
LICENTIATE T H E S I S

Department of Civil, Environmental and Natural Resources Engineering
Division of Mining and Geotechnical Engineering

Mechanical Properties of Tailings
Basic Description of a Tailings Material from Sweden

Riaz Bhanbhro

ISSN 1402-1757
ISBN 978-91-7439-992-9 (print)
ISBN 978-91-7439-993-6 (pdf)

Luleå University of Technology 2014

R
iaz B

hanbhro   M
echanical Properties of T

ailings: B
asic D

escription of a Tailings M
aterial from

 Sw
eden

ISSN: 1402-1757  ISBN 978-91-7439-XXX-X     Se i listan och fyll i siffror där kryssen är





 
  

Mechanical Properties of Tailings 
Basic Description of a Tailings Material from Sweden 

 

 

 

 

 

 

 

 

 

 

 

 

Riaz Bhanbhro 

 

Department of Civil, Environmental and Natural Resources Engineering 

Division of Mining and Geotechnical Engineering 

Luleå University of Technology 

SE-97187 Luleå, Sweden 



Printed by Luleå University of Technology, Graphic Production 2014

ISSN 1402-1757  
ISBN 978-91-7439-992-9 (print)
ISBN 978-91-7439-993-6 (pdf)

Luleå 2014

www.ltu.se



 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

                                               Dedicated to my parents 

 

 

  



 
  

 

 



i 
 

Preface 

The research work presented in this thesis was carried out at the Division of Mining and 

Geotechnical Engineering, Department of Civil, Environmental and Natural Resources 

Engineering, Luleå University of Technology, Sweden. Thesis includes previously 

published as well as not earlier published work. The research work has been carried out 

under the supervision of Professor Sven Knutsson and Dr. Tommy Edeskär.  

I am thankful to Quaid-e-Awam University, Nawabshah, Pakistan for providing financial 

support to pursue PhD studies abroad. Luleå University of Technology, Sweden is also 

acknowledged for financial assistance in research related costs. 

I am very much thankful to Professor Sven Knutsson for guidance in research and support 

in all aspects during my stay in Sweden. I am also thankful to Dr. Tommy Edeskär for 

support and guidance in research. 

I would like to say thanks to Dr. Hans Mattsson, Prof. Peter Viklander, Prof. Nadhir-Al-

Ansari and Kerstin Pousette for help in several aspects. Help of Thomas Forsberg and Ulf 

Stenman is also acknowledged for the setting up the triaxial apparatus. Thanks to Roger 

Knutsson for assistance in performing laboratory experiments and valuable discussions. 

All my colleagues at Division of Mining and Geotechnical Engineering are precious and 

their support is highly appreciated.  

Thanks are also due to all my friends for their support and encouragement during this study 

period. 

Finally, I would like to express gratitude to my parents, uncles and relatives for their 

unlimited support throughout my entire life. 

 

 

Riaz Bhanbhro 

Luleå, August 2014 

 

 

  



ii 
 

 

  



iii 
 

Abstract 

Tailings dams are constructed to store waste material from mining industry and usually 

these dams are raised with time depending upon production rate. Tailings material is 

sometimes used in construction of tailings dams. Tailings are artificial material and the 

behavior of tailings material upon loading is different as compared to natural soil materials. 

The mechanical properties of tailings have influence on the performance of a tailing dam. 

Since the tailings dams are constructed to withstand for long times, it is essential to 

understand tailings materials in depth in order to assure safe existence of the dams in short 

term as well as in long term perspective.  

This licentiate thesis describes the present work carried out on sulphide rich tailings from 

one mine in Sweden. The material presented is based upon material from three different 

papers. The first paper describes the basic characteristics of tailings which includes; 

specific gravity, phase relationships, particle size, particle shape and direct shear behavior. 

The second paper discusses direct shear tests carried out on tailings from one Swedish 

mine. Shear strength parameters are evaluated and results from 27 tests (15 drained and 12 

undrained tests) are discussed. This paper also describes the vertical height reductions 

observed during direct shear tests. The third paper focuses on the laboratory results from 

triaxial tests conducted on tailings materials. This paper shows the drained behavior of 

tailings under application of different consolidation pressures. 

The results from particle analysis showed that smaller particles were very angular and 

bigger particles were sub angular. The material was classified as clayey silt and silty sand. 

The average particle density was ( ) is 2.83t/m3. The dry density ( ) and void ratio were 

found to be 1.18–1.65 t/m3 and 0.72–1.41 respectively. During direct shear tests vertical 

height reductions were observed with slight increment in pore pressures. The strain 

hardening behavior was observed in both drained and undrained conditions in direct shear 

tests. The strength parameters determined in triaxial test were higher than of those 

calculated in direct shear tests. The friction angle  in triaxial tests was found to be 39 to 

41  and it did not showed any effect with relation to depth. The cohesion and friction angle 

at 0.15 radian, 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 7.1–16.1 kPa and 

16.0–20.4  for cohesion and friction angle respectively.  
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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 

 Pore pressure 

 Back Pressure 

 Volume 

 Initial Volume  

 Strain 

 Axial strain 

 Volumetric strain 

 Friction angle 

 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 

 Compression Index 

 Coefficient of Consolidation 

 Coefficient of Volume 

Compressibility 
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1 Introduction 

Tailings is the waste material from mine, which is crushed, milled and stored as tailings 

impoundments after extraction of materials of interest. Tailings are generally stored in 

deposits surrounded by constructed tailings dams.  Materials used for the construction of 

tailings dams are either geological burrow material 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 in 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 1a) 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 is a common trend 

for the construction of tailings dams (Jantzer, Bjelkevik & Pousette 2001, Martin, McRoberts 

1999). 

