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Abstract

This work presents a review of the formulation for computer simulation based on the discrete element method to analyze
granular materials and a validation of the method using different types of tridimensional examples. The individual particulate
dynamics under the combined action of particle collisions, particle-surface contact and adhesive interactions is simulated
and aggregated to obtain global system behavior. The formulations to compute the forces and momentums developed at the
particles are explained in details. The environment and gravity forces are considered as well as the contact forces that occur due
the contact between particles and walls, like normal contact forces, frictional contact forces, damping and adhesive bond. The
rolling phenomenon is also taken into account and is presented using a standard formulation. A numerical algorithm adapted
from Zohdi is also presented. A few tridimensional examples of classical physics are selected to validate the formulations and
the numerical program developed and to provide an illustration of the applicability of the numerical integration scheme. For
this purpose, each analytical formulation is demonstrated to compare and analyze the numerical results with the analytical
one. At the end of this article, a few tridimensional examples of granular materials are simulated. This article contributes to
the study of granular materials including the rotation phenomenon using particle methods.

Keywords Particle method - DEM - Explicit solution - Rolling - Granular materials

1 Introduction The introduction will be presented in two subsections.

One regarding the evolution of the DEM method and the
The Discrete Element Method (DEM), also called distinct ~ other with the specific objectives of the present work.
element method, is any of a family of numerical methods
for computing the motion and effect of a large number of
small particles. As one of the several applications, DEM is
a method capable of simulating the mechanical behavior of
granular materials, this being the focus of the present work.
The method is based on interactions between particles and
walls, i.e., as the elements move through time and space,
contact may happen between them.

1.1 DEM method evolution

The DEM, also known as Particle Method, was created by
Peter Cundall for simulating the movement of blocky rocks
systems (see [1]) and adapted for granular materials in collab-
oration with Strack (see [2]), as a model for the study of the
mechanical behavior of rocks, based on the work of previous
researches like [3]. In 1958 Deresiewicz idealized an analytic
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presented by Deresiewicz, see [7] (apud [2]). These authors
show the different configurations of loads, sizes and physical
properties of the particles, making possible the calculation of
the contact forces and the subsequent displacements.

Although there are various approaches to the method,
Soft-Sphere Discrete Element Method (SSDEM) and Hard-
Sphere Discrete Element Method (HSDEM) are two of these
that are briefly explained. They were selected for their rele-
vance in the modeling of granular particle dynamics.

The Hard-Sphere Discrete Element Method (HSDEM)
predicts grain collisions in advance, treating these as instanta-
neous, and occurring at a single point of contact. The contact
happens at the surface of the particles. This method is ideal
for highly kinetically active systems, where the time that a
particle takes to cover a distance is considerably larger than
the time of a collision. This theory presents good results for
dilute/ballistic regimes, but for situations where the defor-
mations of the grains have to be accounted for, this method
is not such a good choice (see [8, 9]). The authors in [8]
presented the implementation of the Hard-Sphere Discrete
Element Method (HSDEM) in this code, along with a dis-
cussion of the primitives (walls) that can be used to represent
various kinds of boundary conditions (crater floors, geome-
try of sampling tools, experimental conditions, etc.). Other
works on HSDEM are presented by Hong and McLennan in
[10], Huilin et al. in [11], Kosinski and Hoffmann in [12] and
Mitarai and Nakanishi in [13].

The modeling of physical phenomena where the deforma-
tion of the grains needs to be considered is usually handled
by the Soft Sphere Discrete Element Method or, as it is com-
monly referred, Molecular Dynamics (MD). Each particle
interacts with the other via a soft potential, therefore its
name. This method doesn’t predict the contacts in advance,
and so, requires smaller integration interval times, increas-
ing the computational simulation time. This computational
burden may be relieved by parallel implementation (see [8,
9]). The authors in [8] affirm that the implementation of
SSDEM allows for the modeling of the different contact
forces between particles in granular material, such as var-
ious kinds of friction, including rolling and twisting friction,
and the normal and tangential deformation of colliding parti-
cles. Other works regarding SSDEM are presented by Cleary
and Sawley in [14], Tsuji et al. in [15], Sanchez in [16] and
Tancredi et al. in [17].

Other different approaches have been used to perform
modeling of granular materials, see for example [18].

Since then, a great amount of advances regarding the
method have been developed in the literature, being possi-
ble to highlight the following works presented by Vu-Quoc
etal. in [19], Martin and Bouvard in [20], Ofate et al. in [21],
Zohdi and Wriggers in [22] and Zohdi in [23].

Also, based on the formulation of the particle method,
a great amount of advances have been developed in stud-
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ies of granular materials, such as presented by Ghaboussi
and Barbosa in [24], Donzé in [25], De Saxce et al. in [26],
Kruggel-Emden et al. in [27], Obermayr et al. in [28], El
Shamy and Aldebhamid in [29] and Casas et al. in [30];
among other works in the study of soil mechanics.

Capable of representing the most diverse geometries and
physical phenomena, the Discrete Element Method (DEM)
is, however, relatively computationally intensive, which lim-
its either the length of a simulation or the number of particles.
This problem can be avoided by using parallel processing
capabilities to scale up the number of particles or the length
of the simulation. See [31] for more details.

An alternative to treating all particles separately is to aver-
age the physics across many particles and thereby treat the
material as a continuum. In the case of solid-like granular
behavior, the continuum approach usually treats the material
as elastic or elasto-plastic and models it with the finite ele-
ment method or a mesh-free method, as developed by Elaskar
et al. in [32]. In the case of liquid-like or gas-like granular
flow, the continuum approach may treat the material as a fluid
and use computational fluid dynamics, see [33].

1.2 Proposed research

Having presented a brief introduction of the method and pre-
vious works on the field, the basic aim of this paper is to
present a complete review of the particle method and to apply
it to the study of granular materials. With this purpose, tridi-
mensional examples are presented to validate the method and
analyze the performance of the algorithms presented in this
article. The numerical results of selected particles are pre-
sented in the Appendices.

The particles used in this work to simulate granular materi-
als are modeled by rigid spheres by using the model proposed
by Hertz. Several mechanical forces are taken into account
in the dynamic equilibrium equation. The effect of rotation
on the movement of particles is also considered. The friction
force is calculated by Coulomb’s law and this is used to calcu-
late the spin effect. The purpose of the paper is to demonstrate
that these formulations are perfectly suited for the analy-
sis of granular materials. Classical analytical examples are
described in the literature to verify the efficiency of the algo-
rithm and formulations presented. The convergence criterion
is applied to the particle displacements, but also extended
to velocities and angular velocities. The convergence is
obtained when these three quantities reach the established
tolerance. Finally, more elaborate three-dimensional exam-
ples are shown to verify the efficiency of the algorithm and
the formulations presented in this research. Another study
on rotation in granular materials was proposed by Campello
in [34]. In his work, the formulation of Euler Rodrigues was
used. Here, a simpler Coulomb’s law will be applied. Also, a
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comparison between explicit and implicit integration method
is presented.

