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ABSTRACT  
 
The mining activity produces minerals to supply to the modern society with commodities. 
During the ore refining process large amounts of tailings are generated as waste. Tailings are 
the result of crushing and wet milling, typically in the size range of sand to silt and angular in 
shape. Tailings are in general deposited in tailings dams for permanent storage. Tailings dams 
are usually considered as walk-away solutions and needs to be designed and constructed to be 
safe in a long time perspective. Several incidents around the world have occurred in tailings 
dams both during construction and operation and after closure of the activities. The 
consequences of the failures may be fatal to the local society and harm the surrounding 
environment. Considering the consequences of failures and relatively few studies on tailings 
properties in a long term perspective there is a need for research. 
 
As a consequence of the operation and raising procedures of tailings dams, the conditions in 
the tailings dams could be considered to be dynamic in a longer perspective. Grain size 
distribution, formation of layers, pore pressures and stress states are continuously changing 
during the operation. Tailings may be susceptible to weathering in the deposit environment. 
The change of these factors needs to be addressed in the design of walk-away solutions. 
 
In this work image analysis, oedometer-, triaxial-, direct shear- and attrition tests has been 
carried out to study the tailings particle influence on fundamental geotechnical properties in a 
case study. The parameters have been compared to similar-sized natural materials. The effect 
of loading and physical weathering has been studied and evaluated by image analysis and 
sieving. 
 
The comparative test by natural materials shows that tailings, probably due to the irregular 
shape, initially arranges in looser interparticle structures. The looser arrangement makes 
tailings fills more susceptible to settlement compared to natural deposits in the same size 
range. 
 
The two most identified factors affecting the tailings on a particle level was the type of 
physical weathering and grain size. Static load, shearing and milling decreases the grain size 
but the effect on the individual particles were different. Large grains tend to maintain the 
shape or get rounded by physical degradation and finer grains get more angular by milling but 
rounded by shearing. 
 
An attempt has been done to predict the effect on friction angle as a function of angularity, 
grain size and initial void ratio. The increase in angularity in the model suggests an increase in 
the friction angle and so the increase of regularity (decrease of elongation relation). However 
the reduction of size will either reduces or compensates this effect. More studies are needed to 
verify this. 
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SAMMANFATTNING 
 
Gruv industrin producerar mineralråvaror till det moderna samhället. Under malmens 
utvinningsprocess genereras stora mängder som en restprodukt. Anrikningssanden är ett 
resultat av krossning och våtmalning; materialet har en kantig form och består av partiklar 
som tillhör fraktionerna silt och sand. Allmänhet deponeras anrikningsand i gruvdammar för 
permanent lagring. Gruvdammar brukar betraktas som walk-away-lösningar och måste 
således vara konstruerade så att de är säkra i ett långtidsperspektiv. Flera incidenter relaterade 
till gruvdammar har inträffat runt om i världen; både under uppförande och drift, samt efter 
avslutad verksamhet. Konsekvenserna vid ett dambrott kan vara allvanligt för samhället med 
hänsyn till förlorade liv samt skada på den omgivande miljön. Med tanke på de allvarliga 
konsekvenserna vid dammbrott och relativt få studier om anrikningssanden egenskaper i ett 
långsiktigt perspektiv finns det ett behov av forskning inom detta område. 
 
Som en följd av ökade mängder av restprodukten samt höjningen av gruvdammar, kan 
förhållandena anses vara dynamisk i ett längre perspektiv. Kornstorleksfördelning, bildandet 
av skikt, portryck och spänningstillstånd förändras kontinuerligt under en gruvdams 
uppförande och drift. Vid lagring i gruvdammar kan den deponerade anrikningssanden vara 
känslig för vittring. Hänsyn tas till anrikningssandens med tiden förändrade egenskaper måste 
tas vid utformning av gruvdammar. 
 
I detta arbete har bildanalys, öedometer-, triaxial- och direkt skjuvförsök och nötningstest 
utförts för att studera hur partiklar i anrikningssand inverkar på grundläggande geotekniska 
egenskaper. Geotekniska egenskaper för anrikningssanden och naturliga material med samma 
kornstorleksfördelning har jämförts med varandra. Effekten av belastning och fysisk vittring 
har studerats och utvärderats genom bildanalys och siktning. 
 
De jämförande försöken av naturmaterial visar att anrikningssand, troligen på grund av 
oregelbunden form, först lagras i en lösare partikelstrukturer. Den lösare lagringen är orsaken 
till att fyllningar av anrikningssand är mer sättningskänsliga jämfört med fyllningar av 
naturligt material. 
 
De två faktorer som mest påverkar anrikningssand på partikelnivå är fysisk vittring och 
partiklarnas storlek. Statisk belastning, skjuvning och malning minskar kornstorleken dock 
beror effekten på de enskilda partiklarna på kornstorleken. Stora korn tenderar att bibehålla 
formen eller avrundas genom fysisk nedbrytning; finare korn blir kantigare vid malning och 
mer rundade vid skjuvning. 
 
Ett försök har gjorts för att förutsäga påverkan på friktionsvinkeln som en funktion av 
kantighet, kornstorlek och initiala portalet. En ökning av partiklarnas kantighet i modellen 
antyder en ökning av friktionsvinkeln liksom en ökning av regelbundenheten. (minskning 
töjning förhållande). Reduktion av partiklarnas storlek kommer varken reducera eller 
kompenser för denna effekt. Det behövs fler studier för att verifiera detta. 
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1 INTRODUCTION 
 
The first mining vestiges can be found as early as in the paleolithic era and it is known that 
mining appears and develop as the civilization does (Armengot, et al., 2006). From the 
industrial revolution to the modern world the technology had advance enabling to the mining 
industry to increase maybe exponentially the amount of ore extracted, even at lower grades 
than before. The mined ore rock is crushed and milled to liberate and concentrate the precious 
mineral from the host rock; the valueless rock debris left after wet concentration is the so 
called tailings and since ore extraction increases also tailings do. Typical amount of tailing 
materials produced by the ore extraction is 43% for iron ore (EPA, 1994) and 99% for copper 
ore (Northey, et al., 2014). 
 
To store tailings, ‘tailings dams’ are constructed and they widely vary in storage capacity, 
coverage area or height. The highest constructed tailings dams are up to 100 meters (Rico, et 
al., 2008) and covering areas rounding the 13 km2 (e.g. Aitik Tailings dam, Sweden and 
Mission Tailings dam, USA). 
 
Historically incidents as Aznalcollar (Spain) in 1998, Baia Mare (Romania) and Aitik 
(Sweden) both in year 2000 and the public opinion had encouraged to the representatives 
involved to work in the prevention instead of react after an incident. Tailings dams are usually 
considered as walk-away solutions and needs to be designed and constructed to be safe in a 
long time perspective. The consequences of the failures may be fatal to the local society and 
harm the surrounding environment. 
 
Tailings mechanical properties are site specific and from an engineering perspective in 
general the strength and deformation properties are regarded as a natural soil material in the 
same size range and size distribution. Tailings materials range usually from sand to silt and 
angular shaped (Garga, et al., 1984) due to the mechanical process involved but strongly 
dependent in the genesis itself as rock structure, mineralogy and hardness among others 
(Wentworth, 1922b). 
 
Tailings dams should be constructed to provide structural and environmental safety for long 
time perspectives. Considering the consequences of failures and relatively few studies on 
tailings properties in a long term perspective there is a need for research. In order to design 
safe tailing dams in a long time perspective it could be suggested not only regard in current 
material properties but also in further changes due to e.g. weathering/aging, particularly when 
the tailings are used as a construction material to rise up the structure e.g. the upstream 
method. 
 
As a consequence of the operation and raising procedures of tailings dams, the conditions in 
the tailings dams could be considered to be dynamic in a longer perspective. Grain size 
distribution, formation of layers, pore pressures and stress states are continuously changing 
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during the operation (Ormann, et al., 2013). Tailings may be susceptible to weathering in the 
deposit environment. The change of these factors needs to be addressed in the design of walk-
away solutions. Weathering could be measured by determining the particle’s shape change 
and by studying the shape a prognosis of the properties of a tailing deposit could be 
developed. 
 
For this study a literature review on particles shape and measuring techniques has been 
compiled in a report written by Rodriguez (2012). The report identified 42 shape descriptors 
or quantities. However, 32 of the quantities are applicable for two dimension analysis and it 
was possible to used 12 shape descriptors with image analysis due to the availability of the 
algorithms and software. During this research the image analysis in two dimensions was 
adopted due to the advantages it provides.  
 
Image analysis evaluation on the effects of the resolution and magnification over the 
quantities were performed. Results have shown that resolution is an important factor to 
consider due to the effect it was over the quantities (see paper II). 
 
Laboratory tests in this work includes oedometer-, triaxial-, direct shear- and attrition tests to 
study the tailings particle influence on fundamental geotechnical properties. The effect of 
loading and physical weathering has been studied and evaluated by image analysis and 
sieving. 
 
The two most identified factors affecting the tailings on a particle level was the type of 
physical weathering and grain size. Static load, shearing and milling decreases the grain size 
but the effect on the individual particles were different. Large grains tend to maintain the 
shape or get rounded by physical degradation and finer grains get more angular. 
 
Comparison with similar sized natural materials shows that tailings, probably due to the 
irregular shape, initially arranges in looser interparticle structures. The looser arrangement 
makes tailings fills more susceptible to settlement compared to natural deposits in the same 
size range. 
 
An attempt has been done to predict the effect on friction angle as a function of 
morphology/angularity, initial consolidation load, grain size and initial void ratio. For 
angularity/morphology different quantities were evaluated. The reduction of size will in the 
model suggest a decrease or increase in the friction angle depending in the used quantity. This 
effect is probably related and explained by the mica minerals present in the samples that could 
create weak zones ideal to slide. However, the increase in angularity in the fine grain sizes 
will either reduces or compensates this effect. More studies are needed to verify this. 
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1.1 Aim and Scope of Work / objectives and achievements of the work 
 

There are two main objectives for the work performed within this thesis: 
 

1.- Investigate the effect on degradation/weathering on tailing materials. Properties of special 
importance are the particle shape change, void ratio and the breakage generated. 
 
This research comprises the study of tailing particles separated by sizes to determine the 
shape change and breakage under vertical loads, wearing by rolling using a laboratory mill 
and by direct shear. Results are compared to understand the effects on each partial fraction.  
 
2.- Evaluate the shape descriptors available in image analysis to measure the degradation by 
shape change of the tailing particles. 
 
Shape measurement techniques were evaluated to determine the best available practice, 
advantages and suitability for the actual research. Image analysis in 2 dimensions as the best 
method available under the research conditions was tested. 
 
The study was designed to understand the aging of the tailing particles and the possible effects 
on the dam stability using image analysis and regarding on the following questions: 
 

1. What is the effect of the vertical load in the tailing particles? 
2. Degradation agents (load, shearing and wearing) act in a different way? 
3. Is it possible to apply empirical relations found in literature relating shape and 

friction angle for tailings? 
4. Is possible to obtain an empirical relation among tailing parameters and the 

internal friction angle? 
5. What is the effect of tailing particle size in the internal friction angle? 
6. Which are the available shape descriptors? 
7. What shape descriptors are available to use with the image analysis? 
8. What is the influence of resolution and magnification on the shape descriptors? 
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1.2 Thesis outline 
The thesis consists of 8 chapters (Part I) and 8 appended papers (Part II). A brief summary of 
the content of each chapter and paper is presented below: 
 
Chapter 1: General introduction to the thesis. Includes aim and scope, research questions and 
structure of the thesis 
 
Chapter 2: Describes briefly the history development and fundamentals of the particle shape 
as well as their classification. It also includes some of the available effects of the particle 
shape in soil properties as friction angle and void ratio among others. 
 
Chapter 3: Provides information of the tailings used during the research as the source location, 
basic mineralogy description and the single number shape descriptors also called quantities. It 
is also described the general treatment given to the tailings before image analysis and before 
the casting of disturbed samples.  
 
Chapter 4: Describes in detail the results of the experimental work by test and highlight the 
outcomes. 
 
Chapter 5: Discuss the most relevant findings of the research. 
 
Chapter 6: Summarize the relevant research questions and its responses as well. It is include a 
list of main conclusions 
 
Chapter 7: It provides suggestions to further work related to the research presented in this 
thesis. 
 
 
References 
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Summary of appended papers 
 
Paper I: This paper summarizes and compiles the available shape descriptors and the methods 
used to determine the shape descriptors. It is also discussed and pointed the physical meaning 
of the shape descriptors and image analysis as a valuable tool to maximize the data collection 
and the data reproducibility.  
 
Paper II: The paper focus on the two dimensions image analysis; how the shape descriptors 
are affected when resolution and magnification are changed. Ideal geometrical figures and its 
attributes were selected to compare with the image analysis results.    
 
Paper III: Investigate tailings through triaxial test and particle shape quantification using two 
dimensions image analysis. The evaluated shape descriptors (quantities) are used in previous 
published empirical relations between shape and friction angle. Also the tailings particles 
shape are evaluated and compare among size range. 
 
Paper IV: Investigate the effects of vertical load on tailing particles through oedometer tests. 
Tailings were split by four range sizes (1-0.5, 0.5-0.25, 0.25-0.125 and 0.125-0.063mm) and 
each size range was subject to vertical load. The effects of the load were measured through 
the breakage (sieving) and the particle’s shape change.  
 
Paper V: Describes the behavior of the tailing particles when they are subject to erosional 
process. The erosional process was achieved using an experimental mill and rolling table in 
two configurations, using balls and autogenous (no balls).    
 
Paper VI: Investigate the tailing particles friction angle base on particle size, void ratio and 
shape using direct shear tests. 
 
Paper VII: Describes basic tailing characteristics including specific gravity, face relationship, 
particle sizes, particle shape and direct shear behavior. Showing that particle size decreases 
along depth from surface for collected sample location 
 
Paper VIII: Presents the results from oedometer tests conducted on tailings materials. The 
study includes the stress-deformation behavior and particle breakage of tailings material of 
different gradations upon application of incremental loads in oedometer tests. 
 
.  
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2 PARTICLE SHAPE  
 

2.1 The particle shape 
 
2.1.1 Background 
Interest of particle shape was raised earlier in the field of geology compared to geotechnical 
engineering. Particle shape is considered to be the result of different agents (temperature and 
moisture changes, rigor of the transport, etc.) and the particle genesis itself (rock structure, 
mineralogy, hardness, etc.) (Wentworth, 1922b). In the early 1900’s authors as Wadell 
(1932), Riley (1941) and Pentland (1927) among others develop their own shape descriptors 
also called quantities. A quantity is defined as the relation of two or more measureable 
characteristic of a particle e.g. perimeter, area, volume, major axis, shortest axis, etc., Paper I 
includes 42 quantities. Authors have named their quantities as Sphericity (Wadell, 1932), 
Working sphericity (Aschenbrenner, 1956), Degree of circularity (Wadell, 1935) among 
others but the same name some times is used to describe different quantities bringing 
confusion. It has been considered not to regard in the author’s name but in the actual quantity 
even if names are used during the description process of the actual document. 
 
Particle shape descriptors can be classified as qualitative and quantitative. Qualitative 
describe in terms of words (e.g. elongated, spherical, angular, etc.); and quantitative that 
relates the measured dimensions; in the engineering field the quantitative description of the 
particle is more important due to the reproducibility. Quantitative measures on particles may 
be used as basis for qualitative classification.  
 
Quantities could be also divided in two: 
-3D (3 dimensions) Obtained from a 3D scan or from two orthogonal images 
-2D (2 dimensions) Particle projection where the particle outline is drawn 
 
Image analysis in 3D requires a sophisticated equipment to scan the particles surface and 
create a 3D model. Orthogonal images combine two 2D images to create a 3D model, 
orthogonality is difficult to achieve specially in particles smaller than 1mm (Fernlund, 2005). 
Image analysis in 2D is easy to perform and it does not require sophisticated equipment (e.g. 
regular camera or camera mounted in a microscope for smaller particles). In 2D image 
analysis the particle is assumed to lay over its more stable axis or randomly (Wadell, 1935; 
Riley, 1941 and Hawkins, 1993). 
 
2.1.2 Scale dependence classification 
In order to describe the particle shape in detail, there are a number of terms, quantities and 
definitions used in the literature. Some authors Mitchell and Soga (2005) and Arasan, et al. 
(2010) are using three scales to classify quantities; one and each describing the shape but at 
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different scales. The terms are morphology/form, roundness and surface texture. Figure 1 
shows how the scale terms are defined. 
 
 
 
 
 
 
 
 
 
 
 
At large scale the particle’s diameters in different directions are considered. At this scale, 
describing terms as spherical, platy, elongated etc., are used. An often seen quantity for shape 
description at large scale is sphericity (antonym: elongation). Graphically the considered type 
of shape is marked with the dashed line in Figure 1. At intermediate scale it is focused on 
description of the presence of irregularities. Depending on at what scale an analysis is done; 
corners and edges of different sizes are identified. By doing analysis inside circles defined 
along the particle’s boundary (Figure 1) deviations are found and valuated. A generally 
accepted quantity for this scale is roundness (antonym: angularity). Regarding the smallest 
scale, terms like rough or smooth are used. The descriptor is considering the same kind of 
analysis as the one described above, but is applied within smaller circles, i.e. at a smaller 
scale. Surface texture is often used to name the actual quantity. 
 

2.2 Measurement techniques 
 
There are different methods that can be used to determine the shape of particles: 

 Hand measurement: This technique was probably the first used for obvious reasons 
and rapidly evolve with the use of measuring devices like the sliding rod caliper 
(Krumbein, 1941), convexity gage (Wentworth, 1922a), Szadeczky-Kardos apparatus 
(Krumbein and Pettijohn, 1938) and the camera lucida (Wadell, 1935). 

 Chart comparison: Basically tree charts appear in literature to compare the roundness 
and/or angularity Krumbein (1941), Powers (1953) and Krumbein and Sloss (1963). 
Chart comparison shows high variability due to the human error (Folk, 1955). 

 Sieving: Standards like EN 933-3:1997, ASTM D4791 among others has been 
developed. Sieving provides only elongation indexes and it becomes more 
complicated in fine grains (Persson, 1998). 

 Computer based image analysis: Shape descriptors or quantities can be obtained from 
image analysis in 3 or 2 dimensions. Algorithms have been developed to determine the 
particles attributes depending on the quantity to evaluate (e.g. area, longest and 
shortest axis, perimeter, etc.).   

 

Figure 1 Shape describing the scale classification (Mitchell and Soga, 2005) 
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All measurement techniques present their own particularities and more detailed information is 
available in Paper I. Image analysis in two dimensions was chosen over the rest of the 
techniques due to its advantages: 

- Available equipment and software 
- Particle size limits are beyond the actual used minimum size in the research 
- Capability to deal with large amount of particles in short time 
- Reproducibility  

 

2.3 Arrangement and contact of the particles 
 
In laboratory, test on the effect on particle size on basic mechanical properties has been 
investigated. Particle size as basis has been discussed and various mechanisms had been 
proposed to explain the behavior of the soil. Basically there are two mechanisms proposed: 
The arrangement of particles and the inter-particle contact (Santamarina & Cho, 2004). 
 
2.3.1 The arrangement of particles 
Arrangement of the particles can be presented in three different forms, loose, dense and 
critical; this arrangement determines the soil properties (e.g. density increase with more dense 
arrangement). Figure 2 shows the difference while in the upper part of the figure the particles 
are arranged using the minimum space needed, in the lower part a span is created using the 
flaky particle as a bridge this phenomena is known as “bridging”. Bridging can produce 
different geotechnical results when just the shape of the particle is changed, e.g. void ratio 
(Santamarina & Cho, 2004). Particles are able to rearrange, this could be done applying 
pressure (energy) to the soil, the pressure will create such forces that soil particles will rotate 
and move (see Figure 5) finishing in a more dense state. 
 
 
 
 
 
 
 
 
 
 
 
 
A loose soil (continues line in Figure 3), will contract in volume on shearing and may not 
develop any peak strength. In this case the shear strength will increase gradually until the 
residual shear strength is revealed, once the soil has ceased contracting in volume (see Figure 
3). A dense soil (dotted line in Figure 3) may contract slightly (Figure 3, right) before 
granular interlock prevents further contraction (granular interlock is dependent on the shape 
of the grains and their initial packing arrangement). In order to continue shearing once 

Figure 2 Bridging effect when flaky particles are combined 
in the bulk material (Santamarina & Cho, 2004) 
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granular interlock has occurred, the soil must dilate (expand in volume). As additional shear 
force is required to dilate the soil, peak shear strength occurs (Figure 3, left). Once this peak 
shear strength caused by dilation has been overcome through continued shearing, the 
resistance provided by the soil to the applied shear stress reduces (termed strain softening). 
Strain softening will continue until no further changes in volume of the soil occur on 
continued shearing. Peak shear strengths are also observed in overconsolidated clays where 
the natural fabric of the soil must be destroyed prior to reaching constant volume shearing. 
Other effects that result in peak strengths include cementation and bonding of particles. The 
distinctive shear strength, called the critical state, is identified where the soil undergoing shear 
does so at a constant volume (Schofield & Wroth, 1968).  
 
2.3.2 The inter-particle contact 
For frictional soil, i.e. coarse grained soil (diameter >0.063mm), the friction between particles 
is the dominating factor for strength. Materials usually consisting of coarse grains behave as a 
frictional soil. It means that the strength of coarse soils (silt, sand, gravel, etc.) comes from an 
inter-particle mechanical friction thus, ideally they do not have traction strength (Axelsson, 
1998). In Figure 4 the inter-particle contact is illustrated, here the pressure (P) is applied and 

Figure 4 Inter-particle contact and forces acting (Axelsson, 1998) 

Figure 3 The left part of the figure show a typical behavior of loose and dense material over shear stress, while 
at the right the figures illustrate the typical volume changes (Schofield & Wroth, 1968). 
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two more components are found, the normal load (N) and the tangential load (T) described as 
the friction coefficient (μF). The forces stand in equilibrium. 
 
When particles equilibrium is disturbed (friction coefficient is not enough to keep particles 
unmoved) the rotation is imminent, and it is necessary in order to compact the soil, in Figure 5 
can be seen that the arrangement is a fact that inhibit or allow this rotation, and the shape in 
the 3 different scales are also factors because the more spherical and/or more rounded and/or 
less roughness more easy is the rotation. (Santamarina & Cho, 2004). 
 
 
 
 
 
 
 
 
 
 
 
2.3.3 Breakage 
Breakage is the effect of the stresses when they exceed the strength of the rock particle. 
Breakage depend on physical aspects e.g. stress path, coordination number (number of contact 
points), temperature changes, among others and on the particle genesis e.g. rock structure, 
mineralogy, hardness, etc. (Wentworth, 1922b). Yoginder, et al. (1985) notice that the angular 
particle break during his experiments and they turn more rounded changing the original size 
and form configuration at the same time there was a soil properties loosening.  
The bridging effect (described early in this chapter) contributes to the breakage due to the 
voids below the elongated particle do not provide support cracking and disrupting the bridge 
as the pressure increases (Santamarina & Cho, 2004). The number of contact points 
(coordination number) and area of contact defines the pressure thus, if there are more contact 
point (and contact area) the pressure per area unit will be lower making clear why the angular 
particles are more susceptible to breakage even at low stresses (Wentworth, 1922b).    
 

2.4 The influence of the shape 
 
There are five types of forces which may act between the particles in soils (Qazi, 1975): 
 
1. Force of friction between the particles 
2. Force due to presence of absorbed gas and/or moisture of particle 
3. Mechanical forces, caused by interlocking of particles of irregular shape 
4. Electrostatic forces arising from friction between the particles themselves and the surface 

with which they come in contact 
5. Cohesion forces operating between neighboring particles 

Figure 5 Rotation inhibition by the particles compaction 
at low void ratio (Santamarina & Cho, 2004) 
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Research has shown that particle shape influence soil properties as void ratio and porosity, 
angle of repose, shear strength, sedimentation properties, hydraulic conductivity and risk for 
liquefaction. 
 
2.4.1 Void ratio and porosity 
Several studies shows that there is a relation between morphology and roundness on void ratio 
Holubec & D'Appolonia (1973), Rousé, et al. (2008), Youd (1973) and Cho, et al. (2006) 
among others. The results show that the maximum and the minimum void ratio decreases as 
the particles are more uniformed in morphology and rounded in corners (see Figure 6 and 
Figure 7). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Example of behavior of the minimum void ratio. Values close to 1 represent uniform 
particles and rounded edges while 0 is the opposite. Data from Holubec and D’Appolonia  and 

Sukumaran & Ashmawy were modified due to the difference in the working range (range 1 to 2 
and 0 to 100 respectivelly) 

Figure 7 Example of behavior of the maximum void ratio. Values close to 1 represent uniform 
particles and rounded edges while 0 is the opposite. Data from Holubec and D’Appolonia  and 

Sukumaran & Ashmawy were modified due to the difference in the working range (range 1 to 2 
and 0 to 100 respectivelly) 
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The morphology and roundness have bigger influence on the maximum void ratio. The effect 
on the maximum void ratio is more pronounced than the change of the minimum void ratio 
when the form and roundness changes, as shown in Figure 8. Particles internal arrangement 
and interlocking are probably the main factor that effects the void ratio; bridge effect permit 
the existence of void among the particles while interlocking allowed the particles to form 
arches avoiding the possibility to rotate and stay in a more stable configuration e.g. as it 
happens with marbles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.4.2 Angle of repose 
The angle of repose of a granular material is the steepest angle of descent or dip of the slope 
relative to the horizontal plane when material on the slope face is on the verge of sliding. 
 
Incremental roundness decrees the angle of repose (Rousé, et al., 2008) 
Rousé et. al. (2008) proposed the empirical relation:  
 
 
where R is the roundness value, defined by Wadell (1935)  
 
2.4.3 Shear strength 
In engineering, shear strength is the strength of a material or component against the type of 
yield or structural failure where the material or component fails in shear. The Mohr–Coulomb 
failure criterion represents the linear envelope that is obtained from a plot of the shear 
strength of a material versus the applied normal stress. The internal friction angle is 
represented by the slope of the plotted envelop. 
 
Studies show that the shear strength (under drained triaxial tests) increases more rapidly on 
those materials having higher angularity increasing the relative density. The internal friction 
angle is a function of the relative density and the particle shape (Holubec & D'Appolonia, 

Figure 8 Example of behavior of the maximum minus minimum void ratio. Values close to 1 represent 
uniform particles and rounded edges while 0 is the opposite. Data from Holubec and D’Appolonia and 
Sukumaran & Ashmawy were modified due to the difference in the working range (range 1 to 2 and 0 

to 100 respectivelly) 

R4.147.41rep
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1973).  More studies as Chang & Page (1997) made with dry copper in direct shear tests and 
Shinohara, et al. (2000) with steel powder using a triaxial cell conclude practically the same. 
 
The following empirical relations have been proposed to the behavior of the internal friction 
angle: 
 
Cho, et al. (2006): 
 
 
R is the roundness value, Krumbein and Sloss (1963) chart 
 
Rousé, et al. (2008): 
 
 
R is the roundness value, defined by Wadell (1935)  
 
In Figure 9 the suggested empirical relations above and data from Holubec & D'Appolonia 
(1973) and Sukumaran & Ashmawy (2001) were plotted together to display the general trend 
on the particle shape and friction angle relation. Sukumaran reports two lines, one based on 
the shape factor (SF) and the second referring the angularity factor (AF). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.4.4 Sedimentation 
A particle released in a less dense Newtonian fluid initially accelerate trough the fluid due to 
the gravity. Resistances to deformation of the fluid, transmitted to the particle surface drag, 
generate forces that act to resist the particle motion.  
 
Particle shape has been assumed to be spherical when equations are applied on the settling 
velocity. Correlation deviates when particle shape departs from spherical form and it is known 
that natural particles depart from spherical form (Dietrich, 1982). Empirical relations have 

Figure 9 The change of the internal friction angle shows a general increase when the particle becomes 
more angular or less spherical. Holubec & D’Applonia and Sukumaran & Ashmawy original 

morphology/roundness ranges (1 to 2 and 0 to 100 respectively) were modified to fit the figure. 

R1742

R6.93.34



been suggested by Jimenez & Madsen (2003) and Dietrich (1982) to account for the particle 
shape into the settling velocity.

2.4.5 Hydraulic conductivity, Permeability 
Darcy’s Law: Permeability is one component of Darcy’s law. Darcy's law is a simple 
proportional relationship between the instantaneous discharge rate through a porous medium, 
the viscosity of the fluid and the pressure drop. 

