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ABSTRACT: Discrete element method simulations are continuously evolving towards usage of more realistic particles based on real 
distributions of particle sizes and shapes. Image acquisition technologies have developed to the extent that a soil specimen can be 
characterized particle by particle for size and shape. Meanwhile, computational geometry techniques allow for their digital 
representation. In this paper, use is made of the classic definition of particle roundness. It requires fitting of circles to corners on the 
particle perimeter. These corner circles are then used in creation of clumps for DEMs thereby preserving one of the most important 
features of sands with regard to their mechanical response. Additional non-corner circles are then fitted to the non-corner sections of 
particle perimeters. The key parameter of investigation in the study is the ratio of clump area to the actual particle area, AR. As AR 
increases, the number of circles in a clump must also increase. Through simulations of 2D direct shear tests it was shown that an AR 
of 99.8% was sufficient to faithfully represent the response of subrounded to angular sands in direct shear.  

RÉSUMÉ: Les simulations avec la méthode des éléments discrets (DEM) continuent d’évoluer vers l'utilisation de particules plus 
réalistes basées sur des distributions réelles de tailles et de formes. Les technologies d'acquisition d'images se sont développées au point 
où un spécimen de sol peut être caractérisé particule par particule par taille et forme. En même temps, les techniques de géométrie 
algorithmique permettent leur représentation numérique. Dans cet article, on utilise la définition classique de la rondeur des particules. 
Elle nécessite l'insertion de cercles aux angles du périmètre de particule. Ces cercles d’angle sont ensuite groupés ensemble pour 
représenter la particule dans la méthode des éléments discrets (DEM), préservant ainsi l'une des caractéristiques les plus importantes des 
sables par rapport à leur réponse mécanique. D'autres cercles en dehors des angles sont ensuite installés sur le reste du périmètre de 
particule. Le paramètre clé de cette étude est le rapport de la surface du groupe de cercles par rapport à la surface réelle de la particule, 
AR. Au fur et à mesure que AR augmente, le nombre de cercles dans un groupe doit également augmenter. Grâce à des simulations de 
tests de cisaillement direct 2D, il a été démontré qu'un AR de 99,8% était suffisant pour représenter fidèlement la réponse de sables sous-
arroundis et angulaires en cisaillement direct. 
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1  INTRODUCTION.  

The last decade has witnessed remarkable advances in image 
acquisition and digital computation technologies. Their 
coupling has positioned geotechnical engineering at the 
threshold of numerically simulating the mechanical behavior of 
real particle assemblies at very high resolutions. Since their 
origin in the 1970’s,the Discrete Element Method has evolved 
from approximations of granular materials by two-dimensional 
disks to today’s more complex representations using clumps of 
overlapping spheres to approximate irregular shapes. The 
typical clump generation methods include Ferellec and 
McDowell (2010) and Taghavi (2011). Those two methods 
were conceptually similar in that both begin with generation of 
a larger number of potential circles (or spheres).  Multiple 
accuracy control parameters are then defined to reduce the 
number of circles in the clumps. However, those control 
parameters will vary from particle to particle depending on 
particle size, angularity, and image magnification.  

A new “corner preserving” clump generation algorithm was 
recently developed by Zheng and Hryciw (2016a). It extended 
the traditional definition of particle roundness (Wadell, 1935) 
towards generation of DEM clumps. A single parameter, the 
ratio of the area of the generated clump to the area of the 
original soil particle is used for clump generation. This Area 
Ratio (AR) is an intuitive parameter that can be applied to all 
particles in a specimen regardless of their size, shape and image 
magnification. A key feature of the algorithm is that the corners 
of soil particles are perfectly preserved. Such preservation is 
critical because particle corners control the angularity of soil 
particles and therefore govern the macroscopic behavior of soils. 
Most importantly, the algorithm yields excellent renditions of 
real particles using fewer circles than by earlier methods.  

 

Since the computational demands of DEM increase 
significantly with increasing number of circles, a small AR is 
preferred to reduce the number of circles in clumps. However, 
with decreasing AR the clumps become less representative of 
the actual particles thereby affecting the macroscopic response 
obtained in DEM simulations. This paper compares direct shear 
test results by DEM simulations using different ARs to 
determine the minimum AR that yields the simplest clump 
model while preserving simulation accuracy. 

