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Abstract 

Tailings is leftover material from mining industry and is produced in huge quantities 
approximately 70-99% of the ore production.  Tailings material is stored as impoundments 
by constructing tailings dams which are often constructed with tailings material itself. 
Tailings are artificial material and the mechanical behavior of tailings material upon 
loading is different as compared to natural soil materials. There are number of dam failures 
reported every year which has severe impact on inhabitants and environment nearby. 
Considering the failures of tailings dams and consequences there is a need to understand 
the tailings material in depth for safe existence of these dams. The confident dam design 
can assure the safe existence of tailings dams for long term as these dams are presumed to 
function for generations to come. The material properties in tailings dams can change due 
to raising of new layer. Raised new layer can change stress level, which in turn, may 
change the material properties in terms of strength, pore pressures, grain sizes etc. Today 
mostly tailings dam are designed by performing analysis for safety for existing and future 
rasings as well. These analyses are based upon a for certain factor of safety. Not very much 
can be done with design and analysis for tailings material if the material is not described 
very well. Understanding of tailings material in depth can provide help for detailed 
material parameters which later can be used in safety assessment for future raising and 
changed conditions in dam. 

This study presents the work carried out on tailings material from a Swedish tailings dam. 
The study is conducted on undisturbed and disturbed tailings material. The undisturbed 
tests are carried out to understand material properties as per in-situ conditions. Materials 
with different particle sizes are also created to represent different particle sized specimens. 
Initially in this study the basic properties of tailings materials are studied e.g. specific 
gravity, phase relationships, particle sizes, particle shapes and shear behavior on collected 
samples at various depths. During direct shear tests, the unexpected vertical height 
reductions were observed, these results are presented in this study. The comparison of 
strength parameters by direct shear and triaxial tests on material from various depths is also 
done and presented.  

Based on results from direct shear, triaxial and oedometer tests on uniform sized tailings 
material; the evaluation of primary and secondary deformations and particle breakage and 
effect of vertical loads is also carried out and presented. The study also includes the 
comparison of strength parameters for each particles size. The breakage of particles is 
analyzed by sieving the material after direct shear tests followed by a particle shape study. 
The effect of deposition on shear strength parameters is also studied by construction of 
samples with different angle of deposition of material. The strength parameters of uniform 
sized particles in triaxial tests are also evaluated and discussed.   

Keywords:  Tailings dams, Tailings, Mechanical Behavior, Oedometer, Direct Shear, 
Triaxial, Shear strength,  
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Summary (Swedish) 

Anrikningssand är restavfall från gruvindustrin, och utgör ungefär 70-99% av den totala 
gruvbrytningen. Anrikningssand omhändertas i magasin med hjälp av gruvdammar, vilka 
ofta är konstruerade med hjälp av anrikningssand som byggmaterial. Anrikningssand är ett 
konstgjort material och dess mekaniska egenskaper skiljer sig jämfört med geologiskt 
naturliga material. Varje år rapporteras flertalet dammbrott vilka har betydande påverkan 
på närliggande samhällen och miljö. Med tanke på dessa gruvdammsbrott och dess 
konsekvenser finns det ett behov av djupare förståelse av materialet anrikningssand. 
Hållbar dimensionering av dammar är nödvändig då dess livslängd förväntas vara lång. 
Även förändringar av dammens tillstånd kan förändras över tid. Vid drift och 
dammhöjningar ökar spänningsförhållandet i konstruktionen, vilket kan förändra 
egenskaper såsom hållfasthet, porvattenövertryck, kornstorleksfördelning etc. Idag 
dimensioneras många dammar med hjälp av stabilitetsanalyser, dels för befintliga 
förhållanden men även för framtida dammhöjningar. Dessa analyser sker med hänsyn till 
en vald säkerhetsfaktor. Dock bör dimensioneringen ske med försiktighet ifall osäkerhet 
råder gällande materialegenskaperna. Djupare förståelse av anrikningssandens egenskaper 
skulle bidra vid dimensionering och dammsäkerhetsarbete i samband med dessa 
gruvdammar. 

Detta arbete presenterar en studie av anrikningssand från en svensk gruvdamm. Studien är 
utförd på både ostörda och störda prover av anrikningssand. De ostörda proverna användes 
för att studera materialets egenskaper vid in situ förhållanden. De störda proverna 
användes för tillverkning av olika material med olika kornstorlekar. Inledningsvis beskrivs 
grundläggande geotekniska egenskaper av anrikningssand från olika nivåer i 
sandmagasinet. Egenskaperna som beskrivs är specifik vikt, fasförhållanden, kornstorlek, 
kornform samt dess skjuvegenskaper. Vid direkta enkla skjuvförsök observerades oväntade 
höjdförändringar, vilka presenteras i detta arbete. Även jämförelse av utvärderade 
hållfasthetsparametrar från triaxialförsök samt direkta enkla skjuvförsök presenteras. 

Baserat på resultat från direkta enkla skjuvförsök, triaxialförsök, samt ödometerförsök på 
ensgraderade (sorterade) prov utvärderades primära och sekundära deformationer, 
kornkrossning samt effekten av normalspänningar. Studien innefattar även en jämförelse 
av utvärderade hållfasthetsparametrar för respektive kornstorlek. Kornkrossning 
analyserades genom siktning av materialet direkt efter skjuvförsök, samt en efterföljande 
kornformsanalys. Deponeringens effekt på materialets skjuvhållfasthet studerades också 
genom att tillverka prov med olika deponeringsvinklar. Även hållfasthetsparametrar hos 
ensgraderat material studerades genom triaxialförsök, och diskuteras i detta arbete.  

  



vi 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

  



vii 
 

Symbols and Abbreviations  

 

  Cross-sectional area 

  Initial Cross-sectional Area 

 Pore Pressure Parameter 

CPT Cone Penetration Test 

 Effective cohesion intercept of 
failure line in Mohr Plane 

 Void ratio  

 Initial Void Ratio 

 Height 

 Initial Height 

 Intercept of failure line in  
line  

 Slope of critical state line in  
line 

 Stiffness Modulus of Membrane 

 Mean Stress 

 Mean effective stress 

 Deviator stress 

 Effective friction angle 

 Shear Strength 

 Effective normal stress 

 Effective axial stress 

 Effective radial stress 

 Major Principal effective stress 

 Minor principal effective stess 

 Radial strain 

 Density 

 Dry density 

 Saturated density 

 Particle density  

 Porosity  

 Water content 

 Initial Volume  

 Strain 

 Axial strain 

 Volumetric strain 

 Friction angle 

 Back Pressure 

 Pore pressure 

 Volume 

 Secant stiffness in D. Triaxial Test 

 Tangent Stiffness in Oedometer 

 Unloadng/reloading Stiffness 

 Dilatancy angle 

 Unloading/reloading poison’s ratio 

Rf Failure ratio 
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1. Introduction 

1.1 Background 

Tailings are the waste materials that are left over after extraction of valuable materials from 
the ore (Adajar, Zarco 2013). The mined ore rock is crushed and milled to extract and 
concentrate the valuable material and valueless materials are left after. The volume of tailings 
generally exceeds the volume of valuable extracted materials (Adajar, Zarco 2013). 
According to (Jantzer, Bjelkevik & Pousette 2001) the tailings material from ore can range 
70% to 99% of mined ore. For copper mine ore, the waste material can be up to 99% (Northey 
et al. 2014). The waste material from mines can be thousands or even millions of tons of 
tailings deposits, for example Lokken mine Norway has approximately 2 million metric ton 
tailings deposit (Wolkersdorfer, Bowell 2005). The waste material is generally stored as 
tailings impoundments by constructing tailings dams in its surroundings (Jantzer, Bjelkevik & 
Pousette 2001) either with burrow or tailings material itself (Jantzer, Bjelkevik & Pousette 
2001, Bjelkevik 2005). Tailings dams are raised with time (Vanden Berghe et al. 2011) 
depending upon production rate of mining. The construction type of tailings dams depends 
upon climate, topography, geology, extraction process and deposition methods etc. (Bjelkevik 
2005). The tailings dams are constructed as three main types of construction; i) upstream 
construction ii) downstream construction and iii) centerline construction method see Figure 1. 
The upstream construction method of tailings dams (Figure 1a) involves raising of dykes over 
the consolidated tailings impoundments i.e. upstream side (Vick 1990). In the construction of 
downstream tailings dams (Figure 1b), the dykes are raised on the downstream slope of 
existing dam. Whereas, in the centerline construction method (Figure 1c), the dykes are raised 
vertically on the crest of existing dam and on downstream slope (Vick 1990).  

 

Figure 1: Different methods of construction of a Tailings dam, modified from (Vick 1990) 
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The upstream construction method (Figure 1c) has advantage over other construction methods 
since it uses less burrow material for construction and hence is economical in construction 
(Vick 1990, Martin, McRoberts 1999). The upstream construction method of tailings dam has 
been frequently used (Jantzer, Bjelkevik & Pousette 2001, Martin, McRoberts 1999) due to 
economical construction. However, upstream tailings dams can have stability issues when 
constructed in seismic region. Several upstream dams have failed due to seismic liquefaction 
in past while earthquakes, see e.g. ICOLD (2001).  

1.2 Safety concerns of tailings dams 

There are around 3500 tailings dams in the world (Davies 2002) and annually 2-5 tailings 
dam failures are reported (Davies 2001). The failure rate of tailings dams is approximately 
1/700 to 1/1750 that is much higher than that of water-retaining dams i.e. approximately 
1/10000 (Davies 2001). There are severe impacts of failures of tailings dams on inhabitants 
and environment nearby. A recent failure occurred in August 2014 in British Columbia, 
Canada which caused release of 107 m3 of water and 4.5 x106 m3 of slurry into Polly Lake. 
Another example of failure was in Hungry in 2010 at Ajka tailings pond causing 120 people 
dead with released slurry of 0.6 million cubic meters. In Sweden, failure in Aitik Tailings 
Dam was reported in 2010. Some of other historical tailings dams failures in detail are 
reported in (Blight et al. 2000, Azam, Li 2010) and apart from that, some recent major tailings 
dams failures are as; Germano mine, Brazil 2015 and most recent failure in Dahegou Village, 
Henan, China in 2016.  

Tailings are artificial granular materials and not like natural soils (Johansson 1990); however, 
soil mechanics principals can be applicable to predict the tailings behavior upon loading 
(Jewell 1998). Tailings dams are raised in steps every year depending on production rate from 
mining activities. Depending upon method of deposition during subsequent years, each 
deposited layer of tailings impoundment can possess different material properties and 
strength. Tailings dams may possess loose layers in subsequent layers if the upstream tailings 
dams are raised upon loose deposited tailings layer (Davies, McRoberts & Martin 2002). 
Loose layers are relatively stable under drained conditions and may be subject to fail in 
undrained conditions when applied stress level is higher than strength (Lade 1993, Kramer 
1996). Undrained conditions can prevail in loose layers if the raising of dam is fast, which 
may result in increase in pore pressures and reduction in effective stresses (Zardari 2011). The 
loss of strength can lead to liquefaction (Vermeulen 2001). Furthermore, static liquefaction 
can occur in very loose granular materials at low confining stresses; however, at higher 
confining stresses it can behave as normal soils (Yamamuro, Lade 1997). According to 
Davies et al. (2002) loose deposited tailings might possess low strength and show contractant 
behavior upon shear. There are uncertainties to predict the in-situ undrained strength of 
tailings as deposited layers may have different strength properties during construction due to 
changing void ratios, particle sizes and densities etc. (Davies, McRoberts & Martin 2002).  

Tailings can possess different material properties as compared to natural geological materials 
(Vanden Berghe et al. 2009) for example; friction angle can be higher than that of natural 
soils (Mittal, Morgenstern 1975, Matyas, Welch & Reades 1984) and tailings particles are 
more angular than natural soils (Rodriguez, Edeskär 2013) and therefore likely to have 
influence on the mechanical properties (Cho, Dodds & Santamarina 2006). Blight et al. 
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(2000) state that, tailings having angular shapes can result in dilative behavior that can lead to 
higher strengths while developing negative pore pressures in undrained conditions. 
Furthermore, it is described by Blight et al. (2000) that having more fine contents can lead to 
a low hydraulic conductivity compared to coarser particles, which has tendency for higher 
pore pressures and great potentials for liquefaction. According to Vick (1990) tailings can 
possess low hydraulic conductivity which may result in higher level in phreatic surface. These 
higher phreatic conditions can result in increased pore pressures, which in turn, lead to 
stability issues (Vick 1990). Apart from this, if the rate of raising of tailings dams is high, it 
can also lead to increased excess pore pressures due to low hydraulic conductivity for 
constant drainage length (Zardari 2013). The increased pore pressures can result in loss of 
strength which may lead to slope instability and result in slope failure (Zardari 2013). Some 
of the examples of these failures are reported in (ICOLD 2001). 

The effective stress level can be described as one of main factor towards defining the strength 
parameters of tailings (Vick 1983). High stress levels in natural granular particles results in 
particle crushing (Karimpour, Lade 2010). Studies by (Karimpour, Lade 2010, Lade, Nam & 
Liggio Jr 2010, Lade, Liggio Jr & Nam 2009, Lade, Yamamuro & Bopp 1996) showed that 
natural granular materials are influenced by time dependent loads i.e. materials under 
influence some loading conditions for certain amount of time. It is likely that tailings will also 
have long term time effects on particles resulting in crushing (Zardari 2011), degradation, 
cementation, roundness etc (Rodriguez 2016). 

Particle shapes are likely to have influence on void ratio, friction angle, and hydraulic 
conductivity (Shinohara, Oida & Golman 2000, Witt, Brauns 1983, Rodriguez, Edeskär & 
Knutsson 2013). Since the properties of tailings materials are not described in details as 
compared to natural soils; tailings materials should be studied in more depth and detail in 
general (Qiu, Sego 2001) and particularly with focus on shear behavior of tailings material 
(Martin, McRoberts 1999). 

1.3 Problem Statement and Research Questions 

Tailings are artificial material and the mechanical behavior of tailings material upon loading 
can be different as compared to natural soils. The confident dam design can assure the safe 
existence of tailings dams for long term as these dams are presumed to function for 
generations to come. Today mostly limit-state analysis is performed, based upon this; a design 
is done for certain factor of safety e.g. 1.5. Not very much can be done with design and 
analysis for this type of material if the material is not described very well. Understanding of 
tailings material in depth can help to determine detailed material parameters which later can 
be used in safety assessment for future raising and changed conditions in dam. 

A tailings dam is raised during mining operations depending upon the amount of waste 
generated from mine. In upstream construction method, the new embankment is constructed 
over the existing embankment that increases the storage capacity of dam for generated waste, 
Figure 2. With the time as mining activities progress, the tailings impoundment acts as 
foundation of embankment for upstream tailings dams (Bjelkevik 2005). Figure 2 shows the 
concept when tailings impoundments can become the part of dam body and dam foundation. 
In upstream construction method, the new embankment is constructed partly over existing 
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embankment and partly over tailings impoundment in upstream direction. With time as 
construction progresses and few embankments have been constructed, the tailings 
impoundment becomes part of dam body. For example in Figure 2, six embankment raisings 
have been shown and foundation of these raisings is tailings impoundment.   

 

Figure 2: Example of tailings impoundment when becomes as part of dam body in upstream construction method 

The study of tailings material in upstream construction method is very important towards 
assuring safety of tailings dams even if the embankments are constructed with materials 
having well-known engineering properties i.e. natural geological materials. It is important to 
study tailings material because the impoundment that becomes dam body contains tailings 
material when upstream construction method is used. There are many studies conducted on 
tailings material, for example (Jantzer, Bjelkevik & Pousette 2001, Bjelkevik 2005, Mittal, 
Morgenstern 1975, Qiu, Sego 2001, Blight, Bentel 1983, Shamsai et al. 2007, Volpe 1979, 
Chen, Van Zyl 1988, Guo, Su 2007, Adajar, Zarco 2016, Zhang et al. 2015) where they 
focused on geotechnical properties of material and strength of tailings. The studies presented 
by (Blight, Bentel 1983, Bjelkevik, Knutsson 2005), showed the variations in tailings material 
properties from discharge point along discharge path. Few studies by (Dimitrova, Yanful 
2011, Dimitrova, Yanful 2012) provided the strength parameters which were constructed in 
layered deposits, however, they considered remolded tailings manufactured in laboratory.  

The material properties in tailings impoundment, that becomes part of foundation of dam, can 
vary due to several reasons, e.g. due to vertical loads increased with time as it may cause 
deformations and break the particles, sedimentation due to deposition methods, particle sizes, 
different compaction of each impoundment layer etc.  

For a safe tailings dam design during mining operations and in long term perspective i.e. 1000 
years, it could be suggested to study material properties by considering step by step raisings. 
Due to step by step construction of tailings dams, various changes in dam body are expected.  
The examples of these changes are that; stress levels are continuously changing as raising 
takes place, particles may break and cause deformation in dam body, vertical loads due to 
raising change material properties, e.g. void ratios, densities etc. The following research 
questions are raised when the step by step construction is considered. 

1. What is effect of step by step construction on tailings materials, in-situ properties? 
E.g. on shear strength particles sizes, particle shapes, void ratio etc. 

2. What is tendency of tailings particles to break when new raised embankments are 
considered as vertical loads? - It is important to know as particle breakage can occur 
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when materials are under application of loads, furthermore, breakage can lead to 
deformations and changed particle sizes. 

3. Is there any influence of particle size on strength parameters? 
4. Is it possible to use classic soil models for tailings material? 

1.4 Aims and Objectives of research work 

The aim of this research is to describe and determine the fundamental baseline data necessary 
for confidant tailings dams design in order to assure safe existence of tailings dams in short as 
well as for long terms. The advanced modeling requires proper description of tailings 
properties and behavior. The design of tailings dams may involve prediction of future 
deformations when dam is raised and calculation of factor of safety. This is usually done by 
performing numerical analysis. In order to perform numerical analysis, some advanced soil 
models can be used. Detailed material parameters are identified that can be later used for 
models as soil models are not very well designed for tailings materials. In this connection, the 
number of advanced laboratory tests including oedometer, direct shear and triaxial tests are 
performed on the samples collected from different locations of a tailings dam. The results 
from laboratory tests later can then be used to determine parameters for advanced soil models 
for numerical analysis in order assure safe existence of tailings dams for long term. 

Objective of this research is to determine the material parameters and mechanical behavior of 
tailings under different loading conditions. Tailings material is collected from different layers 
(layers with low strength as indicated in CPT) at different sections and depths of an upstream 
tailings dam. For this study both disturbed and undisturbed samples are used. In order to 
answer the research questions raised earlier, they are further categorized as objectives and are 
written as below; 

 To determine the basic properties of collected tailings material which include, specific 
gravity, particle sizes, particle shapes, void ratios (porosity), densities and water 
content. 

 To determine the variations in particle sizes with respect to depth along dam section. 
 To determine stress-strain behavior and to evaluate the friction angle of collected the 

material  
 To determine effect of particle sizes on friction angle. 
 To determine effect of angle of deposition on friction angle for uniformed sized 

tailings material. 
 To determine the compressibility of tailings particles of different sizes. 
 To determine particle breakage due to vertical loads and particle breakage due to 

vertical load when subjected to shear load. 
 To evaluate and calibrate parameters for hardening soil model. 

1.5 Scope of study 

The findings presented in this research are limited to following materials and methods: 

 Material locations: The study has been restricted to the tailings material that was 
collected from loose layers of different cross sections of a tailings dam in northern 
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Sweden. The nature of tailings materials can change depending upon ore, type of 
mining and construction method of a tailing dam. 

 Saturation: All tests, in direct shear, triaxial and oedometer, were performed as 
fully saturated condition. However, in-situ conditions may vary depending upon 
phreatic surface. 

 Uniformed Particle gradation: Some results are based on uniformly graded 
tailings particles to understand the behavior, breakage and compression etc. for 
each particle sizes. However, in-situ conditions can have materials with different 
gradations. 

1.6 Research Methodology 

This study has been conducted as on tailings material from different sections of a tailings 
dam.  The materials have been collected Aitik tailings dam in north Sweden at various depths. 
The study is divided into two parts. Part one is to study the undisturbed tailings material 
which is taken from various depths of a dam section. Part two is to study mechanical 
properties of tailings of different particle sizes i.e. uniformed tailings material, 1-0.5mm, 0.5-
0.25mm. 0.25-0.125mm and 0.125-0.063mm.  

In order to accomplish the objectives of the research, following methodology have been 
adopted. 

 A literature review is conducted to understand basic properties and behaviors under 
different loading conditions for tailings. A brief part of review is written in this thesis.  

 Samples were collected at different depths of dam section varying from 7 to 47 meters 
depth in order to investigate; 1) if mechanical behavior is influenced by stress level 
corresponding to depth 2) if the particle sizes changes along depth.   

 Undisturbed samples are used for direct shear testing and triaxial tests. Whereas 
disturbed along with undisturbed samples were used to determine initial properties e.g. 
specific gravity, particle size distribution curves. Void ratios, densities and water 
content are measured from undisturbed samples.   

 Disturbed tailings particles are sieved and manufactured in to four different sizes i.e. -
0.5mm, 0.5-0.25mm. 0.25-0.125mm and 0.125-0.063mm to study effect of particle 
size on strength parameters, particle crushing and compressibility with respect to 
particle size 

 Uniformed particle sizes specimens are sieved after termination of test to determine 
the particle breakage due to loading. The particle breakage is evaluated for vertical 
loads as well as vertical loads when combined with shear loads. 

 Compressibility is determined by Oedometer tests for different particle sizes. 
 Direct shear apparatus and triaxial apparatus have been used to determine drained and 

undrained strength behaviors of collected undisturbed and remolded samples.  
 The amount normal loads and confining pressures in direct shear tests and triaxial 

respectively have been selected as per in-situ conditions. 
 The strength parameters are evaluated from laboratory tests by evaluation methods 

described in literature.  
 The results of these finding are discussed and conclusions have been presented in the 

papers and ideas for future work are written. 
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1.7 Thesis layout 

This thesis is divided in two main parts, Part I Thesis and Part II Appended papers. The part I 
consists of, Introduction, Literature review, Materials and methods, Testing Equipment, 
Mechanical properties of tailings, Discussions, Conclusions and Ideas for future work. The 
Part II consists of eight appended papers. Part I can be viewed as synthesis of the appended 
papers in Part II. 

Attached Papers 

1. Basic Description of Tailings from Aitik Focusing on Mechanical Behavior. 
Bhanbhro, Riaz; Knutsson, Roger; Rodriguez, Juan; Edeskär, Tommy; Knutsson, Sven.  
International Journal of Emerging Technology and Advanced Engineering, Vol. 3, No. 
12, 12.2013, p. 65-69. 

 
2. Mechanical Properties of Soft Tailings from a Swedish Tailings Impoundment: 

Results from Direct Shear Tests.  Bhanbhro, Riaz; Knutsson, Roger; Edeskär, 
Tommy; Knutsson, Sven.  Electronic Journal of Geotechnical Engineering, Vol. 19, No. 
Z, 10.2014, p. 9023-9039. 

 
3. Mechanical Properties of Soft Tailings from different depths of a Swedish Tailings 

Dam: Results from Triaxial Tests.  Bhanbhro, Riaz; Knutsson, Roger; Edeskär, 
Tommy; Knutsson, Sven. In: Electronic Journal of Geotechnical Engineering, 2017. 

 
4. Evaluation of Primary and Secondary Deformations and Particle Breakage of 

Tailings. Bhanbhro, Riaz; Rodriguez, Juan; Edeskär, Tommy; Knutsson, Sven. 
From Fundamentals to Applications in Geotechnics: Proceedings of the 15th Pan-
American Conference on Soil Mechanics and Geotechnical Engineering, 15–18 
November 2015, Buenos Aires, Argentina. ed. / Diego Manzanal; Alejo O. Sfriso. IOS 
Press, 2015. p. 2481-2488 

 
5. Mechanical Behavior of Uniformed Tailings Material in Triaxial Tests. 

Bhanbhro, Riaz; Edeskär, Tommy; Knutsson, Sven. Submitted to: Electronic Journal of 
Geotechnical Engineering, 2017 
 

6. Effect of particle size on mechanical properties and particle breakage of tailings. 
Bhanbhro, Riaz; Rodriguez, Juan; Edeskär, Tommy; Knutsson, Sven. Submitted to. 
Canadian Journal of Geotechnical Engineering 2017. 
 

7. Effect of Vertical Load on Tailings Particles. / Rodriguez, Juan; Bhanbhro, Riaz; 
Edeskär, Tommy; Knutsson, Sven. In: Journal of Earth Sciences and Geotechnical 
Engineering, Vol. 6, No. 2, 2016, p. 115-129 

 
8. Shear Strength in Uniformed Sized Tailing Particles. Rodriguez, Juan; Bhanbhro, 

Riaz; Edeskär, Tommy; Knutsson, Sven. Submitted to: International Journal of 
Geotechnical Engineering, 2017. 
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2. Literature Review 

Tailings dams are raised with time in form of constructing a new layer upon previous. The 
depth of each layer depends upon the production rate and method of construction. The 
mechanical behaviors of these constructed layers depend upon the method of deposition, 
process of sedimentation and rate of consolidation. The serviceability and safety of the dam 
can be related to particle properties, density, and stress level and stress history (Vermeulen 
2001).  A short background to basic properties and mechanical behaviors of tailings is 
presented in this section. Purpose of literature survey was to study one case of tailings with 
the intention to understand the mechanical behavior of tailings derived from a tailings dam.  

2.1 Basic material properties of tailings 

Tailings, depending upon ore type, may contain the particles as quartz, mica, talk, chlorite, 
arsenoprytie and pyrite etc. (Hamel, Gunderson 1973) with quartz is in excess in coarser 
grains (Mlynarek, Tschuschke & Welling 1995). The tailings dams are raised in layers and 
those layers are constructed of volumes of sediments. The sediment volume of layers contains 
coarser and finer materials and a transmission zone in between them. The gradations of 
tailings materials of each layer is important for geotechnical properties (Witt et al. 2004) 
which determine parameters as, permeability, density and shear strength (Papageorgiou 2004). 
The characteristics and parameters of tailings materials depend on the methods of 
construction and their placement (Witt et al. 2004). During deposition of tailings slurry, the 
coarser particles are deposited first near to discharging point and finer particles are deposited 
farther away along beach towards pond (Vick 1990, Papageorgiou 2004). The quick overview 
of different material properties with respect to location is shown in Figure 3. 

 

Figure 3: Soil Characteristics quantities with respect to deposition/construction location. after (Witt et al. 2004) 

2.1.1 In-situ Density 

The in-situ densities of tailings can be described in the form of porosity, void ratio or dry 
density. Layers at higher depths are likely to have high dry densities and lower void ratios. 
High densities at higher depths are generally due to compressibility of tailings. Main three 
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factors on which in-situ dry densities depend are specific gravity, type of tailings (sands or 
slimes) and gradation. Because of variations of these factors, dry density within a tailings 
impoundment changes and hence shows a wide range of values (Vick 1990).  

Volpe (1979) presented typical values for copper tailings as; 

 Specific gravity for copper sands and copper slimes as in range of 2.6 to 2.8 
 Void ratios for copper sands and copper slimes as 0.6 to 0.8 and 0.9 to 1.4 respectively 
 Dry density for copper sands and copper slimes as 1490 to 1750 Kg/m3 and 1120 to 

1440 Kg/m3 respectively.  

The typical values of bulk density, dry density, void ratio and water content of Swedish 
tailings are presented in Table 1. 

Table 1: Bulk Density, Dry density, void ratio and water content of Swedish tailings. Updated from (Bjelkevik, 

Knutsson 2005) 

Tailings Dam Distance from  
discharge 

(m) 

Bulk Density 
Kg/m3 

Dry density 
Kg/m3 

Void ratio Water Content 
% 

Degree of water 
saturation  

Sr 
Kiruna 0 

300 
2080 
2130 

1700 
1770 

0.72 
0.60 

22.4 
20.5 

0.91 
0.96 

Svappavarra 0 
300 

2160 
2160 

1760 
1740 

1.09 
0.81 

22.7 
24.1 

0.77 
0.94 

Malmberget  0 
300 

2420 
2280 

2110 
1900 

0.61 
0.70 

14.9 
20.1 

0.83 
0.93 

Aitik 0 
1500 
3000 

2020 
1970 
1770 

1640 
1550 
1270 

0.73 
0.82 
1.21 

23.3 
27.5 
39.3 

0.90 
0.94 
0.91 

Boliden 0 
300 

2280 
1960 

1970 
1750 

1.15 
1.24 

16.0 
12.1 

0.59 
0.38 

Garpenberg 0 
300 

2020 
1790 

1610 
1310 

0.84 
1.30 

25.4 
36.9 

0.89 
0.85 

Zinkgruvan 0 
200 

2000 
1710 

1590 
1480 

0.75 
0.90 

25.6 
15.3 

0.95 
0.48 

2.1.2 Relative Density 

The relative density (also termed as density index, Id) quantifies the state of compaction of 
coarse soils between loosest and densest possible state (Budhu 2008). The loosest and densest 
states of material can be attained in laboratory tests (Vick 1990). The relative density is 
defined (Craig 2004) in Equation 1 as: 

                   Equation 1 

Where, is the in-situ void ratio, is void ratio in densest state and  is void ratio in 
loosest state. Relative density can vary and is not uniform in a tailings impoundment. The 
average relative density of many beach sand tailings lies in range of 30-50% (Vick 1990).  



  

11 
 

Low relative densities in the sand tailings can cause higher risk of liquefaction (Vick 1990). 
Budhu (2008) described the state of compaction of granular soil deposits as presented in 
Table 2 

Table 2: Description based on relative density of granular soil deposits (Budhu 2008) 

(%) Description 
0-20 Very loose 

20-40 Loose 
40-70 Medium dense or firm 
70-85 Dense  
85-100 Very dense  

2.1.3 Particle size Distribution  

The particle size distribution of tailings is determined by milling process and type of ore. It is 
the one of main property along with compaction and consolidation that controls the 
permeability (Witt et al. 2004). The permeability of body varies as particle size distributions 
vary (Vick 1990). This variation is because of segregation and sedimentation during tailings 
placement (Witt et al. 2004).  The sand in tailings is defined as larger particles and usually 
occupies 15-50% of tailings body (James 2009). However, it can vary from mine to mine and 
process of its manufacture; generally, tailings contain an average of 45% of coarse contents; 
(Vick 1990). The coarser particles of tailings are likely to be in shape as very angular 
(Mlynarek, Tschuschke & Welling 1995, Garga, McKay 1984).  The typical curves for 
particle size distribution are shown in Figure 4. 

 
Figure 4: Particle Size Distribution curves of Tailings (Sarsby 2000) 

2.1.4 Permeability  

The permeability (hydraulic conductivity) of tailings deposits depends on the particle sizes, 
plasticity, mode and depth of deposits (Vick 1990). The average permeability depends in 
general on finer particle sizes (especially d10 –diameter corresponding to percent finer than 
10%) (Witt et al. 2004).  The finer the particles, the permeability will be lesser (Vick 1990). 
Permeability of a whole tailings deposit does not only depend upon particle size. Effects of 
important factors such as anisotropy, distance from discharge and void ratios cannot be 
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neglected while determination of permeability of deposit as a whole (Vick 1990).The one of 
the common method for determination of permeability is described by Hazen’s Formula 
(Mittal, Morgenstern 1975) is written as: 

                   Equation 2 

Where the average permeability (cm/s), d10 is diameter in millimeters corresponding to percent 
finer than 10% by weight. However, Bjelkevik and Knutsson (2005) have an opinion that 
permeability cannot be calculated very well with Hazen’s nor Chapuis’s equation (Chapuis 
2004). The permeability has considerable variations in vertical and horizontal directions due 
to layered constructions of tailings deposits. The ratio of horizontal to vertical permeability is 
in range of 2-10 for a uniform beach sand deposit for underwater-deposited slime zones (Vick 
1990).  The permeability values of some Swedish tailings are shown in Table 3. 

 

Table 3: Permeability values of Swedish Tailings, updated from (Bjelkevik and Knutsson 2005) 

Tailings Dam Distance from  
discharge 

(m) 

Permeability 
m/s 

Kiruna 300 14.7 x10-6 
Svappavarra 0 

300 
5.67 x10-6 
6.3 x10-6 

Malmberget 0 
300 

16.3 x10-6 
18.7 x10-6 

Aitik 0 
1500 
3000 

2.54 x10-6 
1.41 x10-6 
1.01 x10-6 

Boliden 0 
300 

2.56 x10-6 
2.78 x10-6 

Garpenberg 0 
300 

2.68 x10-6 
1.7 x10-6 

Zinkgruvan 0 
200 

18.1 x10-6 
5.41 x10-6 

2.1.5 Compressibility  

Tailings are more compressible as compared to natural soils of equivalent grains, due to their 
grading characteristics, loose depositional state and high angularity (Vick 1990).  According 
to many authors tailings sediments are generally considered as in normally consolidated state 
with seldom cases of over-consolidation state (Zardari 2011, Vermeulen 2001). The 
compressibility of soils can be expressed as coefficient of volume compressibility or 
compression index (Craig 2004). The coefficient of volume compressibility (mv) is defined as 
volume change per unit increase in effective stress. It is written (Craig 2004) as: 

                         Equation 3 
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Where, the subscripts 0 and 1 represent arbitrary point on the normal consolidation line. 

The compression index (Cc) is the slope of linear portion of normal consolidation line in plot 
of void ratio versus logarithm of vertical effective stress. It is written (Craig 2004) as: 

                Equation 4 

Where, effective stress and subscripts 0 and 1 represent arbitrary points on the normal 
consolidation line. 

The tailings usually possess compression index in the range of 0.05 to 0.10 for sand tailings 
and 0.2 to 0.30 for low plasticity slimes (Vick 1990). 

2.1.6 Consolidation 

Budhu (2008) describes the consolidation as time-dependent settlement of soils due to 
dissipation of excess pore pressures. Primary consolidation involves the settlement due to 
expulsion of water from soils. Secondary consolidation corresponds to a function of soil 
fabric (internal structure change) once primary consolidation has achieved.  

The primary consolidation in sand tailings happens very quickly so it makes almost 
impossible to be measured in laboratory tests (Vick 1990, Witt et al. 2004). The coefficient of 
consolidation Cv can be expressed in terms of permeability and unit weight of water and 
coefficient of volume change (Witt et al. 2004) and is written as  (Craig 2004) as:  

                      Equation 5 

Where,   is permeability,  is coefficient of volume compressibility ( ), is unit 
weight of water, is strain and is Stress.  

Vick (1990) describe variations in coefficient of consolidation for beach sand deposits and 
slimes tailings as  to  cm2/sec and  cm2/sec respectively. The 
typical values of coefficient of consolidation for tailings are presented in Table 4. 

Table 4: Typical values of coefficient of consolidation, modified from (Vick  1990) 

Material Type Cv , cm2/sec Source 
Copper beach sands  (Volpe 1979) 

Copper slimes  (Volpe 1979) 
Copper slimes  (Mittal, Morgenstern 1976) 

Copper tailings (Sweden)  (Pousette 2007) 

2.1.7 Particle shapes 

Friction angle and permeability along with other engineering properties are known to be 
affected by particles (Rodriguez, Johansson & Edeskär 2012). Particle analysis can be 
described as quantitative and qualitative; qualitative description is subject to shape of particles 
whereas quantitative refers to measuring of dimensions (Rodriguez, Edeskär & Knutsson 
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2013). Particle shapes and properties are categorized in different scales and terms. Mitchell, 
Soga (2005) described the particle shape in three terms; which are morphology, roundness 
and surface texture, presented in Figure 5.  

 

Figure 5: Particle shape scale factor described by (Mitchell, Soga 2005) illustrated on finding from this study 

Morphology is described as a particles’ diameter at large scale. At this scale terms are 
described as spherical, platy, elongated or elongation etc. The intermediate scale presents the 
explanation of irregularities i.e. corners, edges of different sizes. This scale is generally 
accepted as roundness or angularity; and smaller scale defines the roughness or smoothness 
and surface texture that can be whole particle surface including corners. There are various 
terms and definition involved in description of scale dependent quantities. State of art for all 
those shapes describing quantities is presented by (Rodriguez, Johansson & Edeskär 2012). 
They concluded that there are many ways to classify particle shapes and to describe 
quantities. Out of which the description based upon scale factor seems to be practical and 
useful. Several empirical relations that have been developed previously are summarized by 
(Rodriguez, Johansson & Edeskär 2012).  

2.1.8 Basic Swedish Tailings Characteristics  

Bjelkevik and Knutsson (2005) conducted the comparative study of Swedish tailings with 
natural materials which are concluded as: (Bjelkevik, Knutsson 2005) 

 Tailings are typically classified in terms of grain sizes as silt or silty sand. The grain 
size decreases when distance from discharge point is increasing.  

