnold, 1954; Takahashi, 1980; Julien & 

Lan, 1991, OôBrien et al., 1993). The density of water is typically assumed as 1,000 kg/m3 

for hydraulic modelling software (e.g., HEC-RAS, Brunner, 2020). The maximum 

volumetric solids concentration for the quadratic formula is often quoted as 61.5%, based 

on the packing theory of uniform spheres (Gibson et al., 2020, Julien & Lan, 1991). The 

uniform sphere packing theory actually indicates a maximum volumetric solids 

concentration of approximately 74% (Bagnold, 1954) and the maximum volumetric solids 

concentration of well graded natural materials (i.e., non-uniformly sized particles) in debris 

flows is around 84% (Rickenmann, 1999; Rickenmann, 2001; Ancey, 2007). No 

information was found regarding the maximum theoretical volumetric solids concentration 

for any individual tailings dam failure. This value was assumed in this thesis to be a 

constant equal to 84% to be in line with Gibson et al. 

There are only two unknown rheological parameters, yield stress and viscosity, 

that are ñtunedò in the calibration process for each event in this thesis (discussed in 

Chapter 4). This is aligned with the number of parameters requiring calibration of other 

rheology formulas or runout models. Even a model such as D-Claw, which is constrained 

by independent measurements of intrinsic material properties (Iverson & George, 2014), 
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requires calibration of sensitive model parameters (Iverson & George, 2016). The range 

of measured rheology data from Martin et al. (2022) can be used as limits to any calibrated 

yield stresses and viscosities from this thesis. Furthermore, specific practical experience 

with tailings characteristics and measured rheology as in Boger (2011) or Adams et al. 

(2017) can be used to refine this range for a given tailings dam breach event if information 

is available. 

3.6.2 Manningôs Coefficient 

Out of the roughness parameters listed in Section 2.3.2, the Gauckler-Manningôs 

coefficient was used in this thesis for the downstream environment. The coefficient is 

colloquially known as Manningôs Coefficient or Manningôs n. The unit of Manningôs 

coefficient is s/m1/3; however, it is often omitted (Chanson, 2004). This roughness 

parameter was selected due to the extensive literature on Manningôs Coefficient, and it is 

the preferred roughness parameter in HEC-RAS (Brunner, 2020). The implementation of 

the turbulent stress using Manningôs Coefficient is shown in Equation 3.7: 

† ” Ⱦ
ȿὺȿ     (3.7) 

Where ɟm is the fluid mixture density, g is the acceleration due to Earthôs gravity, n is the 

Manningôs Coefficient, R is the hydraulic radius, and v is magnitude of the flow velocity. 

The fluid mixture density is defined with Equation 3.8: 

” ” ” ”  ὅ     (3.8) 

Where ɟw is the density of water, ɟs is the solid particle density, and Cv is the volumetric 

solids concentration.  

The Manningôs Coefficients selected for each event were based on the procedure 

outlined in Arcement and Schneider (1986). Table 3.1 shows typical land cover and 

Manningôs Coefficients considered for the events and modelling in this thesis; however, 

individual values were informed by the site-specific conditions for each event.  These 

conditions were determined through photographs, descriptions, and Google Earth 

Imagery available for each event prior to the tailings dam breach. The Manningôs 

Coefficients calculated herein were compared to other guidance such as Janssen (2016) 

as well. 
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Table 3.1 Common Land Cover and Typical Manningôs Coefficients for Two 

Dimensional Hydraulic Modelling (Arcement & Schneider, 1986; 

Janssen, 2016) 

Land Cover Types Manningôs Coefficient 

Bare earth, natural rock 0.02 to 0.03 

Grassland, open fields, pastures 0.03 to 0.06 

Rivers or small waterbodies 0.03 to 0.08 

Moderate brush and vegetation 0.05 to 0.08 

Forested or densely vegetated 0.08 to 0.12 

Urban or dense suburban 0.12 

3.7 Event Runout Observations 

The Zone 1 inundation areas and runout distances for the events in this thesis have been 

previously estimated or compiled by Ghahramani et al. (2020) and re-confirmed by Rana 

et al. (2021b). The estimated Zone 1 runout distances and inundation areas from 

Ghahramani et al. are included in Table A.1 in Appendix A. Other event observations 

(e.g., fatalities or financial costs) are more related to the population or value placed on 

the area affected by the tailings runout than the runout characteristics themselves.   

The convention for measuring distance has not been defined in previous 

databases (e.g., Rico et al., 2008, Concha Larrauri & Lall, 2018, Ghahramani et al. 2020). 

It appears that runout distances have included a mix of distances measured along the 

river centreline or thalweg, along the centreline of the tailings flow (but not necessarily the 

river centreline), or the shortest straight line distance. These conventions are shown 

conceptually in Figure 3.4. Inundation areas provide more spatial information than the 

runout distance (i.e., two-dimensional information versus one-dimensional) and are less 

subjective than distances. For such reasons, only the Zone 1 inundation areas are directly 

incorporated into the model calibration, as discussed in Chapter 4. 
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Figure 3.4 Runout Distance Measurement Conventions 

The convention for the Zone 1 inundation area is well defined in Ghahramani et al. (2020), 

and the same convention and mapped inundation areas are adopted in this thesis, except 

as noted below. The investigations in this thesis were more in-depth than those described 

in Ghahramani et al. (2020) or Rana et al., (2021b), as befitting the lesser number of 

events investigated and the increased detail needed for hydraulic numerical modelling 

compared to statistical relationships. The scope of this thesis did not initially include 

revising the Zone 1 inundation areas, however, during the investigations for this thesis, 

additional evidence was identified for several events that suggested they needed to be 

updated. For consistency, adjustments to the Ghahramani et al. Zone 1 inundation areas 

were avoided when possible. Adjustments were made if they were small, clearly and 

strongly evidenced, and simple to implement. The events with larger recommended 

adjustments were noted for future work, but no adjustments to these inundation areas 

were made in this thesis. Specific details for any adjustments or recommended updates 

are described in Appendix B. 
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3.8 Local Runout Observations 

The local observations are broadly categorized as flow depths, arrival times, and 

miscellaneous or derived observations. The type and uncertainty of local observations 

compiled vary according to the method of observation, the knowledge of the observer 

(e.g., an untrained civilian versus a subject matter expert in tailings flows), and the timing 

of the observation. The number of observations compiled for each event were limited by 

practical time constraints and the desktop-level nature of the investigations. For some 

events, only one or two local observations with limited confidence were found, while a few 

events had none. The local runout observations for each event are summarized in Table 

A.8 in Appendix A. 

3.8.1 Flow Depths 

The flow depth is one of the basic elements for hazard mapping and may be for the peak 

depth of the tailings runout or for the final deposition depth after flow has ceased (CDA, 

2019, 2021). Tailings runout can leave indicators of the maximum flow depth through mud 

high-water marks on buildings, trees, and infrastructure. These indicators can be safely 

observed and photographed after the event without sophisticated survey equipment and 

are the most common measures of depth available (e.g., for Harmony 4A in Wagener, 

1997, and for Aznalcóllar in Eptisa, 1998). For some events, eyewitnesses recounted 

their observation of flow depth at a time likely around the maximum flow velocity or depth 

(e.g., for Prestavèl in Takahashi, 2014). 

The final depths of the tailings deposit may be reported from field visits for forensic 

engineering and impact studies (e.g., for Aznalcóllar in Gallart et al., 1999). Final depths 

also can be surveyed throughout the inundation area (e.g., for Cadia in Jefferies et al., 

2019), but some survey information prior to failure is necessary for proper change 

detection analysis. These full surveys are rarer, as they are generally limited to more 

recent events with shorter runout distances where detailed topographic surveys are 

feasible. A complete set of pre- and post-failure surveys for an event would be a rich data 

source for model calibration and validation. 

3.8.2 Arrival Times 

The arrival time is the time that takes for the tailings to reach a location and may be 

defined for the arrival of the tailings runout front, the peak depth of the tailings, or peak 

flow of the tailings (CDA, 2019a, 2021). Unfortunately, the arrival time cannot be observed 
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after an event unless timestamped video or scientific instruments register the event (see 

Section 3.8.3). This limits observations primarily to eyewitness accounts, which are often 

difficult to determine a location or are only qualitative.  

In forward analysis, the dam failure sequence is hypothetical and not associated 

with a specific time or date, therefore the arrival time must include a reference time (e.g., 

the time since the formation time or the start of the flood event). While the tailings dam 

failures in the current database are obviously not hypothetical, two or more observations 

at two or more different locations are still needed to use arrival time as a back-analysis 

model calibration and validation tool. This is required as the relative arrival time of the 

tailings flow is used in model calibration and validation rather than an absolute arrival 

time. In simpler terms, the breach could be set to begin in a back-analysis numerical 

model at an incorrect time to arrive at a downstream location at the correct time. With 

multiple arrival time locations, the confidence in the timing of the flood wave increases. 

The time of the onset of failure at the tailings dam is often one of the time and locations 

pairs that can be used to determine the relative timing further downstream for the back-

analysis models in this thesis. 

3.8.3 Miscellaneous and Derived Observations 

Beyond the simple measurements of depth and arrival time, some events had secondary 

observations reported where their values come from additional interpretation or are 

derived from a combination of other observations. In rare cases, scientific instruments 

installed in the vicinity of the tailings runout for other purposes unintentionally (but 

fortunately) captured some feature of the runout. The data from these sources may 

require additional expert interpretation, but generally can provide multi-faceted 

information invaluable to support model calibration and validation. These more complex 

observations were found to be rarer than the simple measurements of depth and arrival 

time but were still useful in the model calibration and validation process and thus 

warranted discussion.  

The average velocity of the tailings runout is occasionally reported (e.g., for 

Fundão in Morgenstern et al., 2016; for Prestavèl in Takahashi, 2014). These estimates 

are usually based on arrival time (i.e., the distance between two locations divided by the 

difference in arrival time between them) rather than a direct measurement of velocity. 

Therefore, the original arrival times for each location were considered a more appropriate 

model calibration and validation tool than the average velocity between them.  
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For some tailings dam breach events, pre- and post-failure surveys (as mentioned 

in Section 3.8.1) were completed by other parties; however, due to uncertainties or other 

considerations, the actual survey data is not reported or shown by the other parties. 

Instead, the total tailings volume deposited in an area, or the total tailings volume that 

passed a location are reported, as calculated from the change in topography from the 

pre- and post-failure surveys. These values were assumed to be reliable, like outflow 

volumes calculated using survey information (Section 3.3). 

Hydrometric gauges can provide a time-series of the tailings runout depth if they 

were located in the Zone 1 inundation area. This time-series can give information about 

the arrival time of the flood wave front, peak tailings depth, arrival time of the peak tailings 

depth, final (deposited) tailings depth, and the general trend in depth and timing between 

all these elements. Hydrometric gauges are also useful outside of Zone 1, as they can 

constrain the arrival time or other runout characteristics (e.g., for Feijão in CPRM, 2019). 

Such quantitative and straightforward information is useful in model calibration and 

validation, but caution and judgement should be exercised under some conditions. Depth 

time-series are preferred to flow time-series for model calibration and validation. Most 

stage-discharge rating curves at hydrometric gauges are invalid for events like extreme 

floods or tailings runout therefore the calculated flow may not be reliable (Ayala-Carcedo, 

2004; BGC, 2022; Lang et al., 2010). Furthermore, as these instruments are directly in 

the tailings flow path, they are vulnerable to damage, which may limit the confidence in 

their recorded data (IGME, 2001). Lastly, hydrometric gauge data can be affected by 

other phenomena in addition to tailings runout. Identifying these other phenomena and 

differentiating the data can be difficult, particularly when the hydrometric gauge is outside 

of the Zone 1 extent (i.e., in the Zone 2 extent). Hydrometric gauge data was considered 

when available for the events, including gauges outside the Zone 1 extent. The data was 

interpreted and assessed for relevance to model validation and for the described 

concerns as part of the event investigations.  

Seismograph data require expert interpretation to invert the frequency into a force-

time function. These force-time functions have provided insight into the timing, duration, 

and dynamics of landslide events (Mitchell, 2021, and the references therein) and for a 

limited number of tailings dam breach events (e.g., Takahashi, 2014). No seismic 

inversion analysis was completed in this thesis, but interpretation by others was 

occasionally relied upon for model calibration and validation when available. 
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3.9 Discussion 

Rico et al. (2008) and Rana et al. (2021a) commented that reporting on tailings dam 

failures are usually incomplete, with poor data availability or quality. This was found to be 

the case for many of the events investigated herein as well. Many of the approaches to 

estimate or confirm some of the characteristics or observations are based on rules of 

thumb or simple geometric comparisons. Consequently, these approaches cannot 

provide insight beyond a rough sense of proportion for the characteristics. The rules of 

thumbs rarely were able to invalidate reported values without additional primary sources. 

The following discussion includes the limitations and common uncertainties across 

multiple events.  

Despite the high-level concerns above, it is believed that this database provides 

an improvement in understanding of the tailings dam breach events considered and 

enhances the numerical modelling of similar events. General insights regarding the 

results of the investigations for each characteristic, possible use of cases for forward 

analysis, and suggested future research are outlined. The discussion on runout 

parameters is included in Chapter 4, as it is more relevant to the rheology calibration 

method used in the numerical modelling, detailed therein.  

3.9.1 Outflow Volumes 

It was rare that a comprehensive breakdown of the volume (e.g., for Mount Polley in 

Cuervo et al., 2017) was available, despite the impact of the total outflow volume and the 

volume concentration on breach and runout characteristics. In general, the outflow 

volumes were the characteristics most difficult to assess and were affected by uncertainty 

in reporting. For example, the most reliable estimate of the tailings that discharged in the 

Aznalcóllar event (Spain, 1998) was initially assessed to be 1.3 M m3 of tailings (tailings 

solids and interstitial water) and 5.5 M m3 of supernatant pond for both compartments 

combined, as reported by McDermott & Sibley (2000). The rough volume of discharged 

tailings for the North Pyroclastic Pond was estimated using an eighth of a cone. An 

estimated radius of 800 m and a height of 25 m (the remaining 3 m to meet the 28 m dam 

height being the supernatant pond) gave a volume of 2.1 M m3, nearly double the reported 

tailings volume. McDermott & Sibleyôs involvement with the legal proceedings that 

followed the event gave their estimate credibility and the geometric estimate is 

acknowledged as unsophisticated, therefore the reported tailings volume was included in 
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the database and subsequent modelling. After the investigation and numerical modelling 

for Aznalcóllar was completed for this thesis, Sanz-Ramos et al. (2022) published 

additional and novel evidence on the event. Sanz-Ramos et al. estimate the total outflow 

volume ranged from 11.5 M m3 to 15.4 M m3, with a tailings solid volume between 2.3 M 

m3 to 4.6 M m3. Not all events have uncertainty in the outflow volume as high as 

Aznalcóllar, however, the idea that multiple authors for previous databases (e.g., Rico et 

al., 2008; Laurrari and Lall, 2018; Rana et al., 2021b) and this thesis can critically assess 

the outflow volume for Aznalcóllar and yet be possibly underestimating by a factor of 2 is 

evidently concerning. 

Regardless of the uncertainty discussed above, numerous advances in 

characterization for each outflow volume were made during this thesis. The volumetric 

solids concentration for the tailings runout was estimated with relative confidence for nine 

of the twelve tailings dam breach events, which is an increase to the few events noted by 

Rana et al. (2021a). The tailings transport mechanism (i.e., erosion, liquefied flow, 

slumping) was estimated for each of the events, which is a key consideration for runout 

modelling (CDA, 2021). Such details are useful for assessing the variation in mobility and 

can be used to continue work initiated by Ghahramani et al. (2020) and Rana et al. 

(2021a). 

The unconfined events in this thesis are shown in Figure 3.5 and compared to the 

regression line from Rana et al. (2021), with labels for the volumetric solids concentration. 

Additional arbitrary lines at one half order of magnitude above and below the regression 

line are shown for clarity. The impact of solids concentration is apparent in the high 

relative mobility for the Aznalcóllar and MAL Reservoir X events (IDs 4 and 6). Events 4 

and 6 included comparatively shallower slopes in the Zone 1 extent, yet they still exhibit 

the greatest residual above the regression from Rana et al. The outflow volume, solids 

concentration, and inundation area reported by Sanz-Ramos et al. (2022) for the 

Aznalcóllar is shown with ID 4*; however, the conclusion is the same regarding the 

mobility of the event. The unconfined events in this thesis with volumetric solids 

concentration above the mudflow characteristics boundary (i.e., Cv > 45%, following 

OôBrien, 1988) all exhibited lower relative mobility, being closer to or lower than the 

ñaverageò relative mobility represented by the regression line. The tailings runout for the 

Tashan event (ID 5) was on a 10% slope (i.e., steeper than for most other unconfined 

events in this thesis) and the tailings runout for the Harmony 4A event (ID 3) was primarily 



53 

 

on a hard wet surface (Blight & Fourie, 2005). These features may explain their slightly 

higher relative mobility compared to other events with high volumetric solids 

concentration. Further work regarding contributary factors for runout is needed to better 

understand trends or develop statistical relation, but this effort is hampered in this thesis 

by the limited number of events included. This guidance could be used for high-level 

engineering planning or regional risk analysis (e.g., Innis & Kunz, 2020), once the sample 

size is increased. 

 
Figure 3.5 Zone 1 Inundation Area versus Total Outflow Volume with Volumetric 

Solids Concentration for Unconfined Runout Events (Regression from 

Rana et al., 2021a). 

Geometric or temporal details were explicitly discussed and included in the 

database as relevant. For example, the Prestavèl event in Italy, 1985, has been widely 

described to be a cascading failure of a stepped facility (Luino and De Graff, 2012; 

Takahashi, 2014). This arrangement for Prestavèl is commonly ignored in databases that 

include this event (e.g., Rico et al., 2008; Larrauri and Lall, 2018; Piciullo et al., 2022) or 

numerical modelling of the event (e.g., Takahashi, 2014; Pirulli et al., 2017). The Cadia 

NTSF event in Australia, 2018, has previously been simplified to a single event in 

databases (e.g., Rana et al., 2021b) despite two different flow characteristics (a slump 

and liquefied flow) occurred with 48 hours passing between each event. Similarly, the 

Fundão event in Brazil, 2015, discharged 32.2 M m3 of tailings on the day of the primary 

failure, and then discharged a further 11.5 M m3 of tailings over the next several months 
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during multiple separate rainfall events (Fundação Renova, 2016). The cumulative 

discharged tailings volume of 43.7 M m3 is then reported in databases (e.g., Piciullo et 

al., 2022) without the nuance or context regarding the timing of the discharges. These 

simplifications may be necessary for the scope and purpose of the previous work, but 

they obscure the phenomena or considerations that would be useful for forward-analysis 

of facilities having similar arrangements or conditions.  

3.9.2 Breach Processes and Formation Time 

Rana et al. (2021b) previously identified the failure conditions and mechanisms for the 

events in this thesis. Based on that work and the references therein, there was sufficient 

evidence to determine the breach process and complete the failure mode for each event 

with comparatively little uncertainty. Similarly, the narratives available in the literature 

were sufficient to estimate formation times for all events. Initiation times or outflow 

durations were harder to determine but are included as available. 

Conventional fault tree or event tree analyses are often used in failure modes and 

effects analysis (FMEA) or Probable Failure Mode Analysis (PFMA) for dam safety, 

including tailings dams (DeNeale et al., 2019). Fault tree analysis starts with the breach 

of the dam and works backwards through potential events leading to the breach, while 

event tree analysis works forward through time and the events needed to initiate a breach. 

In other words, most dam safety risk analysis considers the first two steps of a failure 

mode, the failure cause(s) and the failure mechanism(s) but does not include the breach 

process. In this thesis, the breach process was not found to be only dependent on failure 

mechanisms for all cases. For example, the Mount Polley and Aznalcóllar TSFs 

experienced a failure trigger typically associated with Process II breaches (foundation 

failure), but primarily breached through an overtopping and erosion failure mechanism 

associated with Process I breaches. On the other hand, Harmony 4A experienced a 

trigger associated with a Process I breach (overtopping), but primarily experienced a 

Process II breach. These findings suggest that risk analysis may need to include the 

breach process in their assessment, as the probability and consequences (and therefore 

the risk) would differ between each breach processes even if they were initiated by the 

same failure mode. 

The three non-upstream dams in this database experienced some form of 

Process I breaches, where the dominant tailings transport mechanism was erosional. The 

two events that were fully Process I breaches (Aznalcóllar and Mount Polley) had 
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formation times quite slow for their height (less than 15 m/hr) compared to the mean 

erosion rates for dam failures in Walder & OôConnor (1997), as shown in Figure 3.6. This 

could be explained by tailings beaches representing an additional resistance to erosion 

and slowing the breach formation. Walsh (2019) also obtained slower dam breaches in 

flume scale experiments with a tailings beach compared to scale dams without tailings 

beaches. The other Process I breach was at the MAL Reservoir X in Hungary, 2010, 

where the downstream constructed dam experienced some form of structure failure 

described with brittle behaviour. Even with this ñpartialò Process II breach process, the 

mean erosion rate of Mal Reservoir X embankment was 88 m/hr, which is still within the 

range of mean erosion rates observed in Walder & OôConnor (1997). This suggests that 

water reservoir dam breaches or landslide dam breaches may be useful analogues for 

Process I breaches at tailings dams. More research is warranted to confirm this finding. 

 
Figure 3.6 Process I Tailings Dam Breach Mean Erosion Rates Compared to Water 

Reservoir Dams (Data from Walder & OôConnor, 1997) 

All upstream dams in this thesis experienced Process II breaches. The events 

were selected based on the availability of data, which is typically higher for destructive 

and notable events, and appears to occur more often with Process II breaches. 

Consequently, this observation may be a result of selection bias, rather than any physical 
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basis. It is not recommended to assume that upstream dams only experience Process II 

breaches at this time because of the limited number of tailings dam breach events in this 

database. More upstream tailings dam failure events should be assessed to further 

explore the frequency of Process II breaches for upstream tailings dams. Furthermore, 

the corollary that centreline or downstream dams cannot experience Process II breaches 

is equally not tenable, as downstream water reservoir dams may also undergo a Process 

II breach (e.g., for Edenville Dam in France et al., 2022).  

3.9.3 Breach Geometry 

The confidence regarding the breach geometry for all the evaluated events varied. The 

uncertainty primarily came from a simple lack of information or reporting on the geometry. 

When reporting was available, it was generally found to be reliable given the relative 

simplicity of these characteristics (i.e., compared to three dimensional volumes, 

discussed in Section 3.9.1). 

