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ABSTRACT. Dams are often used for storing mine tailings. These structures present failure 
mechanisms that can lead to major risks for surrounding populations. In view to managing 
these risks, it is necessary to take a probabilistic approach in predicting their behaviour. The 
application of such approaches is limited by the difficulty of obtaining experimental data to 
estimate the variability of the parameters and conditioned by the relevance of the probability 
models chosen to represent this variability. This article proposes 1) a probabilistic modelling 
of the index properties of the mine tailings constituting these dams based on statistical 
analyses and 2) a method using dynamic penetration tests to estimate on site the mine tailings 
friction angle and its variability. This method, applied to chilean tailings dams proposes a 
single model for all tailings dams in order to associate a probability law to the effective 
friction angle (φ’). The procedure is illustrated on the probabilistic study of slope stability 
carried out at the global scale of a dam and also at the local scale of each of its constituent 
layers.  
RÉSUMÉ. Le stockage des résidus miniers se fait très souvent dans des barrages qui présentent 
des risques de défaillance. Afin de maitriser ces risques, une approche probabiliste de la 
prévision du comportement de ces ouvrages est nécessaire. Les limites actuelles de cette 
approche résident dans la difficulté d’acquisition de données expérimentales permettant 
l’estimation de la variabilité des propriétés physiques et mécaniques et dans la pertinence 
des lois de probabilité utilisées pour représenter ces variabilités. Cette publication propose 
1) une modélisation probabiliste des propriétés des résidus miniers constituants ces barrages 
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basée sur une étude statistique et 2) une méthode permettant l’estimation in situ de l’angle de 
frottement et de sa variabilité à partir d’essais de pénétration dynamique. Cette méthode, 
appliquée sur des barrages de résidus miniers chiliens, propose un modèle unique pour tous 
les résidus miniers associant une loi de probabilité à l’angle de frottement de ces matériaux. 
Cette démarche est illustrée sur l’étude probabiliste de la stabilité de pente d’un barrage, 
réalisée à l’échelle globale ainsi qu’à l’échelle locale.  

KEYWORD: tailing dams, variability, penetration test, slope stability. 
MOTS-CLÉS: barrages de résidus miniers, variabilité, essais de pénétration,  stabilité de pentes. 

1. Introduction 

Mine tailings are frequently stored in dams. This is the case for copper for which 
the coarse fraction (fine sands) of the tailings form the body of the dams, while the 
fine saturated fraction (sludge and silts) is poured by cycloning into the reservoirs of 
the dams thus formed. 

There are a very large number of tailings dams built in this way in Chile. Due to 
the construction methods and materials used, these dams comprise failure 
mechanisms such as loss of stability, liquefaction, and internal and external erosion 
leading to major risks for the populations and their environments, highlighted by the 
accidents that have occurred around the world. (Bright and Fourie, 2003), (ICOLD, 
2001), (Rico et al., 2008), (Engels and Dixon-Hardy, 2010) 

In order to manage these risks, it appears necessary to employ a probabilistic 
approach to predict their behaviour during construction and after closing. However, 
applying such an approach in practice at present is limited by the difficulty of 
managing the data (random variables and stochastic fields) to be introduced in the 
reliability calculations for the limit conditions involved and conditioned by the 
relevance of the probability models chosen to represent the variability of dam 
properties. This is the reason why, in this article, we propose a method of acquiring 
these input data that can be applied by the body responsible for supervising these 
structures. This article proposes a probabilistic modelling of the properties of the 
mine tailings constituting these dams, based on statistical analyses and a method 
using dynamic penetration tests to estimate on site the mine tailings friction angle 
and its variability. This method, applied to Chilean dams constructed from copper 
mine tailings, proposes a single model for all tailings dams so as to associate a 
probability law to the effective friction angle (φ’) and then carry out a probabilistic 
study of these structures.   

The first part of this article presents an analysis of the causes for the variability 
of mine tailings and dam characteristics. This is followed by the statistical 
characterisation of the physical and index properties as well as the cone resistance to 
penetration of mine tailings in order to achieve a probabilistic modelling of these 
parameters. This analysis is based on the compilation of data from the literature and 
on a large number of tests carried out on three dams representative of mine tailings 
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dams in Chile. In the third part, a single model is proposed for all mine tailings 
dams, making it possible to link a probability law to the effective friction angle (φ’). 
Finally, the interest of this model is illustrated on an example in a reliability 
calculation for a complete dam and then at the local scale for each layer of the dam 
using. 

2. Variability of mine tailings: state of the art and the approach proposed 

The variability of the properties of soils and structures ("inter-layer" type) is the 
main cause of uncertainty in geotechnical analyses (Jones et al. 2002). This 
variability is directly linked to the index properties of the material and the 
construction process used. Variability occurs in both space and time.  

