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INTRODUCTION 

Most of the development experienced in certain countries in the last decades is caused by the 
evolution of mining, which has been reflected in the large amount of mineral deposit that are been 
exploded all around the world, as well as in the economic growth. 

As a consecuence of low mineral grade treatable nowadays, it is known that most exploited mines 
while there is a greater amount of waste generated and consequently must be stored. For example, 
having a mining law of 1%, nearly the 99% of the extracted material is waste (tailings, heap leach, 
waste, slag). In Chile, the amount of tailings generated is, approximately, one million tons per/day. 
Historically, the most common and efficient solutions, from the economic point of view, to 
accumulate the waste produced in the floating process has been the construction of deposits using 
the same waste to build retaining dams (Villavicencio et al., 2013). 

Tailings dams are the most common type of deposits of mining residues in Chile, and represent the 
highest risk in terms of mechanical instability. In the event of a failure or collapse, the tailings in 
such dams may be released through a breach in the retaining embankment. The result is similar to a 
landslide, with the consequences often being the rapid release of large amounts of saturated, 
viscous tailings (Blight, 1997). 

Considering the total incidents reported worldwide in mining deposits (from 1901 to 2013), 41% 
(118 cases) occurred in tailings dams constructed using tailings and (or) cyclone sand tailings (sand 
tailings dams). The main causes of failure or collapse were earthquakes, overtopping, seepage, and 
foundation instability. (ICOLD, 2001; Troncoso, 2002; Rico et al., 2008; Azam & Li, 2010; Ramírez, 
2010; WISE Uranium Project, 2013). 

World experts state that, inspite of making an adequate design of a tailing dam, there is always a 
probability of operational failure or the exposition to extreme natural events. As a consecuense, 
there is a national and international agreement to study a hypothetical collapse scenario, because 
the socioeconomic cost could be extremely high. 

When a tailing dam collapses, an important amount of the tailing is discharched, which rapidily 
and fiercely flow downstream, similarly to a fast landslide. 

In the normative context of Chile, the physical phenomenom previously described is handled from 
the geometric point of view, in other words, begining by an initial geometry; experts try to estimate 
a geometry post collapse in a steady state. This is -
is defined in the Supreme Decree n° 248, 2007, and in the article n° 
Republic of Chile. This concept is defined as the lineal trajectory that a tailing would follow in a 
possible collapse of the dam or tailing dam caused by failure of a downstream slope or by the 
liquefaction phenomenon due to the effect of a Máximun Probable Earthquake. The hydrographic 
area affected by the most probable path of tailings must be kept in consideration (Sernageomin, 
2007). 

Taking the idea above regarding the run-out distance, a broader concept of this definition has been 
recently raised, which will allow us to define a "Safety Zone" applicable to the deposit of tailings 
(Arias, 2013). 

Related to the available methodologies to estimate the run-out distance, there have been difficulties 
in implementing them, mainly because of the complexity of calculating the dynamic behavior on 
the flow of tailing, and because of the lack of historical information available regarding the 
characteristics of structural failures of tailing deposits, resulting in the non-existence of an 
agreement in methods of analysis, which is expected to be solved in the upcoming years. 
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The objective of this paper is to present some criteria of computation that include the influence of 
different factors that have not been considerated so far, or that have been partially considerated in 
methods that are commonly used, as an attempt to have a better approach to reality. Along with the 
proposed hypotheses, an application of the criterion in some historical cases of failure is presented 
to give a contrast between the obtained theoretical values and actual cases documented. 

STATE OF THE ART 

A collection of historical failures in the world between 1966 and 2000 and Chile between 1928 and 
2013 is presented, including some of the characteristics and records related to the collapse when 
they have documented. Also, a review on the available literature of the most commonly used 
methodologies to estimate the run-out distance is also presented. 

Historical failures on tailings dams 

It has been observed a number of factors that contribute to physical instability of tailings deposits: 
the construction method; low compaction levels; high fines content of cycloned sand; poor water 
management into the dam and a high saturation level in the dam sand, among others. These aspects 
can be attributed to inadequate design, construction, and operation, so as to a combination of these 
factors (Villavicencio et al., 2013). The types of failures associated to these factors that have been 
observed and documented are: seismic liquefaction caused by flow failure (true liquefaction), slope 
instability, seismically induced deformations and overtopping. 