 Swedish tailings possess the dry densities in range of 1.27-2.11 t/m3 
 Particle density of Swedish tailings are 2.79-4.23 t/m3 which are 60% higher as of 

natural geological materials (2.6-2.8 t/m3) 
 Water content is in range of  9-39% with degree of saturation as almost 100% 
 Generally bulk density decreases with increasing distance from discharge point. 
 Void ratios of studied tailings are in range of 0.6-1.24 and it can be compacted to void 

ratio of 0.6, which is similar to natural silt materials 
 The hydraulic conductivity tested in laboratory varies in range of  

m/sec. Hydraulic conductivity showed decreasing trend with increasing distance from 
discharge point. 
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 Tailings deposits have degree of compaction (the ratio of measured dry density and the 
maximum dry density in proctor) in range of 71-96% 

Bjelkevik (2005) studied the mechanical properties on Swedish tailings and summarized that 
the tailings are characterized as angular particles having size of 0.01-0.1mm size (medium silt 
to fine sand). The Swedish tailings contain high water content with low to moderate hydraulic 
conductivity, low plasticity and low to moderate shear strength.  

2.2 Mechanical Behavior of Tailings 

The shear strength of tailings material is an important factor when the material is subject to be 
used in construction of tailings dam embankments. The stability aspects of a tailings dam 
depend upon strength of tailings (or construction material). A tailings dam can be subject to 
stability issues due to increase in pore pressures during raising of the dam (Zardari 2013). A 
failure occurs if shear stress equals to shear strength  of a soil mass (Craig 2004).  The 
most common method used for description of the shear failure is Mohr-Coulomb’s theory, 
which is expressed as strength parameters i.e. cohesion  and friction angle . The shear 
strength can be defined as function of effective normal stress  and is written (Craig 
2004) as: 

                    Equation 6 

Here and  are the shear strength parameters for drained condition. It should be further 
noted that and  are simply mathematical values which define the linear relationship (see 
Figure 6) between shear strength and effective normal stress (Craig 2004). The actual failure 
line in the  plane may be either straight or slightly curved. The failure line can be 
represented as a tangent line (A) (tangent parameters), line drawn from origin to a one 
particular stress point (B)  (secant), on shear stress/normal stress envelope (Craig 2004) or 
secant line between two stress levels (C), see Figure 6. In case of curved failure envelope the 
tangential approach is only valid between two stress points of interest. 

 
Figure 6: Failure envelope. After (Craig 2004) 

Craig (2004) further defines that shear strength of granular materials in laboratory can be 
determined by direct shear tests or triaxial tests with drained tests being in more common use. 
Shear strength can also be determined by undrained tests with pore pressure measurements. 
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The main reason to conduct drained tests is that characteristics of dry and saturated sands are 
similar with a condition that excess pore pressures are equivalent to zero if sand is saturated.  
The dense sands show a significant degree of interlocking of particles before a shear failure 
occurs. The dense sands in stress-strain plane normally show a peak stress a low strains, 
followed by a decrease in stress with increasing strain (Figure 7a).  

The dense sands when sheared tend to increase in volume, this is due to rearrangement and 
sliding of particles over each other, and this phenomenon is known as dilatancy. The dilatant 
and contractant volume behavior is shown in Figure 7b for the dense and loose sands 
respectively. The loose sands do not show any particle interlocking and shows increasing 
shear stress progressively and decreases in volume as strains progresses (Figure 7a and b). 
The volume change in terms of void ratio in a drained triaxial test is shown in Figure 7c.  

 

Figure 7: Stress behavior of sands, after (Craig 2004) 

2.2.1 Drained behavior of tailings 

When the skeleton is supported by grains and excess pore water pressures are dissipated, it 
can be said as drained condition. Tailings have slightly higher effective friction angle (3-5 ) 
than natural granular materials; this is because of high angularity (Vick 1990, Mittal, 
Morgenstern 1975). Vick (1990) describes that tailings are cohesionless with an effective 
friction angle  in range of 30  to 37 .  

 

Figure 8: (a) Strength envelope at lower stresses, (b) variation in  with stress level for gold-silver tailings and 

cyclone copper sand, After (Vick 1990) 
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At most common densities for sand tailings, the drained friction angle  varies in range 
within range of 3 to 5 . Moreover, slime tailings in terms of  are affected less from 
overconsolidation. Vick (1990) defines that void ratio has surprisingly small effect on 
effective stress strength of tailings.  

Vick (1990) further describes the stress level as very important factor on which friction angle 
 depends. At lower stress levels, the point to point contacts between angular particles are 

very high, thus results in crushing. This often results in curved strength envelope at low 
stresses. The friction angle  can vary from 29 to 41  within stress level of range 0 to 144kPa 
(see Figure 8a) depending on stress level. The relation of friction angle  versus higher stress 
level range for denser sand tailings is shown in Figure 8b, where friction angle seem to remain 
relatively constant beyond stress level of 250kPa.   

Linear extrapolation of curved failure envelope at lower stress level can result in values of 
cohesion intercept. In order to avoid pore pressures buildup during shear testing in laboratory, 
the strain rate should be kept slow enough. The pore pressure buildup due to fast strain rate is 
usually manifested as cohesion intercept. Testing under backpressure with measurement of 
pore pressures can reduce these problems (Vick 1990). Typical values of drained friction 
angle  are presented in Table 5. 

Table 5: Typical values of drained friction angle  of tailings 

Material Type in degrees Effective stress 
range kPa 

Source 

Copper sands 34 0-816 (Mittal, Morgenstern 1975) 
Copper sands 33-37 0-672 (Volpe 1979) 
Copper slimes 33-37 0-672 (Volpe 1979) 
Gold Slimes 28-40.5 960 (Blight, Steffen 1979) 

2.2.1.1 Strength parameters of Swedish Tailings 

Series of drained and undrained triaxial tests were conducted by (Pousette 2007) on tailings 
from Sweden. Tests were conducted at different isotropic consolidation pressures. The 
strength parameters are described as: 

 Drained condition with isotropic confining pressure of 40-300 kPa showed angle of 
internal friction as 37-42 . 

 Undrained conditions with isotropic confining pressures of 90-170 kPa showed values 
of internal angle of friction as 40-43 . These were slightly higher values than drained 
conditions. 

2.2.2 Undrained behavior of tailings  

If the soil is subject to rapid loading not allowing excess pore water pressure to dissipate, it 
can be termed as undrained condition. There will be no change in volume of saturated sand if 
the loading rate is faster than dissipation rate of excess pore water pressure (Zardari 2011). 
The rate of dissipation of excess pore water pressure of coarse tailings is usually fast (Witt et 
al. 2004), which implies no undrained condition. However, dynamic loading occurs quickly, 
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such as seismic loading, and this rise to excess pore water pressure, thus create an undrained 
condition (Zardari 2011). Clay sized tailings have slow draining rate and usually are not used 
in construction of embankments except paddock system (Witt et al. 2004). 

The undrained shear strength in laboratory can be determined by direct shear with pore 
pressure measurements or in triaxial tests, commonly consolidated undrained (CU) tests. 
However it needs testing under sufficient back pressure to avoid cavitation due to pore water 
pressure (Vick 1990). The total friction angle  for most of tailings deposits is within the 
range of 14-24 , which are around 15  less than the effective friction angle for similar 
materials (Vick 1990). Table 6 shows the typical values of  and  for the tailings.  

Table 6: Typical values of total strength parameters of different types of tailings 

Material Type Initial void ratio 
 

in degrees Total Cohesion, 
kPa 

Source 

Copper tailings all  types - 13-18 0-96 (Volpe 1979) 
Copper beach sand 0.7 19-20 34-43 (Wahler 1974) 

Copper slimes 0.6 14 62 (Wahler 1974) 
Gold Slimes 0.9-1.3 14-24 0-19 (Wahler 1974) 

2.2.3 Stress-Strain behavior in a triaxial test 

Vick (1990) describes the stress-strain behavior in triaxial test for typical of most tailings as: 

 The deviator stress increases continuously during the test along axial strains, in most 
of cases without a distinct peak. However, specimens with low void ratios or those 
materials which have undergone a mechanical compaction, show post failure 
reductions in shear stress. This usually happens at low confining pressures. 

 Maximum shear strength tends to develop at about 2-4% axial strain in tests which are 
conducted at low confining pressures. Shear strength in these tests at large strains can 
reduce up to 50% of maximum achieved shear strength earlier.  

 At high confining stresses the maximum shear strength is achieved at axial strains 5% 
or more. 

 Pore pressures in undrained tests usually follow the same trend as that of shear 
strength with tendency to reach a peak value and then remain constant or decrease. 
Pore pressures in loose tailings may not show a peak value until strains reaches as 
10% or higher.  

 The ratio of effective stress  versus strain usually show peak in the tests which are 

conducted at low confining stresses, see Figure 9.   
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Figure 9: Typical stress-strain characteristics of copper slimes tailing ( ), , 

 and   after (Vick 1990). 

2.3 Static liquefaction 

The phenomenon, when the loose skeleton is subject to monotonic shear loads under partially 
drained or undrained condition, the applied loads are taken by water present in skeleton. This 
causes increase in the pore pressure which results in reduced effective stresses with loss of 
strength (Kramer 1996, Zardari 2011). This phenomenon causing loss of strength can be said 
as liquefaction (Vermeulen 2001). 

Davies et al (2002) describes the liquefaction phenomenon in two distinct scenarios upon 
monotonic shearing; here written as 

I. The rate of loading is slow enough that shear induced pore pressure has no influence 
on strength irrespective of contractant behavior of tailings material.  

II. Loading rate is quick enough or hydraulic conductivity is low enough, to cause the 
shear induced pore pressure to raise, and in response to that effective stresses are 
decreased. In this case both stiffness and shear strength degrade and effective stresses 
are reduced.  

The first scenario is defined as “drained” and second scenario is defined as “undrained”; 
further reading (Davies, McRoberts & Martin 2002).  

Ishihara (1996) described stress-strain behavior in undrained shear tests on saturated sands 
(Figure 10). The strain hardening behavior (dilative) was observed in dense sands, whereas, 
loose sands showed strain softening behavior (contractive). The medium dense sands showed 
strain softening followed by strain hardening behavior.   
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Figure 10: Saturated sand behavior in undrained shear test, after (Ishihara 1996) 

The definition of liquefaction related to physical phenomenon is developed by (NRC 1985) 
and is well described in (Davies, McRoberts & Martin 2002) which is written here with 
minimum rearrangement and shown in Table 7. 

Table 7: Assumed tailings characteristics upon shear loading, updated from (Davies, McRoberts & Martin 2002) 

Behavior Description 
Brittle strain softening Full liquefaction with limitless deformation potential – 

contractant behavior upon shearing. 
 

Limited strain softening Limited liquefaction with limited deformation – some 
initial contraction followed by dilatation. 
 

Ductile behavior with undrained shearing but 
no significant degree of strain softening 

No liquefaction. 
 

 
Strain hardening behavior 

 
No appreciable liquefaction of deformation. 
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3. Materials and Methods 

3.1 Materials  

The experimental work was conducted on the samples which were collected from various 
depths from the surfaces of different sections of Aitik tailings dam. Aitik is an open pit copper 
mine owned by Boliden Mineral AB located near Gällivare in north of Sweden, Figure 11. 

 

Figure 11: Aitik Tailings Dam, Gällivare, Sweden  

The tailings impoundment is shown in Figure 12 that is spread over 13 square kilometers and 
is encircled with four dam sections name as, Dam A-B, C-D, G-H and E-F. The dam sections 
E-F and G-H and curved section has already been of core importance since a failure was 
reported in year 2000 in section E-F and studies on these sections has been conducted since 
then, see e.g.(Zardari 2011, Zardari 2013). The samples were collected from the dam sections 
E-F and G-H to contribute further towards improvements of previous studies. The location of 
sampling is shown in Figure 12 with the marking as A, B, C and D. The sampling was based 
upon the weak zones determined by Cone Penetration Test (CPT) and was collected from 
various depths ranging 7 to 47 meters. Both disturbed and undisturbed samples were collected 
and sampling was performed with a thin-wall piston sampler.  

Materials had average water content in range of 15 to 44% and most of samples were 
completely water saturated. It possessed the void ratio of 0.72-1.41 and average specific 
particle density of 2.83 t/m3. The bulk density was calculated as in range of 1.66-2.12 t/m3.  It 
was also observed that materials from larger depths were finer than materials of less depth 
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from surface of dam. The materials are classified as clayey silt with low plasticity according 
to Swedish standard, SIS (Larsson 2008).  

 
Figure 12: Location of samples, DAM E-F and DAM G-H from Aitik Tailings Dam 

3.1.1 Uniformly graded Tailings Material  

The collected undisturbed materials were remolded and sieved in four different grain sizes as 
shown in Table 8.  The description of particles size used in this research is defined as; that the 
particles passing through  sieve and retained on  sieve are called here as

, and similarly , . For 
simplicity, specimens are named with their lower limit on particle size, for example; 

is called  specimens. 

Table 8. Particle sizes used in direct shear tests 

Particle size (mm) 
Upper limit Lower limit 

1 
0.5 

0.5 
0.25 

0.25 0.125 
0.125 0.063 

The samples were sieved by using wet sieving method and were dried for  hours at  
Celsius. After separating the uniformed particles, the sample specimens were constructed in 
sample tube of  in height and  diameter. The samples were constructed by 
(Dobry 1991) method. Initially, the sample tube’s bottom cap was sealed and it was filled 
with about  layer of water. Then dry tailings material of uniformed size was poured in 
sample tube with a  nozzle just from above water surface. Each layer of poured material 
was of  height. Depending upon grain sizes, each layer was allowed to settle for 
30minutes to 24hours.  The same process was repeated times until the tube were full.  
The basic properties i.e. moisture content, specific gravity, bulk density and degree of 



23 

saturation of the specimens after construction of sample tubes are shown in Table 9.  All the 
specimens were considered as homogenous material with uniform particle sizes.  

Table 9. Description of Tailings material used in this study 

Material 
(Particle size-mm) 

Moisture 
Content 

average % 

Specific Gravity 
average 

Bulk Density 
average 

Initial Void Ratio Degree of 
Saturation 

1-0.5 mm 7 % 2.88 1.51 0.98 – 1.12 20% 
0.5-0.25 mm 21% 2.90 1.91 0.83 – 0.87 73% 

0.25-0.125mm 26% 2.87 2.0 0.76 – 0.85 93% 
0.125-0.063mm 29% 2.94 2.04 0.80 – 0.87 99% 

3.2 Sample Preparation 

The idea behind usage of different deposition methods/angles was to investigate effect of 
deposition angle on the mechanical properties of tailings particles. The tailings specimens 
were prepared by two deposition methods herein talked as; normal deposition and vertical 
deposition.  

3.2.1 Normal Deposition 

In this method, the samples were casted in a way that normal stresses should be in the 
same direction as the layer of deposition, Figure 13. The samples were prepared directly 
in sample tube as described by (Dobry 1991).  

Figure 13: Illustration of preparation of samples for shear tests; Left: Normal Deposition, Right: Vertical Deposition 
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3.2.2 Vertical Deposition 

Samples were casted in a mold that was placed horizontally with its opening on top, Figure 
13, notified as (B). The cross section of mold is shown in Figure 13 and notified as (C). The 
dry tailings material was poured in different layers horizontally by using same sample 
preparation method as (Dobry 1991). Once the tailings particles were settled down, the 
samples were taken by inserting sample tube horizontally from one end, for example; in 
Figure 13(C), dotted lines represent the tube section. The end product was having a sample 
tube with vertically deposited layers of tailings.  

3.3 Direct Shear Apparatus 

Direct simple shear apparatus by Norwegian Geotechnical Institute (NGI) was used in this 
study for performing drained and undrained direct shear test (Figure 14a) The apparatus has 
been rebuilt and modified with electronic sensors which enable to record applied load, 
specimen height and pore pressure continuously during shearing. The logged data is 
transferred to computer program which helps with the monitoring of stresses and 
deformations during the test. The sensors and transducers are attached to read normal force, 
effective sample height, and shear loads. The pore pressure transducer is connected to lower 
filter valve to sample (Figure 14b), makes it possible to measure the pore pressures during 
consolidation and during shearing. Normal loads are applied by putting dead weights over 
lever arm (10:1 load ratio) whereas shearing deformations were applied by strain controlled 
gear driven motor. According to ASTM D 6528 the confinement of specimen in direct shear 
tests is generally done by wire-reinforced rubber membrane (Figure 15a) or stacked rigid 
rings (Figure 15b). In this study wire-reinforced rubber membranes for confinement of 
specimens were used. The membranes were of same size of 50 mm diameter as specimens. 
These membranes should provide lateral resistance to resist change in cross sectional area 
during consolidation and shear (ASTM D 6528 ). The space between winding of wires allows 
the membrane and sample to strain vertically during consolidation (Dyvik, Zimmie & Floess 
1981). 

(a)   (b) 

Figure 14: The Direct shear apparatus (NGI) 

wire-reinforced 
Membrane

Wires

O-Rings

Filter with 
Spikes

Sample

To Pore Pressure
Reorder  

Drainage Valve

Rubber tape

Lower filter valve
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Figure 15: confinement of sample during consolidation and shearing (a) wire-reinforced membrane (b) stacked rigid 

rings, after (Baxter et al. 2010) 

3.3.1 Testing Procedure 

The samples (5cm diameter and 2cm height) from sample tube were extruded carefully and 
then mounted with porous stones on top and bottom and surrounded by reinforced membrane, 
shown in Figure 16. In order to avoid possible slip between porous stones and specimen, the 
porous stones with spikes of 2.5 mm length were used; Figure 16ii. To avoid leakage during 
the test, the rubber tape was used on top and bottom of membrane edges (Figure 16iv).  

Figure 16: Sample mounting; (i) membrane (ii) filters with spikes, (iii) sample and (iv) rubber taped sample 

3.3.2 Consolidation 

Prior to consolidation the drainage valve (see in Figure 14b) was opened to allow water to 
flow out, thus leaving minimum voids in the sample; this was done by introducing water into 
sample from bottom inlet with small water head. The consolidation in direct shear tests were 
performed by applying normal loads in steps of 20-50 kPa, or in some cases 100 kPa, either 
per hour or monitoring the dissipation of pore pressures by assuring that there was no change 
in pore pressure for 10 to 20 minutes.  
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3.3.3 Shearing 

The shear strain was applied with rate of shearing as 1.092 mm/hour; this was minimum 
possible shearing rate for the apparatus and was controlled by gear driven motor. The shear 
loads were continuously monitored during application of shearing deformations. All samples 
were sheared up to 5 mm of horizontal displacements (Figure 17).  Both horizontal and 
vertical displacements were recorded continuously during the tests. 

Figure 17: Horizontal displacement where samples were sheared up to. 

3.4 Triaxial Apparatus 

The triaxial system in this study was based on hydraulic stresses i.e. application of stresses 
was controlled by hydraulic means. The triaxial apparatus based on the concept given by 
(Bishop, Wesley 1975). The apparatus manufactured by GDS Instrument ltd. (GDS 2013) was 
used for this study. Three advanced digital pressure-volume controllers (Figure 18) and one 
digital pore pressure interface were connected to triaxial cell. The schematic of apparatus 
setup is shown in Figure 19. 

Figure 18: Advanced digital pressure-volume controller (GDS Instruments Ltd.) 

Working mechanism of triaxial cell available at LTU is shown in Figure 20; the cell uses 
water as the pressure medium for the application of stresses. The tests were conducted 
according to BS 1377 Part 8 (BS 1377-8 1990). The radial stresses or confining stresses are 
regulated and controlled by cell pressure controller which makes connection to cell by 
hydraulic means. The back pressure controller has flexibility to be applied from either side of 
specimen. The lower chamber is sealed and separated from upper triaxial cell with bellofram 
diaphragms and connected through a piston. Piston is pressurized in lower chamber to move 
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vertically for application of vertical strains to the sample. This is done by applying water 
pressure by lower chamber pressure-volume controller.  

Figure 19: Triaxial setup used for this study 

Figure 20: Working mechanism of triaxial cell at LTU 

Digital pore pressure interface was connected to both sides of specimen to record pore 
pressure from either side. All the four pressure controllers were connected to computer and 
controlled by computer program provided by manufacturer i.e. GDS Instruments Ltd. 

3.4.1 Measuring Strains 

The measurement of axial strains was measured indirectly with considerations of volume 
changes in the lower chamber and radial strains from the changes in specimen height and 
volume. The volumetric strains were calculated from the back volume changes, i.e. amount of 
volume coming into or going out of specimen and initial samples dimensions. The axial 
deformations were calibrated to external LVDT and were assumed to be equal. All the tests 
were axially deformed to 20% of sample height.  

Axial Deformation (mm) =   Equation 7 

Open valve 
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Where,  is the height (mm) of sample before shearing, is the volume (mm3) of sample 
before shearing.  

3.4.2 Membrane corrections  

The membranes used to surround the specimen were made up of natural latex rubber. The 
diameter of the membrane was 50 mm and with average thickness of 0.35 mm. The stiffness 
of rubber membrane is said to be as 0.38 N/mm (Bishop, Henkel 1962, Donaghe, Chaney & 
Silver 1988) is likely to contribute to the stiffness of specimen. Membrane corrections to 
results were applied, are described by (Bishop, Henkel 1962) and written as, 

  (kPa)   Equation 8 

where,  is initial diameter of the specimen (mm), is stiffness of membrane (0.38 
N/mm),  is axial strain (in decimal numbers) and  is cross sectional area (mm2) of the 
specimen at . The membrane corrections  are supposed to be subtracted from axial 
stress . The corrections calculated in this study were in range of -1 to -5 kPa at = 4% and 
20% respectively.  

3.4.3 Triaxial Test Procedure  

Al the tests were conducted as consolidated drained triaxial tests on undisturbed samples. 
Before start of mounting the sample, all the controllers and pipes attached to apparatus were 
properly de-aired. The samples were taken with minimum disturbance from sample tube and 
were put into stretched membrane mould (Figure 21i). The porous stone filters were provided 
in order to allow drainage facility from both ends. After providing porous stone filter the 
bottom end of sample was fixed by unfolding membrane on bottom part of triaxial cell 
followed by o-rings, then mould was then taken out. The sample was then surrounded by split 
mould (Figure 21ii) in order to install top cap. This was done because of sensitivity of 
material and to avoid any disturbance during installation of sample. The process of mounting 
is shown in Figure 21. Triaxial cell was filled with de-aired water by opening top cap opened 
and allowing water to fill in and de-air the cell. Once the cell was filled in with water the top 
outlet was closed and assuring that there was no air entrapped in cell and pipes. The bottom 
drainage outlet was connected to backpressure controller to saturate the material and this was 
done at pressure difference of 5-10kPa and for only coarser specimens. This was the only 
process where drainage line at the top end was kept o . In the rest of process untill end 
of test, the backpressure controller was connected to top outlet of specimen for applying 
back pressure and bottom out let was connected to pore-pressure recorder and was 
performed by computer program. Pre consolidation was carried out by increasing the radial 
stresses up to 20 kPa and back pressure to 10 kPa and the effective stresses were kept in range 
of 10 kPa. 
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Figure 21:  Sample taken out from sample tube and being mounted on triaxial cell (i) membrane stretcher (ii) split 

mould (iii) sample, after mounting 

Saturation  

Saturation of specimen was done by increasing the back pressure and cell pressure 
simultaneously with linear rate by keeping the effective stresses of 10-15 kPa. The back 
pressure of 210-220 kPa was used in all the tests. The rate of application of back pressure and 
cell pressure was kept as 1.2-1.8 kPa/min for all the tests. In order to ensure required 
saturation of specimen, the check for B-value was applied. This was done by increasing the 
cell pressure by 50 kPa and the change in pore pressure was measured. The B-value (Craig 
2004) can be calculated from, 

   Equation 9 

where,  is change in pore pressure and  is change in cell pressure. Typical B-values 
observed in this study were in range of 0.95-0.98, two tests showed B-value as 0.89. Note that 
B-value is soil-dependent, so whilst normally consolidated soft clay will produce B  1.00 at
full saturation, a very dense sand or stiff clay may only show B  0.91, even if full saturation
has been reached. Therefore, full saturation of samples was achieved during triaxial tests.

Consolidation 

After B-value check the back pressure for all the tests were kept as 250-300 kPa. The radial 
stresses were then increased in order to achieve the required effective stresses for the test 
being carried out. If the required effective stresses were more than 100 kPa, the radial stresses 
were applied in step with each step is of effective stresses of 100 kPa. No change in volume 
was assured before moving to next step. Change in volume was measured by change in back 
volume, i.e. amount of volume of water drained out from sample.  

Axial Strain rate 

Once the effective stresses were set to desired values and volume changes observed almost 
zero or less than 5 mm3 in five minutes, then axial strains were applied with constant rate of 
0.005 mm/min. All the tests which were conducted at effective stresses of 100 kPa were 
subject to loading, unloading and reloading. The initial loading was applied till assumption of 
75% of maximum deviator stress followed by unloading. Re loading was then applied once 
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the specimen was unloaded back to deviator stress equivalent to zero. Axial strains in 
unloading and reloading were same as 0.005 mm/min. All the tests performed, were subject to 
axial strains of 20% except one which was as 10 % because test was terminated because of 
limit exceeded in pressure-volume controller. The loading and unloading was performed for 
evaluations of parameters for material models. However, this was beyond objective of this 
study. 
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4. Mechanical Properties of Tailings  

4.1 Basic description of Tailings 

Tailings skeleton is composed of solids, water and air; properties change with ratios and 
percentages of these quantities. Results from basic properties studied showed that water 
content present in collected samples were 15.2 to 44.0% and in most cases samples were 
completely water saturated material. The average particle density ( ) of Aitik tailings was as 
2.83t/m3. The bulk density ( ) was calculated as in range of 1.66 - 2.12 t/m3. Similarly the 
saturated density and dry density were found to be in range of 1.76-2.06 t/m3 and 1.18-1.65 
t/m3 respectively. The void ratio and porosity were calculated to be in range of 0.72-1.41 and 
41.9-58.5% respectively. Detailed summary of tests conducted at various depths is presented 
in Table 10 and Figure 22. 

Table 10: Summary of tests performed for determination of basic properties. 

4.1.1 Particle Sizes 

Sieve analysis was performed on disturbed and undisturbed samples. The gradation curves are 
shown in Figure 23. In the gradation curves, particle size decrease with increase in depth from 
surface of collected samples. A possible idea of this decrease along depth can be breakage of 
particles due to higher stresses or due to decay in particles due to time effect and furthermore 
possibilities of chemical reactions cannot be neglected. 

Sample Description Water content (%) Bulk Density 

(t/m3) 

Saturated Density 

(t/m3) 

Dry Density 

(t/m3) 

Void 

Ratio (e) 

Porosity 

(n) 

(%) 

Tube Elevation 

/Depth (m) 

BKAB125 387.1/7.6 15.2 1.681 1.944 1.46 0.941 48.5 

ORRJE4786 384.6/10.1 23.9 1.787 1.933 1.44 0.964 49.1 

KK1822 365.0/18.6 37.22 1.915 1.903 1.40 1.030 50.7 

CTH546 365.0/18.6 43.7 1.997 1.899 1.39 1.039 51.0 

AIB839 363.6/20 39 1.950 1.908 1.40 1.020 50.5 

VFK438 363.6/20 37.2 1.856 1.875 1.35 1.094 52.2 

KLBF784 371.5/21.1 47.1 1.831 1.806 1.24 1.276 56.1 

GL41 371.5/21.1 45.7 1.859 1.826 1.28 1.220 55.0 

VPLANB150 370.4/22.2 43.9 1.887 1.848 1.31 1.161 53.7 

SJ187 370.4/22.2 35.0 2.12 2.01 1.57 0.808 44.7 

BBK93 370.4/22.2 43.3 2.03 1.92 1.42 1.0 50 

AIB852 343.16/38 39.5 1.914 1.887 1.37 1.066 51.6 

VFT349 343.16/38 41.4 1.66 1.76 1.18 1.411 58.5 

AIB852 343.16/38 44.0 1.87 1.84 1.30 1.182 54.2 

GEOB29 344.7/47.4 38.8 1.99 1.93 1.43 0.977 49.4 

5580 344.7/47.4 28.6 2.116 2.065 1.65 0.721 41.9 

HSRB1016 344.7/47.4 37.5 1.933 1.909 1.41 1.016 50.4 
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Figure 22 : Summary of basic properties of tailings versus depth 

The other cause of this particle size reduction can be the construction method used in earlier 
years and locations of depositions. The tailings materials up to depth of 20m are classified as 
silty sands whereas from 20-47m are classified as silty. In general studied materials are 
classified as silt or silty sands with low plasticity according to Swedish standard, SIS (Larsson 
2008). 

Figure 23 : The particle size distribution curves at various depths from surface of Dam section 

The grain sizes at D10, D30, D50, D60, coefficient of uniformity ( ) and coefficient of 

curvature ( ) are presented in Table 11. The coefficient of uniformity and 
coefficient of curvature values for the materials up to depth of 20m was in range of 8.8 to 17.5 
and 1.4 to 4.0 respectively. 
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Table 11: Sieve curve characteristics, D10, D30, D50, D60,

Sample Depth 

(m) 

D10 

(mm) 

D30 

(mm) 

D50 

(mm) 

D60 

(mm) 

Cu Cz 

GH56+450 inkl  12-15 0.012 0.078 0.140 0.210 17.5 2.4 

DGH56+450E  12-15 0.015 0.110 0.160 0.200 13.3 4.0 

Temp62+315  18 0.007 0.025 0.050 0.062 8.9 1.4 

DEF62+315D  20 0.004 0.018 0.028 0.035 8.8 2.3 

VFT 349  undisturbed 38 - 0.0032 0.006 0.0077 - - 

Temp 56+450D  38 - 0.0032 0.006 0.008 - - 

DEF62+315D  43 - 0.0035 0.007 0.0092 - - 

GEO29B  undisturbed 47 - 0.0039 0.008 0.011 - - 

4.1.2 Particle Shape 

Initial study regarding particles shapes was conducted using roundness scale (Powers 1953), 
and it was found that collected particles of size 0.063mm were found to be very 
angular and those of 1mm were sub angular. Figure 24 shows the particle shapes of different 
sizes (not scaled in figure) used in this study. 

Figure 24: Particle shapes of different sizes 

4.2 Effect of vertical load on tailings  

4.2.1 Consolidation  

The consolidation was performed under different normal stresses  with range of
.  To consolidate the samples at required stresses, the normal stresses ( ) were 

applied in steps of . The pore pressures and vertical sample height were 
monitored during each stage of application of normal stresses ( ). Each load step was 
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applied after ensuring no change in vertical height and stable pore pressures. The significant 
amount of time was allowed for settlement and dissipation of pore pressures. Since the 
specimens were constructed of uniformed particles sizes, the consolidation process was rather 
fast. However, at final required normal stresses ( ), at least  hour time interval was used 
before shearing of specimen. The typical consolidation curve for specimens of  at 
normal stress  is shown in Figure 25. 

Figure 25: Typical Consolidation curves for specimens of   at  

The void ratios based on specimens tested are presented in Table 12. It was observed that void 
ratios in all the specimens were diminishing during consolidation process, see Figure 26. 

Table 12. The initial void ratios corresponding to specimens tested for different normal loads 

   

load initial load initial load initial 

 void ratio   void ratio   void ratio  

0 1.096 0 0.978 0 0.767

50 1.061 50 0.948 50 0.744

100 1.034 100 0.943 100 0.730

150 1.015 150 0.924 150 0.709

300 0.989 300 0.884 300 0.677

500 0.917 500 0.831 500 0.670

It was observed that void ratios were higher in large particle sized specimens ( ) as 
compared to smaller particles ( ). The  specimens showed  reduction in 
voids at the end of applied normal stresses, i.e.  . Whereas,  and 

 specimens showed  and  reduction in voids ratio at . It is 
assumed that at  , the specimens have already undergone some particle breakage 
before application of shear loads. That breakage was not determined as tests were conducted 
with intention to application of shearing load as well so tests were not disturbed. However, 
studies conducted by Bhanbhro et al. (2015) showed that at  , the  
specimens undergo particle breakage up to , similarly  and  
specimens showed particle breakage as  and  respectively. 
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Figure 26: Initial void ratios  vs. normal stresses ( ) 

4.2.2 Stress-Strain Deformations in Oedometer tests on uniformed materials  

The plotted vertical strains are shown in Figure 27 where the results are plotted in form 
of . The strains are plotted for stress interval of 40 – 640 kPa by considering 
linear portion of line in plot   . When comparing the vertical strains under same 
applied vertical effective stresses, it was observed that the specimens of particles size 1-
0.5mm showed higher strains. Specimens of particle size 0.25-0.125 mm showed lower 
strains. Specimens with particles size 0.5-0.25mm attained higher strains than particle of size 
0.25-0.125mm and lower strains than particles of sizes 1-0.5mm. The strains observed in all 
tests were in the range between 1 and 10%.   

Figure 27. Example of results plotted as   at stress interval of 40 – 640 kPa for the materials of 

different particle sizes.  
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The strains can be well described in form of Eq.10 as it appears straight line in plot
. Table 13 shows the summary of tests represented in the form of Eq.10 and reductions 

in void ratios in percentage and final void ratios. The Eq.10 is written as; 

 Equation 10 

In Eq.10, is vertical strain in (%) and  is vertical effective stress in (kPa). These values 
are taken from best fit straight line between stress range between 40 kPa and 640 kPa; 
therefore, the values of  and  are valid for this stress ranges only. 

Table 13. Summary of tests performed in terms of ,  reduction in void ratio (e) and final void ratios 

Material 

(Particle size range-mm) 

  Reduction in (%)  

void ratio e 

Final Void ratio e 

1-0.5 mm 1.795 

1.387 

1.124 

0.496 

0.279 

0.305 

0.632 

0.450 

23.1% 

21.0% 

19.0% 

15.0% 

0.79-0.96 

0.5-0.25 mm 1.240 

0.957 

0.716 

0.343 

0.227 

0.310 

0.362 

0.480 

18.0% 

16.9% 

0.68-0.72 

0.25-0.125mm 0.496

1.922 

0.238 

0.353 

0.212 

0.458 

18.7% 

12.4% 

10.1% 

0.66-0.78 

0.125-0.063mm 1.335

2.815 

0.297 

0.235 

0.226 

0.181 

0.505 

0.433 

13.3% 

8.8% 

0.67-0.77 

4.2.3 Void ratios during compression  

The void ratios plotted against effective vertical stress are shown in Figure 28. It was 
observed that specimen constructed with particles of size 1-0.5mm possessed higher void 
ratios in relation to particles with smaller sizes particles i.e. (0.5-0.25mm, 0.25-0.125mm and 
0.125-0.063 mm). Also, the specimens of size 1-0.5 mm showed higher reduction in void 
ratios while application of effective vertical stresses as compared to specimens with smaller 
particle size. The percentage of reduction of void ratios corresponding to different particle 
size specimens is shown in Table 13. High value of reduction in void ratio as 23.1% was seen 
in specimens with particle size 1-0.5mm, whereas, lowest value as 8.8% was seen in 
specimens with size 0.125-0.063 mm. 
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Figure 28. Results plotted as  for the materials of different particle sizes. 

4.2.4 Compressibility and Compression Index 

The compressibility can be defined as coefficient of volume compressibility and is defined 
as volume change per unit volume per unit increase in effective stress (Craig 2004). The 
compression index is the slope of linear portion of normal consolidation line in the 
plot  (see e.g. Figure 29). The coefficient of volume compressibility and 
compression index can be written as Eq.11 and Eq12 respectively (Craig 2004) , 

    ( ) Equation 11 

Equation 12 

Where,  is void ratio, is effective stress and subscripts 0 and 1 represent arbitrary points on 
the normal consolidation line (i.e. two stress points on consolidation line). The calculated 
values of coefficient of volume compressibility and compression index are shown in Table 14. 
These values presented here are calculated for stress range of  and

. It is further defined by Craig (2004) that  is stress dependent and is valid for that 
stress range only.  

It was observed that is proportional to particle size on which specimens are manufactured 
i.e. specimen with large particle size possessed higher values of  and vice versa.  Similarly
the slope of linear portion in the graph  was also proportional to particle size of
specimens i.e. specimens constructed with large particle sizes attained steep slope (see e.g.
Figure 28) and vice versa. According to Mitchell, Soga (2005), the coefficient of secondary
compression ( ) is defined as the relationship of void ratio and log of time, which is usually
linear during secondary compression, and is written as / ). It is further
defined by (Mitchell, Soga 2005) that are generally related to compression index
a . The secondary compression curves are plotted as void ratio e and log time and are
shown in Figure 29. These typical curves are plotted from consolidation under effective
vertical stress of 320 kPa. The coefficient of secondary compression for tested material is
represented in Table 14 along with the values of .
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Table 14. Evaluated parameters for coefficient of volume compressibility and compression index (at   

and ), coefficient of secondary compression  

Material 

(Particle size range-mm) 

( )    

1-0.5 mm 0.0705 – 0.0863 0.174 – 0.138  0.025 

0.5-0.25 mm 0.0548 – 0.0648 0.101 – 0.121  0.019 

0.25-0.125mm 0.0438 – 0.0564 0.080 – 0.103  0.036 

0.125-0.063mm 0.0288 – 0.0358 0.054 – 0.060  0.032 

Figure 29. Typical secondary compression curves for different particle sized specimens plotted as void ratio vs. log 

time (min) corresponding to effective stresses of 320 kPa 

4.3 Particle Breakage 

4.3.1 Particle Breakage due to vertical stress 

Possibility of particles breakage was determined by sieving the materials after finishing the 
test. Results are shown in Table 15. Here particles passing through sieve are considered as 
particles that are breaking down. It was observed that larger particles (1-0.5 mm) showed 
higher particle passing 14.2% as compared to small sized particles specimen (0.125-0.063 
mm) which showed 0.8% as particle passing through sieve after test.
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Table 15. Particle breaking in percentage determined by sieving after finishing each test 

Material 

(Particle size range-mm) 

Percentage of Particles passing after test  

1-0.5 mm 14.2 

0.5-0.25 mm 10.1 

0.25-0.125mm 12.5 

0.125-0.063mm 0.8 

4.3.2 Particle Breakage due to vertical stress coupled with shear stress 

In order to determine the particle breakage during direct shear tests, the specimens were dried 
and sieved after completion of each test.  The difference of sieving is considered as particle 
breakage. It was observed that, larger the particle size, larger the particle breakage during 
shearing.  The particle breakage for size  was  whereas 
similar values for  and  was  and 

 respectively at different normal stresses .  The Figure 30 shows the 
particle breakage during direct shear tests for different particle sizes at different normal 
stresses . 