(1) Spatial and temporal variability: "spatial variability" is relative to the 
dispersion of properties of the same material or structure in space. This variability 
can exist in a volume of apparently homogenous soil, as in the case of material 
stored for the construction of mine tailings dams. "Temporal variability" is mostly 
linked to the aging phenomenon that results in improving mechanical properties 
through phenomena such as cementation of sand particles and variations of hydric 
properties (Ishihara, 1985), (Troncoso, 1986), (Troncoso and Garcés, 2000).  

(2) Material and structural variability: these two types of spatial and temporal 
variability can concern both the dam material and the dam structure. Material 
variability is mostly due to the source of the material (mineral deposit) and the 
production process used (extraction, crushing and floatation) while structural 
variability is mostly due to the method used to build these structures. 

2.1 The variability of mine tailings  

Due to the extraction process (crushing and floatation separating the copper 
from its ore and the cycloning used to separate the fine fraction from the coarse 
fraction) and construction (in compacted layers) processes involved, it is possible to 
formulate a dual hypothesis concerning the variability of the properties of mine 
tailings dams.  

– The laws of probabilities that can be linked to the index properties of mine 
tailings dams are invariant regarding type. 

– The models that allow changing from measured parameters to input calculation 
parameters are also invariant. 

However, although mine tailings materials can be classified in one large 
geotechnical family, several factors can lead to variability in the geotechnical 
characteristics of the material and the internal structure of the dam. Heterogeneity is 
mainly introduced by two factors:  
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– the mineralogy varies from one mineral deposit to another, introducing 
considerable dispersion in grain density, thus dams can be built from tailings from 
several mineral deposits. 

– the aging process (cementation, consolidation, percolation, local liquefactions 
due to micro-earthquakes, etc.) leads to variations in compaction within the body of 
the dam. 

Therefore employing the hypothesis of homogeneity to evaluate the mechanical 
stability of this type of structure can lead to unrealistic safety evaluations. Table 1 
below summarises the sources of variability and their effects on mine tailings. 

Source Effects on mine tailings  Variability 
Type Scale 

One or more mineral 
deposits  Homogeneity or heterogeneity of mine tailings 

Material Spatial 

Type of mineral and 
mineralogical 

quality  
Variability of constituent minerals  

Mineralogical 
species Content of 

cut-point of mineral 
deposit  

Grain size distribution and the addition of 
polymers and lime, mineralogical 

characteristics  

Cycloning and 
construction method  

Variation of physical and mechanical  
characteristics Structural  

Effect of aging  Cohesion by cementation  Material  Temporal 

Table 1. Classification, origin and effects of factors linked to the material and 
structural variability and geotechnical properties of mine tailings. 

In this article, we focus on taking into account spatial variability and most 
particularly the study of variability of index and resistance properties. The aim is to 
determine the degree of homogeneity of this variability and obtain the laws of 
distribution and their characteristics for each of the parameters studied.  

2.2 Study data and methodology  

The probabilistic modelling of the index properties and the cone resistance of the 
tailing dams is based on a global bibliographical synthesis of the data employed to 
design real structures (Villavicencio, 2009 and Villavicencio et al., 2010), and on 
experimental and statistical analyses performed on three real tailings dams (Tailings 
Dams No. 1, No. 2 and No. 3). The mine tailings of these dams all came from 
processing units relying on a similar fabrication process and they can be considered 
as being representative of chilean copper mine tailings dams. The study method is 
described in figure 1.  
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‐ Statistical analyses  
‐ Statistical tests 

‐ Physical properties: granulometry and specific weight
‐ Unit wheights: minimum, maximum and in‐situ dry densities 

‐ Penetration resistance properties: cone resistance and penetration resistance index 
‐ Shearing properties: effective friction angle and effective cohesion 

VARIABILITY OF GEOTECHNICAL PROPERTIES OF 
MINE TAILINGS 

‐ Collection and analyses of 
bibliographic data  

‐ Data from geotechnical 
test campaigns on 3 

representative mine tailings 
dams  

‐ Mean and coefficient of parameter variations
‐ Theoretical distribution laws best adapted to the parameters 

CHOICE OF RELATIONS FOR 
ESTIMATING THE EFFECTIVE 
FRICTION ANGLE (φ’) AS A 

FUNCTION CONE RESISTANCE 

Input

‐ Analyses of sensitivity of 
bibliographic relations  

‐  Obtaining experimental 
relations for mine tailings 
from different mineral 
deposits 

‐ Mean and coefficient of variation φ’  
as a function of depth  
‐ Theoretical distribution law best adapted 
to the variability of φ’ 

Input

‐ Penetration tests 
performed in 
representative dams  

‐  Estimation of φ’ from 
the selected relation 
proposed  

RELIABILITY CALCULATION METHOD 

SLOPE STABILITY ANALYSIS 
 

Figure 1. General approach proposed. 

