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Abstract

This paper presents the development and application of a dam breach model, EMBREA-MUD, which is suitable for tailings
dams. One of the common failure modes for these structures is breaching due to overtopping, which together with the flow
of liquefied tailings, is simulated by the proposed model. The model simultaneously computes the outflow of water and tail-
ings from a tailings storage facility and the corresponding growth of the breach opening. Tailings outflows are represented
by a separate non-Newtonian viscous layer, which together with a water layer, represent the two fluid components of the
model. The third component represents dam material that can be eroded by the shear forces exerted by either water or mud.
The water layer also exerts dynamic and erosional forces and can transport solids eroded from either the mud or dam layer.
The model was verified against laboratory cases as well as two field cases reported in the literature, the failures of the Mount
Polley tailings dam in Canada in 2015 and the Merriespruit dam in South Africa in 1994. The model results agreed well
with the recorded narrative of the events, although in the latter case, careful calibration of one of the model parameters was

necessary to obtain a good match.
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Introduction

The consequences of a tailings dam failure can be cata-
strophic. A recent reminder of this is the failure of Dam
I at the Cérrego de Feijao Mine in Brazil in January 2019
(Fig. 1), where approximately 270 people died (VALE 2020).
In 2015, the Funddo dam failed, resulting in the worst ever
environmental disaster in Brazil, with the release of over 30
million m® of tailings that polluted 670 km of watercourses
on its way to the Atlantic Ocean, where it spread along hun-
dreds of kilometres of the Brazilian coastline IUCN 2018;
Palu and Julien 2019). In 2014, the Mount Polley dam fail-
ure in Canada released 25 million m? of tailings and super-
natant water into the environment (BCMEM 2015). There
have been more than 30 tailings dam failures per decade in
the period 1960-90 and around 20 per decade since 1990s.
Although the number of tailings dam-related accidents has
decreased since the 1990s, the number of severe failures (i.e.
those that have released more than 100,000 m? of tailings

> Gregor Petkovsek
g.petkovsek @hrwallingford.com

! HR Wallingford, Howbery Park, Wallingford,
Oxfordshire OX10 8BA, UK

and/or resulted in loss of life) has increased (Bowker and
Chambers 2015).

An informed risk management strategy can minimize
the probability and consequences of tailings dam accidents.
An accident presents a considerable economic damage to
the mine owner, danger to life and health of staff working
at the facility, and potentially devastating consequences to
communities and the environment downstream. The starting
point for an assessment of the consequences is understand-
ing the failure modes and the volumes of potentially released
materials. Tailings dams can fail due to various reasons, such
as slope failure, liquefaction of stored tailings, foundation
failure, earthquake, and internal erosion. A common fail-
ure mode is also breaching due to overtopping, first by the
supernatant water and later, as the breach opening grows,
liquefied tailings.

This paper presents the development of a two-fluid dam
breach model, with the first fluid representing water and
the second fluid representing tailings. The model outputs
include time series of water and tailings outflows, which
can be used to assess potential downstream impacts, thus
contributing to risk management and emergency planning.
The assessment of economic damages and health impacts,
including loss of life downstream of the dam, requires other
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Fig. 1 Brumadinho tailings
storage facility after dam
failure. Source: Vinicius
Mendonca/lbama, under cc-by-
sa-2.0 license, https://creativeco
mmons.org/licenses/by-sa/2.0/
deed.en

models or assessments that are not discussed further in this
paper, but are included in a paper by Lumbroso et al. (2020).

Failure Modes and Breach Outflow Classification

There are four primary failure modes of tailings dams: slope
failure, foundation failure, internal erosion and surface ero-
sion (James et al. 2017; Liu 2018):

e Slope failure (or instability): This most commonly occurs
after saturation of the dam embankment due to heavy rain
(or snow) or poor surface water (pond) control, which
causes a rise in the phreatic surface. Slope failures can
also be caused by increased pressure on the dam from
liquefaction of stored tailings or excessively high rates
of dam rise (Liu 2018). A recent example of this type is
the 2018 failure of the Cadia dam in Australia (Jefferies
et al. 2018); however, owing to prompt action and the site
location, there were no deaths, unlike the disastrous Stava
dam slope failure in Italy in 1985, where more than 200
people died in two downstream villages that were flooded
(van Niekerk and Viljoen 2005).

e Foundation failure: Sudden or excessive loading may
cause the foundation to deform if it is not sufficiently
strong, which may lead to a local or an overall failure of
the dam. An example of this mode is the failure of the
Mount Polley tailings dam in Canada in 2014 (BCMEM
2015).

¢ Internal erosion (Seepage and piping): A phreatic surface

This can lead to the collapse of the dam above the piping
hole and local and general dam failures. The failure of
the Bakofeng Dam in South Africa in 1974, which killed
12 people and polluted 25 km of river with tailings, was
caused by piping (van Niekerk and Viljoen 2005).
Surface erosion (or overtopping): Heavy rain can fill
the tailings pond until overtopping occurs; water flow-
ing over the crest can erode the embankment within
a very short time. Once the embankment is breached,
tailings may flow out of the tailings storage facility. A
well-known example of this type is the failure of the
Merriespruit dam in South Africa in 1994 (van Niekerk
and Viljoen 2005), while two more recent examples are
the Zijin dam in China in 2010 (Lyu et al. 2019) and the
Padcal dam in the Philippines in 2012 (AGHAM et al.
2013). Overtopping can also occur after the dam initially
partially failed due to another failure mode that locally
lowered the crest level, enabling water outflow from the
pond. An example of this is the Mount Polley tailings
dam failure (BCMEM 2015), where the dam initially
experienced a foundation failure. The resulting outflow
of more than 10 million m* of process water further
eroded and enlarged the breach opening, which enabled
tailings to flow out as a mudflow. In many cases, this type
of failure results from inappropriate water management
and/or inadequate beach length (i.e. the distance between
the tailings dam and the pond).