At a global level, there has been documented and compiled some failures on tailing dams.  Table 1 
provides a summary of the most recognized ones. In Chile, many incidents have occurred in 
tailings and several authors have documented it. In Table 2, a significant number of these are 
summarized. 

Maule Region) 
as a result of an interplaque earthquake of 8.8 (Mw) of magnitude with epicentral distance of 133 km 
from the place where liquefaction and flow failure (Ramirez, 2010; Verdugo, 2011 GEER, 2010) 
occured. The run-out distance was approximately 500 m, causing the deceased of four people living 
in a house nearby. Also, it generated an nals 
(Villavicencio et al., 2013). 

Methods for estimating run-out distance 

Nowadays, there are a variety of numerical models and commercial programs to analyse the 
breakage in water dams. The purpose of these models is to predict the characteristics of the flow 
(flood hydrograph, flood maps, peak flows, flow wave propagation, etc.), this depends on the type 
of the dam (earth, rockfill, concrete gravity, concrete arc, among others), the rupture mechanism, 
and the size of the rupture. In this type of analysis the resulting flow is turbulent. These softwares 
should not be used for analysis of tailings dam collapse, due to the viscous nature and laminar flow 
of tailings. 

Problems related of detritus and sediment flows have a similar behavior of flow of tailings. 
Morgenstern (1967) proposed a visco-frictional steady state uniform flow model for the movement 
of submarine sediments. However, due to flow characteristics in the case of liquefied tailings, which 
present a strong instantaneous change of speed during the start of collapse, Morgenstern's work 
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could not be used to analyse the flows of tailings.  Johnson (1965), and then Hamptom & Johnson 
(1969), submitted proposals for debris flows in cannals of prismatic geometry. However, due to the 
fact that their results only apply on steady conditions, they will not be useful in the case of a 
collapse in tailings dams since their initial instability and the final state of repose reached are 
important for the analysis. 

Currently, some numerical, empirical and semi-empirical models are available, which only in some 
cases respond to the physical situation. General aspects of the models commonly used in national 
and international practice for estimating the run-out distance are provided. 

Table 1  Summary of historical tailing and water dams in the world (Rico et al., 2007) 

Ref. 
No. Name of the dam 

Date of 
failure 
(year) 

Type      
of dam 

Dam 
height   
(m) 

Impoundment 
volume        
(x106 m3) 

Run-out 
distance 
(km) 

Dam 
factor 
(HxVF). 

Volumen 
Colapsado 
(x106 m3) 

1 Arcturus (Zímbawe) 1978 RING 25 1,7-2,0 Mt 0,3 0,5 0,0211 
2 Bafokeng (South Africa) 1974 RING 20 13 45 60 3 
3 Baia Mare (Romanía) 2000 UPS 7 0,8 0,18 0,7 0,1 
4 Bellavista (Chile) 1965 RING 20 0,45 0,8 1,4 0,07 
5 Buffalo Creek (USA) 1972 UPS 14-18 0,5 64,4 7-9 0,5 
6 Cerro Negro No.3 (Chile) 1965 UPS 20 0,5 5 1,7 0,085 
7 Cerro Negro No.4 (Chile) 1985 MXSQ 40 2 8 20 0,5 
8 Churchrock (USA) 1979 WR 11 0,37 96,5 - 112,6 4,07 0,37 
9 CitiesService (USA) 1971 WR 15 12,34 120 135 9 
10 El Cobre Old Dam (Chile) 1965 UPS 35 4,25 12 66,5 1,9 
11 Galena Mine (USA) 1974 UPS 9  0,61 0,034 0,0038 
12 GypsumTailingsDam (USA) 1966 UPS 11 7Mt 0,3 0.88-1.43 2x 105 t 