Tailings are artificial granular materials and not like natural soils (Johansson 1990); however, 

soil mechanics principles can be applicable to predict the tailings behavior upon loading 

(Jewell 1998). 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 

(Rodriguez, Edeskär 2013) are different.  Tailings particles are more angular as compared to 

natural soils (Rodriguez, Edeskär 2013) and are therefore likely to have influence on the 

mechanical properties (Cho, Dodds & Santamarina 2006).   

The tailings impoundments in upstream construction method gradually become part of the 

tailings dam upon its raising and act as foundation of dam (Bjelkevik 2005). Depending upon 

method of deposition during subsequent years, each layer can possess different material 

properties and strengths. Tailings dams may possess loose layers in subsequent layers if the 

upstream tailings dams are raised upon loose deposited tailings beach (Davies, McRoberts & 

Martin 2002). Loose layers are likely to be stable under drained conditions but may be subject 

to fail in undrained conditions (Lade 1993, Kramer 1996). Undrained conditions can prevail 

in loose layers if the raising of dam is fast, which 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 in 

prediction of in-situ undrained strength of these materials due to its versatile properties and 

variations in initial void ratios (Davies, McRoberts & Martin 2002).  

The effective stress level is described as one main factor towards defining the strength 

parameters of tailings (Vick 1983). Higher 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. It is likely that tailings will 

also have long term time effects on particles which might result in crushing (Zardari 2011), 
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degradation, cementation, roundness etc. 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). 

Mechanical behavior of tailings may not be similar as natural materials and might show 

different response to loading as compared to natural materials (Vanden Berghe et al. 2009, 

Rodriguez, Edeskär 2013). Several studies on geotechnical properties focusing strength of 

tailings are present in literature; however these studies, didn’t consider the variations of 

depths (Blight, Bentel 1983, Mittal, Morgenstern 1975, Volpe 1979, Chen, Van Zyl 1988, 

Shamsai et al. 2007, Qiu, Sego 2001, Guo, Su 2007). Whereas, the studies presented by 

(Blight, Bentel 1983, Bjelkevik, Knutsson 2005), showed the variations in behavior of tailings 

with relation to distance from discharge point. Fewer studies by (Dimitrova, Yanful 2011, 

Dimitrova, Yanful 2012) provided the strength parameters according to depths of deposits, 

however, they considered remolded tailings. Therefore the understating the mechanical 

properties of tailings is essential, especially in relation to depths, towards modeling and future 

predictions (Chang, Heymann & Clayton 2010) in order to assure safe existence of tailings 

dams. 

  

1.1 Objective of the Research 

The objective of this research is to determine the mechanical properties of tailings, which are 

collected from loose layers (layers with low strength as indicated from field tests by CPT) at 

different sections and depths of an upstream tailings dam. For this study both disturbed and 

undisturbed samples were used. The objectives are summarized as: 

o To determine the basic properties of this loose tailings material which include, specific 

gravity, particle sizes, particle shapes, void ratios (porosity), densities and water 

content. 

o To determine the variations in particle sizes, shape and strength with respect to depth. 

o To determine consolidated drained and consolidated undrained behavior of collected 

samples from different depth at different confining pressures  

o To evaluate the strength parameters for the material and to assess the results in terms 

of potential to static liquefaction. 
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1.2 Scope of the Research 

The findings presented in this research are valid to: 

o The study has been restricted to the tailings material that was collected from loose 

layers of different sections of a tailings dam in northern Sweden. The nature of tailings 

materials can change depending upon ore, type of mining and construction method of 

a tailing dam. 

o Saturated conditions were considered in this study. However, at different depths the 

phreatic line may change with time, which may indicate desaturation in some 

locations. 

1.3 Research methodology 

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

adopted. 

o 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.  

o Few disturbed and mostly undisturbed samples have been collected from the layers 

which showed low tip resistance to Cone Penetration Test (CPT).  

o Undisturbed samples are used for direct shear testing and triaxial tests. Whereas some 

disturbed and undisturbed samples were used to determine initial properties e.g. 

specific gravity, particle size distribution curves. Void ratios, densities and water 

content were measured from undisturbed samples. Samples were collected from 

different depths varying from 7 to 47 meters deep.  

o Direct shear apparatus and triaxial apparatus have been used to determine drained and 

undrained stress-strain behaviors of collected samples. A rubber tape has been used in 

direct shear undrained tests to seal the edges of membrane to avoid possible leakage. 

The tests have been performed at different effective normal loads in direct shear tests 

and at different confinement pressures in triaxial tests. 

o The normal stress used in the direct shear tests and confining pressures in triaxial tests 

were based upon as per in-situ conditions. 

o The strength parameters obtained from direct shear tests and triaxial tests are 

evaluated after laboratory tests by evaluation methods described in literature.  
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o The results of these finding are discussed and conclusions have been presented in the 

papers and ideas for future work are presented. 

1.4 Thesis layout 

The thesis is based on two parts. The first part consists of introduction, objectives of research, 

background, experimental work details, results and discussion, conclusions and future ideas 

for the research.  The second part consists of three papers.  

