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ABSTRACT: A two-dimensional Particle Flow Code (PFC2D) was applied to investigate the influence of microscopic param-

eters such as coordination number, contact forces and fabric on the mechanical behaviour of mining sand tailings. Some drained 

biaxial compression tests were simulated under the same conditions as the physical drained triaxial experiments. These tests 

comprised samples sheared at a relative density of 60-65%, which represents the compaction conditions of the tailings after the 

spread and passage of equipment. In order to represent the effect of the irregularities in the shape of the tailings grains, the rolling 

resistance was used in the discrete element method (DEM) simulations. In this regard, the micro-mechanical properties of the 

numerical sample, such as the normal, shear and rolling resistance stiffness, and the rolling friction coefficient, were calibrated 

to reproduce the overall behaviour of the sand tailings observed in the laboratory tests. The results suggest that the microscopic 

physical properties such as contact forces, fabric, particle velocity and rotation play an important role in the macroscopic shear 

response of the sand tailings, especially for Critical State Line determination.  
Keywords: Discrete element method (MED); Rolling resistance; Mining sand tailing. 

 

 

1 INTRODUCTION 

Mining tailings are granular materials (sands) and/or 

non-plastic fines (silts) that result from the mining and 

ore extraction process, usually deposited in piles and 

dams. Understanding the properties and mechanical be-

haviour of tailings is essential for the accurately estima-

tion of the performance of these structures in the short 

and long term, considering their potential for liquefac-

tion.  

The phenomenon of liquefaction can be described by 

relating the strain-softening stress-strain response and 

the Critical State Line (CSL), using concepts of critical 

state theory initially approached by Casagrande (1936) 

and later studied by other authors (Been and Jefferies, 

1985; Castro, 1969; Ishihara, 1996; Jefferies and Been, 

2016; Lade and Yamamuro, 1996; Pestana and Whittle, 

1995; Verdugo and Ishihara, 1996. 

Laboratory tests, including drained and undrained tri-

axial tests, represent important tools for evaluating the 

mechanical behaviour of granular materials such as 

sand mining tailings, in terms of stress-strain, volumet-

ric variation, pore-pressure generation, and obtaining 

properties related to critical state (such as phase trans-

formation, instability, dilatancy, critical state line). 

This assessment should also consider aspects related 

to particle structure and their contacts, as pointed out by 

some authors, such as Been and Jefferies (1985), cited 

in Jefferies and Been (2016,) through the Kogyuk sand 

case. Different stress-strain curves and volumetric vari-

ations were observed from the results of the drained tri-

axial tests performed on two samples of this sand, 

moulded in the same density, and submitted to equal 

confinement stresses, differing only by the preparation 

method, as shown in Figures 1 and 2. 

 

 
Figure 1. Effect of microstructure on Kogyuk sand behaviour 

– Stress-strain curves (Been and Jefferies, 1985 apud Jeffer-

ies and Been, 2016) 

 

 
Figure 2. Effect of microstructure on Kogyuk sand behaviour 

– Volumetric curves (Been and Jefferies, 1985 apud Jefferies 

and Been, 2016) 

 

A second important aspect is the shear strain concen-

tration in a band that may be developed during the 
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drained shear of dense samples, where a locally looser 

void ratio than the material around it is developed, as 

experimentally observed by Desrues et al. (1996) and 

Oda et al. (2004).  

Verifying the influence of the microstructure on mac-

roscopic behaviour through laboratory tests is quite 

complex, as it requires the use of advanced image pro-

cessing techniques, such as photoelastic and micropho-

tography (Majmudar and Behringer, 2005; Yang et al., 

2008).  

Therefore, the discrete element method (DEM) has 

stood out for understanding the global mechanical be-

haviour of granular materials, such as mining tailings, 

by simulating the processes of densification and shear 

on a microscopic scale under conditions similar to those 

adopted for laboratory tests.  

 Additionally, DEM modelling can overcome some 

of the limitations typically observed in laboratory tests, 

such as sample disturbance or non-uniformity prepara-

tion, the estimation of void ratio when localized shear 

bands form in dense sandy materials sheared under 

drained conditions, and the ability of the equipment to 

achieve large deformations. 

In this paper, DEM simulations were performed us-

ing the two-dimensional Particle Flow Code, PFC2D 

(Itasca Consulting Group, 2021), in order to evaluate 

the influence of microstructure on the global mechani-

cal response of an iron ore mining tailings under iso-

tropically consolidated drained (ICD) biaxial test. 

2 LABORATORY TESTS 

The reference laboratory tests were carried out by So-

tomayor (2018) on a sample of iron ore mining tailings. 