The main statistical characteristic calculated is the coefficient of variation 
(CV%), which is an excellent tool for controlling the natural variability of soil 
properties. The adaptation of distribution laws was obtained on the basis of 
statistical tests (Kolmogorov-Smirnov). 
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3. Estimation of the variability of index and resistance properties 

3.1 Characterisation of the variability of index properties 

Table 2 summarises the results of the granulometric distribution and the specific 
weights of the tailings. Analysis of these results highlights that the mine tailings can 
be grouped, in terms of the granulometry and the plasticity of the fines, as a single 
family of materials: fine, non plastic silty sands as proposed by Verdugo (1997).  

Index 
prop.  

Biblio.  
data 

Experimental data  
Tailings Dam No. 1 Tailings Dam No. 2 Tailings Dam No. 3 

Range Data Mean CV 
(%) Data Mean CV 

(%) Data Mean CV 
(%) 

γs 2.68 - 3.88 9 2.86 - 6 2.78 - 11 2.93 - 
Dmax 
(mm) 0.60 - 2.00 3266 0.72 27.3 262 0.29 82.2 2958 1.83 42.4 

D50 
(mm) 0.05 - 0.25 3266 0.13 19.0 262 0.11 15.2 2958 0.25 8.7 

F.C 
(%) 12 -25 3266 28.0 28.7 262 33 26.3 2958 17.0 10.0 

IP 0 3 0 0 3 3 3 6 6 6 

Note: 
γs : specific weight, Dmax : maximum diameter, D50 : median diameter, F.C: percentage of fines less than 
80 (μm), IP: plasticity index,  CV (%) : coefficient of variation 

Table 2. Index properties of mine tailings. Range of bibliographic values and 
statistical analyses of experimental data from three representative tailings dams. 

This synthesis also highlights one of the particularities of mine tailings in 
comparison to natural soils which, is the considerable variation of specific weight 
(γs) that can range from 2.68 to 3.88, in association with the mineralogical origin of 
the minerals in the tailings.  

The influence of specific weight and granulometric distribution of mine tailings, 
inherent to the type of material and its method of fabrication, leads to variability of 
the state properties of the material, such as maximum density (Normal Proctor).  

Table 3 gives an evaluation of the ranges of values of the unit wheight properties 
of mine tailings obtained from different analyses. These ranges are significant. 

The measurements of density in-situ (γh) of mine tailings varied from 16.9 to 
18.4 (KN/m3) (Villavicencio 2009, Villavicencio et al., 2010). This variability is 
related to that inherent to the material, and to that contributed by the method used to 
build the dam in which the mine tailings are stored.   

Globally, the values of the coefficients of variation obtained experimentally for 
the granulometry and Proctor normal properties, mirror the variability of the 
materials stored in each of the dams. Indeed, tailings dams No. 1 and No. 2 were 
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built from minerals from different mineral deposits, each of them having specific 
mineral species and thus variable mineral contents. They were also subjected to 
different crushing, floatation and cycloning processes. The high coefficients of 
variation highlight this marked heterogeneity between types. On the contrary, the 
low coefficients of variation obtained from tailings dam No. 3, show that mine 
tailing homogeneity was good, which can be explained by the fact that the minerals 
used for this dam came from only one mineral deposit. The coefficients of variation 
selected are certainly higher for dams using mine tailings from several mineral 
deposits. 

Unit 
wheights 

Biblio.  
data 

Experimental data 
 Tailings Dam No. 1 Tailings Dam No. 2 Tailings Dam No. 3 

Range  Data Mean CV 
(%) Data Mean CV 

(%) Data Mean CV 
(%) 

γdmax 
(KN/m3) 15 - 22 392 18.2 6.2 262 20.8 8.0 495 18.5 2.3 

wop  

(%) - 392 15.2 9.4 262 14.4 10.3 495 14.3 6.2 

γd  
(KN/m3) 15.8 – 17.0 3266 17.5 6.6 275 20.1 8.2 2958 18.1 2.9 

wnat   

(%) 7.0 – 13.0 3266 11,0 22.3 275 3.3 43.1 2958 7.5 27.3 

γh  
(KN/m3) - 3266 19.4 6.7 275 20.7 8.2 2958 19.5 3.5 

Note: 
γdmax : Proctor dry density, wop : Proctor water content, γd : dry density in situ, wnat : water content in-situ, 
γh : density in-situ, C.V (%): coefficient of variation 

Table 3. Unit wheights of mine tailings. Range of bibliographical values and 
statistical analysis of experimental data measured in the three dams. 