 

Figure 30: Observed particle breakage during direct shear tests for different particle sizes at various normal 

stresses . 

4.4 Stress-Strain Behavior of Tailings in Direct Shear Tests 

Stress-Stain Behavior for undisturbed tailings 

The shear stress versus the shearing angle is plotted for all the tests conducted corresponding 
to effective normal stresses of 100 kPa. Results are presented in Figure 31. Strain hardening 
behavior was observed for drained tests at normal stresses of 100 (Figure 31) and 250 kPa till 
it reached to maximum followed by no further change in shear stress (perfectly plastic). At 
higher confining pressures, i.e. 450 kPa it showed hardening behavior till peak followed by 
slight softening. Similar strain hardening behavior was observed up to shearing angle of 0.2 
radians for all the tested samples. The loading and unloading curve for sample GEOB29 
shown in Figure 31 was due to skidding of shearing apparatus. 
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Figure 31: Drained behavior at normal stresses of 100 kPa in direct shear tests. 

4.4.1 Stress-Strain and vertical height behavior in uniformed tailings 

The Figure 32 shows that typical behavior for shear stress and vertical strain for the tests 
which were performed at  for different particle sized specimens.  

Figure 32: Typical Shear Stress and vertical strains behavior (at  for different particle sized 

specimens. (a) Vertical Deposition (b) Normal Deposition 
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It was observed that all the tests conducted showed strain hardening behavior. However, 
specimens  and  were followed by slight strain softening behavior for tests 
when . It was observed that finer particles i.e.  and 

 showed slightly higher shear stress as compared to particles of size  in 
normally deposited specimens, Figure 32(b). Similarly, the vertically deposited samples also 
showed similar behavior as finer particles (  and ) showed slightly higher 
shear stress as compared to coarse particles (  and ). In general, the particles of 
size  showed less shear stress in both deposited methods. The Figure 32 also shows 
the vertical height reduction for all those tests which were conducted at  for 
both deposition methods.  

The significant difference in vertical height behavior changes was observed between finer 
(  and ) and coarser (  and ) specimens. It was observed 
that at , the vertical height behavior was proportional to particle sizes and void 
ratios i.e. larger the particle size and void ratios, higher the vertical strains and vice versa. At 
the end of test, specimens which were constructed with finer particles (  
and ) showed  to  increase in height with respect to original height as 
compared to specimens with coarser particles which showed up to  decrease in 
height with respect to original height. In normally deposited specimens, the tests showed 
initial compression in height followed by dilatant behavior. However, the vertically deposited 
specimens showed higher vertical height reductions and contractant height behavior except 
for  specimens at , Figure 32(a).  

4.4.2 Stress-Strain behavior in undrained direct shear tests on undisturbed 
materials  

The undrained tests also showed similar behavior as the drained direct shear tests. Undrained 
tests, under effective normal stresses of 100 (Figure 33) and 250 kPa showed strain hardening 
behavior. This was observed throughout the shearing procedure. 

Figure 33: Undrained Stress behavior at normal stresses of 100kPa 
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Undrained tests performed at higher stress i.e. 450 kPa of effective normal stresses reached as 
hardening peak followed by slight softening. More or less similar strain hardening behavior 
was observed up to shearing angle of 0.2 radians for all the tested samples. A contractant 
volume behavior was observed in all tests.  

4.5 Vertical height compression in direct shear tests 

Vertical height compression in undisturbed materials  

All the samples showed sample vertical height compression during the shearing phase. Figure 
34 shows the vertical strains and shear stress plotted versus shear angle (radians). The 
percentage of decrease in vertical height after peak shear stress was slightly higher as 
compared to prior to the peak shear phase. The decrease in volume caused reduction in voids 
which shifted some of grain supported load to pore water. After slight increase in pore 
pressure at start of test, decrease in pore pressures was observed till maximum shear stress. 
After maximum shear stress, the pore pressure increased again with decrease in vertical 
sample height Figure 35.  

Figure 34: Example of shear stress and vertical strains vs. shearing angle (Sample SJ187) in drained condition 

Figure 35: Vertical strain and pore pressure vs. shearing angle for drained condition (Sample SJ187) 
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Figure 36: Vertical strain and pore pressure vs. shearing angle for undrained condition (Sample AAB2089)  

Figure 36 shows the undrained pore pressure behavior and vertical sample strains along 
shearing angle. It was seen in undrained condition that pore pressure reduced once it was 
reached to its peak. It was observed that vertical strains during shear tests depended upon 
normal loads. Higher the normal loads, higher vertical sample strains were observed. Figure 
37 shows the typical curves of vertical strains observed at different normal loads.  It was also 
observed that vertical strains were indicated in undrained tests as well. The deformation 
behavior was similar to those indicated in drained tests, but the strains were slightly smaller.  

 

Figure 37: Typical vertical strain behavior during shear against shearing angle at different normal loads 

The vertical strains for all the conducted drained tests at different normal stresses are 
presented in Table 16 and for undrained tests in presented in Table 17. The vertical strain 
percentage was found in range as 2.6-5.4%, 5.3-8.9% and 5.9-12.4% for the tests under 
normal stresses of 100, 250 and 450 kPa. Similarly these values for undrained tests were 
found to be 2.2-5.4%, 2.9-10.5% and 7.4-12.0%.  

Shear Angle [rad]

0.0 0.1 0.2 0.3 0.4

Po
re

 P
re

ss
ur

e 
(k

Pa
)

0

2

4

6

8

Ve
rti

ca
l S

tra
in

 (%
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Vertical Strain

Pore Pressure

Shear Angle [rad]

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

V
er

tic
al

 S
tra

in
 %

0

1

2

3

4

5

6

7

8

9

10

11

100kPa D
250kPa D
450 kPa D
100kPa UD
250 kPa UD
450 kPa UD



44 

Table 16: Reduced strains at peak shear strength and at the end of shear for the drained conditions 

Sample and 

Depth 
146 (10m) AAB2089 (20m) GEOB29 (47m) SJ187 (22m) VFT349 (38m) 

Normal 

Load 

(kPa) 

Vertical Strains % Vertical Strains % Vertical Strains % Vertical Strains % Vertical Strains % 

at Peak End of Test at Peak End of Test at Peak End of Test at Peak End of Test at Peak End of Test 

100 2.23 2.68 1.39 2.88 2.11 4.15 1.57 5.42 2.82 5.48 

250 4.38 6.10 2.84 7.48 2.59 5.33 3.35 8.91 2.47 6.83 

450 4.00 5.77 5.92 10.67 3.83 8.55 5.73 12.46 5.74 10.86 

Table 17: Reduced strains at peak shear strength and at the end of shear for the undrained conditions 

Sample and 

Depth 
AAB2089 (20m) BBK93 (22m) GEOB29 (47m) AIB VFT (38m) 

Effective 

Normal 

Loads (kPa) 

Vertical Strains % Vertical Strains % Vertical Strains % Vertical Strains % 

at Peak End of Test at Peak End of Test at Peak End of Test at Peak End of Test 

100 1.68 2.22 2.02 2.67 3.92 5.58 3.22 4.41

250 2.14 2.92 3.33 6.70 4.57 10.53 1.85 5.48

450 3.03 7.48 5.86 9.81 4.64 12.04 4.46 8.61

Vertical height compression in uniformed materials  

It was observed that tests conducted on all particle sizes while shearing, showed initially a 
contractant height behavior here called as primary height reductions followed by a dilatant 
height behavior. After primary height reductions, the dilatant or contractant behavior was 
dependent of normal stresses . In general, it was observed that coarser specimens i.e. 

 and  showed more dilatancy as compared finer specimens .  

The Figure 38 shows the example of vertical height reductions tested at various normal 
loads  for different particle sizes and for both deposition methods used. The normal 
stresses  above or equal to  in this study are somewhat critical stresses as in some 
cases it showed dilatant behavior and in some cases contractant behavior for vertical height of 
samples during shearing of specimens. So  in this study is somewhat called deciding 
factor for vertical height behavior. For example, when , the dilatant behavior in 
vertical height was observed and in case when , contractant height behavior was 
observed for normally deposited specimens. Looking into these results, here it can be said that 
there is no particle overlapping taking place when normal stresses are higher than  
and probably secondary particle breakage occurs which causes a sudden decrease in skeleton, 
for example in Figure 38(b) and  specimens tested at .  

Vertical height behavior in vertically deposited specimens during shear 

The critical normal stress (  phenomenon did not seem to be valid for vertically deposited 
specimens because even at , the vertical height behavior was similar as 
observed in normally deposited specimens at .  
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Figure 38: Example of vertical height reductions (%) during direct shear test at different normal stresses. (Sampling 

Method; (a) Vertical Deposition (b) Normal Deposition) 

The specimens of size  and  showed contractant height behavior during 
shear at . This showed uncertainties in vertical height behavior 
during shearing for vertically deposited specimens. Surprisingly the  specimens 
showed dilatant behavior at all normal stresses i.e. . It was 
observed that vertically deposited samples showed slightly less vertical height reductions as 
compared to normally deposited samples for under same normal loads. In Figure 38, vertically 
deposited specimens showed about 0.8% height reduction whereas normal deposited 
specimens showed  height reductions for .   
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4.6 Stress-Strain Behavior in Triaxial Tests 

4.6.1 Stress-Strain Behavior for undisturbed materials  

Typical stress-strain curves are shown in Figure 39. With increment in confining pressure the 
maximum deviator stress occurred at larger strains; this was observed in all the tests. 
Furthermore, at higher confinement pressures, the stress-strain curve tends to straighten, thus 
making difficult to determine peak failure (Figure 39 line A). According to Billam (1971) the 
tendency in stress-strain curve towards linearity is likely because the confinement pressure is 
higher than particle strength. That might have been the reason in this case as well.  

Figure 39:  Stress Difference and volumetric strains versus axial strains 

When particles have higher strength than confinement pressure; the skeleton is likely to have 
higher stiffness due to interlocking of particles (Billam 1971), shearing in this case show a 
significant peak followed by a drop on stress-stress curves. During application of axial loads 
the stiffness of particles keeps increasing until crushing or sliding of particles occurs. This 
phenomenon seems valid till peak value on stress-strain curves and post peak behavior shows 
crushing or sliding of particles. The crushing or sliding cause redistribution of interangular 
contact forces, thus show a reduction in stiffness (Billam 1971), this shows reduction of 
shearing stresses.  

The rearrangement in specimen skeleton after collapse, either because of breakage or sliding 
of particles, show increases in volume of specimen (Figure 39), this usually happens at low 
confining stresses (Vick 1990). Figure 39 also show volumetric strains plotted versus axial 
strains. The dilatant behavior was observed at low confining pressure (Figure 39 curve D), 
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and contractant behavior at high confining pressures (Figure 39 curve A). High confining 
pressures reduce the possibility of sliding or rearrangement in skeleton hence resulting 
continuous decrease in volume. The tendency of dilatancy was decreased with increasing in 
confining pressures.  

4.6.2 Stress-Strain, volumetric behavior in uniformed tailings 

The stress-strain curves are shown in Figure 40. The strain hardening behavior was observed 
in all the tests followed by slight softening. However, that strain softening was not observed 
in all cases. For example, mostly I was seen in tests which were conducted at lower effective 
radial stresses, . However; the slight softening behavior was less at higher 
effective radial stresses i.e. . Looking in to volumetric strain  
during shearing, all the tests performed at  showed dilatant 
volume behavior after initial compression. Whereas, all the tests at  showed 
contractant volume behavior.  

Figure 40:  The stress-strain curves and volumetric behavior shown for at various effective radial stresses 

4.6.3 Effective principal stress ratios  

The effective principal stress ratio versus axial strain curves are shown in Figure 41 for all 
conducted tests at different depths. Higher effective principal stress ratios at failure were 
observed for all the tests conducted at low confining stresses as compared to high confining 
pressure.  
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(a)   (b) 

 (c)  (d) 

Figure 41:  Principal effective stress ratios versus axial strains (a) GH Section 7-10m depth (b) EF Section 18-20m 

depth (c) EF Section 21-22m depth (d) GH Section 38-47m depth 

High stress ratios were observed for the specimen with high void ratio i.e. 1.6 and of low 
confining stresses Figure 41(c). There was no visible peak identified till 10% of axial strains 
in most of tests conducted except those tests which were conducted at lower confining 
pressures and with void ratios of 0.9. Specimens collected from shallow depth of section of 
dam, i.e. 7-10m and with void ratio of 0.9 showed peak stress ratio near 5% of axial strains 
(Figure 41(a)). In general the lower effective principal stress ratios were observed for 
specimens that were tested at high confining pressures (Figure 41); this phenomenon is quite 
well in agreement as reported by (Vick 1990). 

4.6.4 Effective principal stress ratios in uniformed tailings 

Referring to Figure 42, where effective stress ratios ( / ) are plotted, it was observed that, 
the tests performed at , showed higher effective stress ratios ( / ) for all 
the specimens sizes. Whereas, all the specimens of various particle sizes, showed less 
effective stress ratios at . In general, it was observed that finer particles 

 showed higher effective stress ratios as compared to coarser particles i.e. 
 and  when measured at axial strains . The effective stress ratios 
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was  when measured at . Similarly, effective stress ratios for 
 and  was  and respective at . 

Figure 42:  The effective stress ratios shown for all particle sized specimens. 

Although these effective stress ratios are, in most of cases, somewhat in agreement with what 
is available in literature (Vick 1990). However, it should be noted that results presented here 
are based in uniformed particles sized tailings material, so slight variations are expected. The 
higher confining stress resulted in higher compressions during shear.  

4.6.5 Stress-Dilatancy Plots 

The stress-dilatancy plots are evaluated for  and  specimens at 
 and are presented in Figure 43. The stress-dilatancy curves are plotted as effective 

stress ratio /  with dilatancy factor (Guo, Su 2007). Graphs are 
plotted with upper limit of coefficient of internal friction . The  is expressed 
as   and for loose sands  is equal to  (Schanz, Vermeer 1996).  

Figure 43: Stress-Dilatancy plots for 0.25mm and 0.063mm specimens at . 
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The  ratio reaches to maximum when its critical state (Guo, Su 2007). It was observed 
that stress-dilatancy  ratio in  case was slightly above the -line as compared 
to  specimens, Figure 43. The zig-zag lines plotted are due to the reason that the 
strain ratio  is computed from very small increments of strain, and similar behavior was 
observed by (Schanz, Vermeer 1996). The dilatancy curves above the -line indicate that 
interlocking of angular particles exists at the peak stress ratios (Guo, Su 2007). The inter 
particle friction, particle rearrangement; particle crushing and dilatancy have major 
contributions towards shear resistance of granular soils (Rowe 1962). As the shearing is 
progressed, the stress-dilatancy  tends to decrease and it reaches to minimum value at 
critical state. The reduction, in  ratio show the rearrangements of inter particle locking 
due to particle angularity (Guo, Su 2007). 

4.7 Strength properties 

The evaluation of friction angle was also tested with different methods, Figure 44.   The 
figure shows the measuring point for  with red dotted line, green dotted line for  and 
black dotted line for .  

Figure 44: Illustration shows friction angle evaluated by critical state, peak stress and at 0.15radians. 

Looking into compariosn done for  specimens, the peak friction angle was found 
to be  , the , and was , see e.g. Figure 45. it was observed 
that there was not much  difference in evaluated  and  for  specimen.  
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Figure 45: Example of valuated friction angle, and  for 0.125-0.063mm specimen 

Similar comparison was also made for triaxial tests as well; where  and  is calculated 
as seen in Figure 46.  The figure shows red dotted line for measuring stress point at critical 
state and black dotted line for measuring peak stress.  

Figure 46: Measuring points at peak and critical line in triaxial test. 

Figure 47 shows the plotted mohr circles grey lines show the evaluated friction angle from 
peak stress points and red lines show  at critical state level. It was observed that  was 
low as compared to  for the tests conducted in triaxial tests. For direct shear tests, the 
evaluation of friction angle was done by using mohr-coulomb failure criterion. Whereas, the 
friction angle in triaxial was evaluated by Mohr circle method. The friction angle results 
presented in this section are based on peak stress in triaxial and in direct shear are evaluated at 
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 and peak stress for undisturbed tests. Friction in uniformed tailings material is 
evaluated at  in direct shear according to Swedish standards (SGF 2004). 

 

 

Figure 47: Evaluated friction angle measured at peak and critical line.  

4.7.1 Strength parameters in undisturbed material from direct shear  

The shear strength parameters (  and ) were evaluated at peak failure and at shearing angle 
of 0.15radian. Determination of strength parameters at shearing angle of 0.15 is according to 
Swedish Geotechnical Society (SGF 2004) recommendations. The Figure 48 and Figure 49 
show the points for peak shear stress and at shearing angle of 0.15radians.  

 

Figure 48: Example of Shear stress vs. shearing angle (sample 146 Drained) 

There was slight difference observed between the values at 0.15 radians and maximum shear 
stress. The values of cohesion and friction angle for all the conducted tests are presented in 
Table 18 for drained and Table 19 for undrained tests. The cohesion and friction angle values 
at peak for the drained samples were in range of 13.5-27.1 kPa and 15.8-20.7 degrees 
respectively. For undrained samples the values for 0.15 radians were in range of 9.7-33.7kPa 
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and 12.5-18.3 degree respectively.  The c and  values of undrained tests at peak were found 
to be in range of 11.6-16.0kPa and 15.9-21.9 degree respectively; similar values at 0.15 
radians were as 7.1-16.0kPa and 16.0-20.4 degrees. It was observed that undrained shear 
strength was higher than drained tests as shown in Table 18 and Table 19.  

Figure 49: Example of evaluated strength parameters (sample 146 Drained) 

Table 18: The evaluated strength parameters according to Mohr-Coulomb failure criteria for drained tests at 0.15 rad 

and peak shear stress 

Sample and 

Depth
146 (10m) AAB2089 (20m) GEOB29 (47m) SJ187 (22m) VFT349 (38m) 

          
At 0.15 rad 9.7 17.01 33.72 13.37 17.12 18.30 26.49 12.54 14.91 17.22 

At Peak 13.52 18.42 27.71 15.87 14.52 20.69 23.13 13.93 17.74 17.53 

Table 19: The evaluated strength parameters according to Mohr-Coulomb failure criteria for undrained tests at 0.15 

rad and peak shear stress 

Sample and 

Depth
AAB2089 (20m) BBK93 (22m) GEOB29 (47m) AIB VFT (38m) 

        
At 0.15 rad 7.14 20.45 9.74 17.31 8.15 16.01 16.18 17.89 

At Peak 11.6 21.96 16.01 17.63 14.82 15.93 10.64 21.19 

4.7.2 Strength parameter in uniformed tailings  

The strength parameters are evaluated by Mohr-Coulomb failure criteria. The cohesion ) 
and friction angle ( ) parameters are measured usually from maximum shear stress with 
corresponding normal stresses  from each test. The shear stress (  is plotted against 
normal stress  which is usually a straight line with slope  and is described as 
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equation . The evaluated friction angle  for different particle size specimens is 
shown in Figure 50. The results revealed that, friction angle  for vertically deposited 
specimens, was slightly higher than that of normally deposited specimens. The friction angles 
for vertically deposited specimens were in range of  whereas for normally 
deposited specimens it was in range of  . The friction angle , in vertically 
deposited specimens, was  higher than normally deposited specimens. 

 

Figure 50: Friction angles for different particle sized specimens on normal and vertical deposition methods.  

The evaluated friction angle is summarized in Table 20. Example of friction angle  
evaluation is shown in Figure 51. The Table 20 and Figure 51 also show cohesion ) 
intercept. The cohesion ) intercept observed was in range of  and 

 for vertical and normal deposition methods respectively. It is evident that cohesion 
intercept was slightly higher in normal deposited specimens as compared to vertical deposited 
specimens.  

 

Figure 51: Example of determination of friction angle  for  particle sized specimens (normal and vertical 

deposition methods)  
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Table 20: Evaluated Friction Angle ( ) and cohesion  for various particles specimens  

Deposition Method 
0.125–0.063 mm 0.25-0.125mm 0.5-0.25mm 1-0.5mm

        

Vertical Deposition 25.20  5.13 25.23  11.53 26.13  0 - - 

Normal Deposition 23.72  8.57 23.15  16.21 22.6  8.17 21.78  4.92 

4.7.3 Strength Parameters in triaxial tests 

The strength parameters determined by triaxial tests from different depths of dam section are 
presented Table 21 and the Mohr circles of a series of tests from depth of 18-22m are depicted 
in Figure 52. A failure stress condition of each test is determined and is plotted as Mohr 
circles followed by failure envelope constructed tangential to all circles. As presented in 
Table 21, the values  were found to be in range of 39.1 to 41.1 degree, these values were 
very much in agreement as described by (Jantzer, Bjelkevik & Pousette 2001) in previous 
studies. No significant influence of depth was observed on the collected samples in terms of 
frictional angle  despite of fact that specimens at shallow depth were more angular than 
from deep depth. This showed no particle shape influence on the drained triaxial results. 

Table 21: The Strength parameters at various depths 

Sample Location Depth from surface of Dam  

GH Section 7-10m depth 39.1 

EF Section 18-20m depth 41.1 

EF Section 21-22m depth 40.2 

GH Section 38-47m depth 39.7 

Figure 52:  Mohr Circle plotted for locations EF Section (18-20m depth) 

The relationship of friction angle  along with depth of dam section is shown in Figure 53. It 
was observed that friction angle reduced along depth from 10m to depth of 22m in drained 
direct shear tests and it increased from depth of 22m and up to 47m. Whereas the friction 
angle in undrained tests showed a decreasing trend from 22m to 47m depth. 
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Figure 53: The strength parameter along depth of dam section 

In direct shear tests the friction angle values in undrained tests were slightly higher than of 
those in drained tests with a tendency in reduction beyond depth of 38m. However friction 
angle  in triaxial tests showed significantly higher values than direct shear tests. However, it 
had negligible effect related to depths.  

4.7.4 Friction angle in uniformed tailings in Triaxial Tests 

The evaluated friction angle is shown in Table 22 for various particle sizes specimens. It was 
observed that friction angle evaluated for all the sizes was in range of  to . The 
friction angle was evaluated by using Mohr-circle, Figure 54. 

Table 22: Evaluated friction angle ( ) from different particle sized specimens 

Material 

(Particle size-mm) 

Friction Angle 

 

Friction Angle 

 

   

   

   

 

Figure 54:  The example of Mohr-circle for specimens . 

The plotted friction angle with respect to particle sizes is shown in Figure 55. It was found 
that friction angle was almost similar for all particle seized specimens, i.e. , 
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Figure 55: Friction angle plotted vs. particle size 

The friction angle is evaluated as friction angle at peak  and friction angle at critical 
state . It was observed that peak stress lies at about  along axial strains and 
critical state somewhere after  . The friction angle at peak  was 
evaluated at  and similarly the friction angle at critical state  was evaluated 
at .  

4.8 Hardening Soil Model Parameters 

The hardening soil model parameters were evaluated based upon the drained triaxial tests and 
standard oedometer tests conducted on tailings material in laboratory. A constitutive model 
called the hardening soil model was chosen as strain hardening behavior up to peak was 
observed on conducted tests. All the tests which were performed at confining stress of 100kPa 
were subject to unloading and reloading, Figure 56. 

Figure 56: The loading and reloading shown for test which was performed at confining pressure of 100kPa. 

Laboratory tests can be simulated by an application called SoilTest in PLAXIS (Brinkgreve 
2002). The SoilTest tool was used in order to calibrate the parameters for hardening soil 
model from the conducted laboratory tests.  The simulations were performed on triaxial and 
oedometer tests (Bhanbhro 2013) in order to make comparison between laboratory tests and 
simulated behavior. Initially the hardening soil model parameters are calculated from 
performed tests at  for triaxial tests and unloading and reloading curves in 
oedometer tests. The slight alterations were then made in model parameters to find best match 
between simulated behavior and laboratory tests. The evaluated hardening soil model 
parameters are presented in Table 23. 
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Table 23: Evaluated hardening soil parameters, updated from (Knutson 2015) 

Parameter Material 

GH-Section (7-10m) EF-Section (18-20m) EF-Section (12-22m) GH-Section (38-47m) 

kPa 6900 6032 5500 8254

 kPa 4000 3500 3950 6000

kPa 20000 32600 22000 40000

 - 0.7 0.6 0.57 0.5

 kPa 100 100 100 100

 - 0.3 0.15 0.15 0.15

 kPa 0 7.5 0 0

  39.5 40.2 40 38.66

  2 2.5 2.5 1

 - 0.8 0.9 0.9 0.9

  14.9 16.2 15.7 14.3

  19.5 20.5 20.1 19.3

The best matching simulated behavior is presented in Figure 57 and Figure 58. The Figure 57 
shows the simulated behavior of oedometer tests and simulated behavior in SoilTest. Initially, 
it was observed that simulated vertical strains in oedometer tests were low as compared to 
laboratory observations. When oedometer modulus was decreased, the best curve fit was 
achieved see, Figure 57. However, using decreased oedometer modulus in simulations causes 
increased volumetric strains in triaxial tests simulation.  

Figure 57: Laboratory tests and simulated behavior, Oedometer tests (Knutson 2015). 

The calibrated model parameters resulted fairly well fit with oedometer results. However, for 
triaxial simulations, the varying stiffness was partially unfitting compared to laboratory 
results. It was observed that at low axial strains, the simulated stresses were slightly higher 
than laboratory data. Similarly, at higher axial strains the simulated stresses were lower than 
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laboratory tests. These simulated behaviors for triaxial tests are shown in Figure 58. In 
simulated tests in triaxial, when stress-strain behavior was relatively in a good fit, the 
simulated volumetric behavior was not in good agreement to lab data. Figure 59 shows the 
simulated behavior in terms of effective stress path. It was observed at simulated failure 
envelope on p’-q plot was slightly underestimated as compared to laboratory data.  

                               
Figure 58: Laboratory tests and simulated behavior for triaxial tests.  

The simulated stress-strain behavior for those tests which were performed at 
showed higher values on stress-strain curves as compared to tests which 

were performed at . 

The reason for this slight over estimation in tests at higher stresses can be due to straightening 
behavior of stress-strain curves when tested at higher stresses. However, in order to achieve 
overall best curve fits for simulated test; the parameters presented in Table 23 are considered 
as acceptable (Knutsson 2015).  

 

Figure 59: Laboratory tests and simulated behavior for triaxial tests for effective stress path.  
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5. Discussions

5.1 Basic Properties of tailings  

The results showed the decrease in grain size along with depth relative to surface, probably 
due to effect of distance from the discharge point. The contents of fines increased from 5% in 
upper layers to 20% in the layers with higher depth. The material is classified as silty sand up 
to depth of 22m and silty from 22m to 47m. There can be many possible reasons for 
increment of finer contents along depth which includes, method of construction, different 
discharge point, production type, particle degradation or breakage due to high loading, creep 
effects, etc. Increase in finer contents can give a rise to pore pressure that can further lead loss 
of strength (Goren et al. 2010). Thus the drainage ability of materials can have important 
influence in these conditions in rapid raisings. It was also observed that fine particles 
(0.063mm) are very angular as determined according to Powers scale (see e.g. Powers 1953). 
The study on particles was carried out by comparing the particle images with the images 
provided as scale by Powers (1953). It is defined by (Jantzer, Bjelkevik & Pousette 2001) that 
stress concentration at edges of angular tailings materials can probably cause crushing and 
resistance to shear. 

The typical values of basic properties are compared in relation with literature and are 
presented in Table 24. The typical minimum and maximum values of basic properties i.e. 
particle density, dry density and void ratio, are broadly in agreement of with the literature.  

Table 24:  Comparison of basic properties found in this study with literature 

Material 

Type 

Particle 

Density 

Dry density 

Kg/m3 

Void ratio 

(e) 

Reference 

Copper Tailings 

Silty Sand (8-22m depth) 
2.83 (avg.) 1.24-1.57 0.80-1.27 Present Study 

Copper Tailings 

Silty (38m depth) 
2.83 (avg.) 1.18-1.37 1.06-1.41 Present Study 

Copper Tailings 

Silty (47m depth) 
2.83 (avg.) 1.41-1.65 0.72-1.01 Present Study 

Copper Tailings Sand 2.6-2.8 1.59-1.79 0.6-0.8 (Volpe 1979) 

Copper Tailings Slimes 2.6-2.8 2.68-2.07 0.9-1.4 (Volpe 1979) 

Copper Tailings Sands and Slimes 2.79 1.78 0.4-1.0 (Shamsai et al. 2007) 

Copper tailings (Aitik) 2.81-284 1.27-1.64 0.73-1.21 (Bjelkevik, Knutsson 2005) 

5.2 Particle Breakage 

In this study, the particles that pass through sieve (e.g. 1-0.5mm particles when pass through 
0.5mm sieve after test) are taken as the particles that are broken or may have changed their 
shape due to high stresses. This it is evident that particles are reduced in size from its original 
as high as 14% in case of specimen constructed with 1-0.5 mm and 0.8% for the specimen of 
size 0.125-0.063 mm. Particles in skeleton when breakdown, result in a skeleton with more 
fine contents (Lee, Farhoomand 1967). As seen in this study that finer particle has less ability 
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to breakdown (i.e. breaking less than 1%). So, maybe, it is possible that breakage due to creep 
in coarser particles continues until the coarser particles reduce to the size which is less 
susceptible to breakage i.e. finer particles. Higher fraction of finer particles may reduce long 
term creep due to particle breakage as finer particles showed less breakage, on the other hand 
finer particles can give raise to pore pressures that can reduce effective stresses and may lead 
to failure. It is reported by Lee, Farhoomand (1967) that coarser particles are more susceptible 
to particle breakage and that can be a cause of higher compression in coarser particles. The 
other reason for higher compression in coarser particles is that specimens were of uniform 
particle size range i.e. 1-0.5 mm. So, more the coarser particles, more chances to break and 
result in compression (Mitchell, Soga 2005).  The particle breakage is a progressive process 
that starts at low stress levels due to wide dispersion of the amount of interparticle contact 
forces (Mitchell, Soga 2005). There is a possibility that soil grains can break or diminish 
while creep (Feda 2003). Resistance of grain contact may reduce and structural bond may also 
get destroyed because these are time dependent (Feda 2003).  

As for as, particle breakage during shear is concerned, the coarser particles showed more 
breakage as compared to finer particles. It is evident that apart from normal vertical loads, the 
shear stress significantly contributed to particle breakage. From Table 25 and Figure 60, it is 
evident that specimens under influence of any vertical loads when sheared show significant 
particle breakage. If the deformations in a dam skeleton are considered as shearing strains, it 
can result in the particles that can break and result in new particle sizes. Hence the particle 
breakage should be considered while designing and analyzing the dam especially during 
dynamic analysis. Moreover, the particle breakage can lead to decreased particle size in 
skeleton resulting decrease in voids ratio which may in future give raise to pore pressure 
that can lead to failure. On the other hand, having smaller particle fractions tend to break

 and compress less that can make skeleton strong.  

Figure 60: Comparison of particle breakage due to vertical loads (Oedometer, Bhanbhro 2015) and direct shear tests 
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Table 25: Comparison of particle breakage due to vertical loads, Oedometer and Direct shear tests (Present study) 

Particle Size 
Oedometer tests  

( ) 

Direct Shear Tests 

( ) 

0.5-0.25 mm 10.1% 26.6-39% 

0.25-0.125mm 12.5% 21-23.9%

0.125-0.063mm 0.8% 9.2-12.7%

5.3 Effect of Vertical loads on Tailings 

The particle crushing may be an important fact for large strains on compression curve 
(Mitchell, Soga 2005) as seen in Figure 61 for 1-0.5mm particles. According to Mitchell 
(2005), field compression for many sands and gravels is as high as 6.5% at 700 kPa; however, 
it can vary with laboratory results. In this study the specimens with coarser particles attained 
higher compression as 23.1% whereas the compression for specimens with finer particles was 
8.8%. The percentage of compression for different particle sizes is shown in Figure 61. 
Higher compressions are probably due to use of uniformly graded material. The presence of 
small amount of mica can also significantly increase the compressibility (Mitchell, Soga 
2005). The compressions, mentioned here, are taken in terms of reductions in void ratios. 

Figure 61: Compression in percentage (of void ratio) vs. different particle sizes 

It is defined by Vick (1990) that primary consolidation in the sand tailings is almost 
impossible to measure at laboratory because it happens very fast. Tailings are more 
compressible compared to equivalent natural granular soils due to grading characteristics, 
method of deposition and high angularity (Vick 1990). The secondary compression parameter 

studied in this study was 0.019 for coarser particles and 0.032 for finer particles. The 
 value for clean sands reported in literature falls in range of 0.015-0.03 (Mitchell, 

Soga 2005). The secondary compression parameters were observed to agree with what is 
available in literature even though this study was limited to uniformed sized particles.  

As the results presented herein were from tests performed with specified uniformed gradation 
specimens to see the effects of particle breaking in each size and study other basic parameters. 
It would be a great addition if more elaborated work is performed with different sizes and 
known particle gradation. Then later on optimize those specimens according to best match as 
undisturbed and see the results and effects of reconstructed sample and undisturbed samples.  
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5.4 Stress-Strain Behavior  

Referring to Figure 32(b), where shear stress is plotted for effective normal stresses of 
100kPa, it is visible that finer particles showed slightly higher shear stress as compared to 
coarser particles. This is in the contraction to studies conducted by Wei et al. (2009) where 
they defined that finer tailings may have much lower strength as compared to coarser tailings. 
However, the fact should not be forgotten that this is study was conducted on uniformed 
particle sizes, so having different factions in a skeleton may results in lower strength. The 
lower strength showed by coarser particles may be due to the fact that larger particles showed 
higher breakage and attained higher void ratios. With the higher void ratios, larger particles 
under go higher breakage as compared to finer particles. This may indicate loose skeleton 
with overlapping of particles and breakage which resulted less shear resistance. On the other 
hand finer particles showed less breakage and probably less overlapping hence causing a 
slightly higher stress resistance as compared to coarser particles. When particles break in 
coarser tailings, they result in having fractions of finer particles (for example in case of 

 skeleton which resulted in  generation of finer particles). In the 
interaction between coarser and finer tailings, the finer particles replace the pores available in 
coarser skeleton (Zhang et al. 2015). The similar shear stress behavior was observed in 
vertically deposited specimens, and it was observed that finer particles show higher shear 
stress as compared to coarser particles, Figure 32(a). According to Guo, Su (2007), for normal 
sands, the angularity of particles cause more interlocking and that restrains sliding and 
rotation. Hence larger stress is required to break the interlocking due to particle angularity 
before dilatation occurs. The similar behavior was observed in this study for tailings particles, 
since the finer tailings are according to Rodriguez (2013) more angular as compared to 
coarser particles which are sub angular in (Powers 1953) scale.  

5.4.1 Stress-Strain, volumetric strain and dilatancy in Triaxial Tests 

The uniformed materials used in this were saturated from 70% to 99%. In order to attain 
100% saturation, the backpressure of 250kPa was applied. It was observed that during 
application of backpressure, some amount of water was introduced in to the specimens. 
Having high backpressure diminishes the air voids present in specimen ensuring no air voids. 
Under the isotropic consolidation, less volumetric compressions were observed for all the 
tests.  Looking into volumetric compressions, it can be said that the effect of backpressure and 
having isotropic conditions resulted less decrease in volume specimens. The reduction in 
volume are calculated from amount of back volume taken out of sample during application of 
effective radial stresses. The volumetric strains in coarser particles were higher as compared 
to finer particles. this is maybe due to more voids in larger particles.  During application of 
effective radial stresses, the sudden decrease in back volume is observed for all the 
specimens. This shows that high permeability characteristics of material tested. Moreover, 
due to that the dissipation of excess pore water pressure was rather very fast.  

All the specimens upon shearing showed strain hardening behavior. In few cases, it was 
followed by strain softening were critical state reached.  All the tests, which were performed 
at effective radial stress 100kPa, showed higher effective stress ratios. Whereas, tests at 
effective radial stress 400kPa showed lower effective stress ratios, Figure 42. The similar 
behavior of effective stress ratios is also reported in literature (Vick 1990). As for volumetric 
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behavior is concerned. It was observed that all the tests conducted at 100 and 200kpa showed 
dilatancy. Whereas, those tests which were performed at effective stress 400kPa, showed 
contractancy.  It has been observed in direct shear tests (Bhanbhro et al. 2017) that uniformed 
tailings material show dilatant behavior when effective normal stresses are  
and contractant behavior when . The similar hypothesis can be applied here, as 
it is also seen dilatancy at  and contractancy at .  