In addition to these failure modes, a failure can also

that is too high may lead to seepage and piping eroding  occur due to an earthquake (ICOLD 2001; James et al.
a hole through the embankment that grows in size as ~ 2017). Recent examples of this type are the failures of the
the flow progressively erodes the surrounding material. ~ Las Palmas tailings storage facility after an 8.8 magnitude
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earthquake in Chile in 2010 (Lyu et al. 2019) and of the
Kayakuri tailings dam after the Tohoku Earthquake hit Japan
in 2010 with a magnitude of 9 (Ishihara et al. 2015). This
type of failure is due to the development of excess pore water
pressure in the tailings during an earthquake, ultimately
leading to liquefaction and collapse of the tailings dam.

Liquefaction occurs when a soil-like material undergoes
continued deformation at a low constant residual stress or
with no residual resistance, due to build up and maintenance
of high pore-water pressures that reduce the effective confin-
ing pressure to very low values (Puri and Kostecki 2013).
Tailings can liquefy if earthquake loading creates a breach
or by the loss of confinement resulting from breach of the
dam by another mechanism. The potential for liquefaction
of tailings is a function of several factors, but most impor-
tantly, their density and stress state. Thus, the potential for
liquefaction varies during the life cycle of the impoundment
and generally decreases with time due to consolidation and
ageing (James et al. 2017).

Two factors that have been shown to have an important
influence on the flows from tailings dam breaches (James
et al. 2017): the presence of surface water near the breach
and the potential for liquefaction of tailings near the breach.
Depending on the status of each factor, there are four pos-
sible breach outflow classes:

e Class 1A: surface water present near crest and liquefac-
tion of tailings: Dam break. Flow from the breach will
consist of water, possibly with eroded tailings, and lique-
fied tailings

e Class 1B: surface water present near crest and no lique-
faction of tailings: Dam break. Flow from the breach will
consist of water with eroded tailings.

e Class 2A: surface water far from crest or no pond,
and liquefaction of tailings: Slope failure with tailings
released as debris flow or mud flow

e Class 2B: surface water far from crest or no pond, and
no liquefaction of tailings: Slope failure without outflow,
only displaced tailings.

The simplest type of assessment of stored tailings outflow
are empirical equations that assess the volume of released
tailings and their runout distance (Larrauri and Lall 2018;
Rico et al. 2008). They were derived from a database of pre-
vious tailings dam failures and use readily available param-
eters such as the volume of stored tailings and the height of
the tailings dam. They are appropriate for use in scoping
studies and to identify dams for which more in-depth risk
assessments are required.

A higher level of assessment uses event trees. These
methods incorporate more information about dam and tail-
ings properties, as well as user judgement, and pass these
input data through a failure event tree. Once the failure event

and mode is confirmed through the tree, the input data can
also be used to produce outflow hydrographs for the water
and tailings (O’Brien et al. 2015).

Finally, numerical models have the advantage of using
fundamental principles of physics to simulate the release
of tailings and water. There are a number of models that
simulate both the breaching of the dam and the spreading of
the water following a dam break (flow class 1B). The flow of
tailings can be simulated in a similar way. Models that simu-
late the spreading of mudflows (flow class 2A) must consider
how tailings, unlike water, behaves as a non-Newtonian vis-
coplastic material (mudflow). These models are typically
used in combination with assumptions of breach parameters
and the released volume of tailings (Moon et al. 2019).

A very common case of tailings dam failures includes
the flow of both water and mud. Models for the simultane-
ous simulation of the how both water and mud flow have
been developed (Chen et al. 2007), but are less common
than water-only or mud-only models. Breach growth, i.e.
erosion of the dam, must also be simulated to accurately
predict the outflow of water and mud from a tailings storage
facility (TSF). This paper presents an attempt to develop
such a model, a type of which, to the best of our knowledge,
has not been available previously.

The EMBREA Dam Breach Model

The model presented in this paper is an extension of the
EMBREA model for simulation of a dam breach. The model
was first developed by Mohamed et al. (2002) under the
name HR BREACH. A series of European funded collabora-
tive research projects allowed further testing and refinement.
These projects included the CADAM, IMPACT, FLOOD-
site, and FloodProBE projects. In particular, the IMPACT
project incorporated large-scale field and laboratory data
for model performance validation (Morris et al. 2005), with
five field and 22 laboratory tests performed. EMBREA was
also tested against three historical dam failure cases: Oros in
Brazil, Banqgiao in China (Morris 2011), and Teton in USA
(Mohamed et al. 2002).

EMBREA predicts the growth of a breach in embank-
ment dams due to erosion caused by outflowing water and
the quantity of water released in the form of a hydrograph
(Mohamed et al. 2002). Both processes, breaching and out-
flowing, are simulated simultaneously based on the char-
acteristics of the dam material, predicting the evolution of
the breach opening without the need to make assumptions
regarding the dimensions of the breach. EMBREA is a one-
dimensional and a one-fluid (water) model. In the next sec-
tion, we present the development of its extension to two-fluid
modelling (water and mud). The developed model is called
EMBREA-MUD.
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Development of the EMBREA-MUD Model
Model Components and Interactions Between Them

The model describes dam breach dynamics with the follow-
ing layers:

e Fluid 2: Water, a fluid with Newtonian behaviour. This
layer represents water but also includes suspended solids
(eroded tailings and dam material).

e Fluid 1: Mud, a fluid with a visco-plastic non-Newtonian
behaviour. This layer represents liquefied tailings includ-
ing eroded dam material.

e Solid (layer 0): Dam material (can only be eroded).

