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Abstract

Models that introduce rolling resistance at the contact are widely employed in simulations using
the discrete element method (DEM) to indirectly represent particle shape effects. This approach
offers substantial computational benefits at the price of increased calibration complexity. This
work proposes a method to simplify calibration of rolling resistance. The key element is an em-
pirical relation between a contact parameter (rolling friction) and a 3D grain shape descriptor (true
sphericity). Values of true sphericity can be obtained by image analysis of the grains, either directly
by 3D acquisition or by correlation with simpler-to-obtain 2D shape measures. Evaluation of roll-
ing friction is thus made independent from that of other model parameters. As an extra benefit,
the variability of grain shape in natural sands can be directly mapped into the discrete model. A
mapping between rolling friction and true sphericity is calibrated using specimen-scale and grain
scale results from two triaxial compression tests on Hostun sand and Caicos ooids. The mapping
is validated using different triaxial tests from the same sands and from other reference sands
(Ottawa, Ticino). In the case of Ticino grain-shape acquisition is made in 2D, using an ordinary

table scanner. The results obtained support this direct calibration procedure.

Keywords: Discrete Element Method; Rolling Resistance; Particle Shape; X-rays micro tomogra-

phy; Triaxial Test; Shear Resistance.

1 Introduction

Powered by increased computational performance, the discrete element method (DEM) has
gained much relevance in geomechanics since originally proposed by Cundall & Strack (1979).
DEM models at specimen scale are now a basic tool of research to study and illuminate many

features of soil mechanics observed in the laboratory (Ciantia et al. 2019a; Li et al. 2018; Hosn et
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al. 2018). There is also a growing trend to use DEM models to analyse large scale problems of
direct engineering relevance (Zhang et al 2019; Zhang & Evans, 2019; Butlanska et al. 2018; Ka-
wano et al. 2018). As in other numerical modelling approaches, there is always an underlying
conflict between model resolution and computational efficiency. This tension is particularly vivid

in the consideration of particle shapes in DEM.

The most widely used shape in 3D DEM is the sphere (as is the disk in 2D DEM). The reason is
pragmatic: spheres allow straightforward and computationally efficient contact detection, which
is a large part of the computational cost of every step. Unfortunately soil particles are not gener-
ally spherical but have instead very varied shapes. In coarse soils, research has clearly identified
large particle shape effects for several important properties such as extreme void ratios (Cho et
al. 2006), critical state friction (Yang and Luo 2015) or dilatancy and peak friction (Xiao et al. 2019).
Particle shape also affects responses of major engineering significance, like liquefaction resistance

(Vaid et al. 1985) or cone tip resistance (Liu & Lehane 2013).

Direct experimental evidence for the role of shape in soils was reinforced by DEM models in
which grain shape was directly controlled. For instance, just switching from disks to ellipses
(Rothemburg & Bathurst, 1992) or from spheres to ellipsoids (Lin & Ng, 1998) raised numerical

shear strength and dilatancy values to within the range observed in soils.

Ellipses and ellipsoids are still far from the shapes observed in most soil particles. Several tech-
niques have been developed to incorporate more realism into element shapes: they use clumps
or aggregates of spheres (Matsushima 2002, Lu and McDowell 2007, Katagiri et al. 2010); polyhe-
drons (Zhao et al. 2006; Boon et al. 2012); superquadrics (Williams & Pentland, 1992; Zhao et al.
2018) or level sets (Jerves et al. 2016, Kawamoto et al. 2018). Increased morphological realism has

advantages and disadvantages. One advantage is that it may be thus possible to represent the
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non-negligible variability in shape that is observed in granular soils. A significant disadvantage
is added computational cost. Indeed, for the same problem dimensions, orders of magnitude in-
creases in computational time with respect to sphere-based models are typically reported (Lu et

al. 2015; Irazabal et al. 2017).

The micromechanics underlying the effect of element shape on shear strength was clarified by
Bardet (1994), who noted that disks showed a high concentration of rotations in shear bands and
that, if rotation was blocked, realistic values of friction and dilatancy ensued. Based on this and
similar observations, several researchers (Sakaguchi et al. 1993, Iwashita & Oda 1998, Jiang et al.
2005; Mohamed & Gutierrez, 2010) proposed the introduction of a resisting moment (i.e., rolling
resistance) at particle contacts (see Figure 1). The moment applied is typically dependent on rela-
tive particle rotation, opposing it through an elasto-plastic mechanism analogous to that acting
for contact forces. Sometimes a viscous component is also added to the contact formulation (see

Ai et al. 2011, for a review).