Figure 62: Stress-Dilatancy phenomenon updated from Guo et al. (2007) 

This can be further explained as, at lower confining stresses, the particle interlocking 
dominates and result in dilatancy. Whereas, at higher confining stresses, the particle 
interlocking degrades, that results in particle breakage and higher compressions due to 
reararngements in skeleton. Referring to Figure 43, particle interlocking is seen in 0.25mm 
specimens at 200kPa. According to Guo et al. (2007), the stress-dilatancy curves above k-line 
shows particle interlocking, whereas; this phenomenon was observed for natural soils. 
However, this can be very well applied to tailings material as well. The Figure 62 is 
reproduced from Guo et al. (2007) which show particle-interlocking, dilatation, particle 
rotation on stress-dilatancy plots. The stress-dilatancy curves for specimens  on 
Figure 43 lies in between k-line. This can indicate a combination of particle interlocking, 
rotation, rearrangement and dilation as shearing progressed.  Contrary to that, the stress-
dilatancy cures for  specimen lies slightly below k-line; which can indicate less 
particle interlocking and dilatation during shearing of speimens.   

5.5 Vertical Height Compression in Direct Shear Tests 

Based on the direct shear results on undisturbed samples, it is evident that the skeleton of the 
tested material is loosely arranged with low shear strength. Strain hardening behavior was 
observed in all tests. This behavior is expected from tailings at loose condition. Shearing of 
soils with this loosely arranged skeleton, normally results in contractancy, i.e. volume 
decrease (Craig 2004). After initial decrease, the volume normally tends to a stable value 
along shearing path (Budhu 2008). That phenomenon could not be seen among the results in 
this study. Contractancy was indicated, but with a sudden decrease in sample height initiated 
at the moment when maximum shear stress was reached as seen in Figure 34 from about 0.12 
radians and above. As shearing progressed, the sample height decreased. The similar behavior 
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was observed by Hamidi et al. (2011) during tests on natural material with similar grain sizes 
as in this study. However, the vertical deformations were in form of contractant behavior with 
no sudden change in that study by (Hamidi, Habibagahi & Ajdari 2011). What relates the 
vertical compression in to terms of skeleton degradation or particle rearrangement is the 
sudden compression for all tests that was initiated at the moment where maximum shear stress 
was reached. These occasions have, for the different tests, taken place at different 
displacements and different stresses, which therefore implies a physical change in the soil 
sample.  Angular particles can have high contact forces between particles, which can lead to 
crushing (Jantzer, Bjelkevik & Pousette 2001); can also be cause of vertical height reductions 
during shearing. The reason for the vertical height reduction can be the rearrangement of 
skeleton either due to irregular particle shapes or breakage of particles. The particle crushing 
(which may result in change in vertical height) can lead to increased pore pressures if the long 
term creep conditions prevail. The rise in pore pressures can transfer the grain-supported 
skeleton to fluid-grain slurry resulting loss of strength (Goren et al. 2010).  This phenomenon 
can be considered as static liquefaction.  

The change in sample height was not only evident among the drained tests, but also in the 
undrained tests. Considering saturated soil in a membrane where lateral displacements are 
prevented, no change in sample height would be expected in ideal undrained tests since water 
could be considered to be incompressible and the sample is at saturated condition. Therefore, 
the one possible reason for vertical height reduction can be either leakage or radial expansion 
during shearing. The leakage of that amount of water during shearing according to authors 
was thoroughly performed and prevented. Similarly, the radial expansion should not either be 
the case, as radial expansion or radial strains as reported in literature (Baxter et al. 2010, 
Safdar, Kim 2013, Kwan, El Mohtar 2014) are not supposed to take place in reinforced 
membranes. Another possible reason may be that wire-reinforced membrane might have been 
stretched due to reuse, gone over folded during shearing or particle rearrangements. However, 
this needs further investigation in order to make final conclusions. This might have been a 
reason why the authors (Baxter et al. 2010, Safdar, Kim 2013, Dyvik et al. 1987, Safdar, Kim 
& Mahmood 2013, McGuire 2011) preferred to use constant-volume testing procedure in 
undrained direct shear tests rather measuring pore pressure. According to Baxter et al. (2010) 
and Dyvik et al. (1987), the changes in pore pressure in a constant-volume undrained direct 
shear test can be inferred from change in vertical stress (due to constant height) during 
shearing. Dyvik et al. (1987) described that both type of tests (i.e. constant-volume direct 
shear test and direct shear test with measurement of pore pressure), are very much close in 
agreement. The studies discussed herein from literature on undrained tests were on natural 
material. Having said that, the authors believe that, future studies of undrained direct shear 
tests on tailings material will help understanding the vertical height changes during shearing.  

In definition to any potential to static liquefaction, looking into the results from this study i.e. 
strain hardening behavior during the tests, which is described as less potential to static 
liquefaction see (Davies, McRoberts & Martin 2002, Ishihara 1996); no evident of loss of 
strength was found. However, looking into the unexpected behaviors of vertical height 
reductions, final conclusions should be drawn after understating the reasons of these vertical 
reductions. 
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5.5.1 Vertical height compression in uniformed tailings 

All the specimens, with all sizes, which were deposited as ‘normal deposition’ showed 
initially contractant behavior followed by dilatant behavior for tests which were conducted on 
normal stresses . For the tests, which were conducted at normal stress  
more than , after the primary height reduction, the unchanged height behavior was 
observed from shear strain along shearing path. Beyond 

 a sudden decrease in height (secondary height reduction) was observed. The 
shear stress kept increasing from shear strain  then started to reduce 
from the point where secondary height reductions started to take place, Figure 63.  

The sudden decrease in shear stress can be due to physical changes in skeleton. Hence here it 
can be said that, the point where particles in skeleton starts to break, cause the physical 
changes that tend to show sudden decrease in height behavior. That phenomenon can be 
defined as interlocking degradation, as observed by (Guo, Su 2007, Cresswell, Powrie 2004). 

Figure 63: Example for vertical height behavior during shear test,  at  

However, this type of behavior was not clearly visible for those specimens which were 
constructed as vertically deposited method. This may also be due to fact that orientation of 
particles was different and interlocking phenomenon was different as compared to normally 
deposited specimens.  

From the results presented for normally deposited specimens, the normal stress  
can be said critical normal stress. At normal stresses less than 300kPa, for all the specimens, 
dilatant height behavior is observed after initial vertical height compression. Whereas, on 
normal stresses more than , contractant height behavior is observed. This means that 
overlapping particle interlocking is only dominant when . Particle interlocking 
do not seem to dominate when normal stresses ( ) are higher than . However, these 
findings are valid to skeleton with uniformed size particles. From Figure 38, it is also visible 
that finer particles ( ) show less dilatancy. This can also assist towards 
understanding the vertical height behaviors during shear observed earlier by (Bhanbhro et al. 
2014). Because in earlier tests more than 75% particles were less than the fine particles 
( ) studied in this research. So, it can be estimated that skeleton having more fine 
contents will show less dilatant behavior or in some cases no dilatancy at all as observed by 
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(Bhanbhro et al. 2014). However, this can be a preliminary remark regarding vertical height 
reductions, more studies with already know fine particles fractions can help to show some 
concrete conclusions in that matter.  

5.6 Strength Properties 

The observed values of cohesion intercept and friction angle were slightly lower compared to 
previous conducted tests on similar material (Jantzer, Bjelkevik & Pousette 2001). These low 
values were expected as the samples were collected from weak zones of dam section 
determined in CPT tests. The strength parameters calculated at 0.15 radians of shearing angle 
were slightly low as compared to values at peak failure. Shear failure at 0.15 is chosen usually 
because of no noticeable peak shear (SGF 2004). All the tests conducted showed cohesion 
value for the tailings. However, usually tailings have no cohesion properties (Vick 1990). 
The cohesion values resulted from direct shear tests on tailings are also visible in literature; 
see e.g. (Jantzer, Bjelkevik & Pousette 2001). This might be as a result of strain rate during 
direct shear tests; however, the tests were performed at lowest possible strain rate (0.0182 
mm/min) of apparatus. There is also a possibility of having a cohesion value due to the stress 
range on which tests were performed. Vick (1990) defines the normal stress range as 
important factor for strength parameters of the tailings. Since the failure envelope is curved or 
nonlinear at low stresses range (Vick 1990), the extrapolation of Mohr-Coulomb failure line 
can result in a cohesion intercept. The normal stress range of interest of this study was from 
100kPa to 450kPa,Figure 64. 

Figure 64: Stress range of interest where linear failure line approximation is valid 

Therefore, the values of cohesion intercept and friction angle can be considered simply as 
mathematical parameters for the stress range of tested materials (Vick 1990, Thiel 2009). 
Figure 64 shows another line (A) extrapolated which approaches to zero (which might be true 
in lower normal stress range), using the value of c as zero in this case might change the 
strength for the required higher normal stress range (i.e.100-450kPa). Since tailings dams are 
usually raised with time, hence cohesion intercept and friction angle values likely to change 
with time and with further raisings. It is thus very important to choose correct values for 
cohesion intercept and friction angle especially in designing and modeling of tailings dams 
and to know what range the strength parameters are valid for. 

The typical strength parameters from this study are compared with literature and shown in 
Table 26. Typical values of friction angle determined in triaxial tests showed agreement with 
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what is present in literature. However, the friction angle showed significantly less values in 
direct shear tests in comparison to literature. The friction angle from direct shear tests was low 
as compared to triaxial tests conducted. These differences in results from direct shear and 
triaxial can lead to uncertainties in describing the real in-situ state (Davies, McRoberts & 
Martin 2002). Selection of the values of parameters for modeling and analysis can be very 
tricky and can lead to uncertainties. The possible reason for difference of strength values in 
direct shear and triaxial tests is likely because of confining pressures in triaxial tests, i.e. 
isotropic confinement was used in triaxial tests. Other possible reason can be the different 
position of application of shear stress i.e. shearing load in direct shear tests is applied in 
horizontal direction whereas axial loads are applied vertically in triaxial tests.  

Table 26:  Comparison of friction angle found in this study with literature 

Material Type in degrees Effective stress 

range kPa 

Source 

Copper Tailings 

Silty Sand (8-22m depth) 
12.1-17.4 100-450 Present Study (Direct Shear Test) 

Copper Tailings 

Silty (38-47m depth) 
17.2-18.3 100-450 Present Study (Direct Shear Test) 

Copper Tailings ND* 

1-0.5mm 
21.78 50-500 Present Study (Direct Shear Test) 

0.5-0.25mm 22.6 50-500 Present Study (Direct Shear Test) 

0.25-0.125mm 23.15 50-500 Present Study (Direct Shear Test) 

0.125-0.063mm 23.72 50-500 Present Study (Direct Shear Test) 

Copper Tailings VD* 

0.5-0.25mm 
26.13 50-300 Present Study (Direct Shear Test) 

0.25-0.125mm 25.23 50-300 Present Study (Direct Shear Test) 

0.125-0.063mm 25.20 50-300 Present Study (Direct Shear Test) 

Copper Tailings 

Silty Sand (8-22m depth) 
39.1-41.1 100-450 Present Study (Triaxial Test) 

Copper Tailings 

Silty (38-47m depth) 
39.7-40.2 100-450 Present Study (Triaxial Test) 

Copper Tailings 

0.5-0.25mm 
35.31 100-400 Present Study (Triaxial Test) 

0.25-0.125mm 35.3 100-400 Present Study (Triaxial Test) 

0.125-0.063mm 36.25 100-400 Present Study (Triaxial Test) 

Copper sands 34 0-816 (Mittal, Morgenstern 1975) 

Copper sands 33-37 0-672 (Volpe 1979) 

Copper slimes 33-37 0-672 (Volpe 1979) 

Gold Slimes 28-40.5 960 (Blight, Steffen 1979) 

Copper Tailings (Aitik) 37-42 40-300 (Pousette 2007)

* VD=vertical Deposition, ND= Normal Deposition

Referring to Table 18, as for as strength parameters are concerned, the observed values for 
cohesion and friction angle were low with comparison to what is available in literature on 
similar material (Vick 1990). However, it matches with previous tests conducted on similar 
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material (Bhanbhro et al. 2014) despite of the fact that specimens in this study were uniformly 
graded specimens. However, the strength parameters for vertically deposited samples were 
slightly higher as compared to normally deposited samples, Figure 50. All the tests showed 
some cohesion intercept values, which generally should not have been the case according to 
Vick (1990). The studies conducted by Zhang et al. (2015) also showed cohesion for coarser 
tailings material as high as and for finer tailings as , so having cohesion 
values is not something new.  

Referring to Figure 53, it can be said that depth where the samples were collected from did 
not show any influence on friction angle. Since, the particle size was reducing along depth, 
this shows that no influence of particle size on friction angle in undisturbed tests was 
observed. This phenomenon was further verified from tests conducted on uniformed tailings 
materials where it can be concluded that particle size has no influence on friction angles. 
However, it can have some effects other parameters for example dilatancy due to different 
gradation. In addition to that, these results are preliminary and studies that are more detailed 
could be of great help towards deep understanding of materials, e.g. by taking more particle 
gradation ratios, i.e. specimen prepared with different fractions of each particle sizes. 

5.7 Hardening Soil Model 

The strength parameters were chosen according to peak shear stress values in triaxial results. 
This was done with focus on finding hardening soil model parameters. The calibrated 
hardening soil parameters are assumed as acceptable for design (Knutsson 2015). It was 
observed that simulated results showed slightly overestimated stiffness at small strains 
and underestimated stiffness at larger strains, Figure . However, for design perspective 
small underestimated values in terms of stiffness may the best alternative to simulate 
exaggerated deformations, Knutsson (2015).  

According to Knutsson (2015), an alert level can be set-up by considering small 
overestimated stiffness on operational levels. One possible solution given by Knutsson (2015) 
is to perform analysis in different parts for different purposes. For example, slight 
overestimated stiffness can be used to predict underestimated deformations at which a failure 
can occur before a true failure. With pre-known minimum deformations can help towards 
setting up an initial alarm level before a real failure. Similarly using underestimated stiffness 
parameters can help towards determination of maximum deformation before a failure 
can occur. This phenomenon is illustrated in Figure , where green line represents 
simulations with overestimated stiffness, black line represents the true behavior and red 
line denotes simulations with underestimated stiffness.  
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Figure 65: Schematic illustration of stiffness (E) and corresponding deformations, updated from Knutsson (2015) 

As the possible best fit parameters found for hardening soil model in this study showed slight 
overestimated stiffness, then these parameters can be considered for initial alarm level 
according to concept given by Knutsson (2015). However, these parameters are closely 
matching with true / laboratory results when lower confining stress level is taken into 
consideration.  
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6. Conclusion

To answer the questions raised earlier, from the presented results and discussions following 
conclusions can be drawn. The conclusions are based upon the samples collected. 

1. What is effect of step by step construction on tailings materials? E.g. on shear
strength, particles sizes, particle shapes, void ratio etc.

o The grain sizes tend to reduce along depth of section of a subject dam. The typical
grain size for the tested tailings is silt or silty sand.  The average particle density ( )
is 2.83t/m3. Water content (w) was in range of 15.2-47%. Void ratio (e) and porosity
(n) were in range of 0.72–1.41 and 41.9–58.5%. Smaller particle of size 0.063mm are
very angular and whereas particles of size 1 mm are subangular.

o Not much influence of gradation and depth (stress level) on collected samples in
triaxial results is seen. The friction angle in undrained direct shear tests showed a
slight decreasing trend along depth from 20m to 47m. However, the friction angle in
drained direct shear tests showed a decrease from 10m to 22m and increasing tendency
from 22m to 47m depth.

o The maximum void ratio reduction (%) after consolidation at 640 kPa for materials
constructed with coarse particles (1 – 0.5 mm) was 23%. Similarly, maximum void
ratio reductions for specimens with particle sizes (0.5 – 0.25 mm, 0.25 – 0.125 mm
and 0.125 – 0.063 mm) were 18%, 18.7 and 13% respectively. This means higher void
ratio reductions were observed in coarser particles specimens.

2. What is tendency of tailings particles to break when new raised embankments
are considered as vertical loads?
The particle breakage has been determined for different particle sizes and it was found
that;

o When subjected to vertical loads of 640kPa, the particle breakage in coarser particles
was (14%) as compared to finer particles (0.8%).

o Shear stress (  has significant effect on particle breakage when combined with
normal stress . The particles of size ( ) showed  particle
breakage. Similarly, particles of size ( ) and ( )
showed  and particle breakage respectively.

3. Is there any influence of particle size on strength parameters?
In order to find the influence of particle size on strength parameters, the different
particle sizes were used and it was found that;

o Finer particles ( ) showed slightly higher shear stress on stress-
strain plot. Finer particles showed less dilatancy as compared to coarser particles.

o Particle size did not show any influence on strength parameters in triaxial tests. The
friction angle for uniformed tailings material was found to be in range of
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to  for the particle sizes used, i.e. 0.5-0.25mm, 0.25-0.125mm and 0.125-
0.063mm. 

Is it possible to use classic soil models for tailings material? 

o Yes, it is possible and modeled simulations were in good agreement with laboratory 
data. The stiffness at lower strains were slightly over estimated and at larger strains it 
was slightly underestimated. 

Some other conclusions drawn from this study are; 

o Vertical sample height reductions are observed during direct shear tests. This is 
observed in both drained and undrained cases followed by slight increment in pore 
pressures as well for both the cases. Higher normal stresses cause higher vertical 
strains and vice versa.  

o Strain hardening behavior is observed in both drained and undrained tests in direct 
shear tests. The strength parameter  for the tested material showed significantly 
higher value in triaxial test as compared to direct shear test. All the direct shear tests 
showed cohesion intercept value. 

o The normal stress  of 300kPa can be said critical normal stress and deciding factor 
whether specimens can show dilatant behavior or contractant behavior for normally 
deposited uniformed materials. For example, normal stresses  higher than 

 shows conractant height behavior and less than  shows dilatant 
height behavior after initial compression 

o Method of deposition for tailings materials shows uncertainty on vertical height 
reduction behavior; however, the shear behaviors were similar as for normal deposited 
materials.  

o The friction angle in vertically deposited specimens was  higher than 
normally deposited specimens. 

o Uniformed tailings material upon application of confining stresses can show less 
volumetric reductions (%) when compared with on same material tested for axial 
reductions (%) in oedometer. 

o The maximum coefficient of volume compressibility for (1 – 0.5 mm, 0.5 – 0.25 
mm, 0.25 – 0.125 mm and 0.125 – 0.063 mm) specimens was 0.086, 0.064. 0.056 And 
0.035 respectively.  And was 0.025, 0.019, 0.036 and 0.032 respectively. 

o At low confining pressure, the uniformed tailings material can result in higher 
effective stress ratios and vice versa. 
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Future Work Ideas 

The study presented herein was for materials which were collected as undisturbed to represent 
in situ conditions and uniformed materials with different particle sizes. However, the 
uniformed materials constructed were of one size in on specimens. This was done to have 
preliminary material properties for each size. However, in-situ conditions may differ with 
different particle sizes. Thus a future study aiming specimens constructed with different 
uniformed particle sizes should be conducted to understand the material properties more in 
detail. This can be done by making specimens by taking some percentage of each particle 
size. E.g. a specimen constructed with 40% of 1-0.5mm particles, 30% of 0.5-0.25mm and 
30% of 0.25-0.125mm particle size. Similarly different proportions can be tested to represent 
in-situ conditions. It can be then very easy to determine expected in-situ material properties 
specially particle breakage in each size due to vertical loads. 
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Basic Description of Tailings from Aitik Focusing on 
Mechanical Behavior 

Riaz Bhanbhro1, Roger Knutsson2, Juan M. Rodriguez3, Tommy Edeskar4, Sven Knutsson5 
1, 2,3,4,5Division of Geotechnology, Department of Civil Environmental and Natural Resources Engineering, Luleå University of 

Technology, SE-97187, Sweden 

Abstract— Tailings are artificial granular materials that 
behave different as compared to natural soil of equal grain 
sizes. Tailings particle sizes, shapes, gradation and mechanical 
behavior may influence the performance of tailings dams. 
Hence it is essential to understand the tailings materials in 
depth. This article describes present studies being carried out 
on Aitik tailings. Basic tailings characteristics including 
specific gravity, phase relationships, particle sizes, particle 
shapes and direct shear behavior are presented in this article. 
The results showed that particles size decreases along depth 
from surface for collected sample locations. The angularity of 
the particles increases as the grain size decreases. Vertical 
height reduction was observed during shearing of samples by 
direct shear tests.   

Keywords—Mechanical Properties of tailings, Tailings 
Particles, Tailings, Mechanical behavior of tailings 

I. INTRODUCTION 

Tailings dams are geotechnical structures which are 
raised with time [1] as the impoundments are increased 
depending upon production rate of mining activity. 
Generally tailings itself are used in some extent for 
construction of tailings dams. Hence the mechanical 
properties of tailings material have important role in 
construction of tailings dams. Tailings are artificial 
granular materials and not like natural soils [1, 2]. Thus 
tailings might behave differently e.g. in anisotropic shear 
strength, permeability properties [3] and particle shapes 
which possibly might affect the performance of dam. 
Tailings dams are supposed to withstand for long times, i.e. 
in general as walk away solutions. For safe existence of the 
tailings dams it is important to know mechanical behavior 
of tailings being used in construction of dams.  

This paper presents the initial stage of laboratory work 
being carried out on Aitik tailings materials. Preliminary 
results from specific gravity test, phase relationships, 
particle size analysis, particle shapes analysis and vertical 
height behaviors during direct shear tests are discussed. 

 
 

II. EXPERIMENTAL WORK 

Samples were collected by the consulting company 
Sweco during spring 2013 at the depths 12-47m from the 
sections of dam E-F and G-H of the Aitik Tailings dam. 
Figure 1 shows the locations of samples A, B, C and D 
from the dam sections. The samples were taken from weak 
zones previously determined by CPT tests. Both disturbed 
and undisturbed samples were collected.  

 
Figure 1 Location of samples, DAM E-F and DAM G-H from Aitik 

Tailings Dam 

The laboratory work was carried out on the collected 
samples for determination of basic characterization; 
Particle size, hydrometer analysis, particle shapes, and 
strength parameters by direct shear. Undisturbed samples 
were used for determination of shear strength parameters 
by direct shear tests. Drained and undrained tests were 
performed from each sample tube for direct shear test. 

III. BASIC DESCRIPTION OF TAILINGS 

The body of tailings is composed of solid particles, 
water and air. Table 2 shows the summary of tests 
performed for basic geotechnical characterization on Aitik 
Tailings in this study. These tests were performed on the 
undisturbed samples. Water content (w) for the tested 
samples were in range of 15.2-47%. 
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The bulk density ( ) was determined to be in range of 
1.66 - 2.06 t/m3. Similarly the saturated density (ρsat) and 
dry density (ρd) were found to be in range of 1.76 – 2.065 
t/m3 and 1.18 – 1.65 t/m3 respectively. The average particle 
density ( for collected samples was 2.833 t/m3. The 
void ratio (e) and porosity (n) were calculated to be in 
range of 0.72 – 1.41 and 41.9 – 58.5% respectively.   

A. Particle Size 

Sieve analysis was conducted for undisturbed and 
disturbed samples. Similar grain size distribution curves 
were observed for disturbed and undisturbed samples. It 
was observed that the particle size decreases with depth 
from the surface of dam section for the locations under 
investigation. This decrease is might be due to breakage of 
particles because of higher stresses, particle decaying over 
time, chemical reactions or as a consequence of changes in 
ore quality or process technology. The other possibility of 
size reduction with depth is that the deposition methods and 
locations of depositions in earlier years were different.  

 

And may be because of the samples were taken from 
different distances from the dam. The particles size 
distribution curves are shown in figure 2 and the values of 
D30, D50, and D60 are read from particle distribution curves 
and presented in Table 1.  

TABLE 1  
SIEVE CURVE CHARACTERISTICS, D30, D50, AND D60 

Sample Depth 
(m) 

D30 

(mm) 

D50 

(mm) 

D60 

(mm) 

GH56+450 inkl  12-15 0.078 0.14 0.21 

DGH56+450E  12-15 0.11 0.16 0.2 

Temp62+315  18 0.025 0.05 0.062 

DEF62+315D  20 0.018 0.028 0.035 

VFT 349  
undisturbed 

38 0.0032 0.006 0.0077 

Temp 56+450D  38 0.0032 0.006 0.008 

DEF62+315D  43 0.0035 0.007 0.0092 

GEO29B  
undisturbed 

47 0.0039 0.008 0.011 

 

TABLE 2  
SUMMARY OF BASIC GEOTECHNICAL CHARACTERIZATION ON AITIK TAILINGS 

Sample Description Water 
content 

(%) 

Bulk 
Density 

( ) 
t/m3 

Saturated 
Density 

(ρsat)  
t/m3 

Dry 
Density 
(ρd) 
t/m3 

Void Ratio 
[e] 

Porosity 
[n] 
(%) Tube 

Elevation 
/Depth 

BKAB125 387.1/7.6 15.2 1.681 1.944 1.46 0.941 48.5 
ORRJE4786 384.6/10.1 23.9 1.787 1.933 1.44 0.964 49.1 

KK1822 365.0/18.6 37.22 1.915 1.903 1.40 1.030 50.7 
CTH546 365.0/18.6 43.7 1.997 1.899 1.39 1.039 51.0 
AIB839 363.6/20 39 1.950 1.908 1.40 1.020 50.5 
VFK438 363.6/20 37.2 1.856 1.875 1.35 1.094 52.2 

KLBF784 371.5/21.1 47.1 1.831 1.806 1.24 1.276 56.1 
GL41 371.5/21.1 45.7 1.859 1.826 1.28 1.220 55.0 

BBK93 370.4/22.2 43.3 2.03 1.92 1.42 1.0 50 

VPLANB150 370.4/22.2 43.9 1.887 1.848 1.31 1.161 53.7 
VFT349 343.16/38 41.4 1.66 1.76 1.18 1.411 58.5 

AIB852 343.16/38 39.5 1.914 1.887 1.37 1.066 51.6 
5580 344.7/47.4 28.6 2.06 2.065 1.65 0.721 41.9 

GEOB29 344.7/47.4 38.8 1.99 1.93 1.43 0.977 49.4 

HSRB1016 344.7/47.4 37.5 1.933 1.909 1.41 1.016 50.4 



International Journal of Emerging Technology and Advanced Engineering 
Website: www.ijetae.com (ISSN 2250-2459, ISO 9001:2008 Certified Journal, Volume 3, Issue 12, December 2013)

67 

Roundness 
(Intermediate 
Scale)

Surface Texture 
(Small Scale)

Morphology 
(Large Scale)

Figure 2: The particle size distribution curves at various depths relative to the surface level of Dam section 

B. Particle Shapes

Particle shapes are known to affect various engineering
properties of soils including friction angle and permeability 
[5]. One of the general differences between natural soils and 
tailings is that tailings are more angular compared to soil 
particles. As a step to understand the difference of 
mechanical behavior between soil and tailings it is of 
interest to quantify this difference. Particle analysis can be 
described as quantitative and qualitative; qualitative 
description is subject to shape of particles whereas 
quantitative refers to measuring of dimensions [6]. 

Figure 3: Particle shape scale factors illustrated on tailings from this 
study. After Mitchell & Soga (2005) [7] 

Particle shapes and properties are categorized in 
different scales, number of terms and their details. Mitchell 
& Soga (2005)[7], Rodriguez & Edeskär (2013)[11] and 
Rodriguez J,M.(2013)[12] described the particle shape in 
three terms; which are morphology, roundness and surface 
texture, presented in figure 3. Morphology is described as a 
particles’ diameter at large scale. At this scale terms are 
described as spherical, platy, elongated or elongation etc. 
The intermediate scale presents the explanation of 
irregularities i.e. corners, edges of different sizes.  

This scale is generally accepted as roundness or 
angularity; and smaller scale defines the roughness or 
smoothness and surface texture that can be whole particle 
surface including corners.  

Figure 4: Particle shapes of different sizes from Aitik Tailings

Powers (1953) [8] introduced the roundness qualitative 
scale for particle shapes which depends upon shapes of 
particles. Using the Powers roundness qualitative scale 
(Intermediate scale, Roundness), it is initially concluded 
that particle shapes of larger to smaller sizes from Aitik’s 
samples varied from sub angular to very angular. The 
particles having bigger diameter (1 mm) are less angular as 
compared to smaller diameters (0.063 mm). Figure 4, 
shows images of particle shapes of different sizes, which 
were collected for analysis from Aitik Tailings. 

IV. VERTICAL HEIGHT REDUCTION DURING DIRECT 

SHEAR TESTS

Direct shear tests (18 drained and 12 undrained) were 
performed on undisturbed samples. Samples were mounted 
with minimum disturbance surrounded by reinforced latex 
membrane and porous filter spikes were placed on top and 
bottom. Rubber tape at the end of membrane edges was 
used to avoid any leakage from membrane edges especially 
when test was performed as undrained. 

1mm    0.5mm    0.125mm    0.063mm



 
International Journal of Emerging Technology and Advanced Engineering 

Website: www.ijetae.com (ISSN 2250-2459, ISO 9001:2008 Certified Journal, Volume 3, Issue 12, December 2013) 

68 

 

 
Figure 5: Direct Shear apparatus and sample mounting 

Normal stresses were applied at rate of 20 kPa (in steps) 
per hour or by monitoring dissipation of pore pressures. 
Shearing rate was kept as 0.018 mm per minute. Samples 
were sheared up to 5mm horizontally with shearing angle 
up to 0.40 radians. Figure 5 shows the direct shear testing 
machine, membrane, filters, mounting of samples. 

 
Figure 6: Typical vertical height changes and shear stress behaviors 

during direct shear test 

During direct shear test, reduction in vertical height was 
observed for all the conducted tests i.e. drained and 
undrained. The reason for this behavior can be 
rearrangement of particles or breakage of particles. Figure 
6 shows the shear stress and vertical height changes along 
shearing angle. Slight increase in pore pressure was also 
observed with vertical height reduction while shearing 
(Figure 7); this indicates the decrease in voids. Stresses on 
particle edges may lead to additional crushing; creates 
particles that are very angular which might offer higher 
resistance to shear [9]. 

 

 
Figure 7: Typical vertical height changes and pore pressure behaviors 

during direct shear test 

V. DISCUSSIONS 

The results from this study shows that the grain sizes 
were reduced by depth relative to surface. The fine content 
in the samples increased from 5% in the upper layer (above 
20m) to about 20% in the subsequent layers 20-47m below 
ground surface. The increase in finer particles along depth 
might reduce the permeability and may lead to higher pore 
pressures. The void ratio of investigated tailings was found 
to be about 20% to 40% higher as compared to natural soils 
(silt)[4], which indicates loose condition. The observed 
vertical height reduction during shearing might lead to 
increased pore pressures because of reduction in voids. 
Increased pore pressure might transit the stress supporting 
grain system to fluid-grain slurry resulting loss of strength 
[10]. If the vertical height reduction is due to breaking of 
particles then bigger particles may break into smaller 
particles. From initial study on particles it was observed 
that smaller particles are very angular as compared to 
bigger particles. This means if there is breakage during 
shearing; the bigger particles get smaller and hence more 
angular, which may offer more resistance to shear. 
However, this needs to be investigated further. 
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VI. FUTURE WORK 

The height reduction during shearing indicates 
deformations and this is important in monitoring and 
modeling of tailings dams. The reasons for height changes 
(figure 6) should be studied in detail in order to investigate 
whether this change is due to breaking of particles or 
rearrangement of particles. This can be done by analyzing 
particle sizes and shapes before and after shear, then to 
develop certain empirical relationships by finding 
percentage and sizes of particles that are being broken 
during shearing process. Rearrangement of particles should 
also be taken into consideration and studied before and 
after shearing the samples. These are important steps 
towards deep understanding of typical tailings behaviors 
and different aspects towards constitutive behavior of 
tailings.  

VII. CONCLUSIONS 

The grain sizes reduced along with depth from surface of 
dam for the tested locations.  Initial particles analysis 
showed that smaller particles of size 0.063mm were very 
angular, whereas the larger particles of size 1 mm were sub 
angular. Water content (w) was in range of 15.2-47%. The 
average particle density (ρs) of collected tailings samples 
was 2.833 t/m3. The bulk density (ρ) was varying from 
1.66–2.06 t/m3. Similarly the saturated density  (ρsat) and 
dry density (ρd) were found to be in range of 1.76 – 2.065 
t/m3 and 1.18–1.65 t/m3 respectively. Void ratio (e) and 
porosity (n) were in range of 0.72–1.41 and 41.9–58.5%. 
Reductions in vertical height of samples were observed 
during direct shear tests with slight increase in pore 
pressures. Future studies should be carried out to 
understand tailings behavior more in detail. 
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ABSTRACT 
The shear strength of tailings can vary depending upon the type of ore and method of construction. 
Tailings dams may possess loose layers in subsequent layers, which may have low shear strength. 
Since the tailings dams are made-up to last for longer times, the strength parameters and material 
behaviors are essential to understand, especially potential for static liquefaction in loose layers. 
This article presents the results from direct shear tests performed on samples from loose layer of a 
tailings dam. Both drained and undrained tests are carried out. The results indicated the strain 
hardening behavior in tailings material which indicates loose condition. The shear strength was 
found to be relatively low as compared to typical values of tailings in literature. A contractant 
volume behavior was observed for all the tests. During shear tests the vertical height reductions in 
samples were observed. These changes were significantly increased after peak shear followed by 
slight increment in pore pressure along shearing angle. The reasons for these height changes are 
not fully known, but may be a rearrangement in skeleton or breakage of particles during shear 
which needs further investigative studies. 

KEYWORDS: Shear Strength, Direct Shear Tests, Tailings Dams, Particle Breakage, 
mechanical properties of tailings. 
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INTRODUCTION 
Tailings are mine waste, which are crushed, milled and stored after extraction of material of 

interest. Tailings are generally stored as impoundments with surrounding dams, constructed either 
by burrow material or by tailings itself (Jantzer, Bjelkevik & Pousette 2001). Tailings dams are 
raised with time (Vanden Berghe et al. 2011) depending upon production rate of mining. Since 
tailings dams are supposed to withstand for long times i.e. more than 1000 years, the behavior of 
tailings upon loading is important towards designing and modeling of dams. In relation to natural 
soil of equivalent gradation in general, the properties of tailings such as shear strength, 
permeability (Vanden Berghe et al. 2009) and particle shapes (Bhanbhro et al. 2013, Rodriguez, 
Edeskär 2013) are different. Tailings particles are more angular as compared to natural soils 
(Rodriguez, Edeskär 2013) and it is likely to influence the mechanical properties (Cho, Dodds & 
Santamarina 2006).  Some preliminary studies on tailings from one ore shows that smaller 
tailings particles are very angular and bigger particles are less angular (Bhanbhro et al. 2013).   

Tailings dams and deposits may consist of loose layers depending upon method of 
construction, deposition, climate, mining processes etc. Loose layers can be stable under drained 
conditions but may be subject to fail in undrained conditions (Lade 1993, Kramer 1996). 
Furthermore static liquefaction can occur in very loose sands at low pressures and at higher 
pressures it can show as normal soil behavior (Yamamuro, Lade 1997). Loosely deposited 
tailings might have very low strength and they contract during shear (Davies, McRoberts & 
Martin 2002).  It is highly uncertain to predict in-situ properties e.g. undrained strength for 
tailings materials because of its fabric of field state and verities of initial void ratios (Davies, 
McRoberts & Martin 2002).  Previous studies on mechanical properties of tailings as reported in 
literature, e.g. (Blight, Bentel 1983, Mittal, Morgenstern 1975, Qiu, Sego 2001, Guo, Su 2007, 
Shamsai et al. 2007, Volpe 1979, Chen, Van Zyl 1988), provided bulk average strength of tailings 
without assuming the variations related to depth. However, strength values suggested by 
(Dimitrova, Yanful 2012, Dimitrova, Yanful 2011) provided the strength of mine tailings 
corresponding to depth, Whereas, they assumed remolded tailings samples in laboratory.  The 
purpose of this paper is to study the mechanical behavior of tailings material collected from 
various depths of a tailings dam and to determine strength parameters of this material. 

The tailings material is collected as undisturbed and from loose deposited layers. This paper 
presents results from direct shear tests on the collected material. The drained and undrained 
behaviors during shearing are presented and discussed. The effective strength parameters 
(cohesion c' and friction angle ϕ') are evaluated for both the drained and undrained condition. 
Evaluation of strength parameters is done according to Mohr-Coulomb failure criterion. The 
shear strength parameters were found to be low as expected, since the samples were collected 
from loose layers. Vertical height changes in the test specimens during shearing were observed 
with slight increment of pore pressure. The strength parameters, material behavior and vertical 
height reductions are discussed in this article. 