The assumption that the dam crest represents the hydraulic control came from 

conventions in water reservoir dams, however, it was not found to be suitable for all 

events. Unsurprisingly, the assumption appeared to work the best for Process I events, 

which appeared to be most similar to water reservoir dam breaches. These events had 

clear hydraulic controls and were estimated herein in the same location as previous 

authors (e.g., for Mount Polley in Morgenstern et al., 2015; for Aznalcóllar in Sanz-Ramos 

et al., 2022). The confidence on the hydraulic control was more varied for Process II 

events. The lower confidence Process II events were events with limited information to 

fully constraint the hydraulic control and geometry (e.g., for Fundão in Machado, 2017) or 

smaller facilities with geometric features (e.g., a corner of the dam crest alignment) that 

intersected with the breach geometry (e.g., for Prestavèl in Muramoto et al., 1986; for 

Gillibrand No. 6 in Harder & Stewart, 1996; for Fundão in Morgenstern et al., 2016). A 

novel convention for the ñslabò events in this thesis was developed and therefore should 

be further explored or refined. In general, the hydraulic control for the slab events was 

low, however, the numerical modelling for the Cadia NTSF Event II showed that the slab 

convention may have some merit (see Chapter 4 and Appendix B for further details). 

The breach height (as a ratio of the crest height) is plotted against the crest height 

at the breach location in Figure 3.7. The breach height is commonly assumed to be the 

crest height (i.e., the breach invert is at ground level) for forward analysis (CDA, 2021). 

Such an approximation appears reasonable for the Process I events (i.e., the breach 
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height to crest height ratio is nearly 100% in all cases). The Process II events demonstrate 

more variation in the ratio but are generally at least 50% when excluding slab events. The 

breach height often is required to be equal to the dam crest to meet existing regulatory 

requirements or industry guidance (e.g., FERC, 2015) for dam hazard classification. Risk 

assessments or emergency planning for various scenarios (including partial breaches) 

can be informed by the range of height ratios in Figure 3.7.  

 
Figure 3.7 Observations of Breach Height versus Dam Height at the Breach 

Location 

The breach height is plotted against the average breach width, following the 

comparison shown in Wahl (1998), in Figure 3.8, along with the water reservoir dam 

breaches in Wahl. The breach width to breach height ratio is a useful normalization for 

facilities with different dam heights, and various ratios are shown with the coloured lines 

on the same figure. The tailings dam breach events tend to have higher breach heights 

than the water reservoir breaches but are comparable in terms of the width to height ratio. 

The Process II events appear to have wider breaches on average compared to the 

Process I breaches and water reservoir dam breaches, and show greater scatter in the 

width to height ratio. More events need to be assessed to confirm these trends. 
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Figure 3.8 Observed Breach Heights and Widths Compared to Water Reservoir 

Dams (Data from Wahl, 1998) 

In terms of a breach shape, approximating the breach geometry as a vertical 

trapezoid appears sufficient for most events. It is an approximation however, and is not 

ideal for all events (e.g., a U-shaped or compound shape breach). Pre- and post-failure 

survey information from site-specific surveys or using InSAR methodologies is useful for 

addressing these concerns, as they would eliminate the need for this approximation.  

3.9.4 Event and Local Observations 

Local observations came in many different forms and from different sources, therefore 

general comments are not fully applicable to all of them. Many of the reported local 

observations came from untrained observers, which limited their usefulness in model 

validation. Another major obstacle was that no location or time was associated with the 

observations for many cases, therefore they could not be used for model validation, 

regardless of their reliability. Overall, the uncertainty for the local observations is 

subjectively assessed to be as high as the uncertainty with outflow volumes, discussed 

in Section 3.9.1 

Flow depth observations were the most common observations found and tended 

to contain enough evidence to be considered reliable. For example, a description of the 

Average breach width is half of 

the sum of the bottom and top 

breach widths  
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location and rough estimate of the peak flow depth accompanied by a photograph of the 

tailings stain height with some sense of scale at a given location was sufficient to be 

considered reliable. Arrival times were found to be one of the most valuable calibration 

constraints along with the Zone 1 inundation area (discussed in Chapter 4), so effort was 

made to compile as many arrival times as possible. Unfortunately, they were found to be 

far less reliable than depths. 

The inundation areas directly impact the model calibration process, any uncertainty 

or error affects the modelled results. The following examples show the dual importance 

of using local observations for model calibration or validation, as noted by Ghahramani et 

al. (2022). Event and local observations used in model calibration require just as much 

effort to validate as any other model input.  

The Kayakari event in Japan, 2011, was triggered by an earthquake of magnitude 

9.0 (Ishihara et al., 2015) and had a Zone 1 inundation area of 150,000 m2. A tsunami 

resulting from the earthquake then impacted the coast of Japan roughly 30 mins to an 

hour later, which was mapped by Matsuda et al. (2014). The tsunami was not considered 

by Ghahramani et al. (2020), which includes 86,000 m2 of overlap of the tsunami impacted 

area with the tailings inundation area. Based on the available aerial imagery and terrain 

data, it was determined herein that 70,000 m2 of the tailings inundation area should be 

removed and attributed primarily to the tsunami. Such a change would not materially 

affect the fitted trend lines in Ghahramani et al., but this difference did materially affect 

the modelling calibration process.  

After the Feijão event in Brasil, 2019, the Brasilian Geological Survey reported a 

frontal arrival time at the Paraopeba River, some 9 km downstream of the Feijão TSF, of 

30 mins. This was based on a hydrometric gauge that measured the filling of a ñreservoirò 

behind the subsequent landslide dam in the Paraopeba River created by the tailings 

(CPRM, 2019). However, Lumbroso et al. (2021) instead relied on anecdotal reporting 

from a newspaper from China to support their numerical modelling in MIKE 21. The 

anecdotal reporting was not specific nor was any evidence included, but it was used to 

conclude the arrival time at the Paraopeba was between 1.5 hrs to 2 hrs. Their modelled 

arrival times were then labelled as ñobserved arrival timesò in Gibson et al. (2022). Both 

had excellent areal match within what Ghahramani et al. (2020) mapped as the Zone 1 

extent. Without the true arrival time to the Paraopeba River, their models have 

unintentionally deceptive good performance. 
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Chapter 4: Numerical Modelling with HEC-RAS  

This chapter describes the approach taken for modelling the tailings dam breach and 

runout events in this thesis. The terrain data considerations are presented in Section 4.1. 

The general numerical modelling methodology is presented in Section 4.2. The rheology 

calibration process is discussed in Section 4.3. Finally, a discussion on the general 

findings is included in 4.4. Specific details and commentary on the modelling for each 

event are presented and discussed in Appendix B. 

4.1  Terrain Data and Modifications 

The terrain data used in this thesis consisted of a mix of publicly available and commercial 

data, in raster format. The public data were typically lower resolution (i.e., larger terrain 

cells) and were poorer quality, but can be obtained for no cost. The public data were 

either sourced from the relevant national geological survey agency or the ALOS World 

3D ï 30 m (AW3D30) from the Japan Aerospace Exploration Agency (JAXA) when no 

such national data were available. Other publicly available global terrain data (e.g., the 

Shuttle Radar Topography Mission, SRTM) were ultimately considered less appropriate 

for the runout modelling than the AW3D30 product. Both the AW3D30 and SRTM 

datasets are DSMs, and therefore introduce an error through inclusion of vegetation or 

other structures. 

The commercial data was the Airbus Defense and Space WorldDEM DTM, 

purchased from third party providers for some events when the benefit of higher resolution 

and quality was deemed worth the monetary cost. The WorldDEM (12 m horizontal 

resolution) is stated to be a bare-earth dataset, which should be ideal for flood modelling 

(Meadows and Wilson, 2021). Newcrest Mining Limited provided digitized contours from 

the site-specific surveys for the Cadia Event. Terrain rasters were interpolated from the 

contour data for the modelling in this thesis.  

The various terrain data sources and some of their characteristics are presented 

in Table A.9 in Appendix A. Most of the terrain datasets required some form of adjustment, 

and about half of them required substantial adjustments in the downstream environment. 

Meadows and Wilson (2021) note vertical errors are usually positive biased (i.e., the 

terrain data is above the true bare-earth elevation). This phenomenon was observed 

herein as well, with most of the modifications being removal of features within the terrain 

data to approximate bare-earth conditions. All terrain modifications were made with the 
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tools in HEC-RAS. The following subsections detail common types of modifications used, 

with specific dimensions and reasoning for each event included in Appendix B. 

The modified terrain data have higher resolutions than the original data in the 

following figures for the example modifications. The modified regions typically used a finer 

resolution than the original or raw terrain data, as they often involved important features 

smaller in scale than the original resolution could physically represent. The upscaling 

occurred during the export of the modified terrain from HEC-RAS for mapping in external 

GIS software, as any exported data from HEC-RAS needs a consistent resolution. In the 

runout modelling, the original resolution is used for unmodified terrain data, while the finer 

resolution is used for the modified terrain. This variable terrain resolution is possible 

through the HEC-RAS sub-grid hydraulic calculation approach, discussed further in 

Section 4.3. 

Breach Channels 

The terrain data was surveyed prior to the breach or after remedial work for all events. 

Consequently, the breach channel was removed from the TSF to ensure the breach flow 

was realistically constrained proximal to the breach. Without starting the tailings runout in 

the HEC-RAS model at the dam crest with a breach channel, the tailings flow either would 

have to start at the dam toe or on top of the dam crest. These other options have little 

physical sense and result in the tailings flow spreading more than the observed inundation 

area, and therefore were not pursued.  

The óChannel Modificationô tool in HEC-RAS was used for all breach channel 

modifications. The geometry for the breach channel (i.e., bottom width, side slopes, and 

height) was based on the breach geometry as discussed in Chapter 3, and then smoothly 

connected to the ground at the toe of the dam. Photographs and aerial imagery also 

qualitatively informed the breach channel modifications. The tailings dam had to be óbuilt 

upô, to reach the elevation of the dam crest at the time of failure for some events. This 

was done with the óHigh Ground Modificationô tool, with the geometry (i.e., crest elevation 

and dam side slope) informed by any available academic literature or technical reporting. 

Evidently, the uncertainty and possible error in breach geometry would carry through to 

the breach channel modifications. Compared to the following terrain modification types, 

however, these modifications are considered more certain given how much effort was 

expended on investigating the breach geometry, as described in Chapter 3. 
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An example of a breach channel removal is shown in Figure 4.1, from the Feijão 

HEC-RAS model with the Airbus Defense and Space WorldDEM DTM. The contours from 

the modified terrain data are overlayed on the satellite imagery for comparison. The 

breach geometry was estimated from Robertson et al. (2019) and February 2019 satellite 

imagery from Google Earth (i.e., a week after the failure). Overall, this edit was considered 

to be relatively representative of the actual terrain surface post-failure and to have low 

uncertainty.  

 
Figure 4.1 Example Breach Channel Modifications A) Terrain Data before Breach 

Channel Modifications, B) Terrain Data after Breach Channel 

Modifications, and C) Satellite Imagery for Comparison 

River Channels 

Many of the events ran out along river channels. These riparian areas may contain several 

features that require terrain data modification prior to runout modelling. The technologies 

used in global terrain datasets often cannot penetrate water, instead returning the 

elevation of the water surface (Meadows and Wilson, 2021). Depending on the flow 

capacity of the river relative to the flow of the tailings runout, this error may or may not be 

of consequence (Martin et al., 2022). River channels are often accompanied by 

vegetation of varying density. If the terrain data is a DSM rather than a DTM (i.e., bare-

earth), the river thalweg may appear as a ridge rather than a low point as it should. When 

the river passes through a canyon section that is narrower than the resolution of the 

terrain data, the river may be artificially elevated to around the crest of the canyon, or 

even higher if vegetation overhangs the canyon. Bridges over rivers also appear as solid 

obstructions to flow in terrain data in raster format. The flow capacity is reduced or 

A B C 
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obstructed, and the flow paths are erroneous in the terrain data compared to the real-

world environment for these conditions. 

A channel was cut into the terrain to remove all these different flow obstructions 

using the óChannel Modificationô tool in HEC-RAS. The alignment and linear extent (i.e., 

the distance along the centreline of the modification) of the channel removal was primarily 

informed by the terrain data itself. The river channel modifications followed the path of 

minimum elevation (i.e., the steepest path up and down the ridges or interference) within 

the terrain data until a local minimum was reached. The channel slope of the modifications 

was linear between the elevation of each local minimum. The geometry of the channel 

(i.e., width, depth, and side slopes) was estimated based on any available information, 

such as reported characteristics in literature, or visually estimated from satellite imagery. 

Two examples of river channel removal are shown in Figures 4.2 and 4.3, from the 

Aznalcóllar and Fundão HEC-RAS models, respectively. The Aznalcóllar example shows 

riparian vegetation ñspecklesò all along the channel in the DTM05 terrain data from the 

National Geographic Institute of Spain. The DTM05 data was survey in 2019 and currently 

assessed as one of the higher quality public terrain data found. These speckles were 

removed, otherwise they slowed down the tailings flood wave front. The geometry of the 

channel was informed by commentary from Gallart et al. (1999) and 2003 satellite 

imagery from Google Earth (i.e., 5 years after the failure). The terrain data path, Gallart 

et al. and satellite imagery were in good agreement. The river channel modifications 

spanned the entire 40 km length of the HEC-RAS model domain for the Aznalcóllar event. 
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Figure 4.2 Example River Channel Removal A) Terrain Data before River Channel 

Modifications, B) Terrain Data after River Channel Modifications, C) 

Satellite Imagery for Comparison, D) Cross Section through the 

Floodplain, and E) Profile along the Entire River Channel 

The Fundão example includes a narrow canyon section (approximately 6 m wide 

at the bottom based on satellite imagery) that was not captured by the AW3D30 terrain 

data (30 m horizontal resolution). In fact, the elevation at the canyon section is more than 

30 m above the river upstream of the canyon, creating a saddle shape. Immediately 

downstream of this saddle, a foot bridge on the Estrada Real crosses the river as well, 

creating another ridge or saddle in the AW3D30 data 15 m above the channel. Satellite 

imagery does not align with the minimum elevation path in the terrain data; the satellite 

imagery was considered more reliable for this case. The geometry was assumed based 

solely on imagery, as no further information was found. The crudeness of these 

modifications was warranted to provide hydraulic connectivity, as these interferences 

prevented the simulated tailings runout from inundating some 330,000 m2 observed to be 

impacted by the actual tailings runout upstream of the foot bridge and canyon. 

Vegetation 
Speckles 
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Figure 4.3 Example River Channel Removal A) Terrain Data before River Channel 

Modifications, B) Terrain Data after River Channel Modifications, C) 

Satellite Imagery for Comparison, D) Cross Section at the Canyon, and 

E) Profile along the River Channel at the Canyon 

Berms 

Occasionally berms, roadways, or other constructed ridges in the terrain were observed 

in satellite imagery, but not within the terrain data. Like the rivers in canyon sections, 

these linear features are smaller in scale (i.e., narrower) than the resolution of the terrain 

data, but can still affect the flow path or flow capacity. The approach to the terrain 

modifications to add roadways or berms was identical to the river channel modifications, 

however, the geometry modifications were made with the óHigh Ground Modificationô tool 

in HEC-RAS.  

An example of a berm addition is shown in Figure 4.4, from the Tonglüshan HEC-

RAS model with the Airbus Defense and Space WorldDEM DTM. The contours from the 

modified terrain data are overlayed on the satellite imagery for comparison. The berm 

geometry was assumed based solely on imagery, as no further information was found. 

The crudeness of these modifications was warranted, as the berms partially confined the 

tailings runout (Ghahramani et al. 2020; Rana et al., 2021b) and were found to be 

important in the HEC-RAS model herein as well.  

Canyon 

Foot 
Bridge 

Saddle at Canyon 

Saddle at Canyon 

Foot Bridge 
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Figure 4.4 Example Berm Addition A) Terrain Data before Berm Edits, B) Terrain 

Data after Berm Modifications, C) Satellite Imagery for Comparison, 

and D) Profile through Berm Modifications  

Artefacts 

Large regions of terrain data estimated to be affected by artefacts (i.e., errors or 

irregularities) or vegetation (i.e., with a DSM) in amorphous areas affected the tailings 

flows but required a different approach than the linear modifications previously described. 

The óPolygon Modificationô tool in HEC-RAS was sufficient to remove the artefacts from 

the terrain by interpolating a surface inside a polygon surrounding the artefacts.  When 

the surface underlying the artefact was believed to be non-monotonic (i.e., it could not be 

represented by linear interpolation), contours were manually drawn and a raster produced 

from the altered contours for the area requiring modification. 

An example of an artefact removal is shown in Figure 4.5, from the Cadia North 

TSF Event II HEC-RAS model with the terrain data derived from the aerial surveys 

provided by Newcrest Mining Ltd. A polygon was used to smooth the irregularities in the 

Cadia South TSF supernatant pond and achieve a level surface. The contours from the 

modified terrain are shown on the satellite imagery in Figure 4.5C for comparison. The 

modified terrain, while not representative of the actual surface under the Cadia South TSF 

supernatant pond, did not interrupt the tailings runout like the original terrain data. 
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Figure 4.5 Example Artefact Removal A) Terrain Data before Artefact Removal, B) 

Terrain Data after Artefact Removal, and C) Aerial Imagery from March 

10th, 2018, for Comparison 

4.2 Parametric Breach Modelling 

The parametric breach method was selected for the modelling of all events. The 

parametric breach method is well-utilized in water dam breach studies to develop the 

breach hydrograph (Wahl, 1998; Wahl, 2004; Froehlich, 2008; Goodell et al., 2018). As 

preliminary work for this thesis, Adria et al. (2021) applied the parametric approach to the 

Harmony 4A event. The authors concluded that the parametric breach approach was 

flexible for the different breaches in Rana et al. (2021b). Furthermore, the comparatively 

low input requirements for the parametric approach is suitable for the limited reporting 

available for most events. 

Adria et al. (2022) continued the assessment of the parametric breach method, 

using for the 2014 Mount Polley event in Canada and the 2019 Feijão event in Brasil as 

case studies. They compared the modelled hydrograph to timing of flow characteristics 

observed at those events. The Mount Polley event was a Process I breach with a large 

supernatant pond that eroded the tailings. The Feijão event was a Process II breach with 

liquefied tailings and no supernatant pond. These events were selected for their relatively 

high degree of reporting and to assess the parametric breach method against varied and 

dissimilar scenarios. The following subsection includes portions of Adria et al. (2022). 

4.2.1 Breach Weir Components 

The parametric breach method dynamically computes the breach discharge using the 

common weir equation, where the weir is increasing in size in time. Walder et al. (2015) 

define the general weir equation as shown in Equation 4.1: 

ὗ ὅ ὄ ὌȾ      (4.1) 

Surface 
Irregularities 



68 

 

where Q is the flow, CW is the weir coefficient, B is the weir width, and H is the total head. 

Each variable is discussed in the following subsections. As variables are changing in time 

as the breach forms and the outflow volume discharges, the subscript i is used to denote 

the transient value for each variable at time ti. Process II breaches are treated as instantly 

fully formed breaches in this thesis. In such events, the breach width and breach height 

are fully formed and do not have a transient value. 

Weir Coefficient 

The weir coefficient, CW accounts for roughness, turbulence losses, and non-hydrostatic 

effects (Chanson, 2004). It is dependent on flow conditions and the shape of the weir 

(Chanson, 2004). A broad crested weir is commonly used for breach modelling (Brunner, 

2014) and the weir coefficient is defined using Equation 4.2 for broad crested weirs 

(Chanson, 2004): 

ὅ  ὅ Ὣ     (4.2) 

where CD is the discharge coefficient (unitless), and g is the acceleration due to Earthôs 

gravity. 

The CD is typically taken as 1 for a steady state, well defined smooth weir, resulting 

in a CW of 1.70 m1/2/s (Chanson, 2004; Brunner, 2020). As a breach is not steady, 

turbulent, and hydraulically inefficient, the CD is commonly assumed to be lower than for 

a steady state, smooth weir (Brunner, 2014). The CW for a breach conceptually can 

slightly vary over time as flow conditions change, however a prediction of the magnitude 

and timing of this variation in the value of CW is difficult to predict (Brunner, 2014). 

Khahledi et al. (2015) assessed weir coefficients for non-Newtonian fluids, specifically 

including kaolin and bentonite mining slurries. They found the non-Newtonian fluids to 

have coefficients similar to that of water. The experiments were performed under steady-

state flow conditions, using flume set-ups similar to constructed weirs and fluids with low 

yield stresses and viscosities, unlike those of typical tailings deposits in TSFs. 

Consequently, it is not clear if the conclusions are applicable to tailings dam breaches 

with higher yield stresses and viscosities. 

A CD between 0.65 and 0.97 has been found to be appropriate for erosional 

breaches of water reservoir dams (Goodell & Brunner, 2012; Brunner, 2014) using the 

parametric breach approach. Walsh (2019) conducted laboratory scale overtopping 

breaches of downstream dams with a shallow sloping beach to represent a TSF breach. 
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Walsh found a CD of 0.96 to 0.98 performed well for the elliptical breach weir geometry 

they considered. While the findings from Walsh are the in same range as the guidance 

from Goodell & Brunner and Brunner, the elliptical weir is upstream of the vertical weir 

considered here and would not include some of the losses mentioned by Brunner (2014). 

Process II breaches occur on a much shorter scale than the Process I and are 

therefore more chaotic and hydraulically inefficient. Ritter (1892) derived an analytical set 

of equations for a perfectly instantaneous breach, ignoring frictional and turbulence losses 

in the downstream environment. The Ritter equations can be reduced to the same form 

as the weir equation, with a CD of 0.54 (i.e., a CW of 0.928 m1/2/s). Despite valid criticism 

that ignoring the losses in the analytic solution overpredicts the leading edge of the 

outflow in the downstream environment, the Ritter equations matches experimental 

results closely at the location of the instantaneous breach (Schoklitsch, 1917; Arbuthnot 

and Strange, 1960, Froehlich, 2016).  

Adria et al. (2022) found that values of 1.44 m1/2/s and 0.928 m1/2/s for the CW 

performed satisfactory for the Mount Polley and Feijão events respectively 

(corresponding to a CD of 0.84 and 0.54, respectively). The CW is also currently limited to 

a constant value in HEC-RAS. Consequently, the modelling for the Process I events used 

a constant Cw of 1.44 m1/2/s and the modelling for the Process II events used a constant 

CW of 0.928 m1/2/s to be in line with the findings in Adria et al. and the current limitations 

in HEC-RAS.  

Weir Width 

To adapt a uniform width to the variable width for the trapezoid in the parametric breach 

method, a representative width ὄz can be analytically determined through integrating 

Bernoulliôs equation across a trapezoidal width section (Froehlich, 2016), represented in 

Equation 4.3:       

 ὄz ὦ ὦ         (4.3) 

where bBi is the transient bottom breach width and bTi is the transient top breach width. 

The bBi depends on the breach progression, as defined in Equations 4.4 and 4.5:  


Ὄ

ὸὭȾὝὪ  ὸὭ ὝὪ
ρ         ὸὭ ὝὪ

        (4.4) 

ὦὄὭ 
Ὄ 
ὄὄ             (4.5) 
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where ɓH is the horizontal breach progression parameter (unitless) and Tf is the 

formation time. The form for the breach progression shown in Equation 4.4 is linear. 

Brunner (2014) also proposed a sine-curve for the progression, which is included in HEC-

RAS, and Froehlich (2008) noted other breach progressions can be hypothesized. Walsh 

(2019) observed linear breach width growth in laboratory-scale erosional breaches of 

tailings dams. Consequently, a linear progression was adopted for Process I breaches. 