13 Hokkaido (Japan) 1968 UPS 12 0,3 0,15 1,08 0,09 
14 Itabirito(Brazil) 1986 Gravity 30  12 3 0,1 
15 La Patagua New Dam (Chile) 1965 RING 15  5 0,525 0,035 
16 Los Frailes (Spain) 1998 RING 27 15-20 41 53,51 4,6 
17 Los Maquis (Chile) 1965 UPS 15 0,043 5 0,315 0,021 
18 Merriespruit (SoulhAfrica) 1994 RING 31 7,04 2 18,6 2.5 Mt 
19 Mochikoshi No. 1 (Japan) 1978 UPS 28 0,48 8 2,24 0,08 
20 Mochikoshi No. 2 (Japan) 1978 UPS 19  0,15 0,057 0,003 
21 Ollinghouse (USA) 1985 WR 5 0,12 1.5 0,125 0,025 
22 Omai (Guyana) 1995 WR 44 5,25 80 184,8 4,2 
23 Phelps-Dodge(USA) 1980 UPS 66 2,5 S 132 2 
24 Sgurigrad (Bulgaria) 1966 UPS 45 1,52 6 9,9 0,22 
25 Slancil (USA) 1989 UPS 9 0,074 0,1 0,342 0,038 
26 Staval (Italy) 1985 RING 29,5 0,3 4,2 5,605 0,19 
27 Tapo Canyon (USA) 1994 UPS 24  0,18   
28 Unidentified (USA) 1973 UPS 43 0,5 25 7,31 0,17 
29 Veta del Agua No. 1 (Chile) 1985 MXSQ 24 0,7 5 6,72 0,28 

Note: RING: ring dyke; WR: water retention; UPS: dams subsequently raised upstream; MXSQ: 
dam comprising different raising typology (upstream, centreline and downstream); H: dam height; 
VF: volume of tailing released. 
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Numerical methods idealize soil movement as a singular point (discrete elements) or as a continuous 
mechanism. For both situations the selection of the rheology of flow is relevant and largely determines the 
accuracy of the method. Some rheological functions used to characterize the behavior of soils are: plastic 
flow, frictional flow, Newtonian laminar flow, Non-  

Jeyapalan et al., (1983) proposed a two-dimensional method applied in mining waste deposits 
experimenting flow failures. The author applies the Bingham plastic rheological model (TFLOW computer 
software) to represent the flow behavior of liquefied tailings, which shear strength is suddenly overcome 
due to cyclic loading. Generally speaking, the Bingham plastic flow type is one which apparent viscosity 
decreases with the shear rate of movement and only begins when the yield stress is exceeded. For the 
failure condition, the deposition of tailings is represented as a body with a flat vertical face, as shown in 
Figure 1. Results from this model are conservative and they overestimate the travel distance in the 
narrowest parts of the basin, since no frictional resistance is considered in the edges or sides of the 
channel. Savage & Hutter (1989) developed a two-dimensional Lagrangian model to simulate the flow of 
dry sand. This model is able to simulate the internal state of non-hydrostatic stress in the flow, which is 
appropriate for a granular material, opposite from a fluid. Norem et al., (1990,) introduced a two-
dimensional Lagrangian model for sliding underwater flows, based on a complex rheologic formulation 
that combines the components and viscous effects. This model has also been used to model massive rock 
slide. 

      

Figure 1  Diagram and graphic representation of the results of the Jeyapalan model 

A model of rapid sliding flows, detritus flows and avalanches was conducted by Oldrich H., (1995), which 
aimed to be used in the risk assessment and the design of mitigation measures. It is a continuous model 
and it is based on the Lagrangian solution of the equations of movement. It also considers the effect of 
lateral confinement and allows the selection of rheological models of various materials (DAN/W computer 
software). 

A semi-empirical method is proposed by Lucia et al., (1981), which through a historical review of twenty 
five tailings dams collapsed, mainly because of a sudden seismic loads, provides an empirical relationship 
to calculate the distance that tailing would travel to an eventual flow failure and bottom slope less than 4°. 
The model includes structural failure of dams not exceeding 69 m high, which makes questionable a priori 
its applicability in high dams. In Figure 2, an idealized cross section of the model is shown, in which the 
situation is observed before and after the breakage is produced where: V t is the volume of potentially 
sliding tailing materials (t); HT is the initial height of dam (m); Hc 
is the tailing density (kN/m3);Su is the residual undrained shear strength 

bottom  
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Figura 2  Simplified model of run-out distance (D) 

Rico et al., (2007) provides an empirical method for estimating the distance they would travel tailings 
released, caused by a failure in the resistant dam. The expressions have been developed from the analysis 
of historical cases of failure in deposits of mining waste and water dams that have happened worldwide. 
In its definitition, the total stored volume (VT), flow volume (Vf) and the dam height (H), have been 
considered. Relationships were determined through the adjustment of nonlinear regressions, using the 
data from historical records (29 cases) of dam failures shown in Table 1 as information. However, with 
this methodology is also possible to identify that underlying dam heights data (HT) included in the model 
in no case exceed 66 m, overestimating the values of run-out distance for deposits of more than 70 m. 