Fluid layers are characterised by its depth (#) and flow
velocity (u). The interaction between layers that occurs as
a result of shearing due to different velocities is described
through shear stress (z), as shown in Fig. 2. To achieve this
interaction, the values of variables are passed between each
layer at the end of each computational time step.

Two shear forces between the layers are simulated by the
model. The first is the shear stress 7, between the water and
mud layers, or between the water and dam material if no
mud is present. This is a dynamic force acting on water, as
well as mud if mud is present; and an eroding force for the
mud layer, or dam material if no mud is present. The second
is the shear stress 7, between the mud and dam layers. This
is a dynamic force acting on mud and an eroding force for
dam material.

Shear stress 7, is related to water (Newtonian fluid) and
is computed from the Manning equation for flow resistance:

2
vy |n(uy, —u
Tl:w (1)

R,

where ¥, is the specific weight of Fluid 2 (water), n is the
Manning coefficient, R, is the hydraulic radius of water

Fluid 2 : water @ - |h
1
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Fig.2 A schematic representation of layers used in EMBREA-MUD
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layer, and u, and u, are the flow velocities of Fluids 1 (mud)
and 2 (water), respectively. Shear stress 7 is related to mud
(non-Newtonian fluid) and is computed using to the Her-
schel-Bulkley fluid model (Chen et al. 2007):

m

1+4 Ju|
1
10=ry+K1_ m”;, N3 )
@m+1)R,

where K is the viscosity coefficient and m is the flow index,
a measure of the degree to which the fluid is shear-thin-
ning (m < 1) or shear-thickening (m > 1). The well-known
Bingham model is a special case of the Herschel-Bulkley
model where m=1. The symbol R" =R, (1 — 7,/ 7y) and R,
is the hydraulic radius of the mud layer. As in EMBREA
(Mohamed et al. 2002), the quasi-steady approach is used to
solve the dynamic equations for flow depth #, and velocity
u, for water layer. On the other hand, fully unsteady flow
equations are solved to compute mud depth () and velocity
(u,), according to the LHLL numerical scheme described in
detail in Chen et al. (2007).

Spatial Discretisation

EMBREA is a single point (0-D) model for the water storage
behind the dam and a one dimensional (1-D) model for the
dam area, where computational points are represented by
dam cross sections. The assumption of one water level rep-
resentative for the whole storage is justifiable for water, but
not for mud, which is a visco-plastic material. Therefore, in
EMBREA-MUD, the TSF is also discretised as a set of 1-D
computational points. Many TSFs can be well approximated
as having a rectangular shape. Therefore, in the present ver-
sion of the model, the tailings storage facility is represented
as a rectangle with a width W and length L.

Erosion and Breach Growth

The erosion rate E; for the layer i is determined by its erod-
ibility coefficient K, ; and critical shear stress 7 ;. Index i
corresponds to either of the two erodible layers, i.e. i=1 for
mud layer and i =0 for dam. If the shear stress is less than
the critical value, there is no erosion (E;=0). When the act-
ing shear stress is higher than the critical value, the erosion
rate E; is computed from the equation:

E; = KD,i(Ti = 7. 3)

In computational cross sections where mud is not present
but there is water, the shear stress used to compute dam
erosion (7y) equals the shear stress exerted by the water, 7,.
After the erosion rate is calculated with Eq. 3, it is also
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taken into account that this value is a nominal erosion rate
for a cross section, while its local value along the wetted
perimeter varies. This variation, as well as modifications of
the cross section resulting from a varying erosion rate, are
done using one of the options in EMBREA (Mohamed et al.
2002), where variation of shear stress along banks is propor-
tional to depth and sidewall collapse is assumed to occur at
the same instant as any scour at the toe (Fig. 3).

In EMBREA, all the eroded material enters and is trans-
ported by the water column. In EMBREA-MUD, the fate of
the eroded material is simulated differently, depending on
where it is eroded form:

e Bank material eroded from below the top of the mud
layer is added to the mud layer and assumed to behave as
mud once it is eroded,

e Bank material eroded from above the top of the mud
layer is added to the water layer and removed from the
system in suspension, and

e Material eroded from the bed is added to the mud layer
if there is mud in the present cross section; otherwise, it
is added to the water layer

Model Input Data and Parameters

The model accounts for a number of user-specified param-
eters and initial conditions for the dam, TSF, tailings, and
water. In addition to those, a boundary condition of water
inflow into the facility can be optionally specified. The dam
is assumed to have a trapezoidal section initially: the user
must specify the dam height, crest width, and length and

Cross section before
erosion

v

Shear stress
Falong boundaries

TN

[T
[T

Unstable walls
— collapse u

I

Eroded due to shear

Cross section after
erosion

Fig.3 Schematics of the breach growth mechanism

embankment slope on the dam’s downstream and upstream
side. In the case of multiple embankment sections, the user
should select one for which the failure is simulated. The
geometric properties of the TSF are described by stage-area
or stage-volume curve. The initial conditions are the level
of water and tailings. The water level is the same throughout
the facility (where this level is higher than the level of tail-
ings; otherwise, the water depth is zero). The tailings surface
can vary along the facility at a user-prescribed slope, differ-
ent above and under the water surface.

