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Liquefaction resistance of thickened tailings of copper mines 
Résistance de liquéfaction des tailings épaissis issues des mines de cuivre 
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ABSTRACT 
Projects associated with huge conventional tailings dams are still considered acceptable solutions for mine waste disposals. For
example, in Chile there are in operation conventional tailings dams with a height of 150 meters and reservoirs with more than one 
billion tons of slimes. Nevertheless, for higher tailings dams an interesting and attractive alternative is the use of thickened tailings.
Unfortunately, there are several cases of seismic failure of conventional tailings dams due to the occurrence of liquefaction, with 
catastrophic results. Consequently, the evaluation of the liquefaction resistance is an important issue, especially in the case of
thickened tailings where almost no information is available regarding their seismic behavior. Accordingly, a comprehensive series of
monotonic and cyclic triaxial tests were performed on reconstitutive samples. A wide range of confining pressure was used, from 0.1
to 3 MPa. The results show that the cyclic stress that causes 100% of pore pressure built up is not much affected by the level of
confining pressure, which clearly differs from what has been observed in natural sandy soils. On the other hand, the results indicates
that re-saturated thickened tailings, although increases their density during drying, they may still develop the phenomenon of
liquefaction during severe earthquakes. Nevertheless, the post-liquefaction strength is rather high.  

RÉSUMÉ
Les projets considérant des dépôts de rejets miniers de grandes dimensions sont encore des solutions acceptées pour l’entreposage 

de déchets miniers. Au Chili, par exemple, des dépôts conventionnels avec des murs de plus 150 mètres de hauteur et des réservoirs
contenant plus d'un milliard de tonnes de la fraction plus fine de ces rejets sont actuellement en opération. Malheureusement, le
comportement sismique de ce type d’ouvrage n’a pas toujours été satisfaisant  á cause de l'occurrence de liquéfaction, avec des
résultats catastrophiques. Pour réduire la taille de tels ouvrages une intéressante et attrayante alternative est l'utilisation des rejets
épaissis. En conséquence, l'évaluation de la résistance à la liquéfaction est une question importante, particulièrement dans le cas des
rejets épaissis, pour lesquels presque aucune information sur leur comportement séismique n’est disponible. Une complète série
d'essais triaxiaux monotones et cycliques a été développée sur des échantillons reconstitués avec un large éventail de pression de
confinement, de 0.1 à 3 MPa. Les résultats montrent que l'effort cyclique qui conduit à une augmentation de 100% de la pression
interstitielle n'est pas affecté de manière significative par le niveau confinement, résultat  qui diffère clairement de celui observé dans
les sols sableux naturels. D'autre part, bien que les résultats indiquent que les rejets épaissis augmentent leur densité pendant le
séchage, ces matériaux peuvent développer après re-saturation le phénomène de liquéfaction pendant des tremblements de terre
sévères. 
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1 INTRODUCTION 

The waste products resulting from mining operations are called 
tailings. Typically in copper, gold and zinc mines, the extracted 
ore is crushed to the size of fine sand to clay from where the 
minerals are recovered. In the case of copper mines it is 
important to mention that, as an order of magnitude, around one 
percent in weight corresponds to the valuable minerals that are 
retrieved from the milled ore. Therefore, the mining operations 
associated with copper have to manage large quantities of 
tailings which are around 99 times the weight of the copper 
production. 

In countries with a substantial mining industry, such as 
Australia, Canada, Chile, Chine, Peru, Poland, South Africa, 
and USA, among others, the design and construction of 
enormous tailing disposals is a crucial necessity that has been 
continuously imposing new geotechnical challenges. The 
mining industry generates everyday millions of cubic meters of 
waste that has to be disposed safely and as inexpensively as 
possible. Unfortunately, conventional tailings dams have shown 
to be susceptible to undergo the phenomenon of liquefaction, 
with serious results from all points of view, economic, 

environmental and loss of life. In general, saturated deposits of 
loose cohesionless soils have shown to be susceptible to 
liquefaction during the occurrence of earthquakes. This 
phenomenon has been observed in tailing dams, hydraulic fills, 
as well as in natural slopes of sandy soils. Chilean tailing dams 
that have experimented seismic failure are indicated in Table 
No. 1. 