2 Rolling phenomena on a particle

In this section, the rolling phenomena on a particle will
be presented. Initially, a brief review of rolling phenomena
is summarized taking into account the contribution of the
translation and rotation in motion. The fundamental relation
between force and acceleration is given by Newton’s second
law of motion and is defined in vector form as
mi;i =m,‘1')i =F;”’(r1,r2,...,er), (1)
where m; represents the mass, r; is the position vector, v;
and v; are the velocity and acceleration of the center of mass
of the ith particle, respectively, and F;‘” represents all forces
acting on particle i. These forces will be presented in Sect. 3.
The linear moment (Gj;) is obtained from Eq. (1) by inte-
grating over the time. So,

5]
tot
/ Fl-o (rl,rz,...,er)dt
n

5]
= / ml-dvi
n

= G;(t) + /tz Fi%(ri,ra, ..., ry,)dt = Gi(1),
) (2)
where
G;(t) = (mv;)ly
Gi(t2) = (m;v;)l,,. 3)

Clearly, if Fi = 0, then G;(t;) = G;(2) and the linear
momentum is said to be conserved.

An important quantity of interest is the velocity on the
surface of the particles denoted by v ZP , which have a potential
contact point with other particles or surfaces, represented by
the point P in Fig. 1, and is defined by
le =0 +V =V +®; X i, ()]
where r;_, . is the vector that connects the center of particle
to the contacting point with another particle or wall, @; is
the angular velocity and v} = @; X r;_, is the velocity at
particle’s surface generated by the rotation. See Fig. 1 for a
geometrical representation.

A related quantity is the angular momentum (H ;). About
the origin

H,‘ défri X Gl‘ =r; Xmv;. (5)

T
V) = W; XTi,¢

Tangent contact plane

Fig. 1 Geometrical representation of rotation contribution

Deriving the Eq. (5) as a function of time, results in

a; (ri x v-):H-—drix v +r; X v,
ar ar MY T T
(©6)

Note that % X v; = v; X v; = 0 and replacing in (6), it
leads to

H,‘ =r; X Fﬁm. (7)

The total moments M 50’ generated by interaction forces,
such as contact forces, rolling resistance, etc., is defined by

M =r; x Fi'. (8)
So, the Eq. (7) can be rewritten as

Hi = M. ©)
The Eq. (5) can also be written as

H; :m(ri%c S v,r) =m(Fise X @ X Fise)

P wi=Ly-0,  (10)

=m ‘
where I; ; is the inertial momentum. For spheres,

- 2
Iy = gm,'Riz, (1n)

where R; is the radius of the sphere. So, the Eq. (9) leads to

d

H, = E(i’” @) =M. (12)

3 Active forces on a particle

In this section the acting forces on a particle are presented.
The resultant force acting on a particle is composed by sev-
eral contributions, as the normal contact force, the frictional
contact force based on a Coulomb’s friction law, the damping
force, the particle-to-wall contact force, the adhesive bonding
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force, the environmental force and the gravity force. These
forces are very important to describe the particle’s motion
along the analysis time. All of them will be explained in
details along this section.

The kinematics of the particle is presented by Zohdi
in [35]. However, a short presentation is done including
the contribution of the rolling effect. Basically, a group of
non-intersecting particles (i = 1,2, ..., Np) is considered,
where N, is the number of particles. The objects in the system
are assumed sufficiently large (in a sphere form) and conse-
quently, the effects of their rotation relative to their center
of mass are very important for their general movement and
need to be considered.

According to the Euler’s laws, at every time instant ¢, the
following equations of motion for the ith particle in system
must hold:

. 1ot
m;r; =F, (rl, ro, ..., er)

i d
— F¢ 4 R/ 4 Frall L phond  plmP  pene o g8

)

Nei
io-0i =M =3 rine x B (13)
j=1

which Ff’” is decomposed into the sum of forces, where Ff””
are the normal contact forces inter particle generated by con-
tact with other particles, Flf "' are the sliding frictional forces,
F}”’” ""are the wall forces generated by contact with constrain-
ing surfaces (having contact, friction and damping), Ff’””d are
the adhesive bonding forces with other particles and wall,
F?“mp are the damping forces arising from the surrounding
interstitial environment that occurs from potentially viscous
media, interstitial fluids or surfactants, F{"" is the environ-
ment force coming into play as force opposing the motion of
the particle due to the surrounding environment (i.e., damp-
ing from interstitial fluid or even smaller-scale particles or
solvents) and F{"" is the gravity force. The second expres-
sion in Eq. (13) is needed for the description of the active
forces.

3.1 Normal contact forces developed in a contact
particle-to-particle

The particle-to-particle contact forces formulation was pre-
sented by Zohdi in [35, 36].

This formulation consists of determining the normal con-
tact force contributions from the surrounding particles (N,;)
in contact, see Fig. 2. The particle-to-particle contact forces
are defined by

Nei

F{" = F", (14)

j=1
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Fig. 2 Normal contact and friction forces induced by neighboring par-
ticles in contact (Reproduced with permission from [36])

based on separation distance between particles in contact.
Generally,

F;:I‘.’” = ]—'(||r,~ —r; H Ri, Rj, material parameters),
(15)

where R; and R; are the radii of particlesi and j, respectively.

To obtain the expression (15) a simple relation is assumed,
i.e., the contact force is proportional to the relative normal-
ized proximity of particles i and j in contact, detected by the
distance between centers being less than the sum of the radii.
The geometric interpretation is shown in Fig. 3. Then,

If(||r,~ —r; || <R+ Rj) = activate contact. (16)

The overlap is defined by

i) S |ri —r | = (R + Ry)). (17)

So, the Eq. (17) can also be written in the following manner

If |ri—ri| = (R +R;) lri —rj| = (R + R;)|
1f |ri —r;| = (Ri +R;)
(18)

The first expression in Eq. (18) corresponds to “activate
contact” and the second one to “no contact”.
Accordingly, consider the following general relationship

P
Fi" o K, €3] 77 A, (19)

where 0 < K, < 00 is a particle-to-particle contact com-
pliance constant, P, is a material parameter, Afj is a contact
area parameter, &; is normalized/nondimensional (strain-
like) deformation metric obtained by

g, |zl =R+ Ry)| & 20)
J (Rl'+Rj) (Ri+Rj)
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Fig. 3 Geometrical constrain

No contact

Active contact

Particle i

Contact area L;
parameter
L
a; | a
Particle j R

Fig.4 An approximation of the contact area parameter for two particles
in contact (adapted from [36])

and n;; is the normalized normal contact vector defined by

r,'—rj rj—r,-

njj = 21

[ri=ri = Trj =il
It is important to mention the following relationship

rj—rj r,-—rj

n njj. (22)

A T N e
3.1.1 Contact area discretization

An approximation was suggested by Zohdi in [35] for the
common contact radius a;; and for the contact area Afj
defined by

c _ 2
Aij_na

2, (23)

see Fig. 4 for a geometrical representation.