Reynold’s number (Laminar and turbulent Flow): Typically any laminar flow is considered to 
have a Reynold’s number less than one, and it would be valid to apply Darcy's law. 
Experimental tests have shown that flow regimes with Reynolds numbers up to 10 may still 
be Darcian (laminar flow), as in the case of groundwater flow. 

Permeability is affected by the shape and texture of soil grains. Elongated or irregular 
particles create flow paths which are more tortuous than those spherical particles. Particles 
with a rough surface texture provide more frictional resistance to flow. Both effects tend to 
reduce the water flow through the soil (Head & Epps, 2011). the amount of soil detached 
during laminar and turbulent flow is dependent on each soil and also greater on turbulent flow 
due the greater shear strength generated during this kind of flow, this could suggest the 
greater erosion when turbulent flow is present (Nearing & Parker, 1994). 

Kozeny-Carman empirical relation accounts for the dependency of permeability on void ratio 
in uniformly graded sands; serious discrepancies are found when it is applied to clays due the 
lack of uniform pores (Mitchell and Soga, 2005). There are various formulations of the 
Kozeny-Carman equation; one published by Head & Epps (2011) relates the angularity 
among other factors with the permeability. Kane & Sternheim (1988) suggest that the 
inclusion of the shape has probably the background on the Reynolds number due this factor is 
dependent significantly on the shape of the obstacles increasing the turbulence and flow 
resistance when morphology of the particles in the soil is more irregular.  

2.4.6 Liquefaction 
Soil liquefaction is a phenomenon in which soil loses much of its strength or stiffness for a 
generally short time by earthquake shaking or other rapid loading. Static and dynamic 
liquefactions occur been the second one the most regular known. Liquefaction often occurs in 
saturated soils, typical condition in tailing dams. This water exerts a pressure on the soil 
particles that influences how tightly the particles themselves are pressed together. Shaking or 
other rapid loading can cause the water pressure to increase to the point where the soil 
particles can readily move with respect to each other (Jefferies & Been, 2000). 
At low confining pressure angular material is more resistant to liquefaction. Probably the 
breakage of the corners on the angular particles in tailings is ruling the lost in resistance at 
high confining pressures, Sieve analysis after test identified the breakage of angular particles 
while on rounded particles the sieve analysis was practically with no change (Yoginder, et al., 
1985). 

15 
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2.4.7 Groundwater and seepage modeling 
In groundwater flow the particle shape affects the soil pore size distribution, hence, the flow 
characteristics. Current models incorporating the effects of particle shape have failed to 
consider irregular particles such as those that would prevail in a natural porous medium. 
Research conclusions suggest that particle size and porosity are more important predictors for 
hydraulic conductivity explaining the 69% of the variability but particle shape appears to be 
the next most important. The interaction effect of the particle size and particle shape suggests 
a different packing configuration for particles of the same shape but different size (Sperry & 
Peirce, 1995). Tortuosity and permeability (also see section 2.4.5) are two significant 
macroscopic parameters of granular medium that affect the passing flow. It was suggested 
based on laboratory results that tortuosity effect converge when the porosity increases 
indicating that the shape have dominance at low and middle porosity ranges (Hayati, et al., 
2012). 
 
For more detailed information in the shape effects consult the report by Rodriguez (2012). 
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3 MATERIALS AND METHODS – EXPERIMENTAL PART 
 

3.1 Tailings location  
In this thesis samples from the Aitik mine belonging to Boliden AB has been used. The Aitik 
tailing dam is located about 100 km north of the Arctic Circle in the boreal parts of Northern 
Sweden (Figure 10) about 15 km from the community of Gällivare. The mine was opened in 
1968 and since then tailings had been deposited, at present the tailing dams covers an area of 
13 km2. Since all tailings used for testing were taken from the same site this study is 
considered as a case of study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2 The ore and tailings composition 
The target minerals are mainly copper and gold and the ore is of sulphide type. The valuable 
copper mineral is in the form of chalcopyrite, CuFeS2. Main sulphides are pyrite, chalcopyrite 
and sphalerite. Main gangue minerals are quartz, feldspar, plagioclase and mica (Lindvall, M. 
and Eriksson, N., 2003). 
 

3.3 The quantities or shape descriptors 
Used quantities are described in Table 1 and a graphical description can be found in the 
appendix. Quantities were chosen due to its availability to be used in the commercial and 
freeware software respectively, Image pro-plus® (Image Pro Plus v. 7.0, 2011) and imagej 
(ImageJ, 2013). 
 
 

Figure 10 Circle shows the location of the Aitik tailing dam in Sweden (left) and the dam (right). 
(Google map, 2014).  
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Table 1 Quantities available to be use in image analysis 

Quantity 
number 

Quantity description Working 
range 

Reference 

1 #Major axis/Minor axis 0 - 1 (Hawkins, 1993) 
2 +4πArea/Perimeter2 0 - 1 (Cox, 1927) 
3 #4Area/πMajor axis2 0 - 1 (ImageJ, 2013) 
4 +Area/Convex Area 0 - 1 (Mora and Kwan, 2000) 
5 +Fractal dimension 1 - 2 (Image Pro Plus v. 7.0, 2011) 
6 #Square root of Maximum inscribed/Minimum 

circumscribed, circle diameters  
0 - 1 (Riley, 1941) 

7 #Diameter of a circle same area as particle/Minimum 
circumscribed circle diameter 

0 - 1 (Wadell, 1935) 

8 #Perimeter2/Area * 0 - 1/4π (Blott & Pye, 2008) 
9 #Perimeter of a circle with same area/Perimeter 0 - 1 (Wadell, 1935) 

10 #Area/Area of the minimum circumscribed circle 0 - 1 (Tickell, 1938) 
11 +Perimeter/Convex perimeter * 0 - 1 (Janoo, 1998) 
12 +Perimeter /πAverage feret diameter* 0 - 1 (Kuo, et al., 1998) 

*Inverse is used to obtain a working range between 0 and 1 
# Quantity describing the large scale “form” 
+Quantity describing the intermediate scale “roundness” 

 

3.4 The tailing sampling and samples 
Disturbed and undisturbed samples were used for laboratory tests. The disturbed samples 
from the tailing dam were obtained from test pits at different locations. Disturbed samples 
were used for oedometer, direct shear and mill attrition tests. The undisturbed samples were 
provided by the mine administration (Boliden Minerals AB) using a typical piston sampler. 
(SGF, 1996) Undisturbed samples were used only for triaxial tests. Reference material was 
taken from undisturbed samples for geotechnical and shape characterization.  
 
Sieving size ranges used during this thesis can be seen in Table 2. Further on the thesis, for 
convenience size ranges are called by their lower limit, e.g. 0.063mm instead 0.125-0.063mm. 
Particle size used for each specific test is defined in section 3.6. Wet sieving was used with 
Sodium Diphosphate decahydratate (Na4P2O7·H2O) as a dispersant to enhance the particle 
separation. After sieving tailings were dried for 24 hours at 105°C. Image analysis data 
collection requires the particles to be dry and splitted by size in order to focus and avoid 
flocculation, this is the reason to separate by size, and the other reason to split by size is to 
perform tests with a single particle size range. 
 

Table 2  Particle size ranges 
Range sizes (mm) 

Upper limit Lower limit 
2 1 
1 0.5 

0.5 0.25 
0.25 0.125 

0.125 0.063 
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Disturbed samples were remolded and casted by using single particle size e.g. 0.5mm. 
Remolded samples made of a single particle size were used in the oedometer and direct shear 
tests. Casting was made in 50mm diameter and 170mm length sampling tubes by using the 
methodology describes by Dorby (1991). Dorby’s procedure includes the filling of the tube 
specimen by steps, usually 5 to 6 in total, where each step comprises 2-3cm of the tube height. 
Water is added until the step is reached followed by the addition of the tailings sample and 
posterior self-settlement for at least 6 hours. Same procedure is followed for every step until 
the tube is filled up. This methodology simulates the natural sedimentation process leading 
the tailings settle in beds with natural segregation. Since the test specimens are uniformly 
graded the segregation should be based on the grain density differences and not in the particle 
size.  
 
Basic geotechnical properties were determined for each sample used during the test such as 
particle density, bulk density, saturated density, void ratio and degree of saturation (more 
detailed information about each test is described in the appended papers).  
 

3.5 Image acquisition and Analysis 
 
The image acquisition was performed through a microscope (Motic B1). Lightening sources 
can be set from below and from the side of sample. The camera mounted on top of the 
microscope (Infinity 2) for image acquisition has 2 megapixel resolution. Magnification lenses 
4x and 10x were used for particles size range 2-1, 1-0.5, 0.5-0.25mm and 0.25-0.125, 0.125-
0.063mm respectively. Image acquisition in two dimensions was selected due to the 
simplicity of the method and also due the availability of the equipment. The magnification 
and resolution used for each size range was preferred based on the results on Paper II were the 
effects of the resolution and magnification in a set of tests were studied. A more detailed 
description of the image acquisition is described Paper II and III. 
 
Image analysis applied to the actual work is the examination of digital files (photographs) to 
measure different properties as perimeter, area, axis, etc. Shape descriptors or quantities 
combine one or more of this parameter to describe the shape of a particle (see Table 1). 
ImageJ (ImageJ, 2013) and Image Pro-Plus® (Image Pro Plus v. 7.0, 2011) are the image 
analyzer tools (software) chosen to develop the research due to ImageJ is a freeware and in 
combination with Image Pro-Plus ® (software available in the market) could provide the 
measurements required to obtain the major amount of quantities, 12 in this case (see quantities 
in Table 1). 
 
3.5.1 Statistics 
 
Certain number of measured particles is required to obtain a stable margin of error that should 
only depend on the distribution itself. The number of particles (n) measured is determined by 
the Equation 1: 
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Where: n is the number of particles, z is the critical value for the desired level of confidence 
(in our case 95%, z=1.96), σ is the standard deviation and m is the margin of error. 
To calculate the number of particles to be measured a database of 300 measured particles was 
obtained. An initial calculus with 20 particles was done to determine the margin of error with 
respect of the 300 particles. Furthermore same test was performed adding 20 particles each 
time to the database until all 300 particles were included. Final margin of error were chosen 
when there was no significant variation and Equation 1 was applied to obtain the number of 
particles to measure. Finally it was decided to measure from 180 to 200 particles. 
 
Two normal distributions can be compared using the Two sample T-test (Snedecor & 
Cochran, 1989) but if the distribution is not normal there are options like transform the data 
(make it normal) or use non-parametric test. In the present thesis Johnson transform (Johnson, 
1949), non-parametric Mann-Whitney test (Lincoln, 2014) and Two samples t-test were used. 
Results showed that the three tests agree in the 97% of the cases thus, two samples t-test was 
adopted for simplicity. 
 
Even when the number of particles measured in some cases was not the ideal, the two samples 
t-test can determine the margin of error in between distributions to compare and conclude its 
similarity or difference. 
 

3.6 The laboratory tests on tailing properties. 
 
The laboratory tests were chosen to answer questions related to physical erosion of the tailing 
particles and how changes can affect the strength. Among the performed tests are triaxial were 
the internal friction angle and particle shape was obtained to evaluated them in published 
empirical relation to identify those that could be applicable in tailings. Furthermore oedometer 
test were performed to obtain in first instance the strain and settlement aptitude but also to 
determine the breakage behavior and shape change of the tailings due to one dimensional 
load. Physical weathering by mill degradation has the intention to determine the erosional 
effects trough the time in breakage and also in shape change. Direct shear and evaluation of 
factors as consolidation, initial void ratio, particle shape and particle size have the intention to 
obtain a relation with the tailing strength internal friction angle. Finally a general evaluation 
of the tests was carried out to find connections or contrasts in the physical degradation tests 
performed. 
 

Equation 1 Determination of the minimum number of measured particles 

m
zn
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3.6.1 Triaxial (Paper III) 
Active triaxial test were performed on three samples in a confining stress-ranges of 90-150 
kPa in drained conditions (see Table 3). One sample was executed in undrained conditions. 
The samples used were retrieved by undisturbed coring. The samples had, incremental load 
step, isotropic confined. During this consolidation a backpressure of 100 kPa has been 
applied. In the case a maximal deviatoric peak stress was present during shearing the friction 
angle was evaluated at both the maximal deviatoric stress and at the residual stresses. For 
those samples where a maximal deviatoric stress was not present the friction angle was 
evaluated at 15 % compression was used. Empirical relations Table 4 found in literature were 
compared with tailings triaxial test results. 
 

Table 3 Triaxial test sample conditions 
Samples Sampling 

depth (m) 
Triaxial test Confining 

pressure (kPa) 
a 13.3 Drained 140 
b 13.3 Undrained 150 
c 8.3 Drained 90 
d 16.8 Drained 170 

 
Table 4 Empirical relations suggested in literature relating the friction angle and the shape quantity 

 
 
 
 
 
 
3.6.2 Oedometer (Paper IV) 
Oedometer tests according to ASTM D2435 were performed in disturbed samples doubling 
the weight every 24 hr starting with 10, 20, 40, 80, 160, 320 and 640 kPa load steps under 
saturated and drained conditions. Samples were made of uniformed size range particles of 0.5, 
0.25, 0.125 and 0.063mm  
 
3.6.3 Wearing/attrition/degradation by mill (Paper V) 
Laboratory milling in wet conditions was used to physically weather the tailings, smooth 
drum mill was used to accomplished attrition using iron balls and also in autogenous set up 
during 2 and/or 3 time periods (see Table 12). A mill speed of 60 rpm was set to create a 
constant rebuilding cascade able to erode the material and avoid the impact generated at 
higher revolutions (Sponenburgh, 2006). Degradation was identified measuring shape change 
(image analysis) and breakage using traditional sieving (en each particular size). Sample 
particle sizes were same as describe in point 3.6.2. 
 
3.6.4 Direct shear (Paper VI) 
Direct shear tests were performed on disturbed samples. Samples were mounted by 
surrounding reinforced latex membrane and porous filter spikes were placed on top and 
bottom. Rubber tape at the end of membrane edges was used to avoid any leakage from 
membrane edges (see Figure 11). NGI (Norwegian Geotechnical Institute) Direct simple shear 

EQ. # DEFINITION REFERENCE 

2  
 Cho et. al. (2006) 

3 
 
 Rousé (2008) 

Q, quantity value (0 to 1) 

Q1742'

Q4.147.41'
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apparatus was used for this thesis. 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. Tests were performed 
in saturated and drained conditions. Sample particle sizes ranges were 0.25, 0.125 and 
0.063mm. Consolidation loads for the samples were 50. 100. 150, 300 and 500 kPa. 
According with the Swedish criteria (SGF, 2014) the shear strength is obtained at 0.15 
radians. 
 

 
 
 
 
 
 
 

 
 
Additional information about the test conditions can be found in the referred papers 
 
. 

Figure 11 Direct shear apparatus and sample mounting (Bhanbhro, et al., 2013)  
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4 RESULTS 
 
By visual inspection using Powers (1953) roundness chart of the tailings samples, the particle 
shape range are subjectively classified from sub angular to very angular. The smaller sizes 
appear to be more angular compared to larger. Figure 12a) shows the particles counted and 
the distribution based on the figure12b) Powers (1953) chart. 
 
 
 
 
 
 
 
 
 
 

 
 

4.1 Triaxial test and friction angle empirical relations 
 
Quantities presented in Figure 13 are arranged by size they show that larger particles are more 
uniform in shape. In general, for all quantities, the uniformity showed in big particles 
diminishes for smaller particles. It is also evident (in quantities 1-1, 2, 3 and 4) that in the box 
plot (between 1st and 3th quartile), the average and the minimum values move downwards in 
the vertical axis (from bigger to smaller size) while the maximum values seem to have no 
apparent change (close to the upper limit). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 13 Box-plot for analyzed tailings material grouped by size (entire triaxial database) 

a)                       b) 

Figure 12. a)Visual inspection results of the tailing particles b)Powers (1953) comparative chart 
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In sample c (Figure 14) some oxidation is recognized consisting of reddish colored zones. The 
red color is presumed to be the result of the iron oxidation coming from pyrite and 
chalcopyrite that is commonly present in the tailings. The X-ray tests show that only sample c 
contains iron oxide in the form of FexOy. 
 
Quantity 4 in Figure 14 is able to show the value increase when particle size increases in all 
samples while for the rest of the quantities it is not that defined for sample c. Sample c 
(oxidation presence as FexOy) does not show clear increase or decrees in values when quantity 
number 1, 1-1 and 3 are applied. Quantity number 2 is showing a clear value increase on 
sample d while for the rest of the samples a higher peak value appears in some cases in small 
sizes and in others in medium sizes thus, from quantity 2 (except sample d) it is not clear the 
size-shape increasing or decreasing behavior. Quantities number 1-1 and 3 have the same 
result and represents the invers of the quantity number 1 (see the mirror image comparing 
quantity 1 and quantity 1-1). Samples values on quantity 3 and 1-1 (except sample c) increase 
as particle size increase and for quantity 1 the values decrees as particle size increase (except 
sample c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results from the basic geotechnical characterization and the triaxial tests are compiled in 
Table 5. As seen in the table the result of an evaluation of the friction angle by Mohr-
Coulomb failure criterion will generate high difference depending on a cohesion intercept is 
used or if the cohesion intercept is omitted (c=0 kPa). By inspection of the samples the 
material could be considered to have low or moderate cohesion depending on the clay content. 
Thus is the approximation of the failure envelope to be straight, as in the Mohr-Coulomb 
failure criterion, not valid for high stress intervals, or at least for the lower ranges of effective 
stress. The initially loose specimens has equally high, or higher friction angle compared to the 
firm. Dilatant behavior during shearing was observed for all the initially firm specimens 
including the undrained specimen and contractant behavior for the loose samples. 
 

Figure 14 Particle shape by quantity and sample 
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Table 5 Results from the basic geotechnical characterization and triaxial tests. Sample (-) is in this 
study only used for evaluation of strength properties 

ID a - b c d 
Sample location I I I II II 
Sampling depth [m] 13.3 20.0 13.3 8.3 16.8 
Ocular classification saSi clSa clSi siSa siCl 
Initial state Firm Firm Firm Loose Loose 
Condition Drained Drained Undrained Drained Drained 
ρ [t/m3] 1.96 1.97 1.93 1.76 1.89 
w [%] 31-39 33-36 29-34 49-54 40-50 
Initial conditions [kPa] 

'
3

'
1  

31  
u 

 
140 
250 
110 

 
200 
300 
100 

 
150 
270 
120 

 
90 

200 
110 

 
170 
280 
110 

Compression rate. [mm/h] 1.0 0.9 2.0 0.6 0.6 
Failure criterion Max 

dev.str. 
Max 

dev.str. 
Max 

dev.str. 
15% 

compr. 
Max 

dev.str. 
Compr. at failure [%] 10.4 9.6 14.2 15.0 14.4 

'
1  at failure [kPa] 564 826 1170 484 794 

'
3  at failure [kPa] 141 201 253 90 170 

u at failure [kPa] 109 99 17 110 110 
’ (c = 0) 40º 37º 40º 43º 40º 
’ and c  c = 79 kPa, ’ = 29º  c = 39 kPa, ’ = 37º 

 
Figure 15 represent sample d of the table 5 where Quantities 1-1, 2, 3 and 4 were used to 
measure the shape of particles of such sample d. Each subset of figures are separated by size 
(horizontal axis) and the relative amount of material (vertical axis). Figure 15 shows how the 
irregular particles (Lower the value in the legend represent more elongated and angular 
particles) populates the fine section of the figures; this is more empathized in quantities 1-1, 2 
and 3 with 40%, 50% and 40% with quantity value of 0.5. The results from samples a and b  

Figure 15 Percentages of the total particles by size and quantity values for sample d. 

Quantity 1-1 Quantity 2 

Quantity 3 Quantity 4 
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(Table 5) are similar, always appearing low values in the small fraction of size. Sample c is 
the exception (where oxidation is present) due to contains more regular shape along the size 
fractions resulting in a flat graphic behavior. 
 
Since a sample grains were analyzed the output was a range of numerical values of each shape 
descriptor. In this thesis the average, minimum and maximum values for each of the four 
quantities (1-1, 2, 3 and 4) were tested in the equations 2 and 3 (Table 4). As reference to the 
output friction angle was the results from the triaxial tests on the samples in Table 5. In Figure 
16 a line and a dotted line represent the internal friction angle obtained by sample testing 
(ϕ’triaxial), the points (x ex, ∆ triangle, + plus and ◊ rhomb) represent the equation 2 and 3 
output when using the quantity (1, 2, 3 and 4) values. Figure 16 shows that the minimum of 
each shape descriptor presents less difference between the expected empirical friction angle 
(ϕ’empirical) and the laboratory tests output (ϕ’triaxial). Among the quantities number 2 has 
the highest accuracy of predicted friction angle (see Table 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

QUANTITIES 
min=minimum, max=maximum, avg=average 

Q S

Figure 16 Friction angle results, lines (dotted and pointed) represent the laboratory test results (ϕ’triaxial) 
and the points are the empirical relation output (ϕ’empirical) using the equation 2 and 3 
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Table 6 Main internal friction angles data differences among lab test and empirical relations 
     Equations 

Quantity   2 3 

1-1 

average 13.0 8.8 

maximum 14.5 11.1 
minimum 10.7 5.4 

2 

average 12.3 7.8 
maximum 14.3 10.8 
minimum 8.6 2.3 

3 

average 13.3 9.3 
maximum 15.9 13.2 
minimum 10.9 5.7 

4 

average 15.2 12.1 
maximum 15.8 13.1 
minimum 13.0 8.9 

4.2 Vertical load effects  
 
Table 7 summarizes the basic properties of the tailings specimens before and after the 
oedometer test.  Similar test were performed to natural sands, the basic properties for sand are 
in Table 8. 

Table 7 Basic tailing properties  
Specimens 
 (size, mm) 

 Particle 
Density 
(g/cm3) 

Void ratio 
(e) 

Δe Porosity 
n (%) 

Δn 
(%) 

Dry 
Density,ρ 
(gr/cm3) 

Δ ρ 

0.5 
Initial 

2.881 
1.070 

0.227 
51.7 

6.0 
1.392 

0.171 
Final 0.843 45.7 1.563 

0.25 
Initial 

2.904 
0.849 

0.141 
45.9 

4.4 
1.571 

0.129 
Final 0.708 41.5 1.700 

0.125 
Initial 

2.873 
0,762 

0.093 
43.3 

3.2 
1.630 

0.092 
Final 0.669 40.1 1.722 

0.063 
Initial 

2.943 
0.847 

0.113 
45.9 

3.6 
1.589 

0.108 
Final 0.734 42.3 1.697 

 
Table 8 Basic sand properties 

Specimens 
(size, mm) 

 Particle 
density 
(g/cm3) 

Void ratio 
(e) 

Δe Porosity 
n (%) 

Δn 
(%) 

Dry 
Density, ρ 
(gr/cm3) 

Δ ρ 

0.5 
Initial 

2.656 
0.700 

0,148 
41.2 

5.7 
1.563 

0.149 
Final 0.552 35.5 1.712 

0.25 
Initial 

2.651 
0.740 

0,118 
42.5 

4.2 
1.524 

0.111 
Final 0.622 38.3 1.635 

0.125 
Initial 

2.673 
0.751 

0,096 
42.9 

3.3 
1.527 

0.088 
Final 0.655 39.6 1.615 

0.063 
Initial 

2.684 
0.954 

0,156 
48.8 

4.4 
1.374 

0.119 
Final 0.798 44.4 1.493 
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In Table 9 and Table 10 bold-gray highlighted paired numbers represent those values where 
the mean of both populations (before and after test) show that they are different. Control 
specimens (natural sand) have shown no shape change (see Table 10). All changes in shape 
indicate that particles become more rounded except in Table 10 where “↓” indicates that 
particles became more angular/irregular. 
 

Table 9 Mean quantity values for samples. Highlighted marked results show statistically significant changes in 
the shape quantities. 

 
Table 10 Mean quantity values for the control sample, Natural sand. Simbol “↓” indicates that particles became 

more angular/irregular.  

 
Figure 17 (left) shows the stress-strain behavior where specimens 0.5 and 0.25mm are 
weaker. Figure 17 (right) show that all specimens have initially high deformation, probably a 
result of initial rearrangement of the loose structures and re-distribution of stresses in the test 
specimens, especially for the smaller fraction 0.063mm where the initial strain was not 
expected. The step strain for the test specimens 0.5, 0.25, and 0.125mm differs from the 
specimen 0.063mm behavior (Figure 17, right) because this last specimen shows a high initial 
deformation and no significant difference in deformation between the two last load steps.  
 
 

 Quantity 

2 3 4 5 6 7 8 9 10 11 12 Sample  
(size, 
mm) 

 

0.5 
Before 0.665 0.753 0.9303 1.0339 0.6451 0.8011 0.1534 0.8458 0.6449 0.9197 0.2930 

After 0.660 0.742 0.9269 1.0339 0.6368 0.7918 0.1631 0.8484 0.6302 0.9290 0.2960 

0.25 
Before 0.690 0.735 0.9275 1.0414 0.6375 0.7945 0.0840 0.8626 0.6361 0.9405 0.2998 

After 0.712 0.746 0.9315 1.0390 0.6515 0.8049 0.0815 0.8804 0.6518 0.9530 0.3039 

0.125 
Before 0.702 0.713 0.9406 1.0292 0.6292 0.7853 0.0433 0.8795 0.6224 0.9599 0.3060 

After 0.695 0.744 0.9363 1.0286 0.6478 0.8035 0.0474 0.8770 0.6492 0.9513 0.3032 

0.063 
Before 0.694 0.693 0.9329 1.0492 0.6098 0.7759 0.0251 0.8729 0.6083 0.9603 0.3065 

After 0.722 0.738 0.9413 1.0439 0.6460 0.7973 0.0266 0.8919 0.6395 0.9638 0.3076 

 Quantity 
2 3 4 5 6 7 8 9 10 11 12 Sample (size, 

mm)  

0.5 
Before 0.730 0.705 0.952 1.022 0.637 0.789 0.135 0.890 0.628 0.966 0.307 

After 0.735 0.732 0.954 1.016 0.657 0.801 0.186 0.895 0.645 0.966 0.307 

0.25 
Before 0.736 0.723 0.948 1.034 0.643 0.794 0.081 0.895 0.634 0.969 0.309 

After 0.743 0.735 0.951 1.030 0.651 0.800 0.085 0.898 0.644 0.968 0.309 

0.125 
Before 0.742 0.731 0.954 1.023 0.653 0.815 0.047 0.031 0.698 0.970

↓ 
0.309  
↓ 

After 0.734 0.736 0.953 1.022 0.656 0.804 0.051 0.033 0.650 0.967 0.308 

0.063 
Before 0.744 0.717 0.951 1.040 0.643 0.793 0.027 0.903 0.633 0.974 0.311 

After 0.736 0.701 0.949 1.039 0.632 0.791 0.028 0.899 0.630 0.972 0.310 
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In Figure 18 stress-strain curves of the tailings and control sand are plotted together. Dark 
lines represent the tailings while light lines are the control sands. In this figure if size by size 
are compared it can be seen that the secondary deformation is more stepped in the tailings. 
 
The degradation of the specimen was measured by quantifying the presence of finer material 
after oedometer-test. The amount of generated fines (in weight), determined by sieving, is 
presented in Table 11. The amount of degraded material decrees by grain size  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18 Semi-logarithmic stress-strain curve for tailings and reference sand by particle 
size range (s = sands and t = tailings). 

Figure 17 Semi-logarithmic stress-strain curve (left) and incremental stress-strain by load step (right) from 
the oedometer test by particle size range. 
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Table 11 The amount fines generated in the test specimens after the odometer test 
Specimen  

tailings 
% fine content 

 Control specimen  
natural sand 

% fine content 

0.5 14  0.5 19 
0.25 10  0.25 11 

0.125 12  0.125 4 
0.063 <1  0.063 2 

 

4.3 Ball and autogenous milling 
 
Figure 19 represents the amount of fines generated after the autogenous and ball milling. This 
figure shows that the use of balls increases the abrasion speed (dotted lines). Smaller fraction 
(0.063mm) in both cases results in a lower weight lost for both attrition agents. Data from 
Table 12 was plotted into Figure 19. 
 