3.2 Characterisation of the variability of mechanical properties 

The study of mechanical properties focused on analysing friction angle deduced 
from shear tests and  cone or penetration resistance. The influence of the variability 
of index properties on mine tailings results in a range of values for an effective 
friction angle (φ’), from 28° to 40° (table 4). By considering that the shape of the 
grains is always angular due to the fabrication method, the factors giving rise to this 
variation are mainly the percentage of fine particles (particles with a diameter less 
than 80 μm) and the compactness of the material. The influence of the percentage of 
fines undoubtedly has an effect, though it is difficult to point out as it is linked to 
other less well-controlled factors. In most cases, the cohesion of mine tailings is 
considered as null, as shown by the results of Peters (2004).  

Cone or penetration resistance (qd or N according to the tool used) is a 
parameter which includes a large number of phenomena and makes it possible to 
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observe the spatial variability of mechanical parameters at a given moment. The 
results obtained from the statistical analysis of resistance to penetration values (qd, 
NDCPT, N60) obtained from penetration tests performed on the three dams are given 
in table 4. 

Resistance 
properties  

Biblio. 
data 

Experimental data  
Tailings Dam No. 1 Tailings Dam No. 2 Tailings Dam No. 3 

Range  Data Mean C.V 
(%) Data Mean C.V 

(%) Data Mean C.V 
(%) 

qd (Mpa) - 275 4.8 50.6 75 2.87 45.9 100 19.5 52.8 

NDCPT - 38 37 62.5 11 19 58.8 - - - 

N60 - 38 22 62.5 11 12 58.8 - - - 

φ’ (°) 28 - 40 5 33 - 4 31 - 5 35 - 

Note: 
qd : cone resistance provided by the PANDA test, NDCPT: penetration resistance index provided by the 
DCPT test (Dynamic Cone Penetration Test), N60 : corrected penetration resistance index, φ’ : effective 
friction angle,  C.V (%) : coefficient of variation 

Table 4. Mechanical properties of mine tailings. Ranges from the bibliography and 
statistical analyses of experimental data measured in the three tailings dams. 

Coefficients of variation in the region of 50% are significant but conform to 
those found in the literature on penetrometric tests. (Bacconnet et al., 1992), 
Deplagne and Bacconnet, 1993), (Jones et al., 2002). This dispersion may be due to 
several causes: 

– the tests performed are quasi-punctual and material dispersion can be very 
considerable at this scale,  

– the depth of resistance to penetration can vary. This variation is linked to the 
stratified structure composing mine tailing dams and which result from the 
construction method used,  

– in certain cases resistance can also undergo regular change with depth and thus 
also with time, resulting from ageing effects. 

3.3 Probabilistic modelling of index properties and penetration resistances 

The distribution of index and mechanical properties in the soil foundation cannot 
be perfectly known because it is impossible to measure this parameter at every 
point. Using experimental distributions is impractical which is why in most cases 
efforts are made to model data distribution by a known probability distribution law 
(Magnan 1982). 
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The data collected on the three dams show that the flattening coefficients 
(kurtosis) and asymmetry (skewness) of physical and state properties are close to the 
values of the normal law (flattening coefficient = 1, asymmetry = 0), which is the 
contrary for both density and penetrometric properties.  

After applying the Kolmogorov-Smirnof test at a threshold of 5% it was 
concluded (table 5), that in general the random variables linked to the main physical 
characteristics of mine tailings are normal or log normal.  

Parameter Type of theoretical parameter distribution laws  
Dam No. 1 Dam No. 2 Dam No. 3 

% fines Normal Normal Normal 
D50 Normal Normal Normal 
γd Non Normal Normal 
γh Non Normal Normal 

log (qd) Normal Normal Normal 
log (N60) Normal Normal Non 

qd Log-
Normal Log-Normal Log-Normal 

N60 
Log-

Normal Log-Normal Non 

Table 5: Results of adjustment tests. Tailings Dams No. 1, No. 2 and No. 3. 

The distributions of the percentage of fine particles (fines content %), of the 
median diameter (D50),  of the maximum dry density-Proctor Normal (γdmax), of the 
dry density in-situ (γd), of the density in-situ (γh), of the corrected penetration 
resistance index (N60) and of the dynamic penetration resistance (qd),  are compared 
for the 3 dams and presented in figures 2 to 7. The previous charts confirm the 
homogeneity of tailings dam No. 3, whose dispersions of properties are less than 
those of the other two tailings dams. 

The analysis of these three dams made it possible to characterise the in-situ 
variability of the index properties and penetration resistance of stored tailings, 
leading to the following main conclusions: 

– the material and structural origins of variability observed does not permit 
distinguishing between these origins; variability first depends on the homogeneity 
of the minerals processed,   

– the coefficients of variation vary as much as a factor of two between a very 
homogenous dam and a very heterogeneous dam. The type of dam is therefore a 
very important indicator of the extent of variability, 

– the normal law can be chosen to describe the index properties,   
– the log-normal law can be chosen to describe the resistance properties.  
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Figure 2. Distribution of passing 
percentage (80μm) for the three tailings 
dams. 