Paper I: Bhanbhro, R., Knutsson, R., Rodriguez, J., Edeskär, T. & Knutsson, S.  (2013) 
'Basic description of tailings from Aitik focusing on mechanical 
behavior' International Journal of Emerging Technology and Advanced 
Engineering, Vol. 3, Nr 12, s. 65-69. 

 
Paper II:  Bhanbhro, R., Knutsson, R., Edeskär, T. & Knutsson, S. (2014) ‘Mechanical 

properties of soft tailings from a Swedish Tailings Impoundment: Results from 
Direct Shear tests’ to be published. 

 
Paper III:  Bhanbhro, R., Knutsson, R., Edeskär, T. & Knutsson, S. (2014) ‘Mechanical 

Properties of Soft Tailings from different Depths of a Swedish Tailings Dam: 
Results from Triaxial tests’ to be published. 

 

The findings, suggestions and conclusions presented in the papers are of authors. The 

summary of papers is written below. 

Paper I: This paper presents the initial laboratory work conducted and results of specific 

gravity, phase relationships, particle size distribution curves at different depth and locations, 

and particle shapes. The paper also discusses the vertical height reductions during shearing in 

direct shear tests. The results showed that grain size of the tailings is reduced along with depth 

from surface 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 15-47%. The average particle density ( s) of collected 

tailings samples was 2.83 t/m3. The bulk density ( ) was varying from 1.66–2.06 t/m3. 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.  

 

Paper II: This paper mainly focuses on direct shear tests. The shear behavior in drained and 

undrained conditions is discussed and the effective stress parameters are evaluated for both 

cases. This paper elaborates the discussion regarding vertical height reductions during direct 
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shear tests. The pore pressure behavior during vertical height reductions is also discussed.  

The results showed the contractant volume behavior during shearing in both drained and 

undrained direct shear tests. The significant vertical height reductions were observed during 

shearing followed by slight increment in pore pressures. The shear strength was relatively low 

as compared to previous studies in literature. 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. 

 

Paper III: In this paper, the study focuses on the drained behavior of loose tailings material 

upon shearing at different confining stresses. Results from drained triaxial compression tests 

and the strength parameters are evaluated and discussed. Furthermore the effect of confining 

pressures on the stress-strain curves, volume behavior and effective stress ratios is also 

discussed. The results showed that no significant influence of depth on strength parameters 

was observed for the collected samples. The values of were determined to be in range of 

39.1 to 41.1 degrees. The effective stress paths attained critical state line slope within range of 

M=1.6 to 1.7. By increasing confinement pressures the stress-strain curve tend to achieve 

straight shape with contractant volume behavior along axial strain, whereas tests with low 

confining pressures showed visible peak values and dilatant volume behavior. The effective 

stress ratio was high for the tests which were conducted at low 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 a peak beyond axial strains of 10%.  
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2 Basic Properties of Tailings 

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 was to study one case of tailings with the intention to fully 

understand the mechanical behavior of tailings derived from loose layers of a tailings dam. 

Attempt has been made to make the findings general.  

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 being 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 gradation 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 2. 

 

Figure 2: Soil Characteristics quantities with respect to deposition/construction location. after (Witt et al. 2004) 
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2.1.1 In-situ Density 

The in-situ densities of tailings can be described in the form of porociy, 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 

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; 

o Specific gravity for copper sands and copper slimes as in range of 2.6 to 2.8 

o Void ratios for copper sands and copper slimes as 0.6 to 0.8 and 0.9 to 1.4 respectively 

o 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: 
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                   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).  

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 3. 

 
Figure 3: Typical Particle Size Distribution curves of Tailings (Sarsby 2000) 
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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 

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 
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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 

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.  
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Vick (1990) describe the 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 properties (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 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 4.  

 

Figure 4: 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 
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those shape 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 is concluded as: (Bjelkevik, Knutsson 2005) 

o 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.  

o Swedish tailings possess the dry densities in range of 1.27-2.11 t/m3 

o 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) 

o Water content is in range of  9-39% with degree of saturation as almost 100% 

o Generally bulk density decreases with increasing distance from discharge point. 

o 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 

o The hydraulic conductivity tested in laboratory varies in range of  

m/sec. Hydraulic conductivity showed decreasing trend with increasing distance from 

discharge point. 

o 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 Shear Strength 

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 
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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 5) 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 5. In case of curved failure envelope the 

tangential approach is only valid between two stress points of interest. 

 
Figure 5: 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 more common in use. 

Shear strength can also be determined by undrained tests with pore pressure measurements. 

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 
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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 6a). 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 6b for the dense and loose sands respectively. The loose sands do 

not show any particle interlocking and show increasing shear stress progressively and 

decreases in volume as strains progresses (Figure 6a and b). The volume change in terms of 

void ratio in a drained triaxial test is shown in Figure 6c.  

 

Figure 6: 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 . 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 41 to 29  within stress level of range 0 to 144kPa 

(see Figure 7a) depending on stress level. The relation of friction angle  versus higher stress 

level range for denser sand tailings is shown in Figure 7b, where friction angle seem to remain 

relatively constant beyond stress level of 250 kPa.   
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Figure 7: (a) Strength envelope at lower stresses, (b) variation in  with stress level. After (Vick 1990). 

Linear extrapolation of curved failure envelope at lower stress level can result in with 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 

material from Sweden. Tests were conducted at different isotropic consolidation pressures. 