The contact area Afj can be calculated by solving these
following equations
al; +L} = R}

2 2 _ 2
aij+Lj_Rj

Li+LJ~:||ri—rj , (24)

where L; is the distance from the center of particle i and
the common contact interpenetration line and L ; is the dis-
tance from the center of particle j and the common contact
interpenetration line, where the extent of interpenetration is
d;j defined in Eq. (17). With Eq. (23) and first equation in
(24), the above equations yield expression a;;, which yields
an expression for the contact area parameter

A =mal =7 (RF - 12). (25)

The value of L; can be calculated using equations in (24).
So, these expressions can be rewritten as:

L= lri=r)] - L
L3 —L}=R}- R} (26)

Substituting the first equation in the second one
2
(Iri =rjl = L))" = L} = R} — RY. @)

Simplifying

|

r,~—r§H+L$—2L,~||r,~—rj|| ~L2=R-R. (28

1

Again

r,-—r%H —2L,'Hri—er :R?—Riz. (29)

Dividing (29) by [r; —r/|

&
|ri —rj| —2Li e (30)
Then
I R} — R}
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Fig.5 Geometrical
interpretation for contact
particle-to-wall and
particle-to-particle

Particle i

Contact point .,

niwt:z_

Center of mass
-

fr

Wall

3.1.2 Normal contact force based in Hertz theory of elastic
contact

Alternative models for the normal contact pressure, defined
in Eq. (15), have been presented in the literature. Especially
the model proposed by Hertz, see [37] for details in its for-
mulation:

4 1
Fi = 2 (R") g5, 2y, (32)

. . P
which has the general form Fl‘j"" = Ky, |8,~ j| Pn;;, where

RiR; 1

R* = = 33
Ri + R; Rl, + RL/ (33)
and
EE; 1
E* = at = < (34
E;j(1-1?) +Ei(1 - UJZ.) L )

In the above equations E; and E; are the Young’s mod-
ulus of the particles i and j, respectively, and v; and v; are
the Poisson coefficient of the particles i and j, respectively.
Note that in the Hertz’s formulation the contact area Al‘j has
already been incorporated in the relation above. The contact
area Afj of this model is equal to:

AG = maj; = mR*S;, (35)

where a;j = ,/R*$;;. For more details, see [37].
3.2 Frictional contact forces

A contact particle-to-wall or particle-to-particle can be geo-
metrically represented as shown in Fig. 5. In this figure, v;
and v; are the velocities of center of mass of the particles i
and j, respectively, and w; and @ are the angular velocities
of center of mass of the particles i and j, respectively.
Assuming that the particles are idealized rigid, i.e., any
deformations arising from the contact are neither permanent
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Tangential direction impact

*y

1
Viz =V —Vjp | s :
v; LT ! Ln i Particle j
1 -
Y
! ¥ )\
i\ vy, = (v ny)ny;
Vin = (”i : nij)nij P.
i I
H
Ty Particle i |
1
T i
J) HEY _
1 T o v],‘[ - 7]] ‘!7] n

nor significant when compared to the particle dimensions, the
velocities at the contact point (P) for each spherical particle
can thus now be written as:

V; =V, +tw; X (R,-nj,-)

P vj+wj X (Rjn,-j). (36)

<
I

The particle-to-particle frictional contact forces are
defined by:

Nei
fric 2 : fric
Fi ric _ Fijrlc' (37)
j=1

The contact dissipation can be incorporated by tracking
the relative velocity of the particles in contact. Observing
the velocities in Fig. 5 is possible to determine the relative
velocity as shown in Fig. 6.

In Fig. 6, vf and v’ are the velocities at the contact point
P of ith and jth particle, respectively. The relative velocity
at the contact point can be determined as:

v =08 —vP. (38)

The tangential velocity at the contact point in each particle
is obtained by subtracting away the normal component of the
velocity:

P P P
Vi: =V — (”i '”ij)”ij
v? =vP — (v i \n (39)
JT J J L)t

The tangential relative velocity at the contact point is cal-
culated by:

P P
Vrel,r = Vrel — (Vrer - Mij)mij = vj = v/ . (40)
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Fig.6 Geometrical
interpretation of velocities of the
particles at the contact point P

Particle i
vfzvi-l-wixRinjl- UP

P

_ P . .
it = Vi = Vin Particle j

nl-j

v, = (vf 'nij)"ij\\/P

_ 2P P
Vrel,r = 17-_.[ - vi,r

Using the relative velocity at the contact point, the tangen-
tial slip direction can be characterized by a unit vector 7;; as
follows:

Vpel — (vrel . nij) nij
“vrel - (vrel . nij) nij “
P P

vj,r - vi,r

HvP P

.t Vi:

L
“ Vrel,t ” (4])

In frictional contact mechanics, two kinds of situation
need to be taken into account. One is called “stick case”
and other “slip case”. Frictional stick is modeled via the fol-
lowing procedures. Initially the static friction threshold is
checked by the following equation:
Aj At

S (42)

against g FZC]"" , where K/ is a tangential contact friction

P P
.t LR
tial velocity at the contact point, Az is the time step used
in the numerical discretization (to be presented later) and

s is the static friction coefficient. The stick case occurs

compliance constant, ‘v is the relative tangen-

when the Eq. (42) is less than pg HFfJ"” ” , otherwise, the slip
case occurs. The stick step can be considered a more rig-
orous and difficult step, because first no slip is assumed,
generating the no-slip contact forces, by solving an entire
multibody/multisurface contact problem.

P _
Vj—

Y pf
17]+(1)]XRJ n;; 1T

P
v.
i
n;; Vyreln = (vrel . nij)nij
Y .

S — ,P P
i Vret =Vj —V;

/ J

]
Friction direction

So, the frictional contact force developed in each particle
can be obtained in the following manner:

IF K vﬁr—vi’; Al?jAt<p,S Flc]””

fric __ P P
THEN [ =k/|of —of,
ELSEIF ¥}/ = pg|Feo

AfjAtrij (“stickcase”)

Tij (“slipcase”),

(43)

where 7;; is defined in (41) and g is the dynamic friction
coefficient.

3.3 Damping forces
Phenomenological particle contact dissipation can be incor-

porated by tracking the relative velocity of the particles in
contact. The damping force is obtained by:

Nei
| e ZFZ“’”” . (44)
j=1
A simple model to calculate it is given by:
FZ.“””’ = chfj (vﬁn - vfn>, (45)

where ¢ is a damping coefficient that represents the contact
dissipation, vl.P ,, is the normal velocity at the contact point
of the ith particle and v f ,, 18 the normal velocity at the con-

tact point of the jth particle. It is important to mention that
(v f = le n) is the normal component of the relative veloc-
ity vy, 1.€.,

P P
Vrel,n = (vrel 'nij)nij = (vj,n - vi,n)' (46)
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So, the Eq. (45) can be rewritten as:

damp d
F,’j =cC A,?j Vrel,n- (47)

3.3.1 Damping force based in Hertz theory of elastic contact

The damping force can be also modeled via a standard
Hertzian contact model for intersecting spheres (see [37]).
This theory assumes that the contact area between the parti-
cles is small with respect to the dimensions of each particle
and with respect to the relative radii of curvature of the
surfaces. If the particle-to-particle contact force exists, the
damping force is defined by:

d .
Fijamp = d(S,-jn,-j, (48)

where d is a damping parameter defined as:

d = 26*V2E*m*(R*8;;) " n;j (49)

and §; j is the rate of change of overlap, defined by:

b= (v -
In Eq. (49), £* is a damping parameter that must be set,

R* is the effective radius defined in Eq. (33), E* is Young’s

modulus of the interacting particles defined in Eq. (34) and
m* is the effective mass given by:

U,P) *Rjj = Vrel - Rjj. (50)

mimj 1
m*: ! J = I s (51)
m; +m; —_ 4+ —
J m; m_/-

Note that the system can be qualified as follows: £* = 1
critical damped, £* > 1 is overdamped, £* < 1 is less than
critically damped and £* = 0 is no damping force, as in
an elastic collision. According to the literature review, espe-
cially the work presented by Zohdi in [35, 36], the damping
coefficient (§*) is taken as an arbitrary value ranging from
zero to one, i.e. 0 < &* < 1. However, in this paper, it is
assumed that there will be a deformation in the less rigid ele-
ment, as a consequence of the contact between two bodies.
Therefore, a weighted value of this coefficient is considered,
such that:

£ = Ei§ + Ejéj_ (52)
E; + Ej
The Eq. (48) can be simplified as
Ffjamp = 2£%y/ 2E*m*(R*8ij)l/4(vrel . n,-j)nij. (53)
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Using the relationship v,.;,, = (vrel . n,-j)nij in Eq. (53),
results in

F = 2% B m* (R*8i) * vyetn. (54)
This expression has the same format given in Eq. (47).
3.4 Particle-to-wall contact

Particle-to-wall contact is handled in an identical manner to
particle-to-particle contact, except that the wall displacement
is considered given (externally controlled) and independent
of the action with the particles. The amount of overlap of
the particle with the wall position dictates the contact force
intensity, see Fig. 7. In this paper, the walls are considered
rigid, being discretized by triangular elements. The choice
of triangular elements is to facilitate the modeling of irreg-
ular surfaces. A sophisticated search algorithm is used to
determine the vector correspondent to the minimal distance
between the particle and the wall. It is similar to the standard
formulations of three-dimensional contact mechanics. These
were intended to identify whether the contact was between
node-to-surface, node-to-edge or node-to-node. In this work,
as an analogy, the particle is considered as a slave node and
the walls as the master contact surfaces. Due to the com-
plexity of this algorithm and the fact that it is not the focus
of this work, it will not be presented here. For more details
regarding the contact between the slave node and the master
contact surfaces see [38, 39].
Therefore, the particle-to-wall force is obtained by

Nuyi
Bpel = 30 (R R LR, (55)

w=1

where Ny,; is the number of surrounding walls in contact and
F/ fn F;qul”’f and F?S)mp are the normal, tangential and
damping wall forces generated by contact with constraining
surfaces, respectively.
Consider the following general relationship:
i, Py >

Fo " o¢ Koy, |l 7 AS i, (56)
where 0 < K, < oo is a wall-to-particle compliance con-
stant, Py, is a material constant,

lri —ryll —R;

Eiw =
w Rl

=2 (57)

and n;,, is the normalized normal contact vector defined by:

ri—re _  rj—ru (58)

lri —ryll lri —ryll

Riy
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Fig.7 Geometrical constrain

Particles

For the generated friction, a continuous sliding is assumed.
So,

IF &S |ob = of |ag,ar < | Fpt
THEN F“”f—Kﬂ‘ o A, ArTiy  (stickcase”)
ELSEIF F;‘;ﬁ” - ‘F;‘:‘?”" Tiw (“slipcase™),
(59
where
P P
Vw,r — Vit
Tiu = (60)
va,f Vi ¢

The tangential velocity at the contact point is obtained
through Eq. (39).
The damping force is calculated by
d. )
F{o"P = ¢ AS vyt n. (61)

3.4.1 Material parameters based in Hertz theory of elastic
contact

The normal contact between a particle and a wall, based on
Hertzian model, is given by:

4
F;uujlll,n _ g(R>i<)1/2E 53/2 ” (62)

wall,n

which has the general form F;, =Ky, |85w|P PR, and

the damping force is calculated by:

— 26*V2E*m* (R*8;,)

damp Vrel,n- (63)

&* isadamping parameter defined in Eq. (52) that must be set,
R* is the effective radius defined in Eq. (33), E* is Young’s
modulus of the interacting particles defined in Eq. (34) and
m* is the effective mass defined in Eq. (51). Considering

these relationships

R, =R; = oo, (64)

M = m; = 00, (65)

Particle i

llr; = 7wl
i = |llri =y ll = Ry
these parameters can be rewritten as:
R* = R; (66)
EE 1
E* = v = (67)
2 —v? - ’
Ey(1—v})+E(1—v2) (IE:),) + (IE:,%’)
m* =m; (63)
Ei& + E €
% iSi wSw
=" 69
S E; + E, ( )
3.5 Adhesive bonding forces
The adhesive bonding force is obtained by:
Nei
Fibond _ Z(Ffﬂjondn " F?jond,r)’ (70)

j=1

where Ff’;’"d’" is the normal adhesive bonding force and
F?2"4" is the rotational adhesive bonding force.

The particle-to-particle adhesive bonding relation is con-
sidered based on exceeding critical interpenetration distance.

A simple model can be defined as follows:
IF |ri —rj| <R +R; AND |&;j| = &

THEN F)"" = K1(&;|™ A¢nj;
ELSEIF Fb”"d "—0

Y

where 0 < K l.”jb is a bonding constant, &;; is defined in (20),
£* is normalized deformation bonding and P, is a material
parameter. It is important to mention thatif | r; — ;|| < Ri+
R, contact occurs between the particles. So, if the particles
are in contact and |5i j| > £*, then an adhesive/attractive
normal bond is activated between the particles, as defined in
(43).

If the particles have an activated normal bond, then the
particles automatically have a rotational bond equivalent in
form to stick friction
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IF |ri —rj| < Ri+ Rj AND |&;;] = &
THEN F?j{)nd,r — Klr]b HvP _ vi},)r HA[C]AI‘TU

Jj.T ’ (72)
bond,
ELSEIF F;/"" =0

where K l.rjb is a rotational bonding constant.

3.6 Environmental force

The environment force comes into play as force opposing the
motion of the particle due to the surrounding environment
(i.e., damping from interstitial fluid or even smaller-scale
particles or solvents between particles, such as binding
enhancers, surfactants and lubricants). A simple model to
account for this was defined by Reynolds (very low Reynolds
number “Stokesian” model) in the following manner:

F{" = 6mc’R; (ve — vi), (73)

where ¢¢ is the dynamic viscosity of the air and v is the
local average velocity of the external interstitial medium,
which one may assume to be v¢ = 0, for most applications of
interest in this work. The mechanics of the interstitial fluid is
unimportant in problems of interest here. However, for other
applications such as high-speed flow, the motion of the fluid
can be important, requiring more sophisticated drag laws.
See [40, 41].

3.7 Gravity force

The other force that needs to be taken into account is the
gravitational force, which acts in adownwards (—z direction)
and is given by:

FS“U = g2, (74)

where g is the gravity acceleration and Z is the unit vector in
the z direction.