Figure 3 shows the grain size distribution of the tailings, 

which were characterized as sandy silt with no plastic-

ity.  

The uniformity coefficient (𝐶𝑢) and the specific grav-

ity (𝐺𝑠) of the tailings sample are 1.5 and 2.89, respec-

tively.  

 

 
Figure 3. Particle size distribution of mining tailings and nu-

merical samples 

 

The physical properties of the tailings sample are 

summarized in Table 1.  

 

 
Table 1. Summary of the physical properties for mining tail-

ings sample (Sotomayor, 2018) 

Item Unit Value 

Clay % 1.70 

Silt % 16.03 

Sand % 70.56 

Specific Gravity (𝑮𝒔) - 2.89 

Liquidity index (𝑳𝑰) % NL 

Plasticity index (𝑷𝑰) % NP 

Mean grain size (𝑫𝟓𝟎) mm 0.10 

Uniformity coefficient (𝑪𝒖) - 3.5 

Relative density (𝑫𝒓) % 65 

 

The scanning electron micrographs (SEM) indicated 

angular to sub-angular grains, as represented in Figure 

4. It is also important to mention the presence of the pol-

ypropylene fiber added by Sotomayor (2018) in part of 

the test campaign. For the present numerical simula-

tions, the authors considered only the tests on samples 

with no fiber reinforcement. 

 

 
Figure 4. SEM image of iron ore mining tailings (Sotomayor, 

2018) 

 

A specimen of 38mm in diameter and 80mm in high 

was prepared by moist tamping method (Lambe, 1951) 

to achieve a void ratio of approximately 0.65, corre-

sponding to a relative density (𝐷𝑟) of 65% and a dense 

condition.  

The saturation process was initiated by flushing de-

aired water through the sample from bottom to top to 

displace the air. Since small air bubbles may remain af-

ter the water percolation, the back pressure (𝜎𝑐) was 

gradually increased, and the pore pressure increments 

(∆𝑢) were recorded. The degree of saturation was 

checked by measuring the parameter 𝐵 (𝐵 =  ∆𝑢/∆𝜎𝑐). 

The saturation process ceased once 𝐵 ≥ 0.98, indicating 

that samples were fully saturated.  

The sample was then isotropically consolidated under 

a maximum confining pressure of 50, 100, 200, or 

400kPa, depending on the target 𝜎𝑐 for the correspond-

ing triaxial test. During the drained and undrained shear 

phase, the specimens were loaded under an axial strain 

rate of about 0.032mm/min while maintaining the cell 

pressure constant. For drained tests, the axial strain ve-

locity adopted was low enough to allow the full dissipa-

tion of the excess pore pressures. For undrained tests, 
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the reference axial strain rate allowed the equalization 

of the excess pore pressures produced during sample 

shearing.  

3 NUMERICAL SIMULATIONS 

3.1 Sample generation 

The rolling resistance linear contact model (RRLCM) 

was used in this study to provide resistance to rotation 

at the contact points by adding the rolling friction re-

sistance 𝜇𝑟 (Ai et al., 2011). Therefore, the numerical 

simulations could best represent the angularity of the 

mining tailings’ grains using a virtual sample composed 

of simple circular-shaped particles.  

The DEM sample was created as a rectangular shape 

with dimensions of 38mm x 80 mm, bounded by four 

rigid walls, which is the same size as the experimental 

samples, as represented in Figure 5.  

 

 
Figure 5. DEM sample 

 

The assemblies consist of 5468 circular particles. The 

grain size distribution of the DEM sample is compared 

with that of the iron ore tailings specimen (Sotomayor, 

2018) in Figure 3. The mean grain size (𝐷50) is about 

1.1 and the Cu is 3.4, which is the same as the tailings 

material. Note that the particle size of the numerical 

sample is about 10 times the size of the mining tailings 

grains, and the particles with a diameter for which 10% 

(by mass) of the material passes were removed for com-

putational efficiency.  

In order to reproduce a DEM sample with a relative 

density of 65% as the actual mining tailing, it was nec-

essary to explore the range of the minimum (𝑒𝑚𝑖𝑛) and 

the maximum (𝑒𝑚𝑎𝑥) void ratios of the numerical sam-

ple beforehand. Therefore, the 𝑒𝑚𝑎𝑥 was attained by set-

ting 𝜇𝑟 and the interparticle friction coefficient (𝜇) to 

0.4 and 0.5, respectively. Then, both 𝜇𝑟 and 𝜇 were 

changed to zero. The particles were settled down to 

reach equilibrium under gravity, and the 𝑒𝑚𝑖𝑛 was ob-

tained. Typically, low values of friction resistance gen-

erate an arrangement of densely packed particles, 

whereas high values of 𝜇 produce loose packing. 