Figure 20 is the overall representation of the shape changes; gray lines and markers represent 
the shape change. In the left, ball degradation shows a rapid shape change especially for the 
0.5 and 0.25mm fraction. In the right, autogenous degradation is not showing any shape 
change (except one for fraction 0.125mm). Figure was built with the data in Table 13 showing 
the gray markers and lines when more than 50% of the quantities account for a shape change. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ball milling 

Autogenous milling 

Figure 19 Fines generation in mill test 
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Table 12 Time-fine content table for tailings milling 
Autogenous milling Ball milling 

Sample 
Size (mm) 

Time period 
(min) 

% fine 
content 

Sample 
Size (mm) 

Time period 
(min) 

% fine 
content 

0.5 1260 7.6 0.5 100 32.0 
 4085 13.9  370 47.5 
 7207 14.7  1140 67.2 

0.25 1442 6.7 0.25 100 33.9 
 4158 18.4  1046 69.0 
    1558 82.8 

0.125 1344 11.3 0.125 103 19.8 
 4252 14.8  343 33.7 
    1441 90.6 

0.063 1470 4.8 0.063 100 8.7 
 4222 6.4  324 17.2 
    1406 62.5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 13 is the entire comparison database where it can be seen the quantities used, quantity 
values and the shape change (marked in gray color), this table account for the step shape 
change. Shape changes colored suggest that the particles become more rounded/uniform with 
exception when “↓” appears (it means change is to be less rounded, less uniform). 
 
 
 
 
 

Figure 20 Degradation and shape change by milling agent. Gray leyends indicate shape change. Left, ball 
milling. Right Autogenus milling (Fraction sizes are represented by the lower limit) 

. .
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Table 13 Shape change by time-step. Gray shadow is used when shape change was detected. 

Size  Balls Autogenous 
(mm) Q 2hr 6hr 24hr 24hr 72hr 120hr 
0.5 2 0.665 0.681 0.681 0.702 0.702 0.732 0.665 0.668 0.668 0.673 0.673 0.672 
 3 0.728 0.742 0.742 0.735 0.735 0.760 0.728 0.743 0.743 0.741 0.741 0.748 
 4 0.924 0.935 0.935 0.943 0.943 0.951 0.924 0.932 0.932 0.932 0.932 0.931 
 5 1.041 1.031 1.031 1.025 1.025 1.022 1.041 1.033 1.033 1.032 1.032 1.031 
 6 0.787 0.802 .0802 0.803 0.803 0.819 0.787 0.796 0.796 0.796 0.796 0.801 
 7 0.786 0.800 0.800 0.799 0.799 0.818 0.786 0.792 0.792 0.792 0.792 0.798 
 8 0.126 0.161 0.161 0.160 0.160 0.160 0.126 0.159 0.159 0.153↓ 0.153 0.159 
 9 0.847 0.856 0.856 0.873 0.873 0.887 0.847 0.852 0.852 0.855 0.855 0.851 
 10 0.620 0.642 0.642 0.641 0.641 0.672 0.620 0.631 0.631 0.631 0.631 0.640 
 11 0.929 0.930 0.930 0.946 0.946 0.949 0.929 0.931 0.931 0.933 0.933 0.927↓ 
 12 0.296 0.296 0.296 0.301 0.301 0.303 0.296 0.297 0.297 0.297 0.297 0.295↓ 
0.25 2 0.676 0.705 0.705 0.745 0.745 0.746 0.676 0.687 0.687 0.689   
 3 0.710 0.748 0.748 0.740 0.740 0.771 0.710 0.728 0.728 0.730   
 4 0.922 0.932 0.932 0.949 0.949 0.948 0.923 0.924 0.924 0.928   
 5 1.045 1.041 1.041 1.033 1.033 1.033 1.047 1.042 1.042 1.042   
 6 0.779 0.800 0.800 0.812 0.812 0.822 0.779 0.789 0.789 0.794   
 7 0.780 0.798 0.798 0.810 0.810 0.823 0.780 0.787 0.787 0.790   
 8 0.079 0.079 0.079 0.082 0.082 0.082 0.079 0.082 0.082 0.080   
 9 0.852 0.872 0.872 0.900 0.900 0.902 0.852 0.858 0.858 0.862   
 10 0.612 0.640 0.640 0.659 0.659 0.680 0.612 0.624 0.624 0.629   
 11 0.937 0.947 0.947 0.964 0.964 0.963 0.937 0.940 0.940 0.940   
 12 0.299 0.302 0.302 0.307 0.307 0.307 0.299 0.300 0.300 0.300   
0.125 2 0.700 0.703 0.703 0.702 0.702 0.643↓ 0.700 0.684↓ 0.684 0.696   
 3 0.706 0.713 0.713 0.710 0.710 0.689 0.706 0.708 0.708 0.719   
 4 0.936 0.935 0.935 0.939 0.939 0.919↓ 0.936 0.926↓ 0.926 0.934   
 5 1.034 1.032 1.032 1.031 1.031 1.038↓ 1.034 1.032 1.032 1.032   
 6 0.784 0.785 0.785 0.787 0.787 0.769↓ 0.784 0.778 0.778 0.789   
 7 0.780 0.784 0.784 0.784 0.784 0.769↓ 0.780 0.777 0.777 0.788   
 8 0.038 0.040 0.040 0.040 0.040 0.039 0.038 0.046 0.046 0.044   
 9 0.878 0.877 0.877 0.878 0.878 0.843↓ 0878 0.865↓ 0.865 0.872   
 10 0.614 0.619 0.619 0.620 0.620 0.597↓ 0.614 0.610 0.610 0.625   
 11 0.961 0.960 0.960 0.960 0.960 0.936↓ 0.961 0.953↓ 0.953 0.953   
 12 0.307 0.306 0.306 0.306 0.306 0.298↓ 0.307 0.304↓ 0.304 0.304   
0.063 2 0.700 0.702 0.702 0.713 0.713 0.690↓ 0.698 0.713 0.713 0.713   
 3 0.685 0.684 0.684 0.714 0.714 0.688 0.685 0.692 0.692 0.693   
 4 0.931 0.933 0.933 0.937 0.937 0.925↓ 0.931 0.939 0.939 0.936   
 5 1.051 1.051 1.051 1.053 1.053 1.061↓ 1.051 1.051 1.050 1.050   
 6 0.772 0.773 0.773 0.786 0.786 0.769↓ 0.772 0.777 0.777 0.781   
 7 0.768 0.771 0.771 0.782 0.782 0.766↓ 0.768 0.772 0.772 0.778   
 8 0.024 0.023 0.023 0.022↓ 0.022 0.018↓ 0.024 0.023 0.023 0.024   
 9 0.875 0.876 0.876 0.885 0.885 0.869↓ 0.875 0.885 0.885 0.883   
 10 0.596 0.600 0.600 0.616 0.616 0.593↓ 0.596 0.602 0.602 0.609   
 11 0.964 0.965 0.965 0.967 0.967 0.959↓ 0.964 0.971 0.971 0.967↓   
 12 0.308 0.308 0.308 0.309 0.309 0.306↓ 0.307 0.310 0.309 0.308↓   
Q=Quantity number, ↓=less spherical, less rounded   

 
 
Differences of the samples compared with the initial shape are represented in Table 14. In this 
table ball milling seems to have an immediate influence on the shape in fractions 0.5 and 
0.25mm from the initial milling (2hrs) making them more rounded/uniformed. For the rest of 
the fractions in ball milling the shape change seems to be more chaotic even making them 
more angular/irregular. Table 14 contains side-by-side Mann-Withney and two sample t-test 
results where gray colored cells indicates if the shape change was recognized by the 
corresponding statistical method. The two statistical methods agree in the results in 96%. 
There is no skew evidence between the methods since the lack of shape change recognition 
occurs in both methods. There is also no skew evidence related to any quantity. 
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Table 14 Shape change compared with initial state 
  Balls Autogenous 
Size  2hr 6hr 24hr 24hr 72hr 120hr 
(mm) Q MW t-T MW t-T MW t-T MW t-T MW t-T MW t-T 
0.5 2             
 3             
 4             
 5             
 6             
 7             
 8             
 9             
 10             
 11             
 12             
0.25 2           
 3           
 4           
 5           
 6           
 7           
 8           
 9           
 10           
 11           
 12           
0.125 2      ↓  ↓   
 3           
 4      ↓  ↓   
 5      ↓     
 6      ↓     
 7           
 8           
 9      ↓  ↓   
 10           
 11      ↓  ↓  ↓ 
 12      ↓  ↓  ↓ 
0.063 2           
 3           
 4      ↓     
 5      ↓     
 6           
 7           
 8    ↓  ↓     
 9           
 10           
 11      ↓     
 12      ↓     
Q=Quantity number, MW= Mann-Withney test, t-T=two samples t-Test    

 
 
Autogenous milling (Table 14) seems to have a more smooth transition during the milling 
time (compare with ball milling fraction 0.5 and 0.25mm) however, the finest fraction 
behaves in the same chaotic way (compare with ball milling). 
 

4.4 Shear strength in uniformed sized particle 
 
Table 15 shows the percentages of broken material after tests depending on the normal load 
applied to consolidate the sample. The amount of broken particles in size 0.25mm seems to 
increase. For size 0.063mm is stable for all loads and for 0.125mm size there is a peak at 
150kPa with high breakage compare with the rest loads. Graphical display can be seen in 
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Figure 21 where fraction 0.25mm has a more clear increase of breakage in relation with the 
specimens 0.125 and 0.063mm. 
 
 

Table 15 Particle fines generated by sample and test load 
size load % fine 

content 
size Load % fine 

content 
size load % fine 

content mm kPa mm kPa mm kPa 
0.25 50 26.6 0.125 50 21.0 0.063 50 10.3 

 100 32.8  100 24.1  100 9.2 
 150 29.5  150 29.6  150 10.9 
 300 34.8  300 22.3  300 12.1 
 500 39.6  500 23.9  500 12.7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Shape change by fraction size is display in Table 16. In relation with the original shape only 
fraction size 0.063mm have different shape for all quantities while fraction 0.125mm has 
change in half of them but in both cases for the highest consolidation load 500kPa. 
 
Table 17 and Figure 22 show the initial void ratio for the test performed, in this data a higher 
void ratio is recognized for bigger fraction size. The void ratio diminish as the confining 
pressure increases.  
 
 
 
 
 
 

Figure 21 Fine generation percentages by weight after direct shear test 
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Table 16 Quantity values for particles by size and load state 
Size 

(mm) Q Initial 
value 50kPa 500kPa 

0.063 1 1.513 1.494 1.422 
2 0.707 0.703 0.730 
3 0.698 0.698 0.729 
4 0.934 0.932 0.943 

0.125 1 1.472 1.434 1.386 
2 0.701 0.698 0.705 
3 0.714 0.733 0.750 
4 0.933 0.932 0.934 

0.25 1 1.452 1.397 1.395 
2 0.693 0.682 0.685 
3 0.718 0.743 0.739 
4 0.928 0.922 0.924 

Q=quantity 
 
 

Table 17 Initial conditions for the shear tests 
0.25mm 0.125mm 0.063mm 

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

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

100 1.034 100 0.943 100 0.730 
150 1.015 150 0.924 150 0.709 
300 0.989 300 0.884 300 0.677 
500 0.917 500 0.831 500 0.679 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22 Void ratio as a function of normal consolidation in direct shear tests 
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Figure 23 shows the typical behavior of the samples; dilatant for samples 50,100,150 and 
300kPa and contractive for samples at 500kPa (black bold line). Lines show the height 
reduction during the shearing process; all of them except 500kPa present a contractive 
behavior due to the rearrangement of the particles with a followed increase of height (dilatant 
behavior) due the overlapping of the particles. Same curves present a secondary height 
reduction. For 500kPa sample there is only contractive behavior showing no high increase 
maybe due to the particles do not re-arrange but break.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.4.1 Suggested empirical relation 
 
Table 18 contains laboratory data collected from the samples. This data has been used to 
estimate the internal friction angle with the help of a regression analysis.  
 

Table 18 Quantity values for the samples 

 

Internal 
friction  

Consolidation 
kPa 

Initial 
void ratio 

Size 
mm 

Quantity values (Q) 

angle (φ)    Q1 Q2 Q3 Q4 
25.8 50 0.745 0.063 1.513 0.707 0.698 0.934 
25.1 100 0.731 0.063 1.494 0.703 0.698 0.932 
23.3 50 0.948 0.125 1.472 0.701 0.714 0.933 
17.9 100 0.943 0.125 1.434 0.698 0.733 0.932 
22.1 50 1.062 0.25 1.452 0.693 0.718 0.928 
26.7 100 1.034 0.25 1.397 0.682 0.743 0.922 

Figure 23 Typical sample height reduction trend during the test for different normal load (0.063mm) 
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Suggested empirical relations are listed below (table 18, 19 y 20); they were obtained from a 
regression analysis with a 95% of confidence. Additionally to the regression analysis a subset 
regression has been carried out to identify the factors affecting the empirical model. For all 
the models the best fit includes all the suggested parameters. 
 
Below empirical suggested relations, the table undergoing the empirical relation represents 
the r-square (fit) when using the available parameters. 
 
 

Table 19 Empirical relation for Quantity 1 
φ = 289 – 0.134 c – 76.3 e + 63.6 s – 134Q1-1 

R-square Consolidation 
(c) 

Initial void 
ratio (e) 

Size 
(s) 

Q1-1 

56.4  X X  
60.5 X X X  
56.7  X X X 
73.9 X X X X 

 
Table 20 Empirical relation for Quantity 2 

φ = 801 -0.1526 c – 43.6 e – 27.9 s – 1036 Q2 
R-square Consolidation 

(c) 
Initial void 

ratio (e) 
Size 
(s) 

Q2 

56.4  X X  
40.0  X  X 
94.6 X X  X 
60.5 X X X  
96.7 X X X X 

 
Table 21 Empirical relation for Quantity 3 
φ = -5 -0,060 c - 61,1 e + 76.4 s + 109 Q3 

R-square Consolidation 
(c) 

Initial void 
 ratio (e) 

Size 
(s) 

Q3 

56.4  X X  
60.5 X X X  
56.6  X X X 
65 X X X X 

 
Table 22 Empirical relation for Quantity 4 
φ = 2026 – 0.1431 c +2 e – 95.3 s – 2129 Q4 

R-square Consolidation 
(c) 

Initial void 
Ratio (e) 

Size 
(s) 

Q4 

56.4  X X  
50.0  X  X 
93.1 X  X X 
83.6 X X  X 
93.1 X X X X 

 
Quantities 1 and 3 are related with the form (first order scale of the Mitchel and soga 
classification) and quantities 2 and 4 describe the roundness (second order scale) see Figure 1 
and Table 1. 
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5 DISCUSSION 
 
This thesis was developed to answer the research questions raised in chapter 1. To accomplish 
the task the entire work could be divided in two faces: Preparation and tailings testing. The 
preparation face includes a state of the art review completed on the particle shape and its 
effects (paper I). Furthermore, image analysis test were performed to decide the required 
resolution to use during the image capture (paper II). These two papers were the starting point 
for the research to decide and chose methods, equipment and tests to address the research 
questions. This part of the thesis can be used for anyone interested in the same area as a 
compilation of previous work and hopefully would solve some questions shortening its 
taking-decision time. The second part includes all tests performed on tailings material. The 
main reason to develop a research in tailing particles was the safety of the impoundments; 
mechanical weathering of the tailing particles needs to be study to determine further changes 
in the particles and its mechanical properties. The safety of a tailing dam in a long time 
perspective depends not only on the properties and conditions during the disposal and 
operation phase of the tailings dam but in a longer perspective on weathering and changes in 
environmental conditions. The attempt to introduce new empirical relations between tailings 
conditions and strength could help in the future to develop low-cost early warning indicators 
compared with the actual expensive and long-time laboratory tests. Even if some questions 
are addressed some more still remain and moreover new inquires have appeared. 
 
During preparation face and literature review 43 quantities were compiled, they cover two and 
tree-dimensions description of the particles (see paper I). For a mixture of practical and best 
practices reasons two dimensions image analysis was chosen (availability, avoid subjectivity, 
fast data collection, fast analysis, etc.). Quantities describe in table 1 are available in two-
dimension image analysis. Quantities were tested using Image analysis in different resolution 
and magnification to understand the possible effects and reliability of the results (paper II). 
Geometrical figures were used to determine its exact geometric attributes and later compare 
with image analysis output. Magnification test was also performed to identify the stability of 
the quantities. Results showed that resolution increase minimize the error. Resolution and 
magnification are more susceptible to have deviations when length attributes are measured 
e.g. areas measurements have less deviation than length, but in length attributes when 
perimeter is measured the error is bigger compare with diameter due to its extension. 
Quantities were categorized using Mitchell and Soga (2005) classification using the author 
quantity definition. Since the results have shown that form and roundness could have different 
effects and also that a large amount of quantities are available in the literature it is suggested 
by the author to use 2 or 3 form and roundness quantities. The inclusion of more quantities 
into any research seems to only increase the complexity and interpretation. Unfortunately 
there is no agreement on which is the best quantity but some of them appear more than others 
in the scientific literature e.g. Wadell (1932) comparison chart (recently computerized by 
Zheng & Hryciw, 2015), Quantity 1 (called Aspect ratio by Hawkins, 1993)), Quantity 2 
(called circularity by Cox, 1927) among others. 



40 
 

Tailings are subject to increasing loads in tailings dams due to the continue raise of the 
deposits. The coarse fraction is preferred to raise the dikes upon better foundation properties. 
Tailings had been classified as very angular to sub angular material by visual inspection base 
on Powers (1953) comparison chart. The results of this classification is in agreement with the 
conclusion of the general shape of tailings made by Garga, et al. (1984). However the loom of 
elongated and irregular particles in sizes is bigger than those declared by Mitchell and Soga 
(2005). Particles involve in this thesis are not natural geological materials but they are crushed 
and milled rock from the mining industry and this could be the reason to differ. 
 
The effect of the incremental load over the tailing particles has been studied in this thesis 
using oedometer and direct shear tests. The effect of the vertical load on tailings was studied 
trough the conventional sieving and shape measurement. Results have shown increase in the 
fines fraction during the incremental load in the direct shear tests (Table 15) due to the 
breakage. Furthermore fines generation increases as particle size does (bigger particles breaks 
more than small particles). Shearing produce more fines compared with vertical load (see 
Table 11 and Table 15) even at lower loads. Fines generation or breakage depends in the rock 
characteristics as mineralogy, hardness, structure etc. but also by the rigor of the environment 
(Wentworth, 1922a). Direct shear test is not only vertically loading the particles (normal load) 
but it is also generating some attrition due to the constant deformation (creeping), this could 
explain the higher fines generated during the shear test compared with oedometer tests. Shape 
was also measure during both tests and smaller fractions 0.063mm during oedometer (Table 
9) and 0.125mm and 0.063mm in direct shear (Table 16) present changes; they become more 
regular in form and more rounded. The rounded shape of the particles has a direct effect on 
the soils dropping their strength (Cho, et al., 2006; Holubec & D'Appolonia, 1973 and Rousé, 
et al., 2008). Shearing is producing more shape changes in the particles making 
understandable the higher production of fines in this mechanical process.  
 
Degradation of the tailing particles was studied also with the help of a laboratory mill, in this 
case autogenous and ball mill. The intention was to compare the attrition generated in the mill 
with the effects of the shearing (direct shear) and loading (oedometer) results. Mill attrition 
results has shown opposite shape changes respect to load and shearing tests; coarse particles 
0.5 and 0.25mm become more rounded and regular in form while smaller fractions are more 
angular and irregular in form. Also this result is in contrast with other milling studies where 
ball milling produces more irregular and angular particles compare with the autogenous 
(Ulusoy, 2008). However materials are different and milling test was designed to erode and 
not to break particles as regular milling does. It seems like physical erosion depends on the 
test and test conditions, this is in agreement with Wentworth (1922a) who declared that 
particle shape depend among other factors in the rigor of the transport, humidity, etc. Shearing 
and loading test produce rounded material in finer fraction 0.125 and 0.063mm but mill 
attrition produce more angular particles in same sizes. Particle size seems plays an important 
role in this size reduction due to the smaller fraction 0.063mm reduces its size less than the 
rest supportive with the milling theory that says it is needed more energy to reduce smaller 
particles due to the probability of striking during a regular milling process and the uniformity 
of the constituent materials (Sponenburgh, 2006). 
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Published empirical relationships between shape and friction angle were evaluated in order to 
investigate if this approach is valid for tailings. Quantities were automatically quantified by 
2D-image analysis (quantity 1, 2, 3 and 4). Despite the different methodologies applied to 
quantify or to qualitative classify the shape of the particles the trend of the friction angle 
should be similar if the shape descriptors are correct describing the material of interest. Based 
on the general behavior of the empirical relations (eq. 2 and 3) the friction angle is likely to be 
higher in crushed artificial rock than for natural materials since crushed materials in general 
are considered to be more angular (Garga, et al., 1984). All quantities evaluated describe an 
underestimation of the reference friction angle from the triaxial tests (see Figure 16). Equation 
3 is the most suitable empirical relation to describe the friction angle for the samples. In the 
same way the value or statistical parameter minimum for the four quantities present the lowest 
differences (see Table 6). Underestimation of the internal friction angle is possible related 
with the empirical relations (Table 4), the maximum value obtained from them is 42 degree 
and only one triaxial result was over this value (considering also the quantity value as zero). It 
can also explain that the minimum quantity values produce the best agreement with the 
empirical relations. Since the evaluated empirical relationships has been established on 
mainly uniformly graded sand and it is not likely that the actual resulting friction angle would 
be accurate predicted on tailings consisting of both smaller particles and a larger range in 
grain size distribution. Furthermore the empirical relationships are based on the shape 
descriptor or quantity that can both been defined in different ways and also be evaluated 
differently. Cho, et al. (2006) (Equation 2) used the roundness values based on the Krumbein 
and Sloss (1963) modified chart and Rousé, et al. (2008) (Equation 3) uses the roundness 
values as Wadell (1932) defined and based on a compilation of various authors. 
 
Empirical relations suggested in this thesis are applicable under defined conditions. Data in 
Table 18 was used to asses a regression analysis. Empirical relations are suggesting that 
friction angle would decreases if consolidation increase and void ratio decreases. It is evident 
that the physical changes in void ratio and consolidation are not in agreement with the known, 
if consolidation (relative density) increases and void ratio decreases friction angle should 
increase (Holubec and D’Apolonia, 1973). This can be explained if we consider the entire 
equations. Shape is the main driving parameter in the equations and probably the rest of the 
parameters are adjusting the model with no physical mining. From this conclusion it is not 
possible to determine the real physical effect of the consolidation, size and void ratio but 
shape as a main driving parameter could. 
 
Empirical relations results show that when particles become more regular in form (quantities 
1 and 3) the friction angle (φ) increases but when they become more rounded (quantities 2 and 
4) friction angle (φ) decreases. The methodology used to cast the direct test samples is based 
in the natural sedimentation process (Dorby, 1991) and it is possible that this could have an 
effect on the results. Results could suggest that elongated particles like mica minerals are 
deposited in horizontal layers creating preferential sliding horizons that have reduced strength 
compared with regular in form particles. Harris, et al. (1984) found decrees in the shear 
resistance with increase the mica content in regular sands. Furthermore the void ratio 
increases with mica content (and flat-elongated particles) resulting in a looser and weaker soil 
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(Santamarina & Cho, 2004 and Chen & Lin, 2005). Deposition methods in tailing dams as 
spigotting could create this preferential layering deposition. The mica minerals presence 
during further experimentation should be account to understand the effects in tailings. 
Tailings dam research should consider deposition method effects over the particle settlements 
and layering in the tailing impounds that could drive the strength of the materials. 
 
Roundness increases the soil strength decrease. In this case angular tailing particles are 
providing more interlocking strength been necessary to break the corners to be able to 
rearrange the soil structure. Figure 21 shows the fine generation increase while increasing 
stresses and Figure 23 is the behavior of the height sample during shearing. Considering both 
(figures 21 and 23) it seems like samples have a primary and secondary consolidation 
separated for a height sample increase; this height increase could represent a major 
rearrangement of the particles (overlapping). The increases of stresses in the sample avoid the 
rearrangement generating more fines. The breakage of the particles is not necessary to 
produce more angular or rounded material, corners can always break and keep its angularity 
as direct shear results showed it (table 16 sizes 0.25 and 0.125mm). 
 
Particle size increase in literature has been identified as a possible soil strength parameter 
modifier inherent to the material strengthening the soil in some studies (Lewis, 1956 and 
Kolbuszewski & Frederick, 1963) but weakening in others (Kirkpatric, 1965 and Marschi, et 
al., 1972) or even having no effect (Bishop, 1948 and Vallerga, 1957). Particle size influence 
in the friction angle is ambiguous for the thesis results. Quantities seem to have the main 
influence on the size. For form quantities, if the size increases the strength increases but for 
roundness quantities if the size increases the strength decreases. However as it has been 
discussed in the above paragraphs this thesis can conclude that the particle shape can be 
considered as a strength parameter for tailing particles. 
 
The limited amount of data shrinks the action area of the empirical relations but state an initial 
relation for further research and new data acquisition. In perspective if particles become more 
rounded the strength of the tailings could be reduced. If particles are more regular in form the 
strength should not be compromised. However the reduction of the sizes (fine soil production) 
could have an effect that it is still unknown. 
 
There are still a lot of questions regarding not only on the long-time perspective stability of 
the tailing dams but also in some unsolved thesis questions e.g. the influence of the particle 
size. During the work new research questions has been raised but not answered. The opposite 
effect of the morphology and the roundness of the particles on the strength of the tailings are 
presumed to be the result of the alignment of some minerals as mica due to the layering 
during the samples casting. The numbers of inter-particle contacts is a factor that drives the 
breakage of the particles and during this thesis uniformed particle size were used. Thus, effect 
of mica and the use of different particle size distributions are suggested for further research. 
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6 SUMMARY AND MAIN CONCLUSIONS 
 
The study concerns the degradation of tailings due mechanical agents. Mechanical 
degradation was conducted in laboratory by milling, oedometer compression and shearing. 
Tailings divided by sizes were studied by breakage and shape changes using regular sieving 
and image analysis respectively. Several shape descriptors are found in literature and but 
available quantities were classified according with the scale dependence (see Table 1). 
 
In the following, the addressed research questions stated in the section 1.1 are answered; then 
some major conclusions from the study base on papers are highlighted: 
 

1. What is the effect of the vertical load in the tailing particles? 
Particles breakage was identified in all samples. The extent of breakage decreases as the 
particle size decreases. The breakage of the particles decreases the size but not the shape, 
except for the finest studied particles. Particle fraction 0.063mm becomes more irregular and 
angular by breakage. 
 

2. Degradation processes (load, shearing and wearing) act in a different way? 
Yes they do, all agents break the particles but the shape changes are not similar, wearing in 
general produce more rounded/regular particles in all sizes while loading and shearing only 
act over smaller fraction (0.063mm). 
 

3. Is it possible to apply empirical relations found in literature to relating shape and 
friction angle for tailings? 

It is possible to apply the studied empirical relations. But quantities used and applied in the 
empirical relations underestimate the tailings shear strength. 
 

4. Is possible to obtain an empirical relation among tailing parameters and the  
internal friction angle? 

Four empirical relations were suggested in this thesis. Two of them are related to form 
quantities and two in roundness quantities. They are based on limited amount of data and 
needs further development and replantation. 
 

5. What is the effect of tailing particle size in the internal friction angle? 
Unknown. Contrarious results were obtained when particle size was evaluated in the empirical 
relation suggested. If quantities related to the form are applied in the empirical relation then 
when the particle size increases the friction angle increases. But if quantities related to the 
roundness are applied in the empirical relation the increase in particle size decreases the 
friction angle. 
 

6. Which are the available shape descriptors? 
Shape descriptors are summarized in Paper I 
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7. What shape descriptors are available to use with the two dimensional image 
analyses? 

Available shape descriptors for two dimensions image analysis are presented in Table 1 
 

8. What is the influence of resolution and magnification on the shape descriptors? 
Resolution increase reduces the error but also quantities related with the perimeter are more 
susceptible to error increase.  
 
 
The major conclusions based on this work are: 
 
 
Tailing particles are more irregular in form as the particle size decreases for particles < 
0.063mm while literature suggests it should be under clay sized (0.002mm). 
 
All physical degradation processes the tailings were subject to in this work produced a 
distinctive breakage and shape. Shape changes are not always producing more rounded 
particles especially in the sizes 0.125 and 0.063mm but more angular during mill attrition. 
 
More rounded material was obtained in smaller fraction (0.125 and 0.063mm) during shearing 
and loading. Larger fractions (0.5 and 0.25mm) present no change. 
 