The strength parameters are described as: 

o Drained condition with isotropic confining pressure of 40-300 kPa showed friction 

angle as 37-42 . 

o Undrained conditions with isotropic confining pressures of 90-170 kPa showed values 

of friction angle as 40-43 . These were slightly higher values than drained conditions. 
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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 

and this rises the 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 is 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 talings 

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: 

o 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. 

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

or more. 

o 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 reache as 10% 

or higher.  

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

conducted at low confining stresses, see Figure 8.   
 

 

Figure 8: 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 
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I. The rate of loading is slow enough so 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 as 

shown in figure 9. 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.   

 

 

Figure 9: 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. 
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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 

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. The tailings 

impoundment, is shown in figure 10, is spread over 13 square kilometers and is encircled with 

four dam sections named 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. The studies on these sections have 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 10 with the marking as A, B, C and D. The sampling was based upon the 

weak zones determined by Cone Penetration Test (CPT) and samples were 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.  

 
Figure 10: Location of samples, DAM E-F and DAM G-H from Aitik Tailings Dam 

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 2.833 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 

from surface of dam. The materials are classified as clayey silt and silty sand with low 

plasticity according to Swedish standard, SIS (Larsson 2008).   
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4 Testing Equipment  

4.1 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 11a). 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 11b), 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 12a) or stacked rigid rings (Figure 12b). 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 11: The Direct shear apparatus (NGI) 

wire-reinforced 
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Wires
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Figure 12: confinement of sample during consolidation and shearing (a) wire-reinforced membrane (b) stacked rigid rings, 

after (Baxter et al. 2010) 

4.1.1 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 13. In order to avoid possible slip between porous stones and specimen, the 

porous stones with spikes of 2.5 mm length were used (Figure 13ii). To avoid leakage during 

the test, the rubber tape was used on top and bottom of membrane edges (Figure 13iv).  

 

Figure 13: Sample mounting; (i) membrane (ii) filters with spikes, (iii) sample and (iv) rubber taped sample 

4.1.2 Consolidation  

Prior to consolidation the drainage valve (see in Figure 11b) 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 

iii 

iv 

i 

ii 
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per hour or monitoring the dissipation of pore pressures by assuring that there was no change 

in pore pressure for 10 to 20 minutes.  

4.1.3 Shearing 

The shear deformations were 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 14).  Both 

horizontal and vertical displacements were recorded continuously during the tests. 

 

Figure 14: Horizontal displacement where samples were sheared up to. 

4.2 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 is based on the concept given by 

(Bishop, Wesley 1975). The apparatus which is manufactured by GDS Instrument ltd. (GDS 

2013) was used for this study. Three advanced digital pressure-volume controllers (Figure 15) 

and one digital pore pressure interface were connected to triaxial cell. The schematic of 

apparatus setup is shown in Figure 16.  

 

Figure 15: Advanced digital pressure-volume controller (GDS Instruments Ltd.) 

Working mechanism of triaxial cell available at LTU is shown in Figure 17; 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 
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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 

vertically for application of vertical strains to the sample. This is done by applying water 

pressure by lower chamber pressure-volume controller.  

 

Figure 16: Triaxial setup used for this study  

 
Figure 17: 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. 

4.2.1 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 
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volume. The volumetric strains were calculated from the back volume changes, i.e. amount of 

volume coming into or draining 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 

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

before shearing.  

4.2.2 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) and is likely to contribute to the stiffness of specimen. Membrane corrections to 

results were applied, and 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.  

4.2.3 Testing Procedure  

All 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 (Figure18i). The porous the 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 18ii) 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 
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is shown in Figure 18. Triaxial cell was filled with water by leaving 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 one. In the rest of process, which was 

performed by computer program until 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.  

 

Figure 18:  Sample taken out from sample tube and being mounted on triaxial cell (i) membrane stretcher (ii) split mould (iii) 

sample, after mounting 

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. 

Saturation  

Saturation of specimens 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 

i 
ii iii 
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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 steps 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 

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 due to limit 

exceeded in pressure-volume controller. The loading and unloading was performed for 

evaluations of parameters for material models. However, this was beyond the objective of this 

study. 
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5 Results and Discussions  

5.1 Basic description of Tailings 

Tailings are composed of solids, water and air; properties change with ratios and percentages 

of these quantities. Results from studies of basic properties 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 8 

and figure 19. 

Table 8: Summary of tests performed for determination of basic properties. 

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 

5.1.1 Particle Sizes 

Sieve analysis was performed on disturbed and undisturbed samples. The gradation curves are 

shown in Figure 20. An observation from gradation curves shows that particle size decrease 

with increase in depth from surface of collected samples.  
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Figure 19 : Summary of basic properties of tailings versus depth 

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. 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 material. In general, the studied materials are classified as clayey silt or silty sands 

with low plasticity according to Swedish standard, SIS (Larsson 2008). 

 
Figure 20 : 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 9. The coefficient of uniformity and coefficient 
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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. 

Table 9: 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 - - 

5.1.2 Particle Shape 

Initial study regarding particles shapes was conducted using roundness qualities 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 21 shows the particle shapes of different 

sizes (not scaled in figure) used in this study. 

   

  

Figure 21: Particle shapes of different sizes  
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5.2 Shear Behavior  

5.2.1 Drained Shear Behavior of Tailings in Direct shear tests 

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 22. Strain hardening 

behavior was observed for drained tests at normal stresses of 100 (Figure 22) 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 22 was due to skidding of shearing apparatus. 