Contact surface

Contact point

Figure 1: Origin of rolling resistance at contact (Iwashita and Oda 1998)

Several DEM studies (Zhou et al. 2013, Wensrich et al. 2014) have compared the results obtained
using aggregates of particles (i.e., clumps) or adding rotational constrains, showing that both ap-
proaches result in very similar behaviour, at least for the quasi-static conditions relevant in most
soil mechanics problems. The main advantage of the rolling resistance model is that contact de-

tection remains efficient; the calibration of contact properties is, however, far from trivial.
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The majority of the previous studies (Iwashita and Oda 1998, 2000, Jiang et al. 2005, Belheine et
al. 2009, Zhou et al. 2013) calibrate rolling resistance through an empirical macroscopic approach.
Specimen-scale responses of “identical” numerical and experimental test are matched by trial-
and-error. The process is difficult because the effects of rolling resistance in macro-response are
coupled with those of other parameters (the coefficient of sliding friction in particular), and mul-
tiple solutions are possible to match key experimental results, such as dilatancy or peak mobilised
friction (Estrada et al. 2008, Wensrich and Katterfeld 2012, Cheng et al. 2017). Calibration can thus
become a very time consuming and somewhat subjective process. Alternatives based on
statistically driven semi-automated calibration have been proposed, (Cheng et al. 2018) but they

appear computationally intensive.

Some researchers (Calvetti et al. 2003, Arroyo et al. 2011, Ciantia et al. 2015) have simplified
radically the calibration process by directly assuming very large values of moment resistance and
stiffness, so as to inhibit relative rotation at the contact. This assumption does not limit the ability
of the resulting discrete model to match and predict large-scale soil responses, but it does lack

some subtlety.

A different approach to simplify the calibration problem would be to give some specific physical
base to rolling resistance. Little work has been done to explore this possibility. Wensrich & Kat-
terfeld (2012) proposed a definition of average contact particle eccentricity as such basis. Rorato
et al. (2018) suggested instead that a physical measure of grain shape such as sphericity would
offer a good basis to calibrate rolling resistance. Herein, this latter idea is developed in detail and

tested with several sands.
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2 Methodology

2.1 Contact rolling resistance model

This work is based on the Iwashita & Oda contact model (1998) as implemented in the commercial
DEM software PFC3D V5 (Itasca Consulting Group Inc. 2014), which has been used for all the
simulations presented here. The model is schematically illustrated in Figure 2a, it includes a con-
ventional linear elastic — frictional contact model for particle relative displacement at the contact

plus an additional set of elastic spring no-tensional joint and slider for the rolling motion.

K Resistant Moment, M
k r N
" ks Eﬁ M* ............

i
© 0 |4

Hommal Sliding Rolling
displacement N
W~ ~&-  Springs Relative rotation, 4,
—— 9 Sliders
ain No-tension joint
(a) (b)

Figure 2: Rolling resistance contact model (a) and elastic-perfectly plastic model accounting for rolling
resistance at contact (b).

The contact normal and shear stiffness are defined as

— AEmod kn (1)

ky I s ks =

kratio

where E,,q and k; 4, are material parameters to be calibrated, A is the diameter of the smallest
contacting sphere and L is the distance between grain centres. This formulation guarantees scale-

invariance of the interaction law (Feng & Owen, 2014).
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For the moment rotation law (Figure 2b) the following assumptions are used
(1) The rolling stiffness (k,) is defined as:
ky = ks R &)

where k; is the contact shear stiffness and R the effective radius defined as

1 1
R = — 4 — (3)
R; R,

with R: and R: being the radii of the two particles in contact. The proportionality of rolling and
shear stiffness was derived by Iwashita & Oda (1998) to make identical the elastic moment due
to shear and that due to rotation. Wensrich & Katterfield (2012) compared this formulation of
rolling stiffness with available alternatives and noted that the Iwashita-Oda approach has some
numerical advantages as a) it dampens elastic oscillations without the need to introduce extra
parameters and b) simplifies the computation of critical time steps.

(2) The moment-rotational contact law is implemented as an elastic-perfectly plastic model with

the yielding moment (M*) defined as:
M*=p F,R (4)
where i is defined as rolling friction coefficient and F, is the normal contact force. The rolling

resistance part of the contact model used in this study is illustrated in Figure 2b.