Empirical relations were suggested to relate the normal load, void ratio, particle size and 
particle shape to the internal friction angle. 
 
According to the empirical relation suggested the regular morphology and decrees of 
roundness of the tailing particles increase the friction angle.  
 
Effects of the size on the internal friction angle were not possible to determine. 
 
Tailing are more susceptible to settlements under static loading compared to natural 
geological materials. 
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7 SUGGESTED FURTHER WORK 
 
Since generated fine particles seems to have influence in the final breakage and probably 
shape it would be of interest to set experiments with a configured size distribution. 
 
If mica is creating slippery surfaces while shearing it could be suggested to test tailings at 
variable mica content. 
 
Obtain the shape configuration for the fines produced during shearing and loading. This may 
require more sophisticated equipment depending in the ultimate size wanted to evaluate. 
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APENDIX 
Quantity Description Graphic description 
1* Major axis/Minor axis 

 
2* 4πArea(A)/Perimeter2(P) 

 
3* 4Area(A)/πMajor axis2 See figures in quantities 1 and 2 
4* Area(A)/Convex Area(Ca) 

 
5 Fractal dimension use 'strides' (minimum step lengths) of various sizes. The fractal 

dimension is calculated as 1 minus the slope of the regression line obtained when 
plotting the log of the perimeter (for various strides) against the log of the stride 
length. (more info in imageproplus) 

 
6* Square root of [Maximum inscribed (Di)/Minimum circumscribed(Dc)], circle 

diameters 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
continue…. 
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7* Diameter of a circle same area as 
particle(Da)/Minimum circumscribed circle 
diameter(Dc) 

 
8* Perimeter2(P)/Area(A) See figure in quantity 2 
9* Perimeter of a circle with same area 

(Pa)/Perimeter(P) 

 
10* Area(A)/Area of the minimum 

circumscribed circle (Ac) 

 
11* Perimeter/Convex perimeter  

 
12 Perimeter(P)/πAverrage Feret 

 
Average feret box is obtained rotating two 
parallel lines (two degrees each time) and 
measuring the distance, finally the average 
feret is the average distance of all the feret 
boxes distance measured 

 
* Figures were taken and modified from Johansson and Vall (2011) 
 
1 and 3 are the inverse for individual values (ImageJ, 2013), similar values can result from 
quantities 11 and 12 (Kuo, et al., 1998). 
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ABSTRACT 
It has been shown in the early 20th century that particle shape has an influence on 
geotechnical properties. Even if this is known, there has been only minor progress in 
explaining the processes behind its performance and has only partly implemented in practical 
geotechnical analysis. This literature review covers different methods and techniques used to 
determine the geometrical shape of the particles. Particle shape could be classifying in three 
categories; sphericity - the overall particle shape and similitude with a sphere, roundness - the 
description of the particle’s corners and roughness - the surface texture of the particle. The 
categories are scale dependent and the major scale is to sphericity while the minor belongs to 
roughness. The overview has shown that there is no agreement on the usage of the descriptors 
and is not clear which descriptor is the best. One problem has been in a large scale classify 
shape properties. Image analysis seems according to the review to be a promising tool, it has 
advantages as low time consumption or repeatability. But the resolution in the processed 
image needs to be considered since it influences descriptors such as e.g. the perimeter. Shape 
definitions and its potential role in soil mechanics are discussed. 
KEYWORDS: Particle shape, Quantities, Image analysis. 
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INTRODUCTION
Effects on soil behavior from the constituent grain shape has been suggested since the earliest 

1900’s when Wadell (1932), Riley (1941), Pentland (1927) and some other authors developed 
their own techniques to define the form and roundness of particles. Into the engineering field 
several research works conclude that particle shape influence technical properties of soil material 
and unbound aggregates (Santamarina and Cho, 2004; Mora and Kwan, 2000). Among 
documented properties affected by the particle shape are e.g. void ratio (porosity), internal 
friction angle, and hydraulic conductivity (permeability) (Rousé et al., 2008; Shinohara et al.,
2000; Witt and Brauns, 1983). In geotechnical guidelines particle shape is incorporated in e.g. 
soil classification (Eurocode 7) and in national guidelines e.g. for evaluation of friction angle 
(Skredkommisionen, 1995). This classification is based on ocular inspection and quantitative 
judgment made by the individual practicing engineer, thus, it can result in not repeatable data.  
The lack of possibility to objectively describe the shape hinders the development of incorporating 
the effect of particle shape in geotechnical analysis. 

The interest of particle shape was raised earlier in the field of geology compared to 
geotechnical engineering. Particle shape is considered to be the result of different agent’s 
transport of the rock from its original place to deposits, since the final pebble form is hardly 
influenced by these agents (rigor of the transport, exfoliation by temperature changes, moisture 
changes, etc.) in the diverse stages of their history. Furthermore, there are considerations 
regarding on the particle genesis itself (rock structure, mineralogy, hardness, etc.) (Wentworth 
1922a). The combination of transport and mineralogy factors complicates any attempt to correlate 
length of transport and roundness due that soft rock result in rounded edges more rapidly than 
hard rock if both are transported equal distances. According to Barton & Kjaernsli (1981), rockfill 
materials could be classified based on origin into the following (1) quarried rock; (2) talus; (3) 
moraine; (4) glaci-fluvial deposits; and (5) fluvial deposits. Each of these sources produces a 
characteristic roundness and surface texture. Pellegrino (1965) conclude that origin of the rock 
have strong influence determining the shape. 

To define the particle form (morphology), in order to classify and compare grains, many 
measures has been taken in consideration (axis lengths, perimeter, surface area, volume, etc.). 
Furthermore, corners also could be angular or rounded (roundness), thus, the authors also focus 
on develop techniques to describe them. Additionally corners can be rough or smooth (surface 
texture). Nowadays some authors (Mitchell & Soga, 2005; Arasan et al., 2010) are using these 
three sub-quantities, one and each describing the shape but a different scale (form, roundness, 
surface texture). 

During the historical development of shape descriptors the terminology  has been used 
differently among the published studies; terms as roundness (because the roundness could be 
apply in the different scales) or sphericity (how the particle approach to the shape of a sphere) 
were strong (Wadell, 1933; Wenworth, 1933; Teller, 1976; Barrett 1980; Hawkins, 1993), and it 
was necessary in order to define a common language on the particle shape field; unfortunately 
still today there is not agreement on the use of this terminology and sometimes it make difficult to 
understand the meaning of the authors, that’s why it is better to comprehend the author technique 
in order to misinterpret any word implication.  

Several attempts to introduce methodology to measure the particle’s shape had been 
developed over the years. Manual measurement of the particles form is overwhelming, thus, 
visual charts were developed early to diminish the measuring time (Krumbein, 1941, Krumbein 
and Sloss, 1963; Ashenbrenner, 1956; Pye and Pye, 1943). Sieving was introduced to determine 
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the flakiness/elongation index but it is confined only for a certain particle size due the practical 
considerations (Persson, 1988). More recently image analysis on computer base has been applied 
on sieving research (Andersson, 2010, Mora and Kwan, 2000, Persson, 1998) bringing to the 
industry new practical methods to determine the particle size with good results (Andersson, 
2010). Particle shape with computer assisted methods are of great help reducing dramatically the 
measuring time (Fernlund, 2005; Kuo and Freeman 1998a; Kuo, et al., 1998b; Bowman, et al.,
2001). 

In the civil industry e.g. Hot Asphalt mixtures (Kuo and Freeman, 1998a; Pan, et al., 2006), 
Concrete (Mora et al., 1998; Quiroga and Fowle, 2003) and Ballast (Tutumluer et al., 2006) 
particle’s shape is of interest due the material’s performance, thus, standards had been developed 
(e.g. EN 933-4:2000 Tests for geometrical properties of aggregates; ASTM D 2488-90 (1996) 
Standard practice for description and identification of soils).  

Sieving is probably the most used method to determine the particle size distribution. This 
traditional method, according to Andersson (2010) is time consuming and expensive. 
Investigations shows that the traditional sieving has deviations when particle shape is involve; the 
average volume of the particles retained on any sieve varies considerably with the shape (Lees, 
1964b), thus, the passing of the particles depend upon the shape of the particles (Fernlund, 1998). 
In some industries the Image analysis is taking advantage over the traditional sieving technique 
regardless of the intrinsic error on image analysis due the overlapping or partial hiding of the rock 
particles (Andersson, 2010). In this case the weight factor is substitute by pixels (Fernlund et al.,
2007). Sieving curve using image analysis is not standardized but after good results in the 
practice (Andersson, 2010) new methodology and soil descriptions could raise including its 
effects.

Describing the particle’s shape is the main objective, there are 42 different quantities in this 
document, and it is required to review the information about them to comprehend and interpret 
the implication of each quantity to determine them usability and practice. 

DESCRIPTION OF SHAPE PROPERTIES 
Particle shape description can be classified as qualitative or quantitative. Qualitative describe 

in terms of words the shape of the particle (e.g. elongated, spherical, flaky, etc.); and quantitative 
that relates the measured dimensions; in the engineering field the quantitative description of the 
particle is more important due the reproducibility. 

Quantitative geometrical measures on particles may be used as basis for qualitative 
classification. There are few qualitative measures in contrast with several quantitative measures 
to describe the particle form. Despite the amount of qualitative descriptions none of them had 
been widely accepted; but there are some standards (e.g., ASTM D5821, EN 933-3 and BS 812) 
specifying mathematical definitions for industrial purposes.  

Shape description of particles is also divided into two:  
-3D (3 dimensions): it could be obtained from a 3D scan or in a two orthogonal images and  
-2D (2 dimensions) or particle projection, where the particle outline is drawn. 

3D and 2D image analysis present challenges itself. 3D analysis requires a sophisticated 
equipment to scan the particle surface and create the 3D model or the use of orthogonal images 
and combine them to represent the 3 dimensions. The orthogonal method could present new 
challenges as the minimum particle size or the placing in orthogonal way of the particles 
(Fernlund, 2005). 2D image analysis is easy to perform due the non-sophisticated equipment 
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and disadvantages. 3-dimensions is probably the technique that provide more information about 
the particle shape but the precision also lies in the resolution; the equipment required to perform 
such capture could be more or less sophisticated (scanning particles laying down in one position 
and later move to complete the scanning or just falling down particles to scan it in one step). 3-
dimensions orthogonal, this technique use less sophisticated equipment (compare with the 
previous technique) but its use is limited to particles over 1cm, also, information between the 
orthogonal pictures is not capture. 2-dimensions require non sophisticated equipment but at the 
same time the shape information diminish compare with the previous due the fact that it is 
possible to determine only the outline; as the particle measurements are performed in 2-
dimensions it is presumed that they will lie with its shortest axis perpendicular to the laying 
surface when they are flat, but when the particle tends to have more or less similar axis the laying 
could be random.  

Advantages on the use of image analysis are clear; there is not subjectivity because it is 
possible to obtain same result over the same images. Electronic files do not loose resolution and it 
is important when collaboration among distant work places is done, files can be send with the 
entire confidence and knowing that file properties has not been changed. Technology evolutions 
allowed to work with more information and it also applies to the image processing area were the 
time consumed has been shortened (more images processed in less time).  

One important aspect in image analysis is the used resolution in the analysis due the fact that 
there are measurements dependent and independent on resolution. Thus, those dependent 
measurements should be avoided due the error included when they are applied, or avoid low 
resolution to increase the reliability.  Among these parameters length is the principal parameter 
that is influences by resolution (e.g. perimeter, diameter, axis, etc.). Resolution also has another 
aspect with two faces, quality versus capacity, more resolution (quality) means more storage 
space, a minimum resolution to obtain reasonable and reliable data must be known but it depend 
on each particular application. 

APPLICATIONS
Quantify changes in particles, in the author’s thought, is one of the future applications due the 

non-invasive methods of taking photographs in the surface of the dam’s slope, rail road ballast or 
roads.  Sampling of the material and comparing with previous results could show volume (3D 
analysis) or area (2D analysis) loss of the particles as well as the form, roundness and roughness. 
This is important when it has been suggested that a soil or rock embankment decrees their 
stability properties (e.g. internal friction angle) with the loss of sphericity, roundness or 
roughness.

Seepage, stock piling, groundwater, etc., should try to include the particle shape while 
modelling; seepage requires grading material to not allow particles move due the water pressure 
but in angular materials, as it is known, the void ratio is great than the rounded soil, it means the 
space and the possibilities for the small particles to move are greater; stock piling could be 
modelled incorporating the particle shape to determine the bin’s capacity when particle shape 
changes (void ratio changes when particle shape changes)  Modelling requires all information 
available and the understanding of the principles that apply.   

Industry is actually using the particle shape to understand the soil behaviour and transform 
processes into practical and economic, image analysis has been included in the quality control to 
determine particle shape and size because the advantages it brings, e.g. the acquisition of the 
sieving curve for pellets using digital images taken from conveyor, this allows to have the 
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information in a short period of time with a similar result, at least enough from the practical point 
of view, as the traditional sieving. 

CONCLUSIONS
• A common language needs to be built up to standardize the meaning on geotechnical field

that involve the particle shape.  

• Based on this review it is not clear which one is the best descriptor.

• Image analysis tool is objective, make the results repeatable, obtain fast results and work
with more amount of information. 

• Resolution needs to be taken in consideration when image analysis is been carried out
because the effects could be considerable. Resolution must be set according to the necessities. 
Parameters as perimeter can be affected by resolution. 

• There are examples where particle shape has been incorporated in industries related to
geotechnical engineering, e.g. in the ballast and asphalt industry for quality control. 

FURTHER WORK 
Three main issues have been identified in this review that will be further investigated; the 

limits of shape descriptors (quantities) influence of grading and choice of descriptor for relation 
to geotechnical properties. 

Shape descriptors have low and high limits, frequently the limits are not the same and the 
ability to describe the particle’s shape is relative. The sensitivity of each descriptor should be 
compare to apply the most suitable descriptor in each situation. 

Sieving curve determine the particle size in a granular soil, particle shape could differ in each 
sieve size. There is the necessity to describe the particle shape on each sieve portion (due to 
practical issues) and included in the sieve curve. Obtain an average shape in determined sieve size 
is complicated (due to the possible presence of several shapes) and to obtain the particle shape on 
the overall particle’s size is challenging, how the particle shape should be included? 

Since several descriptors have been used to determine the shape of the particles but how is 
the shape related with the soil properties?  It is convenient to determine the descriptor’s 
correlation with the soil properties. 
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ABSTRACT 
Particle shape of soil aggregates is known to influence several engineering properties; such as the 
internal friction angle, the permeability etc. Previously shape classification of aggregates has 
mainly been performed by ocular inspection and e.g. by sequential sieving. In geotechnical 
analysis has been a lack of an objective and rational methodology to classify shape properties by 
quantitative measures. 
Recent development in image analysis processing has opened up for classification of particles by 
shape. In this study 2D-image analysis has been adapted to classify particle shape for coarse 
grained materials. This study covers a review of soil classification methods for particle shape and 
geometrical shape descriptors. The image analysis methodology is tested and it is investigated 
how the results are affected by resolution, magnification level and type of shape describing 
quantity. Evaluation is carried out on as well idealized geometries as on soil samples. The 
interpreted results show that image analysis is a promising methodology for particle shape 
classification. But since the results are affected by the image acquisition procedure, the image 
processing, and the choice of quantity, there is a need to establish a methodology to ensure the 
objectivity in the particle shape classification. 

Keywords: Image Analysis, Laboratory test, Soil classification, Granular materials, 
Geomorphology. 

1 INTRODUCTION 

1.1 Background 
Particle shape is known to influence technical 
properties of soil material and unbound 
aggregates (Santamarina and Cho, 2004; 
Mora and Kwan, 2000). Among documented 
properties affected by the particle shape are 
e.g. void ratio (porosity), internal friction
angle, and hydraulic conductivity
(permeability) (Rouse et. al., 2008; Shinohara
et. al., 2000; Witt and Brauns, 1983). In
geotechnical guidelines particle shape is
incorporated in e.g. soil classification
(Eurocode 7) and in national guidelines e.g.
for evaluation of friction angle
(Skredkommisionen, 1995). This
classification is based on ocular inspection

and quantitative judgement made by the 
individual practicing engineer. There is today 
no general accepted system to apply ocular 
classification but there are several systems 
suggested (Powers, 1953; Krumbein, 1941). 
These systems are not coherent in definitions. 
The lack of possibility to objectively describe 
the shape hinders the development of 
incorporating the effect of particle shape in 
geotechnical analysis. 

In the ballast industry there are established 
standardised classification systems 
incorporating particle shapes (e.g. EN 933-4, 
2008 and ASTM D 4791, 2005). These 
systems have been developed basically for 
quality control and for industry requirements; 
e.g. railway ballast and concrete
manufacturing and are focusing on simple
geometries. Besides these examples there are
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a number of potential areas of application of 
shape classification of soil materials.  

Recent progress has resulted in that image 
acquisition and image analysis has been 
proven to be useful tools for two-dimensional 
analysis of simple geometries (Persson, 
1998). The geometry of soil particles is 
however complex and there is a need of 
development to validate appropriate 
geometrical definitions and algorithms as 
descriptors for useful particle shape 
classification in practise. In Johansson & Vall 
(2011) a pre-study was performed in order to 
identify and compile information concerning 
particle shape of coarse grained soils; the 
impact on geotechnical properties, existing 
quantities and definitions, and determination 
by usage of image analysis. This paper 
incorporates the results from the mentioned 
pre-study. 

1.2 Scope of study 
The scope of this study is to explore the 
possibilities and limitations concerning 
applying image analysis for soil particle 
shape classification.  

The goals of the study are: 
1) To describe a methodology for soil particle
shape determination by image acquisition and
analysis.
2) To enlighten results from comparisons of
different geometrical definitions, including
usability and sensitivity.

The study consists partly of a literature 
review of as well particle shape 
determination as of existing definitions. 
Moreover, the image analysis methodology is 
tested and discussed. 

2 PARTICLE SHAPE 

2.1 Terms and quantities 
In this study the word shape is used to 
describe a grain’s overall geometry. 
Furthermore, in order to describe the particle 
shape in more detail, there are a number of 
terms, quantities and definitions used in the 
literature. Some authors (Mitchell & Soga, 
2005; Arasan et al., 2010) are using three 
sub-quantities; one and each describing the 

shape but at different scales. The terms are 
morphology/form, roundness and surface 
texture. In fig. 2-1 is shown how the scale 
terms are defined. 

Figure 2-1 Shape describing sub quantities 
(Mitchell & Soga, 2005) 

At large scale a particle’s diameters in 
different directions are considered. At this 
scale, describing terms as spherical, platy, 
elongated etc., are used. An often seen 
quantity for shape description at large scale is 
sphericity (antonym: elongation). 
Graphically the considered type of shape is 
marked with the dashed line in Figure 2-1. 

At intermediate scale is focused on 
description of the presence of irregularities. 
Depending on at what scale an analysis is 
done; corners and edges of different sizes are 
identified. By doing analysis inside circles 
defined along the particle’s boundary, 
deviations are found and valuated. The 
mentioned circles are shown in Figure 2-1. A 
generally accepted quantity for this scale is 
roundness (antonym: angularity). 

Regarding the smallest scale, terms like 
rough or smooth are used. The descriptor is 
considering the same kind of analysis as the 
one described above, but is applied within 
smaller circles, i.e. at a smaller scale. Surface 
texture is often used to name the actual 
quantity. 

2.2 Geometrical definitions 
For description of the scale dependent 
quantities, there are found a large number of 
terms and definitions. As what is stated in 
Johansson & Vall (2011) expressions and 
terms are used arbitrary.  

There are a number of different definitions 
within the large and intermediate scale 
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groups. There are also some definitions not 
fitting in to only one of these, but are 
influenced by as well the general form as by 
the angularity.  

Regarding mathematical definitions for 
description of the surface texture, the authors 
views differ; some say that surface texture is 
to be determined by analogy with the 
intermediate scale shape, but with the scale 
decreased (e.g. Mitchell & Soga, 2005). In 

Santamarina & Cho (2004) it is meant that 
the lack of a characteristic scale of which 
surface texture is to be analyzed makes it 
difficult to do direct measurements. These 
authors are suggesting an approach to study 
interparticle contact area to describe 
roughness. 

In Table 2-1 some definitions of shape 
describing quantities are presented.  

Table 2-1 Some shape describing quantities are listed. As well definitions and figures as references are 
included. The quantities are used by the authors listed as references. 

EQ. QUANTITY DEF. FIGURES REF. 

1  Wadell, 1935 

2 Degree of 
circularity 

Wadell, 1935 

3 Roundness Tickell, 1938 

4 Angularity  Pentland, 1927 

5 Roundness/ 
Circularity 

Riley, 1941/ 
ImageJ 

6 Inscribed circle 
sphericity 

Riley, 1941 

c
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7 Circularity 
Blott & Pye 
2008 

8 Roughness Janoo, 1998 

9 Roughness  Kuo, et. al. 
1998 

10 Roundness 

Wadell, 1932; 
Krumbein & 
Sloss, 1963; 
Mitchell & 
Soga, 2005 

11 Sphericity 

Krumbein, 
1941,  
Stückrath et al., 
2006  

12 Aspect Ratio  
 

ImageJ 
and  
Image Analysis 
Pro

Ap Area of the particle outline 

Da Diameter of a circle with an area equal to that 
of the particle outline 

Dc Diameter of smallest circumscribed circle 
Pp Perimeter of particle outline 

Pa Perimeter of a circle of the same area as 
particle outline  

Ac Area of the smallest circumscribing circle 
Ac2 Area of a circle with a diameter equal to the 

longest distance between two points on the 
particle outline 

Dinsc. Diameter of the largest inscribed circle 
Pconv. Perimeter, convex 
Davg Diameter, average 

This definition is almost the same as no. 3.
There will be a difference if the particle is very 
bent, e.g. L-shaped. 
The average diameter may be calculated by
usage of     software.
The dimensions a, b and c (length, width and

perpendicular to 
AR defined as in the some image analysis
software.
Used software.

p

2
p

A
P

AVGD
P

*
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2.3 Methods for particle shape 
determination 

There are several methods used to determine 
the particle shape. Techniques have been 
developed from handmade measuring by 
direct scaling, convexity gauge’s, or tools 
developed for the specific task (Szadeczky-
Kardoss 1933). Here, the use of classification 
chart and sieve analysis is further reviewed. 

Classification chart  
By usage of comparison charts, measuring 
may be avoided. Some comparison charts are 
those used by Powers (1953), Krumbein 
(1941) or Krumbein and Sloss (1963). The 
latter one is represented in Figure 2-2.  

Figure 2-2  Example of a comparison chart 
(Santamarina and Cho, 2004) 

In the chart above, roundness is defined as in 
eq. 10 in Table 2-1. The definition of 
sphericity is vaguer. According to Krumbein 
& Sloss (1963), the sphericity is “related to 
the proportion between length and breadth of 
the image”. In Santamarina & Cho (2004) is 
said that “sphericity is quantified as the 
diameter ratio between the largest inscribed 
and the smallest circumscribing sphere”. Eq. 
6 in Table 2-1 is a two-dimensional version 
of the latter definition. In Cho et al., (2006) 
the classification of sphericity was done by 
comparison of images of the analysed soil 
particles, and images in the chart in Figure 2-
2. This subjective procedure makes it
irrelevant how the quantities are
mathematically defined. Folk (1955)
concludes that when charts are used for

classification, the risk of getting errors is 
negligible for sphericity but large for 
roundness. 

Sieve analysis 
Bar sieving, e.g. according to EN 933-
3:1997, can be used to determine simple 
large scale properties. By combining mesh 
geometries the obtained results can be used 
to quantify flakiness and elongation index. 
The method is not suitable for fine materials. 
This due to the difficulty to get the fine 
grains passed through the sieve, and the great 
amount of particles in relation to the area of 
the sieve (Persson, 1998). 

Image analysis 
The development of image acquisition 
techniques and image processing facilitates a 
systematic approach to use mathematical 
descriptors for classification of particle shape 
(Santamarina & Cho 2004). By using 
algorithms subjectivity related to e.g. ocular 
classification by charts, is avoided (Persson, 
1998). 

2.4 Standards and guidelines 
As already mentioned, there are present 
standards and guidelines related to particle 
shape classification, especially within in the 
ballast industry focusing on paving- concrete 
and railway applications. These standards are 
valid for coarse materials. The ASTM D 
3398 (ASTM 2006) are regarding shape and 
texture characteristics that may affect the 
asphalt concrete mixtures performance. 

Standards based on sieve analysis, e.g. 
ASTM D 4791 (ASTM 2005) and EN 933-
3:1997 (CEN 1997), are both regarding 
width/length ratio; e.g. by flakiness index. 
EN 933-4:2000 (CEN 2000) is used to 
measure individual particles by slide calliper 
to determine the shape index. 

3 EVALUATION OF SHAPE 
DESCRIBING QUANTATIES 

To evaluate different shape describing 
quantities and definitions both usability and 
sensitivity are relevant.  
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3.1 Usability 
Regarding usability the connection between 
definitions and geotechnical parameters 
would be the most relevant factor. This is not 
touched in the present study. A more 
simplified way of looking upon the usability 
of different definitions is to compare images 
of grains. The comparison, which is fully 
described in Johansson & Vall (2011), 
involves particles which seem to have 
different shapes; i.e. some grains looking 
elongated, some others that do not. Some 
particles looking angular and some that are 
looking smooth/rounded. Furthermore, the 
grains are analysed with the software ImageJ 
(further described in section 4.4). The 
analysed quantities are AR (defined as eq. 12 
in Table 2-1), Circularity (defined as eq. 5 in 
Table 2-1), and Solidity (defined as eq. 8 in 
Table 2-1, but with areas instead of 
perimeters).  

3.2 Sensitivity 
In this study has been carried out a sensitivity 
analysis regarding image resolution and 
geometrical definitions. Five idealized well 
defined geometries have been used to study 
the effect of resolution. The known 
geometrical properties, i.e. area, perimeter, 
etc., are compared with the analysis software 
results. Further on, a test on soil particles has 
been performed.  

The idealized geometries (square, triangle, 
circle, star and cross) are presented in Figure 
3-1.

Figure 3-1 Idealized geometries. 

In order to evaluate the sensitivity different 
image resolutions are studied. Henceforth, 
the resolution is defined as the side, s 
(expressed in pixels) as indicated in Figure 3-
1. The square, the triangle and the circle were
all built using six different resolutions. The
star was built by one central square and four
triangles put on each of the four sides of the
square. The cross is formed similarly as the
star but with four squares surrounding the
central one. In Table 3-1 the layout of
investigated resolutions as well the areas of
the analyzed geometries are shown. The
resolutions are grouped in orders, 1-6
depending on the resolution, s.

Table 3-1 Area, A and side, s of the geometries are listed for each of the resolutions (1st, 2nd, etc.). 

Figure 
Order 

1st 2nd 3rd 4th 5th 6th 

Square A [pixels2] 100 400 1600 6400 25600 102400 
S [pixels] 10 20 40 80 160 320 

Circle A [pixels2] 78 314 1256 5026 20106 80424 
S [pixels] 10 20 40 80 160 320 

Rectangle A [pixels2] 50 200 800 3200 12800 51200 
S [pixels] 10 20 40 80 160 320 

Star A [pixels2] 80 405 1805 7605 31205 126405 
S [pixels] 5 10 20 40 80 160 

Cross A [pixels2] 75 300 1200 4800 19200 76800 
S [pixels] 4 9 19 39 79 159 
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The Image-Pro Plus software from Media 
Cybernetics was used to carry out the 
measurements. Basically there were taken 
seven measures; diameter of inscribed circle, 
diameter of circumscribing circle, area, 
particle diameter, perimeter, and convex 
perimeter. All the measures can be seen in 
Table 2-1. Regarding the diameter, two 
different techniques were used. The first used 
was the “maximum feret box”. In this case 
the diameter is defined as a straight line (the 
longest that can possibly be drawn) measured 
between two parallel tangents of the 
particle’s boundary. The second used was the 
diameter trough the centroid of the particle. 
By usage of the latter definition the average 
diameter can be determined. The convex 
perimeter can be defined as the length of a 
string stretched around the tips of all possible 
Feret diameters; i.e. a fictitious elastic band 
stretched around the particle, see eq. 8 in 
Table 2-1. 

Based on the measures by the software 
seven shape quantities of large or 
intermediate scale and two quantities of 
roughness was evaluated. The definitions are 
presented in Table 2-1 and numbered 1-9.  