There are also material and flow parameters used through-
out the simulation. There are a number of dam-related
parameters, as in the original EMBREA model: most impor-
tantly, the dam erodibility coefficient K}, 4, and the critical
shear stress 7, . Further details are given in Mohamed et al.
(2002) and Morris (2011). For tailings, in addition to the
erodibility coefficient Kp, ; and the critical shear stress 7, jfor
erosion, there are three parameters that describe mud flow:
K, the viscosity coefficient; Ty the yield stress; and m, the
flow index. For water flow, the Manning n roughness coef-
ficient must be specified, per Eq. 1.

The initial failure that may occur due to causes other
than erosion may be described by the depth and width of an
initial gap in the dam. Otherwise, a small gap from where
the erosion will be initiated once the water level reaches its
lowest point can be prescribed (for example, this could be
30 cm deep and 3 m wide). The user can also prescribe the
maximum erosion depth and width, if physical restrictions
to dam erosion exist.

Results and Discussion

The model was validated against laboratory experiments and
compared against observations made during failure of two
actual tailings dams.

Validation of EMBREA-MUD with Experimental
Laboratory Results

Dam-break type experiments found in the literature usually
consider only one (viscous) layer. For our purpose of test-
ing the numerical behaviour of the newly added mud layer,
this was sufficient. The water layer and dam erosion had
already been tested during the original developments of the
EMBREA model (Mohamed et al. 2002; Morris et al. 2005),
which did not include a mud layer.

A series of dam break experiments with a viscous fluid
were conducted by Jeyapalan et al. (1983) in a 0.305 m wide
flume. The dam failure was simulated by a quick removal of
a barrier representing a dam. Behind the barrier, there was
a tank filled with a viscous fluid. In the tests, oil was used
as a viscous Bingham fluid with the following properties:
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density p, =900 kg/m?, viscosity K=3.9 Ns/m?, and yield
stress 7,~0 (0.01 N/m?). Here we present the numerical
results of the model against the observed longitudinal pro-
file obtained for Test 2. In this test, the tank was 0.61 m long
and the depth of fluid in the tank was 0.152 m initially. A
comparison between the numerical and observed profiles is
shown in Fig. 4. The match between the two is satisfactory,
indicating that the newly added mud component is capable
of simulating a dam break scenarios for viscous fluids.

Simulation of the Mount Polley Tailings Dam Failure

The Mount Polley tailings dam is located in British Colum-
bia, Canada. The copper—gold Mount Polley mine started
operation in 1997. Apart from a care-and-maintenance break
between 2001 and 2005, it operated until the tailings dam
failure occurred at around midnight from August 3 to 4,
2014. The failure occurred in the north side of the TSF,
the side which is enclosed by the perimeter embankment
(Fig. 5). Between 21 and 25 million m® of water and tailings
were released into the surrounding environment and water-
courses (BCMEM 2015). At the time of failure, the dam was
being raised to the final crest elevation of 970 m.

The failure started with foundation instability that caused
the embankment crest, at 969.1 m at the time of failure, to
sink by at least 3.3 m, below the last recorded water level
measured the previous afternoon, which was 968.83 m (IEE-
IRP 2015). The cross section at the location of breach after
this failure, according to the hypothesis of BCMEM (2015),
is shown in Fig. 6.

Following the foundation failure, water and tailings
started flowing out of the TSF. The chronology of events
relevant for assessment of the breaching event is given in
Table 1.

The volume of outflowing water was significant, with two
channels scoured by water (Fig. 4): a smaller and shorter
channel scoured in the right hand side (looking in the

direction of outflow), and a bigger and longer one stretched
across most of the length of the pond and turning towards
to the further corner (about 2 km long). It appears that the
movement of mud was mainly limited to these two chan-
nels. For modelling purposes, it was important to predict
the width of the channel(s). The median value of the crest
length after the collapse (360 m) and two estimates based on
an empirical relation for flushing channels was used. Draw-
down flushing is a controlled measure for removing sedi-
ment from a water storage reservoir. White (2000) proposed
the following equation for the width of these channels:

0.5
ch = 12.8Qf 4)

where Wy, is the channel width in [m] and ins the flush-
ing discharge given in [m?/s]. The first width estimate was
based on the overtopping discharge (630 m%/s), estimated
from the head above the crest and the width after the foun-
dation failure, resulting in a width of 320 m. The second
estimate was based on the average flow through the breach
(about 1200 m>/s, see results in Fig. 7) once it was scoured,
which produced a width of 440 m. The median value of the
crest length and the two predictions was used for modelling
(360 m).

The main parameters considered in the simulation of
Mont Polley failure are given in Table 2. The model esti-
mated an outflow tailings volume as mudflow of 15.06 mil-
lion m? and an outflow in suspension of 510,000 m?, total-
ling 15.57 million m>. This is slightly above the observed
outflow of tailings and interstitial water (estimated between
11 and 15 million m3); however, it includes the eroded dam
material as well. Hydrographs of outflows from the dam are
shown in Fig. 7.