Process II breaches are instantaneous, and therefore do not consider any progression 

curve. The breach width progression is shown in a cross section schematic in Figure 4.6. 

The transient top breach width is calculated according to Equation 4.6: 

 ὦὝὭ ὦὄὭ ὤὙ ὤὒ ὨὭ       (4.6) 

where ZR and ZL are the left and right breach side slops and di is the breach flow depth. 

The flow depth is calculated in the HEC-RAS model and is addressed in the following 

subsection.         

  

Figure 4.6 Breach Width Progression Schematic in HEC-RAS 

Total Head 

The total head H is derived from the Navier-Stokes equations for fluid flow. Chanson 

(2004) defines the total head with Equation 4.7: 

 Ὄ   ὤ Ὀ       (4.7) 

where v is the flow velocity, g is the acceleration due to gravity, Z is the elevation of the 

channel bottom of the flow compared to a specified datum, D is the depth of flow above 

the invert, P is the pressure at the free surface of the fluid, and ɟm is the density of the 
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fluid. The specified datum in this case is the breach invert. The pressure is often ignored, 

as the atmospheric pressure is constant between upstream and downstream of a weir 

(Chanson, 2004).  

The velocity can be approximated by assuming or estimating a Froude number, as 

in Walsh et al. (2021). Alternatively, the velocity can be ignored by considering the 

elevation of the fluid upstream of the breach and within the facility as wholly representative 

of the total head (Chanson, 2004). Total head in a hydraulic system is constant, except 

for head losses. Head losses are assumed to be low upstream of a hydraulic control, 

therefore the total head at the breach weir can be approximated with the maximum 

elevation in the reservoir or facility, when the velocity is near zero (Chanson, 2004). 

Downstream of the breach weir, head losses are larger and need to be accounted for. 

These head losses and the total head are calculated by the two-dimensional hydraulic 

modelling in HEC-RAS, discussed in Section 4.3. 

The flow depth and breach invert elevation are both changing over time during a 

breach and tracked within the HEC-RAS model; it is more convenient to redefine the 

datum to be transient and located at the breach channel invert elevation. In that case, the 

total head is expressed only in terms of transient flow depth di over the breach invert at 

time ti. The transient breach height is determined using Equation 4.8: 

ὬὄὭ 
ὠ 
 
Ὄ 
 
Ὄὄ

ὄὄ
             (4.8) 

where ɓV is the vertical breach progression parameter (unitless), with the remaining 

variables previously defined. Froehlich (2008) notes that scale experiments and 

observations of real water reservoir dam breach events indicate the horizontal and vertical 

growth of the breach are the same, therefore the ɓV was set as 1. The hBi and the di are 

shown in Figure 4.6, as well as in a profile schematic in Figure 4.7. As the BB is twice the 

HB in the example in Figure 4.6, when the ɓV is 1, the hBi reaches the HB when the bBi is 

half of the BB. By the same reasoning, a breach that is four times as wide as it is tall will 

reach the ultimate breach height as the transient breach bottom width is a quarter of the 

ultimate bottom reach width if the ɓV is 1. 
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Figure 4.7 A) Breach Head Profile Schematic, and B) Breach Head during 

Submerged Outflow 

If the tailwater is submerged for any reason (e.g., as noted by Walsh et al. (2021) 

or Martin et al., 2022), the discharge decreases. HEC-RAS accounts for this effect by 

using the higher of the transient breach invert elevation or the downstream flow elevation 

as the datum to determine the total head. This is shown visually in Figure 4.7B. 

4.2.2 Stage-Storage Curves 

The outflow volume upstream of the breach can be included in a one-dimensional or two-

dimensional numerical model, bypassing some of the assumed conditions described in 

Section 4.2.1. The flow depth and velocity are iteratively calculated throughout the TSF 

as it discharges through the parametric breach weir. This is known as dynamic routing 

(Goodell & Wahlin, 2009). Alternatively, the outflow volume can be abstracted as a single 

curve where the relationship between the cumulative outflow volume and elevation is 

used to determine the elevation used in the breach weir calculation. This relationship is 

known as a stage-storage or elevation-volume curve (Goodell & Wahlin, 2009; 

Schoeman, 2018; Adria et al., 2022). 

The dynamic routing approach is held to be more accurate, but the stage-storage 

curve simplification is attractive for several reasons (Goodell & Wahlin, 2009). The 
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abstraction of the three-dimensional shape of the initial condition of the outflow into a two-

dimensional curve removes the need for conservation equations of momentum and mass, 

greatly decreasing the computational requirement. With a stage-storage curve, the 

parametric breach method could be used thousands of times in Monte Carlo analysis 

within a short time frame (Goodell, 2013) or even be implemented in a spreadsheet 

software without any model software. The dynamic routing approach also requires terrain 

data with the post-failure surface, while the stage-storage curve can be generated with 

idealized geometry. To date, no post-failure survey data for tailings dam breach events 

are publicly available. Ghahramani et al. (2022) approximated the post-failure surface for 

the Prestavèl and Harmony 4A events. This approximation is not trivial nor possible for 

other events with limited reporting. Considering the effort required to develop an idealized 

and approximate surface in the terrain for twelve events and the uncertainty of using such 

idealized geometry in dynamic routing, the stage-storage curve approach was adopted in 

this thesis. 

To generate a stage-storage curve, the outflow volume is sliced horizontally at 

discrete elevations, the volume between each slice is determined as the product of the 

elevation interval and the slice area, and then the inter-slice volume is cumulatively 

summed. It can be derived from an idealized shape approximating the outflow reservoir 

(e.g., Walder & OôConnor, 1997) or a bespoke curve can be calculated from real, irregular 

post-failure terrain data, if such data exists. The process is shown schematically in Figure 

4.8 for an outflow volume idealized as a semi cone, a common assumption in TDBAs 

(CDA, 2021). A semi cone and other three dimensional shapes are shown in Figure 4.9A. 

All shapes share a height of 5 m and are limited to be within an arbitrary boundary of 20 m 

by 10 m. The general form of the stage-storage curve for each idealized shape is shown 

in Figure 4.9B, where the curves are expressed in relative terms. The semi-cone, 

tetrahedron and funnel have the same mathematical form and are represented with a 

single curve shape in Figure 4.9B. Each shape has a different total volume within the 

same boundary. Figure 4.9C shows the actual stage-storage curve for each shape, 

demonstrating the difference in shape and volume for all the shapes. The red faces in 

Figure 4.9A would be against the breached section and the coloured faces serve to 

identify the shapes with the corresponding coloured curves in Figure 4.9C. 



74 

 

 
Figure 4.8 Conventional Horizontal Slice and Inclined Slice Method for Stage-

Storage Curves (Adapted from Schoeman, 2018) 

    

  
 Figure 4.9 A) Six Idealized Shapes for the Outflow Volume During a Tailings Dam 

Breach B) Stage-Storage Curves for Idealized Shapes in Relative 

Values, and C) Stage-Storage Curves for the Idealized Shapes in Real 

Values (Adapted from Adria et al., 2022). 

A 
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A downside to the stage-storage curve is the implication that the volume upstream 

of the breach has a level surface during the entirety of the breach (i.e., level-pool routing). 

As evident by non-level post-failure residual slopes in TSFs, such an assumption is 

difficult to justify for tailings dam breach modelling. Schoeman (2018) presented an 

alternative stage-storage method specifically for tailings-dam breaches, termed the 

óinclined slice methodô. With any continuous and idealized shape, the volume is sliced at 

equal intervals at an angle equal to the residual slope of the tailings; the difference in 

volume between any two elevation intervals represents the volume for that elevation slice. 

The cumulative volume for all slices is summed just as with the conventional method. The 

inclined slice process is shown in Figure 4.8 for the same semi cone. A linear stage-

storage relationship is also shown, as it is the simplest form to represent the outflow 

volume across the vertical extent of the breach height. 

The inclined slice principle applies to other shapes, where the slices are taken as 

a smaller but congruent version of the final failure surface (Schoeman, 2018). A hybrid 

approach can also be used where the tailings portion of the outflow volume is represented 

with an inclined slice stage-storage curve, while the supernatant pond portion is 

represented by a conventional horizontal stage-storage curve (Schoeman, 2018; CDA 

2019b). According to Schoeman, the inclined nature intuitively represents a more realistic 

representation of the flow of tailings mobilized due to erosion or slumping during a tailings-

dam breach. 

Adria et al (2022) found that the inclined slice method proposed by Schoeman 

(2018) had some merit for the Mount Polley event. The conventional curve fully 

discharged the entire outflow volume almost 12 hours before the observed flow cessation. 

The alternative stage-storage curves considered, including the inclined slice, a hybrid 

curve, and a linear relationship, all matched the timeline of the breach much better. On 

the other hand, Adria et al. found that the conventional horizontal slice stage-storage 

curve used in the Feijão breach hydrograph matched the timeline for that event better 

than the inclined slice or linear relationships.  

The modelling for the Process I events used a linear stage-storage relationship 

and the modelling for the Process II events used an horizontal slice stage-storage curve 

with an idealized semi-cone shape based on the findings in Adria et al. (2022). The 

generalized form of the cumulative volume (vi) at a given elevation above the breach 

invert elevation is shown in Equation 4.9:  
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ὺ  ὠ ὠ ὠ ᶻ     (4.9) 

where VS is the tailings solids volume, VI is the interstitial water volume, VP is the 

supernatant pond volume, HB is the breach height, zi is the breach elevation, and ns is the 

shape factor. The shape factor is 1 for a linear relationship and 3 for a semi-cone 

relationship (Walder & OôConnor, 1997). A linear form was used for the Process I 

breaches rather than a hybrid or inclined slice approach as the level of reporting was 

insufficient for other Process I events to support the development of a stage-storage curve 

more complex than a linear relationship. 

4.3 Tailings Dam Breach Modelling with HEC-RAS 

The following subsections primarily detail the general HEC-RAS model set-up choices 

and procedures used in this thesis. The theoretical basis and model components of HEC-

RAS are mentioned as relevant herein, but a full discussion of such matters is left to the 

HEC-RAS User Manuals and Tutorials. Specific details on each HEC-RAS model for 

individual events are included in Appendix B. Recommendations for future model 

improvements are summarized in Table A.10 in Appendix A, with further elaboration in 

Appendix B for each modelled event. 

4.3.1 Overview of HEC-RAS and Modelling Approach 

The Hydrologic Engineering Centerôs River Analysis System (HEC-RAS) is a software 

suite widely used across global jurisdictions for water resource engineering and open-

channel hydraulic analysis (Gibson et al., 2021; Adria et al., 2021; Gibson et al., 2022). 

As a product of the US Army Corps of Engineers (USACE), it is maintained and updated 

with new features and publicly available without restriction. HEC-RAS has a range of 

features, including: 1D, 2D (depth averaged flow), or 1D-2D hybrid flow; dam breach 

modelling; sediment transport and water quality analyses; and mapping, plotting, and 

animation tools (Brunner, 2020). HEC-RAS is downloaded 100,000 times per year over 

200 countries and is recognized in the emergency management landscape, particularly 

for flood risk management (Gibson et al. 2022). HEC-RAS was previously limited to 

Newtonian flow (i.e., water below 20% to 30% volumetric solids concentration), which 

would not be appropriate for flow containing substantial solid volumes, commonly 

observed in tailings dam breaches. In June 2021, HEC-RAS 6.0 was released, which 
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included common rheological formulations for single fluid flow (Gibson et al., 2021) and 

terrain modification options (see Section 4.1). 

The intent of this thesis is to provide a database of tailings dam breach 

characteristics and numerical modelling advice for TDBAs agnostic of any numerical 

model software. A single software was used, however, for practical reasons, and 

therefore the database is not strictly agnostic of numerical model software. HEC-RAS 

(ver. 6.1) was selected as the numerical model in this thesis for several reasons: the high 

existing use in flood risk management, public availability, and the diversity of features in 

the software.  

All runout modelling for this thesis was completed in two-dimensions (i.e., depth-

averaged) with the shallow water equations (SWEs) and fixed-bed terrain. HEC-RAS 

employs an Eulerian-Lagrangian method and a finite-volume approximation for the 

volume and momentum continuity equations in the SWEs. HEC-RAS also offers a simpler 

set of equations, the Diffusion Wave Equations (DWEs), which are much faster and less 

prone to numerical instability at the expense of ignoring some temporal and spatial 

acceleration (Gibson et al., 2021). The results based on the DWEs were shown by Gibson 

et al. (2022) to not differ substantially from the results using the SWEs for a back-analysis 

of the Feijão event. Regardless, the more numerically accurate SWEs were used for all 

events in this thesis. 

4.3.2 HEC-RAS Modelling Set-Up 

The HEC-RAS model set-up for each of the events was relatively standard between each 

event once the breach characteristics were identified (see Chapter 3) and terrain 

modifications were completed (See Section 4.1). The modelling methodology is described 

in a linear sequence herein, however, the numerical modelling involved troubleshooting 

and iterations throughout the process. The iterations were generally minor refinements of 

the model components. Major and unique changes are discussed in Section 4.5. Some 

model troubleshooting also resulted in a revisit of the investigations (see Chapter 3) or 

terrain modifications (see Section 4.1). An example of the HEC-RAS model elements from 

the Feijão model is shown in Figure 4.10. The model elements shown are common to the 

majority of the models for each event in this thesis. 
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Figure 4.10 Example HEC-RAS Model Set-Up and Model Elements 

HEC-RAS Geometry Data 

The HEC-RAS Geometry establishes the spatial locations of various elements and is not 

related to the breach geometry. First, the parametric breach elements are added. The 

stage-storage curve (discussed in Section 4.2.2) is input in the HEC-RAS model as a 

ñStorage Areaò component at the TSF upstream of the dam crest. A ñ2D Connectionò is 

drawn in line with the dam crest, which represents the dam prior to the breach. The 2D 

Connection situates the hydraulic control, and therefore the 2D Connection must be 

accurately aligned to the estimated hydraulic control for the actual event. The Storage 

Area for the stage-storage curve does not have to be reflective of where the actual outflow 

volume originated, as it is coupled to the 2D Connection in HEC-RAS. 

A single ó2D Flow Areaô was drawn around the Zone 1 inundation area shapefile 

(as mapped by Ghahramani et al. 2020). The 2D Flow Area is where the tailings runout 

is modelled with the SWEs by HEC-RAS. The boundary of the 2D Flow Area acts as a 

slip boundary, (i.e., an infinitely tall frictionless wall), therefore the boundary is placed far 

enough from the flow paths under all model troubleshooting and rheology calibration 
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scenarios. For events where all tailings runout ceased and deposited within the Zone 1 

impact area (i.e., an event without a Zone 2 impact area, as defined by Ghahramani et 

al., 2020), no further elements are needed in the HEC-RAS Geometry. A ñBoundary 

Condition Lineò is added to the extent of the 2D Flow Area for events where the tailings 

runout transitioned to bankfull flow within a river (i.e., an event with a Zone 2 impact area). 

The Boundary Condition Line acts as a sink, as it allows flow to exit the 2D Flow Area 

under predefined conditions (see the Unsteady Flow Data subsection).  

Within the 2D Flow Area, HEC-RAS performs the hydraulic calculations at regular 

intervals, which is known as the computational grid. HEC-RAS has two grid features that 

warrant discussion: sub-grids and unstructured grids. A sub-grid represents the terrain in 

a cell with a miniature stage-storage curve and the terrain at cell faces is represented with 

a rating curve. The computational grid can be simultaneously structured or unstructured 

in HEC-RAS. A structured grid consists of a constant interval and shape (e.g., a square 

or triangle). An unstructured grid can have varying intervals, shapes, and number of 

vertices for each cell. Structured grids are desirable for computational simplicity (i.e., to 

reduce computation time), while unstructured grids can be used to better represent 

certain terrain features (e.g., a meandering river). The computational grid in HEC-RAS is 

structured by default, but ñBreaklinesò can be used to create sections of unstructured 

grids. Breaklines enforce cell boundaries that occur at important terrain features that may 

be smaller than the computational grid. ñRefinement Regionsò can be used to create a 

grid-within-a-grid of a different computational grid resolution. Refinement Regions also 

act as polygonal Breaklines. These model elements and the sub-grid approach allows for 

coarser cell resolutions to be used (and therefore reducing computation time) while 

maintaining the detail of the underlying terrain data. 

A few rules of thumb were considered to inform the baseline resolution of the 

computational grid. Informal guidance typically recommends around 6 cells per flow width 

(Brunner, 2020; Forest & Brunner, 2020), which was followed here at a minimum. The 

flow width occasionally varied quite a bit, so the narrowest section of the Zone 1 

inundation was used as the governing flow width. Alternatively, Refinement Regions were 

employed with a finer resolution to prevent excessively fine resolutions for other locations. 

Breaklines were defined at any ridges or terrain features smaller than the computational 

grid resolution in any horizontal direction. The computational grid resolution was limited 

to the terrain data resolution or higher, as any decrease in computational grid resolution 
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is not realized beyond the resolution of the terrain data in most cases. The general 

exception to this rule occurs when the slope of the terrain is steep and the terrain 

resolution is coarse; in this case, a finer resolution is used to have enough computational 

points to describe the rapidly changing water surface (Brunner, 2020). An example of a 

computational grid design from the Tonglüshan model is shown in Figure 4.11, where 

Breaklines are used for the berms added to the terrain (see Section 4.1). The berms were 

8 m at their widest, while the computational grid resolution was 12 m, necessitating the 

use of the Breaklines.  The computational grid resolution was also varied as part of routine 

troubleshooting to confirm no model convergence issues were present. 

 
Figure 4.11 Example Computational Grid Design 

The Manningôs coefficients are input to the HEC-RAS Geometry as manually 

delineated polygons, or ñMann n Regionsò. Alternatively, a raster representing the land 

cover types and a conversion table between land cover types and the selected Manningôs 

Coefficients can be assigned to the HEC-RAS Geometry. Land cover rasters can allow 

for more detailed delineation of land cover (and therefore Manningôs Coefficient) without 

manual effort. Publicly available land cover rasters were not used for most events 

because they often did not have adequate resolution to describe variation in land cover 

visible within the Zone 1 extents. They also commonly showed land cover types that 

differed from the descriptions of the event or what is visible in Google Earth. Most HEC-

RAS models used manual delineation for the events in this thesis for these reasons. 
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HEC-RAS Unsteady Flow Data 

The initial elevation of fluid in the Storage Area is assigned in the Initial Conditions in the 

Unsteady Flow Data. The elevation is set at the dam crest elevation for all events.  

Boundary Conditions Lines are defined spatially in the Geometry Data, however, 

the flow characteristics are defined in the Unsteady Flow Data in HEC-RAS. The 

Boundary Conditions Lines are assigned ñNormal Depthsò boundary conditions. This 

exclusively removes fluid from the HEC-RAS model. The Normal Depth calculates the 

volume to remove from the adjacent grid elements at each time step. The volume is 

calculated using Manningôs Equation, which is defined with Equation 4.11: 

 ὗ   ὃ ὙȾ Ὓ Ⱦ           (4.11) 

where Q is the flow, n is the Manningôs Coefficient, A is the flow cross sectional area, R 

is the hydraulic radius, and Sf is the friction slope. The flow area and hydraulic radius are 

calculated at each time step in the model based on the fluid elevations at each cell 

adjacent to the Boundary Condition Line and the terrain shape at the Boundary Condition 

Line. The flow is multiplied by the model time step to determine the volume. The friction 

slope is selected by the modeller and input in the Unsteady Flow Data. The friction slope 

is commonly approximated as the land slope in the vicinity of the Boundary Condition Line 

(Brunner, 2020). This convention was used in this thesis. 

The rheology parameters, including the volumetric solids concentration, maximum 

volumetric solids concentration, representative particle size, yield stress, and viscosity, 

are input in the Unsteady Flow Data. The volumetric solids concentrations were based on 

the tailings solids and total outflow volumes in Table A.4 in Appendix A. The 

representative particle size is shown in Table A.7. The yield stress and viscosity were 

varied as part of the rheology calibration process, described in Section 4.4. The maximum 

volumetric solids concentration used was 84% following Gibson et al. (2021), as no 

information was available for tailings to suggest otherwise. 

The particle density in Table A.7 is not used, as the particle density is a constant 

2,650 kg/m3 in HEC-RAS and cannot be adjusted. The particle densities for all the tailings 

in the events considered in this thesis are higher than the default constant value in HEC-

RAS, therefore the dispersive and turbulent stress components are underestimated in the 

models. The difference between the measured tailings particle densities and the default 

HEC-RAS value are minor; they are typically around 7% larger than the default for most 
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events in this thesis. The two events in Brasil (Feijão and Fundão) in this thesis are the 

exception to this, as the iron tailings are 20% to 40% denser than the HEC-RAS default. 

The dispersive and turbulent components are the smallest components unless either the 

solid particles are large, the solids content is close to the maximum volumetric solids 

concentration, or the roughness is very high (Julien & Lan, 1991; Gibson et al. 2021). In 

general, the events in this thesis do not meet these criteria. Between these two 

considerations, the underestimate from using the default particle density is currently 

assessed to be either minor or negligible. If the capability to vary the particle density is 

added to HEC-RAS, the Brasilian events can be re-run to better quantify this 

underestimate. 

HEC-RAS Unsteady Plan Data 

The Unsteady Plan Data includes many of the computational choices and temporal 

parameters, and couples the HEC-RAS Geometry and Unsteady Flow Data for a single 

model simulation run. The model was set to start from the beginning of the breach 

formation time. The model end time (i.e., the model duration) was determined through 

manual model iteration until the tailings flow ceased within the 2D Flow Area. Flow 

cessation was arbitrarily considered when the tailings runout velocity was less than 

1 mm/s. These iterations considered both very low and very high rheological inputs (i.e., 

yield stress and viscosity). In channelized events, the high rheological inputs produced 

longer durations, as tailings crept down the valleys without ceasing, while the low 

rheological inputs rapidly reached the Zone 1 termination. In unconfined events with 

shallow slopes, low rheological inputs resulted in a longer model duration as the tailings 

also did not cease, while higher rheological inputs caused the modelled tailings to cease 

rapidly on the shallow slopes.  

The time step was constant throughout the model duration. A long time step leads 

to numerical instability, as HEC-RAS becomes unable to resolve the rapidly changing 

depths and velocities. An overly short time step unnecessarily increases the computation 

time and may lead to numerical diffusion errors (Brunner, 2020). The time step for each 

modelled event was based on the Courant condition, as shown in Equation 4.12:  

ὅ
 Ў

Ў
            (4.12) 

where C is the Courant Number, v is the computed flow velocity, ȹt is the computational 

time step, and ȹx is the computation grid resolution. An estimated flow velocity is used 
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for the first model simulation, then the time step is iteratively refined during model 

troubleshooting, if necessary. Ideally, C is maintained around 1, with a suggested 

maximum C of 3, otherwise numerical instabilities are likely to occur (Brunner, 2020). A 

C close to 0 indicates overly fine time steps are used. With variable computational grid 

resolutions and temporally and spatially varying velocities within the model, there is some 

unavoidable variation in C. The modelled tailings runout downstream of the breach tended 

to have the greatest velocities, particularly for the Process II events. The time step was 

selected and adjusted until the modelled C was around 2 or less downstream of the 

breach.   