Figure 3. Distribution of the mean 
diameter of particles (D50) for the three 
tailings dams. 

 

Figure 4. Distribution of the maximum 
dry density-Proctor Normal (γdmax) for the 
three tailings dams. 

Figure 5. Distribution of  the in-situ dry 
density (γd) for the three tailings dams. 

 

Figure 6. Distribution of the cone 
resistance (qd) for the three tailings 
dams. 

Figure 7. Distribution of the 
penetration index (N60) for the three 
tailings dams. 

4. Estimation of the effective friction angle 

4.1 The objective 

The effective friction angle (φ’) is the input parameter of models used to study 
the slope stability of mine tailings dams under static and dynamic conditions, the 
most difficult parameter to determine and estimate. This parameter is greatly 
influenced by the origin and mineralogy of the particles, by the physical 
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characteristics and state of arrangement of the grains determined by the state of 
compacting and by the extent of stresses in-situ (Bolton, 1986), (Mayne, 2001). 

The methods used to implement mine tailings lead to the prevalence of stratified 
internal structures that can be heterogeneous. This can result in variations of 
resistance properties and especially of the effective friction angle as a function of 
depth.  Thus it is important to estimate the values and variability of this parameter. 
To do this, we propose an estimation method based on measuring the dynamic cone 
resistance (qd) that can be measured relatively easily on this type of structure. 

4.2 The state of the art of the relations proposed for estimating the effective 
friction angle (φ') 

The existence of a relation between the friction angle φ' and static cone 
resistance (qc) has been highlighted in previous works (Clausen and Denver, 1995), 
(Kulhawy and Mayne, 1990), (Robertson and Campanella, 1983), (Díaz and 
Rodriguez, 2007).  Table 6 presents 4 of these relations (φ'=f(qc)) in the case of 
sands whose physical properties are close to those of the mine tailings studied here .  

Table 6. Relations for estimating  φ’as a function of qc. 

These relations have been established from tests carried out in a calibration 
chamber. Using static penetrometric tests to obtain φ’ can be considered although 
the precise estimation of the variability of φ’ requires a large number of boreholes. 

Relation Authors  Type of sand  Origin 

217045 1 .
qc

ln.' '
vo

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
σ

⋅=φ  

 

Diaz E. and 
Rodríguez-

Roa F. 
(2007) 

Quartz sand, clean,  
non cemented,  

non aged,  
moderately  
compressed.  

Adaptation of results 
of Robertson, P.K and 

Campanella, R.G 
(1983) 

( ) 1850
1217 .qc.' =φ  

Clausen J. 
and Denver 
H. (1995) 

Several types. No 
specific 

information. 

Method based on the 
bibliography and 

statistical analyses. 

( )111617 qclog.' ⋅+=φ  
Kulhawy F 
and Mayne 
P. (1990) 

Silty sands with  
fines ≤ 30 % 

Tests in a calibration 
chamber and 

comparison with 
consolidated drained 

triaxial tests . 

[ ])qclog(..arctan' 138010 ⋅+=φ
 

Robertson P 
and 

Campanella 
R. (1983) 

Quartz sand, clean,  
non cemented,  

non aged, 
moderately 
compressed. 

Synthesis of results 
obtained by tests in a 
calibration chamber.  
Application bearing 
capadcity and corner 

plastic theories. 
Performance of 

drained triaxial tests  
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However, due to the constraints linked to this test, the number of boreholes 
performed on each site is often limited. This is why we have developed a method of 
obtaining φ’ by using dynamic cone resistance measurements (qd). 

4.3 Estimating the effective friction angle (φ’) from cone resistance (qd) 

Our study is based on the use of dynamic cone resistances (qd) obtained by 
using a Panda, a light dynamic penetrometer,  that is capable of performing a large 
number of tests in situ thanks to its small size and the short time required to set it 
up. (Gourvès and Richard, 1995), (Gourvès and Zhou, 1997), (Benz, 2009) 

4.3.1 Experimental approach  

The experimental approach used to determine a relation linking φ’ to qd, is the 
same as that used to obtain relations between φ’ and qc, for tailings dams No. 1, No. 
2 and No. 3. It consists in: 

– carrying out dynamic penetration tests in a calibration mould for different 
states of density to obtain the relation γd/qd (calibration curve), 

– performing tests with a shear box apparatus on samples with the same degree 
of compaction as those of the calibration moulds to obtain the relation γd/φ’,   

– establishment of the relation φ’/qd. 

Therefore we obtained relations γd/qd, γd/φ’ and φ’/qd for each dam. Figure 8 
shows an example of a calibration curve γd/qd obtained for dams No. 1,  No. 2 and 
No. 3. 