The Iwashita and Oda (1998) original formulation also includes viscous dissipation at the contact.
Wensrich and Katterfeld (2012) showed that the effect of rotational contact viscosity on simula-
tion outcomes is negligible for the quasi-static conditions with low inertial numbers which are of
interest here. Therefore, viscous dissipation at the contact was not included in the models for

simplicity.
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2.2 Shape description

The degree of true sphericity, ¢ (Wadell 1932) is employed to describe grain shape. ¢ is defined as

s, v36mV? (5

V=575

where (S) is the particle surface area and (s,) is the surface area of a sphere with the same volume
(V) as the particle. As argued by Rorato et al. (2019a), 1 offers a compact, easy to interpret, and
conceptually sound measure of how similar a given particle is to a sphere.

Despite its conceptual simplicity, this shape descriptor had seen relatively little use because meas-
uring the surface area of irregular sand grains is difficult. This has changed in recent years, as
computer-based 3D image analysis techniques made such measurements possible. Still, access to
3D imaging equipment is sometimes limited, and 2D images are much easier to acquire and pro-
cess. For this reason a number of 2D proxy measures of sphericity have been proposed over the
years (Rorato et al. 2019a) In this work we use 2D perimeter sphericity Sp. Sp which is defined as
the ratio of the perimeter of the circle with area equal to that projected by the particle to the pe-
rimeter of the actual particle projection. Note that we use oriented particle projection - i.e., the

projection is made against the plane of maximum particle stability.

2.3 Relating rolling resistance and particle shape

Rorato et al. (2018) hypothesized that the degree of true sphericity may be univocally related with a
coefficient of rolling friction, through a relation such as

uo=F@) (6)
This kind of relation maps a physical measured sand property into a discrete element property.

Such mapping may be made just on the average value of sphericity, to obtain a single value of
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rolling resistance to apply for all particles in a DEM model of such sand. However, when an
experimental distribution of i such as those in Figure 3 is available, the process can be also made
element by element, assigning to each one a sampled value from the measured distribution of 1
and then applying the mapping function to initialize its rolling friction coefficient. In this way,
the variability in grain shape distribution is directly reflected in the numerical model through a

distribution of particle rolling friction coefficient.

Because rolling friction is a contact property, an extra rule is necessary to assign rolling resistance
to a contact between two particles. The solution to avoid this ambiguity is to select the minimum,

as

by = min (4, 14, o)
where 1, and u,,are the rolling friction coefficients of the two contacting spheres. This is the
same rule that the PFC code applies to the sliding friction coefficient when two bodies of different
materials contact. Thus, the rolling resisting yielding moment (M*) varies at each contact depend-
ing on (1) the radii of the contacting spheres, that is the effective radius, R, (2) the normal contact

force F,, and (3) the coefficient of rolling friction, different for each contact (from Egs. 6-7).

3 Model calibration

3.1 Target experimental data

Two natural sands with very different particle shape were selected for calibration: Hostun sand,
very angular, and Caicos ooids, very spherical (see Table 1, where physical properties for these
sands are reported alongside those of sands later used in validation). A triaxial test campaign on

various specimens of Hostun sand and Caicos ooids was performed by Ando (Ando 2013) at
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Laboratoire 3SR (Grenoble). Systematic tomographic acquisition was carried out throughout.
Two tests on dense Hostun sand (specimen “HNEA01”) and Caicos ooids (specimen “COEA04")
under 100 kPa confining pressure were selected for the calibration. The macroscopic stress strain

and volumetric responses recorded in these tests are shown in Figure 4.

Dy Cy Ce Gs €min €max Mineralogy
Hostun 338 um 1.41 0.95 2.65 0.605 0.927 Quartz
Aragonite (96%)
Caicos 420 um 1.39 1.09 | 2.80* - -
Calcite (3%)
Ottawa 310 um 1.31 0.95 2.65 0.499 0.850 Quartz
Feldspar (65%)
Ticino 540 uym 1.60 2.32 2.68 0.582 0.934
Quartz (30%)

Table 1: Physical properties of the different sands used for calibration and/or validation [Dsy = mean grain
size, Cy, = Coefficient of uniformity, C, = Coefficient of curvature, Gg = Specific gravity, emm/ emax = Min-
imum/maximum void ratio]. Data for Hostun from (Combe 1998), data for Caicos from (Ando 2013), data
for Ottawa from (Lee et al. 2007), data for Ticino from (Jamiolkowski et al. 2003). * = typical value for
carbonate sands.