The breach characteristics are input in the Unsteady Plan Data as a ñStorage Area 

Connection Breachò. These characteristics include the breach process, the breach 

geometry, and the parametric breach weir coefficients. These characteristics are 

discussed in Sections 3.4, 3.5, and 4.2 respectively. The ultimate breach geometry 

downstream of the 2D Connection (i.e., in the 2D Flow Area) was previously added to the 

model as a terrain modification (Section 4.1). 

4.4 Rheology and Model Calibration 

The Quadratic formula was used in all models in this thesis, as discussed in Section 3.6.1. 

Unlike all the other variables in the database, the yield stress and viscosity were 

determined through calibration with HEC-RAS, rather than direct observation.  

The methodology for the yield stress and viscosity calibration was developed to 

partially explore and address the non-uniqueness of rheology inputs in calibrated tailings 

dams breach models noted by Ghahramani et al. (2022). The overall workflow is shown 

in Figure 4.12. The coloured dashed boxes represent conceptual stages of the calibration 

that are discussed in further detail in the following subsections. 
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Figure 4.12 Rheology Calibration Process 

Calibration Initialization 

The HEC-RAS model is set up as described in Section 4.3.1. The rheology values are set 

at an initial estimate for model troubleshooting and to confirm the HEC-RAS model set-

up is appropriate. The initial rheology values are based on the range from Martin et al. 

(2022) and further informed by any description of the runout characteristics from the 

event. For comparison, this calibration initialization is akin to the manual trial-and-error 

approach described in Ghahramani et al. (2022). Furthermore, multiple rheology inputs 

were manually tested during this stage to confirm the set-up is robust for the range of 

rheology values to be used in the second stage of the calibration. The selection of the 

initial rheology values had no bearing on the final calibrated values. Models that took a 

long time to compute (e.g., due to a long model duration or very short time step) used a 

truncated model duration. 
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Rheology Loops 

HEC-RAS has a built in Application Programming Interface (API), where it can be 

controlled through Virtual Basic for Applications (VBA) commands. A program was written 

to run hundreds of model iterations systematically and automatically with different 

rheology inputs. The program is a nested loop that starts with a model with low yield stress 

and viscosity, then incrementally increases the viscosity and then yield stress for each 

model iteration. The maximum inundation area is exported by HEC-RAS as a shapefile 

after each model iteration. 

To constrain the loops, a range of yield stress and viscosity values must be 

selected. Different tailings samples have measured yield stress and viscosity spanning 

nearly three orders of magnitude for a given volumetric solids concentration, based on 

the data in Martin et al. (2022). Not all events in this thesis have confirmed volumetric 

solids concentration, further increasing the possible range of rheology values for a given 

event. Furthermore, the rheology database in Martin et al. may not be representative of 

the full range of rheology for all tailings. The range used in the calibration typically used 

a range around 4 to 5 orders of magnitude to reflect these uncertainties in rheology. 

The increase in the rheology was exponential, to suit the scale and range of 

measured rheology values. The increment exponent ranged from 0.1 to 0.25 depending 

on the event. (i.e., the rheology increased by a factor of approximately 1.25x to 

approximately 3.16x). A smaller increment exponent gives a finer resolution for the 

calibration, but increases the number of iterations and, correspondingly, the amount of 

time for the computer to complete the loops. Typically, a full completion of the calibration 

loops took around 8 hours for each event, and it took 12 hours for the longest calibration 

loops. A second calibration was run with a smaller range of rheology and smaller 

increment for a more precise calibration for some events, within practical time restraints. 

Final Calibration 

A quantitative measure of model performance is desirable to remove the subjective 

element involved with the modeller choosing which values are best. Heiser et al. (2017) 

presented a metric to assess the areal performance of the model, which considers the 

degree of over- and under-estimation. Barnhart et al.ôs (2021) scaled version of Heiser et 

al.ôs metric was used, which is defined using Equation 4.13:  

ɱ  ρ Ⱦς     (4.13) 



86 

 

where ɋTm is the scaled metric, TP is the true positive model area, FP is the false positive 

model area, and FN is the false negative model area. ɋTm varies between 0 (perfect model 

performance) and 1 (worst model performance). The modelled areas are shown visually 

in Figure 4.13, using a model iteration result from the Tonglüshan model as the example. 

A symmetrical difference operation returns non-overlapping features between two 

shapes, which was used to calculate the TP, FP, and FN areas for each model iteration. 

This was done in a Geographical Information System (GIS) platform (i.e., QGIS ver. 3.22), 

and the ɋTm values for individual model iterations were calculated in a separate 

spreadsheet. 

 
Figure 4.13 Example Modelled Areas for the ɋTm Metric 

The ɋTm for each model iteration (i.e., with different rheology inputs) is plotted 

together in a contour map. The contour map and its data allow for a more insightful view 

on the combinations of yield stress and viscosity that still meet the same relative areal fit 

to the observed Zone 1 inundation area. Each modelled event has its own ɋTm contour 

map. An example of a contour plot is shown in Figure 4.14, using the calibration results 

from the Harmony 4A model. The tick marks on the y and x axis roughly represents a 

1.58x increase in the rheology inputs for this calibration plot (i.e., ten to the power of the 

increment used, which was 0.2 for Harmony 4A). The orange ñXò signifies the minimum 

value of ɋTm (i.e., best areal performance) for the calibration results in the example plot. 

The minimum ɋTm was 0.167 with a yield stress and viscosity of 160 Pa and 160 Pa·s, 
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respectively, for the Harmony 4A model. A black rectangle is also included in Figure 4.14 

that denotes the range of measured yield stresses and viscosities from all the samples 

contained in Martin et al. (2022) for the estimated solids concentration of 50% for the 

Harmony 4A model. As discussed in the Rheology Loops subsection, the calibration for 

each event considered a wider range of rheology than shown in Martin et al.  

 
Figure 4.14 Example Rheology Calibration Plot in Log-Log Scale 

When available, additional local runout observations were used to refine or further 

constrain the yield stress and viscosity values. Additional trial-and-error calibration was 

performed in the yield stress and viscosity model space that resulted in ɋTm values close 

to the minimum ɋTm for each particular event. A red polygon has been added to Figure 

4.14 to signify the model space considered for the Harmony 4A model. The green ñXò 

signifies the final selected yield stress and viscosity values. For example, a slightly higher 

yield stress with a much lower viscosity resulted in marginally worse areal performance 

Legend 
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Final selected rheology properties 

Range of rheology properties considered in trial-and-error calibration 

Range of measured rheology properties from all samples in Martin et al. (2022) for 

the volumetric solids concentration of the modelled event 
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(ɋTm = 0.169), but a much closer match to observed peak depths for the Harmony 4A 

event. The rheology calibration plots for each modelled event shown in Appendix B have 

axes with tick marks that represent varying levels of increase in the rheology inputs, 

depending on the increment used in the calibration loops. 

A novel heuristic was used to help assess the yield stresses and viscosities, which 

is the yield stress to viscosity ratio. The ratio is in units of Pa/Pa·s but does not have any 

physical meaning, hence the label as a heuristic. Within the values in Martin et al. (2022), 

the ratio varies for a specific sample at different solids concentrations, and between 

different samples at the same solids concentration. In general, the yield stress to viscosity 

ratios in Martin et al. range between 1 Pa/Pa·s and 1,000 Pa/Pa·s. Dashed magenta lines 

are included in Figure 4.14 to indicate various yield stress to viscosity ratios. This heuristic 

cannot be used to determine which set of calibrated rheology inputs represents the true 

rheology of the tailings material for a given event, but rheology inputs with yield stress to 

viscosity ratios that are above the range seen in Martin et al. (i.e., 1 Pa/Pa·s to 

1,000 Pa/Pa·s) are not likely to be valid or realistic values. 

4.5 Discussion 

4.5.1 Terrain Data and Modifications 

Some of the terrain modifications were limited to assumptions or simplifications, as 

satellite imagery was the only basis for estimating their geometry. Natural river channels 

display variable widths and depths but manually implementing such complex edits would 

be very time intensive and difficult to justify without extensive field surveys, particularly as 

some of the modifications had linear extents tens of kilometres long. In some instances, 

the satellite imagery and terrain data suggested differences in alignment, which required 

a subjective assessment on which source was more reliable. This uncertainty is 

exacerbated when the terrain data was surveyed years before or after the event and 

satellite imagery is not available proximate to the date of the failure. The errors introduced 

by the poorly constrained modifications were considered to have a lesser impact on the 

results compared to using terrain data without modifications. In the context of model 

calibration, validation, and verification, these modifications were not calibrated in any 

meaningful sense (i.e., modifications were not minutely adjusted until model results 

improved) nor are they verified to the unknown, true terrain features. The terrain data with 
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modifications are justified and assessed to be ñmore validò than the terrain without 

modifications.  

Roughly half of these errors were noticed prior to running any HEC-RAS models. 

The remaining half of the terrain errors were only noticed after initial troubleshooting 

models were compared to the observed Zone 1 inundation area from Ghahramani et al. 

(2020) or other local runout observations. For example, the troubleshooting Fundão 

models used Newtonian flow to test the extent of the 2D Flow Area. The first model set-

up had a volume conservation issue leading to a total outflow volume of 35 M m3 of fluid 

(approximately 10% more volume than the observed 32.2 M m3 outflow volume) being 

input into the 2D Flow Area. This model overestimated the areal impact nearly 

everywhere in the model as one might expect when using Newtonian flow characteristics 

for a high solids concentration flow (the volumetric solids concentration was estimated as 

60% at the breach) and higher-than-correct volume. The tailings flow could not reach the 

Mirandinha Stream however, due to the canyon saddle mentioned in Section 4.1. This 

discrepancy prompted the canyon saddle modification for future model iterations. Forward 

analysis TDBAs do not have the benefit of hindsight through observed inundation areas 

to locate or confirm terrain errors.  

Outflow volumes and lower rheological flow characteristics are associated with 

faster runout and greater inundation extent, and often named as the highest-influence 

inputs in runout models (e.g., Gibson et al., 2022; Ghahramani et al., 2022). Based on 

the experience in this thesis, the terrain has a far greater impact than either volume or 

rheology. For example, the observed runout distance 8 hrs after the Fundão breach event 

was at least 42 km and possibly further (Robson, 2017). The final modelled results for 

Fundão reached 42 km within 8 hrs. This model included rheology measured directly from 

the Fundão tailings material (i.e., a yield stress of 170 Pa and viscosity 1.2 Pa·s for a 

solids concentration of 60%, extrapolated from the rheological trends reported by 

Machado, 2017). The terrain data, ALOS World 3D-30 m, required extensive 

modifications for the heavily vegetated narrow valley throughout the Zone 1 extent, which 

manifested as numerous ridges and constrictions. An alternative HEC-RAS model was 

run, inspired by the initial troubleshooting and volume conservation experience described 

above. This alternative model was identical to the final model except with Newtonian flow 

characteristics (i.e., no yield stress and viscosity of 0.001 Pa·s), an outflow volume 

intentionally set to 50% above the observed outflow volume, and no terrain modifications. 
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After a model duration of 8 hrs, this alternative Fundão model only reached 24 km 

downstream of the breach, severely underestimating the observed velocity of the flood 

wave.  

The example above is somewhat facetious; however, it demonstrates more 

implications for forward analysis and risk analysis. Turner et al. (2022) also found that a 

DSM resulted in severely underestimated arrival times compared to a high-quality DTM 

for a hypothetical TDBA. They did not adjust the other model parameters between their 

comparisons. The volume and rheology adjustments for the alternative Fundão model are 

unrealistic, but ultimately would be considered ñconservativeò in a risk analysis context. 

However, the consequence of failure for the Fund«o event with these ñconservativeò 

adjustments would still be substantially underestimated if the terrain was not assessed 

and modified. Within many academic publications regarding TDBAs (e.g., Novell Morell, 

2022; Mahdi et al., 2020; Pirulli et al., 2017; Gibson et al., 2022; Daneshvar and Zsaki, 

2018), the terrain assessments appear cursory. If this same low amount of effort is 

prevalent in forward analysis TDBAs, the underestimated risk globally may be 

concerningly high.  

This thesis used a mix of publicly available terrain data and commercial terrain 

data.  It is estimated that an equal amount of time was spent assessing and modifying the 

terrain as the investigation for all the breach characteristics and local runout observations 

combined. This effort was not limited to the publicly available data commonly criticized as 

inappropriate for runout modelling (i.e., DSMs, such as ALOS World 3D-30 m). 

Substantial modifications were also required for the purchased data or publicly available 

data claiming to be ñflood modelling appropriateò or ñbare-earthò by their providers or 

others. Bridges, heavy vegetation, and speckle errors present in these data prevented 

any ñoff-the-shelfò use in runout modelling for the events in this thesis. Lumbroso et al. 

(2019) labelled the accuracy of the Airbus WorldDEM DTM (12 m horizontal resolution) 

as ñsurpassing that of any global satellite-based elevation model availableò. In this thesis, 

more than half of the events that used the same WorldDEM DTM data required relatively 

major modifications. The publicly available DEMs used in this thesis required even further 

modifications than the WorldDEM DTM. 

A positive counterpoint to the above concerns involves the modelling for the Cadia 

NTSF Event. Site-specific high resolution and quality terrain data was surveyed by 

Newcrest Mining Ltd. and was provided for use in this thesis. The LiDAR required minor 
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modifications, but the site-specific terrain data, along with the commentary in the Expert 

Panel Report by Jefferies et al. (2019), allowed for a more detailed model and close fit 

between modelled results and observed runout. In effect, the quality of the model is highly 

correlated with the quality of the terrain. This conclusion, along with commentary in Turner 

et al. (2022) and the CDA TDBA Guidelines (2021), strongly suggest terrain with higher 

quality than what is publicly available should be considered as the minimum for TDBAs. 

4.5.2 Parametric Breach and Runout Modelling in HEC-RAS 

Two concerns are related to the parametric breach modelling. The first is the uncertainty 

in the definition of the hydraulic control and the second is the stage-storage curve 

approximation.  

The uncertainty in hydraulic control, along with the breach geometry, was 

previously discussed in Section 3.9.3; the novel challenge associated with the hydraulic 

control was numerical instabilities or issues in HEC-RAS introduced by unusually shaped 

hydraulic controls. The vector of the modelled velocity immediately downstream of a 2D 

Connection in HEC-RAS is strictly perpendicular to the 2D Connection, which is suitable 

for breaches of straight dam crests. The events with non-straight dam crests often had 

flow directions that were not strictly perpendicular to the dam crest. This resulted in 

incorrect flow directions near the boundary of the 2D Flow Area in HEC-RAS and in some 

cases, numerical instabilities and volume conservation errors. 

An example of this issue with a curving dam crest is shown in Figure 4.15, from 

the Fundão event. Morgenstern et al. (2016) concluded that the Fundão failure initiated 

at the setback by the left abutment, and an eyewitness said the dam flowed like a wave 

straight down the valley. With a 2D Connection in HEC-RAS along the dam crest, the flow 

is forced in an incorrect direction. The volume conservation errors arise when multiple 

flow directions intersect (e.g., at interior corners in Figure 4.15). The finite-volume SWEs 

cannot be solved (i.e., within computational tolerances) as HEC-RAS attempts to 

iteratively balance the volume and head in the Storage Area, the modelled flow at the 2D 

Connection, and the volume and head in the computation cells at the interior corners. 

This issue was the reason for the volume conservation error in the Fundão model 

described in Section 4.5.1. 
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Figure 4.15 2D Connection and Flow Direction Schematic for a Curved Dam Crest 

in HEC-RAS 

Runout models are most sensitive to the breach characteristics or modelling 

approach immediately downstream of the dam, before runout parameters (i.e., Manningôs 

n or rheological parameters) can substantially affect the modelled runout (Brunner, 2014; 

Iverson & George, 2019). The stage-storage curve would be included in the modelling 

approach in this regard. The main concern about the assumed stage-storage curves is 

primarily related to the level of abstraction associated with the approach, rather than any 

identified deficiencies. Adria et al., (2022) noted the method performed well for the two 

events considered in that work, however two successful tests was likely insufficient to 

validate a method. After using the stage-storage curve for twelve events in this thesis, no 

major concerns relating to the stage-storage were identified for any event. Furthermore, 

Adria et al. only assessed the breach outflow hydrographs; modelling the full runout 

simultaneously with the breach allows for model comparison with any local runout 
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observations immediately downstream of the dam. The Feijão event had video camera 

evidence of the breach, which was used to estimate the frontal velocity at two locations 

within 1 km of the dam toe (de Lima et al., 2020). The modelled velocities were quite 

close to the observed values in most calibration simulations, partially validating the breach 

characteristics and stage-storage approach. The observed duration of the breach outflow 

stated by Turi et al. (2013) was correctly predicted using the stage-storage and parametric 

approach in the MAL Reservoir X event in Hungary. Likewise, the modelled arrival time 

matched observations from Turi et al. at the village of Kolontár, 1 km downstream of MAL 

Reservoir X. Events with a timeline or narrative of the breach or local runout observations 

immediately downstream of the breach are unfortunately limited, however. Continued 

research is warranted to further validate or identify limitations with the stage-storage and 

parametric approach, but it appears promising based on the work in this thesis. 

HEC-RAS is limited to a single-phase fluid. Some of the events in this thesis 

demonstrated variable solids concentration, such as temporally (e.g., the Mount Polley 

outflow transitioning from solely the supernatant pond to the tailings and supernatant 

pond to tailings only) or spatially (e.g., the Fundão tailings runout mixing with the 

downstream rivers over 100 km). The average solids concentration was used in this 

thesis, and any calibrated yield stress and viscosity inputs would correspond to the 

average solids concentration. These average condition inputs may be insufficient to 

describe either the upper or lower range of the solids concentration for a given event. The 

developers of HEC-RAS are implementing variable solids concentrations (and therefore 

variable yield stress and viscosity) in future releases of HEC-RAS. This new capability 

should address this issue, but the existing single-phase fluid approach in HEC-RAS was 

a limitation in this thesis. 

Existing guidance for modelling with HEC-RAS and prior experience with dam 

breach analysis (e.g., in the work described in Martin et al., 2022) was useful for the 

modelling in this thesis. Other than the concerns listed above, the modelling was relatively 

straight-forward. Compared to the efforts required to investigate each tailings dam breach 

event (as discussed in Chapter 3) and the modifications required for the terrain (Section 

4.1), the model set-up and troubleshooting was a relatively small portion of the total 

research effort. This reinforces the notion that the modelling or the specific software used 

is of secondary importance to the experience of the modeller and quality of the input data.  
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4.5.3 Rheology and Model Calibration 

Iverson (2003) and Iverson & George (2014) suggest that runout models should be based 

on measurable characteristics and avoid ñtuningò model inputs to achieve a good fit. 

Calibration is still a necessary component when faced with uncertainties, and calibrated 

inputs can have discriminatory power when analyzing case histories (Aaron et al., 2018). 

As discussed in Section 2.5.4, calibration is not synonymous with validation, which is the 

assessment of the model inputs (calibrated or otherwise), the model results, and the 

model itself. Section 4.4 described the calibration, while this section discusses the 

validation effort.  

Firstly, the calibration is a function of more than just the two rheology inputs of yield 

stress and viscosity. Any deficiencies in the input data (i.e., breach characteristics, runout 

characteristics, and terrain data), Zone 1 inundation area, or local runout observations 

directly reduce the validity of the model. This is applicable to any model software and not 

just HEC-RAS. As discussed in Sections 3.9 and 4.5.1, there are frequently uncertainties 

or misconceptions regarding input data, inundation area, or local runout observations. 

Consequently, the poor validity of a model is more likely attributable to issues other than 

calibration; notably, the Aznalcóllar model in this thesis and runout modelling for the 

Feij«o event in other partiesô work suffers from inadequate inputs or runout observations 

(i.e., both local and event observations). Regarding models, Box (1976) states ñit is 

inappropriate to be concerned about mice when there are tigers abroadò; it appears that 

calibration is the mice in the context of back-analysis TDBAs.  

At face value, the calibration procedure in this thesis appears to be brute-force 

tuning. The range of values used for the Rheology Loops in the calibration were based 

on the measured yield stress and viscosity, however, the final calibration also included a 

further assessment of the values. Boger (2009) and Adams et al. (2017) include 

measured yield stresses, viscosities, and other tailings characteristics (e.g., particle size 

distribution, clay content, and mineralogy). Those discussions could be used to infer 

general trends for tailings without measured rheology, however, basic characteristics are 

often not available for the events in this thesis. For example, the density of the tailings 

particles is only known for two thirds of the events (discussed in Section 3.6.1 and shown 

in Table A.7). The estimate of rheology based purely on tailing characteristics could be 

speculative due to the limited geotechnical information available, depending on the data 
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sparsity for a given event.  This necessitates the back-analysis ñtuningò and comparison 

to a database of measured yield stress, as performed in this thesis.  

Conceptually, the yield stress and viscosity for the tailings from a given event, if 

they were measured, should be within the range of observed values from Martin et al. 

(2022), have a yield stress to viscosity ratio between 1 to 1,000, and result in a modelled 

inundation area close to the observed inundation area. Even with measured rheology, a 

numerical model would not perfectly replicate the inundation, (i.e., due to minor errors in 

other inputs, errors in the terrain, or other model simplifications such as depth-average 

flow and single fluid rheology), and therefore would have a non-zero ɋTm. These bounds 

are represented on Figure 4.14 by the black rectangle, the thicker dashed magenta lines, 

and the red polygon, respectively. The region where all the bounds overlap is substantially 

smaller than the initial range of rheology considered in the calibration; only 30 simulations 

(i.e., roughly 8% of the simulations) in the Harmony 4A calibration simulation had ɋTm 

values within the overlap region. This overlap region commonly would be at least one 

order of magnitude in viscosity values and a quarter order of magnitude in yield stress. 

The secondary trial-and-error calibration for local runout observations does re-introduce 

some subjectivity to the process; overall, it is a net benefit to the calibration. When the 

modelled results were compared to the local runout observations, a smaller subset of the 

calibration simulations from the overlap were able to meet these additional constraints. 

The uncertainty in volumetric solids concentration and lack of local runout observations 

proximal to the breach for some events limit the amount of refinement possible with this 

validation process; hence the caution given regarding the calibrated values in general. 

Two events considered in this thesis, Fundão and Tonglüshan, had the yield stress 

and viscosity of the tailings measured by other parties. The Tonglüshan modelling in this 

thesis included the full calibration process to compare the calibrated yield stress and 

viscosity to the measured values. The calibrated values were between half to one order 

of magnitude greater than the measured values, lending some credence to commentary 

in Iverson (2003) regarding calibration as purely a parameter tuning exercise. There were 

several possible explanations for the difference in rheology (discussed in Appendix B), 

indicating the calibration process in this thesis may not be the cause of the difference. 