 

Figure 8. Relation γd/qd for tailings dams No. 1, No. 2 and No. 3  in the study. 
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A logarithmic relation can be observed, in agreement with previous results 
(Chaigneau et al., 2000) for this type of material. Figure 9 shows the results of 
shearing tests performed for different densities and for samples from tailings dams 
No. 1, No. 2 and No. 3. 

4.3.2 Normalisation of qd 

 In order to obtain a relation linking φ’ to the most general dynamic cone 
resistance qd possible and compare the values obtained for the different dams, we 
grouped all the results on a single chart after having normalised the qd values (noted 
qdN1) in comparison to the reference stress corresponding to atmospheric pressure 
(1.0 atm ≈ 0.10 Mpa). Applying a correction or normalisation coefficient  permits 
taking into account the effect of vertical stress (σvo), and the associated increase of 
rigidity in depth, on the resistance of the soil (Moss, 2003), (Boulanger, 2002), 
(Uzielle, 2004). 
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Figure 9. Relation γd/φ’ obtained from shearing tests for tailings dams No. 1 No. 2 
and No. 3. 

The normalisation coefficient deduced from the effective vertical stresses (σvo’) 
was first proposed by Schmertmann (1978) who obtained it from tests performed on 
sand in a calibration chamber. In the case of mine tailings, and for measured 
penetration resistances, the normalised resistance is obtained from the following 
relation:  

qdCqd qN ⋅=1  with  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
σ

= ,
v

a
q

pC         [1] 
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in which: 

 – qdN1 is the normalised cone resistance (kPa), 
– Cq is the normalisation coefficient, 
– “c” is the normalisation exponent. 

On the basis of studies performed by Olsen and Mitchell (1995), Salgado et al. 
(1997), Boulanger (2002), Moss (2003), etc, and by considering the nature and 
variability of compaction expected from mine tailings in-situ we used a value of 0.5 
and 0.75 for normalisation exponent "c". 

4.3.3 Relation φ’ = f (qdN1) 

Since we considered that mine tailings can be classified globally into one 
geotechnical class, it is possible to estimate φ’ as a function of the resistance of qdN1 
by a single relation. To do this, a regression analysis was performed on all the pairs 
of experimental data (qdN1, φ’) obtained during the calibration tests, for the three 
samples of mine tailings. The results obtained are shown in figure 10. The model 
used is given by the following equation: 

( )15457914 Nqdln..' ⋅+=φ  with 10.0 ≤ qdN1 ≤ 280.0      [2] 

As can be seen in figure 10 the results of the model are very close to the 
experimental results. 
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Figure 10. Experimental points, proposed and bibliographic relations for 
estimating the effective friction angle (φ’) of mine tailings as a function of the qdN1. 
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In addition, the relation proposed by Díaz and Rodríguez-Roa (2007) was used 
by replacing qcN1 by qdN1. Figure 10 shows that the experimental points obtained by 
the dynamic penetrometer are very close to those calculated by Diaz's expression. It 
should be noted that, as shown by Chaigneau (2000), the measurement errors 
occurring through the use of the light dynamic penetrometer are assumed to be 
small, therefore they have been ignored in this study. 

This result fully agrees with the works already performed on the correlation 
between qc and qd obtained with the Panda penetrometer. Indeed, it has been 
demonstrated (Chaigneau et al., 2000 and Chaigneau, 2001) that for sands, the 
average value obtained by the ratio qd/qc is equal to 1.03, as the minimum and 
maximum values are 0.98 and 1.08 respectively. The resistance qd obtained by the 
Panda light penetrometer can therefore be assimilated with qc.  Later research 
carried out by Rahim and Prasad (2004) confirmed the relation between qd and qc; 
their results, obtained for granular soils, were demonstrated experimentally and 
analytically on the basis of the cylindrical cavity expansion theory and that of 
cavitation collapse. Thus in the case of mine tailings:  

– the effective friction angle (φ’) can be deduced very precisely from the 
normalised cone resistance qdN1 by a single relation, 

– relation qdN1 = qcN1 is very clearly verified which allows using static or 
dynamic penetrometers according to need. 

4.4 Variability of the effective friction angle (φ’) 

On the basis of equation 3, it is possible to estimate the profiles of the friction 
angle (φ’) as a function of depth from the penetrometric tests performed in situ. 
Figure 11 shows this approach for tailings dam No. 1. The measurements processed 
at the scale of the dam are called global level measurements while those processed 
at the scale of a layer of the dam are called local level measurements.  
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Figure 11. Variation of the effective friction angle (φ’) obtained from the cone 
penetration resistance and the relation 2.  Tailings Dam No. 1. 

At global level, a value of φ’ is obtained by introducing the equation of a 
measured cone resistance. The distribution of all these values of φ’ for each dam can 
be adjusted by a normal law as shown in Figure 12. 