  

Figure 3  Correlation to determine Dmax (km) from the total height of the deposit before it collapse (H) in meters and 
the volume of flow (VF) in m3. Figure 3a to the left, and Figure 3b to the right 

  

Figure 4  Correlations to determine Dmax from the dam factor (HxVF), and y correlation to estimate the volume of flow 
(VF) from the total dammed volume (VT). Figure 4a to the left, and Figure 4b to the right 
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PROPOSED METHODOLOGY 

Considerations and criteria for analysis 

The analysis of a tailings dam failure can be developed taking into consideration the following points 
(Dalpatram, 2011): 

To establish the possible scenarios of dam failure (liquefaction, slope instability, overtopping, and internal 
erosion) and factors that may make it possible (earthquakes, saturation of the sands, low compaction, 
operational failures, among other aspects); to estimate the outflow or collapse volume (Voutflow); review 
and identify adjacent channels and rivers, and evaluate the potential of transportation of tailings; to 
assume that collapsed tailings behave like a fluid (Newtonian or Non-Newtonian behavior); to estimate 
parameters of failure or dam failure, specifically in the retaining dike; to estimate travel distance of 
tailings by using a numerical model and analytical method. Also, generate a flood model and a sensitivity 
analysis of the estimated parameters.  

Some more specific criteria to keep in mind in the analysis are: 

Estimate a geometry of the resistant dam failure (shape, depth, height, length and width of the breach) 
and of the trough (depth, collapse area, the gap distance of clear water). The goal is to, approximately, 
define the volume of collapse (Voutflow) to compare it with other estimates afterwards. For instance, 
Figure 4b shows a correlation with the total volume stored (VT). Then, the value of VOutflow must be 
defined as representative and appropriate as possible. 
Have an updated base map of downstream water of the dam available, an estimated distance (in km) 
between 0.2 to 0.3 times the total height of the dam (in meters). If the information is not available, 
approximate mapping can be used; for example, Google Earth Pro ® commercial software. With this 
information, natural or artificial channels, topographic singularities, urbanizations and nearby 
fieldwork can also be identified. 
Stablish geotechnical parameters associated to the original situation or before the collapse, such as 
densities ( s, sat), density of solid particles (Gs), grain size analysis (fine content %) and Atterberg limits 
(LL, LP and IP), parameters of shear strength ( u), permebilities of tailings (kh, kv). Also, certain fluid 
dynamic parameters (rheological) of tailing flow must be considered. In this case, it is recommended to 
use specific bibliography, depending on the type of tailings stored, solid and moiturised contents. 

Methodology 

A methodolgy to obtain a run-out distance value is presented, taking into consideration criteria and 
considerations from the geotechnical context and from historical scenario related to failure in tailing 
dams. 

As it has been shown by different national and international authors, (Lucia; Jeyapalan, etc.), after a 
liquefaction failure in the tailing dams, they are deposited in a kind of triangular wedge, being H i the 
initial height, Hf, the final height, and  
From the geotechnical point of view, Lucia et al., (1981) defined that the final deposit height is given by 
Hf=4Sr/ , which has been demonstrated in historical failures, as well as in lab tests using thickened 
tailings. 
The topography (width, elevation, bed slope, etc.) and the downstream local conditions of dam, 
directly influence in the evental distance and velocity that tailings may go through. This is due to the 
friction force of the natural soil over the flow. Thus, this downstream water conditions must be 
included continuously in the calculation model, avoinding constant geometrical parameters. 