The Fundão model took 2 hrs for a single model simulation to compute, therefore the 

calibration process was omitted and instead only the measured rheological properties 

were used in the model due to practical time constraints. The modelled results aligned 
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with multiple local runout observations for the Fundão event, in contrast to the Tonglüshan 

model. Evidently, more research is warranted on measuring rheological parameters for 

the purpose of tailings dam breaches. 
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Chapter 5: Concluding Remarks 

This chapter summarizes the work completed and underscores the main findings. 

Detailed summaries are provided at the end of Chapters 3 and 4, with specific comments 

for each event included in Appendix B. Suggestions for future research and implications 

for industry are discussed and the research objectives and hypotheses are revisited. 

5.1 Summary of Work and Main Findings 

The completed work and main findings are summarized below. The findings are 

associated with each summarized component of work using parentheses at the end of 

each listed finding.  

Completed Work 

1. The tailings solids volume, interstitial water volume, and supernatant pond volumes 

in the outflow were compiled from previous reports or newly estimated for the 12 dam 

breach events. A thorough review of discrepancies between reported volumes was 

completed. The volumetric solids concentrations in the outflow volumes were 

explicitly estimated for the first time for multiple events. The arrangement of the TSFs 

involved in the breach events were qualitatively classified. Overall, investigating the 

outflow volumes took roughly 15% of the total effort in this thesis. 

2. Breach characteristics were compiled from previous reports or newly estimated for 

the 12 dam breach events. The breach characteristics included the breach process 

classification, formation time, and breach geometry. The breach process was based 

on the definition from CDA (2021), and the conventions for formation time and 

geometry were adapted from water reservoir dam breach work (e.g., Wahl, 1998; 

Froehlich, 2008). Additional height conventions (i.e., crest height and the slab breach 

height) were introduced specifically for tailings dam breach scenarios. Overall, 

investigating the breach characteristics took roughly 10% of the total effort in this 

thesis. 

3. Local runout observations were compiled from previous reports or newly estimated 

for the 12 dam breach events. The Zone 1 inundation areas from Ghahramani et al. 

(2020) were reviewed. The local runout observations most frequently were tailings 

depths and arrival times for various temporal definitions (e.g., the flood wave front, 

peak of the flood wave, or final deposition). Other observations were also compiled, 

as available.  Overall, investigating the runout observations took roughly 15% of the 
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total effort in this thesis, but this effort varied a lot depending on the data sparsity for 

each event. 

4. Publicly available terrain data were used or commercial data were obtained. 

Modifications were made to the terrain data to add the breach channel, remove ridges 

and vegetation near rivers, remove artefacts or irregularities, and add terrain features 

not captured in the original survey. Overall, finding, assessing, and modifying the 

terrain took roughly 40% of the total effort in this thesis. 

5. A HEC-RAS model with a parametric breach and depth-averaged, single-phase, 

fixed-bed flow was developed for the 12 events to simultaneously model the tailings 

dam breach and tailings runout. A calibration approach was used to select yield stress 

and viscosity values for each event. The modelled results were quantitively compared 

to the observed Zone 1 inundation areas and any local runout observations. Overall, 

the modelling and calibration took 20% of the total effort in this thesis. 

Main Findings 

A. Total outflow volumes have previously been compiled but are often noted by others 

as uncertain. Estimating subsets within the outflow volume (i.e., tailings solids, 

interstitial water, or supernatant pond) was equally or more uncertain. (Completed 

Work 1). 

B. Frequently, academic literature or news reports contained erroneous outflow volumes 

or volumes that lack important and relevant nuance in the context of TDBAs. These 

misconceptions contribute to the uncertainty associated with tailings dam breach 

events. (Completed Work 1). 

C. The average volumetric solids concentration ranged between 15% and 48% for 

Process I events and up to 63% for Process II events. (Completed Works 1 and 2). 

D. The breach process is not strictly dependent on failure conditions and triggers. Some 

events experienced triggers associated with erosional failures (Process I), but had 

breach processes comparable to slope failures (Process II) or vice versa. No distinct 

contributory variables for this exchange of triggers and processes were found for 

these events, but conclusions are limited by the small sample size. (Completed Work 

2). 

E. The formation times for the Process I breaches were comparable to past observations 

of earthfill dam breaches for water reservoirs, and possibly on the slower side. This 

observation aligns with guidance elsewhere but is only based on three events in this 
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thesis. The formation times for Process II events were assumed to be instantaneous. 

Nothing in the investigations (i.e., existing literature or novel interpretations) indicated 

that this was an inappropriate simplification. (Completed Work 2).  

F. The breach height was nearly the same height as the crest height for all Process I 

events in this thesis. The breach height ranged between 50% and 100% of the crest 

height for Process II events, demonstrating greater variability than the Process I 

events. High scatter and data sparsity prevents definitive conclusions regarding any 

contributory variables to the varying breach heights for Process II events. (Completed 

Work 2). 

G. The breach widths for Process II events were wider than those of Process I events, 

on average for a given breach height, but demonstrated greater variability. High 

scatter and data sparsity prevents definitive conclusions regarding any contributory 

variables to the larger breach widths for Process II events. (Completed Work 2). 

H. The frequency of academic literature and civilian news repeating unverified or 

erroneous local runout observations was similar to the frequency of erroneous outflow 

volumes. There is a clear need to cross-examine reported observations to the same 

level as outflow volumes or breach characteristics. (Completed Work 3). 

I. Publicly available DSM terrain datasets (e.g., ALOS World 3D-30 m or SRTM v3.0) 

with near global coverage were found to be highly affected by vegetation or other 

errors and are therefore not recommended for use in TDBAs. Commercial terrain 

datasets were found to be better than the publicly available datasets but did not meet 

the criteria for a bare-earth DTM appropriate for flood modelling either, despite claims 

to the contrary. Many terrain modifications were required to better approximate bare-

earth conditions. (Completed Work 4). 

J. The parametric breach approach and stage-storage approach was promising for 

breach modelling, but further work is required to corroborate its appropriateness or 

find limitations in use for tailings dam breaches. Modelled results with instantaneous 

formation times for the Process II breaches were found to align with observations 

immediately downstream of the TSF. (Completed Work 5). 

K. The runout modelling set-ups were generally the most straight-forward processes, 

compared to the investigations on the breach characteristics and runout observations 

and any terrain modifications. Standard flood modelling guidance for HEC-RAS was 

applicable to the tailings dam breach and runout modelling. (Completed Work 5). 
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L. The calibrated yield stresses and viscosities were within the range of previously 

measured values for tailings, which spans orders of magnitude between different 

samples. The lack of information regarding geotechnical or rheological characteristics 

for the 12 events does not prevent model validation but is a hindrance for validation 

efforts. (Completed Work 5). 

M. Poor terrain quality was qualitatively found to have the largest impact on runout 

modelling, more so than inputs conventionally described as the most influential (i.e., 

outflow volume). Arrival times were more heavily affected by terrain errors for highly 

channelized terrain, while inundation areas were more affected by terrain errors in 

unconfined events. (Completed Works 4 and 5).  

N. Observed arrival times were found to be useful calibration or model validation 

constraints for channelized breach events. Observed peak depths or final deposition 

depths were useful constraints for unconfined events. (Completed Works 3 and 5). 

5.2 Recommendations for Future Research and Industry 

The opportunities to improve and extend the advancements presented in this thesis are 

summarized below. The recommendations are split between long-term academic 

research ideas and practices that the mining industry and TDBA professionals can 

implement immediately. The industry recommendations are associated with each 

research recommendation using parentheses at the end of each listed industry 

recommendation. 

Recommendations for Future Research 

1. Investigate and model more tailings dam breach events. 

a. As described in Section 5.1, many of the findings for the outflow volumes and 

breach characteristics are tempered by limited data. Confirming or corroborating 

trends between TSF characteristics/conditions and outflow volumes and breach 

characteristics with more events can reduce uncertainty in model inputs for 

forward-analysis TDBAs. 

b. More comparisons between modelled results using the parametric breach 

approach with a stage-storage curve and laboratory scale experiments for tailings 

dam breaches would help identify refinements or limitations in the approach. 

Alternatively, a full three-dimensional model of the entire breach process using 
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post-failure topography could be compared to the parametric breach approach to 

possibly gain insights for a scale larger than possible in laboratory settings. 

2. Revisit the events in this thesis in greater detail. 

a. Some events can be refined with additional time, effort, or cost (e.g., modelling 

the entirety of the Zone 1 inundation area for the Fundão event: purchasing better 

terrain for many events in this thesis). New information published by others (e.g., 

Sanz-Ramos et al. 2022, for the Aznalcóllar event) and uncovered in this thesis 

also suggests some model inputs and models should eventually be revised (e.g., 

the Aznalcóllar model). 

b. The parametric breach approach is a simplification of the erosional process for 

Process I breaches, and the fixed bed modelling in this thesis neglects erosion in 

the downstream environment. Collecting geotechnical characteristics and local 

runout observations related to erosion and erosion modelling would be a valuable 

avenue of improvement for some of the events in this thesis (e.g., Mount Polley). 

c. The focus of TDBAs and this thesis is on the Zone 1 extent, however, the 

transition between Zone 1 and Zone 2 is not necessarily discrete (e.g., Feijão, 

MAL Reservoir X). Local runout observations relating to sediment transport and 

water quality and the modelling of the Zone 1 to Zone 2 transition are relatively 

unexplored fields. 

3. Perform field-visits for past tailings dams breach events. 

a. All the investigations and modelling in this thesis were completed at a desktop 

level. Field visits and on-site investigations may reduce uncertainty in the outflow 

volumes and breach characteristics and uncover additional local runout 

observations, if the downstream conditions have been preserved. 

b. This work can be done alongside investigations and modelling of other tailings 

dam breach events or refinements of events considered in this thesis 

(Recommendations 1 and 2). 

4. Perform a global assessment of sensitivity in numerical models for TDBAs. 

a. Ghahramani et al. (2022) initiated work on the uncertainty and model sensitivity 

using the First Order, Second Moment method on two events modelled in four 

different models. The addition of the HEC-RAS models of the events in the thesis 

can strengthen conclusions from Ghahramani et al.  
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b. Ultimately, the modelled depths and velocities are inputs to further assessments 

of human fatalities, infrastructure damage, and environmental impacts from a 

tailings dam breach. Previous vulnerability estimates relate depth and velocity to 

structural damage and fatality rates for landslides or water dam breach floods 

(e.g., Jakob et al. 2011; USBR, 2014), but no such estimates or guidance exist 

for tailings runout. This information would be of particular use in loss-of-life 

calculations following a forward-analysis TDBA. 

c. This work can be done alongside investigations and modelling of other tailings 

dam breach events or refinements of events considered in this thesis 

(Recommendations 1 and 2) and would be facilitated by the field visits and 

eyewitness interviews (Recommendation 3). 

5. Develop a database for pre- and post-failure terrain data for breached TSFs and the 

downstream environment. 

a. Outflow volumes are three-dimensional by definition, therefore reporting only the 

value of total volume introduces a loss of spatial information. Detailed pre- and 

post-failure surveys would be publicly available to reconstruct the three-

dimensional distribution of the tailings volume and supernatant pond volumes. 

b. A database such as this can be applied to reduce uncertainty in outflow volumes, 

some breach characteristics, and the definition of hydraulic control. It would also 

support validation of the parametric breach approach and mobile-bed models that 

estimate erosion at the dam breach location or in the downstream environment. 

Recommendations for Industry 

A. Use similar proportions of effort for each stage or model input for forward-analysis 

TDBAs as in this thesis. Some tasks are not strictly transferable between back-

analysis (i.e., as in this thesis) to forward-analysis, therefore Table 5.1 is provided as 

a starting guideline. Depending on the complexity of a TSF and its failure modes or 

the available information or resources, the distribution can be adjusted as needed for 

each study. The level of effort could be either the time allocated for each task or 

financial costs (e.g., purchasing better terrain data). The tailings dam breach events 

and modelling in this thesis showed that more accurate modelling was the result of 

good quality inputs rather model sophistication. Consequently, 80% of the total effort 

is recommended for tasks relating to model inputs, prior to any breach and runout 

modelling is completed. 
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Table 5.1 Recommended for Distribution of Level of Effort for Forward-Analysis 

TDBAs 

This Thesis Recommendation for Forward Analysis 

Component Level of Effort Component Level of Effort 

Outflow Volume Investigation 15% Outflow Volume 

Estimation 

25% 

Breach Characteristics 

Investigation 

10% Breach Characteristics 

Estimation 

15% 

Runout Observation 

Investigation 

15% N/A - 

Terrain Modifications 40% Terrain Modifications 40% 

Breach and Runout Modelling 10% Breach and Runout 

Modelling 

10% 

Rheology Calibration 10% Sensitivity Analysis 10% 

  

B. Estimate separate probabilities and consequences of a breach for a Process I and 

Process II breach for each failure mode in a FMEA or PFMA. Depending on the 

specific TSF conditions and downstream environment, these processes may result in 

a substantially different risk profile. 

C. Specify which breach process is considered in TDBA scenarios. When Process II 

breaches are considered appropriate, use observations or methods relevant to 

Process II breaches, rather than adapting from experience with earthfill dams for 

water reservoirs. These observations can be based on this thesis or from experience 

more analogous to a Process II breach than from strictly hydraulic modelling practice 

(e.g., landslide modelling).  

D. Obtain higher accuracy and resolution terrain data for TDBAs, preferably as a bare-

earth DTM. The professionals conducting TDBAs should review the terrain for 

vegetation, above ground features or other errors, and make modifications as 

necessary. The financial cost of obtaining good quality terrain is likely offset by a 

reduction in consulting fees for a TDBA professional to review and modify bad quality 

terrain. Furthermore, better quality terrain results in less uncertainty in consequence 

estimation and therefore less uncertainty in risk assessments. 

E. Include an expert with experience in TDBAs in any Expert Panel convened to 

investigate the failure, in the unfortunate event of a tailings dam breach in the future. 

This recommendation is essentially the Future Research recommendations 1 and 3 
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but performed immediately after a breach. An investigation aimed at the breach 

process and runout observations in parallel to the investigation on the conditions and 

cause of the failure would give more detail on the breach and runout than any desktop 

investigation years after the event (e.g., like in this thesis) with less uncertainty and 

effort.  

F. Publish pre- and post-failure terrain data for any TSF that experienced a breach. The 

recent events in this thesis appear to have such survey data (e.g., for Feijão in 

Robertson et al., 2019; for Fundão in Fundação Renova, 2016; for Mount Polley in 

Morgenstern et al., 2015), but they are not publicly available in digital form. If the 

organizations that hold such data publish them or otherwise put the data in the public 

domain, it would support the tailings dam breach topography database (Future 

Research 5). 

5.3 Closure 

This work was undertaken to fill the need for more back-analysis modelling of tailings dam 

breach events noted by Rana et al. (2021) and Ghahramani et al. (2022). The research 

objectives (Section 1.3) were met, although for a smaller number of events than initially 

planned. The first two research hypotheses (Section 1.4) were partially tested; the limited 

number of events hampered clear insights.  

The last research hypothesis was resolutely confirmed. Early on, it became 

apparent that the existing reporting was scattered, lacking nuance, and erroneous in 

many cases. It was for this reason that the number of events considered was low, 

compared to previous studies (e.g., Wahl, 1998; Froehlich, 2008; Rana et al., 2021; 

Ghahramani et al., 2022)., as each investigation and modelling required more cross-

examination or interpretation than initially estimated. Despite this, the largest single 

database of detailed observations and modelling specific to the geotechnical and 

hydrotechnical considerations for tailings dam breach events was developed as part of 

this thesis. 

The spirit of the research was intended to encourage continuous improvement and 

challenge faulty observations of the 12 events considered in this thesis. Many avenues 

of research and aspects requiring further investigation or refinement were identified 

during the investigations and modelling. It is recognized that the conventions used or 

developed in this thesis and the breach and runout modelling may still be imperfect, or 
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even introduce or promote a few misconceptions, given the quantity and desktop nature 

of the investigations and modelling. As recommended in Section 5.2, any future 

improvements to the work presented in this thesis are welcomed, towards the goals of 

improving expert judgement in Tailings Dam Breach Analyses and zero harm to people 

and the environment from Tailings Storage Facilities. 
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Table A.1 Investigated Tailings Storage Facilities and their Impoundment Characteristics 

ID 
TSF 
(Colloquial Name) 

Country 
TSF 

Arrangement 

Dam 
Raising 
Method1 

Primary Type 
of Tailings1 

Regulatory 
Dam Height2 

(m) 

Impounded 
Volume1 

(m3) 

1 Prestavèl 
(Stava) 

Italy Stepped Side-
Hill 

- Fluorite 55 300,000 

1i Upper Basin Side-hill Upstream 33 192,000 

1II Lower Basin Side-hill Upstream 22 120,000 

2 Gillibrand No. 6 
(Tapo Canyon) 

USA Side-hill Upstream Sand, Gravel, 
and Concrete 

Wash  

24 Unknown 

3 Harmony 4A3 
(Merriespruit) 

South Africa Ring-Dyke3 Upstream Gold 31 7,000,000 

4 Aznalcóllar4 
(Los Frailes) 

Spain Composite Side-
Hill 

- Zinc, Lead, 
Copper, and 

Silver 

28 15,000,0004 

4i North Pyroclastic Pond Side-hill Downstream 10,260,000 

4ii South Pyritic Pond Side-hill Downstream 4,740,000 

5 Tashan 
(Taoshi or Xiangfen) 

China Cross-Valley Upstream Iron 51 290,000 

6 MAL Reservoir X5 
(Ajka or Kolontár) 

Hungary Ring-Dyke5 Downstream Bauxite 27 4,200,000 

7 Kayakari Japan Cross-Valley Upstream Gold and 
Silver 

36 400,000 

8 Mount Polley Canada Side-hill Centreline / 
Upstream 

Hybrid 

Copper and 
Gold 

57 73,500,000 

9 Fundão6 
(Mariana, Bento Rodrigues, or Samarco) 

Brazil Cross-Valley6 Upstream Iron 106 56,400,000 

10 Tonglüshan North Compartment7 China Ring-Dyke7 Upstream Copper 25 8,700,000 

11 Cadia NTSF8 Australia Side-Hill8 Upstream Gold 94 Unknown8 

12 Feijão Dam I 
(Brumadinho) 

Brazil Cross-Valley / 
Side-Hill Hybrid 

Upstream Iron 87 12,726,000 
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Table A.1 Notes: 

1. Re-validated from Ghahramani et al. (2020) and Rana et al. (2021b). 

2. The Regulatory Dam Height is the maximum dam height for the TSF compartment at the time of the breach.  

3. The Harmony TSF was a composite side-hill TSF with three compartments (4A, 4B, and 4C) at the time of the breach (Van Niekerk and Viljoen, 2005). 

The breach only occurred at the 4A compartment, therefore only Harmony 4A is considered in this thesis. 

4. Sanz-Ramos et al. (2022) argued new evidence suggests a total impounded volume between 20,000,000 m3 to 28,000,000 m3.  

5. The MAL Red Mud Reservoir was a composite ring-dyke with seven compartments (Reservoirs VI through X and Xa) at the time of the breach (Turi et al., 

2013). The breach only occurred at Reservoir X; therefore, the breach is comparable to a tailings dam breach at a single compartment TSF. 

6. The Fundão TSF was designed to have two compartments (sand and slimes), but due to the design changes, limited size of internal embankments, and 

poor operation practices there was substantial mixing of the sand and slimes tailings (Morgenstern et al., 2015). Therefore, the breach is comparable to a 

tailings dam breach at a single compartment TSF. 

7. The Tonglüshan TSF was a composite ring-dyke with two compartments (North and South) at the time of the breach (Zheng, 2018). The breach only 

occurred at the North compartment; therefore, the breach is comparable to a tailings dam breach at a single compartment TSF. 

8. The Cadia TSF was a stepped side-hill TSF with two compartments (NTSF and STSF) at the time of the flows (Jefferson et al., 2019). The breaches only 

occurred at the NTSF compartment; therefore, the breach is comparable to a tailings dam breach at a single compartment TSF. The regulatory dam height 

for the entire stepped facility is 164 (Franks et al., 2020). The volume of the STSF is also unknown.      
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Table A.2 Investigated Tailings Dam Breach and Runout Events with their High-Level Classifications and 

Characteristics 

ID Breach Event 
Date of 
Breach 

CDA Class1 Travel Path Confinement1,2 
Zone 1 Runout 
Distance1 (m) 

Zone 1 
Inundation 
Area1 (m2) 

1 Prestavèl3 
(Stava) 

19-Jul-85 1A Channelized 4,800 650,0002 

1i Upper Basin 1A 

1ii Lower Basin 1A 

2 Gillibrand No. 6 
(Tapo Canyon) 

17-Jan-94 1A or 2A Channelized 730 30,000 

3 Harmony 4A 
(Merriespruit) 

22-Feb-94 1A Unconfined 2,200 990,000 

4 Aznalcóllar4 
(Los Frailes) 

25-Apr-98 1A Channelized / Unconfined 
Hybrid 

29,0003 16,000,0003 

4i North Pyroclastic Pond 1B 

4ii South Pyritic Pond 1A 

5 Tashan 
(Taoshi or Xiangfen) 

08-Sep-08 1A Unconfined 2,300 430,000 

6 MAL Reservoir X5 
(Ajka or Kolontár) 

04-Oct-10 1A Channelized / Unconfined 
Hybrid 

17,8005 7,300,0005 

7 Kayakari6 11-Mar-11 2A Channelized 1,8005 84,0005 

8 Mount Polley 04-Aug-14 1B Channelized with terminal 
obstruction 

9,000 2,000,000 

9 Fundão 
(Mariana, Bento Rodrigues, or Samarco) 

05-Nov-15 2A Channelized 99,000 2,100,000 

10 Tonglüshan North Compartment7 12-Mar-17 1A or 2A or 
2B or 2A 

Unconfined with partial 
terminal obstruction 

5006 270,000 

11a Cadia NTSF Event I8 09-Mar-18 2A or 2B Unconfined 3807 97,0008 

11b Cadia NTSF Event II8 11-Mar-18 2A Unconfined 5207 88,0008 

12 Feijão Dam I9 
(Brumadinho) 

25-Jan-19 2A Channelized 9,000 3,040,0009 



126 

 

Table A.2 Notes: 

1. Re-validated from Ghahramani et al. (2020) and Rana et al. (2021b). 

2. Channelized / Unconfined Hybrid indicates the tailings flow were limited to a wide low slope valley. Therefore, there was only one main flow path, but the 

width and slope of the valley does not produce the high stresses and destructiveness described in Ghahramani et al. (2020) and Rana et al. (2021).   

3. Ghahramani et al. (2022) updated this from 500,000 m2 in Ghahramani et al. (2020). This thesis found evidence that suggests Ghahramani et al. (2022) 

may have overestimated the width of the Zone 1 runout by 15 m along 4,200 m, leading to an inundation area overestimate by approximately 63,000 m2. 

Further investigation is required to validate these estimates, however. 

4. Sanz-Ramos et al. (2022) presented new evidence that suggests the Zone 1 Runout Distance and Inundation Area are approximately 65,000 m and 

46,000,000 m2 respectively. 