For the comparison of the model results to the narrative
of the observations in Table 1, it was assumed that the fail-
ure occurred instantaneously at around midnight, though

Fig.4 Comparison of simu- ~ —caa- Initial + Observed (t=1.955) === EMBREA-MUD model results
lated and observed fluid depths
in a laboratory experiment 0.16
performed by Jeyapalan et al. T TTTE s s T T TS
(1983) 0.14 i
0.12 i
P ]
§_ 0.1 1
< 0.08 4
) i
2 0.06 : \‘PV
0.04 1
0.02 i N\
1
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Fig.5 Satellite image of the
Mount Polley tailings storage
facility and the surrounding
area one day after the breach
occurred. Source: Google Earth

Fig.6 Cross section of the 980

Mount Polley dam at breach

Tailings
storage

""‘%M facility

Google Earth

location: Pre-failure, hypoth-
esised after initial foundation
failure (after BCMEM 2015)
and the approximated dam sec-
tion used for modelling

960 —

940 —

920 —

Pre-failure dam section

Hypothesised cross section after the initial failure due to foundation slip

Approximated dam section used for modelling

the first description of what was happening was possible at
dawn, when light began to appear at 4:25. A v-notch 80 to
100 m wide at the top of the tailings dam and ~ 30 m deep
was observed. The modelled profile at the simulated time of
4:30 is presented in Fig. 8. It shows a breach depth of about
26.4 m (or 29.7 m if measured from the pre-failure crest top)

in the section at station 27.2 m. The modelled width of this
section was 27 m. The modelled width of the crest sections
(i.e. top of the dam) was between 32 m at the upstream end
of the dam and 47 m at the downstream end, which would
have been visible by observing from outside of the dam. The
lower top width in comparison to observation (which was 80
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Table 1 Chronology of events relevant for the Mount Polley tailings dam breach modelling verification

Date. Time  Event

3 Aug. 2014  Site observation identified no issues

22:30
3 Aug. 2014  After a pump at the Perimeter Seepage Collection Pond (PSCP) was turned on earlier (a normal procedure) to decrease water
23:40 level in the PSCP, the water level at this time was no longer decreasing, indicating external uncontrolled inflow (equal to the
pump capacity) to the pond, a possible indicator that overflow had already occurred by this time
4 Aug. 2014 Mine personnel observed the water level in TSF is dropping. They drove to the corner near to the breach location and heard “roar-
0:30 to 1:00 ing like a 50 feet waterfall”
4 Aug. 2014 There was a rapid rise of water level in PSCP, possibly indicating the dam had breached further; at the same time, the power went
1:00-1:10 off at the site because the electricity supply lines had flooded
4 Aug. 2014 Daylight, a large V-cut was observed in the Perimeter embankment around 80 to 100 m wide at the top and about 30 m deep.
4:25 Water was flowing rapidly, the area above what used to be the road to the PSCP had been washed completely out and a very
large mouthed accumulated mass of tailings and debris was moving towards Polley Lake
4 Aug. 2014 Reclaim barge was grounded. Photos were taken of the breach
4:50
4 Aug. 2014 No more water in the TSF, lots of muddy water was flowing out
5:00
4 Aug. 2014 There were small outflows at the breach, which was about 20 m wide
6:30
4 Aug. 2014  Aerial reconnaissance showed that outflow from the tailings dam was still taking place
7:45
4 Aug. 2014 The flow had reduced but was still “significant”
12:00
4 Aug. 2014  Flow stopped
16:00

Source: (BCMEM 2015)

Fig.7 Outflow hydrographs for
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to 100 m) is probably a result of the model’s assumption that
the sides were stable until vertical, which is likely too steep.

With respect to the outflow of water and mud, the
report mentioned that the pond was empty after five h,
but that a high outflow of muddy water continued. If the
pond had been completely free from surface water, there
should have been no water outflow, only mudflow. This

@ Springer

Simulation time (hours:minutes)

description could therefore be interpreted as water having
been limited to the channels scoured in the tailings, while
the rest of the pond area was dry. The EMBREA-MUD
model predicted that water became limited to channels
at 4:48 from the start of simulation, while water release
ended at 5:04 (the pond was empty of water at this time).
Mud outflow was at its highest (between 1500 and 2580
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Table 2 Parameters for modelling the Mount Polley dam failure

Parameter Value Comments

Crest level after foundation failure 965.8 m Prior to failure the tailings dam crest level was at 969.1 m, after failure dropped by at least
3.3 m (IEEIRP 2015)

Crest width 20 m Figure 6, based on BCMEM (2015)

Collapsed crest length 360 m 240-480 m (BCMEM 2015)

Downstream embankment slope H:V=2:1 Figure 6, based on BCMEM (2015)

Initial water level in TSF 966.83 m  IEEIRP (2015)

Initial tailings level in TSF (average) 962 m Based on initial water level (IEEIRP 2015), volume of water of 10.5 million m® (Arafat
2017) and TSF surface area estimated from satellite imagery

TSF surface area 2.15Mm?  Estimated from satellite imagery

Mud domain surface area 0.72Mm?  See text for estimation of width and length of the area

Tailings density 1835 kg/m*>  IEEIRP (2015)

Mud yield stress 1000 N/m>  Post-failure soundings downstream of the dam showed tailings depth of 3-5 m and slope of
0.015 (BCMEM 2015). Estimate calculated from these values and tailings density

Mud viscosity 100 Ns/m®>  Estimate based on data in literature (Pastor et al. 2004)

Mud erodibility coefficient 10 m*Ns  Selected based on reservoir sedimentation modelling experience (Petkovsek and Roca 2013)

Mud critical shear stress 1 N/m? Selected based on reservoir sedimentation modelling experience (Petkovsek and Roca 2013)

Embankment erodibility coefficient  10° m*Ns  Selected from moderately erodible range (Hanson and Hunt 2007)

Embankment critical shear stress 10 N/m? Estimated as 10 times mud critical stress. In a dam breach event, the shear stress is much

higher than the critical shear stress, and the value of the latter is not of significant impor-
tance

Fig.8 Breach profile after 4.5 h
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m?/s) between 4:22 to 5:32 am. The model predictions fit
the mentioned narrative.

