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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. 

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.  
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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. 

 
 
 



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 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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.) 

 
 
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” 

 

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. 

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).  

 
 

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. 

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 
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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). 

 
 
 
 
 

4 Results 

4.1 Geotechnical characterization and triaxial tests 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

EQ. # DEFINITION REFERENCE 

5  
 Cho et. al. (2006) 

6  
 Rousé (2008) 

Q, quantity value (0 to 1) 

Q1742' −=φ

Q4.147.41' −=φ



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).  
 
 
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 
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 σσ =  

σ1  = σ3 
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 
'
1σ  at failure [kPa] 564 826 1170 484 794 
'
3σ  at failure [kPa] 141 201 253 90 170 

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

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. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Box-plot for analyzed tailings material grouped by size determined by sieving. 
 
 

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. 

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

is the abbreviation for Aspect Ratio.  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Mean value of the quantities in sample a-d and size based on sieving. 
 

 
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).  



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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4.3 Comparing friction angle and empirical relations 
 

 
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).  

 
 



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. 

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). 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.   

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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