5. Ghahramani et al. (2022) originally reported an inundation area of 6,000,000 m2 but was later updated to 7,300,000 for unpublished work. This thesis 

found evidence that suggests they may have underestimated the extent of Zone 1. The Zone 1 runout distance and inundation area may be large as 

50,700,000 m and 11,000,000 m2. Further investigation is required to validate these estimates. 

6. Ghahramani et al. (2022) estimated a Zone 1 inundation area of 150,000 m2. This thesis found evidence that suggests they may have overestimated the 

extent of Zone 1, due to overlap with the TǾhoku-Pacific Ocean tsunami impact area (as mapped by Suzuki, Sugito, et al., 2011). The Zone 1 was updated 

in this thesis in consideration of the overlap with the tsunami to the values presented in the table. 

7. The Tonglüshan runout distance following the likely tailings flood wave front could be considered as high as 800 m. 

8. The Cadia NTSF experienced two separate events (Jefferson et al., 2019), therefore they are separated for the work in thesis. A novel Zone 1 was mapped 

for each event as a refinement of the combined Zone 1 for both events from Ghahramani et al. (2020). 

9. The Zone 1 inundation area was updated from 2,700,000 m2 to 3,040,000 m2 by Ghahramani et al. after the publication of Ghahramani et al. (2020) for 

later unpublished work. The updated inundation area is reported here. 
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Table A.3 Primary Data Sources and References listed by Event (Page 1 of 2) 

ID Breach Event 
Government or Technical 
Reports and Data 

Academic Articles, Theses, and 
Textbooks 

News and Civilian Sources 

1 Prestavèl 
(Stava) 

None Muramoto et al., 1986 
Berti et al., 1988 
Genevois & Tecca, 1993 
Chandler & Tosatti, 1995 
Van Niekerk & Viljoen, 2005 
Luino and De Graff, 2012 
Takahashi, 2014 
Pirulli et al., 2017 

Stava 1985 Foundation, n.d. 

2 Gillibrand No. 6 
(Tapo Canyon) 

Stewart et al., 1994 
NOAA, n.d. (Climate Data) 

Harder & Stewart, 1996 None 

3 Harmony 4A 
(Merriespruit) 

None Wagener, 1997 
Duvenhage, 1998 
Fourie et al., 2001 
Blight & Fourie, 2005 
Van Niekerk & Viljoen, 2005 

AP Archive, 2015 
Stava 1985 Foundation, n.d. 

4 Aznalcóllar 
(Los Frailes) 

Eptisa, 1998 
IGME, 2001 
Ayala-Carcedo, 2004 
SAIH, 2022 (Hydrology Data) 

Gallart et al., 1999 
McDermott & Sibley, 2000 
Alonso & Gens, 2006a 
Alonso & Gens, 2006b 
Gens & Alonso, 2006 
Sanz-Ramos et al., 2022 

Engels, n.d., (Tailings.info) 
Stava 1985 Foundation, n.d. 

5 Tashan 
(Taoshi or Xiangfen) 

None Wei et al., 2013 Stava 1985 Foundation, n.d. 

6 MAL Reservoir X 
(Ajka or Kolontár) 

National Assembly of Hungary 
Investigation Committee, 2011 

Turi et al., 2013 
Mecsi, 2013 
Bánvölgyi, 2018 

Taylor et al., 2011 (The Atlantic) 
Index, 2010 
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Table A.3 Primary Data Sources and References listed by Event (Page 2 of 2) 

Table A.3 Notes: 

1. Observations, commentary, and data from Ghahramani et al. (2020) and Rana et al., (2021a & 2021b) were used for all events in this thesis. 

2. See the Reference section within the body of this thesis for full references details. 

  

ID Breach Event 
Government or Technical Reports 
and Data 

Academic Articles, Theses, and 
Textbooks 

News and Civilian 
Sources 

7 Kayakari Suzuki et al., 2011 
Matsuda et al., 2014 

Ishihara et al., 2015 None 

8 Mount Polley Morgenstern et al., 2015 
BCMEM, 2015 
SNC-Lavalin, 2015 
Golder, 2016 
WSC, n.d. (Hydrology Data) 
Cariboo Regional District, 2015 (Video 
Footage) 

Cuervo et al., 2017 None 

9 Fundão 
(Mariana, Bento Rodrigues, 
or Samarco) 

CPRM, 2015 
Morgenstern et al., 2016 
Fundação Renova, 2016 
Robson, 2017 

Arcuri et al., 2015 
Machado, 2017 
Palu & Julien (2019) 
Palu, 2019 

None 

10 Tonglüshan North 
Compartment 

None Zheng et al., 2017 
Zheng, 2018 
Zhuang et al., 2021 

None 

11a and 
11b 

Cadia NTSF Event I and 
Event II 

Jefferies et al., 2019 None None 

12 Feijão Dam I 
(Brumadinho) 

CPRM, 2019 
Robertson et al., 2019 
National Water and Sanitation Agency 
of Brasil, n.d. (Hydrology Data) 

de Lima et al., 2020 Petley, 2019 
(Landslide Blog) 
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Table A.4 Outflow Volumes  

ID 

Tailings 

Solids 

(Vs in m3) 

Interstitial 

Water 

(VI in m3) 

Supernatant 

Pond1 

(VP in m3) 

Total 

Outflow 

(VOut in m3) 

Discharge 

Mechanism2 

Confidence in 

Tailings 

Volume3 

Confidence 

in Void 

Ratio3 

Confidence in 

Supernatant Pond 

Volume3 

1 88,300 76,900 20,000 185,200 Liquefied Flow High High Moderate 

1i 56,100 48,900 11,800 116,800 Liquefied Flow 

1ii 32,200 28,000 8,200 68,400 Liquefied Flow 

2 27,500 27,500 0 55,000 Liquefied Flow Moderate Moderate Moderate 

3 288,000 242,000 85,000 615,000 Mostly Liquefied Flow Moderate Moderate Moderate 

44 777,400 532,600 5,440,000 6,750,000 Mostly Erosion Very Low. 

See Note 4.  

Low Low 

4i 676,500 473,500 3,720,000 4,870,000 Erosion 

4ii 100,900 59,100 1,720,000 1,880,000 Liquefied Flow 

5 Unknown  Unknown Unknown  190,000 Liquefied Flow Moderate Very Low Very Low 

6 180,000 180,000 840,000 1,200,000 Mostly Erosion Low Low High 

7 20,500 20,500 0 41,000 Liquefied Flow High Moderate High 

85 7,900,0005 6,500,000 10,600,000 25,000,000 Erosion High High High 

9 19,280,000 12,920,000 0 32,200,000 Liquefied Flow High High High 

10 265,000 235,000 0 500,000 Mostly Liquefied Flow Moderate Moderate Moderate 

11a 737,100 432,900 0 1,170,000 Mostly Slumped High High High 

11b 100,800 59,200 0 160,000 Mostly Liquefied Flow High High High 

12 5,597,580 4,053,420 0 9,651,000 Liquefied Flow High High High 
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Table A.4 Notes: 

1. This refers to the supernatant pond volume that discharged during the breach, not the impounded supernatant pond volume at the time of the breach. 

2. Assigned tailings transport mechanism (i.e., liquefied, eroded, or slumped) is based on qualitative or quantitative information from previous work. When 

ñmostlyò is used, it indicates that the tailings are estimated to have predominantly discharged through a single mechanism, but a limited volume of tailings 

may have discharged by another transport mechanism. See Appendix B for specific sources and reasoning to support each classification. 

3. The assigned confidence for each volume is based on subjective assessment of the data and information used to estimate the volumes in previous work 

or the current thesis. The confidence in tailings volume refers to the confidence in the sum of the tailings solids and interstit ial water. The confidence in the 

void ratio refers to the relative proportion of tailings solids and interstitial water. See Appendix B for specific sources and reasoning to support each 

classification. 

4. Sanz-Ramos et al. (2022) presented new evidence that suggests the total outflow volume is approximately 11.5 M m3 to 15.4 M m3. The investigation for 

Aznalcóllar for this thesis was completed prior to Sanz-Ramos et al. and was not updated due to time restraints. the total outflow volume requires additional 

investigation and the volumes presented here are likely erroneous. They are included only for reference to values used in the HEC-RAS model 

5. The tailings solids volume presented here for the Mount Polley event includes 600,000 m3 of dam construction materials 
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Table A.5 Breach Processes 

ID Failure Conditions1 Failure Mechanism1 
Dominant 

Breach 
Process2 

Initiation 
Time 

Formation 
Time3 (Tf) 

Outflow 
Duration 

1 Heavy antecedent rainfall. Inadequate 
drainage. Steep dam slope. 

Slope instability / static liquefaction of the 
tailings 

Cascade 
Process II 

None - - 

1i Process II None - 30 s 

1ii Process II None - 30 s 

2 Saturated and loose tailings Earthquake induced liquefaction of the 
tailings. 

Process II None - Unknown 

3 Saturated and loose tailings. Heavy 
antecedent rainfall 

Slope instability triggered by overtopping 
and erosion 

Process II 1.5 hrs to 2 
hrs 

- Unknown 

4 Weak overconsolidated foundation 
layer 

Foundation failure along low-strength 
glaciolacustrine layer, leading to 
overtopping and erosion 

Process I None 2 hrs 7 hrs 

5 Steep dam slopes. Saturated tailings. 
Excessive supernatant pond 

Slope instability / static liquefaction, 
possibly initiated by a rainfall event 

Process II Unknown 
(Likely little 

to none) 

- Unknown 

6 Heavy antecedent rainfall. Weak 
foundation. Light bonded (brittle) dam 
materials. 

Foundation and brittle dam failure leading 
to erosional failure 

Process I / 
Process II 

Hybrid 

12 mins 15 mins 15 mins 

7 Saturated tailings Extraordinarily strong earthquake induced 
liquefaction 

Process II None - Unknown 

8 Steep dam slopes, weak foundation 
layer, large volume of water in the 
supernatant pond  

Foundation failure along low-strength 
glaciolacustrine layer, leading to 
overtopping and erosion 

Process I None 3.5 hrs 15 hrs 

9 Loose, saturated tailings. Lateral 
extrusion of slimes 

Slope instability / static liquefaction of the 
tailings 

Process II None - Unknown 

10 Unknown Underground mining activity leading to 
foundation subsidence and failure 

Process II Unknown 
(Likely little 

to none) 

- Unknown 

11a Weak foundation layer Foundation failure leading to static 
liquefaction of tailings 

Process II 8 hrs - Unknown 

11b Process II None - Unknown 

12 Loose, saturated, and lightly bonded 
(brittle) tailings. Steep dam slope 

Slope instability / static liquefaction of the 
tailings 

Process II None - 5 mins 
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Table A.5 Notes: 

1. The failure conditions and mechanisms listed here are simplified summaries for each event. Refer to the descriptions in Appendix B and the references 

therein for a full sequence of the failure conditions and mechanism. 

2. The dominant breach process was determined based on the sequence of events during the breach within technical reports or academic literature. 

3. The formation time for Process II breaches was considered to be instantaneous, or 0 seconds. 
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Table A.6 Breach Heights and Trapezoid Breach Geometries 

ID 

Dam Height at 

Breach 

Location 

(HDB in m) 

Crest 

Height1 

(Hc in m) 

Breach 

Height1 

(HB in m) 

Slab Breach 

Height1 

(HS in m) 

Bottom 

breach width 

(BB in m) 

Top breach 

width 

(BT in m) 

Left breach 

side slope  

(ZL at xH:1V) 

Right breach 

side slope  

(ZR at xH:1V) 

Confidence 

in Breach 

Geometry2 

Confidence in 

Hydraulic 

Control2 

1i 33 29 22 - 50 148 2.4 2.0 High Moderate 

1ii 22 19 13 - 10 220 8.5 7.5 High Moderate 

2 24 24 123 - 42 145 2.4 6.5 High Low 

3 31 31 274 - 55 150 1.75 1.75 Moderate High 

4 28 28 265 - 56 84 0.50 0.50 Low High 

5 50.7 25 17  - 100 194  2.75 2.75 Low Low 

6 22 22 226 - 60 60 0.00 0.00 Moderate High 

7 36 24 - 12 50 50 0.00 0.00 Moderate Low 

8 40 40 367 - 42 260 1.75 3.90 High High 

9 106 94 94 - 180 650 2.50 2.50 Low Moderate 

10 25 25 128 - 235 260 0.00 0.00 Low High 

11a 68 68 - 209 240 300 1.25 1.25 High Low 

11b 68 68 - 24 30 30 0.00 0.00 High Low 

12 87 80 80 - 100 560 2.88 2.88 Moderate High 
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Table A.6 Notes: 

1. See Chapter 3 within the body of this thesis for a definition for the various heights and where they are applicable. 

2. The assigned confidence is based on subjective assessment of the data and information used to estimate the breach geometry in previous work or the 

current thesis. The confidence in breach geometry refers to the precision or data used to estimate the breach heights and trapezoid breach geometry (e.g., 

survey information versus photographs). The confidence in hydraulic control refers to the complexity and subjectivity of the true hydraulic control. See 

Appendix B for specific sources and reasoning to support each classification. 

3. The Gillibrand Pond No. 6 Event breach channel had a tailings deposition depth around 12 m, indicating the breach height may include an additional 12 

m. 

4. The Harmony 4A Event breach channel had a tailings deposition depth around 4 m, indicating the breach height may include an additional 4 m. 

5.  The Aznalcóllar breach height here excludes the approximately 2 m subsidence during the foundation failure.  

6. The water surface elevation in MAL Reservoir X was 215.88 m at the time of failure, therefore the height of water above breach bottom is approximately 

20.88 m. 

7. The Mount Polley breach height here excludes the approximately 4 m subsidence during the foundation failure. The water surface elevation was 2.3 m 

below the crest at the time of failure, therefore the height of water above breach bottom is approximately 37 m. 

8. The Tonglüshan breach channel had a tailings deposition depth around 4 m, indicating the breach height may include an additional 4 m. 

9. Jefferies et al. (2019) estimated the true failure surface originated in the foundation for Cadia Event I. The breach height therefore could have included an 

additional 48 m, however the Event I slump self-dammed and limited the slab breach height to 20 m. 
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Table A.7 Runout Parameters 

ID 
Fluid Yield 

Stress1 

(Űy in Pa) 

Fluid Dynamic 
Viscosity1 

(ɛ in Pa s) 

Representative 
Particle Size 
(ds in mm) 

Tailings Particle 
Density2 

(ɟs in kg/m3) 

Landcover Types and Selected 
Manning's Coefficients3 

Confidence in 
Calibrated Yield 

Stress and Viscosity4 

15 3.2 1.8 0.02 2,890 Fields: 0.04 
Treed Regions: 0.08 
Semi-Urban: 0.08 

Moderate 

2i6  4,000 2  0.06 Unknown Moderately Vegetated Riparian Zone: 
0.06 

Very Low 

2ii6 800 50 Very Low 

3 250 4 0.1 Unknown Suburban region: 0.08 
Wetlands: 0.08 

High 

47 2.5 0.4 0.17 2,7007 Lightly vegetated floodplains: 0.055 Very Low 

4i 0.1 2,700 

4ii 0.01 4,300 

5 800 25  
Unknown Unknown 

Fields: 0.04 
Light semi-urban: 0.04 and 0.08 

 Low 

6 3.2 3.2 3.2 3 Fields: 0.04 
Treed Regions: 0.08 
Semi-Urban: 0.08 

Very Low 

7 250 15 0.02 Unknown Fields: 0.03 
Treed Regions: 0.08 

Moderate 

8 0.2 0.002 0.1 2,780 Dense vegetated riparian area eroded 
to smooth bedrock: 0.05 

Very Low 

98 508 0.28 0.05 3,180 Fields, Suburban, Forest Area: 0.07  Moderate 

109 2509 2.59 0.05 2,820 Fields: 0.04 Low 

11a10 - - 0.06 2,690 - - 

11b 1,780 560 Barren Tailings Surface 0.02 Moderate 

12 400 25 0.2 4,500 Mining and Barren Regions: 0.05 
Fields and Pasture: 0.05 
Rivers: 0.06 
Brush and Vegetation: 0.08 
Urban, Forested Regions: 0.12 

High 
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Table A.7 Notes: 

1. The Yield Stress and Viscosity were selected for each event with the Quadratic formula and a semi-systemic calibration process. Caution should be used 

when comparing these values to measured rheology parameters, other back-analyzed or calibrated rheology parameters, or rheology values appropriate for 

other non-Newtonian formulas. 

2. The numerical modelling within this thesis does not use the tailings particle density as an input. See Chapter 4 within the body of the thesis for the 

numerical modelling methodology. 

3. The landcover is based on available descriptions, photographs, and Google Earth Imagery of the Zone 1 pre- and post-failure. The Manning's coefficient 

was selected based on the landcover as part of this thesis. See Chapter 3 within the body of the thesis for the methodology for selecting this parameter.  

4. The assigned confidence for the calibrated yield stress and viscosity is based on subjective assessment of the numerical modelled results compared to 

the observed runout characteristics. See Chapter 4 within the body of the thesis for the numerical modelling methodology and Appendix B for specific sources 

and reasoning to support each classification for each event. 

5. The Upper and Lower Basins of the Prestavèl TSF were relatively homogenous (Luino & De Graff, 2012), therefore a uniform representative particle size 

and tailings particle density is presented here. 

6. The Gillibrand Pond No. 6 was modelled with two separate simulations for each flow type within this thesis. See Appendix B for further details. 

7. The representative particle size of the North Pyroclastic Pond was used in the numerical modelling for Aznalcóllar as the majority of the tailings were 

estimated to originate from the North Pyroclastic Pond. 

8. Machado (2017) presents measured yield stress and viscosity values for a range of volumetric solids concentrations for the Fundão tailings. The numerical 

modelling within this thesis was based on these measured values rather than employing the semi-systemic calibration process. See Appendix B for further 

details. 

9. Zheng (2018) presents measured yield stress and viscosity values for a range of volumetric solids concentration for the Tonglüshan tailings. The numerical 

modelling within this thesis employed the semi-systemic calibration process rather than using the measured rheology. See Appendix B for further details. 

10. The Cadia NTSF Event I was not modelled within this thesis. See Appendix B for further details.   
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Table A.8 Local Runout Observations (Page 1 of 3) 

ID Peak Depths Final Depths Arrival Times1 Other 

1 None 0.4 m throughout Stava Valley 
(approximately, no specific 
location) 

12:22:55 PM - Breach occurs 
12:23:45 PM - Tailings front at Village of Stava 
12:25:45 PM - Tailings front at Section 10' 
12:27:40 PM - Tailings front at Romano Bridge 
12:28:00 PM - Tailings front at Avisio River 
12:30:40 PM - Flow subsides 

Superelevation of 
flow is 16 m by the 
Romano Bridge  

2 1 m tall tailings 
splashes on vegetation 
(no specific location) 

None None None 

3 2.5 m at first row of 
houses 

0.5 to 1 m deep at the first row of 
houses 
0.5 m deep through the village of 
Merriespruit (approximately, no 
specific location) 

None None 

4 4 m at El Guijo gauge 0.4 m at El Guijo gauge 01:00 AM - Breach occurs 
02:30 AM - Tailings front arrives at El Guijo gauge 
03:00 AM - Most of the tailings have discharged 
03:30 AM - Peak depth at El Guijo gauge 
07:00 AM - Tailings front at Guadiamar gauge 
08:00 AM - Tailings discharge nearly done at Aznalcóllar TSF 
06:00 PM Apr 26 - El Guijo gauge reaches final depth (may 
be erroneous due to damage) 

None 

5  None None None None 
6 2 m at Village of 

Kolontár 
(approximately) 
1 m at Village of 
Devecser 
(approximately)  

None 12:00 PM Oct 4 - Structural issues noted 
12:12 PM Oct 4 - Breach formation time begins 
12:25 PM Oct 4 - Tailings front at Kolontár 
04:00 PM Oct 5 - Tailings front at Mersevát 
11:00 PM Oct 5 - Tailings front at Szergény 

None 
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Table A.8 Local Runout Observations (Page 2 of 3) 

ID Peak Depths Final Depths Arrival Times1 Other 

7 None 1 m at east side of 
Farmer's house. 
0.3 m at southwest 
side of Farmer's 
house 

None None 

8 1 m to 1.7 m 
above pre-
failure water 
surface 
elevation at 
Polley Lake 

0.5 m in Middle 
Hazeltine Creek 
0.2 m or less in 
Hazeltine Canyon 
Section 
0.07 m above pre-
failure water 
surface elevation 
in Quesnel Lake 

12:50 AM - Sump pond level spikes 
01:00 AM - Breach occurs (estimated) 
01:08 AM - Power line destroyed, cutting power to site 
02:05 AM - Wavelets recorded arriving at WSC 08KH011  
04:25 AM - Breach visually observed to be nearly fully 
formed 
04:30 AM - Peak depth at Polley Lake may have been 
observed 
05:00 AM - Depth at Polley Lake decreasing 
09:00 AM - Tailings discharge observed to be like a turbid 
river at the TSF breach 
04:00 PM - Tailings discharge cease at the TSF breach 

18.6 M m3 of tailings, water and eroded 
material reached Quesnel Lake. 
0.6 to 1.7 M m3 material eroded from the 
Zone 1 inundation area 
2.7 m and 10.3 m (average and max) erosion 
depth at Middle Hazeltine Creek 
2.9 m and 7.2 m (average and max) erosion 
depth at Hazeltine Canyon Section 
2.1 m and 10.3 m (average and max) erosion 
depth at Lower Hazeltine creek 

9 None 4 m at Paracatu de 
Baixo 

03:45 PM Nov 5 - Breach Occurs 
04:00 PM Nov 5 - Tailings front at Bento Rodrigues 
08:00 PM Nov 5 - to 10:00 PM - Tailings front at Paracatu 
de Baixo 
03:30 AM Nov 6 - Tailings front at Barra Longa 
07:00 AM Nov 6 - Tailings front at Candonga Reservoir 

2,000,000 m3 of tailings deposited at 
Santarem Dam 
2,400,000 m3 of tailings deposited at Bento 
Rodrigues 
6,100,000 m3 of tailings deposited within 
Gualaxo do Norte and Carmo rivers and 
floodplains 
2,800,000 m3 of tailings deposited within the 
Doce River and floodplains upstream of the 
Candonga Dam 
8,400,000 m3 of tailings deposited with the 
Candonga Reservoir 
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Table A.8 Local Runout Observations (Page 3 of 3) 

ID Peak Depths Final Depths Arrival Times1 Other 

10 None Contour information from survey 
data for entire deposition zone 

None None 

11a None Profile data from survey data along 
entire deposition zone 

None None 

11b None Profile data from survey data along 
entire deposition zone 

None None 

12 None None 12:28:21 PM - Breach Occurs 
12:33 PM - Most of the tailings have 
discharged 
13:00 PM - Tailings front at 
Paraopeba River 

28 m/s tailings frontal velocity near the dam 
toe 
18 m/s tailings frontal velocity near the 
overburden dump 
2.2 m/s to 5.0 m/s tailings velocity at Alberto 
Flores Road (no time associated) 
3.7 M m3 to 4.7 M m3 deposited with the Ferro 
Carvão river valley 

Table A.8 Notes: 

1. The date and times are in local time for the region, which includes daylight savings for most events   
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Table A.9 Terrain Data used for the HEC-RAS Modelling in this Thesis 

ID Modelled Event Terrain Data 
Horizontal 

Resolution1 
(m) 

Source Terrain Modifications 
Confidence 
in Quality2 

1 Prestavèl 
(Stava) 

WorldDEM 
DTM  

12 Airbus Defense and Space 
(Commercial) 

River Channel Moderate 

2 Gillibrand No. 63 
(Tapo Canyon) 

SOCAL 
Wildfire QL2 
DEM 

1 United States Geological Survey 
(Public) 

Breach Channel Low2 

3 Harmony 4A 
(Merriespruit) 

WorldDEM 
DTM  

12 Airbus Defense and Space 
(Commercial) 

Breach Channel Moderate 

4 Aznalcóllar4,5 
(Los Frailes) 

DTM05 5 National Geographic Institute of Spain 
(Public)4 

Breach Channel, River 
Channel 

Moderate5 

5 Tashan 
(Taoshi or Xiangfen) 

ALOS World 
3D 

30 Japan Aerospace Exploration Agency 
(Public) 

Breach Channel Low 

6 MAL Reservoir X 
(Ajka or Kolontár) 

EU-DEM 25 European Environment Agency 
(Public) 

Breach Channel, River 
Channel, Vegetation 
Removal 

Very Low 

7 Kayakari DEM5A 30 Geospatial Information Authority of 
Japan (Public) 

None Moderate 

8 Mount Polley WorldDEM 
DTM  

12 Airbus Defense and Space 
(Commercial) 

Breach Channel, River 
Channel 

Low 

9 Fundão 
(Mariana, Bento 
Rodrigues, or Samarco) 

ALOS World 
3D 

30 Japan Aerospace Exploration Agency 
(Public) 

Breach Channel, River 
Channel, Artefact 
Removal 

Very Low 

10 Tonglüshan North 
Compartment 

WorldDEM 
DTM  

12 Airbus Defense and Space 
(Commercial) 

Breach Channel, Berm 
Addition 

Moderate 

11b Cadia NTSF Event II6 0.1 m interval 
Contours5 

0.1 m Newcrest Mining Limited (Private)6 Breach Channel High 

12 Feijão Dam I 
(Brumadinho) 

WorldDEM 
DTM  

12 Airbus Defense and Space 
(Commercial) 

Breach Channel Moderate 
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Table A.9 Notes: 

1. The resolution is sometimes reported in arcseconds. The nominal value in meters is reported here, the actual resolution may differ slightly depending on 

the location of the event. 