MATERIALS 
The tailings material tested in this research were collected from loose layers (determined 

during Cone Penetration Test) of a Swedish tailings dam. Preliminary study on collected tailings 
material was conducted by (Bhanbhro et al. 2013) and found that; it had average water content in 
range of 15 to 44% and most of samples were completely water saturated. It possessed the void 
ratio of 0.72-1.41 and average particle density of 2.833 t/m3. The bulk density was calculated as 
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in range of 1.66-2.12 t/m3.  The particle size distribution curves were determined for all the 
collected samples. The range of particle distributions curves studied materials is shown in Figure 
1. And Figure 2 shows the images of tailings particles from finding of this study. 

 
Figure 1: Outer border range of particle size distribution curves for studied material 

It was also observed that materials from larger depths were finer than materials of less depth 
from surface of dam. The materials are classified as clayey silt and silty sand with low plasticity 
according to Swedish standard, SIS (Larsson 2008).  

  

Figure 2: Tailings Particles from this study 

TESTING PROCEDURE 
Undisturbed samples were used for determination of strength parameters by direct shear tests. 

Tests were carried out for consolidated drained and consolidated undrained cases. Fifteen tests 
were carried out for the drained conditions and twelve tests were performed for undrained 
conditions. NGI (Norwegian Geotechnical Institute) Direct simple shear apparatus was used for 
this study (Figure 3).  The apparatus has been rebuilt and modified with electronic sensors which 
enable to record applied load, specimen height and pore pressure continuously during shearing. 
The logged data is then transferred to computer program which helps with the monitoring of 
stresses and deformations during the test.  
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Figure 3: The Direct shear apparatus (NGI) 

The sensors and transducers are attached to read normal force, effective sample height, and 
shear loads. The pore pressure transducer, which is connected to lower filter inlet to sample 
(Figure 4), makes it possible to measure the pore pressures during consolidation and during 
shearing. Normal loads are applied by putting dead weights over lever arm (10:1 load ratio) 
whereas shearing deformations were applied by strain controlled gear driven motor.  

 

Figure 4: The Sample installed in direct shear apparatus mould. 

According to ASTM D 6528 the confinement of specimen in direct shear tests is generally 
done by wire-reinforced rubber membrane or stacked rigid rings. In this study Geonor’s wire-
reinforced rubber membranes for the NGI apparatus were used. The membranes were of same 
size of 50 mm diameter as specimens. The specimen is placed within this reinforced membrane 
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that prevents lateral deformations. These membranes should provide lateral resistance to resist 
change in cross sectional area during consolidation and shear (ASTM D 6528). The space 
between winding of wires allows the membrane and sample to strain vertically during 
consolidation (Dyvik, Zimmie & Floess 1981). Variation schematic of wire-reinforced membrane 
is shown in Figure 5. 

 
Figure 5: wire-reinforced membrane concept, after (Baxter et al. 2010) 

The samples from tube were extruded carefully and then were mounted with porous stones on 
top and bottom and surrounded by reinforced membrane. In order to avoid possible slip between 
porous stones and specimen, the porous stones with spikes of 2.5 mm depth were used. To avoid 
leakage during the test, the rubber tape was used on top and bottom of membrane edges. 
Schematic view of sample placed in mould is shown in figure 6 along with filters and spikes 
surrounded by membrane. 

 

Figure 6: Sample mounting; (i) membrane (ii) filters with spikes, (iii) sample and         
(iv) rubber taped sample 

Prior to consolidation, the sample were allowed to saturate completely. This was done by 
introducing water from bottom inlet. Top cap/Drainage valve (see in figure 4) was opened to 
allow water flow out. Once it reached to condition where inflow was equal to out flow then 
bottom inlet was closed and it was further proceed to consolidation. The normal loads during 
consolidation were applied with rate of 20-50 kPa and in some cases 100 kPa in steps per hour or 
by monitoring dissipation of pore pressure for all tests.  

The shear deformations were applied to all tests was with shearing rate of 0.0182 mm/min; 
this was controlled by geared driven motor. The shear loads were continuously monitored during 
application of shearing deformations. All samples were sheared up to 5 mm in horizontal 
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direction. Both horizontal and vertical displacements were recorded continuously during the 
tests. 

RESULTS 
The curves of shear stress versus the shearing angle are plotted for the tests conducted at 

effective normal stresses of 100 kPa are shown in Figure 7. Figure 7 (a) shows the drained shear 
stress behavior and (b) shows undrained shear stress behavior. Drained tests, performed at 
effective normal stresses of 100 kPa (Figure 7-a) and 250 kPa, showed strain hardening behavior 
till peak with no further changes in shear stress (perfectly plastic) along shearing angle. 
Undrained tests under effective normal stresses of 100 kPa (Figure 7-b) and 250 kPa showed 
strain hardening behavior throughout the shearing angle.  

(a)

(b)

Figure 7: (a) Drained Stress behavior at normal stresses of 100kPa (b) Undrained Stress 
behavior at normal stresses of 100kPa 
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Those drained and undrained tests which were performed at higher stress i.e. effective normal 
stresses of 450 kPa, showed strain hardening peak followed by slight softening along shearing 
angle. More or less similar strain hardening behavior was observed up to shearing angle of 0.2 
radians for all the tested samples. A contractant volume behavior was observed in all tests.  

Vertical Height Compression during Shearing 
All the samples showed sample vertical height reductions during the shearing phase. Figure 8 

shows the vertical strains and shear stress plotted versus shear angle (radians). The percentage of 
decrease in vertical height after peak shear stress was slightly higher as compared to prior to the 
peak shear phase.  

 
Figure 8: Typical shear stress and vertical strains vs. shearing angle  

The decrease in volume was possibly caused due to reduction in voids which shifted some of 
grain supported load to pore water as shown in figure 9. After slight increase in pore pressure at 
start of test, decrease in pore pressures was observed till maximum shear stress. After maximum 
shear stress, the pore pressure increased again with decrease in vertical sample height Figure 9.  

 
Figure 9: Vertical strain and pore pressure vs. shearing angle for drained condition  
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Figure 10 shows the undrained pore pressure behavior and vertical sample strains along 
shearing angle. It was seen in undrained condition that pore pressure reduced once it was reached 
to its peak. It was observed that vertical strains during shear tests depended upon normal loads. 
Higher the normal loads, higher the vertical sample strains were observed. Figure 11 shows the 
typical curves of vertical strains observed at different normal loads. It was also observed that 
vertical strains were indicated in in undrained tests as well. The deformations were similar to 
those indicated in drained tests, whereas the strains were slightly smaller.  

        
Figure 10: Vertical strain and pore pressure vs. shearing angle for undrained condition 

 
Figure 11: Typical vertical strain behavior during shear against shearing angle at 

different normal loads 

The vertical strains for all the conducted tests at different normal stresses are presented in 
Table 2 for drained tests and Table 3 for undrained tests. The vertical strains in drained tests were 
in range of 2.6-5.4%, 5.3-8.9% and 5.7-12.4% for the tests under normal stresses of 100, 250 and 

Shear Angle [rad]

0.0 0.1 0.2 0.3 0.4

P
or

e 
P

re
ss

ur
e 

(k
P

a)

0

2

4

6

8

V
er

tic
al

 S
tra

in
 (%

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Vertical Strain

Pore Pressure

Shear Angle [rad]

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

V
er

tic
al

 S
tra

in
 %

0

1

2
3

4

5
6

7

8
9

10

11

100kPa D
250kPa D
450 kPa D
100kPa UD
250 kPa UD
450 kPa UD



Vol. 19 [2014], Bund. Z 9031 
 
450 kPa. Similarly these values for undrained tests were found to be 2.2-5.5%, 2.9-10.5% and 
7.4-12.0%. The values of vertical strains at the maximum shear stress and at the end of test are 
presented in Table 1 and 2 for drained and undrained respectively.  

Table 1: Reduced strains at peak shear strength and at the end of shear for the drained 
conditions 

Sample and 
Depth 146 (10m) AAB2089 (20m) GEOB29 (47m) SJ187 (22m) VFT349 (38m) 

Normal 
Load 
(kPa) 

Vertical Strains % Vertical Strains % Vertical Strains % Vertical Strains % Vertical Strains % 

at Peak End of Test at Peak End of Test at Peak End of Test at Peak End of Test at Peak End of Test 

100 2.23 2.68 1.39 2.88 2.11 4.15 1.57 5.42 2.82 5.48 
250 4.38 6.10 2.84 7.48 2.59 5.33 3.35 8.91 2.47 6.83 
450 4.00 5.77 5.92 10.67 3.83 8.55 5.73 12.46 5.74 10.86 

 

Table 2: Reduced strains at peak shear strength and at the end of shear for the undrained 
conditions 

Sample and 
Depth AAB2089 (20m) BBK93 (22m) GEOB29 (47m) AIB VFT (38m) 

Effective 
Normal Loads 

(kPa) 

Vertical Strains % Vertical Strains % Vertical Strains % Vertical Strains % 

at Peak End of Test at Peak End of Test at Peak End of Test at Peak End of Test 

100 1.68 2.22 2.02 2.67 3.92 5.58 3.22 4.41 
250 2.14 2.92 3.33 6.70 4.57 10.53 1.85 5.48 
450 3.03 7.48 5.86 9.81 4.64 12.04 4.46 8.61 

 

Evaluation of Strength Parameters 
 
The failure shear strength parameters were evaluated by using Mohr-Coulomb failure 
criterion, equation 1, 
                                                     (1) 

where  is the ultimate shear strength (at particular point on Mohr-Coulomb failure line),  is the 
effective normal stress,  and  are cohesion and friction angle. The shear strength parameters 
are evaluated from the measured shear stresses and the corresponding effective normal stresses. 
From each test, the maximum shear stress was evaluated. Due to strain hardening behavior the 
maximum shear strength is not well defined. Therefore, if no obvious peak in shear stress was 
developed during the test, the shear stress used for strength evaluation, was read at a shearing 
angle at 0.15 radians, this is in accordance with standard practice by the Swedish Geotechnical 
Society (SGF 2004). Figure 12 shows the set of shear stress plotted against shearing angle for one 
sample and the strength parameters i.e. cohesion and friction angle are shown in Figure 13.   
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Figure 12: Typical Shear stress vs. shearing angle  

                      

 

Figure 13: Typical evaluated strength parameters  
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15.9-21.9 degree respectively; similar values at 0.15 radians were as 7.1-16.0kPa and 16.0-20.4 
degrees. It was observed that undrained shear strength was higher than drained tests as shown in 
Table 3 and Table 4.  

Table 3: The evaluated strength parameters according to Mohr-Coulomb failure criteria for 
drained tests at 0.15 rad and peak shear stress 

Sample and 
Depth 146 (10m) AAB2089 (20m) GEOB29 (47m) SJ187 (22m) VFT349 (38m) 

At 0.15 rad 9.7 17.01 33.72 13.37 17.12 18.30 26.49 12.54 14.91 17.22 
At Peak 13.52 18.42 27.71 15.87 14.52 20.69 23.13 13.93 17.74 17.53 

Table 4: The evaluated strength parameters according to Mohr-Coulomb failure criteria for 
undrained tests at 0.15 rad and peak shear stress 

Sample and 
Depth AAB2089 (20m) BBK93 (22m) GEOB29 (47m) AIB VFT (38m) 

At 0.15 rad 7.14 20.45 9.74 17.31 8.15 16.01 16.18 17.89 
At Peak 11.6 21.96 16.01 17.63 14.82 15.93 10.64 21.19 

The relationship of friction angle along with depth of dam section is shown in figure 14. It 
was observed that friction angle reduced along depth from 10m to depth of 22m in drained direct 
shear tests and it increased from depth of 22m and up to 47m. However, friction angle in 
undrained tests showed decrease from 22m to 47m of depth.  The friction angle values in 
undrained tests were slightly higher than of those in drained tests with a tendency in reduction 
beyond depth of 38m.  

Figure 14: The strength parameter along depth of dam section.
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DISCUSSION 
Based on the direct shear results, it is evident that the skeleton of the tested material is loosely 

arranged with low shear strength. Strain hardening behavior was observed in all tests. This 
behavior is expected from tailings at loose condition. Shearing of soils with this loosely arranged 
skeleton, normally results in contractancy, i.e. volume decrease (Craig 2004). After initial 
decrease, the volume normally tends to a stable value along shearing path (Budhu 2008). That 
phenomenon could not be seen among the results in this study. Contractancy was indicated, but 
with a sudden decrease in sample height initiated at the moment when maximum shear stress was 
reached as seen in figure 8 from about 0.12 radians and above. As shearing progressed, the 
sample height decreased. The similar behavior was observed by (Hamidi, Habibagahi & Ajdari 
2011) during tests on natural material with similar grain sizes as in this study. However, the 
vertical deformations were in form of contractant behavior with no sudden change in that study 
by (Hamidi, Habibagahi & Ajdari 2011).  

The vertical sample height during shearing showed a sudden compression for all the tests at 
the moment where maximum shear was reached. These occasions have, for the different tests, 
taken place at different displacements and different stresses, which therefore implies a physical 
change in the soil sample.  Preliminary study on materials from this study (Bhanbhro et al. 2013, 
Rodriguez, Edeskär 2013) showed that particles (Figure 2) are classified as subangular to very 
angular according to (Powers 1953) scale. Angular particles can have high contact forces between 
particles, which can lead to crushing (Jantzer, Bjelkevik & Pousette 2001); this can also be a 
cause of vertical height reductions during shearing. The possible reason for the vertical height 
reduction can be the rearrangement of skeleton either due to irregular particle shapes or breakage 
of particles. The particle crushing (which may result in change in vertical height) can lead to 
increased pore pressures if the long term creep conditions prevail. The rise in pore pressures can 
transfer the grain-supported skeleton to fluid-grain slurry resulting loss of strength (Goren et al. 
2010).  This phenomenon can be considered as static liquefaction.  

The change in sample height was not only evident among the drained tests, but also in the 
undrained tests. Considering saturated soil in a membrane where lateral displacements are 
prevented, no change in sample height would be expected in ideal undrained tests since water 
could be considered to be incompressible and the sample is at saturated condition. Therefore, the 
one possible reason for vertical height reduction can be either leakage or radial expansion during 
shearing. The leakage of that amount of water during shearing according to authors was 
thoroughly performed and prevented. Similarly, the radial expansion should not either be the 
case, as radial expansion or radial strains as reported in literature (Baxter et al. 2010, Safdar, Kim 
2013, Kwan, El Mohtar 2014) are not supposed to take place in reinforced membranes. Another 
possible reason may be that wire-reinforced membrane might have been stretched due to reuse, 
gone over folded during shearing or particle rearrangements. However, this needs further 
investigation in order to make final conclusions. This might have been a reason why the authors 
(Baxter et al. 2010, Safdar, Kim 2013, Dyvik et al. 1987, Safdar, Kim & Mahmood 2013, 
McGuire 2011) preferred to use constant-volume testing procedure in undrained direct shear tests 
rather measuring pore pressure. According to Baxter et al. (2010) and Dyvik et al. (1987), the 
changes in pore pressure in a constant-volume undrained direct shear test can be inferred from 
change in vertical stress (due to constant height) during shearing. Dyvik et al. (1987) 
described that both type of tests (i.e. constant-volume direct shear test and direct shear test with 
measurement of pore pressure), are very much close in agreement. The studies discussed herein 
from literature on undrained tests were on natural material. Having said that, the authors believe 
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that, future studies of undrained direct shear tests on tailings material will help understanding the 
vertical height changes during shearing.  

The observed values of cohesion intercept and friction angle were slightly lower compared to 
previous conducted tests on similar material (Jantzer, Bjelkevik & Pousette 2001). These low 
values were expected as the samples were collected from weak zones of dam section determined 
in cone penetration tests (CPT). The strength parameters calculated at 0.15 radians of shearing 
angle were slightly lower as compared to values at peak failure. Shear failure at 0.15 is chosen 
usually because of no noticeable peak shear (SGF 2004). All the tests conducted showed cohesion 
value for the tailings. However, usually tailings have no cohesion properties (Vick 1990).  The 
cohesion values resulted from direct shear tests on tailings are also visible in literature; see e.g. 
(Jantzer, Bjelkevik & Pousette 2001). This might be as a result of strain rate during direct shear 
tests; however, the tests were performed at lowest fixed strain rate (0.0182 mm/min) of apparatus. 
Other possibility of having a cohesion value might be the stress range on which tests were 
performed. Vick (1990) defines the normal stress range as important factor for strength 
parameters of the tailings. Since the failure envelope is curved or nonlinear at low stresses range 
(Vick 1990), the extrapolation of Mohr-Coulomb failure line can result in a cohesion intercept. 
The normal stress range of interest of this study was from 100kPa to 450kPa (Figure 15).  

 
Figure 15: Stress range of interest in this study. 

Therefore values of cohesion intercept and friction angle can be considered as simply as 
mathematical values which satisfy the stresses range of interest (Vick 1990, Thiel 2009). Figure 
15 shows another line ‘A’ extrapolated which approach to zero (which might be true in lower 
normal stress range), using the value of c as zero might change the strength for the required 
higher normal stress range. Since tailings dams are usually raised with time, hence cohesion 
intercept and friction angle values likely to change with time and with further raisings. It is thus 
very important to choose correct values for cohesion intercept and friction angle especially in 
designing and modeling of tailings dams and to know what range the strength parameters are 
valid for. 
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CONCLUDING REMARKS
The drained and undrained direct shear tests were performed on tailings materials from loose 

layers of tailings dam from Sweden. Based upon tests conducted in laboratory the results the 
tested material showed strain hardening behavior in both i.e. drained and undrained tests.  The 
tested materials showed contractant volume behavior in both type of tests.  

During shearing of samples, significant vertical strains were observed after peak shear stress. 
These vertical strains caused slight increment in pore pressures during shear tests even in drained 
tests. Higher the normal stress was the higher the vertical strains were. Vertical strains observed 
in drained tests were slightly higher from those tested in undrained conditions.    

The shear strength observed in both the cases was relatively low comparing to literature on 
similar material. The tested material indicated a cohesion value which is considered as 
mathematical value of linear equation. The cohesion and friction angle, calculated at 0.15radian, 
in drained tests were found as in range of 9.7-33.7kPa and 12.5-18.3  respectively. The same 
parameters for undrained tests were found as 7.1-16.1kPa and 16.0-20.4  for cohesion and 
friction angle respectively. The friction angle in undrained tests was slightly higher than of that 
drained tests up to depth of 38m followed by a decrease up to depth 47m. The friction angle in 
undrained direct shear tests showed a decreasing trend along depth from 20m to 47m. However, 
the friction angle in drained direct shear tests showed a decrease from 10m to 22m and increasing 
tendency from 22m to 47m depth. The shear strength parameters in modeling perspective are thus 
important as these values can change with further raisings.  
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Abstract 
Construction of tailings dams is done in stages by raising it layer by layer depending on 
production rate of a mine. These layered dams may possess different strengths and materials 
properties in each layer i.e. strength parameters, behavior with loading. Tailings dams may 
have loose layers in subsequent layers, which upon further loading may be susceptible to 
stability issues. Identification of material properties and behavior is important to know for 
safety of dam with further raising and long term perspective modeling. This paper presents the 
results from drained Triaxial compression tests conducted on samples collected from loose 
layers, from different vertical depths of a tailings dam. The results indicated that depth did not 
show much influence on strength parameters determined by drained triaxial tests. The 
different confining pressures influenced the strain-stress behavior; high confining pressures 
stress-strain curve showed tendency to formulate straighten line of stress-strain curve, with 
contractant volume behavior along axial strains. The influence of void ratio on effective stress 
ratio was observed. 

Keywords: 
Shear Strength, Triaxial Tests, Tailings Dams, Mechanical Properties, Tailings. 

1 Introduction  
Tailings dams are constructed as three main types as; upstream, downstream and centerline 
methods. The construction type of tailings dams depends upon climate, topography, geology, 
extraction process and deposition methods etc. (Bjelkevik 2005). The upstream construction 
method has been frequently used for the construction of tailings dams (Jantzer, Bjelkevik & 
Pousette 2001, Martin, McRoberts 1999) which reduces the consumption of burrow material 
as new dykes are built over the consolidated tailings impoundment (Vick 1990).  The 
upstream construction method is relatively economical as compared to centerline and 
downstream construction method (Martin, McRoberts 1999). Depending on method of 
deposition during following years, each layer can have different material properties and 
strength parameters. 
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Tailings dams may contain loose layers if the upstream tailings dams are raised upon loose 
deposited tailings beach (Davies, McRoberts & Martin 2002). The effective stress level is 
described as an important factor towards defining the strength parameters of tailings (Vick 
1983). At higher stress levels natural granular particles are likely to crush (Karimpour, Lade 
2010). However, tailings may show a different behavior as compared to natural material of 
equivalent grains size (Vanden Berghe et al. 2009, Bhanbhro et al. 2013, Rodriguez, Edeskär 
2013). However, understanding the geotechnical properties of tailings i.e. shear strength; 
density, deformations and hydraulic conductivity are important factors to be considered while 
designing and analyzing a tailings dam. Several studies on geotechnical properties of tailings 
have been conducted in this regard and are present in literature, see e.g. (Blight, Bentel 1983, 
Mittal, Morgenstern 1975, Volpe 1979, Chen, Van Zyl 1988, Shamsai et al. 2007, Qiu, Sego 
2001, Guo, Su 2007). However, considering these studies, in terms of strength parameters, 
represented the bulk average strength without considering the variations in depth. (Blight, 
Bentel 1983, Bjelkevik, Knutsson 2005) presented the variations in behavior of tailings with 
relation to distance of discharge point. Particle size distribution curves related to various 
depths from a tailings dam section were studied by (Bhanbhro et al. 2013) and showed that 
particle size reduces along with the depth from surface. However, (Vick 1983, Van Zyl 1993) 
describe small influence of friction angle on gradation. Fewer studies by (Dimitrova, Yanful 
2011, Dimitrova, Yanful 2012) provided the strength parameters according to depths of 
deposits, however, they considered remolded tailings.   

The purpose of this study focuses to investigate the behavior of loose tailings material upon 
shearing at different depths and evaluate strength parameters of these materials. Drained 
triaxial compressions tests on tailings material collected from loose layers are presented and 
discussed. The strength parameters are evaluated and effects of confining pressures and depth 
on strength parameters are discussed. The influence of confining pressures on stress-strain 
curves and volume behavior along axial strains is also presented. The effect of confining 
pressure and void ratio on effective stress ratios along axial strains is discussed.  The results 
showed that tested materials showed similarity in strength parameters with comparison to 
literature. The strength parameters did not show variations with respect to different layers at 
various depths of their collection.  

2 Materials Studied 
The undisturbed materials were collected from different sections and locations of Aitik 
tailings dam. The description of collected samples is shown in Table 1. The sampling location 
was based on CPT results which indicated loose layers.. Particle size distribution curves 
conducted by Bhanbhro et al. (2013) showed that particles at shallow depth were more 
angular than from larger depths. The average water content in collected samples was in range 
of 15 to 44% and most of samples were completely water saturated. The average specific 
gravity and bulk density studied were 2.83 t/m3 and 1.66-2.12 t/m3 respectively.  
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Table 1 Description of Materials collected updated from (Bhanbhro et al. 2013) 

Dam Section Depth (m) Void ratio Bulk Density avg. t/m3 

GH Section 
7-10 0.94-0.96 1.73

EF Section 18-20 1.02-1.09 1.92 
EF Section 21-22 1.22-1.61 1.85 
GH Section 38-47 0.72-1.06 1.98 

The tests performed in this study, were based upon constant strain axial compression. The 
apparatus used for this study was based upon concept of (Bishop, Wesley 1975) triaxial 
systems. The apparatus manufactured by GDS Instrument ltd. (GDS 2013) was used for this 
study. Three digital pressure-volume controllers and one digital pore pressure interface were 
connected to triaxial cell. The apparatus setup is schematically shown in Figure 1. 

Figure 1: Triaxial setup used for this study 

2.1 Description 
The cell pressure controller is connected to triaxial cell; and is used to regulate the 
confinement stresses to required level. The back pressure-volume controller was connected to 
specimen opening from both directions with flexibility to use either side for application of 
backpressure and recording pore pressure. Lower chamber controller which is connected to 
lower chamber of triaxial cell; this was used to apply axial load, axial strain at required rate 
and measure change in volume at the same time. The lower chamber is sealed and separated 
from upper triaxial cell with bellofram diaphragms and connected through a piston. The 
piston is pressurized in the lower chamber to move vertically for application of vertical strains 
to the sample. This is done by applying water pressure by lower chamber pressure-volume 
controller. Digital pore pressure interface was connected to both sides of specimen to record 
pore pressure from either side. All the four pressure controllers are connected to a computer 
and controlled by a computer program provided by manufacturer i.e. GDS Instruments Ltd. 
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2.2 Measuring Strains 
All tests were subject to axial strain rate of  mm/min. The axial strains were 
measured indirectly by volume changes in lower chamber and radial strains were calculated 
from changes in specimen height and volume. Similarly volumetric strains were calculated 
from changes in back volume of specimen by measuring amount of water coming into or 
going out of specimen and initial sample dimensions. The axial deformations in test specimen 
were also calibrated be external LVDT and were assumed to be equal.  

2.3 Membrane corrections  
The membranes used to surround the specimen were made up of natural latex rubber. The 
diameter of the membrane was 50 mm and with average thickness of 0.35 mm. The stiffness 
of rubber membrane is said to be as 0.38 N/mm (Bishop, Henkel 1962, Donaghe, Chaney & 
Silver 1988) which may likely to influence to the stiffness of specimen. Hence, membrane 
corrections to results were applied, are described by (Bishop, Henkel 1962) and written as, 

(kPa) Equation 1 

Where,  is initial diameter of the specimen (mm), is stiffness of membrane (0.38 
N/mm),  is axial strain (in decimal numbers) and  is cross sectional area (mm2) of the 
specimen at . The membrane corrections  are supposed to be subtracted from axial 
stress . The corrections calculated in this study were in range of -1 to -5 kPa at = 4% and 
20% respectively.  

3 Test Procedure 
All tests in this study were conducted as consolidated drained triaxial tests on undisturbed 
samples. Before start of mounting the sample, all controllers and pipes attached to apparatus 
were properly de-aired. The samples were taken with minimum disturbance from sample tube 
and were put into stretched membrane mold. The porous stone filters were provided in order 
to allow drainage from both ends. After providing porous stone filters, the bottom end of the 
sample was fixed with triaxial cell by unfolding membrane on bottom part of triaxial cell. O-
rings were applied and mold was then taken out. The sample was then surrounded by a split 
mold (Figure 2ii) in order to install top cap. This was done because of sensitivity of material 
and to avoid any disturbance during installation of the sample. The process of mounting is 
shown in Figure 2. The triaxial cell was filled with de-aired water by opening top cap opened 
and allowing water to enter and de-air the cell. Once the cell was filled in in with water the 
top outlet was closed and assuring that there was no air entrapped in cell and pipes. The 
bottom drainage outlet was connected to back pressure controller to saturate the material. The 
saturation process was done at a pressure difference of 5-10kPa and for only coarser 
specimens.  
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Figure 2:  Sample taken out from sample tube and being mounted on triaxial cell (i) membrane stretcher (ii) split mold (iii) 
sample, after mounting 

This was the only process where drainage line at the top end was kept open. In the rest of 
process, the backpressure controller was connected to top outlet of specimen for applying 
back pressure and bottom out let was connected to pore-pressure recorder. Pre consolidation 
was carried out by increasing the radial stresses up to 20 kPa and back pressure to 10 kPa and 
the effective stresses were kept in range of 10 kPa. 

3.1 Saturation  
Saturation of specimen was done by increasing the back pressure and cell pressure 
simultaneously with linear rate by keeping the effective stresses of 10-15 kPa. The back 
pressure of 210-220 kPa was used in all the tests. The rate of application of back pressure and 
cell pressure was kept as 1.2-1.8 kPa/min for all the tests. In order to ensure required 
saturation of specimen, a B-check was performed. This was done by increasing the cell 
pressure by 50 kPa, and measuring the change in pore pressure. The B-value (Craig 2004) can 
be calculated from, 

 Equation 2 

Where,  is change in pore pressure and  is change in cell pressure. Typical B-values 
observed in this study were in range of 0.95-0.98, two tests showed B-value as 0.89. Note that 
B-value is soil-dependent, so whilst normally consolidated soft clay will produce B  1.00 at
full saturation, a very dense sand or stiff clay may only show B  0.91, even if full saturation
has been reached.

3.2 Consolidation 
After the B-check, and if the sample was considered saturated, the back pressure for all the 
tests were kept at 250-300 kPa. The radial stresses were then increased in order to achieve the 
required effective stresses for the test being carried out. If the required effective stresses were 
more than 100 kPa, the radial stresses were applied in steps with each step of 100 kPa.  Back 
volume changes were monitored at each step with a condition that no change in volume for 
five minutes to proceed to next step.  

i 
ii iii 
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3.3 Axial Strain 
Once the effective stresses were set to desired values and no volume changes are observed 
almost zero or for five minutes, then axial strains are applied with constant rate of   
mm/min. All the tests conducted at effective stresses of 100 kPa were subject to loading, 
unloading and reloading. The initial loading was applied till assumption (based on assumed 
strength parameters) of 75% of maximum deviator stress followed by unloading. Reloading 
was then applied once the specimen was unloaded back to deviator stress equivalent to zero. 
Axial strains in unloading and reloading were kept in the same rate as for primary loading. All 
the tests performed, were subject to axial strains of 20% except one which was as 10 % 
because test was terminated because of limit exceeded in pressure-volume controller.  

4 Results and Discussions 

4.1 Stress-Strain curves 
The Stress-strain curves are shown in Figure 3 for tests conducted at confining pressures 
of . With the increment in confining pressure the axial strains 
at which failure occurred were increased; this was observed in all the tests. Furthermore, at 
higher confinement pressures, the stress-strain curve tends to straighten, thus making difficult 
to determine peak failure (Figure 3). Figure 3 also shows volumetric strains plotted versus 
axial strains. The dilatant behavior was observed for tests performed at low confining 
pressure, and contractant behavior at high confining pressures. 

 

 
Figure 3:  Deviator Stress  (upper) and volumetric strains (lower) versus axial strains  
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4.2 Effective principal stress ratios  
The effective principal stress ratio versus axial strain curves for tests conducted on different 
depths are plotted in Figure 4. Higher effective principal stress ratios were observed for all the 
tests conducted at low confining stresses as compared to high confining pressure.  

   (a)    (b) 

 (c)                                                                                               (d) 
Figure 4:  Principal effective stress ratios versus axial strains (a) GH Section 7-10m depth (b) EF Section 18-20m depth (c) 
EF Section 21-22m depth (d) GH Section 38-47m depth 

High stress ratios were observed for the specimen with high value of void ratio i.e. 1.6 and at 
low confining stresses Figure 4(c). There was no visible peak identified until 10% of axial 
strains in most of tests conducted except those tests which were conducted at lower confining 
pressures and with void ratios of 0.9. Specimens collected from shallow depth of section of 
dam, i.e. 7-10m and with void ratio of 0.9 showed peak stress ratio near 5% of axial strains 
(Figure 4(a)). In general the lower effective principal stress ratios were observed for 
specimens that were tested at high confining pressures (Figure 4); this phenomenon is quite 
well in agreement as reported by Vick (1990). 

4.3 Strength Parameters 
Similar comparison was also made for triaxial tests as well; where  and  is calculated 
as seen in Figure 55.  The figure shows red dotted line for measuring stress point at critical 
state and black dotted line for measuring peak stress.  
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Figure 5: Measuring points at peak and critical line in triaxial test. 

Figure 6 shows the plotted mohr circles grey lines show the evaluated friction angle from 
peak stress points and red lines show  at critical state level. It was observed that  was 
lower as compared to  for the tests conducted in triaxial tests.  

 
Figure 6: Evaluated friction angle measured at peak and critical line.  

For direct shear tests, the evaluation of friction angle was done by using mohr-coulomb 
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The friction angle results presented in this section are based on peak stress in triaxial and in 
direct shear are evaluated at  and peak stress for undisturbed tests. Friction in 
uniformed tailings material is evaluated at  in direct shear according to Swedish 
standards. 

The strength parameters, in terms of Mohr Coulomb failure criteria, of materials collected 
from different depths in the dam are presented in Table 2. The values  were found to be in 
range of 39.1 to 41.1 degrees. These values were very much in agreement as described by 
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was observed on the collected samples in terms of frictional angle  (Figure 5) despite of fact 
that specimens at shallow depth were more angular than from higher depth.  

Table 2: The Strength parameters at various depths 

Sample Location Depth from surface of Dam  Friction angle 
GH Section 7-10m  39.1 
EF Section 18-20m  41.1 
EF Section 21-22m  40.2 
GH Section 38-47m  39.7 

 

 

Figure 7: variations in friction angle with respect to depth from surface of dam 

Mohr circles of a series of samples from depth of 18-22m are depicted in Figure 8. A failure 
stress condition of each test is determined and is plotted as Mohr circles followed by failure 
envelope constructed tangential to circles. Since the tangential line of Mohr-failure line 
crossed zero at shear stress, the values of  for all the tests is zero.  

 

Figure 8:  Mohr Circle plotted for locations EF Section (18-20m depth) 

4.4 Effective Stress Paths 
The effective stresses paths are calculated and plotted for tests conducted at different 
confining pressures (EF Section 18-20m depth) are represented in Figure 9 (a). The figure 

20

25

30

35

40

45

50

0 10 20 30 40 50

fr
ic

tio
n 

an
gl

e 

Depth from surface of Dam section  (m)

Normal Stress ' kPa

0 500 1000 1500 2000

S
he

ar
 S

tre
ss

 
kP

a

0

200

400

600

800

1000
'



10 
 

also shows best cure fit for critical state line passing through origin. The slope of critical state 
line (here written as M) was found to be in range of M=1.61 to 1.73. One set of results from 
GH Section and at 7-10m depth showed a certain cohesion intercept (here written as k) on the 
q-plane when p’ was zero. When p’=0 the deviator stress observed was q=k, this is likely not 
true in case of granular soils. Critical state line slope in this case was observed as Mk =1.55, 
which is then plotted as best fit curve that passes through origin and showed value as M=1.63 
and is plotted in Figure 9 (b).   

 

                                      (a)                                                                     (b) 

Figure 9: The effective stress paths, along with CSL (a) plotted for the samples EF Section 18-20m depth (b) plotted for GH 
Section 7-10m depth 

4.5 Hardening Soil Model Parameters 
The hardening soil model parameters were evaluated based upon the drained triaxial tests and 
standard oedometer tests conducted on tailings material in laboratory. A constitutive model 
called the hardening soil model was chosen as strain hardening behavior up to peak was 
observed on conducted tests. All the tests which were performed at confining stress of 100kPa 
were subject to unloading and reloading, Figure 10. 

 

Figure 10: The loading and reloading shown for test which was performed at confining pressure of 100kPa. 

The formulation and verification of hardening soil model is very well described by Schanz et 
al. (1999) and Brinkgreve (2002). Some of the essential parameters of hardening soil model 
are updated from (Surarak et al. 2012) and described in table 3. 
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The stress-strain relationship on deviatoric loading in hardening soil model is assumed to be 
hyperbolic curve (Surarak et al. 2012). The hardening soil model simulates hyperbolic stress-
strain relationship more accurately compared to Mohr-Coulomb model (Schanz, Vermeer & 
Bonnier 1999). For drained triaxial loading, relation between axial strain and deviator stress 
can be defined as hyperbolic function, as given by (Kondner 1963) is described as; 

 , for  

Table 3: Parameters used for hardening soil model and their description, updated from (Surarak et al. 2012) 

Parameter Description Parameter Evaluation 
 Internal friction angle Slope of failure line from MC failure criterion 
 Cohesion y-intercept of failure line from MC failure criterion 
 Failure ratio ( ) / ( ) u l t  
 Dilatancy angle Function of  and  

 Reference secant stiffness from drained triaxial test y-intercept in  space 

 Reference tangent stiffness for oedometer primary loading y-intercept in space 

 Reference unloading/reloading stiffness y-intercept in  space 
 Exponential power Slope of trend-line in  space 
 Unloading/reloading Poisson's ratio 0.15 to 0.3 
 Coefficient of earth pressure at rest (NC state)  (default setting) 

 

Where,  is strain,  is deviatoric stress and  is ultimate deviatoric stress described with 

Mohr-Coulomb failure criterion,  and is asymptote of 

hyperbola  

              Equation 3 

Where,  is failure rate relationship between failure stress  and  and , 
when . The geographical representation of stress-strain relationship is presented in 
Figure 11, where hyperbolic relationship of stress-strain is in primary loading.  

 

Figure 11: schematic presentation of hyperbola in drained triaxial test, after (Knutsson 2015) 

The initial tangential stiffness  is related to parameter  (triaxial loading stiffness)
. The stress-strain relationship in unloading-reloading state is controlled by (Young’s 

modulus for unloading and reloading) and (Poison’s ratio for unloading and reloading). 
Another feature of hardening soil model is stress dependent modulus correspond to reference 



12 
 

confining stress ( ) and the amount of stress dependency is given by power ‘m’. The 
values of m for different soils are from 0.5-1 presented in literature, for examples silts and 
sands  can have value as 0.5 whereas soft clays can have m-value as 1 (Brinkgreve 2002). The 
stiffness modulus is stress dependent by power m is written below (Brinkgreve 2002) in 
generalized form, after (Knutsson 2015), for ,  and ; 

         Equation 4 

For  and :  

For :  

is stiffness parameter where index a represents stiffness for 50(triaxial loading), 
ur(unloading-reloading) and oed(oedometer loading). is stiffness parameter at the 
reference confining pressure , c’ is the cohesion,  is friction angle, 

 are minor and major principle stresses.  