 

Figure 22: Drained behavior at normal stresses of 100 kPa in direct shear tests. 

5.2.2 Drained Behavior of Tailings in Triaxial Tests 

5.2.2.1 Stress-Strain Behavior 

Typical stress-strain curves are shown in Figure 23. 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 23a). 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. 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 
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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. 

 

 
Figure 23:  Stress Difference and volumetric strains versus axial strains  

The crushing or sliding can 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 increase in volume of specimen (Figure 23), this usually happens at low 

confining stresses (Vick 1990). Figure 23 also show volumetric strains plotted versus axial 

strains. The dilatant behavior was observed at low confining pressure (Figure 23d), and 

contractant behavior at high confining pressures (Figure 23a). 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.  

5.2.2.2 Effective principal stress ratios  

The effective principal stress ratio versus axial strain curves are shown in figure 24 for all 

conducted tests at different depths. Higher effective principal stress ratios at failure were 
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observed for all the tests conducted at low confining stresses as compared to high confining 

pressure.  

 
(a)                                                                             (b) 

 
 (c)                                                                                     (d) 

Figure 24:  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 as well as at 

low confining stresses (Figure 24c). 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 24a). In general the lower effective principal stress ratios were observed for 

specimens that were tested at high confining pressures (Figure 24). This phenomenon is quite 

well in agreement as reported by (Vick 1990). 

5.2.2.3 Effective Stress Paths 

The effective stresses paths measured and plotted for tests conducted at different confining 
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best fit curve of 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 some 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 25 (b).   

 
                                      (a)                                                                     (b) 
Figure 25: 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 

5.2.3 Undrained Shear behavior in direct shear tests  

The undrained tests also showed similar behavior as the drained direct shear tests. Undrained 

tests, under effective normal stresses of 100 (Figure 26) and 250 kPa showed strain hardening 

behavior. This was observed throughout the shearing procedure  

 

Figure 26: Undrained Stress behavior at normal stresses of 100kPa 
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Undrained tests performed at higher stress i.e. effective normal stresses of 450 kPa, 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.  

5.3 Strength parameters  

5.3.1 Strength parameters from Direct shear  

The shear strength parameters (  and ) were evaluated at peak failure or if no peak was 

present then at shearing angle of 0.15 radian. Determination of strength parameters at shearing 

angle of 0.15 is according to Swedish Geotechnical Society (SGF 2004) recommendations. 

The figure 27 and 28 show the points for peak shear stress and at shearing angle of 0.15 

radians.  

 

Figure 27: Example of Shear stress vs. shearing angle (sample 146 Drained) 

                                     

Figure 28: Example of evaluated strength parameters (sample 146 Drained) 
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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 9 for drained and Table 10 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 

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 slightly higher than drained tests as shown in Table 10 and Table 11.  

Table 10: 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 11: 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 

 

5.3.2 Strength Parameters determined in triaxial tests 

The strength parameters determined in triaxial tests from different depths of dam section are 

presented Table 12 and the Mohr circles of a series of tests from depth of 18-22m are depicted 

in Figure 29. 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 

22, 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. 
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Table 12: 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 29:  Mohr Circle plotted for locations EF Section (18-20m depth) 

 

5.3.3 Friction angle at various depths 

The relationship of friction angle  along with depth of dam section is shown in Figure 30. 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. 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. Friction angle  in triaxial 

tests showed negligible effect related to depths.  
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Figure 30: The strength parameter along depth of dam section 

5.4 Vertical height compression in direct shear tests 

5.4.1 Vertical height compression 

All the samples showed sample vertical height compression during the shearing phase. Figure 

31 shows the vertical strains and shear stress plotted versus shear angle (radians).  

 

Figure 31: Example of shear stress and vertical strains vs. shearing angle (Sample SJ187) in drained condition 

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 was possibly due to 

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 were observed till 

maximum shear stress. After maximum shear stress, the pore pressure increased again with 

decrease in vertical sample height, Figure 32.  

0

5

10

15

20

25

30

35

40

45

50

0 10 20 30 40 50

Fr
ic

tio
n 

A
ng

le
 

Depth from surface of Dam section  (m)

Drained DST Undrained DST Drained Triaxial Test

Shear Angle [rad]

0.0 0.1 0.2 0.3 0.4

Sh
ea

r S
tre

ss
 (k

Pa
)

0

10

20

30

40

50

Ve
rti

ca
l S

tra
in

 (%
)

0

1

2

3

4

5

6

Shear Stress

Vertical Strain



  

40 
 

 

Figure 32: Vertical strain and pore pressure vs. shearing angle for drained condition (Sample SJ187)  

Figure 33 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 34 shows the typical 

curves of vertical strains observed at different normal loads.  

 

Figure 33: Vertical strain and pore pressure vs. shearing angle for undrained condition (Sample AAB2089)  

 

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.  
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Figure 34: 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 13 and for undrained tests in presented in Table 14. 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%.  