4 Time integration

In this section, the time integration scheme will be presented
to solve the equations described in Sect. 2. First, the inte-
gration of the translational contribution will be explained
and then, the same will be done for the integration of the
rolling contribution. Subsequently, an iterative implicit solu-
tion method will be presented, as well as the time integration
scheme for solution of the system’s dynamics.
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Vem(t +At)
Ve (t + PAL) /
vcm(t)
time
t PAt t+ At
L
|
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Fig. 8 Trapezoidal time-stepping rule for velocity

4.1 Integration of the translational contribution

Based on the second Newton’s law, the translational compo-
nent of the center of mass can be written as:

M¥ oy = Mgy = F', (75)

where M is the total system mass, F’°’ is the overall external
force acting on the system, v, is the center of mass velocity
and r.,, is the position vector of the center of mass of the
system, given by:

Ny Nei
o def Dy M LS mir (76)
cm — N(,‘ - M i

2l mi i—1

A trapezoidal time-stepping rule is used, see Fig. 8. Here,
a short explanation will be presented, however, the complete
formulation is described by Zohdi in [42].

Considering ¢ the current time and Af the time increment,
at some intermediate moment in time, r < t +pAr <t + At
with 0 < ¢ < 1, is possible to affirm:

Do (¢ + pAT) & Jenl HAD = Von (1)

At
1
MFWU +PAL)
~ %[M’""(t +AD+ (1 =) F' (1)),
(77)
leading to
Ve (t + AL)

~ At tot tot
R Ve (1) + i [6F " (t + Ay + (1 — ) F'" (1)]. (78)
For the position vector

t+ At) — t
icm(t+¢m)~rc"’( A)t Fem (1)
N Ve (T + QAL

%(bvcm (t+At)+(1 _¢) Vem (t)v (79)
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leading to

Fem (T + AD)
XN Tem (t)'*'At [¢vcm (I+At)+(1 _¢)vcm (t)] (80)

This equation can be rewritten as:

Fem (8 + AL) X Fom (1) + Ve (£) At
2 [Vem (& + AL) — v ()]
+ ¢ (At) Al . (81)

Finally, can be consolidated into:

Fem (T + AL)
=Fem (8) + Ve (1) At

L ¢ (Ar)?
M

[9F'" (1 + Ar)+ (1 — §)F' (1)]. 82)

Other formulations to update the position vector and the
velocity vector are presented by LeVeque in [43] These equa-
tions lead to a coupled system of equations, which are solved
using an adaptive iterative scheme, building on approaches
found in various form in [40, 44, 45].

4.2 Integration of the rolling phenomena

Solving the Eq. (12):

2 21 AL o
dw; = —M;"dt = w;(2) = w;(t)) + =—M,".
131 1 i,s Ii,x

(83)

Then, based in Eq. (83), the time discretization is done by
the following equation:

w; (1 + At)
= w; (1)
+ 2L () + [oM (4 AD — oM ()]),

i,s

(84)

where & is a scalar value with range 0 < ¢ < 1. It is impor-
tant to mention that when the parameter ¢ = 0 the system is
solved by explicit method and for 0 < ¢ < 1 the system is
solved by implicit method. The Eq. (84) can be rewritten as

w; (t + At) = w; (1)
+ ﬁ [@M?m (t+ A1)+ (1 — @) M (t)] .

i,s

(85)

The graphical interpretation of Eq. (84) is shown in Fig. 9.

A » DML (t + At)
oM (t)

ML (D)

v

t t+ At

Fig. 9 Time discretization

Based on the expression (8) the moment M f‘” can also be
calculated by

Nei
M =" riex F’; (86)
=1

where Ffric is the friction force between the particles i and
Jj that will be presented in Sect. 3.2. This force is applied at
the contact point P on the surface of particle i, see Fig. 1.

In this work the rolling is taken into account. Therefore,
the friction force is modeled by assuming that sliding and
rolling may occur between the contact pair, i.e., whether it
is pure sliding, sliding with rolling or pure rolling. At the
contact point P the friction occurs and its velocity must be
computed by using Eq. (4).

The rotation vector 6; of a ith particle is obtained by

do;
W = —

YT odt
4]
=>/ do;
3]

15}
= / w;dt
1

=0; ()

87
=0; (1)) + w; At. 7

The time discretization is done by the following equation:

0;(t+At) =0;1) + At{Tw; (t + A1) + (1 — D)w; (1)}.
(88)

Finally, for a point P’ belonged to a particle in the initial
P/

HI from its center, its current

configuration placed r

position is defined by:

rP e+ Ay =ri+ A+l , X 0it+ A, (89)
=

It is important to mention that, in this work, spheres are
used to model particles. Therefore, the contact point can be
easily found.

@ Springer



Computational Particle Mechanics

4.3 Iterative implicit solution method

Following the basic framework developed by Zohdi in [46,
471, the Eq. (82) can be rewritten in a slightly more stream-
lined for particle i

Ar)?
riL+1 — riL " vl-LAt + P (Ar) |:¢F§0[’L+l +(1— ¢)F§UZ,L:|’
m;
(90
the same for Eq. (78)
Ll L AT ror L+l tot,L
R — oF; + (1 - F; ) oD
l
and the same for Eq. (85)
L+l L, At tot,L+1 tot,L
("i :(g)i +_—|:®M’~ ’ +(]_®)Ml ’ :Is (92)

i,s

where superscript L and L + 1 indicates the indices of the
current and the future time-step in the discretization respec-
tively. Basically, the superscript L is a time interval counter.
This is a generalized one-step scheme, with ¢ € (0, 1], and
¢ = 0 is the explicit Euler integration scheme, while ¢ = 1
is the fully implicit Euler integration scheme. The implicit
implementation of the position, velocity and angular velocity
updates, as is evident from Egs. (78), (82) and (85), requires
an iterative solution for rl.L“, vl.LJrl and col.L“.

The set of equations represented by (90) to (92) can be
solved recursively by recasting the relation as

riLH’K =rk+ofAr
At)?
N ¢ (At)
mj

[¢F501,L+1,K—1 +(1—¢) F;ot,LiI ’
93)

oK L AL |:¢F§ot,L+1,K—1 +a _¢)F;0t,L:|’ 94)
m;

1 1

At -
ot K wlL + = [QMI;M,LH,K Ly - o) M;ot,L]’
i,s

95)

where K = 1,2, 3 ... is the index of iteration with in time-
step L + 1. These equations can also be represented in the
following form