4.5.1 Hardening Soil Model Calibration 
Laboratory tests can be simulated by an application called SoilTest in PLAXIS (Brinkgreve 
2002). The SoilTest tool was used in order to calibrate the parameters for hardening soil 
model from the conducted laboratory tests.  The simulations were performed on triaxial and 
oedometer tests (Bhanbhro 2013) in order to make comparison between laboratory tests and 
simulated behavior. Initially the hardening soil model parameters are calculated from 
performed tests at  for triaxial tests and unloading and reloading curves in 
oedometer tests. The slight alterations were then made in model parameters to find best match 
between simulated behavior and laboratory tests. The evaluated hardening soil model 
parameters are presented in Table 4. 

Table 4: Evaluated hardening soil parameters, updated from (Knutson 2015) 

Parameter Material 
  GH-Section (7-10m) EF-Section (18-20m) EF-Section (12-22m) GH-Section (38-47m) 

 kPa 6900 6032 5500 8254 

 kPa 4000 3500 3950 6000 

 kPa 20000 32600 22000 40000 
 - 0.7 0.6 0.57 0.5 
 kPa 100 100 100 100 
 - 0.3 0.15 0.15 0.15 

 kPa 0 7.5 0 0 
  39.5 40.2 40 38.66 
  2 2.5 2.5 1 
 - 0.8 0.9 0.9 0.9 

  14.9 16.2 15.7 14.3 
  19.5 20.5 20.1 19.3 

 

The best matching simulated behavior is presented in Figure 12 and Figure 13. The Figure 12 
shows the simulated behavior of oedometer tests and simulated behavior in SoilTest. Initially, 
it was observed that simulated vertical strains in oedometer tests were low as compared to 
laboratory observations. When oedometer modulus was decreased, the best curve fit was 
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achieved see, Figure 12. However, using decreased oedometer modulus in simulations causes 
increased volumetric strains in triaxial tests simulation.  

Figure 12: Laboratory tests and simulated behavior, Oedometer tests (Knutson 2015). 

The calibrated model parameters resulted fairly well fit with oedometer results. However, for 
triaxial simulations, the varying stiffness was partially unfitting compared to laboratory 
results. It was observed that at low axial strains, the simulated stresses were slightly higher 
than laboratory data. Similarly, at higher axial strains the simulated stresses were lower than 
laboratory tests. These simulated behaviors for triaxial tests are shown in Figure 13. In 
simulated tests in triaxial, when stress-strain behavior was relatively in a good fit, the 
simulated volumetric behavior was not in good agreement to lab data. Figure 14 shows the 
simulated behavior in terms of effective stress path. It was observed at simulated failure 
envelope on p’-q plot was slightly underestimated as compared to laboratory data.  

Figure 13: Laboratory tests and simulated behavior for triaxial tests. 

The simulated stress-strain behavior for those tests which were performed at 
showed higher values on stress-strain curves as compared to tests which 

were performed at . 
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The reason for this slight over estimation in tests at higher stresses can be due to straightening 
behavior of stress-strain curves when tested at higher stresses. However, in order to achieve 
overall best curve fits for simulated test; the parameters presented in Table 4 are considered as 
acceptable (Knutsson 2015).  

 

Figure 14: Laboratory tests and simulated behavior for triaxial tests for effective stress path.  

5 Discussion  
Based on drained triaxial tests presented herein, it was observed that peak stress was achieved 
at higher strains for tests which were performed at . The tests 
performed at higher confining stresses i.e. , showed straightening 
curve on deviatoric stress vs. axial strain plot. Whereas, tests performed at lower confining 
stresses showed hyperbolic behavior up to peak followed by softening behavior. Tendency in 
strain-strain curve towards linearity is likely because the confinement pressure is higher than 
particle strength (Billam 1971). When particles have higher strength than confinement 
pressure; the skeleton is likely to have higher stiffness due to interlocking of particles (Billam 
1971), shearing in this case show a significant peak followed by a drop on stress-stress curves. 
During application of axial loads the stiffness of particles keeps increasing until crushing or 
sliding of particles occurs. This phenomenon seems valid till peak value on stress-strain 
curves and post peak behavior shows crushing or sliding of particles. The crushing or sliding 
cause redistribution of interangular contact forces, thus show a reduction in stiffness (Billam 
1971), this shows reduction of shearing stresses.  The rearrangement in specimen skeleton 
after collapse, either because of breakage or sliding of particles, show increases in volume of 
specimen (Figure 3), this usually happens at low confining stresses. High confining pressures 
reduce the possibility of sliding or rearrangement in skeleton hence resulting continuous 
decrease in volume. The tendency of dilatancy was decreased with increase in confining 
pressures. 

The strength parameters presented herein were chosen according to peak shear stress values in 
triaxial results. This was done with focus on finding hardening soil model parameters. The 
calibrated hardening soil parameters are assumed as acceptable for design (Knutsson 2015). It 
was observed that simulated results showed slightly overestimated stiffness at small strains 
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and underestimated stiffness at larger strains, Figure 11. However, for design perspective 
small underestimated values in terms of stiffness may the best alternative to simulate 
exaggerated deformations, Knutsson (2015).  

According to Knutsson (2015), an alert level can be set-up by considering small 
overestimated stiffness on operational levels. One possible solution given by Knutsson (2015) 
is to perform analysis in different parts for different purposes. For example, slight 
overestimated stiffness can be used to predict underestimated deformations at which a failure 
can occur before a true failure. With pre-known minimum deformations can help towards 
setting up an initial alarm level before a real failure. Similarly using underestimated stiffness 
parameters can help towards determination of maximum deformation before a failure can 
occur. This phenomenon is illustrated in Figure 13, where green line represents simulations 
with overestimated stiffness, black line represents the true behavior and red line denotes 
simulations with underestimated stiffness.  

 

Figure 15: Schematic illustration of stiffness (E) and corresponding deformations, updated from Knutsson (2015) 

As the possible best fit parameters found for hardening soil model in this study showed slight 
overestimated stiffness, then these parameters can be considered for initial alarm level 
according to concept given by Knutsson (2015). However, these parameters are closely 
matching with true / laboratory results when lower confining stress level is taken into 
consideration.  

6 Concluding Remarks 
No significant influence of depth (from which materials were collected) on strength 
parameters was observed. The values of were determined to be in range of  to . 
Referring to stress-strain behavior, the confinement pressure showed influence on failure at 
axial strain. By increasing confinement pressures the stress-strain curve tend to achieve 
straighten shape with contract volume behavior along axial strain, whereas tests with low 
confining pressures showed peak values and dilatants volume behavior. The effective stress 
ratio was high for the tests which were conducted at lower confining stresses.  The void ratios 
showed some effect on effective stress ratios at lower confining pressures; with the void ratio 
0.9, the peak on stress ratio curves reached at 5% of axial strains and void ratio of 1.6 at lower 
confining stresses showed peak beyond axial strains of 10%.  
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Abstract. Tailings are the waste product of mining which is left over after 
extraction of materials of interest. Tailings material may possess different material 
properties depending upon type of ore and method of concentration. Sometimes 
the tailings material itself is used in construction of tailings dams and tailings dams 
are constructed to withstand for long times. A tailing dam can be exposed to 
settlements due to incremental load as these dams are raised in stages. Increasing 
load with time may also lead to particle breakage. This article presents the results 
from oedometer tests conducted on tailings materials. The study includes the 
stress-deformation behavior and particle breakage of tailings material of different 
gradations upon application of incremental loads in oedometer tests. The samples 
were collected from different sections of tailings dam from Sweden. Remolded 
samples were manufactured in laboratory as four batches of particle sizes i.e. 1-0.5 
mm, 0.5-0.25mm, 0.25-0.125mm and 0.125-0.063mm. The results are analyzed 
from tested samples at different stress levels and compared with different particle 
sizes. The breakage of particles of each batch is analyzed by sieving the specimens 
after oedometer tests. The results are evaluated in terms of primary and secondary 
deformations. The primary and secondary deformations are also compared with 
different particle sized specimens. 

Keywords. Deformation, Oedometer Test, Particle Breakage, Tailings, Tailings 
Dams 

1. Introduction

Tailings is the waste material from the mining industry. The mining industry produces 
huge amount of waste material i.e. up to extent of 70-99% of ore as waste material [1]. 
Tailings dams are built to store the tailings material. Tailings materials itself sometimes 
are used in construction of tailings dams. 

Tailings dams failures demand towards the deep understanding of behaviors of 
tailings materials under application of loads. Particularly, when upstream construction 
method is used where tailings material are subject to incremental loads.  Several studies 
(see e.g. [2]-[9]) on tailings material have been conducted and are reported in literature. 
These studies described the mechanical properties of tailings with focus on strength of 
tailings.  
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In recent studies ([10]-[12]) conducted on material from a tailings dam, 
unexpected vertical height reductions were observed during shear tests. With these 
reductions slight increase in pore pressures was also observed during shearing. If pore 
pressures prevail for long term they may lead to stability issues. A tailings dam might 
be exposed to deformations/creep behavior due to incremental load when dam is 
operational and due to constant load upon closure of dam. These deformations can lead 
to shearing and changes in granular skeleton [13].  

Effects of creep are also important towards safety of tailings dams in long-term 
perspective. The creep in tailings can be defined in terms of secondary compression. 
The creep can increase on increasing confining pressures and mainly after particle 
crushing becomes important [14]. Tailings are very angular materials [15] and it is 
defined by [1] that higher stresses at edges of particles may cause them to break. 
Change in external stress directly results in change of effective stress, so time-
dependent creep can be immediately observed upon application of stress [14]. Sudden 
effect of effective stress on particles may also cause them to break, and at higher stress 
it is assumed that granular material will get crushed [16].  It is further defined by [16] 
that granular material have rapid spreading of strains, the driving force, which results in 
strains, in these materials gradually reduce along loading axis due to energy dissipation. 
Several studies by [14], [17], [18] were performed to study creep effects on sand 
governed by crushing of particles. However, in these studies particle size was not 
analyzed after the test to prove direct connection to particle breakage.  

This article presents results and analysis of stress–strain, secondary compression 
tests on uniformly graded specimens of tailings material. Sieve analysis was used to 
study breakage of particles after test. The tailings materials are separated into different 
range of particles sized specimens and tested in oedometer under different vertical 
stresses. An attempt has been made to develop a relation of breakage of particles with 
the size of particles and to analyze stress-strain and secondary compression 
characteristics of tailings material of different particle sizes.  

2. Materials & Methods

The materials used in this research were collected from a copper tailings dam in 
northern Sweden. The materials were collected undisturbed from the dam. In this study 
disturbed samples were used. The samples were constructed from uniformly graded 
material by sieving. Tailings material was sieved and separated to four different 
particle size ranges i.e. 1-0.5 mm, 0.5-0.25mm, 0.25-0.125mm and 0.125- 0.063mm.  

The samples were prepared according to method developed by [19]: Dry tailings 
material was poured with 5mm nozzle from just above water surface and was left to 
settle in 2-3 cm under water.  Depending on the grain size the particles were allowed to 
settle in the time range from 30 min to 24 hours. The process was repeated 5-6 times 
till the full sample tube was obtained. The tubes of 17 cm height and 5 cm diameter 
were used for preparation of samples. The bottom of tube was closed and tube was 
placed vertically.  

Table 1 shows the description of materials, moisture content, specific gravity, bulk 
density, initial void ratio and degree of saturation for the tested materials. This 
description is recorded after preparation of samples in laboratory.  
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Table 1. Description of Tailings material used in this study 

Material 
(Particle size-mm) 

Moisture 
Content 

average % 

Specific Gravity
Average 

t/m3 

Bulk Density 
average 

t/m3 

Initial Void 
Ratio  

(e) 

Degree of 
Saturation 

(%) 
1-0.5 mm 7 % 2.88 1.51 0.98 – 1.12 20% 

0.5-0.25 mm 21% 2.90 1.91 0.83 – 0.87 73% 
0.25-0.125mm 26% 2.87 2.0 0.76 – 0.85  93% 

0.125-0.063mm 29% 2.94 2.04 0.80 – 0.87 99% 
 

Oedometer tests were performed on the prepared samples according to ASTM 
D2435. Series of loads were applied in incremental stages of 10, 20, 40, 80, 160, 320 
and 640 kPa. Each stage of load was applied and then specimen was allowed to 
consolidate for 24 hours.  

3. Results 

3.1. Stress-Strain Behavior 

The plotted vertical strains are shown in Figure 1 where the results are plotted in form 
of ����� � � ��� �	
 . The strains are plotted for stress interval of 40 – 640 kPa by 
considering linear portion of line in plot  ��� � � ��� �	
 . When comparing the vertical 
strains under same applied vertical effective stresses, it was observed that the 
specimens of particles size 1-0.5mm showed higher strains. Specimens of particle size 
0.25-0.125 mm showed lower strains. Specimens with particles size 0.5-0.25 attained 
higher strains than particle of size 0.25-0.125 and lower strains than particles of sizes 
1-0.5mm. The strains observed in all tests were in the range between 1 and 10%.   

 
Figure 1. Example of results plotted as ��� � � ���	�  at stress interval of 40 – 640 kPa for the materials of 

different particle sizes.  

The strains can be well described in form of Eq.1 as it appears straight line in 
plot���� � � ����	
. Table 2 shows the summary of tests represented in the form of 
Eq.1 and reductions in void ratios in percentage and final void ratios. The Eq.1 is 
written as; 
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In Eq.1, ��is vertical strain in (%) and ��
 is vertical effective stress in (kPa). These 
values are taken from best fit straight line between stress range between 40 kPa and 
640 kPa; therefore, the values of��� and�� are valid for this stress ranges only. 
Table 2. Summary of tests performed in terms of��,��� reduction in void ratio (e) and final void ratios 

Material 
(Particle size range-mm) 

� � Reduction in 
(%) void ratio e 

Final Void 
ratio e 

1-0.5 mm 1.795 
1.387 
1.124 
0.496 

0.279 
0.305 
0.632 
0.450 

23.1% 
21.0% 
19.0% 
15.0% 

0.79-0.96 

0.5-0.25 mm 1.240 
0.957 
0.716 
0.343 

0.227 
0.310 
0.362 
0.480 

 
18.0% 
16.9% 

 

0.68-0.72 

0.25-0.125mm 0.496 
1.922 
0.238 

0.353 
0.212 
0.458 

18.7% 
12.4% 
10.1% 

0.66-0.78 

0.125-0.063mm 1.335 
2.815 
0.297 
0.235 

0.226 
0.181 
0.505 
0.433 

 
13.3% 
8.8% 

0.67-0.77 

3.2. Void ratios during compression  

The void ratios plotted against effective vertical stress are shown in Figure 2. It was 
observed that specimens constructed with particles of size 1-0.5mm possessed higher 
void ratio reductions in relation to initial void ratios as compared to particles with 
smaller sizes particles i.e. (0.5-0.25, 0.25-0.125 and 0.125-0.063 mm). Also, the 
specimens of size 1-0.5 mm showed higher reduction in void ratios while application of 
effective vertical stresses as compared to specimens with smaller particle size. The 
percentage of reduction of void ratios corresponding to different particle size 
specimens is shown in Table 2. High value of reduction in void ratio as 23.1% was 
seen in specimens with particle size 1-0.5mm, whereas, lowest value as 8.8% was seen 
in specimens with size 0.125-0.063 mm. 

 
Figure 2. Results plotted as�� � ���	� for the materials of different particle sizes. 
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3.3. Compressibility and Compression Index 

The compressibility can be defined as coefficient of volume compressibility �
�and is 
defined as volume change per unit volume per unit increase in effective stress [20]. The 
compression index ���is the slope of linear portion of normal consolidation line in the 
plot �� � ��� �	
  (see e.g. Figure 2). The coefficient of volume compressibility and 
compression index can be written as Eq.2 and Eq.3 respectively [20], 

�
 � �
�

� !"
#
!"$!%

&	%$&	"
'    (�()*+)           (2) 

�� � �
!"$!%

,-.#&/%)&
/
"'

             (3) 

Where, �  is void ratio, �	 is effective stress and subscripts 0 and 1 represent 
arbitrary points on the normal consolidation line (i.e. two stress points on consolidation 
line). The calculated values of coefficient of volume compressibility and compression 
index are shown in Table 3. These values presented here are calculated for stress range 
of ���0� � 123�456 and���� � 783�456. It is further defined by [20] that �
 is stress 
dependent and is valid for that stress range only.  

It was observed that �
�is proportional to particle size on which specimens are 
manufactured i.e. specimens, with large particle size and higher initial void ratio, 
possessed higher values of �
 and vice versa.  Similarly the slope of linear portion in 
the graph � � ��� �	
 was also proportional to particle size of specimens i.e. specimens 
constructed with large particle sizes attained steep slope (see e.g. Figure 2) and vice 
versa. 
Table 3. Evaluated parameters for coefficient of volume compressibility and compression index (at  ��9� �
:;9�<=> and���? � @A9�<=>), coefficient of secondary compression B�� 

Material 
Particle size (mm) 

C��(C;)DE) BF B�� B��)BF 

1-0.5 mm 0.0705 – 0.0863 0.174 – 0.138 8G8 H I3$J 0.025 
0.5-0.25 mm 0.0548 – 0.0648 0.101 – 0.121 2G3K H I3$J 0.019 

0.25-0.125mm 0.0438 – 0.0564 0.080 – 0.103 1G3 H I3$J 0.036 
0.125-0.063mm 0.0288 – 0.0358 0.054 – 0.060 IGL H I3$J 0.032 

 

According to [21], the coefficient of secondary compression (MN!) is defined as the 
relationship of void ratio and log of time, which is usually linear during secondary 
compression, and is written as�#�N! � O�/O ��� P�). It is further defined by [21] that 
�N!�are generally related to compression index��� aQ���N!)��.  

The secondary compression curves are shown in Figure 3 as void ratio (e) and log 
time. These typical curves are plotted from consolidation under effective vertical stress 
of 320 kPa. The coefficient of secondary compression for tested material is represented 
in Table 3 along with the values of��N!)��. 

3.4. Particle Breakage 

Possibility of particles breakage was determined by sieving the materials after finishing 
the test. Results are shown in Table 4. Here particles passing through corresponding 
sieve are considered as particles that are breaking down. It was observed that larger 
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particles (1-0.5 mm) showed higher breakage (14.2%) as compared to small sized 
particles (0.125-0.063 mm) which showed 0.8% particle breakage.  
Table 4. Particle breaking in percentage determined by sieving after finishing each test 

Material 
(Particle size range-mm) 

Percentage of particles passing 
after test (%) 

1-0.5 mm 14.2% 
0.5-0.25 mm 10.1% 

0.25-0.125mm 12.5%
0.125-0.063mm 0.8%

Figure 3. Typical secondary compression curves for different particle sized specimens plotted as void ratio 
vs. log time (min) corresponding to effective stresses of 320 kPa 

4. Discussion

In this study, the particles that pass through sieve (e.g. 1-0.5mm particles when
pass through 0.5mm sieve after test) are taken as the particles that are broken or may 
have changed their shape due to high stresses. This is evident that particles are reduced 
in size from its original as high as 14% in case of specimen constructed with 1-0.5 mm 
and 0.8% for the specimen of size 0.125-0.063 mm. Particles in skeleton when 
breakdown, result in a skeleton with more fine contents [22]. As seen in this study that 
finer particle has less ability to breakdown (i.e. breaking less than 1%). So, it might be 
possible that breakage due to creep in coarser particles continues till the coarser 
particles reduce to the size which is less susceptible to breakage i.e. finer particles. 
Having more fractions of finer particles may reduce long term creep due to particle 
breakage as finer particles showed less breakage, on the other hand finer particles can 
give raise to pore pressures that can reduce effective stresses and may lead to failure.  

 It is reported by [22] that coarser particles are more susceptible to particle 
breakage and that can be a cause of higher compression in coarser particles. The other 
reason for higher compression in coarser particles is that specimens were of uniform 
particle size range i.e. 1-0.5 mm. So, more the coarser particles with higher void ratio, 
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more chances to break and result in compression [21].  The particle breakage is a 
progressive process that starts at low stress levels due to wide spreading of the amount 
of interparticle contact forces [21]. There is a possibility that soil grains can break or 
diminish while creep, resistance of grain contact may reduce and structural bond may 
also get destroyed [16].  

The particle crushing can be one reason for large strains on compression curve [21] 
as seen in Figure 2 for 1-0.5mm particles. According to [21], field compression for 
many sands and gravels is as high as 6.5% at 700 kPa; however, field results can vary 
from laboratory results. In this study, the specimens with coarse particles attained 
higher compression as 23.1% whereas the compression for specimens with finer 
particles was 8.8%. The percentage of compression for different particle sizes is shown 
in Figure 4. Higher compressions are probably due to breakage and use of uniformly 
graded material. The compressions, mentioned here, are taken in terms of reductions in 
void ratios. 

Figure 4. Compression in percentage (of void ratio) vs. different particle sizes 

It is defined by [23] that primary consolidation in the sand tailings is almost 
impossible to measure at laboratory because it happens very fast. Tailings are more 
compressible as compared to equivalent natural grain soils due to grading 
characteristics, method of deposition and high angularity [23]. The secondary 
compression parameter ��N!)���studied in this study was 0.019 for coarser particles and 
0.032 for finer particles. The ��N!)�� value for clean sands reported in literature falls in 
range of 0.015-0.03 [21]. The secondary compression parameters were observed to be 
in agreement with what is available in literature. 

Results, presented herein, were from tests performed on tailings material of 
uniformly graded specimens to see effects of breaking of particles for each size. It 
would be a great addition to perform more tests by constructing specimens with 
different known percentages of particle sizes and then see effect of breakage of 
particles. Results can be then optimized and compared with in situ conditions to predict 
particle breakage. 

5. Conclusions

Based on the results from this study it can be concluded that; 
� The larger vertical strains in specimens made of coarse particles were 

observed as compared to specimens with relatively finer particles.  
� The maximum void ratio reduction (%) after consolidation at 640 kPa for 

materials constructed with coarse particles (1 – 0.5 mm) was 23%. Similarly, 
maximum void ratio reductions for specimens with particle sizes (0.5 – 0.25 
mm, 0.25 – 0.125 mm and 0.125 – 0.063 mm) were 18%, 18.7 and 13% 
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respectively. This means higher void ratio reductions were observed in coarser 
particles specimens. 

� The maximum coefficient of volume compressibility �
�for (1 – 0.5 mm, 
0.5 – 0.25 mm, 0.25 – 0.125 mm and 0.125 – 0.063 mm) specimens was 0.086, 
0.064. 0.056 and 0.035 respectively.  Whereas ��N!)���was found to be 0.025, 
0.019, 0.036 and 0.032 respectively. 

� Particle breakage in coarser particles was high (14%) as compared to finer 
particles (0.8%). 
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ABSTRACT 
Tailings dams are raised with time depending upon rate of generation of waste. A tailings dam can 
contain different particle sized materials within its dam body. The newly raised embankment in a 
tailings dam can be considered as vertical load being applied on subsequent layer. The applied loads 
can cause deformations and breakage of particles. The particle breakage can then lead to a skeleton 
with new particle size particles and hence can lead to new material properties. This paper provides the 
results from triaxial tests conducted on uniformed particle sizes as, 0.5mm-0.25mm, 0.25mm-0.125mm 
and 0.125mm-0.063mm.  The tests are performed at various effective radial stresses. The results are 
evaluated and compared with each particle size. The results include stress-strain and volumetric 
behavior during shearing, the effective stress ratio and stress-dilatancy plot. The friction angles are also 
evaluated and compared with different particle sized specimens. It was found that effective stress ratios 
were slightly higher when tests were performed at lower confining stresses and vice versa. It was also 
observed that particle size did not show any effect of friction angles. 
KEYWORDS: Shear Strength, Triaxial Tests, Tailings Dams, Mechanical Properties, Tailings

 INTRODUCTION
According to several studies tailings have different material properties as compared to 

natural geological material (Vanden Berghe et al. 2009). These differences can be in terms of 
several aspects, i.e. chemical, physical and mechanical properties. For example; according to 
(Mittal et al. 1975, Matyas et al. 1984) the tailings can possess higher friction angle 
compared to that of natural soils. And tailings show more angularity than natural soils 
(Rodriguez 2013). Having more angular shapes can result in dilatant behavior in undrained 
conditions (Blight et al. 2000). Furthermore, finer particles which contribute towards rough 
shape can lower the friction angle and particle interlocking (Blight et al. 2000). Apart from 
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friction angle, shapes and angularity; it is also essential to see the tailings material in particle 
size perspective. A tailings dam can have different particle sizes in its different sections of 
dam body. Due to construction over the course of time, a tailings dam is subject to vertical 
loading, which in general, can change the inter-particle structure within dam. There are 
chances that particles break upon application of vertical loads during construction phase. In 
order to find that, some studies were conducted by (Bhanbhro et al. 2015) on different 
particle sized specimens. They found that the coarser particles show particle breakage up to 

 and finer particles show almost no breakage when subject to vertical loads of . 
Furthermore, breakage was even more when these specimens are sheared.  

Tailings dams are raised with time depending upon waste generated from mining 
activities. In upstream cases the new embankments are partly constructed over the tailings 
impoundment. With time the tailings impoundment becomes foundation of the dam. A 
tailings impoundment can have different material properties due to different methods used 
for deposition, construction, handling and compaction to name a few. During deposition of 
tailings impoundments, tailings particles can settle in size due to sedimentation effect and it 
can be difficult to get representative sample from in situ conditions. A question can arise that 
does it matter if particles are larger or smaller in size depending upon sample analyzed for 
the overall results including strength. In order to answer that, attempt has been made to study 
mechanical properties on uniformed particle sized specimens in triaxial tests to see effects of 
particle sizes on strength of materials.  

This article presents the results from triaxial tests performed on various particle sized 
specimens of tailings material. The tailings are divided in to three different particle sizes 
namely, ,  and . The tests are 
performed at various effective radial stresses, i.e. ,  and . The results 
are compared in various aspects with different particles sized specimens. For example, stress-
strain curves for different particle sizes. The effective stress ratio, volumetric strains and 
stress-dilatancy plots are also presented and discussed in this paper. The friction angle for 
different particle sized specimen is also compared and presented in this article. The results 
showed that all the specimens tested at lower effective radial stresses i.e.   
showed slightly higher stress ratios as compared to tests which were performed at

.  It was observed that dilatant volume behavior was dependent of stresses at which 
tests were conducted. At an effective radial stresses,  and , the dilatant 
behavior was observed whereas, at , the contractant behavior was observed for all 
the conducted tests. The friction angles for all particle sizes were in range of  to . 
This difference can be considered so small and concluded that there was no effect of particle 
gradation on friction angles.  

MATERIALS AND METHODS 

Materials  
The tailings materials used in this study have been collected from different locations of 

copper tailings dam in Sweden, figure 1. There are three different uniformed sizes used in 
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this study for collected material. The particle sizes used are, , 

 and . 

 
Figure 1: Aitik Tailings Dam 

The further description is that particles passing through sieve  and retained on 
 are called . For simplicity, they are talked herein with their 

lower limit size i.e.  are called . The particle sizes used are 
shown in table 1 and figure 2 shows the gradation curves for the material.  

Table 1: Particle sizes used in this study for triaxial tests 
Particle size (mm) 

Upper limit Lower limit 
0.5 0.25 
0.25 0.125 
0.125 0.063 

The samples were sieved by using wet sieving method and were dried for  hours at 
 Celsius. After separating the uniformed particles, the sample specimens were 

constructed in sample tube of  in height and  diameter.  

 
Figure 2: Gradation curves with upper and lower limits for materials studied in this research 
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The samples were constructed by (Dobry 1991) method. Initially, the sample tube’s 
bottom cap was sealed and it was filled with about  layer of water. Then dry tailings 
material of uniformed size was poured in sample tube with a  nozzle just from above 
water surface. Each layer of poured material was of  height. Depending upon 
grain sizes, each layer was allowed to settle for  to .  The same process was 
repeated times until the tube were full.  The basic properties i.e. moisture content, 
specific gravity, bulk density and degree of saturation of the specimens after construction of 
sample tubes is shown in table 2.  All the specimens were considered as homogenous 
material with uniform sizes.  

Table 2: Description of Tailings material used in this study 
Material 

(Particle size-mm) Moisture Content average % Specific Gravity 
average 

Bulk Density 
average Degree of Saturation 

0.5-0.25 mm 21% 2.90 1.91 73% 
0.25-0.125mm 26% 2.87 2.0 93% 

0.125-0.063mm 29% 2.94 2.04 99% 

METHODS 

The equipment  
The tests were performed using (Bishop et al. 1975) triaxial systems manufactured by 

GDS Instrument ltd. (GDS 2013). All the stresses were controlled by using digital pressure 
volume controllers. There are four digital controllers connected to triaxial cell. Three of them 
control radial stresses, axial strains (also reads axial stress) and back pressure (also controls 
back volume), whereas one controller only reads pore pressure. The stresses are applied 
using de-aired liquid by hydraulic means. All the controllers are connected to computer 
program. The application of axial strains was controlled by amount of volume introduced in 
lower chamber controlled by computer. Similarly the radial strains were calculated by 
changes in back volume. The axial deformations were calibrated with external LVDT and the 
results were the same in computer and external LVDT. In all the tests, the samples were 
sheared up to axial strains . Those tests which were performed at , 
were subject to loading, unloading and re loading at assumed  of deviator stress.  

Membrane corrections  
The latex rubber membranes with diameter of  and with average thickness of 

 were used in this study. The membrane has stiffness of  (Bishop et al. 
1962, Donaghe et al. 1988) which is likely to influence to the stiffness of specimen. The 

corrections to membrane were applied (Bishop et al. 1962) as,   
(kPa), where,  is initial diameter of the specimen (mm), is stiffness of membrane 
( ),  is axial strain (in decimal numbers) and  is cross sectional area (mm2) of 
the specimen at . The membrane corrections  are supposed to be subtracted from axial 
stress . The corrections calculated in this study were in range of  at 

 and  respectively.  
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Figure 3: Sketch of the triaxial cell used in this study 

Saturation of specimens 
The specimens were saturated by using back pressure method. During this process the 

effective radial stresses were kept constant, whereas, the back pressure and radial stresses 
were raised together by saturation ramp method, figure 4. During saturation process, some 
volume of water was intruded in the test specimens as well, figure 4. The stresses were 
applied with a rate as . Once the radial stresses reached to , the B-check 
was performed by adding radial stress of . It was assured that specimens have typical 
B-values of at least  for all tests. It is defined by (Craig 2004) that normally
consolidated soft clay produces  when fully saturated, whereas, very dense of stiff clay
can produce 1 even when fully saturated.

Figure 4: Typical process of saturation ramp for  specimens 
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RESULTS 
The tests were performed at an effective radial stresses as , 

 and . The effective radial stresses were applied once it was 
assured that samples are fully saturated i.e. at least B-value as . It was observed that 
all the test specimens underwent volumetric changes  after application of effective radial 
stresses ( ). The volumetric strains are summarized in table 3 and shown in figure 5. The 
volumetric strains  were calculated by measuring the amount of volume of water taken 
out when sample was under application of effective radial stress ( ).   

Table 3: volumetric strains observed during application of effective radial stresses  
 

Effective Radial Stress  
)  

Reduction in Volume (%) 
 

Reduction in Volume 
(%) 

 

Reduction in Volume (%) 
 

 0.8% 1.2% 2.8% 
 2.0% 1.4% 3.5% 
 2.1% 1.5% 4.3% 

It was observed that volumetric strains  in finer particles i.e.  were 
 and for  and were  and  

respectively. It was observed that coarser particles showed higher volumetric reduction in 
comparison to finer particles, figure 5. 

 
Figure 5:  The volumetric stains  %, at ,  and )  

 
Figure 6:  The consolidation process shown for at effective radial stresses, i.e. 
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However, the amount of volumetric reduction is low as compared to axial reductions in 
previous studies (Bhanbhro et al. 2015) on similar particle sized specimens in oedometer. 
The typical consolidation behavior is shown in figure 6 for  specimen at effective 
radial stress . The figure shows volume and excess pore water pressure (PWP) 
when specimen was tested under effective radial stress. It was observed that excess pore 
water pressure dissipated very fast. And this may be because drainage was also very fast. 

Stress-Strain, volumetric behavior and effective stress ratios 

 
Figure 7:  The stress-strain curves and volumetric behavior shown for at 

various effective radial stresses. 

The stress-strain curves are shown in figure 7 for 0.063mm and figure 8 shows the 
effective stress ratios ( / ) for tests conducted on ,  and  at 
different effective radial stresses, . The strain hardening behavior was observed in all the 
tests followed by slight softening. However, that strain softening was not observed in all 
cases. For example, mostly it was seen in tests which were conducted at lower effective 
radial stresses, . However; the slight softening behavior was less at higher 
effective radial stresses i.e. . Looking in to volumetric 
strain  during shearing, all the tests performed at  showed 
dilatant volume behavior after initial compression. Whereas, all the tests at  
showed contractant volume behavior. Referring to figure 8, where effective stress ratios 
( / ) are plotted. It was observed that, the tests performed at , showed 
higher effective stress ratios ( / ) for all the specimens sizes.  
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Figure 8:  The effective stress ratios shown for all particle sized specimens. 

Whereas, all the specimens of various particle sizes showed less effective stress ratios at 
. In general, it was observed that finer particles  showed higher 

effective stress ratios as compared to coarser particles i.e.  and  when 
measured at axial strains . The effective stress ratios between tests conducted at 

 and for the particles  was  when 
measured at . Similarly, effective stress ratios for  and  was 

 and respectively at . Although these effective stress 
ratios are, in most of cases, somewhat in agreement with what is available in literature (Vick 
1990). However, it should be noted that results presented here are based in uniformed 
particles sized tailings material, so slight variations are expected. The higher confining stress 
resulted in higher compressions during shear.  

Stress-Dilatancy Plots 
The stress-dilatancy plots are evaluated for  and  specimens at 

 and are presented in figure 9. The stress-dilatancy curves are plotted as 
effective stress ratio /  with dilatancy factor (Guo et al. 2007). 
Graphs are plotted with upper limit of coefficient of internal friction . The  
is expressed as   and for loose sands  is equal to  (Schanz et 
al. 1996).  

The  ratio reaches to maximum when its critical state (Guo et al. 2007). It was 
observed that stress-dilatancy  ratio in  case was slightly above the -line as 
compared to  specimens, figure 9. The zig-zag lines plotted are due to the reason 
that the strain ratio  is computed from very small increments of strain, and similar behavior 
was also observed by (Schanz et al. 1996). The dilatancy curves above the -line indicate 
that interlocking of angular particles exists at the peak stress ratios (Guo et al. 2007). The 
particle rearrangement, particle crushing and dilatancy have major contributions towards 
shear resistance of granular soils (Rowe 1962). As the shearing is progressed, the stress-
dilatancy  tends to decrease and it reaches to minimum value at critical state. The 
reduction, in  ratio show the rearrangements of inter particle locking due to particle 
angularity (Guo et al. 2007). 
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Figure 9: Stress-Dilatancy plots for 0.25mm and 0.063mm specimens at . 

Friction Angle 
The evaluated friction angle is shown in table 4 for various particle sizes specimens. It 

was observed that friction angle evaluated for all the sizes was in range of  to . 
The friction angle was evaluated by using Mohr-circle, figure 10. 

Table 4: Evaluated friction angle ( ) from different particle sized specimens 

Material 
(Particle size-mm) 

Friction Angle 
 

Friction Angle 
 

   
   

   

Figure 10:  The evaluation of friction angle for specimens . 
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It was found that friction angle was almost same for all particle seized specimens, 
i.e. ,  and . Particle size did not show any influence on friction 
angle. The friction angle is evaluated as friction angle at peak  and friction angle at 
critical state . It was observed that peak stress is at about  along axial strains 
and critical state somewhere after  . The friction angle at peak  was 
evaluated at  and similarly the friction angle at critical state  was evaluated 
at . 

DISCUSSION 
The materials used in this were saturated from 70% to 99%. In order to attain 100% 

saturation, the backpressure of 250kPa was applied. It was observed that during application 
of backpressure, some amount of water was introduced in to the specimens. Having high 
backpressure diminishes the air voids present in specimen ensuring no air voids. Under the 
isotropic consolidation, less volumetric compressions were observed for all the tests.  
Looking into volumetric compressions, it can be said that the effect of backpressure and 
having isotropic conditions resulted less decrease in volume of specimens. The reduction in 
volume is calculated from amount of back volume taken out of sample during application of 
effective radial stresses. The volumetric strains in coarser particles were higher as compared 
to finer particles. This is maybe due to more voids in larger particles.  During application of 
effective radial stresses, the sudden decrease in back volume is observed for all the 
specimens. This shows a high permeability characteristics of material tested. Moreover, due 
to that the dissipation of excess pore water pressure was rather very fast.  