 

Table 13: 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 14: 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 
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5.5 Discussions  

The results showed the decrease in grain size along with depth relative to surface. 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 clayey silt 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 to 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 15. 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 15:  Comparison of basic properties found in this study with literature 

Material  
Type 

Particle 
Density 

Dry density 
Kg/m3 

Void ratio 
(e) 

Reference 

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) 2.81-2.84 1.27-1.64 0.73-1.21 (Bjelkevik, Knutsson 2005) 
Copper Tailings 
Silty Sand (8-22m depth) 

2.83 (avg.) 1.24-1.57 0.80-1.27 Present Study 

Copper Tailings 
Clayey Silt (38m depth) 

2.83 (avg.) 1.18-1.37 1.06-1.41 Present Study 

Copper Tailings 
Clayey Silt (47m depth) 

2.83 (avg.) 1.41-1.65 0.72-1.01 Present Study 

 

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 
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because of no noticeable peak shear (SGF 2004). All the tests conducted in direct shear tests 

showed cohesion intercept 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 typical normal stress range 

of interest in direct shear tests in this study was from 100kPa to 450kPa, Figure 35. 

 

Figure 35: 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 35 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 16. 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 in direct shear tests showed 

significantly less values in comparison to values found in 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 16:  Comparison of friction angle found in this study with literature 

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) 

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

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

Copper Tailings 
Clayey Silt (38-47m depth) 17.2-18.3 100-450 Present Study (Direct Shear Test) 

Copper Tailings 
Silty Sand (8-22m depth) 39.1-41.1 50-450 Present Study (Triaxial Test) 

Copper Tailings 
Clayey Silt (38-47m depth) 39.7-40.2 50-450 Present Study (Triaxial Test) 

5.5.1 Vertical Height Compression in Direct Shear Tests 

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 in direct shear 

tests. 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 31 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 
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contractant behavior with no sudden change in the 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 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) and this might also 

been the 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 expected leakage of water from sample, 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 
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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 potential 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. 

6 Concluding Remarks 

From the presented results and discussions following conclusions can be drawn. The 

conclusions are based upon the samples collected. 

o The grain sizes tend to reduce along depth of section of a subject dam. The typical 

grain size for the tested tailings is clayey silt or silty sand.  The average particle 

density ( ) is 2.83t/m3. Water content (w) was in range of 15.2-47%. 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%. 

o Smaller particles of size 0.063mm are very angular and whereas particles of size 1 mm 

are subangular. Conclusion on particle shape is drawn from Powers (1953) scale. 

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 in both the cases. Higher normal stresses causes 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 shear strength parameter ′  in drained triaxial test is found as 39-41. The 

cohesion and friction angle at 0.15 radian, 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. 
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o Not much influence of gradation and depth 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.  

7 Future Work 

Study of vertical height reductions in more details 

During this study, the vertical height reductions in direct shear tests were observed. There can 

be number of reasons as to why the vertical reductions occur. Those reasons may include; 

particle breakage, particle rearrangement, improper confinement of specimen during shearing, 

leakage, etc. Particle breakage can be determined by performing direct shear tests with 

different known particle sizes and to check those after shear. It can also be determined that 

which particle size is breaking down, if the tests are conducted with different particle sizes. 

Similarly particle shape analysis before and after direct shear tests can also provide valuable 

information. In order to determine the reasons in undrained direct shear tests, the same 

membranes can be tested by shearing water filled membranes and to determine if there are 

any vertical movements. Vertical movements in this case can be considered as radial since 

water is incompressible.  

Why this difference in Cohesion and Friction angle from direct shear to triaxial tests 

The possible reason for having different strength parameters in direct shear tests and triaxial 

tests might be due to bedding effect. The direction of application of shear in triaxial and direct 

shear is different.  Triaxial tests on samples constructed with different deposition angles may 

give valuable information towards understanding this difference of strength parameters.  This 

may further provide valuable information that which values should be relied upon for 

modeling and analysis of dams.  

Determination of advance model parameters for simulation of strain-hardening 

behaviors of materials 

As the strain hardening behavior was observed and Mohr-Coulomb cannot capture the strain 

hardening or softening behavior of materials. Therefore advance model like Hardening Soil 

Model can be used to simulate the hardening behavior. The tests conducted in study had 
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already an intention to further material modeling. Hence the model parameter can be 

evaluated further to simulate the behavior of this material for analysis of future loading 

conditions.   

Oedometer Tests 

The oedometer test can add significant knowledge in a sense that results from oedometer tests 

can be used together with triaxial results to identify advanced material models. Those later 

can be used to conduct numerical analyses. 

Tests for Creep behavior  

Tailings dams are sequentially raised which cause high loads on subsequent layers upon 

raising. Higher loads can cause angular particles to break. The presence of finer particles can 

lead to increase creep rate in tailings. The triaxial and oedometer tests can be conducted to 

find creep behavior. Once the creep behavior is known, the available constitutive models can 

be used to in numerical analysis for tailings dams, where creep is the more concern.  
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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%. 

 
 
 
 



 
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) 

66 

 

The bulk density ( ) was determined to be in range of 
1.66 - 2.06 t/m3. Similarly the saturated density ( ) and 
dry density ( ) 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 

( sat)  
t/m3 

Dry 
Density 
( d) 
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 
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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 
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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 ( ) of collected tailings samples 
was 2.833 t/m3. The bulk density ( ) was varying from 
1.66–2.06 t/m3. Similarly the saturated density  ( ) and 
dry density ( ) 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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Mechanical properties of soft tailings from a Swedish 
Tailings Impoundment: Results from Direct Shear tests 

 
Riaz Bhanbhro1, Roger Knutsson2, Tommy Edeskär3, Sven Knutsson4 

Abstract 

The shear strength of tailings can vary depending upon the type of ore and method of 

construction. Tailings dams may possess lose 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. 
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1 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 which later will be used in numerical analysis. 