The simulated outflow of mud fell to about 130 m?/s after
6.5 h. This fits the observation of a much smaller outflow,
compared to the peak outflow rate, which was 20 times
higher. The predicted mud outflow then decreased further;
between 10 and 14 h, it ranged between a few hundred L/s
and a few m>/s. The outflow dropped to 5 L/s after 14 h and
to 2 L/s by 16 h. The observation record mentions that at
12:00 (roughly 12 h after the breach), there was still some
outflow, which had ceased by 16:00.

The observed final breach width at the narrowest section
was 40 m (BCMEM 2015); at an average cross section, it

was 92 m. The simulated width ranged between 56 and
76 m with an average of 65 m. A possible explanation for
these differences is that the model did not account for vari-
ability in the tailings dam’s properties, using an average
erodibility coefficient instead. A general view of the final
breach geometry is shown in Fig. 9.

While some differences between the observed and pre-
dicted dimensions can be noted, the overall volumes and
chronology of the event were reproduced reasonably well
by EMBREA-MUD. No particular calibration of model
parameters was undertaken in this case.
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Fig.9 Final simulated EMBREA-MUD breach geometry for Mount
Polley: dam (light grey), mud (orange)

Simulation of the Merriespruit Tailings Dam Failure

The Merriespruit tailings dam No 4 was part of the Har-
mony Gold Mine slimes dam complex in Virginia, South
Africa. It operated from 1978 until 1994, when it failed.
Approximately 600,000 m* of liquid tailings and water were
released from the facility, which flooded the village of Mer-
riespruit and killed 17 people before finally stopping about
4 km downstream of the dam (Wagener 1997).

The dam was operated using the upstream daywall pad-
dock construction method, similar to most gold tailings
dams in South Africa at the time. Prior to failure, there were
several indications of the unsatisfactory state of the tailings
dam including sloughing of the toe of the outer slope. The
failure occurred at 21:00 on 22 Feb. 1994, a few hours after
50 mm of rain fell in 30 min (van Niekerk and Viljoen 2005).
Clear water started to flow through the village as early as
19:00, indicating that overtopping started 2 h before the dam
failed. The primary cause of the failure of this tailings dam
was overtopping. The probable sequence of events leading to

Fig. 10 Satellite image of Mer-

riespruit tailings storage facility
and dam no. 4 in 2020. Source:

Google Earth

Lower (4A) compartment

v o S iy s
0 2507, 500 _ 750m
folam -0
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failure was summarised as follows (van Niekerk and Viljoen
2005; Wagener 1997):

e Rainfall falling on the upper compartment (see Fig. 10),
with an area of 0.60 km?, flew through a gap in the divid-
ing wall into the lower compartment (with an area of 0.72
km?). The water accumulated in a pool (with an area of
0.15 km?) near the northern wall and started overflowing

e Water flowing through a small breach at the top of the
tailings dam embankment eroded material from the outer
slope face.

e As the material was removed, the slope became steeper;
the shear strength was inadequate to maintain these
steeper slopes, leading to local slumping failures.

e This eroded material was carried away by water released
from the tailings pond, preventing stabilisation of slope
to be reached.

e At one point, this combination of retrogressive failure
and water erosion exposed tailings that were in a metasta-
ble state in situ and instead of merely slumping, flowed
as a liquid.

Unlike the channel-type scars that remained in the stor-
age facility after Mount Polley failure, the failure of Mer-
riespruit dam resulted in a half-funnel shape scar near the
breach location (Fig. 10). This difference seems to be due to
the amount of water being insufficient to scour channels in
the Merriespruit case; it was the geotechnical failures that
defined the extent of the mudflow. The dimensions of the
scar area were about 300 m wide and extended about 200 m
into the TSF (Figs. 10 and 11).

After the flow stopped, the reported slope of the tailings
surface were between 2° (Blight and Fourie 2003) and 4.8°
(Wagener 1997) in the breach section, while the ground
slope was about 1.5° (Blight and Fourie 2003). From the
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graphical material presented in Blight and Fourie (2003) and
Wagener (1997), the depth of tailings at rest in the breach
section was about 5 m. Slopes were much steeper around
the perimeter of the scar, from 10° to 20° (Blight and Fourie
2003). Liquefaction might not have occurred in this area.

There were two main challenges in modelling of the
breaching of the Merriespruit dam with EMBREA-MUD.
First, breaching occurred not only due to water erosion but
also due to slope failures. To simulate this additional effect,
not explicitly included in the model, the value of dam erod-
ibility coefficient was increased. Second, the liquefaction
pattern was complex and varying. The parameter controlling
whether tailings movement occurs or not is the yield stress
T, The value of 7, can be calculated from the balance of
forces at rest as:

T, = p18 S, ®)

where g is gravitational acceleration (taken as 9.8 m/s?), p
is density, &, is depth, and S| is slope; the subscript 1 refers
to mud (liquefied tailings). Density does not have a great
impact on the simulation results as the initiation of mud
movement depends on the yield stress per unit mass. Based
on the aforementioned observed depth values (Ah=5 m)
and slope in the breach section, the values of T, could
range from 1800 (for S=1.5°=0.025 m/m) to 2500 (for
§=2°=0.035 m/m) and 6000 Pa (for S=1:12=0.083 m/m).
The value of 7, would be significantly higher near the scar
perimeter. The values of the parameters relevant for model-
ling are given in Table 3.