Rorato et al. (2019a) examined the tomographic images of the Hostun HNEAO1 and Caicos
COEA(4 specimens to acquire three-dimensional shape properties (e.g., volume, surface area,
lengths, etc.) of every grain. One of the results thus obtained were statistical distributions of
for Hostun and Caicos sands (Figure 3). Another important finding from that work was that, in
the Hostun and Caicos grains, 3D true sphericity (y) showed good linear correlation with the

much easier to measure 2D perimeter sphericity Sp. The correlation obtained is given by

Y = 1.075(Sp) — 0.067 (8

10
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Figure 3: Statistical distribution of the degree of true sphericity of Caicos (COEA04) and Hostun

(HNEAO1) sands (Rorato et al. 2019a).
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Figure 4: Triaxial stress-volumetric-strain responses of Hostun sand (specimen HNEAO1) and Caicos sand
(specimen COEA04)

A different set of analyses of the scanning data from these two specimens was made to obtain a
database of grain motions. In that work (see Rorato et al. 2020; Rorato, 2019b) Discrete Digital
Volume Correlation (D-DVC, see Hall et al. 2010) is used to obtain the kinematical history of each
sand grain in these triaxial specimens. Averaging that grain scale result for a selection of grains

it is possible to obtain the average grain kinematics in a particular zone of the specimen. Because

11
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the specimens failed in a localized shear mode, there was interest in separating the behaviour
inside and outside the shear bands. To individuate the grains belonging to the shear band, a nom-
inal strain (called “micro-strain”) was assigned to each grain. That was done — following Catalano
et al. (2014) — by means of a Voronoi-based allocation of spatial domains centred around each
particle. Once micro-strains are computed, a threshold shear strain value (0.1 in this study) is
used to separate the particles that belong to the shear band from those that are outside of it. As a
result of this work the average cumulative rotation for the grains in these specimens can be plot-

ted (Figure 5).

30
—e— COEAO04 - inside SB

COEAO04 - outside SB
—— HNEAO1 - inside SB
HNEAO1 - outside SB

+

+

=
(=}

Mean rot. magnitude [deg]
o &

0 2 4 6 8 10 12 14 16
Axial shortening [%]

Figure 5: Average cumulative rotation of sand grains inside and outside the shear band (Rorato, 2019b).

A further result form that previous work of interest here involves correlations between individual
grain shape descriptors and grain rotations . The study (Rorato et al. 2020; Rorato, 2019b) showed
that ¢ is one of the shape descriptors that best correlated with cumulative grain rotation, partic-

ularly for grains that are inside the shear bands.

3.2 Mapping function

A monotonically increasing mapping function, F (), seems reasonable, as it provides low values

of rolling friction when grain sphericity is high, and vice-versa. Rolling friction values used in

12
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previous studies usually range between 0 and 1, although some researchers (e.g., Hosn et al. 2017)
have explored higher values. True sphericity ¢ has a relatively narrow range in practice. A cube,
for instance, has a value of 1)=0.81; detailed examination shows that grain ¢ values below 0.6 in

Figure 3 likely result from image segmentation errors (Rorato et al., 2019a).

In a first approximation it may seem tempting to assume a zero value of u_ for a sphere (=1).
However, such assumption has a serious limitation, as the rolling resistance of spherical particles
may be significant due to mechanisms such as contact deformation (Jiang et al. 2005) and/or sur-
face interlocking due to contact roughness (Huang et al. 2017). It is thus preferable to allow for a
finite value of u_at the upper limit of sphericity. The mapping function selected for calibration

takes then an exponential form

po=AwW" )

3.3 Calibration procedure

The parameters of the contact model available for fitting are thus E;;54 , krario and contact sliding
friction y. Apart from that, the two parameters of the sphericity to rolling resistance mapping

function, A and b also require calibration.

This set of parameters was calibrated, by trial and error, to adjust not only the specimen scale
macroscopic response illustrated in Figure 4, but also the observed evolution of average rotation
within the shear bands reported in Figure 5. This rotation evolution was included as the macro-
scopic stress-strain information does not offer enough information on the particle rolling behav-
iour that is directly related to rotational resistance in DEM. In principle, the contact model pa-
rameters may be different for each sand, as they are presumed to reflect grain properties not

explicitly accounted for in the model, such as mineralogy or roughness. On the other hand, the

13
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sphericity-rolling resistance mapping function parameters are presumed to be unique for all
sands as the function already incorporates the effect of different sand grain shapes.

DEM cylindrical specimens were prepared to be tested in triaxial compression. The specimens
matched the particle size distribution (PSD) of the actual specimens. The small size of the tested
specimens (10mm diameter and 20mm height) made scaling unnecessary, and the numerical
specimens maintained the same scale as the experiments. Doing so, the initial models contain
about 60.000 particles, close to the number of sand grains identified inside specimens HNEAO1
and COEAO04. To attain prescribed initial conditions of density and pressure arbitrarily low initial

friction coefficients (u,) were used to facilitate specimen formation after seeding. The specimens

were then isotropically compressed up to 100kPa.