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 
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behaviors during shearing are presented and discussed. The effective strength parameters 

(cohesion  and friction angle ) 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. 

2 Materials and tests procedure 

2.1 Materials 

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

during CPT) 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 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).  
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Figure 2: Tailings Particles from this study 

2.2 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.  

 

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.  



5 
 

 

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 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: wired-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

Reinforced wires

O-Rings

Filter with 
Spikes
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To Pore Pressure
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Drainage Valve
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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 

Consolidation phase  

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 preceded to consolidation process. 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.  

Shearing 

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 direction.  Both horizontal and vertical displacements were recorded continuously 

during the tests. 

3 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 
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behavior till peak with no further changes in shear stress (perfectly plastic) along shearing 

angle. Undrained tests under effective normal stresses of 100 kPa and 250 kPa showed strain 

hardening behavior throughout the shearing angle (Figure 7-b).  

(a)  

(b)   

Figure 7: (a) Drained Stress behavior at normal stresses of 100 kPa (b) Undrained Stress behavior at normal stresses of 

100kPa 

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.  
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3.1 Vertical height reductions 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: Example of shear stress and vertical strains vs. shearing angle (Sample SJ187) 

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 (Sample SJ187)  

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. 
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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.  

 

Figure 10: Vertical strain and pore pressure vs. shearing angle for undrained condition (Sample AAB2089)  

The deformations were similar to those indicated in drained tests, but whereas the strains were 

slightly smaller.  

 

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 5.9-12.4% 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%. 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.  
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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 

3.2 Evaluation of Strength Parameters: 

The failure shear strength parameters were evaluated by using Mohr-Coulomb failure 

criterion, equation 1, 

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

                        

Figure 13: Example of evaluated strength parameters (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 3 for drained and Table 4 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; similarly these values for 0.15 radians were in range of 9.7-33.7kpa and 12.5-

18.3 degree respectively. The 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 3 and Table 4.  
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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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4 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 are classified as subangular to 

very angular according to (Powers 1953) scale (figure 2). 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 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 skelton 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 
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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.  

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 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).  
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Figure 15: Stress range of interest where linear failure line approximation is valid  

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 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. 

5 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 
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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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Mechanical Properties of Soft Tailings from different 
Depths of a Swedish Tailings Dam: Results from 

Triaxial tests 
 

Riaz Bhanbhro1, Roger Knutsson2, Tommy Edeskär3, Sven Knutsson4 

Abstract 

The 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 

failure. 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 of 

tailings dam from different vertical depths. The results indicated that depth did not show 

much influence on strength parameters determined by drained triaxial tests. The stress-strain 

behavior showed influence of confining pressures. At 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. 
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1 Introduction  

Tailings dams are constructed as three main types as; upstream, downstream and centerline. 

The construction type of tailings dams depends upon climate, topography, geology, extraction 

process and deposition methods etc. (Bjelkevik 2005). The upstream construction method is a 

common trend 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 upon method of deposition during subsequent 

year, each layer can possess different material properties and strength parameters. 

Tailings dams may possess loose layers in subsequent 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) . Therefore, understanding the geotechnical properties of tailings 

i.e. shear strength; density 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, 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 with the along with depth for 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. The drained 

triaxial compressions tests on the tailings material collected from loose layers are discussed 
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and presented. The strength parameters are evaluated. 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 now showed variations with respect to 

depth 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 locations were 

based upon a prior CPT resulted loose layers. Particle size distribution curves conducted by 

(Bhanbhro et al. 2013) showed that particles at shallow depth were more angular than deep 

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 2.83t/m3 and 1.66-2.12 t/m3 respectively.  

Table 1 Description of Materials collected updated from (Bhanbhro et al. 2013) 

Dam Section Depth (m) Void ratio 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 

3 Triaxial Apparatus  

Tests were 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 shown in figure 1. 



4 
 

           
                           

Figure 1: Triaxial setup used for this study  

Description 

Schematic of triaxial cell is shown in Figure 1. The cell pressure controller is connected to 

triaxial cell; and is used to regulate the confinement stresses to required lever. 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. The 

lower chamber controller which is connected to lower chamber of triaxial cell was used to 

apply axial load/axial strain at required rate and to 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. Piston is pressurized in 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 computer and controlled by computer program provided 

by manufacturer i.e. GDS Instruments Ltd. 

Measuring Strains 

All tests were subject to axial strain rate of  mm/min. The axial strains were 

measured indirectly from 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 
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drained out of specimen with comparison to and initial sample dimensions. The axial 

deformations in test specimen were also calibrated be external LVDT and were assumed to be 

equal.  

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 influence to the stiffness of specimen. 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.  

4 Test Procedure 

Al the tests were conducted as consolidated drained triaxial tests in this study 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. 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 with triaxial cell 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 2ii) 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 2). 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 
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the only process where drainage line at the top end was kept one. In the rest of process till 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.  

 

Figure 2:  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 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.  

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 

i 
ii iii 
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being carried out. If the required effective stresses were more than 100 kPa, the radial stresses 

were applied in steps with each step of effective stresses 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.  

Axial Strain 

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 are applied with constant rate of 

0.005 mm/min. All the tests which are 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 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.  