The size and bed slope (10°) of the modelling domain for
mudflow were based on the surveyed data shown in Fig. 11.
Tailings below the bed were considered not liquefied and
therefore not included in the model. The results for various
simulations are given in Table 4.

A comparison of different runs show that the model
results show some sensitivity to the selected input parame-
ters. The time to peak is shorter if the dam erodibility K, , is
higher, and the two values are almost inversely proportional.
Peak outflow rates are also markedly higher when erodibility

Distance from the upstream end of the dam (m)

is higher, as would be expected. The same effect can also be
observed on the final breach width, although the sensitivity
of this output is less. The output parameter most sensitive to
yield stress 7, is peak outflow rate, while time to peak and
final breach width are less sensitive. Tailings outflow volume
was not very sensitive to 7, or Ky, ; because in all cases, most
of the liquefied tailings were discharged, a consequence of a
relatively steep underlying surface at 10°.

The predicted outflow volumes by the model were
between 490,758 and 594,315 m>, which is lower but fairly
close to the estimated outflow of tailings (600,000 m>;
Wagener 1997). This good match is a result of the model
geometry, which was based on the observed final dimen-
sions of the scar that developed on the surface of the tailings
storage facility as a result of the failure. In practical applica-
tions, where these dimensions are not known, they have to be
estimated. They could be obtained from the dam height and
an assumed slope of post-failure profile. In the Merriespruit
case, this slope in the flow direction was about 10°.

Other model outputs that could be compared to avail-
able information were also examined, in particular the final
breach width and the chronology of outflow (i.e. the dura-
tion of the water outflow and the time of collapse). The final
observed breach width was 150 m (van Niekerk and Viljoen
2005), which from a photograph taken by the Virginia Pub-
licity Association (Duvenhage 1998) appears to refer to the
width at the top of breach. The same photograph shows the
side slopes of the breach to have a steepness of about 1:1.5
to 1:2. At the bottom, the width would therefore be around
50 m and around 100 m on average over the depth. The mod-
elled widths ranged from 52 to 80 m, which is in the same
range as the observed widths.

According to the narrative of the events recorded in the
literature, the failure occurred rapidly at 21:00 on 22 Feb.
1994, two hours after water discharging from the facility was
noticed. During this time, clear water, presumably from the
dam, ran through the streets of the village (Blight and Fourie
2003). Hydrographs of outflow of water and mud for both
runs with 7,=2500 Pa are shown in Fig. 12.

The model results for both runs predicted an initial slow
rise in water flows until they reach a rate between 20 to
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Table 3 Parameters for modelling the Merriespruit failure

Parameter Value Comments

Crest level 31m Dam height was 31 m (Wagener 1997). Levels were not available
so they are specified relative to dam base level

Crest width 23 m Estimated from Fig. 11 (Blight and Fourie 2003)

Downstream embankment slope 1:2.3 Estimated from Fig. 11 (Blight and Fourie 2003)

TSF surface area 0.72 km? Fourie et al. (2001)

Initial water level in pond 309 m Freeboard 0.3 m before rainfall (Fourie et al. 2001) at 30.7 m,
and rainfall volume of 50,000 m> (van Niekerk and Viljoen
2005) on top of that

Mud domain surface area 60,000 m? Around 300X 200 m based on satellite imagery (Fig. 10) and
surveyed longitudinal and cross sections in Blight and Fourie
(2003)

Initial average tailings level 2995 m Estimated from pool level (Fourie et al. 2001), volume of plant
water (van Niekerk and Viljoen 2005)and mud domain area

Tailings density 1450 kg/m* Between 1400 and 1500 kg/m? at deposition (Fourie et al. 2001)

Mud yield stress z,

Mud viscosity
Mud erodibility coefficient

Mud critical shear stress

1800, 2500 and 6000 N/m?

100 Ns/m?
10 cm’/Ns

1 N/m?

Based on measured slope and depth at rest, three values were
tested

Estimate based on data in literature (Pastor et al. 2004)

Estimate based on reservoir sedimentation modelling experience
(Petkovsek and Roca 2013)

Estimate based on reservoir sedimentation modelling experience

Embankment material erodibility coefficient Kj,, 3 cm®Ns and 5 cm®/Ns

Embankment material critical shear stress 0.1 N/m?

(Petkovsek and Roca 2013)

Higher than moderate for compacted earth/rockfill but lower than
for liquefiable tailings, justifiable due to poor maintenance and
other failure mechanisms (slope failure) that model does not
simulate explicitly; arithmetic and geometric mean (approxi-
mate) of tailings and normal dam values were tested

A small value corresponding to poor state of the dam

Table 4 EMBREA-MUD model

. . Input parameters
results for the Merriespruit

Model results

tailings dam simulations 7, (Pa) Kpo (cm®/  Final breach Outflow peak time  Peak mud outflow  Tailings
Ns) width (m) (h:minutes) rate (m’/s) outflow volume
(m*)
1800 3 52 2:35 653 585,724
2500 3 56 2:50 743 570,216
6000 3 69 3:04 1273 490,758
1800 5 57 1:35 996 594,315
2500 5 62 1:43 1162 582,138
6000 5 80 1:47 2047 507,731