The specimen was generated with an input porosity 

of 0.81 using the radius-expansion (RE) method, which 

consists of a gradually increasing of the radii values for 

the particles in the system by a factor 𝛼 (O’Sullivan, 
2011).  

Firstly, the particles were generated with half of their 

diameters and then expanded to their target size, by ap-

plying a factor 𝛼 of 2.0. Thereafter, the specimen was 

cycled to bring the system into a state of equilibrium. In 

this condition, the sample has a final void ratio of 0.24, 

which corresponds to 𝐷𝑟 = 65%. Gu et al., (2020) have 

observed that RE method produces an initial fabric 

closer to the moist tamping technique, which was used 

for the present experimental tests on iron ore mining 

tailings.  

Table 2 lists the physical properties of the DEM sam-

ple. 

 
Table 2. Physical properties of DEM sample 

Item Unit Value 

Number of particles - 5,468 

Particle density (kg/m³) - 2890 

Mean grain size (𝑫𝟓𝟎) mm 1.1 

Uniformity coefficient (𝑪𝒖) - 3.4 

Maximum void ratio (𝒆𝒎𝒂𝒙) - 0.79 

Minimum void ratio (𝒆𝒎𝒊𝒏) - 0.05 

3.2 Biaxial tests  

In this study, the biaxial test specimen was modelled us-

ing four independent rigid walls formed as a rectangular 

box. The walls act as independent loading platens. All 

the simulations were performed with the same initial 

conditions (𝑒0 = 0.24 and an identical initial isotropic 

consolidation stress state using a confining pressure, 𝜎0, 

of 200 kPa). The primary isotropic compression stage 

was performed by moving the walls towards each other 

incrementally to achieve the desired 𝜎0, which was 

maintained using a servo control mechanism. The DEM 

simulations were conducted by keeping the stresses on 

vertical walls constant (and equal to 𝜎0) using a servo-

control mechanism, while the top and bottom walls 

moved in a constant velocity of 0.1 m/s (i.e., constant 

axial strain rate), which was verified to be sufficiently 

small to ensure the quasi-static stress state. The time 

step was carefully considered in the order of 10−6. 

3.3 Model calibration 

The calibration of the microscopic properties of the 

DEM model against experimental test data was per-

formed in order to capture the macro-scale response of 

the iron ore mining tailings obtained through laboratory 

tests by Sotomayor (2018). In the calibration process, 

the appropriate values inputted for the rolling resistance 

parameter, friction resistance, effective modulus (𝐸∗) 

and contact stiffness ratio (𝑘∗) were optimized to best 
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fit the macroscopic behaviour of the mining tailing, re-

garding both deformability and strength parameters.  

Figure 6 shows the comparison between the simula-

tion results and experimental data conducted by So-

tomayor (2018). Figures 6(a) and (b) compare the evo-

lutions of deviatoric stress and volumetric strain for the 

tests carried out under 200kPa of confining pressure.  

 

 
(a) 

 
(b) 

Figure 6. Calibration results of (a) stress-strain and (b) vol-

umetric strain  

 

The numerical results using RRLCM showed good 

agreement with the experimental data. Some differences 

are usually expected since the numerical model may not 

be able to reproduce all the laboratory boundary condi-

tions, such as the deformability of the latex membrane 

used to cover the testing samples. 

The particles were assigned a ratio of normal-to-

shear stiffness ratio of 2.0, an effective modulus (𝐸∗) of 

4.5x 107Pa, a friction coefficient of 0.4 and a local 

damping of 0.7. The initial void ratio is 0.24, which cor-

responds to 65% of relative density.  

3.4 Results 

In Figures 7(a-c), the contact forces network produced 

by the particle interactions for the numerical mining 

tailings sample during the drained biaxial test is plotted 

for the axial strains (𝜀𝑎) of 0.1%, 5.5% and 18%.  

The contact forces are represented by lines whose 

thickness is proportional to the magnitude of the force. 

So, the thicker lines represent the larger contact forces. 

At the initial state (𝜀𝑎= 0.1%), there is no apparent pref-

erential orientation for the larger contact forces. As the 

sample is strained and the volumetric strain increases 

(i.e., the sample dilates), the network reduces in number 

and in thickness. Also, the distribution of the larger con-

tact forces is aligned with the direction of the major 

principal stress, which acts vertically and concentrated 

in the central zone. 