The DEM specimens were limited by a cylindrical wall element on the outer periphery and two
horizontal walls at the top and bottom. The radius of the horizontal wall was servo controlled
during loading to maintain a constant pressure. During shearing a constant vertical velocity is
applied to the top and bottom walls; this velocity was selected to maintain a low inertial number,

I, which is defined as (Da Cruz et al. 2005):

/D
[ = YO0 (10)

VP/p

where y is the shearing rate, P is the pressure level (confining pressure) and p is the particles
density.

The same Voronoi-cell based procedure (Catalano et al. 2014) employed to assign microstrain to
grains in the experimental specimens was also applied to the numerical specimens. Grains be-
longing to a shear band were identified by the assigned shear strain value attained towards the
end of the test. The same microstrain shear threshold value used to analyse the experiments (0.1)

was also applied here. For all elements assigned to the shear band, their kinematic history was

14
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then analysed to extract individual particle rotations, which were then averaged to compare with

the equivalent experimental data.

The trial and error parameter calibration procedure followed well established heuristics for the
linear elasto-plastic model (Butlanska, 2014), with parameter E,,,,; mostly selected to match initial
stiffness, k.4, to match initial dilatancy and u to match peak strength. The mapping function
parameters were mostly adjusted to match the average rotation vs strain curves, although they
also affected post-peak stress-strain behaviour. After a few rounds of iterations, the responses
illustrated in Figure 6, Figure 7 and Figure 8 were considered to offer a satisfactory match to the
experiments. These results were obtained using the parameters reported in Table 2 -where the

parameters of other sands used in later validation simulations are also included.

Parameter Symbol Hostun Caicos Ottawa Ticino
Specimen sizes H(mm) 20 20 20 20
(height, diameter) D, (mm) 10 10 10 10
Effective normal Emod
2.0 2.0 1.5 4.0
contact stiffness (108Pa)
Normal-to-shear
kratio 2.0 2.0 2.0 2.0
stiffness ratio
Inter-particle
u 0.575 0.575 0.450 0.600
friction coefficient
Degree of true sphericity Y (Fig. 13) (Fig. 13) (Fig. 13) (Eq. 8)
Rolling friction coefficients u, (Eq. 11) (Eq. 11) (Eq. 11) (Eq. 11)
Rolling stiffness k, (Eq.2) (Eq.2) (Eq. 2) (Eq.2)
Local damping (-) 0.7 0.7 0.7 0.7

15



Parameter Symbol Hostun Caicos Ottawa Ticino
Ball density el 2500 2500 2500 2500
m
Ball scaling factor (-) 1 1 1 1
¢ 100
¢ 100 ¢ 100
Confining pressures P (kPa) ¢ 100 ¢ 200
¢ 300 ¢ 300
¢ 300
Inertial number 1(107%) 4.00 4.74 3.67 6.28

304  Table 2: Parameters and input variables employed in the DEM simulations

Hostun sand at 100kPa
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305  Figure 6: Comparison between the triaxial responses (100kPa confining pressure) of the experiments (spec-

306  imens HNEAOI and HNEAO3) and the numerical model (DEM) replicating Hostun sand.
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Caicos ooids at 100kPa
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307  Figure 7: Comparison between the triaxial responses (100kPa confining pressure) of the experiments (spec-

308  imens COEA03 and COEA04) and the numerical model (DEM) replicating Caicos ooids.
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309  Figure 8: Mean particle rotations for the grains located inside the shear bands (the black grains of Figure

310  10) for both the experimental and numerical samples, throughout the execution of the triaxial test. The good

311  fit ensures the kinematics at failure is respected.
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Somewhat surprisingly, the adjusted values of the sliding friction coefficients (0.575) and the stiff-
ness parameters (effective normal stiffness, stiffness ratio) were identical for both sands. The

parameters fitted for the mapping function result in

. = 0.1963(y) > (11)
and this power function is plotted in Figure 9. The calibration result assigns a minimum limiting

rolling friction coefficient of about 0.2 to perfectly spherical particles ()=1).
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Figure 9: Calibrated matching function between particle true sphericity and rolling friction coefficient. The
shaded area indicates the inadmissible values of true sphericity.

The match obtained for the axial stress-strain behaviour is rather good. Figure 6 and Figure 7 also
include results from two experimental replicas of the tests used in calibration, test HNEAO3 for
Hostun and test COEAOQ3 for Caicos. It can be seen that the numerical results fit well within the
baseline experimental variability given by the test replicas.