For each of the definitions the analyzed 
measures are compared to the true values. 
The comparison is carried out by calculating 
a deviation, defined as: 

IGT
IGTDeviation SGT - (13) 

where IGT is the Ideal Geometrical Term 
(pixels) and SGT is the Software Geometrical 
Term (pixels).  

Besides the analysis on the idealized 
geometries, soil particles were used. As an 
extension on the sensitivity analysis 
presented in Johansson & Vall (2011), three 
microscope camera pictures of the same soil 
particle, taken using three different objectives 
with different magnification rates, were 
analyzed. The procedure regarding as well 
acquisition as analysis of the pictures is 
described in section 4. 

4 STUDY OF IMAGE ANALASYS 
APPLIED ON SOIL PARTICLES 

The laboratory work, consisted of image 
acquisition has been carried out by usage of 
as well a microscope camera as a 
conventional digital SLR. 

4.1 Equipment 
The used microscope is named Motic B1; it is 
equipped with lightening sources from above 
and below. There are three lenses with 
magnification rates of 4x, 10x, and 40x. The 
camera mounted on top of the microscope is 
named Infinity 2 and has a 2 megapixel 
resolution. The SLR is a Nikon D80 equipped 
with a macro lens with a focal length of 55 
mm. The equipment used for image
acquisition was arranged as shown in Figure
4-1.

Figure 4-1 To the left is shown the 
microscope with the top mounted camera 
connected to the computer on which the soil 
particles are previewed. To the right is shown the 
SLR.   

4.2 Sample preparation 
Samples of dried soil were used. Pictures 
were captured on mixed soil particles, as well 
as on sorted i.e. sieved material. The sieving 
work was carried out with a conventional 
stack of sieves placed on a vibrating plate , 
and ended up with soil samples of the 
fractions 0-0.063 mm, 0.063-0.125 mm, 
0.125-0.25 mm, 0.25-0.5 mm, 0.5-1.0 mm 
and 1.0-2.0 mm. 

4.3 Image acquisition 
Before the shooting and the analysis work 
was initiated, some preparations were done. 
Different directions of lightening were tested, 
pictures of different particle size were taken, 
and the software Infinity Capture 5.0.4, for 
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controlling the microscope camera, was 
tested. The variables contrast, brightness, 
white balance, gamma and gain were varied, 
whereupon pictures of different type, i.e. 
with different features, were taken. 
Moreover, different microscope lenses were 
used; tests with varying rates of 
magnification and different particle sizes 
were carried out. The acquisition of pictures 
taken with different settings was done in 
order to make further comparison and 
optimization possible.  

4.4 Image analysis 
In general, there are a number of different 
techniques for assimilating information from 
a taken picture (Mora et al., 2000). In 
Persson (1998) is described one procedure 
mainly made up by six steps: capturing, 
normalization of the grayscale, segmentation, 
filtering and filling, grain separation, and 
definitions of outlines. 

5 RESULTS AND ANALYSIS 

5.1 Geometrical quantities 
Usability 
Here is shown results from the simplified 
usability analysis. The selection of particles 
is done according to the scale based 
definitions explained in section 2.1. The used 
quantities are circularity, aspect ratio (AR), 
and solidity and the calculations are done 
using eq. 5, 12, and 8 (but with area instead 
of perimeter), found in Table 2-1. 
In Figure 5-1 are seen three particles which 
are judged to be spherical and three more 
elongated, respectively.  

Figure 5-1 The three grains to the left are 
judged to be relatively spherical, and the grains 
to the right to be more elongated. 

In Table 5-1 result values coming from the 
image analysis are presented. 

Table 5-1 Image analysis results regarding 
the particles in Figure 5-1. 
ID Circularity AR Solidity 
1 0.764 1.202 0.943 
2 0.809 1.118 0.958 
3 0.822 1.159 0.960 
4 0.604 1.919 0.913 
5 0.590 1.999 0.894 
6 0.563 2.403 0.906 

To the left in Figure 5-2 are seen particles 
which are judged to be elongated and 
rounded. To the right are seen two particles 
judged to be more spherical but angular. 

Figure 5-2 The two grains to the left is judged 
to be relatively elongated and rounded, and the 
grains to the right to be more spherical and 
angular. 

In Table 5-2 result values coming from the 
image analysis are presented. 

Table 5-2 Image analysis results regarding 
the particles in Figure 5-2. 
ID Circularity AR 
7 0.593 2.640 
8 0.578 2.562 
9 0.660 1.079 
10 0.589 1.419 

It is concluded that AR-values can be used 
apart from other values and still give 
information about the shape of the grain. On 
the contrary, values of circularity have to be 
combined with values of other parameters, in 
order to be used as an indicator on a 
particle’s angularity or large scale shape, 
respectively. 

Sensitivity 
In Figure 5-3 deviations calculated by usage 
of eq. 13 are presented. The deviations 
selected to be graphically presented origins 
from analysis of the triangle and rectangle-
geometries. The patterns of the curves from 
other investigated geometries are similar to 
the presented.  
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Figure 5-3  Deviations from ideal behaviour of 
the different quantities, plotted versus resolution 
of the triangle geometry.  

The overall trend is that a higher resolution 
results in a lower deviation. Moreover, there 
are other variables as well. For instance, at a 
resolution of s = 10, eq. 1 applied to the 
geometries circle, square and cross, results in 
deviations lower than 5 %. The same 
definition applied on the star and the triangle 
results in higher deviation values. When the 
resolution is increased from the 1st to the 2nd

order, usage of eq. 1, 2, and 6, results in 
deviations lower than 10 % for all of the 
geometries. For the rest of the equations the 
resolution needs to be increased even more 
(to the 3rd order) in order to get deviations 
lower than 10 % obtained. This shows that 
eq. 1, 2, and 6 are less sensitive than the 
others.  

In Figure 5-4 and Figure 5-5 is seen to 
what extent the quantities defined by eq. 8 
and 9 in Table 2-1 (by the reference authors 
called roughness), are affected by the 
resolution. Regarding eq. 9 both the ferret 
diameter and the centroid crossing one are 
used.  

Figure 5-4 The quantity roughness’ 
dependence on resolution of cross geometry. 

Figure 5-5 The quantity roughness’ 
dependence on resolution of star geometry. 

The use of the centroid diameter is more 
unstable than the feret measurement.  

Deviation is found to be influenced by as 
well resolution as the combination of 
definition and analysed geometry. 

On soil material, one single soil particle, 
seen in Figure 5-6, was analysed in three 
different images. Since the images were 
taken at different magnification levels, the 
effect of the magnification on the geometrical 
quantities was valuated.  

Figure 5-6 Soil particle for investigation of 
effect of magnification on geometrical quantities. 

In Figure 5-7 the result from the sensitivity 
analysis are presented. On the x-axis are 
presented the three magnification rates. On 
the y-axis are seen the calculated values of 
the quantities.  

 Figure 5-7 Calculated values plotted for the 
three different magnification rates. 

The results show that there is an effect on the 
result for the different geometrical quantities 
depending on the zoom-level on the particle 
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and that some quantities are more sensitive 
than others. The graphs based on eq. 2, 5 and 
7 are showing values of the shape quantities, 
varying by changed resolution. All of these 
three quantities are dependent of the 
perimeter of the particle. 

6 DISCUSSION 

6.1 General 
The use of image analysis on particle shape 
classification is promising but need further 
development. Besides the pros and cons 
regarding the actual performance of image 
analysis, the subject itself is fraught with 
uncertainties. The misusing of quantities and 
definitions, in detail discussed in Johansson 
& Vall (2011), is definitely faced even during 
performance of this present study. The 
scattered way on which terms are used needs 
to be homogenized. Further research should 
aim on standardization of as well analysis 
procedures as terminology in order to ensure 
an objective particle shape classification. 

6.2 The methodology 
It is found that images of particles with 
diameters of 0.125-1.0 mm, taken with the 
microscope camera, were successfully 
analyzed. Regarding usage of the SLR, a 
diameter of 2.0 mm, were found to be a 
lower limit. The gap identified between the 
fraction for which good quality results were 
retrieved by usage of the microscope camera, 
and by usage of the SLR should not be too 
problematic to eliminate. It can probably be 
done by usage of other microscope lenses. 

Even though valuable advantages as 
reduced influence of subjectivity and 
possibility of rational efficiency in analysis 
are achieved, there are disadvantages not to 
neglect; e.g. problems related to aggregating 
particles, and not satisfying focus range in 
the image. This makes it important to get the 
soil dried before performance of the image 
analysis. Focus and angle of image 
acquisition is important for the analysis 
result. Focus affects the interpretation of the 
boundaries by analysis program and the 

photo angle affects the analyzed projection of 
the particle. 

Regarding the analysis part it is stated that 
none of the tested applications for image 
analysis (neither ImageJ nor Image Analysis 
Pro) permits determination of the 
intermediate scale quantity roundness as 
defined in eq. 10 in Table 2-1. This means 
that values for application of existing soil 
parameter relations that include the 
roundness cannot be done without 
developing the tools.  

In order to get representative results, the 
image acquisition should be carried out 
aiming at getting as many particles as 
possible imaged simultaneously. It can be 
stated that there is needed some balancing 
work to get the procedure fast and efficient, 
but still get results of sufficient quality. 

6.3 Expressions and definitions 
It is to be emphasized that the scale approach 
regarding quantities used for description of 
shape is not a general one, and that all names 
of quantities and all definitions are just 
suggestions from different authors. Still, the 
breakdown based on the scales is found to be 
quite practical and useful.  

Usability 
It is important to reflect on the meaning of 
specific values of different shape describing 
quantities. According to what is concluded in 
the usability part of section 5.1, it is stated 
that there are quantities that do not give 
unambiguous information if they are used by 
themselves. On the other hand, these 
quantities might be very useful if the 
determined values are combined with values 
of other definitions.  

To investigate the usability of different 
quantities, the possibility of getting them 
determined is also to be considered. In the 
end, usability is a matter of as well the 
definition of the shape describing quantity, as 
the possibility of getting a reliable value. It is 
stated that quantities depending on particle 
area, particle perimeter, and different types of 
diameters, all can be determined and 
valuated. Still, these are not as usable in 
existing relations between particle shape and 
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geotechnical properties, as e.g. roundness 
(defined as in eq. 10 in Table 2-1) is. The 
latter one is, on the contrary, more difficult to 
determine. 

Sensitivity analysis 
Resolution has an important role when image 
analysis is carried out; it is necessary to 
determine the minimum resolution acceptable 
(it may vary depending on the goal of the 
classification) in order to obtain low 
deviations. It is easy to get pictures of good 
quality when the analysed particles are big 
enough; it is more complicated when the 
particle size diminish. In such cases it might 
be necessary to use more sophisticated and 
expensive equipment. In this study five ideal 
geometrical figures were tested; this is of 
course a small spectrum of all possible 
particle shapes. To get a large, rich and 
varying base for all type of studying, it is of 
course important to perform analysis on real 
particles (soil or not). Still, the idealized 
geometries are very suitable for this type of 
theoretical key study.  

The acceptable deviation limit in this 
study was chosen to be <10%. To keep the 
deviation below 10%, the eq. 1, 2 and 6 
should be limited by a minimum area of 405 
square pixels. For the rest the limit is found 
to be 1805 square pixels. These areas 
correspond to soil particles of the 2nd and the 
3rd order of resolution, respectively. If the 
sensitivity results in this study are 
extrapolated, the authors recommend 
performance of a simple resolution test, to 
obtain reasonable deviations. 

The use of the diameter crossing through 
the centroid of the analysed geometry gives 
for the triangle deviations up to 100%. This 
fact makes it reasonable to avoid usage of 
this measurement, and also confirms that 
existing quantities and definitions have to be 
used carefully.  

Regarding the sensitivity analysis carried 
out on actual soil particles – results shown in 
Figure 5-7 – it can be concluded that 
definitions including the particle perimeter 
are the most sensitive ones. The plotted 
results are showing that eq. 2, 5 and 7, which 
all contain the perimeter, are not stable when 

resolution changes. Increased rate of 
magnification, leads to decreased focus along 
the boundary, which in turn results in 
increased length of the outline (higher 
number of pixels) and, furthermore, changed 
affected values.  

6.4 Evaluation of image analysis as a 
method applied on soil particles 

Image analysis is a promising method for 
shape classification on soil particles. It is 
objective and the procedure could in large 
extent be automated. Traditional methods 
such as subsequent sieving procedures by 
combining sieves of different mesh 
geometries and manually scaling are time 
consuming and are limited to describe simple 
geometric descriptors. 

7 CONCLUSIONS 

Although there are a lot of different ways of 
defining shape and describing quantities, the 
breakdown based on the scales is found to be 
quite practical and useful.  

The fact that a soil’s tendency to 
aggregate is increasing with decreased 
particle size and increased water content, 
makes it important to get the soil dried before 
performance of the image analysis. 

To permit performance of further studies 
on the connections between shape and 
geotechnical properties, used tools i.e. the 
image analysis applications, are to be 
developed and optimized. 

To avoid deviations that may influence the 
results from image analysis processing, the 
minimum resolution has to be taken into 
consideration. 

Perimeter is a key factor of changing 
results when the resolution changes.  

8 FURTHER WORK 

Further research should aim on 
standardization of analysis procedures and 
terminology usage. 

The procedure from sample preparation to 
interpretation of the image acquisition needs 
to be further developed focusing to establish 
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a methodology that ensures objective and 
useful results.  

The effect on chosen geometrical 
definitions in the particle shape classification 
needs to be compared to today empirical 
knowledge of influence of particle shape on 
soil properties as a first step to connect the 
image analysis methodology to be 
incorporated into geotechnical analysis. 
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Abstract 

Tailings are crushed and milled materials result of the mining production. Tailings need to be 
stored in facilities, usually tailings dams, for a long time period for mainly safety and 
environmental protection. In order to design tailings dams in a long term perspective not only 
current material properties is needed  but also future changes of these properties due to e.g. 
weathering. On a particle level the weathering will result in shape changes and decomposition. 
By studying the changes in shape a prognosis of changes in properties of a tailings deposit 
may be established. Tailings are site specific material and are not well investigated compared 
to natural geological materials such as soil. Tailings materials size ranges generaly from sand 
to silt and the particle shape by genesis or production processes. Based on laboratory tests 
tailings from the Aitik mine has been investigated through triaxial tests and particle shape 
quantification by two dimensions image analysis. The shape descriptors Aspect Ratio, 
Circularity, Roundness and Solidity are used in this study. These shape descriptors are 
evaluated based on how well these describes talings materials. The evaluated shape 
descriptors are used in previous published empirical relations between shape and friction 
angle. As reference are friction angles evaluated by triaxial tests on the material used. The 
results show that the particle shape is affected by the size of the aggregates. Aggregates in 
small fractions are more elongated and less rounded, i. e. more angular, compared to larger. 
Furthermore, the Aspect Ratio and Circularity seems to be the most situable quantities to 
describe the tailings behaviour in relation with the empirical model. The accuracy in 
predicting the friction angle of the tailings by previously published relations based on 
uniformly graded sand material are low. But the systematic underestimation of the friction 
angle indicates that it would be possible to establish such empirical relations based on tailings 
material. 
 
Keywords: Particle shape, Quantities, Image analysis, Friction angle. 
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1 Introduction 
 

Tailings are crushed and milled by products from ore refining and generally considered to 
be angular aggregates in the size range from silt to fine sand (FHA, 1997). From an 
engineering perspective in general the strength and deformations properties of the tailings are 
regarded as a natural soil material in the same size range and size distribution.  

Garga et. al. (1984) classifies the shape of tailings to be in the range from angular to sub 
angular. The high angularity contributes to high initial friction angles and, as a consequence 
of the deposition methods to high void ratio and loose fills (Holubec and D’Appolonia, 1973; 
Rousé et. al., 2008, among others). It is also likely that physical (e.g. stresses) and chemical 
(e.g. oxidation) weathering in a long time perspective will result in less angular aggregates. 
Yoginder et. al. (1985) show that angular aggregates are more sensitive to shape changes due 
to edge breakage and subsequently generation of fines under increasing confining stress 
compared to natural geological material. Physical properties e.g. the friction angle are shape 
dependent and a reduction in angularity will reduce the friction angle (Cho et. al., 2006). 
Empirical relations have been suggested by authors as Cho et. al. (2006) and Rousé et. al. 
(2008) in studies where the friction angle (from triaxial tests) and particle Roundness 
according to Wadell (1932)-definition are correlated. Uniform graded soil samples, basically 
sand, were used to determine these empirical relations. The tailings investigated in this study 
contain a wider range of particle sizes and especially more fine graded fractions such as silt 
and clay compared to these studies. The selection of comparative empirical relations for 
predicting the friction angle is based on the laboratory test procedure (triaxial tests) and the 
range of friction angle covered by these suggested relations. 

Depending on the mineral composition and the deposition conditions chemical weathering 
may be an important factor to account for in a long time perspective. e.g. sulphide rich 
tailings are highly susceptible to oxidize due to the large surface exposure of the grains. 
Furthermore the presence of oxygen and water (no saturated) provide an adequate 
environment for sulphuric acid production (Al-Rawahy, 2001) that could foment the increase 
of oxidation and also promotes the particles shape change. If tailings dams are considered to 
be designed as “walk-away”-solution or to be safe in a thousand year perspective it is 
important to account for both the change in properties and the consequential global effect on 
the tailings dam.  

There are more than 40 quantities (shape descriptors) compiled in the report by Rodriguez 
et. al. (2012) able to determine the particle shape, but there has been only minor efforts to 
evaluate the suitability among these descriptors in relation with the effect on the soil 
properties. Authors such as e.g. Cheshomi et. al. (2009) and Cho et. al. (2006) had used the 
comparison chart develop by Krumbein and Sloss (1963). According to Folk (1955) there is 
an appreciation error involve in chart comparison as methodology. The lack of possibility to 
objectively describe the shape hinders the development of incorporating the effect of particle 
shape in geotechnical analysis. Computer algorithms had been developed for at least half of 
the quantities and the use of image analysis reduces dramatically the processing time and 
provides reproducibility.  

In this work Aspect Ratio (AR), Roundness (R), Circularity (C) and Solidity (S) were 
chosen quantities to analyze trough image analysis software. 
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2 Scope of study 
 
The scope of the study is to describe tailings by shape and relate the shape as indicative 

measure for physical properties. The aims of the study are to classify tailings by shape using 
2D image analysis technique in a case study on tailings from Aitik. The classified tailings by 
different shape factors are correlated to the friction angle by applying previously published 
empirical relations based on soil material compared with triaxial test results on the tailings 
material in order to investigate if this methodology could be applicable as indicative measure 
of physical properties on tailings. 

 
3  Methodology 

 
In this study has tailings from Boliden’s mine Aitik outside Gällivare in northern Sweden 

been analyzed. The target minerals are mainly copper and gold and the ore is of sulphide 
type. The analysis includes basic geotechnical characterization and particle analysis. The 
geotechnical characterization includes sieving, compact density test and active triaxial tests. 
The analysis of the individual particles has been done by image analysis for shape description 
and x-ray analysis for classification of oxidation potential. The results from the particle shape 
description and laboratory results are compared with previous published empirical results on 
the effect of particle shape on strength properties. 

Undisturbed samples have been collected by coring. Four samples were analyzed from 
Aitik tailing dam. Two of the samples are located in the surrounding area of the corner of the 
tailings dam bodies where GH-EF meets as shown in figure 1. 

I,  Position: 61+900@150m. Samples “a” and “b”. 
II,  Position: 62+643@150m. Samples “c” and “d” 

 

 
Figure 1: Aerial view of part of the Aitik Tailings dam to the right in the picture sampling 

locations (I) and (II).(Photo courtesy of Boliden Mineral AB.) 

3.1 Geotechnical characterization and triaxial tests 
 

The sampled material was characterized by sieving, ocular inspection, determination of 
water quotient, compact density and bulk density. 
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Active triaxial test were performed on three samples in a confining stress-ranges of 90-
150 kPa in undrained conditions (see table 1). One sample was executed in drained 
conditions. The samples used were retrieved by undisturbed coring. After basic 
characterization of the cores the triaxial tests were performed. The used triaxial equipment 
used was GDS Instruments based on Bishop and Wesleys (1975) principle of triaxial 
apparatus. The samples had, been step by step, isotropic confined. During this consolidation a 
backpressure of 100 kPa has been applied. In the case a maximal deviatoric stress (peak) was 
registered during shearing the friction angle was evaluated at both the maximal deviatoric 
stress and at the residual stresses. For those samples where a maximal deviatoric stress was 
not registered the friction angle was evaluated at 15 % compression was used. 

 
Table 1. Triaxial tests used in this study. 

Location Id Sampling 
depth [m] 

Triaxial test Confining 
pressure [kPa] 

I a  13.3 Drained 140 
I b  13.3 Undrained 150 
II c  8.3 Drained 90 
II d  16.8 Drained 170 

 

3.2 Visual inspection and X-ray 
 

Visual inspection was performed using the undisturbed samples under a traditional 
magnification lens. For the X-ray test the PANalytical Empyrean X-ray Diffractometer 
equipped with PIXcel3D detector and X-ray tube Empyrean Cu LFF HR was used.  

3.3 Image analysis 
 

One fraction of each undisturbed cored samples was used to obtain the grains subject to 
image generation. In order to obtain clear images it was needed to sieve each fraction sample 
by wet sieve in five standard sieves mesh (1, 0.5, 0.25, 0.125 and 0.063mm). The particle size 
separation provides better focus in the microscope. The used microscope was Motic B1, with 
two lenses used with magnification rates of 4x and 10x (for particle size of 0.063mm). The 
camera mounted on top of the microscope (Infinity 2) and has a 2 megapixel resolution. It is 
equipped with lightening sources from below (straight light from source to lens) and external 
lightening able to move and locate in any position. The external lightening source was chosen 
(also from the bottom of the sample) due the possibility of change the light directional angle. 
The ability to have a non-unidirectional light source provide good contrast in the particle’s 
outline specially in mica minerals (light passes through easily) that usually are not well 
defined and there is not enough contrast when unidirectional light is applied. A total of 160 to 
300 of particles (approximated) by sample were measured (see Appendix).  

 
 
 

 



Journal of Advanced Science and Engineering Research Vol 3, No 4 December (2013) 373-378 

377 

Table 2. Shape describing quantities and their mathematical definitions 

 
 
 
 

A, area 
AC, area convex 
P, perimeter  
Major, major axis based on fitting ellipse 
Minor, minor axis based on fitting ellipse 

 
Figure 2: Definition of the quantities applied in this study. From left: Circularity (C), 

Roundness (R), and Solidity (S).  
 

Images were analyzed with software ImageJ and four descriptors were determined: Aspect 
Ratio (AR), Roundness (R), Circularity (C) and Solidity (S). The definitions of these 
quantities are presented in table 2 and figure 2. 

3.4 Correlation of shape descriptors by physical properties 
 

A set of four databases were compiled, each database correspond to one triaxial test 
sample. Each database contains values for the four quantities (see Appendix) and the five 
sieving ranges (1, 0.5, 0.25, 0.125 and 0.063mm). Similar statistical analysis was performed 
among the four databases as follow: the minimum and maximum values for each quantity 
along the five sieving sizes per sample were obtained. Average values were obtained from 
each size range per sample and quantity. Median values for each sieve size were also 
obtained per sample.  The quantity values were applied in the empirical relations in table 3, to 
investigate if this methodology could be useful for prediction of indicative physical 
properties. 

 
Table 3. Empirical relations suggested in literature relating the friction angle (ϕ’) and the 

shape quantity (Q). 
 
 
 
 
 

Eq. # Quantity Definition Reference Eq. # Quantity Definition Reference 

1 Circularity 
(C) 

 

Cox (1927)  
 2 Roundness 

(R) 
 

Ferreira And 
Rasband 
(2012) 

3 Solidity 
(S) 

 

Mora And 
Kwan 
(2000) 

4 Aspect Ratio 
(Ar) 

 

Ferreira And 
Rasband 
(2012) 

A, Area 
Ac, Area Convex 
P, Perimeter  
Major, Major Axis Based On Fitting Ellipse 
Minor, Minor Axis Based On Fitting Ellipse 
 

    

EQ. # DEFINITION REFERENCE 

5 
 
 Cho et. al. (2006) 

6 
 
 Rousé (2008) 

Q, quantity value (0 to 1) 

Q1742'

Q4.147.41'

Minor
Major

2P
A4

2Major 
4A

CA
A
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4 Results 

4.1 Geotechnical characterization and triaxial tests 

 
Figure 3. Sieving curves for the Aitik tailing samples (SWECO Geolab, 2007) 

 
The samples are classified as silt, with the exception of a and b that is a sand-silt material 

(see sieving curve fig. 3). The sieving curves a and b are based on other samples than used in 
the triaxial tests but from corresponding depth, 12.2m. The amount of clay, or fines, ranges 
up to 20 % of the samples.  

Ocular inspection on the samples shows the presence of mica, except sample c. In this 
sample some oxidation is recognized consisting of reddish colored zones. The red color is 
presumed to be the result of the iron oxidation coming from pyrite and chalcopyrite that is 
commonly present in the tailings. The X-ray tests also show the presence of mica (biotite and 
muscovite).  

The results from the basic geotechnical characterization and the triaxial tests are compiled 
in table 4. As seen in the table the result of an evaluation of the friction angle by Mohr-
Coloumb failure criterion will generate high difference depending on a cohesion intercept is 
used or if the cohesion intercept is omitted (c=0 kPa). By inspection of the samples the 
material could be considered to have low or moderate cohesion depending on the clay 
content. Thus is the approximation of the failure envelope to be straight, as in the Mohr-
Coloumb failure criterion, not valid for high stress intervals, or at least for the lower ranges of 
effective stress. The initially loose specimens has equally high, or higher friction angle 
compared to the firm. Dilatant behavior during shearing was observed for all the initially firm 
specimens including the undrained specimen and contractant behavior for the loose samples.  

 

4.2 Particle shape measurement results 
 

By visual inspection and Powers (1953) roundness chart of the tailings samples the 
particle shape are subjectively classified to range from sub angular to very angular. The 
smaller fractions appear to be more angular compared to larger fraction. 
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Figure 4 presents the condensed results from the 2D image analysis. The analysis is done 
on samples split by five sieve sizes based on sieving, shape descriptors and its output values. 
 
Table 4. The results from the basic geotechnical characterization and triaxial tests. Sample (-) 

is in this study only used for evaluation of strength properties 
ID a - b C d 
Sample location I I I II II 
Sampling level [m] 13.3 20.0 13.3 8.3 16.8 
Ocular classification saSi clSa clSi siSa siCl 
Initial state Firm Firm Firm Loose Loose 
Condition Drained Drained Undrained Drained Drained 

 [t/m3] 1.96 1.97 1.93 1.76 1.89 
w [%] 31-39 33-36 29-34 49-54 40-50 
Initial conditions [kPa] 

'
3

'
1  

u 

 
140 
250 
110 

 
200 
300 
100 

 
150 
270 
120 

 
90 

200 
110 

 
170 
280 
110 

Compression rate. 
[mm/h] 

1.0 0.9 2.0 0.6 0.6 

Failure criterion Max 
dev.str. 

Max 
dev.str. 

Max 
dev.str. 

15% compr. Max 
dev.str. 

Compr. at failure [%] 10.4 9.6 14.2 15.0 14.4 
'
1  at failure [kPa] 564 826 1170 484 794 
'
3  at failure [kPa] 141 201 253 90 170 

u at failure [kPa] 109 99 17 110 110 
’ (c = 0) 40º 37º 40º 43º 40º 
’ and c  c = 79 kPa, ’ = 29º  c = 39 kPa, ’ = 37º 

 

4.3 Particle shape measurement results 
 

By visual inspection and Powers (1953) roundness chart of the tailings samples the 
particle shape are subjectively classified to range from sub angular to very angular. The 
smaller fractions appear to be more angular compared to larger fraction. 

Figure 4 presents the condensed results from the 2D image analysis. The analysis is done 
on samples split by five sieve sizes based on sieving, shape descriptors and its output values. 

AR and Roundness are inverse each other for individual measurement, if mean value is 
applied this relation is no longer valid. AR-1 was introduced and refers to the AR but in order 
to obtain an AR with range between 0 and 1 the conversion took place. Appendix contains a 
detailed table with the quantity values. 
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Figure 4: Box-plot for analyzed tailings material grouped by size determined by sieving 
 

Median values were omitted in figures due to there is no significant difference to the 
average value (see appendix). 