5 Results and Discussion 

 

Stress-Strain curves 

Typical Stress-strain curves are shown in figure Figure 3. With 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). 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. 
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Figure 3:  Stress Difference and volumetric strains versus axial strains  

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 Skelton 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. Figure 3 also show volumetric plotted versus axial strains. The dilatant 

behavior was observed at low confining pressure, and contractant behavior at high confining 

pressures. High confining pressures reduce the possibility of sliding or rearrangement in 

skeleton hence resulting continuous decrees in volume. The tendency of dilatancy was 

decreased with increase in confining pressures.  

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.  
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(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 till 10% along 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). 

 

Strength Parameters 

The strength parameters of materials collected from different depths of dam section are 

presented in Table 2. 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 
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previous studies. No significant influence of depth 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 deep depth. This showed no particle shape influence on the drained 

triaxial results.  

Table 2: The Strength parameters at various depths 

Sample Location Depth from surface of 

dame Dam  

Friction angle 

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 5: 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 6. A failure 

stress condition of each test is determined and is plotted as Mohr circles followed by failure 

envelope constructed tangential to all circles. Since the tangential line of Mohr-failure line 

crossed zero at shear stress, the values of  for all the tests is zero.  
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Figure 6:  Mohr Circle plotted for locations EF Section (18-20m depth) 

Effective Stress Paths 

The effective stresses paths measured and plotted for tests conducted at different confining 

pressures (EF Section 18-20m depth) are represented in Figure 7 (a). The figure also shows 

best fit curve of 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 some 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 7 (b).   

 
                                      (a)                                                                     (b) 
Figure 7: 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 
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6 Concluding Remarks 

With the fact that particle size reduces with depth from surface of dam section, no significant 

influence on strength parameters was observed for the collected sample locations. The values 

of were determined to be in range of 39.1 to 41.1 degree. 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 contractant 

volume behavior along axial strain, whereas tests with low confining pressures showed peak 

values and dilatant 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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Figure 1: Summary of drained direct shear tests performed at effective normal stress ( ) = 100kPa 

 

Figure 2: Summary of drained direct shear tests performed at effective normal stress ( ) = 250 kPa 

 

Figure 3: Summary of drained direct shear tests performed at effective normal stress ( ) = 450kPa 
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Figure 4: Summary of undrained direct shear tests performed at effective normal stress ( ) = 100 kPa 

 

Figure 5: Summary of undrained direct shear tests performed at effective normal stress ( ) =  250 kPa 

 

Figure 6: Summary of undrained direct shear tests performed at effective normal stress ( ) = 450kPa 
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Figure 7: Summary of drained direct shear tests, 146 (10m depth) 
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Figure 8: Summary of drained direct shear tests, AAB2089 (20m depth) 
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Figure 9: Summary of drained direct shear tests, GEOB20 (47m depth) 
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Figure 10: Summary of drained direct shear tests, AAB2089 (20m depth) 
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Figure 11: Summary of drained direct shear tests, VFT349 (38m depth) 
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Figure 12: Summary of undrained direct shear tests, AAB2089 (20m depth) 
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Figure 13: Summary of undrained direct shear tests, AIB852 (38m depth)  

Gamma [rad]

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

S
he

ar
 S

tre
ss

 (k
P

a)

0

50

100

150

200

100kPa
250kPa
450kPa

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

V
er

tic
al

 S
tra

in
 %

0

1

2

3

4

5

6

7

8

9

100kPa
250kPa
450kPa

AIB852 Undrained

AIB852 Undrained

Effective Normal Stress (kPa)

0 100 200 300 400 500

S
he

ar
 S

tre
ss

 (k
P

a)

0

20

40

60

80

100

120

140

160

180

200

at peak values
Best Fit (Peak)
at 0.15 rad
Best Fit (0.15)

R2 = 0.99

c' kPa
' = 21.19

c'0.15 kPa
'0.15

 = 17.89

R2 = 0.98



  

10 
 

 

 

Figure 14: Summary of undrained direct shear tests, BBK93 (22m depth) 
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Figure 15: Summary of undrained direct shear tests, GEOB29 (47m depth) 
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EF Elevation +363 (18-20m) 

 

 

 

 

 

 

Figure 16: Summary of Triaxial tests, EF Elevation +363 (18-20m) 
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EF Elevation +371(21-22m) 

 

 

 

 

 

 

Figure 17: Summary of Triaxial tests, EF EF Elevation +371(21-22m) 
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GH Elevation +343(38-47m) 

 

 

 

Note: Triaxial test performed at confining pressure of 600kPa was terminated half way due to the pressure limit of digital 

pressure controllers. 

 

Figure 18: Summary of Triaxial tests, GH Elevation +343 (38-47m) 
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GH Elevation +384 (7-10m) 

 

 

 

 

 

Figure 19: Summary of Triaxial tests, GH Elevation +384 (7-10m) 
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2:  CALCULATIONS RELATED TO TRIAXIAL TEST 

 

Deviator Stress, q (kPa)   

Average Radial Strain,  (%)  

Axial Strains, (%)    

Axial Deformation (mm)   

Specimen Area, (mm2)   

Axial Stress,  (kPa)    

Stress Ratio      

Effective axial Stress,  (kPa)  

Cambridge,  (kPa)    

Cambridge,  (kPa)    

 
Where, 
H0, is initial height of sample before shear 
V0, is initial volume of sample before shear 
D0, is initial volume of sample before shear 
Back pressure, Pore pressure, axial load and Cell pressure are directly measured from controllers 
attached to triaxial cell. 
 