 

Figure 12. Distribution of effective friction angle (φ’).  
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At local level, a value of φ’ is obtained by introducing a cone resistance 
measured in a layer in the equation. In each layer of a dam, the distribution of all 
these values of f’ can also be adjusted by a normal law, as shown in Figure 13. 
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Figure 13. a) Effective friction angle (φ’) and layers. b) Density distribution of the 
friction angle (φ’). Test No. 1. Tailings Dam No. 1. 

4.5 Synthesis of results 

On the basis of the results obtained, we have shown that: 

– it is possible to estimate the values of φ’ on the basis of dynamic penetrometric 
resistances, 

– the values of the dynamic cone resistances obtained with the Panda correlate 
very well with the static resistance values for this type of material, 

– at global scale, the Díaz and Rodríguez-Roa (2007) relation and that proposed 
in equation 3 permits estimating the variability in depth of φ’ values that can be 
described by a normal law. The results obtained match the type of mine tailings and 
the state of global compactness associated with the characteristics of the internal 
structure of each dam subjected to measurements, 

– at the local scale of a penetration test, the variation of φ’ values can also be 
described by using a normal law. The results are similar for the three dams. They 
show that a local test can be used to estimate (φ’) layer by layer with sufficient 
precision provided that the calibration tests have been performed on the 
characteristic materials of the dam at global scale. 
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5. Case of application 

To validate the previous method, we analysed a tailings dam controlled during 
the operational stage and which corresponded to tailings dam No. 2. The method 
employed was composed of the following steps: 

(1) General information of tailings dam No. 2:  

Type of tailings Copper mine tailings  
Origin Several mineral deposits  

Total volume  3.000.000 (m3) 
Type of hydro-cyclone Conventional on the dam crest  

Type Central axis 
Storage of material Hydraulic storage 

Construction By layers of approximately 30 (cm) 

Compacting - Hydraulic for the downstream slope  
- Mechanical on the crest  

Max. Dry density of tailings  20.8 (KN/m3) 
Effective friction angle of tailings sand  32° 

Degree of compacting targeted 95% OPN 
Crest Minimum width: 3.0 (m) 

Minimum freeboard 2.0 (m) 
Average height  18 (m) 

Slope downstream  1:2.5 (V:H) 
Slope upstream  1:1.5 (V:H) 
Drainage system  Drainage blanket  

Table 8. General information and design data of tailings dam No. 2. 

(2) Generation of geotechnical data: the inspection points for performing the in-
situ tests were located in sectors where controls had been carried out during the dam 
filling stage. The analysis profiles had been defined by considering the worst dam 
height and slope. The in-situ tests carried out in the dam body were PANDA and 
DCPT dynamic cone penetration tests at specific geotechnical inspection points. 
The following hypotheses were chosen to reconstruct the structure of the dam body: 

– the geometry of the dam corresponds to the design geometry.  

– the angle of the downstream slope was provided by the specific construction 
characteristics. In the case under study the slope depends on the viscosity of the 
mine tailings used to build the dam. 

– the different layers stored were detected locally by the PANDA test.  

–  for greater depths, the thickness of the layers stored was estimated from 
signals provided by signals from the DCPT test (Dynamic Cone Penetration Test). 

– the thickness of the layers estimated from penetrometric signals is assumed to 
be constant along the slope .  
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The structure of the dam body was rebuilt in each profile to a depth 
encompassing, a priori, all the surfaces with risk of kinematic sliding. 

(2.1) Global analysis of qdN1, (N1)60 and φ’ data:  

To perform this analysis all the qdN1, (N1)60 and φ’data obtained at all the test 
points were grouped. This provided a global view of the variability and distribution 
that followed the values of qdN1, (N1)60 and φ’. The results obtained are presented in 
table 9. 

Descriptor qdN1 (N1)60 
Effective friction angle (φ’) 
φ’= f(qdN1) φ’= f(N1)60 

Average 39.3 11 34.4         34.1          
C.V (%) 42.9 38.1 7.8          8.1           

Distribution law Log-normal Log-normal Normal  Normal 

Table 9. Normalised penetration resistance (qdN1), corrected and normalised index 
(N1)60 and effective friction angle (φ’) of mine tailings. Global statistical analysis. 
Tailings Dam No. 2. 

(2.2) Local analysis of qdN1, (N1)60 and φ’ data: 

The analysis at local scale considered the populations of qdN1, (N1)60 and φ’ data 
obtained for each geometric profile of the calculation defined previously and for 
each layer defined by the penetrometric signal supplied by the PANDA and DCPT 
penetration tests. Thus it is possible to insert in the stability calculation layers of low 
resistance observed locally and that can lead to potential sliding planes and surfaces. 
Examples of results and local analyses performed in the most representative 
geometric profiles of dam No. 2, are presented in tables 10 and 11. 