The complete database (the four tailing samples a, b, c and d) is presented in figure 4. It is 
visible in all quantities that bigger particles are more uniform. In general, for all quantities, 
the uniformity showed in big particles diminishes for smaller particles. It is also evident (in 
quantities ranging from 0 to 1) that the box plot (between 1st and 3th quartile), the average 
value and the minimum values move downwards in the vertical axis while the maximum 
values seem to have no apparent change (close to the upper limit).  

Figure 5 compares the shape descriptor in the individual samples an figure 6 the 
individual samples variation by size for each shape descriptor. AR changes are more evident 
but it could be relative to the values range. In general AR decrease as the particle size 
increase. The rest of the quantities increase as the particles size increases. Sample c is 
possibly the exception due to this sample has no major changes when quantities are applied, 
in this sample oxidation was observed. AR-1 and Roundness have exactly the same behavior, 
it is due to the fact both empirical relations represent the inverse of the Aspect Ratio (Ferreira 
and Rasband, 2012).  

 

 
Figure 5. Mean value of descriptors for the different particle sizes in each tailings sample a-d. 

AR is the abbreviation for Aspect Ratio. 
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Figure 6. Mean value of the quantities in sample a-d and size based on sieving. 

 
X-ray tests show that only sample c contains iron oxide in the form of FexOy. Solidity 

(fig. 6) is able to show the value increase when particle size increases in all samples while for 
the rest of the quantities it is not that defined for sample c. Sample c (oxidation presence as 
FexOy) does not show clear increase or decrees in values when quantities as Roundness, 
Aspect Ratio and Aspect Ratio-1 are applied. Circularity is showing a clear value increase on 
sample d while for the rest of the samples a higher peak value appears in some cases in small 
sizes and in others in medium sizes thus, from Circularity (except sample d) is not clear the 
size-shape increasing or decreasing behavior. Roundness and AR-1 have the same result and 
represents the invers of the AR (see the mirror image comparing AR and AR-1). Samples 
values on Roundness and Aspect Ratio-1 (except sample c) increase as particle size increase 
and for Aspect Ratio the values decrees as particle size increase (except sample c). 

 

 
Figure 7. Percentages of the total particles by size and quantity value for sample d (A, 

Solidity; B, Roundness; C, AR-1 and D, Circularity) 
 
Figure 7 present the relative amount of the analyzed particles (by size) that falls in the 

different ranges for A) Solidity, B) Roundness, C) AR-1 and D) Circularity for sample d. The 
results from samples a and b are similar as d, always appearing low values in the small 
fraction of size. Sample c, where oxidation is present contains more regular shape along the 
size fractions (see Fig. 5). It was decided to not show samples a and b in figure 7 due to the 
similarity with sample d. Also to sample c plotting was avoided because it presents no change 
on percentages along the sieving sizes resulting in a flat behavior.  
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4.4 Comparing friction angle and empirical relations 
 

The results from the 2D-image analysis were applied in the equations 5 and 6 in table 3. 
Since all grains were analyzed the output was a range of numerical values of each shape 
descriptor. In this study was the average, minimum and maximum value of each shape 
descriptor tested in the equation. As reference to the output friction angle was the results from 
the triaxial tests on the samples in table 4.Table 5 and figure 8 shows that the minimum value 
of each shape descriptor presents less difference between the expected empirical friction 
angle (ϕ’empirical) and the laboratory tests output (ϕ’triaxial). Among the quantities Circularity 
has the highest accuracy of predicted friction angle. 
 
Table 5. The difference between the reference friction angle and the estimated friction angle 

(ϕ’triaxial – ϕ’empirical) 
    ϕ’triaxial – ϕ’empirical [°]  

Quantity   5 6 

AR (converted to 0-1) 
average 13.0 8.8 
maximum 14.5 11.1 
minimum 10.7 5.4 

Circularity 
average 12.3 7.8 
maximum 14.3 10.8 
minimum 8.6 2.3 

Solidity 
average 15.2 12.1 
maximum 15.8 13.1 
minimum 13.0 8.9 

Roundness same as AR-1 
average 13.3 9.3 
maximum 15.9 13.2 
minimum 10.9 5.7 

 

 
Figure 8. Friction angle results, lines represent the laboratory test (ϕ’triaxial) and the points are 

the empirical relation output (ϕ’empirical).  
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5 Discussion 

5.1 Particle shape measurement results 
Tailings had been classified as very angular to sub angular material by visual inspection 

based on Powers (1953) comparison chart. The results of this classification collaborates with 
the conclusions of the general shape of tailings, e.g. by Garga et. al. (1984). The drawback 
with classification of shape by comparison chart is that the classification is subjective and 
difficult to quantify. There are other options to determine the angularity. Wadell (1932) is 
probably the most used and systematic method to determine the roundness, here the opposite 
to angularity, because it is focus in the corners configuration but still this methodology 
evolves in chart comparison. If any of the methodologies can be scripted and image analyzed 
roundness results would be more objective. 

Small particles (<0.002mm) tend to be more platy and elongated (Mitchell and Soga, 
2005) and this study shows how the elongated particles (relation 2:1, AR-1 value of 0.5) 
appear and populates the sample as much as 30% (fig. 7C) in the 0.063mm size, Circularity 
shows the increase of percentage to 50% with low circularity value of 0.5 for 0.063mm size 
(fig. 7D). The loom of elongated and irregular particles in sizes bigger than those declared by 
Mitchel and Soga (2005) could be due to that particles involve in this study are not natural 
geological materials but they are crushed and milled rock from the mining industry. The 
results of the ocular classification of the angularity also supports that the smaller particles are 
more irregular than the larger in this study. 

Sample “c” was found to present some oxidation, presumable iron oxidation result of the 
acid leakage. The sample presents no change when quantities are used to determine the shape 
across the different sizes with exception of solidity. Solidity is probably detecting the surface 
changes (acid leakage dissolution) while the rest of the quantities do not, this relates the 
solidity with the third shape scale surface texture. Artificial breakage and fracture formation 
tend to follow the mineral surface along the weakest lines while acid leakage dissolves 
surface constituents. This could explain why Solidity is detecting changes in sample c while 
is not in the rest of the samples. The range that solidity involve (0.86-0.96 : 0.1 in difference) 
are quiet close, and the range suggest that the particles are quiet regular, this could be the 
result of the specific samples used and more samples should be included to determine the 
whole real workability range.  

AR is the inverse of AR-1 and Roundness; the results show that the behavior between AR-

1 and Roundness are exactly the same corroborating the Ferreira and Rasband (2013) 
description of these two quantities. As a result only one of these parameters is needed due to 
the inverse can be calculated easily. The inverse is applicable only for individual particles 
measurement and is not for e.g. the mean value (the mean value of a set of data among AR 
and Roundness will be not inverse each other). The use of these three quantities should 
depend on the nature of the work (if a range from zero to one is needed Roundness or AR-1 
should be preferred). Roundness vs. AR choosing concerns more on the available data to 
calculate the quantity (Roundness and AR have the major axis in common and they also need 
the area and minor axis respectively, which data is available should be used) .  

Circularity as Cox (1927) state relates the area and the perimeter of a particle with the 
area and perimeter that a circle should have (circle have area perimeter relation equal to one). 
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There are two inconvenient detected for circularity. 1) Length is the most influenced 
parameter by resolution (Schäfer, 2002) and perimeter is dependent on length, the error 
increases as the perimeter increases, it can be added that the quantity use the perimeter to the 
power of two increasing exponentially the error. Due to the fact that this parameter is 
influenced by the resolution it should be avoid when possible or use high resolution pictures. 
2) Microscope focus for a 3 dimensional particle presents some challenges (characteristics 
used in the present research) due to the fact that on occasion is not possible to obtain a perfect 
defined outline of the particle having in this kind of pictures an irregular outline (instead of a 
regular straight defined line) that possible generates a longer perimeter as it should be.  
 

5.2 Comparing friction angle empirical relations  
 

In this study has previously published empirical relationships between shape and friction 
angle been evaluated in order to investigate if this methodology is possible to apply on 
tailings. Since the evaluated empirical relationships has been established on mainly uniformly 
graded sand and it is not likely that the actual resulting friction angle would be accurate 
predicted on tailings consisting of both smaller particles and a larger range in grain size 
distribution. The empirical relationships are based on the shape descriptor Roundness that can 
both been defined in different ways and also be evaluated differently. Cho et. al (2006) use 
the Roundness based on the Krumbein and Sloss (1963) modified chart and Rousé et. al 
(2008) uses the Roundness as Wadell (1932) defined based on a compilation of various 
authors. In this study has Roundness been automatically quantified by 2D-image analysis 
applying four different mathematical definitions; Circularity (C), Roundness (R), Solidity 
(S),and Aspect Ratio (AR). Despite the different methodologies applied to quantify or to 
qualitative classify the shape of the particles the trend of the friction angle should be similar 
if the shape descriptors are correct describing the material of interest. 

Based on the general behavior of the empirical relations (eq. 5 and 6) the friction angle is 
likely to be higher in crushed artificial rock than for natural materials since crushed material 
in general are considered to be more angular (Garga et. al., 1984) 

All quantities evaluated describe an underestimation of the reference friction angle from 
the triaxial tests. In all cases equations 5 and 6 presents maximum to minimum (in that order) 
difference in relation with the actual friction angle obtained in laboratory tests, been equation 
6 the most suitable empirical relation to describe the friction angle for the samples. In the 
same way the value or statistical parameter minimum for the four quantities present the lowest 
differences. Underestimation is possible related with the empirical relations (table 3), the 
maximum value obtained from them is 42 degree and only one triaxial result was over this 
value (considering also the quantity value as zero). It can also explain that the minimum shape 
values produce the best agreement with the empirical relations. The limited amount of data 
shrinks the action area of the empirical relations but state an initial relation for further 
research and new data acquisition. All  positive differences in table 5 represent the 
underestimation of the tailings friction angle that if apply in the design of tailings dams from 
the engineering perspective represent the safety of its stability.   
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As point out before the general trend of quantities is to increases in value (from zero to 
one) while the particle increase in size, it is applicable to individual samples (fig. 5) and for 
the overall data samples (fig. 4). In the same way empirical relations (eq. 5 and 7) friction 
angle (ϕ’) increase while the quantities value decreases but, it is unknown if the gradient for 
both are related due to the lack of more triaxial test with lower friction angles. Data is only 
available for high friction angles and it is why the minimum values are relating better the 
empirical relation. Triaxial tests with material covering the range from very angular (quantity 
values close to zero) to rounded (quantity values close to 1) are required. 

The best descriptor determined in this work depends on the final goal, e.g. the use of 
solidity should be limited to the third scale surface texture due to its ability to recognize 
differences in the surface. According to Schäfer (2002) lengths present relative error when 
measuring digital images the use of high resolution could diminish the error but the use of 
square parameters as in equation 1 an 2 could increase it. 

Considering the assumed non-linearity in the Mohr-Coloumb failure envelope, especially 
for low effective stresses, the use of linear empirical relations between particle shape and 
friction angle will be valid only above, or in a specific range, of effective stress. The 
available data in this study is not sufficient to define any stress limits or suggest new 
empirical relations. But the demonstration of the methodology shows that it is possible to 
retrieve indicative material properties based on classification of the shape. 

6 Conclusions 
 
Based on the results in this study following conclusions can be draw: 

It is possible by 2D-image analysis to automatically classify particle shape by different 
shape descriptors. By splitting a sample into different size ranges also multi size samples can 
be analyzed by this technique.  

The investigated tailings are classified as sub angular to very angular. The smaller 
fractions, silt, appear to be more angular than larger fractions, here sand. 

There are empirical relations between shape and friction angle that may be useful to 
predict friction angle based on the shape of tailings. The investigated previous published 
empirical relations between shape and friction angle in this study underestimates the 
reference friction angle obtained by triaxial tests. 
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Abstract 
 

Tailing dams could store hundreds, thousands or millions of cubic meters of 
tailings result of the mining extractive industry. Mechanical behavior of this 
man-made soil should be known in order to maintain a safe storage. Dykes rise up 
to form the dams and they are buildup with the same tailing material especially in 
the upstream method using the coarse part. The study uses oedometer classical test 
to determine the load effect over tailing coarse particles. Tailings are site specific 
and so its characteristics. It is necessary to understand the tailings degradations to 
achieve safe impounds.  The study comprises four samples of one range-size 
tailing particles (e.g. 1-0.5, 0.5-0.25, 0.25-0.125, 0.125-0.063mm) subject to 
vertical load in traditional oedometers. Vertical load effects are measured using 
two dimensional image analysis and sieving. Results show that 0.063mm sample 
is the only one that has change in shape with low breakage (<1%) while the rest of 
the sizes have no shape change but high breakage is present especially in fraction 
0.5mm. Settlements also are more pronounced in coarse fractions 0.5 and 0.25mm. 
 
Keywords: Tailings, Compression, Degradation, Deformation 

 
1  Introduction 
 
Tailings are the waste from ore concentration in the mining industry and they are 
usually deposited in tailings dams. Tailings dams are typically huge constructions 
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and can cover a surface of a couple of square kilometers and be raised to hundred 
meters high [1]. Storage facilities for tailings need to be safe, structurally and 
environmentally, in long time perspective. Tailing are the product of mechanical 
fracturing (crushing and milling) and site specific, as a result they are in general 
considered to be angular in the range from silt to fine sand [2,3]. Garga et al. 
[4]classifies the shape of tailings in the range from angular to sub angular.  
The most economical method to upraise tailing dams is the so called upstream 
method. The upstream method consists in the use of the coarse part of the tailings 
to rise up dykes. The discharge of tailings slurry (spigots or cyclones) develops a 
dike and a beach composed of coarse material (not well graded). Fines and slimes 
are drag by the flowing water away from the dyke and beach (into the pool). The 
beach becomes the foundation for the next dyke [5].  
According to Harding [6] the degree of which particle breakage occurs during load 
and deformation affects the strength and stress-strain behavior of the elements. 
Tailing particles under tenths of meters of material (after a couple of dykes) 
subject to loads and deformations could break and change strength and 
stress-strain behavior. Crushing of the particles under stress (under meters of soil 
e.g. inside the initials tailing dam dykes) depend on factors as particle size 
distribution, particle shape, void ratio, particle hardness (of all its components), 
water presence, state of the effective stress, effective stress path [6] and number of 
contacts per particle [7]. 
Breakage of the tailing particles into dykes could head for new configuration in 
the material, e.g. size distribution [8] or particle shape that would change 
properties as void ratio [9], shear strength [10], permeability (clogging particle 
skeleton), etc. 
The scope of the study is to determine the degradation effects of tailings subject to 
one-dimensional load using classical oedometer test, sieving and, shape changes 
using image analysis software. It is accomplished by comparing results from four 
particle size ranges. Eleven shape descriptors are included. Results show that for 
all specimens except the smallest particle size, particles breakage produces a 
relative high amount of fines with no change of shape. Additionally for the 
smallest particle size sample low breakage and shape change is recognized. By 
comparing natural geological materials with tailings the settlements seems to be 
determined by the initial void ratio higher in coarse materials but also in tailings. 
 
 
2  Methodology 
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In this study samples from the Aitik mine has been used. The Aitik tailing dam is 
located about 100 km North of the Arctic Circle in the boreal parts of Northern 
Sweden (Figure 1) about 15 km from the community of Gällivare. The value 
mineral is chalcopyrite (CuFeS2). Main sulphides are pyrite, chalcopyrite and 
sphalerite. Main gangue minerals are quartz, feldspar, plagioclase and mica [11]. 

Figure 1: Circle shows the location of the Aitik tailing dam in Sweden (left) and 
the sampling place in the dam (right). (Google map, 2014). 

Disturbed samples were taken from a depth of 0 to 0.7 meters in a trial pit. The 
trial pit was located at coordinates 67°04’34”N and 20°52’39”W (Figure 1, right) 
in the north east part of the dam. The sample from the trial pit was split into four 
different test specimens based on the size range by sievingTable 1). Wet sieving 
was used with Sodium Diphosphate decahydratate (Na4P2O7·H2O) as a 
dispersant to enhance the particle separation. After sieving specimens were dried 
for 24 hours at 105°C. Remolded samples in 50mm diameter and 170mm length 
sampling tubes were casted by using the methodology describes by Dorby [12]. 
Dorby’s procedure includes the filling of the tube specimen by steps, usually 5 to 
6 in total, where each step comprises 2-3cm of the tube height. Water is added 
until the step is reached followed by the addition of the tailings sample and 
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posterior self-settlement for at least 6 hours. Same procedure is followed for every 
step until the tube is filled up. This methodology imitates the natural 
sedimentation process leading the tailings settle in beds with natural segregation. 
Since the test specimens are uniformly graded the segregation should be based on 
the grain density differences and not in the particle size. Basic geotechnical 
properties were determined for each sampling tube such as particle density, bulk 
density; saturated density, void ratio and degree of saturation (see Table 3). 
 

Table 1: Test specimens and size ranges. 
Specimen Range (mm) 

A 1-0.5 
B 0.5-0.25 
C 0.25-0.125 
D 0.125-0.063 

 
In order to study breakage due to increased vertical load the standard oedometer 
test (ASTM D 2435 -Method A) doubling the weight every 24 hours starting with 
10, 20, 40, 80, 160, 320 and 640kPa load step under saturated and drained 
conditions was performed.  
 
The oedometer sample dimensions are 20mm high and 40mm in diameter 
obtained from the remolded sampling tubes.  Upper and lower parts of the 
odometer were cover with end filters. The test specimens were mounted into the 
oedometer test rigged and submerged into water. The settlements were monitored 
by LVDT and the effect on the tailings particles was analyzed after the final load 
step.The generated amount of fines was determined by loss of mass after 
re-sieving the material after testing using the sieve for each test specimen 
respectively. Mass lost was used as measure on decomposition. An initial-state 
sample from each sample tube, A, B, C and D was collected and analyzed 
separately as basis for effects on shape change.  
The effects on the individual tailings particles were studied by two-dimensional 
image acquisition followed by image analysis where changes in shape properties 
were studied. 
As preparation for image acquisition the specimens were dried for 24 hours at 
105° Celsius. The image acquisition was performed through a microscope(Motic 
B1)lightening sources from below and from the side of sample. Themagnification 
lenses 4x was used for sample A and B and 10x for samples C and D. The 
magnification used for each sample was chosen based on the results obtained by 
Rodriguez et al. [13] where it was concluded that the minimum amount of pixels 
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that a particle should comprise is around 1800 pixels to minimize analysis errors. 
The camera mounted on top of the microscope (Infinity 2) has 2 megapixel 
resolutions. A more detailed description of the image acquisition process is 
described in Rodriguez et al. [13].  
 

Table 2: Quantities use to determine the particle shape. 
Quantity Description Reference 

1 4πArea/Perimeter2 [14] 
2 4Area/πMajor axis2 [15] 
3 Area/Convex Area [16] 
4 Fractal dimension [17] 
5 Square root of Maximum inscribed/Minimum circumscribed, circle diameters [18] 
6 Diameter of a circle same area as particle/Minimum circumscribed circle diameter [19] 
7 Perimeter2/Area * [20] 
8 Perimeter of a circle with same area/Perimeter [19] 
9 Area/Area of the minimum circumscribed circle [21] 
10 Perimeter/Convex perimeter * [22] 
11 Perimeter/πAverage Feret* [23] 

*Inverse was used to obtain a working range between 0 and 1 

 
The 11 quantities in the Table 2were used to determine the shape of the particles; 
graphical descriptions of the quantities are presented in the appendix. The two 
dimensional image analyses to determine the shape quantity was done by two 
different software; Image Pro Plus [17] and ImageJ [15].  
Additionally as a control natural geological sand was tested in similar conditions 
to compare only the breakage and the shape change. This natural sand was 
obtained from a local sand extraction located 1 km north-west of the Luleå airport 
belonging to BDX industry AB (Sweden). 
 
 
3  Results 
Table 3 summarizes the basic properties of the tailings specimens before and after 
the oedometer test. Similar test were performed to natural sands, the basic 
properties for sand are in Table 4. 
 
 

Table 3: Basic tailing properties. 
Specimens 

tailings 
 Particle 

density 
(g/cm3) 

Void ratio 
 (e) 

Δe Porosity 
n 

(%) 

Δn 
(%) 

Dry 
Density, 

ρ 
(gr/cm3) 

Δ ρ 

A 
Initial 

2.881 
1.070 

0.227 
51.7 

6.0 
1.392 

0.171 
Final 0.843 45.7 1.563 

B Initial 2.904 0.849 0.141 45.9 4.4 1.571 0.129 
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Final 0.708 41.5 1.700 

C 
Initial 

2.873 
0.762 

0.093 
43.3 

3.2 
1.630 

0.092 
Final 0.669 40.1 1.722 

D 
Initial 

2.943 
0.847 

0.113 
45.9 

3.6 
1.589 

0.108 
Final 0.734 42.3 1.697 

 
 
A number of 170 particles from each test specimens, before and after the 
oedometer test were analyzed for each shape quantity in Table 2. Basic statistical 
measures such as the mean, standard deviation and distribution curves were 
determined. A statistical t-test on 5 % significance level was tested for each shape 
quantity before and after the oedometer-test for each test specimen. 
 
 

Table 4: Basic sand properties. 
Specimens 

sand 
 Particle 

density 
(g/cm3) 

Void ratio 
 (e) 

Δe Porosity 
n 

(%) 

Δn 
(%) 

Dry 
Density, 

ρ 
(gr/cm3) 

Δ ρ 

A 
Initial 

2.656 
0.700 

0,148 
41.2 

5.7 
1.563 

0.149 
Final 0.552 35.5 1.712 

B 
Initial 

2.651 
0.740 

0,118 
42.5 

4.2 
1.524 

0.111 
Final 0.622 38.3 1.635 

C 
Initial 

2.673 
0.751 

0,096 
42.9 

3.3 
1.527 

0.088 
Final 0.655 39.6 1.615 

D 
Initial 

2.684 
0.954 

0,156 
48.8 

4.4 
1.374 

0.119 
Final 0.798 44.4 1.493 

 
 
The distribution curves for quantities present a slightly skewed distribution and in 
approximately half of the quantities the distribution does not comply with the 
normality test for normal distributions. Normal distribution was achieved using 
Johnson transformation [24] but no differences in the results were observed thus, 
it was decided to continue without transform the data. In Table 5the results are 
summarized. Bold-gray highlighted paired numbers represent those values where 
the mean of both populations (before and after test) show that they are different. 
Control specimens (natural sand) have shown no shape change (see Table 6). All 
changes in shape indicate that particles become more rounded except in Table 6 
where “ ↓ “ indicates that particles became more angular. 
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Table 5: Mean quantity values for tailing samples. Highlighted marked results 
show statistically significant changes in the shape quantities. 

 
 
The degradation of the specimen was measured by quantifying the presence of 
finer material after oedometer-test. The amount of generated fines (in weight), 
determined by sieving, is presented in Table 7. Fines generated in tailings are 
higher in sample C but lower in A. 
 

Table 6: Mean quantity values for the control sample, Natural sand 

 

 
Quantit

y 
1 2 3 4 5 6 7 8 9 10 11 

Sampl
e 

 

A 
Before 

0.66
5 

0.75
3 

0.930
3 

1.033
9 

0.645
1 

0.801
1 

0.153
4 

0.845
8 

0.644
9 

0.919
7 

0.293
0 

After 
0.66

0 
0.74

2 
0.926

9 
1.033

9 
0.636

8 
0.791

8 
0.163

1 
0.848

4 
0.630

2 
0.929

0 
0.296

0 

B 
Before 0.69

0 
0.73

5 
0.927

5 
1.041

4 
0.637

5 
0.794

5 
0.084

0 
0.862

6 
0.636

1 
0.940

5 
0.299

8 

After 0.71
2 

0.74
6 

0.931
5 

1.039
0 

0.651
5 

0.804
9 

0.081
5 

0.880
4 

0.651
8 

0.953
0 

0.303
9 

C 
Before 

0.70
2 

0.71
3 

0.940
6 

1.029
2 

0.629
2 

0.785
3 

0.043
3 

0.879
5 

0.622
4 

0.959
9 

0.306
0 

After 
0.69

5 
0.74

4 
0.936

3 
1.028

6 
0.647

8 
0.803

5 
0.047

4 
0.877

0 
0.649

2 
0.951

3 
0.303

2 

D 
Before 0.69

4 
0.69

3 
0.932

9 
1.049

2 
0.609

8 
0.775

9 
0.025

1 
0.872

9 
0.608

3 
0.960

3 
0.306

5 

After 0.72
2 

0.73
8 

0.941
3 

1.043
9 

0.646
0 

0.797
3 

0.026
6 

0.891
9 

0.639
5 

0.963
8 

0.307
6 

 Quantity 
1 2 3 4 5 6 7 8 9 10 11 

Sample  

A 
Before 0.730 0.705 0.952 1.022 0.637 0.789 0.135 0.890 0.628 0.966 0.307 

After 0.735 0.732 0.954 1.016 0.657 0.801 0.186 0.895 0.645 0.966 0.307 

B 
Before 0.736 0.723 0.948 1.034 0.643 0.794 0.081 0.895 0.634 0.969 0.309 

After 0.743 0.735 0.951 1.030 0.651 0.800 0.085 0.898 0.644 0.968 0.309 

C 
Before 0.742 0.731 0.954 1.023 0.653 0.815 0.047 0.031 0.698 0.970

↓ 
0.309  

↓ 

After 0.734 0.736 0.953 1.022 0.656 0.804 0.051 0.033 0.650 0.967 0.308 

D 
Before 0.744 0.717 0.951 1.040 0.643 0.793 0.027 0.903 0.633 0.974 0.311 

After 0.736 0.701 0.949 1.039 0.632 0.791 0.028 0.899 0.630 0.972 0.310 
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Table 7: The amount fines generated in the test specimens after the oedometer test 
Specimen 
tailings 

% fine content 
 Control specimen  

natural sand 
% fine content 

A 14  A 19 
B 10  B 11 
C 12  C 4 
D <1  D 2 

 
 
 
 

 

 

 

 

 

 
 

Figure 2: Semi-logarithmic stress-strain curve (left) and stress-strain bar by load 
step (right) from the oedometer test for the four tailings specimens. 

 
 
Figure 2 (left) shows the stress-strain behavior where specimens A and B are 
weaker. Figure 2 (right) show that all specimens have initially high deformation, 
probably a result of initial rearrangement of the loose structures and re-distribution 
of stresses in the test specimens. The step strain for the test specimens A, B, and C 
differs from the specimen D behavior (Figure 2, right) because specimen D shows 
a high initial deformation and no significant difference in deformation between the 
two last load steps. 
In s Figure 3 tress-strain curves of the tailings and control sand are plotted 
together. Dark lines represent the tailings while light lines are the control sands.  
It is interesting to see how the crossing of the lines of each size (sand-tailings)  
moves to the right for samples A, B and C but not for D. should D sample cross in 
higher stresses?. For coarse samples A and B there are more settlements for 
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tailings compare with sands. 
 