2  CORNER PRESERVING ALGORITHM 

The corner preserving algorithm was developed by Zheng 
and Hryciw (2016a) for generating realistic two dimensional 
(2D) clumps as shown in Fig. 1. The input is a binary image of 
a particle as shown in Fig. 1(a). Two steps are involved in 
creating a clump to represent the particle projection and to 
simultaneously compute a particle’s size and shape parameters. 
In step 1, a computational geometry algorithm developed earlier 
by Zheng and Hryciw (2015) identifies the corners on a 
particle’s perimeter and fits circles to them as shown in Fig. 
1(b). The maximum inscribed circle and the minimum 
circumscribing box are also determined as shown. The particle 
roundness and sphericity are also computed in this step. 
Roundness (R) is the ratio of the average radius of corner 
circles to the radius of the maximum inscribed circle. Sphericity 
(S) is the ratio of particle width (d2) to particle length (d1). For 
the example particle in Fig. 1, the R = 0.50 and S = 0.63. The 
particle size (d) is defined as the diameter of a circle having the 
same area as the soil particle. It is 13.4 mm for the particle in 
Fig. 1.  
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Figure 1. The Corner Preserving Algorithm 

The particle perimeter along with its corner circles (Fig. 1c) 
are the input to the second step. In step 2, the corner preserving 
algorithm searches the non-corner portions of the particle 
perimeter and fits additional circles to approximate these 
sections as shown in Fig. 1(d). In the end, the soil particle 
perimeter is represented by a cluster of several corner circles 
and many non–corner circles. The accuracy of this clump is 
controlled by the previously defined Area Ratio, AR. In this 
example, AR was set to 99.8%. The particle shown in Fig. 1(d) 
was approximated by a total of 34 circles of which 5 are corners 
circles and 29 are non-corner circles. Details of the corner 
preserving algorithm can be found in Zheng and Hryciw 
(2016a). It has four advantages over earlier clump generation 
algorithms:  

1) Previous algorithms required multiple parameters to 
control the accuracy of the generated clumps. These parameters 
had to be tailored to particle size, angularity and image 
magnification. Users had to tune these parameters for each 
clump to optimize the number of circles needed to represent any 
one particle. By contrast, the corner-preserving algorithm 
requires only the one input parameter, AR. The AR is an 
intuitive parameter which needs no adjustment for particle size, 
angularity and image magnification. Since much less user 
interaction is required, clumps of various shapes and sizes can 
be generated very rapidly.   

2) The sharpness of the particle corners (quantified by 
roundness) is precisely preserved by Step 1 (Fig. 1). Adjusting 
AR in Step 2 has no effect on the corners and almost no impact 
on computed roundness values. Such preservation is critical 
because corners control the angularity of the soil particles and 
therefore govern the macroscopic properties of soils such as 
packing, shear strength, critical soil state parameters, 
compressibility and small strain parameters (Zheng and Hryciw, 
2016b; Sukumaran and Ashmawy 2001; Cho et al., 2006; 

Bareither et al., 2008; Shin and Santamarina, 2013). For 
example, when Wadell roundness changes by only 0.1, the 
critical state angle of internal friction changes by 1.7° (Cho et 
al., 2016) and the peak friction angle changes by 2.4° (Bareither 
et al., 2008). Earlier clump generation techniques did not 
preserve particle corners. The tuning of parameters changed the 
sharpness of corners and thus diminished the simulation fidelity.  

3) Whereas previous methods required multiple circles to 
represent each corner (Taghavi, 2011), the new corner-
preserving algorithm only uses one circle for each corner. This 
significantly decreases the number of circles in clumps, 
especially for angular particles having many corners.  

4) In the process of clump generation, various actual 
intrinsic soil properties including d, R and S are computed for 
each clump. 

3  THE NUMBER OF CIRCLES IN CLUMPS AS A 
FUNCTION OF AREA RATIO  

In the above example, AR was set to 99.8%. By varying AR, 
other clumps were generated as shown in Fig. 2. The number of 
circles in the clump (N) are also shown. The changing of AR 
does not affect the size and location of the corner circles but 
alters the non-corner parts of the particle’s perimeter. As AR 
decreases, the non-corner parts gradually become bumpier as in 
Figs. 2a to 2c and even develop large arcs as in Figs. 2c to 2f. 
The decreasing AR clearly alters the surface structure which 
may change the macro mechanical responses in a DEM 
simulation.  