2. The assigned confidence for each terrain is subjectively based on the resolution, any reported vertical accuracy measures, and the required terrain 

modifications to make the original terrain data fit for runout modelling purposes. See Chapter 4 for the process for terrain modification Appendix B for specific 

sources and reasoning to support each classification. 

3.  The SOCAL Wildfire QL2 DEM is assessed as high-quality terrain data. It is estimated that the downstream environment has materially changed during 

the time between the breach and the date of the survey. Consequently, it is not known how representative the terrain data may be for the Gillibrand No. 6 

event. 

4. The terrain data used for the Aznalcóllar event was an alternate version of the DTM05 distributed on the Open Data Portal. The alternate version was 

based on the original DTM05 data, but bridges and other features were removed to convert the DTM05 to bare earth terrain data. The alternate version of 

the DTM05 was also downsampled to 20 m. 

5. The DTM05 is assessed as high-quality terrain data. Sanz-Ramos et al (2022) state that the downstream environment materially changed during the 

remediation after the breach and before the survey for the DTM05. Consequently, it is not known how representative the terrain data may be for the 

Aznalcóllar event. 

6. For the Cadia Event, Newcrest Mining Limited provided contour data from the site-specific surveys for the breach, as shown in Jefferies et al. 2019. Terrain 

rasters were interpolated from the contour data for the modelling in this thesis.   
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Table A.10 Recommendations for Improvements for Each Event (Page 1 of 2) 

ID   Recommendations for Improvement   Ease of Implementation   Usefulness of Recommendation 

1 1. Update Zone 1 Inundation Area 
2. Recreate pre- and post-failure surface in TSF; 

use block start model for cascade breach 

1. High: Existing documents can be used for update 
2. Moderate to Low: Data exists to do this work, but 

process is non-trivial  

1. Very high: key model calibration and validation constraint 
2. High: can improve modelled results near Stava and be 

insight for forward-analysis cascade breach scenarios 

2 1. Determine alignment and channel geometry of 
creek in Tripas Canyon and geometry of 
downstream culvert/bridge 

2. Determine outflow volume of each flow type, 
viscous and fluid. 

3. Model viscous and fluid runout simultaneously 
in a single simulation 

1. Low: Field visit required for accurate channel survey, 
and channel may have materially changed since the 
failure event 

2. Nearly Impossible: This information is perishable, and 
likely no longer available. 

3. Moderate: Other models have this capability, but 
calibration of two parameters for two flow types and 
potentially the relative portion of the volume is non-
trivial 

1. Moderate: The channel likely is relevant for the Zone 1 to 
Zone 2 transition. 

2. Paramount: Outflow volume is one of the most influential 
inputs 

3. Moderate to Low: Usefulness is contingent on the certainty 
of the volume for each flow type (Recommendation 2) 

3 1. Determine and confirm arrival times, through 
review of civilian news or interviews with 
survivors of the event 

1. Low: Eyewitness recollection of details two decades 
after the event would be low, no further information was 
found in this thesis from other sources 

2. Moderate: The model calibration is relatively successful, 
but would be further supported by additional constraints 

4 1. Update the total outflow volume based on 
information from Sanz-Ramos et al. (2022) 

2. Update the Zone 1 inundation area based on 
information from Sanz-Ramos et al. (2022) 

3. Obtain or reconstruct terrain data that 
represents pre-failure conditions 

1. High: Existing documents can be used for update 
2. High: Existing documents can be used for update 
3. Low: This information is likely perishable and may no 

longer be available 

1. Paramount: Outflow volumes are highly influential on 
runout models 

2. Paramount: Zone 1 inundation area directly affects the 
calibration process and therefore model validity 

3. Moderate: Despite commentary in Sanz-Ramos et al. 
(2022), no major concerns were found with using modern 
terrain data. Information exists for the required terrain 
modifications 

5 1. Revisit the investigation into outflow volume 
and breach characteristics with Mandarin 
literature and resources 

2. Obtain or reconstruct good quality terrain data 
that represents pre-failure conditions 

1. Moderate to Low: Unknown amount of information in 
Mandarin literature. No further information was found in 
this thesis from other English sources 

2. Moderate to Low: Good quality terrain data may not 
exist for this region 

1. Very High: The investigation was highly uncertain and 
based on limited information 

2. Very High: The modelled runout diverted into an adjacent 
channel and had poor areal fit 

6 1. Confirm the total outflow volume and the void 
ratio for the red mud tailings 

2. Update the Zone 1 inundation area 
3. Obtain better quality terrain data that presents 

bare-earth conditions 

1. Moderate: This information is likely perishable and may 
no longer be available. As the event is relatively recent, 
it is more likely that the information is available 
somewhere. 

2. Moderate: Google Earth Imagery is available for this 
exercise, but the exact extent may be subjective 

3. Moderate: It is likely good quality data exists for this 
area, but may come with a high financial cost for the 
large extent of the runout 

1. Paramount: Outflow volumes are highly influential on 
runout models 

2. Paramount: Zone 1 inundation area directly affects the 
calibration process and therefore model validity 

3. Paramount: The terrain data took substantial effort to 
modify and still drastically reduced model performance 
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Table A.10 Recommendations for Improvements for Each Event (Page 2 of 2) 

ID Recommendations for Improvement Ease of Implementation Usefulness of Recommendation 

7 1. Confirm the overlap between the tsunami and 
tailings runout and the extent of Zone 1 within 
the overlapping area 

2. Obtain or reconstruct terrain data that 
represents pre-failure conditions by the 
farmer's house 

1. Low: Despite being a relatively recent event, the tsunami 
likely destroyed any concrete evidence of the Zone 1 
extent within the overlapping area 

2. Moderate, but Unknown: This information may exist 
somewhere, but it was not found in the course of this 
thesis  

1. Paramount: Zone 1 inundation area directly affects the 
calibration process and therefore model validity 

2. Moderate: Other than the fields by the farmer's house, the 
terrain appeared representative of pre-failure conditions 

8 1. Use a model with variable solids concentration 
capabilities 

2. Use a mobile-bed model to simulate the 
downstream erosion 

1. High: Models currently exist with this capability 
2. Low: Models currently exist with this capability and 

observations on the downstream erosion exist, but 
modelling effort is a lot higher 

1. High: Variable solids concentration is likely be important to 
the runout modelling 

2. High: An erodible bed model was found to be important for a 
good areal match in this thesis 

9 1. Use a model with variable solids concentration 
capabilities 

2. Obtain better quality terrain data that presents 
bare-earth conditions 

3. Model the entire Zone 1 extent 

1. High: Models currently exist with this capability 
2. Low: Good quality terrain on the extent needed would 

come at a high financial cost 
3. Moderate: This is contingent on the quality of the terrain 

data (Recommendation 2), but is relatively 
straightforward, if time consuming. 

1. High: Variable solids concentration is likely be important to 
the runout modelling, particularly for the full Zone 1 extent 

2. Paramount: The terrain data took substantial effort to modify 
and still drastically reduced model performance 

3. High: The high confidence arrival time is at the Candonga 
reservoir, at the Zone 1 termination 

10 1. Obtain the pre- and post-failure terrain data 
from Zheng (2018) and repeat the modelling in 
HEC-RAS to confirm the rheology discrepancy 

1. Low: It is assumed that this terrain data would not be put 
in the public domain 

1. Moderate: Continued knowledge of rheology measurement 
practices for tailings dam breach runout modelling are useful, 
but a single event may not be applicable to other events 

11 1. Model the initial slump (Event I) 
2. Use a block start model for the slab failure for 

the liquefied flow (Event II) 

1. High: Models currently exist that can simulate slumping 
behaviour 

2. Low: Additional survey information would be required 
from Newcrest Mining Ltd. 

1. High: The high amount of information associated with this 
event would mean any insights from this modelling are more 
certain and useful 

2. Moderate: This would continue validating (or invalidating) the 
slab convention but is only a single event. More events are 
required to support any assessment of the slab convention 

12 1. Use a block start model to compare against 
the parametric breach, to suggest refinements 
for the parametric breach approach 

2. Use a variable solids concentration model to 
simulate the interaction of the Paraopeba river 
and the tailings landslide dam 

1. Moderate: This can be done with a reconstructed post-
failure surface (which is non-trivial to do) or with the post-
failure survey data, which would need to be added to the 
public domain 

2. High: Models currently exist with this capability 

1. Moderate: It is assessed that the parametric approach 
worked relatively well for this event, so a comparison for 
other events would be more insightful 

2. High: The high amount of information associated with this 
event would mean any insights from this modelling are more 
certain and useful 

 

 



144 

 

Appendix B:  Tailings Dam Breach and Runout Investigations 

and Modelling Summaries 

A summary of the failure event, key inputs, model set-up, model results, and discussion 

of certainty is included for each event. The mapped model results are for the maximum 

depth and maximum flow velocity within the model. The mapped model results also 

include the Zone 1 from Ghahramani et al (2020) and locations of interest mentioned for 

each event, which are typically locations of runout observations. The local runout 

observations are also directly compared in methods appropriate to the particular 

observation. The modelled deposition is not included in the mapped model results, but it 

and other results can be viewed within the individual HEC-RAS models.  
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Appendix B.1  Prestavèl (Stava), Italy, 1985 

B1.1 Facility Background and Failure Narrative 

The Prestavèl fluorite mine had a stepped side-hill arrangement TSF in Northern Italy, 

with two compartments, both constructed as upstream dams (Luino & De Graff, 2012). 

The Upper and Lower Basins collapsed on July 19, 1985, at 12:23 PM. The Upper Basin 

is estimated to have collapsed first, after static liquefaction of the sandy-silt tailings. The 

tailings flow cascaded onto the Lower Basin, then the combined outflow from both basins 

flowed along the Porcellini and Stava creeks. The nearby village of Stava was destroyed 

by the tailings runout and further damage was caused to the town of Tesero farther 

downstream. The tailings formed a landslide dam in the Avisio River where the majority 

of the tailings deposited (Muramoto et al., 1986; Takahashi, 2014). The tailings runout 

killed 268 people. The event is colloquially known as the Stava event, after the village. 

Impounded Volumes 

The combined volume impounded in the basins was 250,000 m3 to 300,000 m3 (Chandler 

& Tosatti, 1995; Luino & De Graff, 2012), which includes the supernatant pond, tailings 

solids, and interstitial water. Luino & De Graff roughly estimate there was 50% more 

impounded in the Upper Basin, which aligns with the general geometries and photographs 

of the basins. The higher volume estimate was used and proportioned between the Upper 

and Lower Basins according to the volume distribution estimate from Luino & De Graff. 

The combined supernatant pond volume at the time of failure was estimated as 15,000 

to 25,000 m3 (Chandler & Tosatti, 1995; Colombo & Colleselli, 2003). The average 

supernatant volume of 20,000 m3 is assigned between the Upper and Lower Basins 

based on the ratio of their pond areas as measured in Muramoto et al. (1988), which are 

11,800 m2 and 8,200 m2 for the Upper and Lower Basins respectively. This estimate 

corresponds to 168,200 m3 and 111,800 m3 of tailings impounded in the Upper and Lower 

Basins respectively. 

Zone 1 Description 

The Stava Valley contains fields, tree stands, and semi-urban areas, as seen in the 

photos of the runout in Takahashi (2014) and Luino & De Graff (2012) as well as current 

aerial imagery. The tailings were confined by the valley walls during the entire runout 

(Ghahramani et al., 2020) 
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The highest reported inundation area is 435,000 m2 (Van Niekerk & Viljoen, 2005, 

Luino & De Graff, 2012, Pirulli et al., 2017), however this value appears to be limited to 

the inundation area within the Stava Creek area, excluding the Porcellini Creek and Avisio 

River areas. Ghahramani et al. (2022) presented an updated Zone 1 with an inundation 

area of 650,000 m2 comprising all three watercourses. Luino & De Graff note the 

maximum width of the tailings flow at several specific locations along the Stava Creek, 

such as 50 m at the football field upstream of Tesero. The mapping by Ghahramani et al. 

is 15 m wider at the football field than in Luino & De Graff as well as generally throughout 

the runout zone, suggesting that the updated Zone 1 may be slightly overestimated in 

Ghahramani et al. A 15 m reduction in width of the Ghahramani et al. along the 4.2 km 

runout distance in the Porcellini and Stava creeks would align with mapping presented in 

figures in Luino & De Graff and Pirulli et al., which indicate inundation areas around 

570,000 m2 to 600,000 m2. The overestimated Zone 1 inundation area from Ghahramani 

et al. without adjustment was used for calibration within this research to remain consistent 

with the other events in this thesis.  

B1.2 Additional Runout Observations 

The nearby seismograph at Cavalese provides a record for the timing of the flow, with 

Muramoto et al. (1988) and Takahashi (2014) offering the following interpretations: 

¶ The breach is estimated to start at 12:22:55 PM, 

¶ The tailings flow reaches the village of Stava, 600 m downstream of the TSF, between 

12:23:35 PM and 12:23:55 PM,  

¶ The tailings flow reaches an extreme bend, 3,300 m downstream of the TSF (labelled 

as Section 10ô by Muramoto et al., 1988), between 12:25:35 PM and 12:25:55, 

¶ The tailings flow reaches the Romano Bridge, 3,900 m downstream of the TSF 

(labelled as Section 13 by Muramoto et al., 1988), between 12:27:30 PM and 

12:27:50 PM, 

¶  The tailings flow reaches the Avisio River, 4,400 m downstream of the TSF, around 

12:28:00 PM, 

¶ The tailings flow subsides at around 12:30:40 PM when the seismograph record 

returns to normal. 

Luino and de Graff (2012) offered a different interpretation of the seismograph and 

arrival timing than Takahashi (2014); however, Takahashi used the frequencies of the 
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seismograph data to support the interpretation, which was considered more 

sophisticated. Takahashi also describes a numerical reproduction of the flow velocities 

for the event; however, it involved several simplifications of flow dynamics and the 

geometry of the channel, rather than direct observations. Therefore, the velocity values 

presented therein are not considered for the calibration of the HEC-RAS model. 

B1.3 Model Inputs  

Outflow Volumes 

Muramoto et al. (1988) surveyed the basins and present the total outflow volumes from 

each of the basins, with a cumulative outflow volume of 185,200 m3. The volumes are 

separated into slime tailings and sands tailings; however Takahashi (2014) clarifies that 

the total volume represents the tailings solids, interstitial water, and supernatant ponds. 

Luino & De Graff (2012) estimated an additional 40,000 to 50,000 m3 of debris was 

entrained, which is believed to primarily be vegetation and destroyed structures, as 

erosion of the substrate was limited along the flow path (Takahashi, 2014; Pirulli et al., 

2017). Tree trunks, coarser particles, and other debris was deposited on either side of the 

flow path throughout the Stava valley (Luino & De Graff, 2012), indicating that the overall 

flow volume may have been relatively consistent (i.e., the volume of tailings and debris 

deposited was equal to the volume of debris entrained prior to flow cessation). 

The supernatant pond from each basin with a total volume of 20,000 m3 was 

discharged during the cascading breach. The remaining volume of 165,200 m3 

representing the tailings is separated into tailings solids and interstitial water to result in 

a total volumetric solids concentration of 47.6%, as noted by Takahashi (2014). 

Laboratory testing by Genevois & Tecca (1993) indicated an undisturbed void ratio 

ranging from 0.75 to 1.0 for the sand portion of the dams, and 0.9 to 1.0 for the slimes 

within the basins. The average back-calculated void ratio of 0.87 from Takahashi aligns 

with the laboratory data, as most of the tailings were slimes. The estimated volumes are 

presented in Table B.1.  

Table B.1 Prestavèl Outflow Volumes 

Basin Tailings Solids (m3) Interstitial Water (m3) Supernatant Pond (m3) Total (m3) 

Upper 56,150  48,850 11,800 116,800 

Lower 32,200 28,000 8,200 68,400 

Total 88,350 76,850 20,000 185,200 
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Breach Processes and Geometries 

Heavy precipitation and inadequate drainage within the TSFs lead to high water levels. 

The upstream constructed dams were built on swampy foundations and were quite steep. 

These conditions were detrimental to stability and eventually resulted in essentially a 

slope instability failure (Berti et al., 1988; Chandler & Tosatti, 1995; Colombo & Colleselli, 

2003). These conditions are hallmarks of a sudden Process II, which is further evidenced 

by the flood wave arrival time in the village of Stava 600 m away within a minute. 

The breach geometry was estimated using the survey presented by Muramoto et 

al. (1986) in scaled figures and is presented in Table B.2. The post-breach facility surface 

is complicated, introducing some uncertainty whether the dam crest alignment is truly the 

hydraulic control. For example, Takahashi (2014) estimates the hydraulic control of the 

Upper Basin as only 120 m wide and cutting across the corner of the facility 

Table B.2 Prestavèl Breach Geometry 

Basin Dam 

Height  

(m) 

Crest 

Height  

(m) 

Breach 

Height  

(m) 

Bottom 

Breach Width 

(m) 

Top Breach 

Width 

(m) 

Left Breach 

Side Slope 

(xH:1V) 

Right Breach 

Side Slope 

(xH:1V) 

Upper 33 29 22 50 148 2.4 2.0 

Lower 22 19 13 20 220 8.5 7.0 

Terrain and Manningôs Coefficient  

The terrain data source was the Airbus WorldDEM DTM, with a spatial resolution of 12 m. 

The terrain data is reported as bare earth; however, the Stava Creek near the Romano 

Bridge included several ridges almost 20 m high across the riverbed. These ridges are 

attributed to interference from the bridges, buildings, and heavy vegetation in the gully 

downstream of the Romano Bridge. The ridges were manually removed, to keep the slope 

consistent to regions without suspected interference, and to match available photos of 

the Romano Bridge. The modification to the terrain near the bridges are shown in Figure 

B.1. The Prestavèl TSF was reclaimed in 1988, therefore the terrain data collected in 

2015 does not include the remnants of the Prestavèl TSF. Consequently, no breach 

channel edits were required. 

The fields were assigned a Manningôs coefficient of 0.04 while the treed or semi-

urban areas were given a Manningôs coefficient of 0.08. Each Manningôs coefficient region 

was manually delineated based on Google satellite imagery. 
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Figure B.1 Terrain Modifications and Imagery for Prestavèl near the Romano 

Bridge. A) Terrain Before Channel Modification, B) Terrain After 

Channel Modification, C) Satellite Imagery for Comparison, D) Cross-

section Along the Romano Bridge, E) Profile Along the Stava Creek 

Underneath the Romano Bridge 

B1.4 HEC-RAS Model Set-up 

Both basins were assumed to breach instantly and simultaneously for simplicity within the 

HEC-RAS model, using a breach weir coefficient of 0.928. The stage-storage curves for 

the Upper and Lower Basins were idealized as individual level-pool semi-cones. The 

outflow volume calculated by the parametric breach method for the Upper Basin is directly 

added to the Lower basin elevation volume as an inflow. From there, the breach outflow 

is calculated according to the parametric breach at the Lower basin, and input into the 2D 

domain. 

The computation resolution was 12 m due to the limitations of the DEM resolution. 

A Normal Depth Boundary Condition is used 500 m beyond the confluence of the Stava 

Creek with the Avisio River. The flow of the Avisio River and its mixing with the deposited 

tailings mass is not modelled.  

A B C

 

D

 

E
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The representative particle size was 20 microns for both basins, based on the 

range provided by Chandler & Tosatti (1995) for the tailings slimes considering it was the 

majority of the released tailings (Muramoto et al. 1986). The additional debris volume 

entrained in the runout was not included in the HEC-RAS model, as debris entrainment 

options within HEC-RAS would considerably increase the complexity of the model. 

B1.5 HEC-RAS Model Results  

The calibration plot is shown in Figure B.2, with each tick mark roughly representing a 

1.78x increase in the rheology inputs. It is expected that as the rheology inputs are 

decreased, a point is reached where the increased flowability of the tailings overestimates 

the inundation area. The ɋTm metric should account for this through the increased false 

positive area, however the overestimation in the Zone 1 inundation area from Ghahramani 

et al. (2022) used in the calibration reduces or eliminates the false positive area. 

Consequently, there is no decrease in ɋTm metric for very flowable materials in the 

calibration process, despite intuition and experience suggesting a tailings flow with nearly 

50% solids by volume should have measurable rheology. Based on the ɋTm metric alone, 

the best inputs are 1 Pa and 0.001 Pa·s for the yield stress and viscosity respectively, 

which is the bottom left in Figure B.2.  