Depending on how the tailings are processed, transported, 
discharged and stored, the resulting tailings disposals can be 
divided in two different systems: thickened tailings (or paste) 
disposals and conventional tailings dams. There are also others 
procedures, for example filtered tailings, but they are less used 
due to their high cost. In the case of thickened tailings disposal 
system, the main goal is to create a self-supporting tailings 
mass, so confining dikes can be eliminated or at least 
minimised. To accomplish this, the water content of the initial 
tailings slurry is reduced as much as possible prior to discharge  
it by mean of high-density thickeners, resulting in a tailings 
deposit of a gently-sloping conical shape, with typical angles 
between 2 to 6 percent. The concept of thickened tailings was 
introduced by Robinsky in the late 60´s and actually used since 
the beginning of the 90´s (Robinsky 2000). 



R. Verdugo and E. Santos / Liquefaction Resistance of Thickened Tailings of Copper Mines 296 

Table 1. Seismic failure of Chilean tailing dams 

Dam Year of Volume in the   Mobilized  PVM 

   failure pound (m3)   volume (m3) (%) 

Barahona 1928 27.000.000 4.000.000 15% 
El cobre viejo 1965 4.250.000 1.900.000 45% 
Cerro negro 3 1965 498 86 17% 
La Patagua 1965 - 36 15% (*)

Los Maquis 1965 42 21 50% 
Hierro viejo 1965 - 850 15%(*)

Ramayana 1965 - 140 5% (*)

El Cerrado 1965 - - 10% (*)

Bellavista 1965 448 71 16% 
Cerro negro 4 1985 2.000.000 130 7% 
Veta del agua 1985 700 280 40% 

PVM: Percentage of mobilized volume respect to the stored. 

(*): estimated value.

Because thickened tailings disposals have not been much 
used in active seismic regions there is no sufficient information 
about their actual seismic behaviour. However, it is usually 
argued that at the surface of the deposited tailings a natural 
desiccation takes place and shrinkage of the tailings mass 
occurs, which would increase the density to values that prevent 
the occurrence of liquefaction. In spite of this argument, there is 
no much information about the static and cyclic strength of 
thickened tailings and in this context new experimental 
evidence is presented below.

2 MATERIAL TESTED 

Integral copper tailings were extracted from the flow just before 
the cycloning system. Therefore, these tailings represent the 
material that would be used to generate thickened tailings if this 
procedure of waste disposal were implemented. The grain size 
distribution curve is presented in Fig. 1, where it is possible to 
observe that the integral tailings are constituted by near 45%  of 
sandy soils and 55% of fine-grained material. The fines are non-
plastic silts. The measured specific gravity of the integral 
tailings is 2.78. According to the USCS the tested tailings 
classified as ML.

Fig. 1 Grain size distribution curve of tested tailings. 

In the case of tailings with non-plastic fines, experimental 
results have shown that the concept of maximum and minimum 
void ratios is valid up to fines contents in the range of 60 to 
70% (Verdugo et al, 2004). Therefore, these void ratios have 
been evaluated in the tested tailings, resulting in emax = 1.391; 
and emin = 0.667.  

3 TEST SCHEME  

The test scheme to investigate both the cyclic strength and the 
undrained strength of thickened tailings consisted of a series of 
triaxial tests carried out in a wide range of pressure. A triaxial 
equipment for high pressure developed in IDIEM (Instituto 
Investigaciones y Ensayes de Materiales) of the University of 
Chile was used to carry out part of the tests. This equipment is 
designed for confining pressures up to 4 MPa and it can be used 
for monotonic as well as cyclic loadings. 

To reproduce the two extreme conditions that are possible to 
exist in the field, two different sample preparation procedures 
were developed:  

a) Dried and re saturated (D-R). This case represents the bottom 
of the thickened tailings disposal, where a water table can be 
developed. In a transparent acrylic box, the tailings slurry was 
carefully deposited. Then, at room temperature the tailings were 
dried until it was possible to retrieve and trimmer cylindrical 
samples for testing in the triaxial, where they were saturated 
before test. In Fig. 2 is shown the acrylic box with the tailings 
during the process of drying. 

Fig. 2. Acrylic box used for drying the tailings slurry . 

b) Slurry (S). This case represents a situation where the climatic 
conditions do not permit the desiccation of the tailings, so they 
maintain their saturated stage. Accordingly, the samples were 
prepared depositing carefully the tailings slurry inside a mold 
by means of a pipe. The mold was placed above the triaxial 
pedestal and it had a latex membrane properly attached to the 
mold wall by vacuum. The aluminum cap was placed above the 
slurry and an inner vacuum was applied to the sample. Then, the 
mold was disassembled and the triaxial cell fixed.  

The axial load, pore water pressure and axial deformation 
and were measured by electrical transducers and automatically 
stored in a personal computer. All the monotonic tests were 
conducted under strain-controlled condition of loading. The 
initial dimensions of the specimens were 5 cm in diameter and 
10 cm in height. The saturation of the sample was considered 
sufficient when the B-value was greater than 0.95. 