 

 
Figure 2. The relationship between AR and N.  

Fig. 3 shows the relationship between AR and N for the nine 
particles with different R values in the figure’s insert. The three 
numbers superimposed on the particle images are: the particle 
number, R and S. Clearly, for rounded and well-rounded 
particles (R > 0.6), N is relatively insensitive to changes in AR. 
For very angular to subrounded particles (R < 0.60) having 
more complex surfaces, a strong dependence of N on AR is 
observed when AR decreases from 99.9% to 99.7%. Below 
99.7%, the effects of AR on N become less significant.  

Since DEM computational load increases markedly with 
increasing number of circles, the minimum AR is sought to 
yield a minimum N that still effectively reproduces particle 
shapes and preserves the macro stress–strain behavior of soils. 
In soil specimens consisting of angular to rounded particles, the 
total number of circles NA (the sum of the N values of all the 
clumps) is attributed mainly to the larger N values of the 
particles having R < 0.60 while the rounded particles with R > 
0.60 will  contribute much less to NA. According to Fig. 3, a 
decrease in AR will mainly reduce the N values of the angular 
particles. Therefore, it is rational to search for an optimum AR 
value only for the more angular particles (R < 0.60) to minimize 
the computational load while preserving the accuracy of the 
mechanical responses. When found, this optimum AR value can 
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  be naturally applied to more rounded particles (R > 0.60) as 
well without causing any significant increase in NA. 

 
Figure 3. The relationship between AR and N as a function of R 

4  VIRTUAL SPECIMEN CREATION  

Based on the analysis above, 20 particle projections were 
selected with R values in a range of 0.15 to 0.60. Particles with 
R smaller than 0.15 are very rare in nature and therefore were 
not included. For each particle image, four clump models were 
generated using the corner preserving algorithm by setting AR 
to 99.9%, 99.8%, 99.6%, and 99.0%. Four virtual soil 
specimens were generated using the four AR values and direct 
shear tests were simulated using those four specimens.   

 A soil particle size distribution satisfying the Rosin-
Rammler function (Rosin and Rammler, 1933) shown in Fig. 4 
was used. The number of particles required to fill the direct 
shear box with a volume of 100 mm × 48 mm × 1 mm = 4800 
mm3 at a porosity of 0.20 was computed by the following 
process. 

 

 

Figure 4. Particle size distribution of the virtual soil specimen. 

The particle size distribution curve was discretized into 200 
equal fractions so that each fraction represented a volume 
increment of ΔV = 0.5% as shown in Fig. 4. The particle size di 
representing the i-th volume fraction was back-calculated using 
the Rosin-Rammler function. Knowing di, the volume vi of each 
particle in the i-th volume fraction was computed as shown in 
Fig. 4. To determine the number of particles in the i-th fraction, 
the volume of solids in this fraction was computed by Vt(1-
np)ΔV where Vt is the volume of the direct shear box and np is 
the porosity. Then number of particles required for the i-th 
volume fraction was computed as numi = Vt(1-np)ΔV/vi. This 
computation is repeated for each volume fraction. The total 

number of required particles to fill the direct shear box is the 
sum of numi. The result was 5,857 in this study. 

The direct shear test specimen consisting of all AR=99.9% 
clumps can be generated by randomly sampling the 20 clumps 
with AR = 99.9% by 5,857 times with equal probability. The 
resulting in R distribution by number of the 5,857 clumps is 
shown in Fig. 5. The total number of circles in all 5,857 clumps 
is NA = 496,188.  

By replacing the 5,857 clumps in the 99.9% specimen with 
99.8% clumps, 99.6% clumps, and 99.0% clumps, the other 
three soil specimens were generated. The NA values of those 
specimens are summarized in Table 1. The NA was reduced by 
about 50% as AR was decreased from 99.9% to 99.8% and 
again by 50% when AR was further decreased from 99.8% to 
99.6%.  

 

Figure 5. Particle roundness distribution of the virtual soil specimen. 
 
Table 1. Soil specimens and simulation results. 