P =g (r ) 4 Ry (%)
viL+l,K =G, (vl;+1,1<—1) +Ri v, 97)
wiL+l,K _ gw<wiL+l,Kfl) +Ri o (98)
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where
tot, L+1,K—1def rror, L+1,K—1( L+1,K—1 _L+1,K—1 L+1,K—1
Fia + :Fi() + (r1+ ,I’2+ ..... rN: )’
99
def
F;ot,L def F§0t~L<rlL, ko r%,p), (100)
M;ot,LH,K—l défMgot,LH,I(—l (rlL+l,K717r§+1.Kfl’ L r]Lv+1.Kfl)’
p
(101)
def
M?ut,L ; M:O[J‘("IL, ré‘ ..... rl]\}p>, (102)
Ar)?
gr(riLH,Kfl) _ @ ‘) Fl{ot,L+l,K71’ (103)
mi
Ar)?
Riy = rbavtars 2B _ gyport, (104)
m;
At
gv<viL+l,K—1> _¢ plonLHLK-T (105)
mi
At
Riy = vl + — (- PFE, (106)
1
At
gw<wiL+1.K7]) _ ¢’_. M;ot,LH,Kfl’ (107)
i,s
At
Rio=wk+ (= oM (108)

i,s

The terms R; ,, R and R; , are remainder terms that
do not depend on the solution. The convergence of such a
scheme is dependent on the behavior of G,, G, and G,,. The
form of the error function is presented below

L+1,K def [+1,K L+1
iy =r; —r; (109)
L+1,K def L+1,K L+1
iy = — it (110)
L+1,K def  L+1,K L+1
o =@ —w;". (111)

Based on the formulations presented by Zohdi in [36],
a sufficient condition for convergence is the existence of a
contraction mapping

_L+1,K _ riL+l

L+1,K—1 L+1
=6 ) o o)
L+1,K ||..L+1,K—1 L+1
= "i — T (112)
L+1,K L+1 L+1,K—1 L+1
o = okt = [ (o1 - 6 (o)
L+1,K L+1,K—1 L+1
=y Hvi - ’
(113)
L+1,K L+1 L+1,K—1 L+1
o™ = ot = (0" 1) = 6u (o)
L+1,K L+1,K—1 L+1
< N ‘a)i _wi )
(114)
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Fig. 10 Iterations within the
time step

1At

L+1

where 0 < 9/ < 1,0 < gl K < 1and 0 < yL*1K <

L+1K L+1K =0

L+1K 0

1 for each iteration K. Then w; — 0, @,

and wL+1 K

L+1K 0

v; and w; ,as K — oo, which is a contraction

condition that is sufficient, but not necessary, for conver-

gence. The convergence of Eq. (93) is scaled by n, « (‘M’)
(see Eq (103)) the convergence of Eq. (94) is scaled by
Ny X 7 (see Eq. (105)) and the convergence of Eq. (95)

(see Eq. (107)). Therefore, the con-

traction constant of g, and G, is directly dependent on the
magnitude of the interaction forces (||F;||), inversely pro-
portional to the masses m; and directly proportional to At.
The contraction constant of G,, is directly dependent on the
magnitude of the interaction moments (|| M ||), inversely pro-
portional to the moment of mass /; ; and directly proportional
to At. Thus, decreasing the time-step size improves the con-
vergence.

An approach to maximize the time-step sizes to decrease
overall computing time and keep the numerical solution’s
accuracy was proposed by Zohdi in [46]. This proposal
takes into account only the position vector’s errors. Here,
the velocity vector’s errors are also considered. Basically,
these following expressions are assumed:

— 0 for any arbltrary starting Value r;
L+1,K=0

is scaled by 7,

NPt K xS (An? (115)
nE K ~ 5, At (116)
N K ~ §, AL, (117)

where S,, S, and S, are constants. The error resulted within
an iteration is according to

K
[Sr(mﬂz] wi ' =w (118)
K L+1 0 _ L+1,K
(Sohn) @ =@y (119)
L+1 () L+1,K
(Solto) @ oA (120)
where wl‘ﬂ 0 = pIHLK=l _pL L0 _ pLel K=l _ L
and w“l O = wiLH’K:l — wiL. These above equations can

be rewritten as

[ \
it o’ ry T

|

I

L+1,1 L+1,2
r; r; L+1,K*=3

9% 5%

I >
I
r

L+1,K \ 2K

1 ir
Atr = — L+1,0 ’
Sr2 wi,r
1
1 L+1,K\ ¥
i,v
Aty = — L+1,0
wi,v

(121)

(122)

L+1,K\ ¥

1 i,w
(e ) (123)
Sw wﬁj)l’o

At, =

According to Zohdi in [36], at the end of the time-

step iteration, wLH‘K =TOL,, lL::] kK — = TOL, and

wle)] kK — =TOL,, where TOL,, TOL, and TOL,, are
tolerances for the position and velocity vectors, respectively.
So, assuming that S,, S, and S,, are constants, a new smaller

step size can be defined as

1 1

1
2K, 3
( TOL, ) Ka < TOL, ) Ka (TOLM ) Ka
L+1.0 L+1.0 L+1,0
@iy . @i @iw

[+I K % ’ I+1 K = ’ L+1,K =
2 2 K
!7 wl @

S LT10 L+1 0 L0
@iy Fiy Ziw
—def A g,

= Af‘min(Aer;AK_u;AK,w) =

Aty = At -min

—def A

At - Ak,

—def A g

(124)

Ak

where K, is the number of desired iterations. According to
Zohdi in [36], the expression in (124) can also be used for
time-step enlargement, if convergence is met in less than Ky
iterations, usually chosen to be between 5 to 10 iterations.

A geometrical interpretation about the iteration within the
time step (parameter K) is shown in Fig. 10.

4.4 Time integration scheme for solution
of the system’s dynamics

The numerical solution scheme is shown on Table 1. This

numerical algorithm is adapted from [35, 36]. Here the rolling
phenomenon is taken into account.
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Table 1 Algorithm: Numerical solution scheme

Iterative implicit solution method

Step 1 Start a global fixed iteration and set the iteration counter K = 0.
Store the variables: riL (riL+1‘0>, viL (viL“‘O), 0{“ (0,-“1’0) and wiL (wi“l’o).
Compute the total force: F?””L (riL, viL, a)lL)
Compute the total momentum: Mf”"[‘ (rk, vk of)

Update the iteration counter K = K + 1.

Step 2 Make a loop fromi = 1 to i = N, and compute for each particle i:
Fmt,L+1,K—1( L+l,K—1 L+1,K—1 _L+1,K—1
l, r; )

Resultant load vectors i »V; » @;

Resultant momentum vector M

tot,L+1,K—1 L+1,K—1 L+1,K—1 L+1,K—1
i r » U » @; E

s L+1,K __ L+1,K—1 . _ L L ¢(At)2 tot,L+1,K—1 tot,L
Position vector r; =G (rl. ) +Rir=r;+v;At + S [qﬁFi + (1 - ¢)F; }
Velocity vector vi "% =g, (viL“‘K—l) +Riy=vF+ %[q&FE‘”’L”'K_I +( - qb)Ff‘"‘L],

Angular velocity vector: wiL+l'K = wiL + %[@M;"““LK*I +(1 - @)Mﬁm’l“],
1,5

Rotation vector: 0iL+]‘K = GiL + At [@wL”‘K*] +(1— @)w{‘].