A slight discrepancy is noted in the volumetric vs. axial strain curves. The numerical specimens
keep on dilating towards the end when the experimental curves are becoming flat. This is most
likely an effect of the simplified model used to represent the cylindrical membrane employed in
the physical experiments. The servo controlled external rigid wall employed in the numerical

model forces a uniform radial expansion of the specimen, that is particularly unrealistic after
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341

shear localization takes place. This effect of radial rigid walls on apparent (post localization) di-
latancy was recently demonstrated by Khoubany & Evans (2018).

Figure 8 shows that an excellent match was attained for the mean particle rotation history inside
the shear bands. The overall aspect of the shear bands identified in the numerical simulations is
compared with the experimental results in Figure 10. The numerical sample is clearly able to
localise the strain, although due to the rigid radial boundary condition applied, the bands are
thicker and extend further to the corners. However, the fact that the shear band of Hostun is
thicker than that of Caicos (due to increased interlocking effects) indicates that shear band thick-

ness variation is qualitatively reproduced in these DEM simulations.

Caicos Hostun

Experiment DEM Experiment DEM

(@) (b) () (d)

Figure 10: Shear band identification for the experiments and the DEM simulation for both sands (specimens

HNEAOQ1 and COEA04). Physical (a-c) and numerical (b-d) particles are coloured black if they belong to
the shear band. The same threshold separates the grains from both sands and both physical and numerical

samples.
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4 Model validations

4.1 Further tests on Hostun and Caicos sands

The experimental dataset used for calibration was part of a larger triaxial testing campaign, as
described by (Ando 2013). That campaign included other triaxial tests on dense Hostun and Cai-
cos specimens at higher confining pressures (300 kPa). Such tests offered a first suitable target for

validation.

Numerical specimens identical to those described before were created, trying to approximate the
initial porosities (before shearing) of the physical specimens as much as possible (Table 3). The
specimens were compressed isotropically to 300kPa and then sheared in triaxial condition until
failure was attained. For each sand, all contact properties remain the same as in the 100kPa con-
fining case. The mapping function applied to assign rolling resistance to the elements is also the

same.
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360

Relative Initial Initial
Confining
Sand Specimen density porosity porosity
pressure
(EXP) (EXP) (DEM)
- - Dgr(%) (KPa) Ng,exp (%) No,pem (%)

Hostun HNEAO01 83 100 39.7 39.0
Hostun HNEAOQ2 95 300 38.2 38.6

Caicos COEA04 - 100 31.9 33.2 (%)

Caicos COEA02 - 300 33.2 34.3 (%)

Ottawa OUEA04 112 100 314 34.1 (%)
Ticino TC1 47 109 43.5 44.1
Ticino TC2 46 200 43.7 43.0
Ticino TC3 41 300 441 43.8
Ticino TC4 72 100 40.5 39.8
Ticino TC5 74 200 40.3 39.7
Ticino TCo6 75 300 40.1 40.2
Ticino TC7 90 100 38.2 38.2
Ticino TC8 93 200 37.8 38.4
Ticino TC9 93 300 37.8 37.6

Table 3: Drained triaxial compression tests performed in this study. The relative density and porosity of
each experimental/numerical test are reported. The symbol (*) means that a denser specimen could not be
generated for the DEM simulation.

Figure 11 and Figure 12 show the stress-strain-volumetric response of the numerical and experi-
mental tests. The numerical curves compare well with the experiments, except for the volumetric

dilation of the Caicos specimen, which is again overestimated. This may be partly due to the
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361  boundary effects induced by the rigid lateral wall on the post-localization response. Another ef-
362  fect at play may be breakage and/or particle abrasion at this higher stress level. Even small

363  amounts of particle breakage can have a significant effect on dilatancy (Ciantia et al. 2019b).
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364  Figure 11: Comparison between the triaxial responses (300kPa confining pressure) of the experiments

365  (specimens HNEAO2 and HNEAO4) and the numerical model (DEM) replicating Hostun sand.
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Figure 12: Comparison between the triaxial responses (300kPa confining pressure) of the experiment (spec-

imen COEAQ2) and the numerical model (DEM) replicating Caicos ooids.

4.2 Triaxial test on Ottawa sand

The experimental campaign by Ando (2013) also included tests in a different silica sand: Ottawa
50/70, which is also a material frequently used in geotechnical research (Table 1). The tests
performed at 100 kPa (OUEA04) and 300kPa (OUEAQ2) were selected for validation. The physical
specimen OUEA04 had been scanned using the same tomographic procedures applied for the
case of Hostun & Caicos, therefore 3D grain images are available. True sphericity values were
computed for all the grains in the specimen (110.000), obtaining the distribution illustrated in

Figure 13. The sphericity values of Ottawa peak between those of Caicos and Hostun.
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Figure 13: Statistical distributions of 3D true sphericity for Hostun, Caicos, Ottawa and Ticino sands.