A conventional trial-and-error approach was used to determine the best inputs to 

match the observed arrival times, within the region of the lowest ɋTm values in Figure B.2. 

The final selected yield stress and viscosity were 3.2 Pa and 1.8 Pa·s, respectively, which 

were marginally worse than the optimal values according to the ɋTm metric, but slightly 

better for the arrival time. The comparison of observed to modelled arrival times is shown 

in Figure B.3. The HEC-RAS model matches the arrival time at the village of Stava and 

the Avisio River well, with slightly lesser match for Section 10ô and the Romano Bridge. 

The modelled maximum depth and velocities of the Prestavèl runout are shown in Figure 

B.4. The modelled flow width by the football field mentioned in Luino and De Graff (2012) 

is 48 m, which is in alignment with the description of the observed flow width. 
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Figure B.2 Prestavèl Rheology Calibration Plot in Log-Log Scale 

 

Figure B.3 Prestavèl Arrival Time Results 
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Figure B.4 Prestavèl HEC-RAS Model Results A) Maximum Depth and B) 

Maximum Velocity  

B1.6 Recommendations for Future Research 

The Zone 1 mapped by Ghahramani et al. (2022) may need updating, given the likely 

overestimation of the flow width. The Zone 1 mapping affects the entire modelling and 

calibration process, therefore is the highest priority for improvement. Other mapping 

exists (e.g., Luino & De Graff, 2012, Pirulli et al., 2017) which can be compared to the 

Ghahramani et al. (2022) mapping. 

The approach taken within this thesis for the cascade breach may result in a 

slightly attenuated breach flow, as the velocity of the Upper Basin breach flow is 

effectively neutralized in the Lower Basin stage-storage curve. A block start breach model 

is likely a better approach for a cascading Process II breach and may result in different 

flow, therefore affecting the runout calibration. Such an approach will necessitate a 

reconstruction of the pre and post-failure surfaces, which would take additional effort. 
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The late arrival to Section 10ô but early arrival at the Romano Bridge may indicate 

further refinement of Manningôs coefficient (areal extent and values) near those locations 

is warranted to reduce the arrival time misfit. The misfit is relatively small and such a 

refinement is not particularly explanatory or useful for forward analysis, and therefore not 

a high priority for improvement. 

Relatively good reporting on building damage and fatality rates are available for 

the Prestavèl event. After the numerical model is improved according to the 

recommendations above, a study on vulnerability estimates of the Prestavèl event would 

be of interest for industry, but this is not within the scope of this thesis.   
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Appendix B.2  Gillibrand Pond No. 6 (Tapo Canyon), United States, 1994 

B2.1 Facility Background and Failure Narrative 

The Gillibrand Pond No. 6 was a triangular shaped side-hill facility in California, USA. 

Pond No. 6 was used to settle fines from sand and gravel aggregate and concrete waste 

wash. The fines material was initially deposited in an old aggregate quarry pit, but 

additional raises above the natural pit rim were in the upstream method (Harder & 

Stewart, 1996). At 4:30 AM on January 17, 1994, a 6.7 magnitude earthquake occurred 

21 km away from the Gillibrand operations. The south-west side of the dam collapsed 

during the earthquake, resulting in a viscous flow slide and fluid tailings runout (Harder & 

Stewart, 1996). The flow side portion of the outflow arrested proximal to Pond No. 6, but 

the fluid tailings were observed around more than a kilometer away in the downstream 

Tripas Canyon through stains and splash marks on vegetation and trees. The event is 

also known as the Tapo Canyon event after the nearby regional park. 

Impounded Volumes 

The total impounded volume is unknown (Rana et al., 2021b). Harder & Stewart (1996) 

noted that the western half of the facility sometimes had ponded water of unknown origin. 

They presumed the origin of the water to be from upstream conveyance ditches and 

ponds, however a nearby NOAA weather station (Camarillo Airport) recorded less than 1 

mm of rain in the preceding month, implying the surface of Pond No. 6 may have been 

dry prior to the failure. Alternatively, the source of the surface water could be from the 

concrete truck rinsing and washing. 

Zone 1 Description 

The land cover proximal to Pond No. 6 is generally industrial, packed earth, or sparsely 

grassed (P.W Gillibrand Co., n.d.). Based on the aerial imagery from the US Geological 

Survey (USGS, 1994), the vegetation was moderate within the creek channel in the 

downstream canyons prior to the failure, but outside of the riparian area is paved or 

sparsely grassed. The tailings were confined by the valley during the entire runout 

(Ghahramani et al., 2020). 

The Zone 1 mapping from Ghahramani et al. (2020) indicates an area of 

32,000 m2. This area includes the viscous flow slide region and the fluid tailings runout 

above the banks, which Ghahramani et al. (2020) interpreted to terminate 730 m 

downstream of the breach based on USGS imagery. Another 60 m downstream of the 
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Zone 1 extent there is a culvert or bridge visible in the USGS imagery and Google Earth 

Imagery. 

B2.2 Additional Runout Observations 

The splash marks on the trees within the riparian area are described by Harder & Stewart 

(1996) as 1 m. No information where along the 1,000 m or so of affected river mentioned 

by Harder & Stewart these splashes were observed, limiting the use of this depth 

observation. Harder & Stewart noted the blocks of the dam and the viscous portion of the 

outflow stopped 180 downstream of the dam. 

B2.3 Model Inputs 

Outflow Volumes 

Ghahramani et al. (2020) estimated a total outflow volume of 55,000 m3 based on the 

post-failure contours in Harder & Stewart (1996). They also assigned a CDA class of 2A, 

for the Pond No. 6, indicating no or negligible supernatant pond was present or released. 

Harder & Stewart (1996) were not explicit if such the pond they described existed at the 

time of failure. Overall, it cannot be confirmed if Pond No. 6 should be 1A or 2A under the 

CDA classification.  

Harder & Stewart (1996) noted the tailings were saturated due to a combination of 

groundwater and additional wash water. No void ratio estimates exist; therefore, it was 

assumed to be 1. Table B.3 presents the final volume estimate used in this thesis. For 

the subsequent numerical modelling, it was assumed that there was no supernatant pond. 

The uncertainty in the void ratio and presence of a supernatant pond means the 

volumetric solids concentration of 50% is poorly evidenced. There is not enough 

information to support an estimate of the volume for each two flow characteristics (viscous 

and fluid) that were described by Harder & Stewart. 

Table B.3 Gillibrand Pond No. 6 Outflow Volumes 

Compartment Tailings Solids 

(m3) 

Interstitial Water 

(m3) 

Supernatant Pond 

(m3) 

Total 

(m3) 

Pond No. 6 27,500 27,500 Unknown, estimated to 

be 0 m3 

55,000 
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Breach Process and Geometry 

Sediment boils were observed at Pond No. 6, evidencing earthquake-induced liquefaction 

occurred (Harder & Stewart, 1996). An upstream dam containing saturated and liquefied 

tailings that failed during an earthquake is evidently a Process II breach.  

The breach geometry was likewise taken from the post-failure survey and is 

presented in Table B.4. The outflow and breach through the southwest side of the dam is 

orientated at roughly 45° to the crest alignment, rather than perpendicular. This is inferred 

to be caused by the slope direction in the area proximal to the breach and a section of 

the dam that rotationally translated to the right side of the breach that redirected the flow. 

These nuances make defining the hydraulic control difficult. 

Table B.4 Gillibrand Pond No. 6 Breach Geometry 

Dam 

Height  

(m) 

Crest 

Height  

(m) 

Breach 

Height  

(m) 

Bottom 

Breach Width 

(m) 

Top Breach 

Width 

(m) 

Left Breach 

Side Slope 

(xH:1V) 

Right Breach 

Side Slope 

(xH:1V) 

24 24 121 42 145 2.4 6.5 

1 The breach channel had a tailings deposition depth around 12 m, indicating the breach height may include an additional 12 m.  

Terrain and Manningôs Coefficient  

The terrain data source is the USGS SOCAL Wildfire QL2 DEM, with a horizontal 

resolution of 1 m. This data was generated from aerial LiDAR flown in 2018 after the 

wildfires in Southern California. Vegetation and buildings were removed, and the vertical 

Root Mean Square Error at a 95% confidence level is reported as 0.112 m. The breach 

channel was cut into the TSF, and the translated dam section was added to the terrain. 

These modifications are shown in Figure B.5. 

The creek in Tripas Canyon is small, however it was comparatively large enough 

to contain the fluid runout within a kilometre (Ghahramani et al. 2020), suggesting that 

the creek channel should be added to the terrain data. The vegetation in the riparian area 

obscures any indication of the creek channel alignment or size, therefore no channel 

modifications were performed. The Tripas Canyon riparian appears to have a different 

alignment than shown in the UGSS aerial imagery (1994) and the Zone 1 inundation area 

mapping by Ghahramani et al. (2020). It is likely that the terrain has materially changed 

since the breach, further reducing the validity of any channel modifications. The moderate 

vegetation in the riparian area and grassed areas was represented with a composite 

Manningôs coefficient of 0.06. 
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Figure B.5 Terrain Edits and Imagery for Gillibrand Pond No. 6 A) Terrain Before 

Breach Channel Modification, B) Terrain After Breach Channel 

Modification, and C) USGS Aerial Imagery for Comparison 

B2.4 HEC-RAS Model Set-up 

Initial models used the total outflow volume and attempted to represent both the viscous 

and fluid portions of the runout. These models performed very poorly and a single yield 

stress and viscosity value were deemed insufficient to approximate the characteristics of 

either flow condition. Two separate models were developed instead, a viscous runout 

scenario and a fluid runout scenario. The total outflow volume of 55,000 m3 was equally 

split for each model, as there is not enough data to support more sophistication than this 

arbitrary estimate. The Zone 1 inundation area from Ghahramani et al. (2020) was clipped 

within a radius of 180 m of the Pond No. 6 to use for the calibration process for the viscous 

runout scenario. 

The remaining model set-up was identical between the two model scenarios. The 

post-failure survey in Harder & Stewart (1996) indicates the total outflow is roughly cone 

shaped, therefore the stage-storage curve was an idealized level-pool semi-cone for each 

model. The breach weir coefficient was 0.928. The computational grid resolution was 5 m 

and an outflow boundary condition was used at the downstream end of the Zone 1 

inundation area. The representative particle size used was 100 microns, but Harder & 

Stewart do not specify the exact median particle size between the clay to silty sands soils  

observed in the facility. 
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B2.5 HEC-RAS Model Results 

The calibration plots are shown in Figure B.6, with each tick mark roughly representing a 

1.25x increase in the rheology inputs. The best inputs are shown in Table B.5 for each 

model scenario, based purely to the ɋTm metric. The maximum depth for the fluid scenario 

in the Tripas Canyon ranges between 1.7 to 2.5 in the downstream half of the Zone 1 

inundation area, much higher than the 1 m ñsplashesò mentioned by Harder & Stewart 

(1996). No further calibration was performed, as the additional sophistication is not 

warranted by the insufficient local runout observations and uncertainty in the volume for 

each flow type. The modelled maximum depths and velocities of the Gillibrand Pond No. 

6 runout are shown in Figure B.7 and Figure B.8 for the viscous and fluid scenarios 

respectively. Figure B.10 

Table B.5 Gillibrand Pond No. 6 Rheological Parameters 

Model Scenario Assumed Outflow Volume (m3) Yield Stress (Pa) Viscosity (Pa·s) 

Viscous 27,500 4,000 2 

Fluid 27,500 800 50 

 

 

Figure B.6 Gillibrand Pond No. 6 Rheology Calibration Plot in Log-Log Scale for 

A) The Viscous Scenario, and B) the Fluid Scenario. 
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Figure B.7 Gillibrand Pond No. 6 HEC-RAS Model Results (Viscous Scenario) A) 

Maximum Depth and B) Maximum Velocity 

 

Figure B.8 Gillibrand Pond No. 6 HEC-RAS Model Results (Fluid Scenario) A) 

Maximum Depth and B) Maximum Velocity 

B2.6 Recommendations for Future Research 

The terrain data from the USGS appears to be high accuracy and resolution but is no 

longer representative of the conditions during the failure. Furthermore, the geometry and 

size of the creek channel in Tripas Canyon may be an important element for the back-

analysis, but this was not explored here. 
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The volume of the two fluid types is unknown. The slight underestimation of the 

inundation area for the viscous flow type (shown in Figure B.7) and the overestimation of 

the depth in the Tripas Canyon (shown in Figure B.8) suggests more of the volume was 

of the viscous type, but this is speculative at best. The two flow types at the Gillibrand 

Pond No. 6 event would have interacted with each other, which is not included in the two 

separate HEC-RAS models. A model capable of two or more phases is necessary to 

model this interaction. The calibrated viscosity of the viscous model is lower than the 

calibrated viscosity in the fluid model, which is intuitively incorrect. It is not feasible to 

refine the calibration until the other model inputs or modelling approaches identified as 

needing improvement are addressed. 
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Appendix B.3  Harmony 4A (Merriespruit), South Africa, 1994 

B3.1 Failure Event Narrative 

The Harmony Gold mine near the town of Virginia, South Africa, deposited tailings into a 

composite ring-dyke TSF with upstream dams (Wagener, 1997). After an extreme rainfall 

event on the afternoon of February 22, 1994, the north dam of compartment 4A 

experienced overtopping for several hours (Wagener). Eventually a minor slump triggered 

static liquefaction of the dam and tailings. The failure was described by eyewitnesses as 

ña loud bangò, and ña series of loud noises like explosionsò, interpreted to be the collapse 

of blocks of tailings (Wagener; Blight & Fourie, 2005). The flow swept through the suburb 

of Merriespruit, killing 17 people and damaging the Sand River environment (Wagener). 

Although the Harmony TSF is a composite TSF, the breach was limited to the 4A 

compartment and is therefore comparable to a single compartment failure event. The 

event is colloquially referred to the Merriespruit event after the impacted suburb. 

Impounded Volumes 

The total impounded volume was reported as 7 M m3 by Rico et al., (2008), but has not 

been confirmed (Rana et al., 2021). In fact, the surface area of 1,3000,000 m2 and 

minimum dam height of 16 m of the 4A compartment alone suggest the total impounded 

volume estimate may be on the low side. Wagener (1997) and Van Niekerk & Viljoen 

(2005) estimate the available supernatant pond storage was between 70,000 m3 to 

100,000 m3, which must have been full at the time of failure given the observed 

overtopping.  

Zone 1 Description 

The suburb of Merriespruit was the predominant region within Zone 1, and the land cover 

is correspondingly light density single-family dwellings. Beyond the suburb, the tailings 

runout reached a bird sanctuary, which is primarily vegetated wetland (Duvenhage, 1998, 

Van Niekerk & Viljoen, 2005). The tailings were unconfined during the runout 

(Ghahramani et al., 2020) 

Ghahramani et al. (2020) estimated the Zone 1 inundation area to be 900,000 m3, 

which was repeated in Ghahramani et al. (2022). The uncertainty was noted to be 

relatively high owing to low resolution of Landsat imagery and the use of oblique 

photographs to support the mapping. The actual georeferenced shapefile contradicts this 
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reporting, indicating an area of 994,000 m2 for the Zone 1 inundation area. The 

georeferenced shapefile was assumed to be correct and used in this thesis. 

B3.2 Additional Runout Observations 

The high watermark of the tailings flow at the first row of houses in Merriespruit (350 m 

downstream from the dam crest) was shown by Wagener (1997) as 2.5 m. Video footage 

after the event shows civilian wading through knee high mud in the village of Merriespruit, 

indicating final depths around 0.5 m (AP Archive, 2015). This runout observation is also 

corroborated by the photograph in Wagener at the first row of houses.  

Van Niekerk & Viljoen (2005) state the arrival time to the bird sanctuary as 5 

minutes, but do not provide any evidence or reasoning for this determination. The timing 

of the breach is not precisely known, with best estimates placing 100 minutes to 120 

minutes after the end of the rainfall at 7 PM (Fourie et al., 2001). Without a confirmed time 

of failure, it does not appear credible that any arrival time could be reliably estimated. 

Consequently, the arrival time from Van Niekerk & Viljoen is not included in the database 

or numerical modelling. 

B3.3 Model Inputs 

Outflow Volumes 

Wagener (1997) reported an outflow volume of 530,000 m3 for the tailings volume, 

excluding the supernatant pond volume released. The average of the reported 

supernatant pond volumes (inclusive of the rainfall volume) was used for the supernatant 

pond. The overtopped volume and flow that preceded the breach for roughly 2 hrs was 

estimated as 30,000 m3 to 50,000 m3 by Ghahramani et al. (2022) but was excluded from 

the volume estimates and subsequent numerical modelling in this thesis.  

Fourie et al. (2001) investigated the in-situ tailings in a meta-stable state but did 

not discharge from the TSF and found void ratios from 0.4 to 1.6. Furthermore, they found 

that void ratios higher than 0.84 were in a liquefiable state in in-situ condition. Liquefiable 

tailings were stratified with non-liquefiable tailings, suggesting non-liquefiable tailings 

were transported out of the facility on a layer of liquefiable tailings (Blight & Fourie, 2005). 

This indicates the average void ratio of the outflow could be lower than 0.84. Regardless, 

the tailings were separated into solids and interstitial water according to a void ratio of 

0.84. All volumes are presented in Table B.6, and the final calculated volumetric solids 

concentration is 46.8%. 
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Ghahramani et al. (2022) assessed the volumetric solids concentration of the total 

outflow volume as 50%, which corresponds to a void ratio of 0.72. They based the solids 

concentration on common soil properties of gold tailings in addition to observable mudflow 

characteristics (solids concentration of 45% to 55%) within photographs and eyewitness 

reports (personal communication, 2021). Both estimates have void ratios within the range 

reported by Fourie et al. (2001) and overall reflect the uncertainty in determining such the 

solids concentration for past events.  

Table B.6 Harmony 4A Outflow Volumes 

Compartment Tailings Solids 

(m3) 

Interstitial Water 

(m3) 

Supernatant Pond 

(m3) 

Total 

(m3) 

4A 288,000 242,000 85,000 615,000 

Breach Process and Geometry 

Prolonged overtopping as occurred at Harmony 4A implies a Process I breach. 

Eyewitness accounts and the expert investigations support a Process II breach however 

(Wagener, 1997, Fourie et al., 2001, Blight & Fourie, 2005). The limited erosional features 

in the remaining tailings deposit, marginal stability of the upstream dam, and the reported 

series of bangs suggest Process II was the dominant process.  

The dam height of the Harmony 4A dam at the breach location is 31 m tall 

(Wagener, 1997, Blight & Fourie, 2005). The exact depth of liquefaction is not known 

(Blight & Fourie) however photographs and profiles of the post-failure surface indicate 

approximately 4 m deep of tailings self-damming the breach channel (Wagner, Blight & 

Fourie, Stava 1985 Foundation Archives). Based on photographs, the breach width of 

150 m reported by Van Niekerk & Viljoen (2005) is interpreted as the top breach width 

(roughly 5 dam heights) with a corresponding bottom breach width of 55 m (roughly 2 

dam heights). This interpretation of the breach geometry aligns with Petkovġek et al. 

(2020). Table B.7 summarizes the breach geometry. 

Table B.7 Harmony 4A Breach Geometry 

Dam 

Height  

(m) 

Crest 

Height  

(m) 

Breach 

Height  

(m) 

Bottom Breach 

Width 

(m) 

Top Breach 

Width 

(m) 

Left Breach 

Side Slope 

(xH:1V) 

Right Breach 

Side Slope 

(xH:1V) 

31 31 271 55 150 1.75 1.75 

1 The breach channel had a tailings deposition depth around 4 m, indicating the breach height may include an additional 4 m.  
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Terrain and Manningôs Coefficient 

The terrain data source was the Airbus WorldDEM DTM, with a spatial resolution of 12 

m. The structures and wetland vegetation appear to be removed as expected for a bare 

earth terrain dataset. A buttress was constructed against the north dam after the failure 

and is visible within the terrain dataset and satellite imagery. This buttress was removed 

along with the addition of the breach channel. Other than the buttress, the terrain dataset 

was considered sufficient for modelling in HEC-RAS. 

The Manningôs coefficient was selected as 0.08 and uniformly applied to the whole 

model domain for both the suburban and wetland areas to reflect the moderate 

obstruction and flow resistance from those land covers.  

B3.4 HEC-RAS Model Set-Up 

The HEC-RAS model set-up was relatively standard for the Harmony 4A event. The 

breach weir coefficient was 0.928 to represent the Process II breach. To include some 

portion of Process I as described in Section B3.3, the stage-storage curve was assigned 

a linear relation. The tailings flow width narrows to 330 m, so the computational resolution 

was selected as 36 m. No outflow boundary was used as the majority of the tailings 

deposited within Merriespruit and the bird sanctuary wetlands and not transported by the 

Sand River. The representative particle size was 100 microns, based on the measured 

range of d50 values from Fourie et al. (2001).  

B3.5 HEC-RAS Model Results 

The calibration plot is shown in Figure B.9, with each tick mark roughly representing a 

1.58x increase in the rheology inputs. Based on the ɋTm metric, the best inputs are 160 Pa 

and 160 Pa·s for the yield stress and viscosity respectively. The peak depth at the first 

row of houses was modelled as 3.1 m, or 0.6 m above the observed depth. Conventional 

trial-and-error within the lowest ɋTm region was completed to reduce this depth error. A 

yield stress and viscosity of 250 Pa and 4 Pa·s respectively results in a peak depth of 

2.7 m at the first row of houses with only a marginal decrease in the ɋTm metric 

performance. The modelled final depths throughout Merriespruit ranged between 0.4 m 

to 1 m, but generally were around 0.5 m, in alignment with the AP Archive (2015) footage. 

The modelled maximum depths and velocities of the Harmony 4A runout are shown in 

Figure B.10. 
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Figure B.9 Harmony 4A Gold Rheology Calibration Plot in Log-Log Scale 

B3.6 Recommendations for Future Research 

Arrival times are important parameters for confirming that a numerical model reflects the 

real life phenomena. The arrival time at the bird sanctuary reported by Van Niekerk & 

Viljoen (2005) was assessed as not considered credible without further evidence. Further 

investigation into local news reporting or eyewitness accounts is warranted to either 

support or firmly refute the arrival time estimate and promote more confidence in any back 

analysis of the Harmony 4A event. 

The area match of the present modelling is quite good (as measured by the low 

ɋTm) and relatively good depth match at the first row of houses. The use of a linear stage-

storage curve is difficult to confirm as appropriate without some form of observed timing 

for the Harmony 4A event. A level-pool curve would result in increased depth and 

velocities proximal to the breach, suggesting a linear curve may be a reasonable 

approximation of the breach process for this event.  

Relatively good reporting on building damage and fatality rates may be available 

for the Harmony 4A event. A study on vulnerability estimates including the Harmony 4A 

event would be of interest for industry but is not within the scope of this thesis.  



166 

 

 

Figure B.10 Harmony 4A HEC-RAS Model Results A) Maximum Depth and B) 

Maximum Velocity 

  




































































































































