 

 
 
 

Figure 3:Stress-strain cumulative curve for sand and tailing samples. Dark lines 
represent tailings while light lines are the sands 

 
 

4  Discussion 
A disturbed sample of tailings was split by sieving into four, uniformly graded, 
test specimens and the effect on the uniformly graded test specimens upon vertical 
loading in an oedometer-test was compared.  
The properties of the four tailings specimens are different. The coarsest tailing 
material sample 0.5mm, (A), is arranged in a looser state during the test specimen 
preparation and also showed the weakest stress-strain response in both, cumulative 
and step load (Figure 2, right). The analysis of the remaining material after the 
oedometer test showed that this test specimen also showed the highest degree of 
degradation measured as the generation of finer particles compared to the initial 
distribution (Table 7). The stress-strain behavior of the tailings specimens 0.125 
(C) and 0.063 mm (D) are stiffer compared to the coarser 0.5 (A) and 0.25mm (B) 
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(Figure 2, left). Considering the degradation of the particles there is a big 
difference between specimen size 0.063mm and the others. The range of 
degradation is similar in specimen 0.5, 0.25 and 0.125 but is by methodology used 
in this study very low in specimen 0.063 mm. As Lade et al. [25] explained 
breakage increases while particle size increases due to the fact that larger particles 
contain more defects (or the probability to have it is higher) and depend also in the 
number of contacts per particle [7] in agreement whit Table 7 results. 
Considering the shape factor tailings specimen D shows a statistical significant 
change in 8 of 11 quantities, considerable more than the rest (Table 5).In the 
specimen D (the finest fraction 0.063mm) shape change was observed in the 
majority of the shape quantities. This sample was also the most resistant to 
degradation, less than 1% of finer material was generated. According with the 
results it can be suggest that tailings sample D, due to the low % breakage (Table 
7) and the quantity value change (Table 5) before and after the oedometer tests, is 
breaking only in the angularities or corners. Quantities 10 and 11 can also suggest 
this due to quantity 10 look for the concave outline change and since there is no 
difference it means that only corners are breaking while quantity 11 follows the 
same logic but in measuring two parallel line distances (feret box). In the finest 
fraction also a peculiar step load behavior, compared with the rest of the 
specimens, can be seen (Figure 2, right). Even if all the samples show an initial 
high compressibility the finest test sample D(0.063mm) seems to not bee 
according with the rest of the stepped behavior of the samples A, B and C (major 
to minor in the initial load). Furthermore the two last load steps show no increase 
of percentage strain while the rest of the samples do. It shows a high initial 
compressibility but low at final loads.  
By comparing the control specimens (natural sands) and tailing specimens it was 
observed that there was no general shape change in the control material maybe, 
because the particles already had been rounded by the time and natural elements 
through the years and they have lose their angularities. Even if there is a 
percentage in breakage in the control material there is no statistical evidence that 
the shape in average have change, maybe the new angular particles when 
generated due the breakage are no longer belonging to the specific size range and 
they were lost through the sieving (change of size). Stress-strain comparison of 
sands and tailings (Figure 3) suggest bigger settlements in tailings comparing by 
size for coarse samples A and B. it is interesting to see how tailings-sand lines (by 
size) start crossing to the right (for samples A, B and probably C) because the 
higher void ratios in tailings. 
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Breakage tailings-sands comparison by size in samples A and C seem to be 
different; for Sample A for sand and C for tailings looks higher. The high 
breakage of sand sample A could be due to angularities in the tailings brake 
(generating new angularities) and fines materials generate a stronger skeleton 
while sand break through the body reducing the size of the particles. Void ratio 
reduction also support this explanation been almost the double for tailings 
compared with sands. Sample C is believed that not only angularities break but the 
body as well explaining the higher fines generation. In this case the void ratio 
change is similar showing that even with the angularities tailing sample was 
relatively in the same initial packing state as sand sample was breaking the corners 
first and the body later. 
This study shows that the degradation driven by increased vertical stress of 
tailings particles is different for different grain sizes under the same vertical loads. 
Coarser tailings are more susceptible compared to finer tailings. Coarse tailings 
are usually considered from a dam construction perspective to be more favorable 
since consolidation settlements are more rapid and hydraulic conductivity is 
higher. Cyclone techniques are sometimes applied to increase the coarser fraction 
at the beaches as a preoperational step for raising the tailings dams. The results 
from this study also indicate that there is a higher settlement as a result of particle 
degradation compared to the finer fractions. 
 
 
5  Conclusions 
Only fraction 0.063mm tailing particles show a shape change due to the corners 
becomes more rounded. 
Coarse particles fraction 0.5mm present more breakage than the rest of the 
samples. 
Coarse sample fractions 0.5 and 0.25mm produce higher settlements compare with 
the finer fractions and also compared with sands (by size). 
Initial porosity seems to be the major factor affecting settlements. 
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APPENDIX 
 

Quantity Description Graphic description 

1* 4πArea(A)/Perimeter2(P) 

 
2* 4Area(A)/πMajor axis2(Major) 

 
3* Area(A)/Convex Area(Ca) 

 
4 Fractal dimension 

 

Fractal dimension use 'strides' (minimum step lengths) of various sizes. The 

fractal dimension is calculated as 1 minus the slope of the regression line 

obtained when plotting the log of the perimeter (for various strides) against the 

log of the stride length. (more info in imageproplus) 

 

5* Square root of Maximum inscribed (Di)/Minimum circumscribed(Dc), circle 

diameters 
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6* Diameter of a circle same area as particle(Da)/Minimum circumscribed circle 

diameter(Dc) 

 

7 Perimeter2(P)/Area(A) See figure in quantity 1 in this table 

8* Perimeter of a circle with same area (Pa)/Perimeter(P) 

 

9* Area(A)/Area of the minimum circumscribed circle (Ac) 

 

10* Perimeter/Convex perimeter  

 

11 πAverage Feret/Perimeter(P) 

 

Average ferret box is obtained rotating two parallel lines (two degrees each 

time) and measuring the distance, finally the average ferret is the average 

distance of all the feret boxes distance measured 

 

* Figures were taken and modified from Johansson and Vall [26] 
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ABSTRACT 
Over the last century the tailing volume generation has grown dramatically due to the mineral 
demand. Nowadays the mining industry is producing every year millions of tons of tailings. The 
storage of the tailings has become a challenge due to the increased storage capacity demanded. 
Physical risk associated to the tailings dams is the stability itself since tailing dams are considered 
a walk-away solution. Physical changes as breakage and shape occur to the tailing particles 
affecting the stability of the fills by reduced strength properties. In order to understand the 
reduction and shape changes of tailing particles degradation test by milling attrition (erosion) and 
image analysis was conducted. Uniform fractions 1-0.5, 0.5-025, 0.25-0.125 and 0.125-0.063mm 
were used. 
Results have shown that attrition agents e.g. ball attrition can increase the physical erosion but 
also change the shape of the particles compared with autogenous attrition. However particles 
shape has become more regular (less elongated) and rounded in coarse fractions 1-0.5 and 0.5-
0.25mm while smaller fractions 0.25-0.125 and 0.125-0.063mm seems to have opposite behavior. 
Comparison with previous milling studies show consistent differences probably due to the 
breakage of the particles was the objective. In perspective if tailings become more rounded the 
strength could be compromised. More studies are needed to verify this. 
 
Keywords: Particle shape, particle size, attrition, tailings. 
 
 

1 INTRODUCTION 

Tailings are the mining industry leftovers, for 
its storage tailing dams are constructed. In 
the history of the mineral extraction tailings 
dam incidents has occurred e.g. Val di Stava 
tailings dam (1985) in Italy and Cananea 
tailings dam (2014) in Mexico.  
As a consequence of the operation and 
raising procedures of tailings dams, the 
conditions in the tailings dams could be 
considered to be dynamic in a longer 
perspective. Grain size distribution, 
formation of layers, pore pressures and stress 
states are continuously changing during the 
operation (Ormann, et al., 2013).  

In general particle degradation occurs due the 
environmental factors as chemical reactions 
(Kossoff, et al., 2012) and mechanical factors 
as stresses generated due the load and creep 
(Valdes & Koprulu, 2007). Tailings are also 
affected in the same way. 
Mechanical behaviors of granular materials 
are affected by characteristics as particle size 
(Islam, et al., 2011), particle shape 
(Santamarina & Cho, 2004), size distribution 
(Cabalar, 2011), mineralogy (Clayton, et al., 
2004) among others. Erosion changes all 
physical characteristics thus, its strength and 
behavior changes through the time. 
Tailing dams need to be built with 
environmental and structural safety. They 
must stand for long periods in a long time 
perspective, even after mining reclamation. 
To ensure the structural safety not only actual 
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soil characteristics must be taken in 
consideration but also further changes. 
Laboratory mill attrition by uniform sized 
particles was performed in this study to 
determine the size and shape changes. Shape 
according to Cho, et al. (2006) influence the 
strength of the materials and, from this point 
of view if particles become more rounded 
with the pass of time due to mechanical 
wearing the stability could be compromised. 
Results have shown that ball attrition is more 
effective to erode the tailing particles, ball 
attrition produce more size reduction (as it 
was expected) and more shape changes. 
Results in this study also indicate that coarse 
fraction 0.5 and 0.25mm become more 
rounded but smaller sizes are more angular. 
The effect of the size reduction as the 
contradictory shape changes effects should be 
studied in in detail in further research. The 
statistical methods Mann-Withney test and 
two sample t-test used to determine shape 
differences have 96% of agreement, 
furthermore there is no skew evidence over 
the results on any of the methods. Thus, it is 
possible to use two samples t-test for the 
study of the tailings. 

2 THE PARTICLE SHAPE 

In this study the word shape is used to 
describe a grain’s overall geometry. 
Furthermore, in order to describe the particle 
shape in more detail, there are a number of 
terms, quantities and definitions used in the 
literature. Some authors (Mitchell and Soga, 
2005 and Arasan, et al., 2010) are using three 
sub-quantities describing the shape but at 
different scales. The sub-quantities are 
morphology/form, roundness and surface 
texture. In Figure 1 it is shown how the scale 
terms are defined. 
At large scale a particle’s diameters in 
different directions are considered. At this 
scale, describing terms as spherical, circular, 
platy, elongated etc., are used. An often seen 
quantity for shape description at large scale is 
sphericity. Graphically the considered type of 
shape is marked with the dashed line in 
Figure 1. At intermediate scale is focused on 
description of the presence of irregularities. 
Depending on at what scale an analysis is 

done; corners and edges of different sizes are 
identified. By doing analysis inside circles 
defined along the particle’s boundary, 
deviations are found and valuated. The 
mentioned circles are shown in Figure 1; a 
generally accepted quantity for this scale is 
roundness or the antonym: angularity. 
Regarding the smallest scale, terms like 
rough or smooth are used. The descriptor is 
considering the same kind of analysis as the 
one described above, but is applied within 
smaller circles, i.e. at a smaller scale. Surface 
texture is often used to name the actual 
quantity. 

Figure 1 Particle describing the shape scale 
attributes (Mitchell and Soga, 2005). 

3 METHODOLOGY 

In this study samples from the Aitik mine has 
been used. The Aitik tailing dam is located 
about 100 km North of the Arctic Circle in 
the boreal parts of Northern Sweden about 15 
km from the community of Gällivare. The 
value mineral is chalcopyrite (CuFeS2). Main 
sulphides are pyrite, chalcopyrite and 
sphalerite. Main gangue minerals are quartz, 
feldspar, plagioclase and mica (Lindvall, M. 
and Eriksson, N., 2003). 
Four range sizes were used in the actual 
research (see Table 1). Further on the lower 
size in the range will be used for 
convenience. Wet sieving was used with 
Sodium Diphosphate decahydratate 
(Na4P2O7·H2O) as a dispersant to enhance the 
particle separation. After sieving specimens 
were dried for 24 hours at 105°C. 
Smooth steel drum mill with 115mm in 
diameter and 132mm in length over a rolling 
table was used to generate a gentle and a 
constant flow of tailings material over a 
constantly rebuilding slope. Speed of 60 rpm 
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(revolutions per minute) was used to ensure a 
gentle rolling of the particles down the slope 
and procure the attrition/wearing/abrasion of 
particles. Speeds close to the terminal 
velocity were avoided due to it could 
breakage the particles. 
 
Table 1 Test specimens and particle size 
ranges 

Specimen Range (mm) 
0.5x 1-0.5 
0.25x 0.5-0.25 

0.125x 0.25-0.125 
0.063x 0.125-0.063 

 
The tests were configured in two different 
forms the first was using balls to speed up the 
attrition of the tailing particles and the second 
was autogenous attrition (no balls). The 
subscript “x” in Table 1 represents the 
autogenous attrition (absence of balls) for “a” 
and the use of balls for “b”. A total of 200 gr 
of tailings were used during each batch with 
1000 ml of water. For ball attrition 100 grams 
of 7 millimeters in diameter steel balls were 
included. 
Degradation was conducted for 2 and/or 3 
time periods; for balls attrition time periods 
was approximately of 2, 6 and 24 hrs., and 
for autogenous attrition time period consisted 

of 24, 72 and 120 hrs. Time periods were set 
after some trial tests to identify the amount of 
material broken and to avoid running out of 
material specially when using steel balls. 
Material broken (in percentage weight) was 
identified sieving the sample after the test. 
Total amount of tests and more detailed data 
can be seen in Table 3. 
Particle shape was measured using eleven 
shape descriptors or quantities (Table 2) 
through two dimensional image analysis. 
Graphical description of the quantities can be 
found in the appendix. Shape change was 
statistically identified using Mann-Whitney 
Test (Moses, 2014) and Two-Sample t-test 
(Snedecor & Cochran, 1989) with 5% 
significance level. Since the data distribution 
is not all the time normal it was decided to 
use the two mentioned statistical tests, the 
non-parametric test Mann-Whitney test 
applies for unknown and skew distributions 
while two samples t-test determine 
differences when the data is normally 
distributed. 
Sub-quantities were classified according with 
the authors (Rodriguez, 2012); form is 
recognized by the “#” and roundness by 
“+”symbols in Table 2. 
 

 
Table 2 Quantities use to determine the particle shape 

Quantity Description Working
range 

Reference 

1 2 0-1 (Cox, 1927) 
2 2 0-1  
3  0-1  
4  1-2  
5 

 
0-1  

6 
 

0-1  

7 2  0-   
  0-1  

9 
 

0-1  

10  0-1 ) 
11  0-1  

 
 

 ” 
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4 RESULTS 

Table 3 is showing the result of each 
individual test arranged by sample, milling 
time and percentage of fines produced. Fine 
production percentage was measured in 
relation to the initial sample weight and the 
original sieve size. Figure 2 summarizes the 
results from the tests. Dashed lines are those 
tests that contains iron balls as degradation 
agent while continues lines are samples in 
autogenous attrition. The use of balls as an 
attrition material speed up the degradation 
process of the tailings (size change) and it is 
evident when comparing the general slope of 
dashed and continues lines (balls and 
autogenous grinding).  
Relative shape change results are shown in 
Figure 3, gray colored markers and lines 
shows when most of the shape descriptors or 

quantities values have changed. Figure 3 left 
(ball attrition) illustrate that there is a general 
shape change during all steps for sizes 0.5 
and 0.25mm (except last step for 0.25mm). 

Figure 2 Fines generation in mill test Dashed 
lines are those tests that contains iron balls 
as degradation agent while continues lines 
are samples in autogenous attrition. 
 

Figure 3 Degradation and shape change by milling agent. Gray leyends indicate shape change. 
Left ball milling. Right autogenous milling (Fraction sizes are represented by the lower limit) 
 
Table 3 Rolling time periods and percentage of material undergoing the size range (fines 
generation) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample Time period
(min) 

% fines 
generated 

 Sample Time period 
(min) 

% fines 
generated 

0.5  1260 7.6  0.5  100 32.0 
  13.9   370 47.5 
 7207 14.7   1140 67.2 

0.25  1442 6.7  0.25  100 33.9 
     1046 69.0 
       

0.125  1344 11.3  0.125  103  
 4252    343 33.7 
     1441 90.6 

0.063  1470   0.063  100  
 4222 6.4   324 17.2 
     1406 62.5 

a b  

Autogenous milling 

Ball milling 
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Smaller sizes 0.125 and 0.063mm only show 
shape change in the last step. From Figure 3 
right (autogenous attrition) only 0.125mm 
size has shown shape change. 
In same Figure 3 there is a rapid step increase 
in the broken percentage in all first step time 
tests. Particles seem to break more rapidly 
during the first minutes of the tests (see the 
initial slope in Figure 3 right and left). 

Relative shape changes by time step and 
quantity are shown in Table 4 represented by 

becomes more elongated or angular 
otherwise they are more regular in form and 
rounded. Quantities mean values before and 
after the time step attrition are presented. 
 

 
Table 4 Relative shape change time-step, data represent the mean value. Shape change is 
highligthed by a gray shadow when particles become more regular in form or rounded; the 
appearace of  

  Balls Autogenous 
S Q 2hr 6hr 24hr 24hr 72hr 120hr 
A +1 0.665   0.702 0.702 0.732 0.665   0.673 0.673 0.672 
 #2  0.742 0.742 0.735 0.735 0.760  0.743 0.743 0.741 0.741  
 +3 0.924 0.935 0.935 0.943 0.943 0.951 0.924 0.932 0.932 0.932 0.932 0.931 
 +4 1.041 1.031 1.031 1.025 1.025 1.022 1.041 1.033 1.033 1.032 1.032 1.031 
 #5        0.796 0.796 0.796 0.796  
 #6    0.799 0.799   0.792 0.792 0.792 0.792  
 #7 0.126 0.161 0.161 0.160 0.160 0.160 0.126 0.159 0.159  0.153 0.159 
              
 #9 0.620 0.642 0.642 0.641 0.641 0.672 0.620 0.631 0.631 0.631 0.631 0.640 
 +10 0.929 0.930 0.930 0.946 0.946 0.949 0.929 0.931 0.931 0.933 0.933  
 +11 0.296 0.296 0.296 0.301 0.301 0.303 0.296 0.297 0.297 0.297 0.297  
B +1 0.676 0.705 0.705 0.745 0.745 0.746 0.676      
 #2 0.710   0.740 0.740 0.771 0.710   0.730   
 +3 0.922 0.932 0.932 0.949 0.949  0.923 0.924 0.924    
 +4 1.045 1.041 1.041 1.033 1.033 1.033 1.047 1.042 1.042 1.042   
 #5 0.779      0.779   0.794   
 #6          0.790   
 #7 0.079 0.079 0.079    0.079      
     0.900 0.900 0.902       
 #9 0.612 0.640 0.640 0.659 0.659  0.612 0.624 0.624 0.629   
 +10 0.937 0.947 0.947 0.964 0.964 0.963 0.937 0.940 0.940 0.940   
 +11 0.299 0.302 0.302 0.307 0.307 0.307 0.299 0.300 0.300 0.300   
C +1 0.700 0.703 0.703 0.702 0.702  0.700   0.696   
 #2 0.706 0.713 0.713 0.710 0.710  0.706   0.719   
 +3 0.936 0.935 0.935 0.939 0.939  0.936  0.926 0.934   
 +4 1.034 1.032 1.032 1.031 1.031  1.034 1.032 1.032 1.032   
 #5             
 #6        0.777 0.777    
 #7  0.040 0.040 0.040 0.040 0.039  0.046 0.046 0.044   
              
 #9 0.614 0.619 0.619 0.620 0.620  0.614 0.610 0.610 0.625   
 +10 0.961 0.960 0.960 0.960 0.960  0.961  0.953 0.953   
 +11 0.307 0.306 0.306 0.306 0.306  0.307  0.304 0.304   
D +1 0.700 0.702 0.702 0.713 0.713   0.713 0.713 0.713   
 #2    0.714 0.714   0.692 0.692 0.693   
 +3 0.931 0.933 0.933 0.937 0.937  0.931 0.939 0.939 0.936   
 +4 1.051 1.051 1.051 1.053 1.053  1.051 1.051 1.050 1.050   
 #5 0.772 0.773 0.773    0.772 0.777 0.777    
 #6  0.771 0.771     0.772 0.772    
 #7 0.024 0.023 0.023  0.022  0.024 0.023 0.023 0.024   
              
 #9 0.596 0.600 0.600 0.616 0.616  0.596 0.602 0.602 0.609   
 +10 0.964 0.965 0.965 0.967 0.967  0.964 0.971 0.971    
 +11    0.309 0.309  0.307 0.310 0.309    
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Table 5 Shape change compared with initial state. Mann-Withney and Two-sample t-tests 
comparison. Shape change is highligthed by a gray shadow when particles become more regular 
in form or rounded; the appearace of  

  Balls Autogenous 
  2hr 6hr 24hr 24hr 72hr 120hr 
Size Q MW Tt MW Tt MW Tt MW Tt MW Tt MW Tt 
A +1             

 #2             

 +3             

 +4             

 #5             

 #6             

 #7             

              

 #9             

 +10             

 +11             

B +1             

 #2             

 +3             

 +4             

 #5             

 #6             

 #7             

              

 #9             

 +10             

 +11             

C +1             

 #2             

 +3             

 +4             

 #5             

 #6             

 #7             

              

 #9             

 +10             

 +11             

D +1             

 #2             

 +3             

 +4             

 #5             

 #6             

 #7             

              

 #9             

 +10             

 +11             

- -    
 
Table 4 shows that tailing particles subject to 
ball attrition in sizes 0.5 and 0.25 mm in 
general become more rounded and regular in 
form as the time-step evolves while for 
particle sizes 0.125 and 0.063 mm practically 
no change is seen until last time-step where 

increase in angularity and irregularity in form 
is perceived. 
For autogenous attrition time-step changes 
are not recognized in the majority of the 
quantities (as in ball attrition) for coarse sizes 
0.5 and 0.25 mm, however fine fraction 0.125 
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and 0.063mm present changes in the first 
time-step with special remark on size 
0.125mm that became more angular and 
irregular in form. Table 5 is showing the 
shape change with respect to the initial state 
of the particles. In this table gray cells 
identify the shape change with respect to the 
original shape. Mann-Whitney Test (Moses, 
2014) and Two-Sample t-Test (Snedecor & 
Cochran, 1989) are located together to 
evaluate differences, practically results agree 
in both tests. 

5 DISCUSSION 

Mill attrition test were performed for 
different fraction sizes (Table 1) during 
different time periods (Table 3). Attrition 
degradation was identified by sieving (fines 
generation) and particles shape change by 
image analysis. 
Tailing particles images were also subject to 
visual inspection and tailings had been 
classified as very angular to sub angular 
material base on Powers (1953) comparison 
chart The results of this classification is in 
agreement with the conclusion of the general 
shape of tailings made by e.g. Garga, et al. 
(1984).Visual inspection of the original 
material (splitted by size) in the soil 
containers detects particle breakage; particles 
are weak enough to be eroded during the 
handling and sample preparation. This could 
affect the results since an already broken 
portion of material could be introduced in the 
mill. Lade, et al. (1996) suggest that angular 
particles are very susceptible to break even at 
low stresses because they concentrate in the 
angular contact points. Furthermore the 
particle breakage is also a function of time 
even under constant stresses (Yamamuro & 
Lade, 1993). That could explain why sample 
0.25mm in figure 3 (left) shows an 
outstanding breakage at the end point (around 
4000 minutes of the running test). It is also 
shown that particles are broken at higher rate 
in the initial step. 
During this study two statistical methods 
were used, Mann-Withney test and two 
sample t-test. Mann-Withney test is 
applicable to skew distribution where the 
normality test is not recognized. Two 

samples t-test is used when the normality 
distribution of the data is accomplished. Data 
in the study was detected to be in some cases 
normal distributed and a comparison of 
results among these methodologies is of 
interest (see Table 5). Even if the distribution 
of the data is not normal results has shown 
that there is a 96% of coincidence between 
the two statistical methods. Furthermore the 
shape change detection is not skew to one of 
the methods or in a specific quantity. Two 
samples t-test could be used to determine 
differences in shape since there is no 
evidence that the skew distribution of the 
data affect the results. 
Quantities Table 2 are identified as a form or 
roundness descriptor as Mitchell and Soga 
(2005) sub-quantities classification 
(according to authors). The classification is 
not showing any relation with the attrition 
results, shape changes are seems not to be 
related with the shape sub-quantities 
classification (Figure 1). Choose of the best 
quantity or shape descriptor is of interest and 
attempts can be found in literature 
(Bouwman, et al., 2004) Even if there are 
some standards e.g. ASTM D3398, D4751 
they are only there to avoid unfavorable 
shape (e.g. elongated particles) but still there 
is no general agreement on which shape 
descriptor, or descriptors, should be 
considered universally. In the scientific 
literature some quantities appear more than 
others e.g. Wadell (1932) comparison chart 
(recently computerized by Zheng & Hryciw, 
2015), aspect ratio (Hawkins, 1993), 
circularity (Cox, 1927) among others. 
Soil strength is shape dependent as 
Santamarina & Cho (2004) conclude, in 
perspective the gain in angularity for the 
smaller fractions (0.125 and 0.063mm) could 
increase the soil strength but reduce it in the 
coarser fractions. Any way it is unknown on 
which size has the major influence thus, more 
studies should be necessary. 
Ulusoy (2008) study shows that ball milling 
produces more angular and irregular particles 
opposite of what this study concluded. 
Furthermore his quantity values were always 
lower indicating that produced particles are 
more angular and irregular in form compared 
with this research. There are two main 
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differences that could affect the results; the 
mineralogy and the milling process itself. 
Talk mineral was used by Ulusoy (2008); talk 
has the lower value in the Mohr hardness 
scale. The Ulusoy (2008) milling intention 
was to break the particles while this study the 
attrition was the objective; it is known that 
the final shape of the particles is considered 
to be the result of several factors among them 
the rigor of the transport (Wentworth, 1922). 

6 CONCLUSIONS 

Breakage occurs in all states even in sample 
deposits (bags, trays) 
Particles with ball attrition eventually change 
their initial shape to be more rounded/circular 
in sizes 0.5 and 0.25mm but fine particles 
0.125 and 0.063mm come back to be 
angular/irregular. 
Attrition is more intensive when erosional 
agents as iron balls are included. 
It is possible to use any of the statistical 
methods Two samples t-test or Man-Withney 
since there is practically no difference in the 
results. 
There is no skewed shape change difference 
in between the sub-quantities morphology 
and roundness. 
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Abstract 
 
Mining industry provides mineral to the modern society. Minerals are indispensable raw 
materials for commodities. A by-product of the mineral extraction is the mine waste also called 
tailings. Tailings are safety storage in tailing dams. Tailings dams troughs the history had had 
incidents and failures. Economic, environmental and social consequences of a tailing dam 
failure could be devastating. Soil strength is given by the consolidation, particle shape, stresses 
path, water content, hydraulic conductivity among other factors. Change on these factors 
produces changes in the soil strength. The development of economical and fast tests could 
improve the safety of the tailings deposits. 
Drained direct shear tests using uniformed graded tailing particles were performed. Three 
different size ranges 0.25, 0.125 and 0.063mm were used. Effect of particle size on shear 
strength and the effect of shearing on the tailing particles were studied. Normal consolidation 
pressure, void ratio, particle size and particle shape were monitored properties. Strength of the 
tailings was related with the monitored properties to suggest four empirical relations, two of 
them base in the morphology of the particle and two bases in the angularity. 
Results have shown that particle elongation diminishes the tailings strength but the angularity 
increases the strength. Particle size results are ambiguous and seem to be more related with the 
shape descriptor.  
 
 
 
 
 
 
 
 
 



Introduction 
 
The first mining vestiges can be found as early as in the paleolithic era and it is known that 
mining appears and develop as the civilization does (Armengot, et al., 2006). From the 
industrial revolution to the modern world the technology had advance enabling to the mining 
industry to increase maybe exponentially the amount of ore extracted, even at lower grades than 
before. The mined ore rock is crushed and milled to liberate and concentrate the precious 
mineral from the host rock; the valueless rock debris left after wet concentration is the so called 
tailings and since ore extraction increases also tailings do. Typical amount of tailing materials 
produced by the ore extraction is 43% for iron ore (EPA, 1994) and 99% for copper ore 
(Northey, et al., 2014). With this amount of left overs tailings dam structures around the world 
should contain hundreds, thousand, or even millions of tons of tailings e.g. 2 million metric tons 
tailing deposit in Lokken mine, Norway (Wolkersdorfer & Bowell, 2005). 
 
Historically incidents as Aznalcollar (Spain) in 1998, Baia Mare (Romania) and Aitik (Sweden) 
both in year 2000 and the public opinion had encouraged to the representatives involved to 
work in the prevention instead of react after an incident. Tailings dams are usually considered 
as walk-away solutions and needs to be designed and constructed to be safe in a long time 
perspective. The consequences of the failures may be fatal to the local society and harm the 
surrounding environment. 
 
As a consequence of the operation and raising procedures of tailings dams, the conditions in 
the tailings dams could be considered to be dynamic in a longer perspective. Grain size 
distribution, formation of layers, pore pressures and stress states are continuously changing 
during the operation (Ormann, et al., 2013). Tailings may be susceptible to weathering in the 
deposit environment. 
 
The safety of the impoundment, structural and environmental, in a long time perspective should 
be addressed. Relatively few studies had been developed in tailings properties considering the 
dam failure consequences. Design of safe tailing dams should not only account for actual tailing 
properties but also by future changes e.g. mechanical weathering. Sophisticated equipment to 
monitor the tailing dams and laboratory tests could be expensive thus; economical and reliable 
monitoring methods development could help to overcome this constrain and improve the safety. 
Empirical relations found in literature (Cho et. al., 2006; Rousé et. al., 2008) have shown that 
they underestimate the internal friction angle (Rodriguez & Edeskär, 2013) when they are 
applied to tailings. The inclusion of an empirical relation that could predict qualitatively the 
tailings strength would enhance the tools available to avoid incidents as mentioned before. 
 