The DEM specimens were then prepared matching the experimental PSD and approximating as
much as possible the initial porosity (Table 3). The specimens were prepared without scaling,
including about 102.000 spherical elements, slightly below the number of grains contained in the
physical sample. Specimen preparation and triaxial testing followed identical procedures as those

previously described.

In principle, only the contact parameters E,,,,4 and k4, (i.e., kyand k) and coefficient of sliding
friction (1) were free to adjust, as the sphericity to rolling resistance mapping function applied
was the same. In practice only E,,,4; and u were adjusted -- using the test at 100 kPa -- to values
of 0.15 GPa and 0.45, respectively. The k4, value was maintained as 2.0, as in the other sands

(Table 2).

Figure 14 and Figure 15 show the comparison between the experimental and numerical results at
100kPa and 300kPa confinement, respectively. The figures include two experimental replicas of
the tests, which were also available (OUEA06 and OUEAQ3, respectively for the 100kPa and
300kPa confinements). The simulations provide a good fit to the experiments; in this case even

the post-localization volumetric mismatch is small.
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395  Figure 14: Comparison between the triaxial responses (100kPa confining pressure) of the experiments

396 (specimens OUEA04 and OUEA06) and the numerical model (DEM) replicating Ottawa sand.
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Figure 15: Comparison between the triaxial responses (300kPa confining pressure) of the experiments

(specimens OUEA02 and OUEAO03) and the numerical model (DEM) replicating Ottawa sand.

4.3 Triaxial tests on Ticino sand

Ticino sand (Table 1) is a poorly graded medium-sized sand, with grains of medium angularity.
The macroscopic responses of Ticino sand have been well reproduced using DEM by several re-
searchers either using clumps (Gotteland et al. 2009) or by inhibiting rotations (Calvetti 2008,
Arroyo et al. 2011, Butlanska et al. 2014). Ticino sand will be here modelled using the rolling

resistance model with rolling resistance values assigned through the mapping function (Eq. 11).

There were no 3D tomographic images of Ticino sand readily available to establish the sphericity
distribution to be input in the mapping function. As an alternative, a table scanner (CanoScan
LiDE 25) was employed to acquire 2D images of about 4000 grains of Ticino sand. Rorato et al.
(2019a) showed that this sample size is enough to obtain a good definition of the sphericity sta-
tistics. The table scanner used had 1200 dpi, or equivalently about 20um/pixel, which is only
slightly above the 15um voxel side used in the 3D p-CT image acquisition for the other sands.
The parallel projection of each grain on the scan surface avoids parallax errors. The scanned im-
age was binarised, segmented and labelled using the open-source python package SPAM (Ando

et al. 2017), as shown in Figure 16.
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Figure 16: Zoom on (a) the original scan and (b) the labelled image of Ticino sand.

Using a dedicated python script 2D perimeter sphericity was calculated for each grain identified
in the image. Equation 8 relating the known 2D perimeter sphericity (Sp) and the 3D true sphe-
ricity (1) was applied to obtain a statistical distribution of 3D true sphericity. This is plotted in
Figure 13: as for Ottawa sand, the mean sphericity of Ticino sand was located between those of
Hostun and Caicos sands. It can be noted that the dispersion is higher than for the other sands,
with a wide tail of low sphericities. This is likely a side effect of the approximations involved in

the 2D procedure.

DEM triaxial simulations were carried out for a total of nine triaxial tests, including specimens at
dense (D = 90%), medium (Dz = 75%) and loose (D, = 50%) states, at variable confining pres-
sures (100, 200 and 300kPa). The triaxial chamber used for the DEM simulations kept the same
geometry as that employed for Caicos, Hostun and Ottawa (Table 2), which — in this case — was
much smaller than that employed in the physical experiments. Again, no particle scaling was
applied and, due to the larger grain size of Ticino sand, about 16.000 elements were employed in

each numerical specimen.
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One specimen (100kPa confining, Dp = 75%) was selected to calibrate contact parameters
Emoqand p ( the k,q¢ovalue was kept at 2, as in the other sands). After a few iterations the values

finally selected were, respectively, 0.4 GPa and 0.60 (Table 2).

The mechanical responses (stress-strain-volumetric) of the nine DEM simulations are shown
alongside the corresponding experimental results in Figure 17 (D = 50%), Figure 18 (Dg = 75%)
and Figure 19 (Dr = 90%). It is evident that the triaxial response is well reproduced under all
stress and state conditions used in the tests. Small discrepancies can be seen for the DEM simula-
tions at 300kPa but it must be mentioned that some particle crushing - not modelled here - was
noted in the physical samples at the end of those tests.