 

         
               (a)                       (b)                        (c)    

Figure 7. Evolution of contact forces network for axial strains 

of (a) 0.1% (b) 5.5% and (c) 18%  

 

Figures 8(a-c) show the particles’ rotation direction 

considering the same 0.1%, 5.5% and 18% axial strains, 

where only the rotations with magnitude greater than 

1.0 are represented in colours.  

 

    
            (a)                   (b)                    (c)    

Figure 8. Numerical results of rotation direction magnitude 

for axial strains of (a) 0.1% (b) 5.5% and (c) 18%  

 

In Figures 8(a-c), the plotted rotation direction indi-

cated the formation of a shear band at 5.5% axial strain, 

which location and inclination are determined by the lo-

cation of the zones of maximum rotation (O’Sullivan, 
2011, and Bardet and Proubet, 1991). 

Figures 9(a-c) illustrate the velocity vectors results. 

At an axial strain of 0.1%, when the sample has an ini-

tial volumetric contraction, the particles move towards 

the central zone of the sample. As the volumetric strain 

becomes negative (at 2.0% of axial strain), the velocity 

decreases and the vectors most concentrates more to-

wards the opposite direction of the shear band location.  

 

    
          (a)                      (b)                      (c)    

Figure 9. Plot of particle velocity vectors for axial strains of 

(a) 0.1% (b) 5.5% and (c) 18%  
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The void ratio was also evaluated at the shear band 

location (𝑒𝑠ℎ𝑒𝑎𝑟 𝑏𝑎𝑛𝑑), in a constant zero-rotation zone 

(𝑒𝑙𝑜𝑐𝑎𝑙) and considering the entire sample area (𝑒𝑔𝑙𝑜𝑏𝑎𝑙), 
as represented in Figure 10. For axial strains higher than 

2.0%, the results indicated that 𝑒𝑠ℎ𝑒𝑎𝑟 𝑏𝑎𝑛𝑑 was greater 

than 𝑒𝑙𝑜𝑐𝑎𝑙, which means that the material is locally 

looser in shear band than in the neighborhood. The 𝑒𝑔𝑙𝑜𝑏𝑎𝑙 is lower than the 𝑒𝑙𝑜𝑐𝑎𝑙 and thus the 𝑒𝑠ℎ𝑒𝑎𝑟 𝑏𝑎𝑛𝑑. 

 

 
Figure 10. Plot of particle velocity vectors for axial strains of 

(a) 0.1% (b) 5.5% and (c) 18%  

 

In practice, the 𝑒𝑔𝑙𝑜𝑏𝑎𝑙 could be related to the void 

ratio calculated conventionally in laboratory tests using 

the volume of the test specimen. Therefore, the results 

suggest that shear localization in samples can induce 

unrepresentative measurements of volume change and 

thus void ratio calculation. This can lead to a misleading 

void ratio when using a drained triaxial test on dense 

samples for CSL definition. Then, drained and un-

drained triaxial tests on loose samples should be used as 

starting point to determine the Critical State Line, as 

considered by Castro (1969), Cella and Padovani 

(2021), Jefferies and Been (2016), and other authors.  

 

4 CONCLUSIONS 

This paper presents a discrete element method analysis 

of drained biaxial test on mining sand tailings using the 

rolling resistance linear contact model. The results for 

deviatoric stress and volumetric strain demonstrate 

good agreement with the data obtained by Sotomayor 

(2018) from experimental isotropically consolidated 

drained triaxial test on sand iron ore mining tailings, for 

the selected calibrated microscopic parameters. The 

simulations were performed under a confining pressure 

of 200kPa, using the same test conditions as experi-

ments in terms of sample porosity (relative density) and 

loading.  

The macroscopic mechanical behaviour was evalu-

ated in the DEM model from the contact force network, 

the velocity vectors and the particles’ rotation measured 

from ball-ball and ball-wall interactions. During the 

drained biaxial test on the dense sample, the shear band 

location and inclination were captured. The evolution of 

the void ratio indicated lower values when considering 

the full sample area compared to the shear band or local 

void ratios, which represents an important aspect to be 

considered for CSL determination.  

The numerical model using RRLCM showed good 

agreement of stress-strain response with the experi-

mental data for drained triaxial test, although the model 

cannot fully capture the entire volumetric strain devel-

opment of the mining tailings. This limitation might be 

due to differences in boundary conditions experienced 

by the sample during laboratory tests, such as the de-

formability of the latex membrane.  

This research provides a starting basis for further re-

search on mining sand tailings by DEM. The further 

verifications could consider different test conditions 

that were not covered by the present work, such as a 

three-dimensional (3D) model, undrained shearing and 

samples generated in a large range of relative density 

(loose to medium-dense state).  
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