In this study direct shear test pre-consolidated in the range of 50 to 500 kPa were performed 
using uniformed sized tailing particles. Internal friction angles obtained were in the same range 
of other copper tailings (Guangzhi, et al., 2011 and Liu, et al., 2012). According to Vick (1990) 
effective stress level is the most important parameter controlling the internal friction angle with 
the strength envelope curved at high stress levels as a result of particle crushing. Breakage at 
low stress levels can also break the tailing particles due to stress concentration in its angularities 
(Lade, et al., 1996). During the research mechanical weathering was monitored using regular 
sieving to detect the fines generated and image analysis to identify the particle shape change. 
Results have shown that particle size is the driving parameter that determines the fine generation 
and void ratio since both increases as the particle size increases in agreement with Craig (2002) 
and Meade (1968). 
 



Furthermore the empirical relations suggested were not able to predict the particle size effect. 
Form and roundness show an opposite effect on the internal friction angle maybe result of the 
alignment of the particles during shearing. The increase of the angularity strengthens the tailings 
but the elongation of the particles weakens it. The limited amount of data shrinks the action 
area of the empirical relations but state an initial relation for further research and new data 
acquisition. 
 
The particle shape 
 
In this study the word shape is used to describe a grain’s overall geometry. Furthermore, in 
order to describe the particle shape in more detail, there are a number of terms, quantities and 
definitions used in the literature. Some authors (Mitchell and Soga, 2005; Arasan, et al., 2010) 
are using three sub-quantities describing the shape but at different scales. The sub-quantities 
are morphology/form, roundness and surface texture. In Figure 1 is shown how the scale terms 
are defined. 

 
At large scale a particle’s diameters in different directions are considered. At this scale, 
describing terms as spherical, circular, platy, elongated etc., are used. An often seen quantity 
for shape description at large scale is sphericity. Graphically the considered type of shape is 
marked with the dashed line in Figure 1. At intermediate scale is focused on description of the 
presence of irregularities. Depending on at what scale an analysis is done; corners and edges of 
different sizes are identified. By doing analysis inside circles defined along the particle’s 
boundary, deviations are found and valuated. The mentioned circles are shown in Figure 1; a 
generally accepted quantity for this scale is roundness or the antonym: angularity. Regarding 
the smallest scale, terms like rough or smooth are used. The descriptor is considering the same 
kind of analysis as the one described above, but is applied within smaller circles, i.e. at a smaller 
scale. Surface texture is often used to name the actual quantity. 
 
Materials and Methods 
 
In this study samples from the Aitik tailings dam has been used. The Aitik tailing dam is located 
about 100 km North of the Arctic Circle in the boreal parts of Northern Sweden (Figure 2) about 
15 kms from the community of Gällivare. The value mineral is chalcopyrite (CuFeS2). Main 
sulphides are pyrite, chalcopyrite and sphalerite. Main gangue minerals are quartz, feldspar, 
plagioclase and mica (Lindvall and Eriksson, 2003). 
 
 

Figure 1 Particle describing the shape scale 
attributes (Mitchell and Soga, 2005) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Disturbed samples were taken from a depth of 0 to 1 meters in a trial pit. The trial pit was 
located (Figure 2, right) in the north east part of the dam. The sample from the trial pit was 
splitted into three different test sizes as it is shown in table 1. Further and for simplicity size 
ranges are called by its lower limit. 
 

Table 1 Particle size ranges used during direct shear tests 
Particle size (mm) 

Upper limit Lower limit 
0.5 0.25 
0.25 0.125 

0.125 0.063 
 

Wet sieving was used with Sodium Diphosphate decahydratate (Na4P2O7·H2O) as a dispersant 
to enhance the particle separation. After sieving specimens were dried for 24 hours at 105° 
Celsius. Remolded samples in 50mm diameter and 170mm length sampling tubes were casted 
with one particle size (e.g. 0.25mm) by using the methodology describes by Dorby (1991). 
Dorby’s procedure includes the filling of the tube specimen by steps, usually 5 to 6 in total, 
where each step comprises 2-3cm of the tube height. Water is added until the step is reached 
followed by the addition of the tailings sample and posterior self-settlement for at least 6 hours. 
Same procedure is followed for every step until the tube is filled up. This methodology imitates 
the natural sedimentation process leading the tailings settle in beds with natural segregation. 
Since the test specimens are uniformly graded the segregation should be based on the grain 
density differences and not in the particle size. 
 
Image acquisition was performed through a microscope (Motic B1) lightening sources from 
below and from the side of sample. The magnification lenses 4x was used for 0.25 mm sample 

Figure 2 Mark shows the location of the Aitik tailing dam in the north of Sweden (left) and the 
tailings dam (right). (Google map, 2015) 



and 10x for 0.125 and 0.063mm samples. The magnification used for each sample was chosen 
based on the results obtained by Rodriguez et. al. (2012). The camera mounted on top of the 
microscope ( Infinity 2) has 2 megapixel resolution. The quantities in the Table 2 were used to 
determine the shape of the particles. The two dimensional image analyses to determine the 
shape quantity was done using (ImageJ, 2013) software. 
 
Direct shear tests were performed on the remolded disturbed samples. Samples were mounted 
by surrounding reinforced latex membrane and porous filter spikes were placed on top and 
bottom. Rubber tape at the end of membrane edges was used to avoid any leakage from 
membrane edges (see Figure 3). NGI (Norwegian Geotechnical Institute) direct shear apparatus 
was used for this study. The apparatus has been rebuilt and modified with electronic sensors 
which enable to record applied load, specimen height and pore pressure continuously during 
shearing. Shearing velocity was 0.012 mm/min. The logged data is then transferred to computer 
program which helps with the monitoring of stresses and deformations during the test. Tests 
were performed in saturated and drained conditions. Uniform sample size as table 1 shows were 
used. Consolidation loads for the samples were 50. 100. 150, 300 and 500 kPa. According with 
the Swedish criteria (Swedish Geotechnical Society, 2014) the shear strength is evaluated at 
0.15 radians shear angle if no shear peak stress has been observed. 
 

Table 2 Quantities and definition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After shearing the samples were dried for 24 hr at 105° C and studied by image analysis to 
recognize the effects on the tailings by regular sieving and shape change. Sieving in the same 
size as the original sample was used to determine the amount of fines generated by weight (see 

QUANTITY 
NUMBER DEFINITION REFERENCE QUANTITY 

NUMBER DEFINITION REFERENCE 

Q1 
 

ImageJ (2013) 
 Q2 

 

ImageJ (2013) 

Q3 
 

Cox (1927)  
 Q4 

 

Mora and Kwan 
(2000) 

A, area 
AC, area convex 
P, perimeter  
Major, major axis based on fitting ellipse 
Minor, minor axis based on fitting ellipse 

    

Figure 3 Direct shear apparatus and sample mounting (Bhanbhro, 2014) 

Minor
Major

2Major 
4A

2P
A4

CA
A



Table 4). Shape recognition was determined under same conditions mentioned before. Original 
samples were compared with the subset of tests (see Table 5). 
 
Results 
 
Consolidation 
 
In order to achieve the required consolidation, the normal loads were applied with an increment 
of 50-100kPa. Since all the samples were constructed with uniformed particle sizes, the rapid 
consolidation process was observed. The pore pressures suddenly increased on application of 
normal load followed by rapid decrease to its original state (Figure 4) due to fast drainage. The 
Figure 4 shows the typical consolidation curves for the sample prepared with 0.063mm particle 
size and normal stresses of 150kPa. 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3 and Figure 5 show the initial void ratio for the test specimens higher void ratios are 
recognized for bigger fraction size. Void ratios in all samples are diminishing while 
consolidation pressures increase. 
 

Table 3 Initial void ratio after pre-consolidation before shearing 
 
 
 
 
 
 
 
 
 
 
 
 

0.25mm 0.125mm 0.063mm 
load initial load initial load initial 

(kPa) void ratio 
(e) (kPa) void ratio 

(e) (kPa) void ratio 
(e) 

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

100 1.034 100 0.943 100 0.730 
150 1.015 150 0.924 150 0.709 
300 0.989 300 0.884 300 0.677 
500 0.917 500 0.831 500 0.679 

Figure 4 Typical consolidation behavior for sample size 0.063mm for normal stress of 150 kPa 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Shearing behavior and results 
 

 
Figure 6 shows the typical behavior of the samples during shearing. Lines show the height 
reduction and shear force during the shearing process. Shearing resistance shows a unique 
behavior at all normal load tests; hardening follow by a slight softening. Primary and secondary 
height reductions can be seen in the samples behavior during shearing (see circles in Figure 6). 
Dilatancy can be found in samples 50,100,150 and 300kPa in the middle of the primary and 
secondary height reduction (see Figure 6, left). Samples at 500kPa present only height reduction 
with height stabilization in the middle (see Figure 6, right). It could suggest a primary and 
secondary rearrangement of the particles. 
 
Effect of shearing on particles 
 
Table 4 shows the percentages of fines generated after the shearing tests depending on the 
normal load applied to consolidate the sample. The amount of fines particles in size 0.25mm 
seems to increase. For size 0.063mm is more stable for all loads and for 0.125mm size there is 
a peak at 150kpa with high breakage compare with the rest loads. Graphical display can be seen 

Figure 5 Initial void ratios as a function of normal consolidation 

Figure 6 Typical sample height and shear resistance evolution during the test for 50 (left) and 
500 kPa (right) consolidation loads (sample 0.063mm). Same height reduction behavior is 

present in samples 50, 100, 150 and 300 kPa consolidations. 



in Figure 7 where fraction 0.25mm has a more clear increase of breakage in relation with the 
specimens 0.125 and 0.063mm anyway there is a slight increase in the fines generated by the 
tests as the consolidation load increases for all samples. 
 

Table 4 Particle fines content by sample and test load 
Size Load Fine Size Load Fine Size Load Fine 
(mm) (kPa) content (%) (mm) (kPa) content (%) (mm) (kPa) Content (%) 
0.25 50 26.6 0.125 50 21.0 0.063 50 10.3 

 100 32.8  100 24.1  100 9.2 
 150 29.5  150 29.6  150 10.9 
 300 34.8  300 22.3  300 12.1 
 500 39.6  500 23.9  500 12.7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Shape change in the different studied fractions is shown in Table 5. In relation with the original 
shape only the fraction size 0.063mm have change the shape for all quantities while fraction 
0.125mm has change in half of them but in both cases for the highest consolidation load 500kpa. 
 

Table 5 Quantity values for particles by size and load state 
Size 

(mm) Quantity Initial 
value 50kPa 500kPa 

0.063 1 1.513 1.494 1.422 
 2 0.698 0.698 0.729 
 3 0.707 0.703 0.730 
 4 0.934 0.932 0.943 

0.125 1 1.472 1.434 1.386 
 2 0.714 0.733 0.750 
 3 0.701 0.698 0.703 
 4 0.933 0.932 0.934 

0.25 1 1.452 1.397 1.395 
 2 0.718 0.743 0.739 
 3 0.693 0.682 0.685 
 4 0.928 0.922 0.924 

Figure 7 Amount of breakage by weight by shearing at different consolidation loads 



Suggested empirical relation 
 
Table 6 contains laboratory data collected from the samples. This data has been used to develop 
an empirical relation to estimate the internal friction angle as a function of the consolidation 
load, void ratio, particle size and particle shape with the help of a regression analysis.  
 

Table 6 Quantity values for the samples 
 
 
 
 
 
 
 
 
 
Suggested empirical relations equations are listed below (table 7, 8, 9 and 10); they were 
obtained from a regression analysis. Additionally to the regression analysis a subset regression 
has been carried out to identify the factors affecting the empirical model. Data undergoing the 
empirical relation represents the R2 when using the available parameters. For all the models the 
best fit includes all the suggested parameters. 
 

Table 7 Empirical relation for Q1 
φ = 289 – 0.134 c – 76.3 e + 63.6 s – 134 Q1             [1] 

R2 Consolidation 
(c) 

Initial void 
ratio (e) 

Size 
(s) 

Q1 

56.4  X X  
60.5 X X X  
56.7  X X X 
73.9 X X X X 

residual ±2    
 

Table 8 Empirical relation for Q2 
φ = -5 -0.060 c – 61.1 e + 76.4 s + 109 Q2                  [2] 

R2 Consolidation 
(c) 

Initial void 
ratio (e) 

Size 
(s) 

Q2 

56.4  X X  
60.5 X X X  
56.6  X X X 
65 X X X X 

residual ±2    
 

Table 9 Empirical relation for Q3 
φ = 801 -0.1526 c – 43.6 e – 27.9 s – 1036 Q3            [3] 

R2 Consolidation 
(c) 

Initial void 
ratio (e) 

Size 
(s) 

Q3 

56.4  X X  
40.0  X  X 
94.6 X X  X 
60.5 X X X  
96.7 X X X X 

residual ±0.7    

Internal  Consolidation (c) Initial  Size (s) Quantity values (Q) 
friction angle (φ) kPa void ratio (e) mm 1 2 3 4 

25.9 50 0.75 0.063 1.513 0.707 0.698 0.934 
25.2 100 0.73 0.063 1.494 0.702 0.698 0.932 
23.3 50 0.95 0.125 1.472 0.701 0.714 0.933 
17.9 100 0.94 0.125 1.434 0.698 0.733 0.932 
22.1 50 1.06 0.25 1.452 0.693 0.718 0.928 
26.7 100 1.03 0.25 1.397 0.682 0.743 0.922 



 
Table 10 Empirical relation for Q4 

φ = 2026 – 0.1431 c +2 e – 95.3 s – 2129 Q4              [4] 
R2 Consolidation 

(c) 
Initial void 

ratio (e) 
Size 
(s) 

Q4 

56.4  X X  
50.0  X  X 
93.1 X  X X 
83.6 X X  X 
93.1 X X X X 

residual ±0.9    
 
 
Discussion 
 
Drained direct shear test were performed in homogenous tailings particle sizes 0.25, 0.125 and 
0.063mm. Internal friction angle was calculated using the data obtained from the tests. Normal 
consolidation pressure, initial void ratio, particle shape and size (Table 6) were monitored.  
 
Shear test results 
 
Results indicate that the void ratio is governed by the consolidation pressure and particle size 
as it is indicated in Table 3 and Figure 5. The consolidation pressure reduces the void ratio and 
the void ratio is higher in in bigger particles. The consolidation pressure has a direct effect on 
the void ratio and the compression index represents this relation (Craig, 2002). Void ratio is 
dependent on the grain-size characteristics of the soil, primarily mean particle size and sorting 
(Meade, 1968). 
 
Figure 6 height sample changes during test can be notice; height changes present primary and 
secondary settlements recognized by the continuous height reduction probably result of the 
rearrangement of the particles. In those samples having dilatant behavior the particles rotate 
and rearrange overlapping the rest of the particles increasing the sample height. Samples subject 
to 500 kpa present a flat surface (Figure 6, right) here the normal load is enough to not let the 
sample to dilate. The deformation of soil mass can required a low energy if particles are free to 
rotate; this is the case of loose packing (Santamarina & Cho, 2004). The lack of particle rotation 
suggests a higher breakage corroborated by the Figure 7 that shows the highest breakage for all 
samples at 500 kpa. 
 
Internal friction angles results range between 17.9˚ and 26.7˚ this values are in agreement 
with those observed by Guangzhi, et al. (2011) and Liu, et al. (2012) in direct shear tests for 
copper tailings (range between 24.5˚ and 28.1˚). 
 
Effect of shearing on particles 
 
Void ratios (Figure 5) and particle size reduction (Figure 7) happened during the increase of the 
normal consolidation load. This particle size reduction have a strong jump from 0 to 50kpa 
resulting in a 10 to 25% of fines generation (depending on the particle size). In this study size 



reduction has been detected even before tests start in stored ready to use samples. Ocular 
inspection on coarse size sample before test (0.25mm) show a fines generation (reduction in 
size) probably result of the handling and preparation. Lade, et al. (1996) suggest that angular 
particles are very susceptible to break even at low stresses because they concentrate in the 
angular contact points. Furthermore the particle breakage is also a function of time even under 
constant stresses (Yamamuro & Lade, 1993). Time and load could explain this breakage 
detected during storage and handling of the tailing samples. Peak in Figure 7 sample 0.125mm 
at 150 kpa of consolidation suggest this behavior, sample probably broke before test and that’s 
why result is an outstanding difference with respect the neighbor loads (100 and 300 kpa). An 
initial high breakage will be produced even at low consolidation loads with a slight increase 
during each step increased load. 
 
Breakage of the coarse fraction (0.25mm) show no shape change (see Table 5) and only the 
elongation of the particles were affected in size 0.125mm at high consolidation load (500 kPa), 
roundness was not affected. Fraction 0.063mm show shape change in all shape descriptors at 
high loads (500 kPa). In perspective this changes could influence the final tailings strength and 
this relations are discuss within the empirical relations. 
 
Empirical relations 
 
Empirical relations suggested in this study are applicable under defined conditions. Empirical 
relations equations 1, 2, 3 and 4 were obtain from the laboratory data showed in Table 6. 
Empirical relations were suggested using the common parameters initial void ratio, particle 
size, consolidation pressure but differing in the quantity used. The intention to introduction 
diverse quantities is to evaluate its relationship or contribution. 
 
Results from Cho et. al. (2006) to estimate the internal friction angle has a correlation 
coefficient of R2 = 0.84 and Rouse et. al. (2008) varies from ± 3.1 to 5.3 degrees with 95% of 
confidence. Results in this papers has shown an R2 = 0.95 in the best of the cases (See equations 
1, 2, 3 and 4) with ±2 and ±0.8 residual values depending in the used quantity. 
 
Data in Table 6 was used to asses a regression analysis. Shape and void ratio are the driving 
parameters in the empirical relations (in this order), this is recognized by the multipliers (see 
equations 1, 2, 3 and 4. The exception is in equation 4 where void ratio absolute value is smaller. 
Empirical relations are suggesting that friction angle would decreases if consolidation increase 
and void ratio decreases. It is evident that the physical changes in void ratio and consolidation 
are not in agreement with the known, if consolidation (relative density) increases and void ratio 
decreases friction angle should increase (Holubec and D’Apolonia, 1973). This can be 
explained if we consider the entire equations. Shape is the main driving parameter in the 
equations and probably the rest of the parameters are adjusting the model with no physical 
mining. From this conclusion it is not possible to determine the real physical effect of the 
consolidation, size and void ratio but shape as a main driving parameter could. 
 



Quantities 1 and 2 are related with the form (first order scale of the Mitchel and Soga 
classification) and quantities 3 and 4 describe the roundness (second order scale). Empirical 
relations results show that when particles become more regular in form (quantities 1 and 2) the 
friction angle (φ) increases but when they become more rounded (quantities 3 and 4) friction 
angle (φ) decreases. The methodology used to cast the direct test samples is based in the natural 
sedimentation process (Dorby, 1991) and it is possible that this could have an effect on the 
results. Results could suggest that elongated particles like mica minerals are deposited in 
horizontal layers creating preferential sliding horizons that have reduced strength compared 
with regular in form particles. Harris, et al., (1984) found decrees in the shear resistance with 
increase the mica content in regular sands. Furthermore the void ratio increases with mica 
content (and flat-elongated particles) resulting in a looser and weaker soil (Santamarina & Cho, 
2004; Chen, et al., 2005). Deposition methods in tailing dams as spigotting could create this 
preferential layering deposition. The mica minerals presence during further experimentation 
should be account to understand the effects in tailings. Tailings dam research should consider 
deposition method effects over the particle settlements and layering in the tailing impounds that 
could drive the strength of the materials. 
Tailings strength decrease when roundness increases (equations 3 and 4) in agreement with 
(Santamarina & Cho, 2004). In this case angular tailing particles are providing more 
interlocking strength been necessary to break the corners to be able to rearrange the soil 
structure. Figure 7 shows the fine generation increase while increasing stresses and Figure 6 is 
the behavior of the height sample during shearing. Considering both (Figure 6 andFigure 7) it 
seems like samples have a primary and secondary consolidation separated for a height sample 
increase; this height increase could represent a major rearrangement of the particles 
(overlapping). The increases of stresses in the sample avoid the rearrangement generating more 
fines. The breakage of the particles is not necessary to produce more angular or rounded 
material, corners can always break and keep its angularity as direct shear results showed it 
(Table 5 sizes 0.25 and 0.125mm). 
 
Particle size increase has been identified in the literature as a possible soil strength parameter 
modifier inherent to the material strengthening the soil in some studies (Lewis, 1956; 
Kolbuszewski & Frederick, 1963) but weakening in others (Kirkpatric, 1965; Marschi, et al., 
1972) or even having no effect (Bishop, 1948; Vallerga, 1957). Particle size influence in the 
friction angle is ambiguous for this research results. Quantities seem to have the main influence 
on the size. For form quantities, if the size increases the strength increases but for roundness 
quantities if the size increases the strength decreases. 
 
The limited amount of data shrinks the action area of the empirical relations but state an initial 
relation for further research and new data acquisition. In perspective if particles become more 
rounded the strength of the tailings could be reduced. If particles are more regular in form the 
strength should not be compromised. However the reduction of the sizes (fine soil production) 
could have an effect that it is still unknown. The validity of the empirical relations is limited to 
the minimum and maximum values show in Table 6. 
 
 



Conclusions 
 

 Effect of particle size on shear strength was ambiguous and not clearly identified. 
 Friction angle increases when angularity increases. 
 Friction angle increases when particle form is more regular or symmetric. 
 Shearing of the particles is producing fragmentation with no change in shape for coarse 

samples but roundness and form symmetry for finer fraction 0.063mm. 
 Symmetry form of the tailing particles was increased for samples size 0.125. 
 Empirical relations were suggested  
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Basic Description of Tailings from Aitik Focusing on 
Mechanical Behavior 
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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%. 
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The bulk density ( ) was determined to be in range of 
1.66 - 2.06 t/m3. Similarly the saturated density (ρsat) and 
dry density (ρd) were found to be in range of 1.76 – 2.065 
t/m3 and 1.18 – 1.65 t/m3 respectively. The average particle 
density ( for collected samples was 2.833 t/m3. The 
void ratio (e) and porosity (n) were calculated to be in 
range of 0.72 – 1.41 and 41.9 – 58.5% respectively.   

A. Particle Size 
Sieve analysis was conducted for undisturbed and 

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

 

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

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

Sample Depth 
(m) 

D30 

(mm) 

D50 

(mm) 

D60 

(mm) 

GH56+450 inkl  12-15 0.078 0.14 0.21 

DGH56+450E  12-15 0.11 0.16 0.2 

Temp62+315  18 0.025 0.05 0.062 

DEF62+315D  20 0.018 0.028 0.035 
VFT 349  

undisturbed 38 0.0032 0.006 0.0077 

Temp 56+450D  38 0.0032 0.006 0.008 

DEF62+315D  43 0.0035 0.007 0.0092 
GEO29B  

undisturbed 47 0.0039 0.008 0.011 

 

TABLE 2  
SUMMARY OF BASIC GEOTECHNICAL CHARACTERIZATION ON AITIK TAILINGS 

Sample Description Water 
content 

(%) 

Bulk 
Density 

( ) 
t/m3 

Saturated 
Density 

(ρsat)  
t/m3 

Dry 
Density 
(ρd) 
t/m3 

Void Ratio 
[e] 

Porosity 
[n] 
(%) Tube 

Elevation 
/Depth 

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

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

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

BBK93 370.4/22.2 43.3 2.03 1.92 1.42 1.0 50 
VPLANB150 370.4/22.2 43.9 1.887 1.848 1.31 1.161 53.7 

VFT349 343.16/38 41.4 1.66 1.76 1.18 1.411 58.5 
AIB852 343.16/38 39.5 1.914 1.887 1.37 1.066 51.6 

5580 344.7/47.4 28.6 2.06 2.065 1.65 0.721 41.9 
GEOB29 344.7/47.4 38.8 1.99 1.93 1.43 0.977 49.4 

HSRB1016 344.7/47.4 37.5 1.933 1.909 1.41 1.016 50.4 
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Roundness  
(Intermediate 
Scale) 

Surface Texture  
(Small Scale) 

Morphology  
(Large Scale) 

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

B. Particle Shapes 
Particle shapes are known to affect various engineering 

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

 

 

 

 

 

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

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

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

 

 

 

 

Figure 4: Particle shapes of different sizes from Aitik Tailings 

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

IV. VERTICAL HEIGHT REDUCTION DURING DIRECT 
SHEAR TESTS 

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

   1mm                             0.5mm                   0.125mm             0.063mm 
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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 (ρs) of collected tailings samples 
was 2.833 t/m3. The bulk density (ρ) was varying from 
1.66–2.06 t/m3. Similarly the saturated density  (ρsat) and 
dry density (ρd) were found to be in range of 1.76 – 2.065 
t/m3 and 1.18–1.65 t/m3 respectively. Void ratio (e) and 
porosity (n) were in range of 0.72–1.41 and 41.9–58.5%. 
Reductions in vertical height of samples were observed 
during direct shear tests with slight increase in pore 
pressures. Future studies should be carried out to 
understand tailings behavior more in detail. 
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Deformations and Particle Breakage          
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Abstract. Tailings are the waste product of mining which is left over after 
extraction of materials of interest. Tailings material may possess different material 
properties depending upon type of ore and method of concentration. Sometimes 
the tailings material itself is used in construction of tailings dams and tailings dams 
are constructed to withstand for long times. A tailing dam can be exposed to 
settlements due to incremental load as these dams are raised in stages. Increasing 
load with time may also lead to particle breakage. This article presents the results 
from oedometer tests conducted on tailings materials. The study includes the 
stress-deformation behavior and particle breakage of tailings material of different 
gradations upon application of incremental loads in oedometer tests. The samples 
were collected from different sections of tailings dam from Sweden. Remolded 
samples were manufactured in laboratory as four batches of particle sizes i.e. 1-0.5 
mm, 0.5-0.25mm, 0.25-0.125mm and 0.125-0.063mm. The results are analyzed 
from tested samples at different stress levels and compared with different particle 
sizes. The breakage of particles of each batch is analyzed by sieving the specimens 
after oedometer tests. The results are evaluated in terms of primary and secondary 
deformations. The primary and secondary deformations are also compared with 
different particle sized specimens. 

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

1. Introduction 

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

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

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

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

2. Materials & Methods 

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

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

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

Material 
(Particle size-mm) 

Moisture 
Content 

average % 

Specific Gravity
Average 

t/m3 

Bulk Density 
average 

t/m3 

Initial Void 
Ratio  

(e) 

Degree of 
Saturation 

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

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

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

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

3. Results 

3.1. Stress-Strain Behavior 

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

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

different particle sizes.  

The strains can be well described in form of Eq.1 as it appears straight line in 
plot���� � � ����	
. Table 2 shows the summary of tests represented in the form of 
Eq.1 and reductions in void ratios in percentage and final void ratios. The Eq.1 is 
written as; 

�� � �� � ��

�             (1) 
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In Eq.1, ��is vertical strain in (%) and ��
 is vertical effective stress in (kPa). These 
values are taken from best fit straight line between stress range between 40 kPa and 
640 kPa; therefore, the values of��� and�� are valid for this stress ranges only. 
Table 2. Summary of tests performed in terms of��,��� reduction in void ratio (e) and final void ratios 

Material 
(Particle size range-mm) 

� � Reduction in 
(%) void ratio e 

Final Void 
ratio e 

1-0.5 mm 1.795 
1.387 
1.124 
0.496 

0.279 
0.305 
0.632 
0.450 

23.1% 
21.0% 
19.0% 
15.0% 

0.79-0.96 

0.5-0.25 mm 1.240 
0.957 
0.716 
0.343 

0.227 
0.310 
0.362 
0.480 

 
18.0% 
16.9% 

 

0.68-0.72 

0.25-0.125mm 0.496 
1.922 
0.238 

0.353 
0.212 
0.458 

18.7% 
12.4% 
10.1% 

0.66-0.78 

0.125-0.063mm 1.335 
2.815 
0.297 
0.235 

0.226 
0.181 
0.505 
0.433 

 
13.3% 
8.8% 

0.67-0.77 

3.2. Void ratios during compression  

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

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

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

�
 � �
�

� !"
#
!"$!%

&	%$&	"
'    (�()*+)           (2) 

�� � �
!"$!%

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

             (3) 

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

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

Material 
Particle size (mm) 

C��(C;)DE) BF B�� B��)BF 

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

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

 

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

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

3.4. Particle Breakage 

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

Material 
(Particle size range-mm) 

Percentage of particles passing 
after test (%) 

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

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

 
Figure 3. Typical secondary compression curves for different particle sized specimens plotted as void ratio 

vs. log time (min) corresponding to effective stresses of 320 kPa 

4. Discussion 

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

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

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

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

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

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

5. Conclusions 

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

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

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

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

� Particle breakage in coarser particles was high (14%) as compared to finer 
particles (0.8%).  
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