Specimen NA
TA  

(Days) 
ϕ 

(degrees) 
ψp

(degrees)

AR = 99.9% 496,188 13.0 42.0 19.2

AR = 99.8% 267,817 3.2 42.0 19.2

AR = 99.6% 130,277 1.5 42.9 20.5

AR = 99.0% 90,268 0.8 44.1 20.5

5  SIMULATION RESULTS 

The simulations were performed in the two-dimensional 
Particle Flow Code (PFC2D) by Itasca (2015). The clumps 
were rained into the direct shear box. The top cap was added 
and the specimen was consolidated under a normal stress of 100 
kPa. A linear contact model was used in the simulation. The 
model parameters were set as follows: the clump density was 
2,650 kg/m3; the effective modulus of the clumps was 5 × 108 
N/m2; the effective modulus of the wall was 5 × 109 N/m2; the 
normal-to-shear stiffness ratio was 1.5; both the normal and 
shear critical damping ratios of the clumps were 0.5. To achieve 
a dense packing state, the friction coefficients for both the 
clump-clump and clump–wall interfaces were set to zero in the 
consolidation stage.  

After consolidation, the final porosity n was 0.21 which is 
very close to the initially assumed np = 0.20. In the shear stage, 
the normal stress was kept as P = 100 kPa. The clump-clump 
and clump–wall contact friction coefficients were set to 0.50 
and 0.95 respectively. The upper half of the box was fixed and 
the lower half was displaced at a constant velocity of 0.004 
mm/s. The top wall was continuously adjusted via a servo-
control mechanism (Itasca, 2015) to maintain the constant 
vertical normal stress during shearing. The horizontal 
displacement ux, vertical displacement uy, and shear force T of 
the four specimens are shown in Fig. 6. The peak friction angle 
� and dilation angle ψp are computed and shown in Table 1.  

As AR decreases, both the force ratio (T/P) and vertical 
displacement (uy) curves shift up in Fig. 6 and � and ψp 
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 increase as listed in and Table 1. That is somewhat expected. 
The non-corner parts on soil particle perimeter becomes 
bumpier as AR decreases from 99.9% to 99.6% (Figs. 2a to 2c). 
When AR decreases from 99.6% to 99.0%, the non–corner parts 
become larger arcs and more angular (Figs. 2c to 2e). The 
bumpier particle surfaces cause greater interlocking between 
particles thus causing larger dilations during shear. 

Since the simulation results for AR = 99.9% and AR = 99.8% 
are close to each other, AR = 99.8% is sufficient to preserve the 
particle geometry and the macro engineering behavior.  

 

 
Figure 6. Direct shear simulation results using four AR values. 

The total run time TA for the four simulations are shown in 
Table 1. The TA values are based on a computer with 3.2 GHz 
CPU and 32 GB memory. The TA and NA values of the 
AR=99.9% specimen were used to normalize the times and 
numbers of particles for the other tests. The normalized TA and 
NA values are plotted in Fig. 7. The number of particles and the 
run time were both very large when NA,AR=99.9%. They decreased 
by 46% and 75% respectively when AR was reduced from 99.9% 
to 99.8%. Despite the great savings in computational time, the 
simulation results were very close to each other as shown in Fig. 
6 and Table 1. Therefore, setting AR to 99.8% yields reasonable 
computational times while maintaining simulation accuracy for 
particles with R< 0.6. As observed in Fig. 6, a further reduction 
in AR from 99.8% to 99.6% provides additional computational 
savings but the simulation results begin to change as noted in 
Table 1. The final decrease of AR from 99.6% to 99.0% alters 
the results considerably and thus AR<99.6% should not be used.  

6  CONCLUSIONS 

   Two-dimensional DEM simulations of a direct shear test 
were performed using PFC2D. The simulations used renditions 
of actual collected particle images to create clumps through a 
corner preserving algorithm that faithfully reproduced the 
particle shapes. It was shown that a ratio of clump area to actual 
particle area of AR=99.8% accurately simulated the direct shear  
behavior of an angular to subrounded material having 
roundness (R) values from 0.15 to 0.60. The 99.8% value will 
naturally also be appropriate for more rounded (higher R) sands.   

 
Figure 7. Relative computation times and numbers of particles.  

  The corner preservation algorithm and Wadell’s definition of 
roundness on which it was based, were developed for two 
dimensional projections of particles. As such, it was natural to 
first develop the procedures for creation of two dimensional 
clumps. Obviously, the method must be extended to three-
dimensions in order to faithfully simulate real soil particles. 
Such research is ongoing. 
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