The tests that have been performed in this research are 
summarized in Tables No. 2 and 3. 
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Table 2.  Triaxial  test performed in Dry and resaturated samples.

Test Effective cell Pressure [Kpa] Total 

Monotonic CIU triaxial  100 - 300 - 500 - 1000 - 2000 – 3000 6 

Cyclic CIU triaxial 100 -  500  2000 – 3000 14 

Table 3.-  Triaxial  test performed in Slurry samples. 

Test Effective cell Pressure [Kpa] Total 

Monotonic CIU triaxial  100 - 300 - 500 – 1000 4 

Cyclic CIU triaxial 100 – 500 6 

4 CYCLIC STRENGTH 

Series of cyclic triaxial tests at confining pressure of 0.1, 0.5, 2 
and 3 MPa were performed on samples prepared by the D-R 
method. The test results are presented in Figs. 3, where it can be 
observed that the effect of the confining pressure is of no great 
concern, especially for confining pressures beyond 0.5 MPa. 
Furthermore, at a confining pressure of 3 MPa, the results 
indicate that the cyclic strength increases again and a minimum 
value of cyclic strength is obtained at pressures in the range of 
0.5 to 2 MPa. 
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Fig. 3. Cyclic stress ratio v/s number of cycles to reach 100% of pore 
water pressure built-up. Dried and re saturated samples 

The effect of the confining pressure on the cyclic strength has 
been taken into account through the correction factor, Kσ (Seed 
1983). The results obtained in this study for the correction 
factor Kσ are plotted in Fig. 4, together with data reported by 
other authors. It can be seen that the tested tailings in this study 
does not show the important effect of the confining pressure 
reported for natural sands.  

Fig. 4. Correction factor Kσ reported for natural sands and tailings 
material (modified from Vail et al, 2001).  

It is interesting to observe that these results agree with the data 
reported by Vaid et al, 2001. According to these results obtained 
in tailings silt, the correction factor, Kσ, reaches a minimum 
value of 0.8, suggesting that in the seismic analysis of thickened 
tailings, the use of Kσ values reported for natural sands are 
extremely conservative. 

Considering that there is an important experimental evidence 
showing the strong influence of the sample preparation method 
(initial fabric) on the cyclic strength, series of cyclic triaxial 
tests were carried out on samples prepared as slurry. The results 
obtained at confining pressures of 0.1 and 0.5 MPa are shown in 
Fig. 5. These results indicate that both sample preparation 
methods create a rather similar fabric, so the resulting cyclic 
strength is practically the same. 
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Fig. 5. Cyclic stress ratio v/s number of cycles to reach 100% of pore 
water pressure built-up. Comparison between Slurry and Dry-
Resaturated samples preparation methods. 

Additionally, the results indicate that the densities reached by 
both sample preparation methods are quite similar, suggesting 
that desiccation or dried of the initial slurry does not provide a 
significant increment in the density. These results are against 
those arguments that support the no occurrence of liquefaction 
of thickened tailings, based on the increment in density 
associated with the shrinkage caused by the desiccation. 

5 UNDRAINED STRENGTH 

The results obtained in the series of CIU tests carried out on 
samples that were dried and re-saturated are presented in Fig. 6 
and 7, in terms of stress-strain and stress-paths curves, 
respectively. Similar results are presented in Figs. 8 and 9 for 
the samples prepared and tested as slurry.  
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Fig. 6. Stress-Strain curves, CIU. (Dried and re saturated samples). 
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Fig. 7. Stress-path curves of  dry and re saturated samples. 
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Fig. 9. Stress-path curves, CIU. Samples prepared as slurry. 

It is interesting to observe that although the sample preparations 
are different, the results are unexpectedly similar. 

The variation of the undrained strength with the level of 
confining pressure is presented in Figs. 10 and 11 for samples 
prepared as slurry and D-R, respectively. From these test 
results, the following normalized undrained strengths were 
obtained: 
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This means that the drying does not increase significantly the 
density, being more important the densification by confinement. 
These results indicate that the post-liquefaction strength is 

rather high and consequently, it may provide the necessary post-
seismic stability of thickened tailings disposals. 
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6 CONCLUSIONS 

Integral tailings have been tested simulating thickened tailings. 
Experimental results obtained in monotonic and cyclic triaxial 
tests indicate that these materials develop a rather low cyclic 
strength and therefore, they may liquefy under strong 
earthquakes. Nevertheless, their undrained strength or post-
liquefaction strength is rather high, which may prevent a flow 
failure. 
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