Layer e  
(m) 

Normalised resistance, qdN1 Effective friction angle, φ’ 
Mean C.V (%) Mean C.V (%) 

1 0.40 78.13 30.68 38.9 5.94 
2 0.40 76.53 18.82 38.8 4.56 
3 0.40 44.84 48.70 34.9 9.80 
4 0.30 37.20 28.19 34.6 5.87 
5 1.10 27.02 48.78 32.9 6.65 
6 0.20 52.61 46.76 36.7 14.02 
7 0.20 39.29 15.96 35.0 3.18 
8 0.25 50.92 14.90 36.4 3.80 
9 0.15 56.70 12.82 37.4 3.02 

10 0.20 70.21 67.52 37.1 10.73 
11 0.20 25.43 18.19 32.2 4.55 
12 0.20 27.19 14.09 32.6 3.94 

Table 10. Statistical data analysis qdN1, (N1)60 and  φ’. Profile No. 1. Tailings Dam 
No. 2. 
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Layer e  
(m) 

Corrected and normalised index, (N1)60 Effective friction angle, φ’ 
Mean C.V (%) Mean C.V (%) 

13 1.20 8 33.67 31.7 6.80 
14 0.60 10 9.50 32.4 2.47 
15 0.90 11 7.64 33.0 2.42 
16 0.90 9 13.1 31.8 2.99 
17 0.60 9 5.53 31.8 1.50 
18 1.20 12 4.42 33.6 3.39 

Table 11. Statistical data analysis qdN1, (N1)60 and  φ’. Profile No. 1. Tailings Dam 
No. 2. (continuation) 

(3) Analysis of slope stability: 

A probabilistic analysis of the slope stability has been performed at a global and 
also at a local scale under static and dynamic conditions (figures 14 and 15). This 
analysis was performed from Monte Carlo simulations by considering the 
distribution laws of the index parameters and of the friction angle of the dam 
obtained from cone resistances by using equation [2].  At the local scale, this 
analysis was performed by considering the internal structure of the dam obtained 
from the penetration test analysis. For each layer detected, an estimation of the 
friction angle was carried out with the normalized cone resistances recorded.  

Table 12 provides the statistical analysis of the safety factors obtained by using 
the probabilistic approach at the global and at the local scale.  

Condition Level of 
analysis 

Safety factor 

Mean Standard 
deviation 

C.V  
(%) 

Theorical 
distribution 

laws 

Failure 
probability 

Static Global 1.383 0.138 9.98 Normal <10-6 
Dynamic 0.983 0.098 9.97  0.57 

Static 
Local 

1.357 0.087 6.41  
Normal 

<10-6 
Dynamic 0.967 0.063 6.51 0.71 

Table 12: Statistical analysis of the safety factors   at the global and local scale.  

The example described above demonstrates the applicability of the method 
proposed. By using this approach, it was shown that for this dam the pseudo-static 
(dynamic) equilibrium is a critical limit. Layer by layer analysis highlighted the 
effect of structural variability on dam reliability by leading to a reduction of the 
safety factor of the dam.  Indeed, the dynamic penetrometer tests emphasised the 
presence of less resistant layers (probably insufficiently compacted) that reduce the 
reliability of tailings dam.  
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Figure 14. Seismic  slope  stability  analysis for kh = 0.15  at the global scale. 
Profile No. 1. Tailings Dam No. 2. 
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Figure 15. Seismic  slope  stability  analysis for kh = 0.15  at the local scale. Profile 
No. 1. Tailings Dam No. 2. 

5. Conclusions 

This article first presented a synthesis of knowledge on the variability of the 
index properties of tailings dams. Due to the extraction and construction process, a 
dual hypothesis concerning the variability of mine tailings dams properties was 
proposed: the type of distribution laws linked to the index properties and the models 
of the input calculation parameters are invariant. Moreover, it was shown that the 
heterogeneity of these materials stems from differences in the mineral deposits from 
which they are extracted, aging (cementation, micro-earthquakes) and variations as 
a function of depth. 
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The statistical characteristics of the index properties of the mine tailings stored 
in the dams can be deduced from knowledge of the tailings properties at the end of 
the extraction process. 

It was then shown that, dynamic cone penetrometer can be used for this type of 
dam to obtain the effective friction angle (φ’) as a function of depth on the basis of a 
single relation and thus the distribution law of φ’ either globally for the dam or 
locally for each layer identified. Estimating the reliability of a dam in relation to the 
limit states of static and dynamic stability demonstrates the advantages and 
applicability of the approach. 

The next stage of this work will be to perform a multi-random variables analysis 
of these structures, integrating the variation of specific weight, fines and water 
contents. 
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