i

Step 3 Measure normalized error quantities:
Np L+1,K L+1,K—1 Np L+1,K L+1,K—1 Np L+1,K L+1,K—1
def 2| - T H def il |v; - v def il |@; -
WKr= Np || .L+1,K L K= Np L+1,K L w0 = Np L+1,K L
2| -r 2ili|v; L H il — e H
def WK, r def WK v def WK, w
k,r = kv = Zk,w =
TOL, TOL, TOL,
1 1 1
(TOL,)ZKd (TOLI, ) 2Ky (TOL,“)ZKd
def \ @o.r def \ @0 def \ @00
Ag,r=—"— Ak = T Akow = 1
wk,r\2K Wk ) 2K WK \2K
wo,r Wo,v W0,
Step 4 IF (Zky <1AND Ziy <1 AND Zy, <1) AND K < Kq4

THEN Increment time: t =t + At,
Construct the next time step: (Af)"" = Ak (AN where Ag = min[AK,,, Ak v, AK.w],

Select the minimum size: At = min[(At)“’", (At)"ew],

Go tostep 1
ELSE go to step 5
Step 5 IF (Zkr > 1 OR Zy > 1 OR Zi, > 1) AND K < Ky
THEN Update the iteration counter: K = K + 1,
Go to step 2
ELSE go to step 6
Step 6 IF (Zkr > 1ORZxy > 10R Zi» > 1) AND K = Ky
THEN Construct a next time step: (A#)"*" = AK(At)”ld, where Agx = min[AKyr, Ak v, AK,,A,],

Select the minimum size: At = min[(At)lim, (At)"ew],

Restart at time ¢: Set r[.LH’0 = rl.L, viLH’O = vf and wf‘“’o = wiL,
Go to step 1
ELSE Set a larger number for the variable K,
Restart at time ¢: Set rl.LH’0 = lL L.L“’O = vf‘ and wf‘“’o = wiL,
Go to step 1
5 Contact search procedures computational cost is the detection of the contact between

particles. This occurs because it is necessary to check for
The efficiency of a program is measured directly by its  contact of each particle against all the other particles and
computational cost. Therefore, it is fundamental that every ~ walls in the system, making the modeling of large scale prob-
calculation program has in its code an optimization algorithm  lems difficult. Problems simulated by the discrete element
that can solve any model, requiring the least calculation time = method usually involve a large number of particles in pos-
possible. In particle method, the process that has a greater  sible contact. For each time increment, usually very small,
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one must check all these contact possibilities and calculate
the respective forces involved in this phenomenon, which
requires a high computational cost. The imminent problem is
the spent time on this search. To minimize, as much as possi-
ble, the analysis time in multi-scale problems, it is necessary
to develop an efficient contact search algorithm. Basically, in
this work, the solution found was to divide the tridimensional
domain in several subspaces. Each particle will be addressed
to a corresponding subspace based on its current position. In
this way, for the currently analyzed particle, only the parti-
cles belonging to its subdomain and the adjacent ones will be
selected to make the contact verification. Thus, the contact
search for each individual particle involves a significantly
reduced number of particles to be considered. This reduction
decreases decisively the analysis time.

A method for contact detection developed and used in
this research is based on the following considerations: (1) a
volume defined by a hexahedron will be created to limit the
possible coordinates for the particles and walls during the
analysis, i.e., the analysis only proceeds if all particles and
walls have their coordinates located inside the admissible
zone. This domain corresponds to a viable zone and it will
be divided into squares (2D) or cubes (3D) with size equal
to the diameter of the smallest particle, as shown in Fig. 11;
(2) the maximum number of particles allowed per cube shall
be established; and (3) a vector called volume_matrix will
be generated with dimension equal to the total number of
cubes necessary to make up the domain times the number
of particles allowed by each cube (this vector will store the
quantity and identity of the particles contained in each cube).
The condition for a particle to belong to a cube is that the
particle’s center is located inside it. Subsequently, starting
from the coordinates of the centers of the particles (x, y, z),
the coordinates of the cube (I, m, n) containing it will be
calculated, as shown in the following equation

= current coord x — min coord allowed, (125)
N dimension of the cube ’

filling the vector volume_matrix. The Eq. (125) regards
the x direction and an analogous expression can be used to
calculate the parameters m and n. In addition, a vector of
size equal to the total number of particles will be created and
filled, which will store their location, i.e., the number of the
cube containing each particle.

As mentioned, the optimization process is applied in the
algorithm for contact detection. For this, one must calculate
the dimensions of the subdomain for contact search. This
subdomain will correspond to the cube containing the particle
i under study and the neighboring cubes that contain the
particles in possible contact, as shown in Fig. 12. For plane
problems, this subdomain is composed by at least 9 squares
and for spatial problems by 27 cubes.

A ndiv, =3

ndivy =3

l

ndiv, = 3

numbers of cubes = 27

1 2 3

Fig. 11 3D domain’s division and the corresponding number of cubes
in the domain’s discretization

To obtain the dimensions of the subdomain one must cal-
culate a delta value, as shown in equation below

delt particle's diameter i + particle's highest diameter
elta = .

2 x dimension of the cube

(126)

Once delta is calculated, the cubes that will compose the
subdomain for contact verification are selected. This subdo-
main contains the cubes with indices comprised by the inter-
vals [(I —delta), (I +delta)], [(m — delta), (im + delta))]
and [(n — delta), (n +delta)], as illustrated in Fig. 12.

The general mapping is performed only once, after each
time increment (or after a defined time). If there is a position
update in any of the particles and it exceeds the limits of the
cube that contains it, the particle will be removed from this
initial cube and placed in the cube corresponding to the cur-
rent position, as a consequence, the vector volume_matrix
is updated.

For each particle i, the number of the cube containing it
is determined. Then, the neighboring cubes are selected, see
Fig. 12 for a graphical interpretation. All particles contained
in these cubes are selected to verify the contact with the
analyzed particle.

Finally, after the optimization algorithm is finished and all
contacts are defined, the calculation of the forces acting on
each particle is executed.
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Fig. 12 Subdomain’s definition.
The subdomain for each particle
corresponds to the red square on Ymax
the figure
Minor
7 Qrti:le
6
Mmax
5 delta
4 /\
3 delta ; J ;l\
Mmin - r
T T { / \
2 delta delta [ Highest Particle |
1 _
Ymin
1 2 3 4 5 6 7
Xmin Xmax
lmin lma.x

The same procedures are made for the contacts between
particles and walls. Basically, in each time step, each particle
will belong to a specific cube and this will have associated
vectors that will store the probable particles and walls that
can come in contact with the studied particle. Updating all
information per cube is done instantly during the process.
The most important procedures are described in the algorithm
presented in Table 14 in Appendix D.

Another important fact to be mentioned is the importance
of using parallel processing. This can be used both to update
the information for the contact search algorithm and for the
analysis processing. Parallel processing demonstrated a sig-
nificant reduction in analysis time.

The contact between a particle and wall can be calculated
in two ways. The first is to consider the contact between flat
surfaces and the other through smooth surfaces. Contact with
flat surfaces requires much knowledge about spatial geom-
etry to find the contact point at the intersection between the
wall and the particle’s surface. This one was used in all exam-
ples in this article. Contact with smooth surfaces requires
using the NURBS method. The two ways of calculating the
contact point would require a standalone article and therefore
will not be presented in this work.