This case strongly suggests that there is no need to have a full three-dimensional tomographic
identification of sand grain shapes. Thanks to the good correlation between true sphericity and
2D perimeter sphericity (equation 8), the required rolling resistance for DEM analysis can be

readily determined based on the observations of 2D images.

28



Loose state (D = 50%)

1200000

1000000

800000

600000

400000

Axial stress [Pa]

200000

Volumetric strain [-]

-0.01

446

e —————, e
: —_ e

0.02 0.04 0.06 0.08

Axial shortening [-]

0.10 0.12 0.14

0.02 0.04 0.06 0.08

Axial shortening [-]

0.10 0.12 0.14

Figure 17: Triaxial responses of loose Ticino sand at 100-200-300kPa
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Medium Dense state (Dg = 75%)
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447 Figure 18: Triaxial responses of medium Ticino sand at 100-200-300kPa
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Figure 19: Triaxial responses of dense Ticino sand at 100-200-300kPa
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5 Discussion
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A comparison can be made with the approach proposed by Wensrich & Katterfeld (2012), who,

based on geometric deductive reasoning, suggested that rolling resistance could be evaluated as

the ratio of grain surface — averaged contact eccentricity (e) and the equivalent grain radius (i.e.,

the radius of a sphere with equal volume as the grain), R,

_le

M, Req
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The rolling friction values evaluated with Eq. 12 are compared with those predicted by Equation
11 in Figure 20. The rolling friction values obtained are similar for high sphericity values. Despite
this coincidence, it is noted that further work with the average contact eccentricity concept
(Wensrich et al. 2014) concluded that values given by Equation 12, should be halved to obtain
good matches with clump-based simulations, which would separate further the eccentricity-
based rolling friction values from those derived from our proposal. This difference may reflect
the decision to represent in our model not just structural rolling resistance - i.e., the one reflected
by eccentricity - but also contact-level sources or rolling resistance, allowing non-zero rolling re-

sistance for spheres.

2.00
\ ® M, of COEAO4 from eccentricity

1.75
® M, of HNEAO1 from eccentricity
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Figure 20: Comparison of rolling friction values derived from average eccentricity following Wensrich &
Katterfeld (2012) and those given by the calibrated mapping function

Another interesting comparison is with the work of Kawamoto (Kawamoto et al. 2018) who built
a DEM-based “avatar” of specimen of HNEAOQ1 in which a much higher level of detail of each
grain shape was represented, via level sets. The “avatar” approach does not individuate single
grains for validation, but, as done here with average shear band rotation, relies on emerging en-
semble measures (like shear band orientation) for validation. The simulation results obtained by

Kawamoto et al (2018) for Hostun using a level set method to incorporate explicitly grain shape
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are also included in Figure 6 for comparison. The results are not very different from those ob-
tained here, with discrepancies in dilatancy attributable to the much more realistic numerical
representation of boundary conditions (loading platens and flexible membrane surrounding the
specimen) in the work of Kawamoto et al. (2018). It is also interesting that the sliding friction
value that was calibrated (0.575) by Kawamoto et al. (2018) was very close to the one calibrated
here (0.55). Of course, the computational cost is very different: while simulating specimen
HNEAO1 through level set approach took 17 h in the 480 cores of the San Diego Supercomputer,
using the model calibrated here a simulation of the same specimen lasts 20h in a four-core desktop

computer.

6 Conclusions

This paper presents a novel technique to relate univocally the degree of true sphericity of each grain
contained in a sand sample with the coefficient of rolling friction to apply to its numerical counter-
part of spherical shape. This approach greatly simplifies the complex calibration procedure of
rolling resistance contact models, easily incorporating information on natural shape variability in

the numerical discrete model.

It has been also shown that easily-acquired 2D proxy measures of sphericity can be used instead
of the more difficult to acquire direct 3D measurements. A relatively cheap table scanner may be

all that is required to evaluate the coefficient of rolling friction.
For the four different sands examined, the approach appeared to work successfully using a

unique mapping function between true sphericity and rolling friction. However, the validity of

the approach has only been tested for triaxial compression paths. with different stress paths
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seems necessary in this respect. Future work will also explore if the proposed mapping of sphe-
ricity into rolling friction holds true when other modelling features are modified, such as the
allocation rule for rolling friction at the contact, or the definition of contact stiffness (e.g. by using

a Hertzian contact model instead of linear stiffness).
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