Based on the previous information, a computation process is defined: 
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Take into consideration that tailings will be deposit in a final height final Hf given by the relation 4Sr/  
and with a gradient deposit . 
From any downstream water point of the deposit and from Hf height, proyect (using a specialized 
software such as: AUTOCAD Civil 3D®) a deposit in the shape of a wedge with gradient  to the 
downstream slope of the deposit. 
Calculate the volume of deposited material and compared it to estimated Voutflow from specific criteria 
presented in the considerations and criteria of analisys. 
The process is repeated until both volumes are equal (Geometric volume vs Outflow volume), 
determining the run-out distance and the flooded zone. 
It is worth mentioning that dowstream topography of dam will be decisive to estimate the form of 
tailings deposition. In case of having a noticeably horizontal ground, it will be difficult to predict or 
estimate the most effective way of depositing tailing. For this reason, it is recommended to use 
simplify techniques of deposit (fanned, rectangular shaped wedge, among others). 

RESULTS AND DISCUSSIONS 

Aplication case 

Through methods of conventionally used calculate the run-out distance in three Chilean tailings dams is 
estimated. These dams are: the recent failure of Tranque Las Palmas  (2010), Tranque Veta del Agua N°1  
(1985) and Tranque El Cobre Viejo  (1965). These historical failures were documented and there is record 
of some of the characteristics of the collapse (see Table 2). 

The used methods correspond to Jeyapalan et al., (1983), Lucia et al., (1981), Rico et al., (2007) and the 
methodology proposed in this paper. The empirical method by Rico et al., allows us to make an 
estimation in three different ways, which are associated to three correlations, as shown in figures 3a, 3b y 
4a. The results are shown in the following table: 

Table 3  Application of the traditional methods to real cases in  Chile,  run-out distance in km 

Calculation Method 
Tranque Las 
Palmas (2010)  

Tranque Veta del 
Agua Nº 1 (1985) 

Tranque El Cobre 
Viejo (1965) 

Documented distance 0,5 5,0 12,0 
Lucia et al (1981)  5,9 11,4 12,8 
Jeyapalan et al (1983) 0,8 2,2 5,7 
Rico et al (2007), Figure 3a 2,3 4,4 7,5 
Rico et al (2007), Figure 3b 4,3 5,5 23,5 
Rico et al (2007), Figure 4a 3,3 5,7 25,7 
Proposed Methodology  0,6 3,4 9,9 

The results of the proposed methodology are quite close to reality. The others results show a great value 
dispersion in each methodology, which makes if difficult to choose an only solution in a deposit. 
Differences are of more than one order of magnitude in some cases, which can be interpreted as an 
inadequate method to calculate it, such as the computation approach provided by Lucia Method in 
Tranque Las Palmas . However, the same method is more accurate in the other two cases.  

This comparison on the methodology exemplifies the need of reaching an agreement on the methods, by 
taking into consideration the variables and/or the initial parameters, the constituitive models, and the way 
of representing the results. 
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CONCLUSION 

In general terms, the most commonly used methodologies do not considerate the topography of the 
affected zone, nor does the obstacles that may exist (vegetation, buildings, channels, etc.). The Jeyapalan 
and Rico methods (Figure 3a) do not considerate an outflow volumen, which is not very recommended. 
One should be especially careful in the use of Rico 60-70 meters of 
height, since the results would be greater than expected. In the cases shown in this paper, Rico gives 
acceptable results in low height deposits. The proposed methodology allows approaching more 
reasonable values; however there are still some adjustments that need to be completed, as the capture the 
physics of motion of the tailings. 

As it has been declared and due to the uncertainty present nowadays regarding the calculation of the run-
out distance, it is highly recommended to use a security factor between 1.2 and 1.4, which will generate a 
security zone. The value of the factor of safety will depend on the proximity to inhabitated areas, natural 
channels, natural game reserve, paths or other facilities. 

It is expected that in the near future, three to five years, the use of computational models will spread. 
These could be commercial programs giving the option of new rheologic models or of the self-ownership. 
Rheological models of transportation of tailing and fast landslides must be adapted and calibrated to be 
applied to this type of phenomenon. The global tendency is to use viscous and non-newtonian models. It 
is highly recommended to include breaching and emptying models, and to connect the downstream zone 
dam base topography in the computational programs.  
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NOMENCLATURE 

Mw  moment magnitude earthquake scale 
Voutflow  volume of tailing flow 
HT  dam total height 
VT  total stored volume  
Hc  critical tailing wedge height 
  natural density of tailings 

Su, Sr  undrained shear strength, residual strength of tailings 
  slope wedge resting tailings  
  bottom or bed slope 

D, DMax  run-out distance  
s  dry density of tailings  
  effective internal friction angle  
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