All the specimens upon shearing showed strain hardening behavior. In few cases, it was 
followed by strain softening were critical state reached.  All the tests, which were performed 
at effective radial stress 100kPa, showed higher effective stress ratios. Whereas, tests at 
effective radial stress 400kPa showed lower effective stress ratios, figure 8. The similar 
behavior of effective stress ratios is also reported in literature (Vick 1990). As for volumetric 
behavior is concerned, it was observed that all the tests conducted at and 

 showed dilatancy. And those tests which were performed at effective radial 
stress , showed contractancy. It has been observed in direct shear tests 
(Bhanbhro et al. 2017) that uniformed tailings material show dilatant behavior when effective 
normal stresses are  and contractant behavior when . The 
similar hypothesis can be applied here, as dilatancy has been observed when 

 and contractancy at . This can be further explained as, 
at lower confining stresses, the particle interlocking dominates and result in dilatancy. 
Whereas, at higher confining stresses, the particle interlocking degrades, that results in 
particle breakage and result higher compressions due to rearrangements in skeleton. 
According to Guo et al. (2007), the stress-dilatancy curves above k-line shows particle 
interlocking, whereas; that phenomenon is for natural granular materials. The figure 11 is 
reproduced from Guo et al. (2007) which show particle-interlocking and dilatation on stress-
dilatancy plots. Referring to figure 9, the particle interlocking is seen in  specimens 
at . The stress-dilatancy curves for specimens  on Figure 9 lies in 
between k-line. 
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Figure 11: Stress-Dilatancy phenomenon updated from Guo et al. (2007) 

This can indicate a combination of particle interlocking, rearrangement and dilation as 
shearing is progressed.  Contrary to that, the stress-dilatancy cures for  specimen 
lies slightly below k-line; that, can indicate dilatation without interlocking while shearing of 
specimens. The friction angles   were evaluated to be in range of  for all 
the tested specimens. In terms of particle size, there was not much difference observed in 
friction angles.  

Table 5: Evaluated Friction Angle ( ) updated from Bhanbhro et al. (2007) 
Type of Tests Performed 0.125–0.063 mm 0.25-0.125mm 0.5-0.25mm 

      
Present Study 

(Based on Triaxial Tests) 35.31  - 35.3 36.25  - 

Direct Shear Tests 
(Based on vertically 

deposited specimens) 
25.20  5.13 25.23 11.53 26.13  0 

Direct Shear Tests 
(Based on normally 

deposited specimens) 
23.72  8.57 23.15  16.21 22.60  8.17 

However, the friction angles evaluated in direct shear tests on same materials and size 
were significantly lower. One reason of having higher friction angles in triaxial tests can be 
the effect of confinement pressure.  

Figure 12: Friction angle plotted vs. particle size 

Table 5 shows a comparison of friction angles found in this study vs. friction angles 
found on same materials in direct shear tests conducted by Bhanbhro et al. (2017). In general 
it can be concluded that particle size have no influence on friction angles in triaxial tests, 
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Figure 12. However, it can have some effects other parameters for example dilatancy due to 
different gradation. In addition to that, these results are preliminary and studies that are more 
detailed could be of great help towards deep understanding of materials, e.g. by taking more 
particle gradation ratios, i.e. specimen prepared with different fractions of each particle sizes. 
As long as tailings are coarse the strength properties are similar. 

CONCLUDING REMARKS 
Based on tests conducted on tailings material of uniformed sizes i.e. ,  

and  and from results it can be concluded that: 

1. Uniformed tailings material upon application of confining stresses can show less
volumetric reductions (%) when compared with on same material tested for axial
reductions (%) in oedometer.

2. At low confining pressure, the uniformed tailings material can result in higher
effective stress ratios and vice versa.

3. Uniformed tailings material can show dilatant volume behavior when tested under
effective radial stress as  and . And it can show contractant volume
behavior when effective radial stresses are .

4. Particle size does not have any influence on friction angle. The friction angle for
uniformed tailings material was found to be in range of to .
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Effect of Particle Size On Mechanical Properties and 

Particle Breakage of Tailings  

Riaz Bhanbhroa,1, Tommy Edeskära and Sven Knutssona 
a Division of Mining and Geotechnical Engineering 

 Luleå University of Technology, SE- 971 87, Sweden 

Abstract. Tailings material can have different material properties depending upon the type 
of ore and ore refining process and particle size distribution. Tailings dams are constructed 
as walk away solutions. Staged construction of tailings dams may lead to breakage of 
particles in subsequent layers resulting in change in particle sizes of material. This may lead 
to change in strength parameters upon change in particle sizes. This paper presents the 
direct shear tests performed on tailings material from a tailings dam. Remolded samples 
were manufactured in laboratory. The tailings material is separated in to four different 
particle sizes i.e. ,  
and . The tests are performed on different normal stress   levels 
as The strength parameters are 
evaluated for each particle size and compared with said particle sizes. In order to see the 
effect of deposition, the tests are also performed on same material deposited in vertical and 
horizontal direction. This paper also describes the study of breakage of particles during 
direct shear tests by sieving the material at the end of each test.  

Keywords. Deformation, Direct Shear Test, Simple Shear, Particle Breakage, Tailings, 
Tailings Dams 

1. Introduction

Tailings is leftover material after extraction of valuable fractions from the ore (Adajar et al. 

2013). The mined ore rock is crushed and milled to extract and concentrate the valuable 

material and valueless materials are left after. The volume of tailings generally exceeds the 

volume of valuable extracted materials (Adajar et al. 2013). According to Jantzer et al. (2001) 

the tailings material from ore can range 70% to 99%. For copper mine ore, the waste material 

i.e. tailings can be up to 99% (Northey et al. 2014). The waste material from mines can be

thousands or even millions of tons of tailings deposits, for example Lokken mine Norway has

1
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approximately 2 million metric ton tailings deposit (Wolkersdorfer et al. 2005). The waste 

material is generally stored as tailings impoundments by constructing tailings dams in its 

surroundings (Jantzer et al. 2001). The upstream construction method of tailings dam has been 

most frequently used (Martin et al. 1999). However, in this type of construction, it can be 

difficult to predict shear strength and pore pressure conditions in advance as upstream tailings 

dams are complex structure (Martin et al. 1999). Some of historical tailings dams failures are 

reported in (Blight et al. 2000, Azam et al. 2010) and apart from that, some recent major 

tailings dams failures are e.g. Ajka mine, Hungary 2010, Mount Polley  mine in Canada in 

2014, Germano mine, Brazil 2015 and most recent failure in Dahegou Village, Henan, China 

in 2016. 

 

Since the tailings dams are constructed to with stand for long perspective i.e. in 1000 years 

perspective, the safety in terms of structural and environmental perspective should be 

addressed. The tailings material itself is often used in construction of tailings dams (Jantzer et 

al. 2001). This requires better understanding of tailings material and should be studied in 

more depth (Qiu et al. 2001) and particularly deep understanding of tailings behavior under 

shear (Martin et al. 1999). Tailings may possess different material properties as compared to 

natural geological materials (Vanden Berghe et al. 2009) e.g. friction angle can be higher 

(Mittal et al. 1975, Matyas et al. 1984) and tailings particles are more angular than natural 

soils (Rodriguez et al. 2013). The Authors Blight et al. (2000) state that, tailings having 

angular shapes result in dilative behavior that can lead to higher strengths while developing 

negative pore pressures in undrained conditions. And it is further suggested by them that fine 

contents are important factor for shear strength of tailings; finer particles can contribute to 

rough and irregular surfaces which may lower the friction and interlocking. Furthermore, it is 

described by Blight et al. (2000) that having more fine contents can lead to a lower hydraulic 

conductivity which has tendency for higher pore pressures and great potentials for 

liquefaction. There are many studies conducted on tailings material, for example (Jantzer et al. 

2001, Qiu et al. 2001, Mittal et al. 1975, Blight et al. 1983, Shamsai et al. 2007, Volpe 1979, 

Chen et al. 1988, Guo et al. 2007, Adajar et al. 2016, Zhang et al. 2015) where they focused 

material properties and strength of tailings. In recent studies (Bhanbhro et al. 2014, Bhanbhro 

et al. 2013), the vertical height reduction was observed during direct shear tests, where a 
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sudden decrease in vertical height was observed. The similar vertical height behavior on 

natural material of similar size has also been observed (Hamidi et al. 2011). The reason for 

these tests is still not very clear as to what are deriving parameters that leads to this type of 

behavior. The reason of vertical height changes can be particle breakage, higher stresses, or 

particle sizes and rearrangement etc. Since a tailings dam during operation can be exposed to 

deformations and these deformations can be taken as shearing which can change the granular 

skeleton (Knutsson et al. 2014). Looking in vertical height reductions, the study with different 

particle sizes can give better understanding of vertical height behavior during shearing. In 

continuation to that, some oedometer studies were conducted by (Bhanbhro et al. 2015, 

Rodriguez et al. 2016) on uniformed tailings material of different sizes. Where, they studied 

effect of vertical loads on tailings particle. It was found that the larger particles of size  

break up to 14% and finer particles  showed almost no breakage. It is expected that 

breakage will be even more when similar samples under application of normal stresses ( ) 

coupled by shear stresses .  

 

This paper presents the results from drained direct shear tests performed on uniformed tailings 

material of different sizes. The tests are performed on material that was remolded in 

laboratory in to four different particles sizes by sieving. The specimens were manufactured of 

sizes ranges of , ,   and 

. The tests were performed at different consolidation stresses as

 ,   and . This study includes the effect of 

consolidation stresses on void ratio behavior and the comparison of shear stress of different 

particle size specimens at various consolidation stresses. The strength parameters, evaluated 

and compared with different particles sizes, are also discussed and presented in this article. 

The particle breakage during shearing is also discussed and presented. Furthermore, the 

particle breakage during shearing is analyzed by sieving at the end of each test for the 

specimens of known sizes. The friction angle parameters are evaluated and compared with 

different sizes of particles and are presented in this article. The specimens of same sizes are 

deposited in vertical and horizontal layers to shearing loads. The effect of deposition angle is 

also discussed. 
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2. Materials and Methods

2.1. Materials  

The tailings material used in this study was collected from different locations of a copper 

tailings dam in northern Sweden figure 1. 

Figure 1: Aitik Tailings Dam 

The collected undisturbed materials were remolded and sieved in four different grain sizes as 

shown in Table 1.  The description of particles size used in this research is defined as; that the 

particles passing through  sieve and retained on  sieve are called here as

, and similarly , . For 

simplicity, specimens are named with their lower limit on particle size, for example; 

is called  specimens. 

Table 1. Particle sizes used in direct shear tests 

Particle size (mm) 
Upper limit Lower limit 

1 
0.5 

0.5 
0.25 

0.25 0.125
0.125 0.063

The samples were sieved by using wet sieving method and were dried for  hours at  

Celsius. After separating the uniformed particles, the sample specimens were prepared in 

sample tube of  in height and  diameter. The samples were prepared by Dobry 
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(1991) method. Initially, the sample tube’s bottom cap was sealed and it was filled with about 

 layer of water. Then dry tailings material of uniformed size was poured in sample tube 

with a  nozzle just from above water surface. Each layer of poured material was of 

 height. Depending upon grain sizes, each layer was allowed to settle for 

30minutes to 24hours.  The same process was repeated times until the tube were full.  

The basic properties i.e. moisture content, specific gravity, bulk density and degree of 

saturation of the specimens after construction of sample tubes is shown in table 2.  All the 

specimens were considered as homogenous material with uniform sizes.  

Table 2. Description of Tailings material used in this study 

Material 

(Particle size-mm) 

Moisture Content 

average % 

Specific Gravity 

average 

Bulk Density 

average 

Degree of Saturation 

1-0.5 mm 7 % 2.88 1.51 20% 

0.5-0.25 mm 21% 2.90 1.91 73% 

0.25-0.125mm 26% 2.87 2.0 93% 

0.125-0.063mm 29% 2.94 2.04 99% 
 

2.2. Deposition Methods 

The idea behind usage of different deposition methods/angles was to see effect of deposition 

angle on the mechanical properties of tailings particles. The tailings specimens were prepared 

by two deposition methods herein talked as; normal deposition and vertical deposition.  

2.2.1. Normal Deposition 

In this method, the samples were casted in a way that normal stresses should be in the same 

direction as the layer of deposition, figure 2. The samples were prepared directly in sample 

tube as described by (Dobry 1991).  

2.2.2. Vertical Deposition  

Samples were casted in a mold that was placed horizontally with its opening on top, figure 2 

notified as (B). The cross section of mold is shown in figure 2 and notified as (C). The dry 

tailings material was poured in different layers horizontally by using same sample preparation 

method as (Dobry 1991). Once the tailings particles were settled down, the samples were 

taken by inserting sample tube horizontally from one end, for example; in figure 2 (C), dotted 
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lines represent the tube section. The end product was having a sample tube with vertically 

deposited layers of tailings.  

 

Figure 2: Illustration of preparation of samples for shear tests; Left: Normal Deposition, Right: Vertical 
Deposition 

2.3. Shearing 

The direct simple shear tests were performed on the constructed samples with normal 

stress . Norwegian Geotechnical Institute (NGI) apparatus was used 

for direct shear tests. All tests were performed as saturated drained tests and with shearing 

velocity of . The specimens of size  in height and  in diameter 

were used. Each test was continued till horizontal displacement of as shown in figure 3. 

 

Figure 3: Illustration of consolidation and shearing process  

 

5mm 
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2.4. Consolidation  

The consolidation was performed under different normal stresses  with range of

.  To consolidate the samples at required stresses, the normal stresses ( ) were 

applied in steps of . The pore pressures and vertical sample height were 

monitored during each stage of application of normal stresses ( ). Each load step was 

applied after ensuring no change in vertical height and stable pore pressures. The significant 

amount of time was allowed for settlement and dissipation of pore pressures. Since the 

specimens were constructed of uniformed particles sizes, the consolidation process was rather 

fast. However, at final required normal stresses ( ), at least  hour time interval was used 

before shearing of specimen. The typical consolidation curve for specimens of  at 

normal stress  is shown in figure 4. 

Figure 4: Typical Consolidation curves for specimens of   at   

The void ratios based on specimens tested are presented in Table 3. It was observed that void 

ratios in all the specimens were decreasing during consolidation process, see figure 5. 

Table 3. The initial void ratios corresponding to specimens tested for different normal loads 
   

load initial load initial load initial
 void ratio   void ratio   void ratio  

0 1.096 0 0.978 0 0.767
50 1.061 50 0.948 50 0.744

100 1.034 100 0.943 100 0.730
150 1.015 150 0.924 150 0.709
300 0.989 300 0.884 300 0.677
500 0.917 500 0.831 500 0.670
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Figure 5: Initial void ratios  corresponding to normal stresses ( ) 

 

It was observed that void ratios were higher in large particle sized specimens ( ) as 

compared to smaller particles ( ). The  specimens showed  reduction in 

voids at the end of applied normal stresses, i.e.  . Whereas,  and 

 specimens showed  and  reduction in voids ratio at . It is 

assumed that at  , the specimens have already undergone some particle breakage 

before application of shear loads. That breakage was not determined as tests were conducted 

with intention to application of shearing load as well so tests were not disturbed. However, 

studies conducted by Bhanbhro et al. (2015) showed that at  , the  

specimens undergo particle breakage up to , similarly  and  

specimens showed particle breakage as  and  respectively.  

3. Results 

3.1. Stress-Strain and vertical height behavior  

The figure 6 shows that typical behavior for shear stress and vertical strain for the tests which 

were performed at  for different particle sized specimens. It was observed that 

all the tests conducted showed strain hardening behavior. However, specimens  and 

 were followed by slight strain softening behavior for tests 
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when . It was observed that finer particles i.e.  and 

 showed slightly higher shear stress as compared to particles of size  in 

normally deposited specimens, figure 6(b).  

 

 

Figure 6: Typical Shear Stress and vertical strains behavior (at  for different particle sized 
specimens. (Sampling Method: (a) Vertical Deposition (b) Normal Deposition) 

 

Similarly, the vertically deposited samples also showed similar behavior as finer particles 

(  and ) showed slightly higher shear stress as compared to coarse particles 

(  and ). In general, the particles of size  showed less shear stress in 

both deposited methods. The figure 6 also shows the vertical height reduction for all those 

tests which were conducted at  for both deposition methods.  
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The significant difference in vertical height behavior changes was observed between finer 

(  and ) and coarser (  and ) specimens. It was observed 

that at , the vertical height behavior was proportional to particle sizes and void 

ratios i.e. larger the particle size and void ratios, higher the vertical strains and vice versa. At 

the end of test, specimens which were constructed with finer particles (  

and ) showed  to  increase in height with respect to original height as 

compared to specimens with coarser particles which showed up to  decrease in 

height with respect to original height. In normally deposited specimens, the tests showed 

initial compression in height followed by dilatant behavior. However, the vertically deposited 

specimens showed higher vertical height reductions and contractant height behavior except 

for  specimens at , figure 6(b).  

The figure 7 shows the example of vertical height reductions tested at various normal 

loads  for different particle sizes and for both deposition methods used. The normal 

stresses  above or equal to  in this study are somewhat critical stresses as in some 

cases it showed dilatant behavior and in some cases contractant behavior for vertical height of 

samples during shearing of specimens. So  in this study is somewhat called deciding 

factor for vertical height behavior. For example, when , the dilatant behavior in 

vertical height was observed and in case when , contractant height behavior was 

observed for normally deposited specimens. Looking into these results, here it can be said that 

there is no particle overlapping taking place when normal stresses are higher than  

and probably secondary particle breakage occurs which causes a sudden decrease in skeleton, 

for example in figure 7(b) and  specimens tested at .  
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Figure 7: Example of vertical height reductions (%) during direct shear test at different normal stresses. 
(Sampling Method; (a) Vertical Deposition (b) Normal Deposition) 

3.1.1. Vertical height behavior in normally deposited specimens during shear 
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contractany and lower normal stresses than , resulted dilatancy.  In general, it was 

observed that coarser specimens i.e.  and  showed more dilatancy as 

compared finer specimens .  

3.1.2. Vertical height behavior in vertically deposited specimens during shear 

The critical normal stress (  phenomenon did not seem to be valid for vertically deposited 

specimens because even at , the vertical height behavior was similar as 

observed in normally deposited specimens at . The specimens of size  

and  showed contractant height behavior during shear at . 

This showed uncertainties in vertical height behavior during shearing for vertically deposited 

specimens. Surprisingly the  specimens showed dilatant behavior at all normal 

stresses i.e. . It was observed that vertically deposited samples 

showed slightly less vertical height reductions as compared to normally deposited samples for 

under same normal loads. In figure 7 for example, vertically deposited specimens showed 

about 0.8% height reduction whereas normal deposited specimens showed  height 

reductions for .   

3.2. Strength Parameters 

Table 4. Evaluated Friction Angle ( ) and cohesion  for various particles specimens  

Deposition Method 
0.125–0.063 mm 0.25-0.125mm 0.5-0.25mm 1-0.5mm 

        
Vertical Deposition 25.20  5.13 25.23  11.53 26.13  0 - - 
Normal Deposition 23.72  8.57 23.15  16.21 22.6  8.17 21.78  4.92 

 

The strength parameters are evaluated by Mohr-Coulomb failure criteria. The cohesion ) 

and friction angle ( ) parameters are measured usually from maximum shear stress with 

corresponding normal stresses  from each test. Due to strain hardening behavior, the 

maximum shear stress is not well defined and shear stress ( ) is read at shear strain, 

radian which is a standard practice used by Swedish Geotechnical Society (SGF 

2004). The shear stress (  is plotted against normal stress  which is usually a straight line 

with slope  and is described as equation . The evaluated friction angle  for 

different particle size specimens is shown in figure 8. The results revealed that, friction angle 
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 for vertically deposited specimens, was slightly higher than that of normally deposited 

specimens. The friction angles for vertically deposited specimens were in range of

 degrees whereas for normally deposited specimens it was in range of   

degrees. The friction angle , in vertically deposited specimens, was  higher 

than normally deposited specimens. 
 

 

Figure 8: Friction angles for different particle sized specimens on normal and vertical deposition methods.  

The evaluated friction angle is summarized in table 4. Example of friction angle  

evaluation is shown in figure 9. The table 4 and figure 9 also show cohesion ) intercept. The 

cohesion ) intercept observed was in range of  and  for 

vertical and normal deposition methods respectively. It is evident that cohesion intercept was 

slightly higher in normal deposited specimens as compared to vertical deposited specimens.  

Figure 9: Example of determination of friction angle  for  particle sized 
specimens (normal and vertical deposition methods).  
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3.3. Particle Breakage 

In order to determine the particle breakage during direct shear tests, the specimens were dried 

and sieved after completion of each test.  The difference of sieving is considered as particle 

breakage. It was observed that, larger the particle size larger the particle breakage during 

shearing.  The particle breakage for size  was  whereas 

similar values for  and  was  and 

 respectively at different normal stresses .  The figure 10 shows the 

particle breakage during direct shear tests for different particle sizes at different normal 

stresses . 

Figure 10: Observed particle breakage during direct shear tests for different particle sizes at various 

normal stresses . 

4. Discussions

It has been observed that coarser particles showed 20% reduction in void ratios. And the 

reduction in void ratios for finer particles (  and ) was  and  

respectively. The higher reduction in void ratio in coarser particles is evident as coarser 

particles has higher tendency to break upon application of loads (Bhanbhro et al. 2015). Due 

to higher breakage in case of coarser particle, the particles break and rearrange hence result in 

higher void ratio reduction in skeleton. It was evident that skeleton with uniform coarser 

particles contained more voids, similarly the skeleton with finer particles contained less void 

ratios.  
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Referring to figure 6(b), where shear stress is plotted for effective normal stresses of 100kPa, 

it is visible that finer particles showed slightly higher shear stress as compared to coarser 

particles. This is in the contraction to studies conducted by Wei et al. (2009) where they 

defined that finer tailings may have much lower strength as compared to coarser tailings. 

However, the fact should not be forgotten that this is study was conducted on uniformed 

particle sizes, so having different factions in a skeleton may results in lower strength. The 

lower strength showed by coarser particles may be due to the fact that larger particles showed 

higher breakage and attained higher void ratios. With the higher void ratios, larger particles 

under go higher breakage as compared to finer particles. This may indicate loose skeleton 

with overlapping of particles and breakage which resulted less shear resistance. On the other 

hand finer particles showed less breakage and probably less overlapping hence causing a 

slightly higher stress resistance as compared to coarser particles. When particles break in 

coarser tailings, they result in having fractions of finer particles (for example in case of 

 skeleton which resulted in  generation of finer particles). In the 

interaction between coarser and finer tailings, the finer particles replace the pores available in 

coarser skeleton (Zhang et al. 2015). The similar shear stress behavior was observed in 

vertically deposited specimens, and it was observed that finer particles show higher shear 

stress as compared to coarser particles, figure 6(a). According to Guo et al. (2007), for normal 

sands, the angularity of particles cause more interlocking and that restrains sliding and 

rotation. Hence larger stress is required to break the interlocking due to particle angularity 

before dilatation occurs. The similar behavior was observed in this study for tailings particles, 

since the finer tailings are according to Rodriguez (2013) more angular as compared to 

coarser particles which are sub angular in powers scale, see e.g. (Powers 1953) . 

All the specimens, with all sizes, which were deposited as ‘normal deposition’ showed 

initially contractant behavior followed by dilatant behavior for tests which were conducted on 

normal stresses . For the tests, which were conducted at normal stress  

more than , after the primary height reduction, the unchanged height behavior was 

observed from shear strain along shearing path. Beyond 

 a sudden decrease in height (secondary height reduction) was observed. The 
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shear stress kept increasing from shear strain  then started to reduce 

from the point where secondary height reductions started to take place, figure 11.  

 

The sudden decrease in shear stress can be due to physical changes in skeleton. Hence here it 

can be said that, the point where particles in skeleton starts to break, cause the physical 

changes that tend to show sudden decrease in height behavior. That phenomenon can be 

defined as interlocking degradation, as observed by (Guo et al. 2007, Cresswell et al. 2004). 

 

Figure 11: Example for vertical height behavior during shear test,  at  

However, this type of behavior was not clearly visible for those specimens which were 

constructed as vertically deposited method. This may also be due to fact that orientation of 

particles was different and interlocking phenomenon was different as compared to normally 

deposited specimens.  

 

From the results presented for normally deposited specimens, the normal stress  

can be said critical normal stress. At normal stresses less than 300kPa, for all the specimens, 

dilatant height behavior is observed after initial vertical height compression. Whereas, on 

normal stresses more than , contractant height behavior is observed. This means that 

overlapping particle interlocking is only dominant when . Particle interlocking 

do not seem to dominate when normal stresses ( ) are higher than . However, these 

findings are valid to skeleton with uniformed size particles. From figure 7, it is also visible 

that finer particles ( ) show less dilatancy. This can also assist towards 
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understanding the vertical height behaviors during shear observed earlier by (Bhanbhro et al. 

2014). Because in earlier tests more than 75% particles were less than the fine particles 

( ) studied in this research. So, it can be estimated that skeleton having more fine 

contents will show less dilatant behavior or in some cases no dilatancy at all as observed by 

(Bhanbhro et al. 2014). However, this can be a preliminary remark regarding vertical height 

reductions, more studies with already know fine particles fractions can help to show some 

concrete conclusions in that matter.  

As for as, breakage is concerned, the coarser particles showed more breakage as compared to 

finer particles. It is evident that apart from normal vertical loads, the shear stress significantly 

contributed to particle breakage. In previous studies by Bhanbhro et al. (2015) and Rodriguez 

et al. (2016) on similar tailings material, the breakage due to vertical loads was studied during 

oedometer tests. From table 5 and figure 12, it is evident that specimens under influence of 

any vertical loads when sheared show significant particle breakage. If the deformations in a 

dam skeleton are considered as shearing strains, it can result in the particles that can break and 

result in new particle sizes. Hence the particle breakage should be considered while designing 

and analyzing the dam especially during dynamic analysis. Moreover, the particle breakage 

can lead to decreased particle size in skeleton resulting decrease in voids ratio which may in 

future give raise to pore pressure that can lead to failure. On the other hand, having smaller 

particle fractions tend to break and compress less that can make skeleton strong.  

Table 5: Comparison of particle breakage due to vertical loads, Oedometer, (Bhanbhro et al. 2015) and 
Direct shear tests (Present study) 

Particle Size 
Oedometer tests  
( ) 

Present Study based on   
Shear tests ( ) 

0.5-0.25 mm 10.1% 26.6-39% 
0.25-0.125mm 12.5% 21-23.9%

0.125-0.063mm 0.8% 9.2-12.7%

Referring to table 4, as for as strength parameters are concerned, the observed values for 

cohesion and friction angle were low with comparison to what is available in literature on 

similar material (Vick 1990). However, it matches with previous tests conducted on similar 

material (Bhanbhro et al. 2014) despite of the fact that specimens in this study were uniformly 

graded specimens. However, the strength parameters for vertically deposited samples were 
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slightly higher as compared to normally deposited samples. All the tests showed some 

cohesion intercept values, which generally should not have been the case according to (Vick 

1990). The studies conducted by Zhang et al. (2015) also showed cohesion for coarser tailings 

material as high as and for finer tailings as , so having cohesion values is 

not something new. According to Vick (1990) effective stress level is the most important 

parameter controlling the internal friction angle with the strength envelope curved at high 

stress levels as a result of particle crushing. This cohesion intercept can simply be considered 

as a mathematical value which defines mohr-coulomb failure criterion for the stress range 

they are presented for (Vick 1990). Tests at very low stresses may still show zero cohesion for 

same tailings materials.  

Figure 12: Comparison of particle breakage due to vertical loads (Oedometer, Bhanbhro 2015) and direct 
shear tests.  

Apart from all the discussion, it could be said in general, that particle size has an influence on 

mechanical behaviors of tailings material. That is in terms of shear stress, deformation and 

particle breakage. Whereas the angle of deposition, show uncertainties in comparison to 

shearing behavior. However, these results are preliminary and more advanced studies can help 

in deriving better conclusions. For example, creating different mixtures of different particle 

sizes and with different ratios and then to perform similar tests as in this study on those tests.  
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5. Conclusions       

Based on the results presented in this study from laboratory tests on uniformly graded tailings 

materials, it can be concluded that; 

 Coarser tailings material with higher voids ratio shows higher compression on 

application of vertical loads. The void ratio reduction for ( ), (

) and ( ) is ,  and  respectively. 

 Finer particles ( ) showed slightly higher shear stress. Finer 

particles showed less dilatancy as compared to coarser particles.  

 The normal stress  of 300kPa can be said critical normal stress and deciding factor 

whether specimens can show dilatant behavior or contractant behavior for normally 

deposited uniformed materials. For example, normal stresses  higher than 

 shows conractant height behavior and less than  shows dilatant 

height behavior after initial compression. 

 Shear stress (  has significant effect on particle breakage when coupled with normal 

stress . The particles of size ( ) showed  particle 

breakage. Similarly, particles of size ( ) and ( ) 

showed  and particle breakage respectively.  

 Method of deposition for tailings materials shows uncertainty on vertical height 

behavior; however, the shear behaviors were similar as for normal deposited materials.  

 The friction angle in vertically deposited specimens was  higher than 

normally deposited specimens. 
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Effect of vertical load on tailings particles
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Abstract 

Tailing dams could store hundreds, thousands or millions of cubic meters of 
tailings result of the mining extractive industry. Mechanical behavior of this 
man-made soil should be known in order to maintain a safe storage. Dykes rise up 
to form the dams and they are buildup with the same tailing material especially in 
the upstream method using the coarse part. The study uses oedometer classical test 
to determine the load effect over tailing coarse particles. Tailings are site specific 
and so its characteristics. It is necessary to understand the tailings degradations to 
achieve safe impounds.  The study comprises four samples of one range-size 
tailing particles (e.g. 1-0.5, 0.5-0.25, 0.25-0.125, 0.125-0.063mm) subject to 
vertical load in traditional oedometers. Vertical load effects are measured using 
two dimensional image analysis and sieving. Results show that 0.063mm sample 
is the only one that has change in shape with low breakage (<1%) while the rest of 
the sizes have no shape change but high breakage is present especially in fraction 
0.5mm. Settlements also are more pronounced in coarse fractions 0.5 and 0.25mm. 

Keywords: Tailings, Compression, Degradation, Deformation

1  Introduction 

Tailings are the waste from ore concentration in the mining industry and they are 
usually deposited in tailings dams. Tailings dams are typically huge constructions 
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and can cover a surface of a couple of square kilometers and be raised to hundred 
meters high [1]. Storage facilities for tailings need to be safe, structurally and 
environmentally, in long time perspective. Tailing are the product of mechanical 
fracturing (crushing and milling) and site specific, as a result they are in general 
considered to be angular in the range from silt to fine sand [2,3]. Garga et al. 
[4]classifies the shape of tailings in the range from angular to sub angular.  
The most economical method to upraise tailing dams is the so called upstream 
method. The upstream method consists in the use of the coarse part of the tailings 
to rise up dykes. The discharge of tailings slurry (spigots or cyclones) develops a 
dike and a beach composed of coarse material (not well graded). Fines and slimes 
are drag by the flowing water away from the dyke and beach (into the pool). The 
beach becomes the foundation for the next dyke [5].  
According to Harding [6] the degree of which particle breakage occurs during load 
and deformation affects the strength and stress-strain behavior of the elements. 
Tailing particles under tenths of meters of material (after a couple of dykes) 
subject to loads and deformations could break and change strength and 
stress-strain behavior. Crushing of the particles under stress (under meters of soil 
e.g. inside the initials tailing dam dykes) depend on factors as particle size 
distribution, particle shape, void ratio, particle hardness (of all its components), 
water presence, state of the effective stress, effective stress path [6] and number of 
contacts per particle [7]. 
Breakage of the tailing particles into dykes could head for new configuration in 
the material, e.g. size distribution [8] or particle shape that would change 
properties as void ratio [9], shear strength [10], permeability (clogging particle 
skeleton), etc. 
The scope of the study is to determine the degradation effects of tailings subject to 
one-dimensional load using classical oedometer test, sieving and, shape changes 
using image analysis software. It is accomplished by comparing results from four 
particle size ranges. Eleven shape descriptors are included. Results show that for 
all specimens except the smallest particle size, particles breakage produces a 
relative high amount of fines with no change of shape. Additionally for the 
smallest particle size sample low breakage and shape change is recognized. By 
comparing natural geological materials with tailings the settlements seems to be 
determined by the initial void ratio higher in coarse materials but also in tailings. 
 
 

2  Methodology 
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In this study samples from the Aitik mine has been used. The Aitik tailing dam is 
located about 100 km North of the Arctic Circle in the boreal parts of Northern 
Sweden (Figure 1) about 15 km from the community of Gällivare. The value 
mineral is chalcopyrite (CuFeS2). Main sulphides are pyrite, chalcopyrite and 
sphalerite. Main gangue minerals are quartz, feldspar, plagioclase and mica [11]. 

Figure 1: Circle shows the location of the Aitik tailing dam in Sweden (left) and 
the sampling place in the dam (right). (Google map, 2014). 

Disturbed samples were taken from a depth of 0 to 0.7 meters in a trial pit. The 
trial pit was located at coordinates 67°04’34”N and 20°52’39”W (Figure 1, right) 
in the north east part of the dam. The sample from the trial pit was split into four 
different test specimens based on the size range by sievingTable 1). Wet sieving 
was used with Sodium Diphosphate decahydratate (Na4P2O7·H2O) as a 
dispersant to enhance the particle separation. After sieving specimens were dried 
for 24 hours at 105°C. Remolded samples in 50mm diameter and 170mm length 
sampling tubes were casted by using the methodology describes by Dorby [12]. 
Dorby’s procedure includes the filling of the tube specimen by steps, usually 5 to 
6 in total, where each step comprises 2-3cm of the tube height. Water is added 
until the step is reached followed by the addition of the tailings sample and 
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posterior self-settlement for at least 6 hours. Same procedure is followed for every 
step until the tube is filled up. This methodology imitates the natural 
sedimentation process leading the tailings settle in beds with natural segregation. 
Since the test specimens are uniformly graded the segregation should be based on 
the grain density differences and not in the particle size. Basic geotechnical 
properties were determined for each sampling tube such as particle density, bulk 
density; saturated density, void ratio and degree of saturation (see Table 3).

Table 1: Test specimens and size ranges. 
Specimen Range (mm)

A 1-0.5
B 0.5-0.25
C 0.25-0.125
D 0.125-0.063

In order to study breakage due to increased vertical load the standard oedometer 
test (ASTM D 2435 -Method A) doubling the weight every 24 hours starting with 
10, 20, 40, 80, 160, 320 and 640kPa load step under saturated and drained 
conditions was performed.  

The oedometer sample dimensions are 20mm high and 40mm in diameter 
obtained from the remolded sampling tubes.  Upper and lower parts of the 
odometer were cover with end filters. The test specimens were mounted into the 
oedometer test rigged and submerged into water. The settlements were monitored 
by LVDT and the effect on the tailings particles was analyzed after the final load 
step.The generated amount of fines was determined by loss of mass after 
re-sieving the material after testing using the sieve for each test specimen 
respectively. Mass lost was used as measure on decomposition. An initial-state 
sample from each sample tube, A, B, C and D was collected and analyzed 
separately as basis for effects on shape change.  
The effects on the individual tailings particles were studied by two-dimensional 
image acquisition followed by image analysis where changes in shape properties 
were studied. 
As preparation for image acquisition the specimens were dried for 24 hours at 
105° Celsius. The image acquisition was performed through a microscope(Motic 
B1)lightening sources from below and from the side of sample. Themagnification 
lenses 4x was used for sample A and B and 10x for samples C and D. The 
magnification used for each sample was chosen based on the results obtained by 
Rodriguez et al. [13] where it was concluded that the minimum amount of pixels 
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that a particle should comprise is around 1800 pixels to minimize analysis errors. 
The camera mounted on top of the microscope (Infinity 2) has 2 megapixel 
resolutions. A more detailed description of the image acquisition process is 
described in Rodriguez et al. [13].  
 

Table 2: Quantities use to determine the particle shape. 
Quantity Description Reference 

1 4πArea/Perimeter2 [14] 

2 4Area/πMajor axis2 [15] 

3 Area/Convex Area [16] 

4 Fractal dimension [17] 

5 Square root of Maximum inscribed/Minimum circumscribed, circle diameters [18] 

6 Diameter of a circle same area as particle/Minimum circumscribed circle diameter [19] 

7 Perimeter2/Area * [20] 

8 Perimeter of a circle with same area/Perimeter [19] 

9 Area/Area of the minimum circumscribed circle [21] 

10 Perimeter/Convex perimeter * [22] 

11 Perimeter/πAverage Feret* [23] 

*Inverse was used to obtain a working range between 0 and 1 

 
The 11 quantities in the Table 2were used to determine the shape of the particles; 
graphical descriptions of the quantities are presented in the appendix. The two 
dimensional image analyses to determine the shape quantity was done by two 
different software; Image Pro Plus [17] and ImageJ [15].  
Additionally as a control natural geological sand was tested in similar conditions 
to compare only the breakage and the shape change. This natural sand was 
obtained from a local sand extraction located 1 km north-west of the Luleå airport 
belonging to BDX industry AB (Sweden). 
 
 
3  Results 
Table 3 summarizes the basic properties of the tailings specimens before and after 
the oedometer test. Similar test were performed to natural sands, the basic 
properties for sand are in Table 4. 
 