30 m%/s, about 10 min before the peak in tailings outflow
is reached. At that point, tailings start flowing out of the
facility as mud, while before this time they were only pre-
sent in smaller quantities as solids suspended in water.
Mudflow increases dam erosion and both water and tail-
ings outflow start rising rapidly. This point in time could
be considered the moment of failure. The peak water dis-
charge is reached five minutes later and the peak tailings
outflow five minutes later. A similar pattern was observed

@ Springer

in other model runs. These short time intervals corre-
sponds to the observed sudden rupture of the dam in that
there was no time to warn the inhabitants of the village
once the dam breached (Wagener 1997). Between all runs,
the simulated outflow peak times ranged between 1:35
and 3:04, i.e. the failure predicted by the model occurred
in the range of between 1:25 and 2:54 after the start of
water release, which is close to when the actual failure
was observed (two hours after the start of water release).
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Summary and Conclusions

EMBREA-MUD, a physically-based numerical model for
simulation of tailings dam breaching is described in this
paper. The model predicts the outflow rates of water and tail-
ings and growth of the breach opening by simulating interac-
tions between three layers. The water layer corresponds to
the supernatant water stored above the tailings and is mod-
elled as a Newtonian fluid. The mud layer corresponds to
liquefied tailings and is modelled as a non-Newtonian fluid.
The third layer is the dam itself, which is subject to erosion
by the other two components. For modelling the water flow
and dam erosion, the model shares the functionality with
the extensively tested EMBREA model (Mohamed et al.
2002). For the non-Newtonian component, testing against
laboratory experiments showed good agreement between
the EMBREA-MUD predictions and observations for dam-
break type flow.

The model was then applied to back-analyse two differ-
ent tailings dam failures reported in the literature, where
overtopping and flow erosion played an important role and
could therefore be modelled. The first case was the Mount
Polley failure where a large amount of supernatant water was
present in the tailings storage facility. The second case was
the Merriespruit failure, with a smaller pond but increased
water levels after a rainfall event.

These two cases provided valuable conclusions regard-
ing approaches to modelling tailings dam breaches with
EMBREA-MUD. Two different approaches to the definition
of the model domain and selection of model parameters were
used. In the case of Mount Polley, overtopping occurred
after an initial foundation failure of the embankment reduced
a section of the crest by more than 3 m. Following this initial
collapse, a breach formed within this section and grew as a
result of water and mud erosion. The discharging water was
also able to scour a channelized path through the tailings
dam through which the release of tailings occurred. To esti-
mate the width of this channel, it was assumed that a formula

01:30 01:35 01:40 01:45 01:50 01:55 02:00
Time (hours:minutes)

for scour channel width that develops in water reservoirs
during drawdown flushing could be used. This assumption,
in combination with values of mud and erosion parameters
collected from the relevant literature, produced a reasonably
good agreement with the observations in terms of general
chronology of the event and the amount of released tailings.

In the Merriespruit case, overflow started after rainwater
increased the water level in the TSF. The failure process,
however, was a result of both flow erosion (due to water
and mud) and slope failures. To accommodate both factors
within a model that does not simulate slope failures, the dam
erodibility coefficient was increased. A sensitivity analysis
with two values between the erodibility of the dam material
and the erodibility of the tailings was performed. A sensitiv-
ity on the yield stress (within the values deduced from vari-
ous reports on slope and depth of tailings “at rest”) was also
performed. With respect to the two most reliable observed
parameters, the simulated time to peak and the final breach
width, the results showed some differences; however, they
were not greatly affected by varying these parameter values.
The model was able to predict the sequence and duration of
the events reasonably well. The area from which the tailings
were released, however, had to be estimated based on the
post-event survey. The main determining factor appeared to
be slope failures. Hence, for modelling dam breach flows,
the assumptions of model area should be determined based
on geotechnical considerations.

For application of EMBREA-MUD to other tailings
dams, the modelling approach can be selected depending
on their hydrological and geotechnical similarity with one
or the other case presented in this paper. If the dam is an
active one, storing a significant amount of process water,
the failure and outflow from the tailings storage facility is
largely driven by water flow and the modelling approach
described for Mount Polley can be used. If the tailings dam
is an inactive one, with little ponded water, failure might be
more related to slope failures in the dam and tailings, and the
approach described for Merriespruit is more suitable. The
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selection of the approach is easier in the case of back analy-
sis than if the model is used for prediction. Furthermore, if
the model is used for predictions, we recommended that you
perform a sensitivity analysis for the model’s parameters (in
particular, the dam the erodibility coefficient and the mud
yield stress), within their expected ranges, in order to put
confidence limits on the model outputs.

The ability of the model to predict breach outflow based
on a range of possible physical properties of tailings is an
advantage compared to simpler regression models. Other
advantages include modelling water — tailings interactions
(including tailings erosion), inclusion of bed slope configu-
ration in the model (the proportion of discharged tailings
will be higher from a TSF in a steep valley than from one
on a flat ground), and outflow timing.

The model has proven to be a very useful tool to estimate
outflow hydrographs, which could be used as input for other
studies to simulate the spreading of water and mud flows
downstream and therefore, to support an understanding of
their economic, social and environmental impacts, contribut-
ing to better manage tailings infrastructure. The assessment
of impacts could be used, for example, at the feasibility stage
when selecting the location for the dam, for an existing dam
to assess its impacts, or to assess the impact of dam raising
in the (unlikely) case of dam failure.
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