 

Table 3: Basic tailing properties. 
Specimens 

tailings 
 Particle 

density 
(g/cm3) 

Void ratio 
 (e) 

Δe Porosity 
n 

(%) 

Δn 
(%) 

Dry 
Density, 

ρ 
(gr/cm3) 

Δ ρ 

A 
Initial 

2.881 
1.070 

0.227 
51.7 

6.0 
1.392 

0.171 
Final 0.843 45.7 1.563 

B Initial 2.904 0.849 0.141 45.9 4.4 1.571 0.129 
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Final 0.708 41.5 1.700 

C 
Initial 

2.873 
0.762 

0.093 
43.3 

3.2 
1.630 

0.092 
Final 0.669 40.1 1.722 

D 
Initial 

2.943 
0.847 

0.113 
45.9 

3.6 
1.589 

0.108 
Final 0.734 42.3 1.697 

 
 
A number of 170 particles from each test specimens, before and after the 
oedometer test were analyzed for each shape quantity in Table 2. Basic statistical 
measures such as the mean, standard deviation and distribution curves were 
determined. A statistical t-test on 5 % significance level was tested for each shape 
quantity before and after the oedometer-test for each test specimen. 
 
 

Table 4: Basic sand properties. 
Specimens 

sand 
 Particle 

density 
(g/cm3) 

Void ratio 
 (e) 

Δe Porosity 
n 

(%) 

Δn 
(%) 

Dry 
Density, 

ρ 
(gr/cm3) 

Δ ρ 

A 
Initial 

2.656 
0.700 

0,148 
41.2 

5.7 
1.563 

0.149 
Final 0.552 35.5 1.712 

B 
Initial 

2.651 
0.740 

0,118 
42.5 

4.2 
1.524 

0.111 
Final 0.622 38.3 1.635 

C 
Initial 

2.673 
0.751 

0,096 
42.9 

3.3 
1.527 

0.088 
Final 0.655 39.6 1.615 

D 
Initial 

2.684 
0.954 

0,156 
48.8 

4.4 
1.374 

0.119 
Final 0.798 44.4 1.493 

 
 
The distribution curves for quantities present a slightly skewed distribution and in 
approximately half of the quantities the distribution does not comply with the 
normality test for normal distributions. Normal distribution was achieved using 
Johnson transformation [24] but no differences in the results were observed thus, 
it was decided to continue without transform the data. In Table 5the results are 
summarized. Bold-gray highlighted paired numbers represent those values where 
the mean of both populations (before and after test) show that they are different. 
Control specimens (natural sand) have shown no shape change (see Table 6). All 
changes in shape indicate that particles become more rounded except in Table 6 
where “ ↓ “ indicates that particles became more angular. 
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Table 5: Mean quantity values for tailing samples. Highlighted marked results 
show statistically significant changes in the shape quantities. 

 
 
The degradation of the specimen was measured by quantifying the presence of 
finer material after oedometer-test. The amount of generated fines (in weight), 
determined by sieving, is presented in Table 7. Fines generated in tailings are 
higher in sample C but lower in A. 
 

Table 6: Mean quantity values for the control sample, Natural sand 

 

 
Quantit

y 
1 2 3 4 5 6 7 8 9 10 11 

Sampl
e 

 

A 
Before 

0.66
5 

0.75
3 

0.930
3 

1.033
9 

0.645
1 

0.801
1 

0.153
4 

0.845
8 

0.644
9 

0.919
7 

0.293
0 

After 
0.66

0 
0.74

2 
0.926

9 
1.033

9 
0.636

8 
0.791

8 
0.163

1 
0.848

4 
0.630

2 
0.929

0 
0.296

0 

B 
Before 

0.69
0 

0.73
5 

0.927
5 

1.041
4 

0.637
5 

0.794
5 

0.084
0 

0.862
6 

0.636
1 

0.940
5 

0.299
8 

After 
0.71

2 
0.74

6 
0.931

5 
1.039

0 
0.651

5 
0.804

9 
0.081

5 
0.880

4 
0.651

8 
0.953

0 
0.303

9 

C 
Before 

0.70
2 

0.71
3 

0.940
6 

1.029
2 

0.629
2 

0.785
3 

0.043
3 

0.879
5 

0.622
4 

0.959
9 

0.306
0 

After 
0.69

5 
0.74

4 
0.936

3 
1.028

6 
0.647

8 
0.803

5 
0.047

4 
0.877

0 
0.649

2 
0.951

3 
0.303

2 

D 

Before 
0.69

4 
0.69

3 
0.932

9 
1.049

2 
0.609

8 
0.775

9 
0.025

1 
0.872

9 
0.608

3 
0.960

3 
0.306

5 

After 
0.72

2 
0.73

8 
0.941

3 
1.043

9 
0.646

0 
0.797

3 
0.026

6 
0.891

9 
0.639

5 
0.963

8 
0.307

6 

 Quantity 
1 2 3 4 5 6 7 8 9 10 11 

Sample  

A 
Before 0.730 0.705 0.952 1.022 0.637 0.789 0.135 0.890 0.628 0.966 0.307 

After 0.735 0.732 0.954 1.016 0.657 0.801 0.186 0.895 0.645 0.966 0.307 

B 
Before 0.736 0.723 0.948 1.034 0.643 0.794 0.081 0.895 0.634 0.969 0.309 

After 0.743 0.735 0.951 1.030 0.651 0.800 0.085 0.898 0.644 0.968 0.309 

C 
Before 0.742 0.731 0.954 1.023 0.653 0.815 0.047 0.031 0.698 

0.970
↓ 

0.309  
↓ 

After 0.734 0.736 0.953 1.022 0.656 0.804 0.051 0.033 0.650 0.967 0.308 

D 
Before 0.744 0.717 0.951 1.040 0.643 0.793 0.027 0.903 0.633 0.974 0.311 

After 0.736 0.701 0.949 1.039 0.632 0.791 0.028 0.899 0.630 0.972 0.310 
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Table 7: The amount fines generated in the test specimens after the oedometer test 

Specimen
tailings

% fine content
Control specimen 

natural sand
% fine content

A 14 A 19
B 10 B 11
C 12 C 4
D <1 D 2

Figure 2: Semi-logarithmic stress-strain curve (left) and stress-strain bar by load 
step (right) from the oedometer test for the four tailings specimens. 

Figure 2 (left) shows the stress-strain behavior where specimens A and B are 
weaker. Figure 2 (right) show that all specimens have initially high deformation, 
probably a result of initial rearrangement of the loose structures and re-distribution 
of stresses in the test specimens. The step strain for the test specimens A, B, and C 
differs from the specimen D behavior (Figure 2, right) because specimen D shows
a high initial deformation and no significant difference in deformation between the 
two last load steps. 
In s Figure 3 tress-strain curves of the tailings and control sand are plotted 
together. Dark lines represent the tailings while light lines are the control sands.  
It is interesting to see how the crossing of the lines of each size (sand-tailings) 
moves to the right for samples A, B and C but not for D. should D sample cross in 
higher stresses?. For coarse samples A and B there are more settlements for 



Effect of vertical load on tailings particles 123

tailings compare with sands. 

Figure 3:Stress-strain cumulative curve for sand and tailing samples. Dark lines 
represent tailings while light lines are the sands 

4 Discussion 
A disturbed sample of tailings was split by sieving into four, uniformly graded, 
test specimens and the effect on the uniformly graded test specimens upon vertical 
loading in an oedometer-test was compared.  
The properties of the four tailings specimens are different. The coarsest tailing 
material sample 0.5mm, (A), is arranged in a looser state during the test specimen 
preparation and also showed the weakest stress-strain response in both, cumulative 
and step load (Figure 2, right). The analysis of the remaining material after the 
oedometer test showed that this test specimen also showed the highest degree of 
degradation measured as the generation of finer particles compared to the initial 
distribution (Table 7). The stress-strain behavior of the tailings specimens 0.125 
(C) and 0.063 mm (D) are stiffer compared to the coarser 0.5 (A) and 0.25mm (B)
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(Figure 2, left). Considering the degradation of the particles there is a big 
difference between specimen size 0.063mm and the others. The range of 
degradation is similar in specimen 0.5, 0.25 and 0.125 but is by methodology used 
in this study very low in specimen 0.063 mm. As Lade et al. [25] explained 
breakage increases while particle size increases due to the fact that larger particles 
contain more defects (or the probability to have it is higher) and depend also in the 
number of contacts per particle [7] in agreement whit Table 7 results. 
Considering the shape factor tailings specimen D shows a statistical significant 
change in 8 of 11 quantities, considerable more than the rest (Table 5).In the 
specimen D (the finest fraction 0.063mm) shape change was observed in the 
majority of the shape quantities. This sample was also the most resistant to 
degradation, less than 1% of finer material was generated. According with the 
results it can be suggest that tailings sample D, due to the low % breakage (Table 
7) and the quantity value change (Table 5) before and after the oedometer tests, is 
breaking only in the angularities or corners. Quantities 10 and 11 can also suggest 
this due to quantity 10 look for the concave outline change and since there is no 
difference it means that only corners are breaking while quantity 11 follows the 
same logic but in measuring two parallel line distances (feret box). In the finest 
fraction also a peculiar step load behavior, compared with the rest of the 
specimens, can be seen (Figure 2, right). Even if all the samples show an initial 
high compressibility the finest test sample D(0.063mm) seems to not bee 
according with the rest of the stepped behavior of the samples A, B and C (major 
to minor in the initial load). Furthermore the two last load steps show no increase 
of percentage strain while the rest of the samples do. It shows a high initial 
compressibility but low at final loads.  
By comparing the control specimens (natural sands) and tailing specimens it was 
observed that there was no general shape change in the control material maybe, 
because the particles already had been rounded by the time and natural elements 
through the years and they have lose their angularities. Even if there is a 
percentage in breakage in the control material there is no statistical evidence that 
the shape in average have change, maybe the new angular particles when 
generated due the breakage are no longer belonging to the specific size range and 
they were lost through the sieving (change of size). Stress-strain comparison of 
sands and tailings (Figure 3) suggest bigger settlements in tailings comparing by 
size for coarse samples A and B. it is interesting to see how tailings-sand lines (by 
size) start crossing to the right (for samples A, B and probably C) because the 
higher void ratios in tailings. 
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Breakage tailings-sands comparison by size in samples A and C seem to be 
different; for Sample A for sand and C for tailings looks higher. The high 
breakage of sand sample A could be due to angularities in the tailings brake 
(generating new angularities) and fines materials generate a stronger skeleton 
while sand break through the body reducing the size of the particles. Void ratio 
reduction also support this explanation been almost the double for tailings 
compared with sands. Sample C is believed that not only angularities break but the 
body as well explaining the higher fines generation. In this case the void ratio 
change is similar showing that even with the angularities tailing sample was 
relatively in the same initial packing state as sand sample was breaking the corners 
first and the body later. 
This study shows that the degradation driven by increased vertical stress of 
tailings particles is different for different grain sizes under the same vertical loads. 
Coarser tailings are more susceptible compared to finer tailings. Coarse tailings 
are usually considered from a dam construction perspective to be more favorable 
since consolidation settlements are more rapid and hydraulic conductivity is 
higher. Cyclone techniques are sometimes applied to increase the coarser fraction 
at the beaches as a preoperational step for raising the tailings dams. The results 
from this study also indicate that there is a higher settlement as a result of particle 
degradation compared to the finer fractions. 

 
 
5  Conclusions 
Only fraction 0.063mm tailing particles show a shape change due to the corners 
becomes more rounded. 
Coarse particles fraction 0.5mm present more breakage than the rest of the 
samples. 
Coarse sample fractions 0.5 and 0.25mm produce higher settlements compare with 
the finer fractions and also compared with sands (by size). 
Initial porosity seems to be the major factor affecting settlements. 
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APPENDIX 

Quantity Description Graphic description

1* 4πArea(A)/Perimeter2(P)

2* 4Area(A)/πMajor axis2(Major)

3* Area(A)/Convex Area(Ca)

4 Fractal dimension

Fractal dimension use 'strides' (minimum step lengths) of various sizes. The 

fractal dimension is calculated as 1 minus the slope of the regression line 

obtained when plotting the log of the perimeter (for various strides) against the 

log of the stride length. (more info in imageproplus)

5* Square root of Maximum inscribed (Di)/Minimum circumscribed(Dc), circle 

diameters
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6* Diameter of a circle same area as particle(Da)/Minimum circumscribed circle 

diameter(Dc) 

 

7 Perimeter2(P)/Area(A) See figure in quantity 1 in this table 

8* Perimeter of a circle with same area (Pa)/Perimeter(P) 

 

9* Area(A)/Area of the minimum circumscribed circle (Ac) 

 

10* Perimeter/Convex perimeter  

 

11 πAverage Feret/Perimeter(P) 

 

Average ferret box is obtained rotating two parallel lines (two degrees each 

time) and measuring the distance, finally the average ferret is the average 

distance of all the feret boxes distance measured 

 

* Figures were taken and modified from Johansson and Vall [26] 
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Abstract: Mining industry provides mineral to the modern society. Minerals are 
indispensable raw materials for commodities. A by-product of the mineral extraction is the 
mine waste also called tailings. Tailings are safety storage in tailing dams. Tailings dams 
troughs the history had had incidents and failures. Economic, environmental and social 
consequences of a tailing dam failure could be devastating. Soil strength is given by the 
consolidation, particle shape, stresses path, water content, hydraulic conductivity among 
other factors. Change on these factors produces changes in the soil strength. The 
development of economical and fast tests could improve the safety of the tailings deposits. 
Drained direct shear tests using uniformed graded tailing particles were performed. Three 
different size ranges 0.25, 0.125 and 0.063mm were used. Effect of particle size on shear 
strength and the effect of shearing on the tailing particles were studied. Normal 
consolidation pressure, void ratio, particle size and particle shape were monitored 
properties. Strength of the tailings was related with the monitored properties to suggest four 
empirical relations, two of them base in the morphology of the particle and two bases in the 
angularity. Results have shown that particle elongation diminishes the tailings strength but 
the angularity increases the strength. Particle size results are ambiguous and seem to be 
more related with the shape descriptor.  

Keywords: Tailings Dams, Direct Shear Tests, Tailings, Particle Breakage, Particle Shapes, 

1. Introduction

The first mining vestiges can be found as early as in the paleolithic era and it is known that 
mining appears and develop as the civilization does (Armengot, et al., 2006). From the 
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industrial revolution to the modern world the technology had advance enabling to the mining 
industry to increase maybe exponentially the amount of ore extracted, even at lower grades 
than before. The mined ore rock is crushed and milled to liberate and concentrate the precious 
mineral from the host rock; the valueless rock debris left after wet concentration is the so 
called tailings and since ore extraction increases also tailings do. Typical amount of tailing 
materials produced by the ore extraction is 43% for iron ore (EPA, 1994) and 99% for copper 
ore (Northey, et al., 2014). With this amount of left overs tailings dam structures around the 
world should contain hundreds, thousand, or even millions of tons of tailings e.g. 2 million 
metric tons tailing deposit in Lokken mine, Norway (Wolkersdorfer & Bowell, 2005). 

Historically incidents as Aznalcollar (Spain) in 1998, Baia Mare (Romania) and Aitik 
(Sweden) both in year 2000 and the public opinion had encouraged to the representatives 
involved to work in the prevention instead of react after an incident. Tailings dams are usually 
considered as walk-away solutions and needs to be designed and constructed to be safe in a 
long time perspective. The consequences of the failures may be fatal to the local society and 
harm the surrounding environment.  

As a consequence of the operation and raising procedures of tailings dams, the conditions in 
the tailings dams could be considered to be dynamic in a longer perspective. Grain size 
distribution, formation of layers, pore pressures and stress states are continuously changing 
during the operation (Ormann, et al., 2013). Tailings may be susceptible to weathering in the 
deposit environment. 

The safety of the impoundment, structural and environmental, in a long time perspective 
should be addressed. Relatively few studies had been developed in tailings properties 
considering the dam failure consequences. Design of safe tailing dams should not only 
account for actual tailing properties but also by future changes e.g. mechanical weathering. 
Sophisticated equipment to monitor the tailing dams and laboratory tests could be expensive 
thus; economical and reliable monitoring methods development could help to overcome this 
constrain and improve the safety. Empirical relations found in literature (Cho et. al., 2006; 
Rousé et. al., 2008) have shown that they underestimate the internal friction angle (Rodriguez 
& Edeskär, 2013) when they are applied to tailings. The inclusion of an empirical relation that 
could predict qualitatively the tailings strength would enhance the tools available to avoid 
incidents as mentioned before. 

In this study direct shear test pre-consolidated in the range of 50 to 500 kPa were performed 
using uniformed sized tailing particles. Internal friction angles obtained were in the same 
range of other copper tailings (Guangzhi, et al., 2011 and Liu, et al., 2012). According to Vick 
(1990) effective stress level is the most important parameter controlling the internal friction 
angle with the strength envelope curved at high stress levels as a result of particle crushing. 
Breakage at low stress levels can also break the tailing particles due to stress concentration in 
its angularities (Lade, et al., 1996). During the research mechanical weathering was monitored 
using regular sieving to detect the fines generated and image analysis to identify the particle 
shape change. Results have shown that particle size is the driving parameter that determines 
the fine generation and void ratio since both increases as the particle size increases in 
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agreement with Craig (2002) and Meade (1968). Furthermore the empirical relations 
suggested were not able to predict the particle size effect. Form and roundness show an 
opposite effect on the internal friction angle maybe result of the alignment of the particles 
during shearing. The increase of the angularity strengthens the tailings but the elongation of 
the particles weakens it. The limited amount of data shrinks the action area of the empirical 
relations but state an initial relation for further research and new data acquisition. 

2. The particle shape

In this study the word shape is used to describe a grain’s overall geometry. Furthermore, in 
order to describe the particle shape in more detail, there are a number of terms, quantities and 
definitions used in the literature. Some authors (Mitchell and Soga, 2005; Arasan, et al., 2010) 
are using three sub-quantities describing the shape but at different scales.  

Figure 1 Particle describing the shape scale attributes (Mitchell and Soga, 2005) 

The sub-quantities are morphology/form, roundness and surface texture. In Figure 1 is shown 
how the scale terms are defined. At large scale a particle’s diameters in different directions 
are considered. At this scale, describing terms as spherical, circular, platy, elongated etc., are 
used. An often seen quantity for shape description at large scale is sphericity. Graphically the 
considered type of shape is marked with the dashed line in Figure 1. At intermediate scale is 
focused on description of the presence of irregularities. Depending on at what scale an 
analysis is done; corners and edges of different sizes are identified. By doing analysis inside 
circles defined along the particle’s boundary, deviations are found and valuated. The 
mentioned circles are shown in Figure 1; a generally accepted quantity for this scale is 
roundness or the antonym: angularity. Regarding the smallest scale, terms like rough or 
smooth are used. The descriptor is considering the same kind of analysis as the one described 
above, but is applied within smaller circles, i.e. at a smaller scale. Surface texture is often 
used to name the actual quantity. 
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3. Materials and Methods

In this study samples from the Aitik tailings dam has been used. The Aitik tailing dam is 
located about 100 km North of the Arctic Circle in the boreal parts of Northern Sweden 
(Figure 2) about 15 kms from the community of Gällivare. The value mineral is chalcopyrite 
(CuFeS2). Main sulphides are pyrite, chalcopyrite and sphalerite. Main gangue minerals are 
quartz, feldspar, plagioclase and mica (Lindvall and Eriksson, 2003). 

Figure 2 Mark shows the location of the Aitik tailing dam in the north of Sweden (left) and the tailings dam 
(right). (Google map, 2015) 

Disturbed samples were taken from a depth of 0 to 1 meters in a trial pit. The trial pit was 
located (Figure 2, right) in the north east part of the dam. The sample from the trial pit was 
splitted into three different test sizes as it is shown in table 1. Further and for simplicity size 
ranges are called by its lower limit. 

Table 1 Particle size ranges used during direct shear tests 
Particle size (mm)
Upper limit Lower limit
0.5 0.25
0.25 0.125
0.125 0.063

Wet sieving was used with Sodium Diphosphate decahydratate (Na4P2O7·H2O) as a dispersant 
to enhance the particle separation. After sieving specimens were dried for 24 hours at 105° 
Celsius. Remolded samples in 50mm diameter and 170mm length sampling tubes were casted 
with one particle size (e.g. 0.25mm) by using the methodology describes by Dorby (1991). 
Dorby’s procedure includes the filling of the tube specimen by steps, usually 5 to 6 in total, 
where each step comprises 2-3cm of the tube height. Water is added until the step is reached 
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followed by the addition of the tailings sample and posterior self-settlement for at least 6 
hours. Same procedure is followed for every step until the tube is filled up. This methodology 
imitates the natural sedimentation process leading the tailings settle in beds with natural 
segregation. Since the test specimens are uniformly graded the segregation should be based on 
the grain density differences and not in the particle size. 

Image acquisition was performed through a microscope (Motic B1) lightening sources from 
below and from the side of sample. The magnification lenses 4x was used for 0.25 mm 
sample and 10x for 0.125 and 0.063mm samples. The magnification used for each sample was 
chosen based on the results obtained by Rodriguez et. al. (2012). The camera mounted on top 
of the microscope ( Infinity 2) has 2 megapixel resolution. The quantities in the Table 2 were 
used to determine the shape of the particles. The two dimensional image analyses to 
determine the shape quantity was done using (ImageJ, 2013) software. 

Direct shear tests were performed on the remolded disturbed samples. Samples were mounted 
by surrounding reinforced latex membrane and porous filter spikes were placed on top and 
bottom. Rubber tape at the end of membrane edges was used to avoid any leakage from 
membrane edges (see Figure 3). NGI (Norwegian Geotechnical Institute) direct shear 
apparatus was used for this study. The apparatus has been rebuilt and modified with electronic 
sensors which enable to record applied load, specimen height and pore pressure continuously 
during shearing. Shearing velocity was 0.012 mm/min. The logged data is then transferred to 
computer program which helps with the monitoring of stresses and deformations during the 
test. Tests were performed in saturated and drained conditions. Uniform sample size as table 1 
shows were used. Consolidation loads for the samples were 50. 100. 150, 300 and 500 kPa. 
According with the Swedish criteria (Swedish Geotechnical Society, 2014) the shear strength 
is evaluated at 0.15 radians shear angle if no shear peak stress has been observed. 
Table 2 Quantities and definition 

 

QUANTITY 
NUMBER DEFINITION REFERENCE QUANTITY 

NUMBER DEFINITION REFERENCE 

Q1 
 ImageJ (2013) 

 Q2 

 

ImageJ (2013) 

Q3 
 Cox (1927)  

 Q4 
 Mora and Kwan 

(2000) 

A, area 
AC, area convex 
P, perimeter  
Major, major axis based on fitting ellipse 
Minor, minor axis based on fitting ellipse 

    

Minor
Major

2Major 
4A

2P
A4

CA
A
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Figure 3 Direct shear apparatus and sample mounting (Bhanbhro, 2014) 
After shearing the samples were dried for 24 hr at 105° C and studied by image analysis to recognize the effects 
on the tailings by regular sieving and shape change. Sieving in the same size as the original sample was used to 
determine the amount of fines generated by weight (see  

Table 4). Shape recognition was determined under same conditions mentioned before. 
Original samples were compared with the subset of tests (see Table 5). 

4. Results 

4.1. Consolidation 

In order to achieve the required consolidation, the normal loads were applied with an 
increment of 50-100kPa. Since all the samples were constructed with uniformed particle sizes, 
the rapid consolidation process was observed. The pore pressures suddenly increased on 
application of normal load followed by rapid decrease to its original state (Figure 4) due to 
fast drainage. The Figure 4 shows the typical consolidation curves for the sample prepared 
with 0.063mm particle size and normal stresses of 150kPa. 

 
Figure 4 Typical consolidation behavior for sample size 0.063mm for normal stress of 150 kPa 
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Table 3 and Figure 5 show the initial void ratio for the test specimens higher void ratios are 
recognized for bigger fraction size. Void ratios in all samples are diminishing while 
consolidation pressures increase. 
Table 3 Initial void ratio after pre-consolidation before shearing 

 

 

 
 

Figure 5 Initial void ratios as a function of normal consolidation 

Figure 6 shows the typical behavior of the samples during shearing. Lines show the height 
reduction and shear force during the shearing process. Shearing resistance shows a unique 
behavior at all normal load tests; hardening follow by a slight softening. Primary and 
secondary height reductions can be seen in the samples behavior during shearing (see circles 
in Figure 6). Dilatancy can be found in samples 50,100,150 and 300kPa in the middle of the 
primary and secondary height reduction (see Figure 6, left). Samples at 500kPa present only 
height reduction with height stabilization in the middle (see Figure 6, right). It could suggest a 
primary and secondary rearrangement of the particles. 
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150 1.015 150 0.924 150 0.709 
300 0.989 300 0.884 300 0.677 
500 0.917 500 0.831 500 0.679 
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4.2. Shearing behavior and results 

Figure 6: Typical sample height and shear resistance evolution during the test for 50 (left) and 500 kPa (right) 
consolidation loads (sample 0.063mm). Same height reduction behavior is present in samples 50, 100, 150 and 
300 kPa consolidations. 

4.3. Effect of shearing on particles 

Table 4 shows the percentages of fines generated after the shearing tests depending on the 
normal load applied to consolidate the sample. The amount of fines particles in size 0.25mm 
seems to increase. For size 0.063mm is more stable for all loads and for 0.125mm size there is 
a peak at 150kpa with high breakage compare with the rest loads. Graphical display can be 
seen in Figure 7 where fraction 0.25mm has a more clear increase of breakage in relation with 
the specimens 0.125 and 0.063mm anyway there is a slight increase in the fines generated by 
the tests as the consolidation load increases for all samples. 

Table 4 Particle fines content by sample and test load 

Size Load Fine Size Load Fine Size Load Fine
(mm) (kPa) content (%) (mm) (kPa) content (%) (mm) (kPa) Content (%)
0.25 50 26.6 0.125 50 21.0 0.063 50 10.3

100 32.8 100 24.1 100 9.2
150 29.5 150 29.6 150 10.9
300 34.8 300 22.3 300 12.1
500 39.6 500 23.9 500 12.7
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Figure 7 Amount of breakage by weight by shearing at different consolidation loads 

Shape change in the different studied fractions is shown in Table 5. In relation with the 
original shape only the fraction size 0.063mm have change the shape for all quantities while 
fraction 0.125mm has change in half of them but in both cases for the highest consolidation 
load 500kpa. 

 
Table 5 Quantity values for particles by size and load state 

Size (mm) Quantity Initial value 50kPa 500kPa
0.063 1 1.513 1.494 1.422

2 0.698 0.698 0.729
3 0.707 0.703 0.730
4 0.934 0.932 0.943

0.125 1 1.472 1.434 1.386
2 0.714 0.733 0.750
3 0.701 0.698 0.703

4 0.933 0.932 0.934

0.25 1 1.452 1.397 1.395
2 0.718 0.743 0.739
3 0.693 0.682 0.685
4 0.928 0.922 0.924
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5. Suggested empirical relation

Table 6 contains laboratory data collected from the samples. This data has been used to 
develop an empirical relation to estimate the internal friction angle as a function of the 
consolidation load, void ratio, particle size and particle shape with the help of a regression 
analysis.  
Table 6 Quantity values for the samples 

Suggested empirical relations equations are listed below (table 7, 8, 9 and 10); they were 
obtained from a regression analysis. Additionally to the regression analysis a subset 
regression has been carried out to identify the factors affecting the empirical model. Data 
undergoing the empirical relation represents the R2 when using the available parameters. For 
all the models the best fit includes all the suggested parameters. 

Table 7 Empirical relation for Q1 
= 289 – 0.134 c – 76.3 e + 63.6 s – 134 Q1 [1]

R2 Consolidation
(c)

Initial void
ratio (e)

Size
(s)

Q1

56.4 X X
60.5 X X X
56.7 X X X
73.9 X X X X
residual ±2
Table 8 Empirical relation for Q2 
= 5 0.060 c – 61.1 e + 76.4 s + 109 Q2 [2]

R2 Consolidation
(c)

Initial void
ratio (e)

Size
(s)

Q2

56.4 X X
60.5 X X X
56.6 X X X
65 X X X X
residual ±2
Table 9 Empirical relation for Q3 

Internal  Consolidation (c) Initial  Size (s) Quantity values (Q) 
friction angle ( ) kPa void ratio (e) mm 1 2 3 4 

25.9 50 0.75 0.063 1.513 0.707 0.698 0.934 
25.2 100 0.73 0.063 1.494 0.702 0.698 0.932 
23.3 50 0.95 0.125 1.472 0.701 0.714 0.933 
17.9 100 0.94 0.125 1.434 0.698 0.733 0.932 
22.1 50 1.06 0.25 1.452 0.693 0.718 0.928 
26.7 100 1.03 0.25 1.397 0.682 0.743 0.922 
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= 801 0.1526 c – 43.6 e – 27.9 s – 1036 Q3 [3]
R2 Consolidation

(c)
Initial void
ratio (e)

Size
(s)

Q3

56.4 X X
40.0 X X
94.6 X X X
60.5 X X X
96.7 X X X X
residual ±0.7
Table 10 Empirical relation for Q4 
= 2026 – 0.1431 c +2 e – 95.3 s – 2129 Q4 [4]

R2 Consolidation
(c)

Initial void
ratio (e)

Size
(s)

Q4

56.4 X X
50.0 X X
93.1 X X X
83.6 X X X
93.1 X X X X
residual ±0.9

6. Discussion 

Drained direct shear test were performed in homogenous tailings particle sizes 0.25, 0.125 
and 0.063mm. Internal friction angle was calculated using the data obtained from the tests. 
Normal consolidation pressure, initial void ratio, particle shape and size (Table 6) were 
monitored.  

6.1. Shear test results 

Results indicate that the void ratio is governed by the consolidation pressure and particle size 
as it is indicated in Table 3 and  

Figure 5. The consolidation pressure reduces the void ratio and the void ratio is higher in in 
bigger particles. The consolidation pressure has a direct effect on the void ratio and the 
compression index represents this relation (Craig, 2002). Void ratio is dependent on the grain-
size characteristics of the soil, primarily mean particle size and sorting (Meade, 1968). 

 

Figure 6 height sample changes during test can be notice; height changes present primary and 
secondary settlements recognized by the continuous height reduction probably result of the 
rearrangement of the particles. In those samples having dilatant behavior the particles rotate 
and rearrange overlapping the rest of the particles increasing the sample height. Samples 
subject to 500 kpa present a flat surface (Figure 6, right) here the normal load is enough to not 
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let the sample to dilate. The deformation of soil mass can required a low energy if particles 
are free to rotate; this is the case of loose packing (Santamarina & Cho, 2004). The lack of 
particle rotation suggests a higher breakage corroborated by the Figure 7 that shows the 
highest breakage for all samples at 500 kpa. 

Internal friction angles results range between 17.9  and 26.7  this values are in agreement 
with those observed by Guangzhi, et al. (2011) and Liu, et al. (2012) in direct shear tests for 
copper tailings (range between 24.5  and 28.1 ). 

6.2. Effect of shearing on particles 

Void ratios (Figure 5) and particle size reduction (Figure 7) happened during the increase of 
the normal consolidation load. This particle size reduction have a strong jump from 0 to 
50kpa resulting in a 10 to 25% of fines generation (depending on the particle size). In this 
study size reduction has been detected even before tests start in stored ready to use samples. 
Ocular inspection on coarse size sample before test (0.25mm) show a fines generation 
(reduction in size) probably result of the handling and preparation. Lade, et al. (1996) suggest 
that angular particles are very susceptible to break even at low stresses because they 
concentrate in the angular contact points. Furthermore the particle breakage is also a function 
of time even under constant stresses (Yamamuro & Lade, 1993). Time and load could explain 
this breakage detected during storage and handling of the tailing samples. Peak in Figure 7 
sample 0.125mm at 150 kpa of consolidation suggest this behavior, sample probably broke 
before test and that’s why result is an outstanding difference with respect the neighbor loads 
(100 and 300 kpa). An initial high breakage will be produced even at low consolidation loads 
with a slight increase during each step increased load. 

 

Breakage of the coarse fraction (0.25mm) show no shape change (see Table 5) and only the 
elongation of the particles were affected in size 0.125mm at high consolidation load (500 kPa), 
roundness was not affected. Fraction 0.063mm show shape change in all shape descriptors at 
high loads (500 kPa). In perspective this changes could influence the final tailings strength 
and this relations are discuss within the empirical relations. 

6.3. Empirical relations 

Empirical relations suggested in this study are applicable under defined conditions. Empirical 
relations equations 1, 2, 3 and 4 were obtain from the laboratory data showed in Table 6. 
Empirical relations were suggested using the common parameters initial void ratio, particle 
size, consolidation pressure but differing in the quantity used. The intention to introduction 
diverse quantities is to evaluate its relationship or contribution. 
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Results from Cho et. al. (2006) to estimate the internal friction angle has a correlation 
coefficient of R2 = 0.84 and Rouse et. al. (2008) varies from ± 3.1 to 5.3 degrees with 95% of 
confidence. Results in this papers has shown an R2 = 0.95 in the best of the cases (See 
equations 1, 2, 3 and 4) with ±2 and ±0.8 residual values depending in the used quantity. 

Data in Table 6 was used to asses a regression analysis. Shape and void ratio are the driving 
parameters in the empirical relations (in this order), this is recognized by the multipliers (see 
equations 1, 2, 3 and 4. The exception is in equation 4 where void ratio absolute value is 
smaller. 

Empirical relations are suggesting that friction angle would decreases if consolidation 
increase and void ratio decreases. It is evident that the physical changes in void ratio and 
consolidation are not in agreement with the known, if consolidation (relative density) 
increases and void ratio decreases friction angle should increase (Holubec and D’Apolonia, 
1973). This can be explained if we consider the entire equations. Shape is the main driving 
parameter in the equations and probably the rest of the parameters are adjusting the model 
with no physical mining. From this conclusion it is not possible to determine the real physical 
effect of the consolidation, size and void ratio but shape as a main driving parameter could. 

Quantities 1 and 2 are related with the form (first order scale of the Mitchel and Soga 
classification) and quantities 3 and 4 describe the roundness (second order scale). Empirical 
relations results show that when particles become more regular in form (quantities 1 and 2) 
the friction angle ( ) increases but when they become more rounded (quantities 3 and 4) 
friction angle ( ) decreases. The methodology used to cast the direct test samples is based in 
the natural sedimentation process (Dobry, 1991) and it is possible that this could have an 
effect on the results. Results could suggest that elongated particles like mica minerals are 
deposited in horizontal layers creating preferential sliding horizons that have reduced strength 
compared with regular in form particles. Harris, et al., (1984) found decrees in the shear 
resistance with increase the mica content in regular sands. Furthermore the void ratio 
increases with mica content (and flat-elongated particles) resulting in a looser and weaker soil 
(Santamarina & Cho, 2004; Chen, et al., 2005). Deposition methods in tailing dams as 
spigotting could create this preferential layering deposition. The mica minerals presence 
during further experimentation should be account to understand the effects in tailings. 
Tailings dam research should consider deposition method effects over the particle settlements 
and layering in the tailing impounds that could drive the strength of the materials. 

Tailings strength decrease when roundness increases (equations 3 and 4) in agreement with 
(Santamarina & Cho, 2004). In this case angular tailing particles are providing more 
interlocking strength been necessary to break the corners to be able to rearrange the soil 
structure. Figure 7 shows the fine generation increase while increasing stresses and Figure 6 
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is the behavior of the height sample during shearing. Considering both (Figure 6 and Figure 7) 
it seems like samples have a primary and secondary consolidation separated for a height 
sample increase; this height increase could represent a major rearrangement of the particles 
(overlapping). The increases of stresses in the sample avoid the rearrangement generating 
more fines. The breakage of the particles is not necessary to produce more angular or rounded 
material, corners can always break and keep its angularity as direct shear results showed it 
(Table 5 sizes 0.25 and 0.125mm). 

Particle size increase has been identified in the literature as a possible soil strength parameter 
modifier inherent to the material strengthening the soil in some studies (Lewis, 1956; 
Kolbuszewski & Frederick, 1963) but weakening in others (Kirkpatric, 1965; Marschi, et al., 
1972) or even having no effect (Bishop, 1948; Vallerga, 1957). Particle size influence in the 
friction angle is ambiguous for this research results. Quantities seem to have the main 
influence on the size. For form quantities, if the size increases the strength increases but for 
roundness quantities if the size increases the strength decreases. 

 

The limited amount of data shrinks the action area of the empirical relations but state an initial 
relation for further research and new data acquisition. In perspective if particles become more 
rounded the strength of the tailings could be reduced. If particles are more regular in form the 
strength should not be compromised. However the reduction of the sizes (fine soil production) 
could have an effect that it is still unknown. The validity of the empirical relations is limited 
to the minimum and maximum values show in Table 6. 

7. Conclusions 

 

 Effect of particle size on shear strength was ambiguous and not clearly identified. 
 Friction angle increases when angularity increases. 
 Friction angle increases when particle form is more regular or symmetric. 
 Shearing of the particles is producing fragmentation with no change in shape for 

coarse samples but roundness and form symmetry for finer fraction 0.063mm. 
 Symmetry form of the tailing particles was increased for samples size 0.125. 
 Empirical relations were suggested  
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