Also, information on parallel processing and spatial geom-
etry will not be presented, since they are not the purpose of
this paper. For more information see [8, 9].
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6 Validation problems

The basic aim of this section is to apply all theories and
algorithms presented in this paper to simulate some known
classical physics examples. With this, it is possible to under-
stand the concepts and magnitude of the parameters involved
in these formulations and to verify if the proposed algorithm
works correctly. In all examples the numerical and analytical
solutions will be compared.

In this section, three examples are presented. The first one
refers to an oblique impact between a sphere and a flat sur-
face. It allows the validation of the efficiency of Coulomb’s
friction law and its influence on the angular velocities after
impact. The second example refers to the slipping and rolling
of a sphere on an inclined plane. And the last example is a spe-
cific case of the second one, i.e., the slipping and rolling of a
sphere on a horizontal plane. All examples test the Coulomb’s
friction law and are intended to compare the analytical and
numerical results in terms of displacements, velocities and
angular velocities.

6.1 Oblique impact of elastoplastic spheres

This section consists of a study of an oblique impact of elasto-
plastic spheres as shown in Fig. 13. The analytical solution
is presented in detail in Appendix A.

For example, consider a solid sphere with radii R =
0.05m with an impact angle 6; = 45°, the initial impact
speed v; = /2 m/s and particle spin w; = 0, the normal coef-
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Yy

Fig. 13 Diagram of the oblique impact of a sphere with a plane surface
(Reproduced with permission from [48])

ficient of restitution e, = 1 and the impulse ratio f = 0.05.
Here the impulse ratio is considered to be the same as the
friction coefficient. The tangential coefficient of restitution
is calculated from (146):

(1+1.00)

=1-0.05 =0.9. 127
e tan(45°) (127

The rebound rotational angular velocity is calculated by
Eq. (153):

5-0.05- (1+1)-+/2-cos(45°)
= —5Srad/s .
2.0.05

(128)

w, =0—

The tangential component of the impact velocity at the
contact patch is calculated by

vP = v+ Roj = V2 5in(45°) +0.05-0 = I m/s..
(129)

The tangential component of the rebound surface velocity
at the contact patch is calculated by Eq. (159):

7
of =1~ 57005 (1+1)- V2 - cos(45°) = 0.65ms .
(130)

The tangential component of the rebound velocity can be
calculated by Eq. (154):

Vrr = vr}?r — Rw, =0.65-0.05-(=5)=09m/s. (131)
The rebound angle 6, is calculated by Eq. (164):

0.9 o
tan(9,) = —Ttan(45°) =—-09 =06, ~—41.987 .
(132)

The rebound velocity is calculated by

_ Urr 0.9

= — = —~ ~ 1.345m/s .
sin(6,) sin(41.987 )

(133)

And the normal component of the rebound velocity can
be calculated by

Urn = vycos(6y) = 1.345 - cos(41.987°) ~ 1.000 m/s .
(134)

Basically, in this analytical example, a perfect oblique
impact was considered between a solid sphere with radii
R = 0.05m with a rigid wall with impact velocity v; =
(1; —1;0) m/s and impact spin @; = (0; 0; 0) rad/s. The ana-
lytical solution, as presented before, leads to the rebound
velocity v, = (0.9;1;0)m/s and rebound spin @, =
(0; 0; —5) rad/s.

This problem was also simulated by using the DEM for-
mulation presented in this article despite the contact model
being based on the Hertzian formulation. For this purpose,
the following values are considered: radii of the sphere
R = 0.05 m, initial velocity v; = (1; —1;0) m/s, initial spin
®; = (0;0;0) rad/s, specific mass p = 5000 kg/m3, elastic-
ity modulus of the sphere E = 108 N/m?, Poisson coefficient
v = 0.25, static friction coefficient u; = 0.05, dynamic
friction coefficient gy = 0.05, friction constant parameter
Ky = 101, maximum permissible iterations K; = 10,
fully implicit Euler integration scheme (& = 1), tolerances
TOL, = 1073, TOL, = 1073, TOL,, = 1072 and no
contributions of external forces, like gravity, damping, bond-
ing and environment effects (i.e., all respectively parameters
were considered to be zero). It is clear that the geometry of
this problem does not need to be given, since it can be eas-
ily adopted. To develop a quick simulation, the suggestion is
that the sphere should be located next to the wall, practically
an instant before the impact. The numerical simulation was
done for three sizes of time increment, i.e., Ar = 10™%s,
At = 1073 s and At = 107 %s. After simulation, all numer-
ical results lie to the same analytical results. The maximum
iteration in each time increment was K = 3. The numer-
ical results for the increment of time At = 10™*s gives
a rebound velocity v, = (0.9;1;0) m/s and rebound spin
w, = (0;0; —5) rad/s.

6.2 Slipping and rolling of a sphere on an inclined
plane

This section consists of a study of slipping and rolling

of a sphere on an inclined plane as shown in Fig. 14. The
analytical solution is presented in detail in Appendix B.
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Fig. 14 Diagram of a particle slipping and rolling on an inclined plane

To make a comparison between the analytical and numeri-
cal solution, an appropriated example is needed. Consider, for
the initial configuration, a solid sphere withradii R = 0.25m
placed on an inclined plane with angle tan(6) = 0.75. At
this time, only a point of the sphere is in contact with the
wall. The initial velocity is v(0) = (—6.08; —4.56;0) m/s
and initial spin is @(0) = (0;0; 16) rad/s.

For the numerical simulation, consider the following addi-
tional values: specific mass p = 5000kg/m>, elasticity
modulus of the sphere £ = 10° N/m?, Poisson coefficient

v = 0.25, static friction coefficient u; = 0.20, dynamic
friction coefficient gy = 0.20, friction constant parameter
K¢ = 103, maximum permissible iterations Ky = 10, grav-
ity acceleration g = (0; —10;0) m/s2, time increment At =
103 s, fully implicit Euler integration scheme (& = 1), tol-
erances TOL, = 1073, TOL, =102 and TOL,, = 1073
and no additional contributions of external forces, like damp-
ing, bonding and environment effects (i.e., all respectively
parameters were considered to be zero). It is clear that the
additional information of geometry is not necessary to be
presented. The maximum iteration in each time increment
was K = 3.

The analysis is performed for 5 s. The numerical and
analytical results in terms of displacements, velocities and
angular velocities are shown in Fig. 15. These values corre-
spond to the respective norm of the vector in direction parallel
to the inclined plane.

For example, at time ¢+ = 3.002s, the analytical
results lie to displacement r = (—34.113; —25.585;0) m,
velocity v = (—16.647;—12.485;0)m/s and spin
@ = (0;0;64.032)rad/s and the numerical results lie
to displacement r = (—34.119;—-25.589;0)m, veloc-
ity v = (—16.628;—12.525;0)m/s and spin @ =
(0;0;63.945) rad/s. Comparing the results in terms of dis-
placement, velocity and angular velocity, it is possible to
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Fig. 15 Time histories of the particle’s displacement, velocity and spin
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Fig. 16 Diagram of a sphere with a horizontal surface

affirm that the displacement obtained by numerical simu-
lation is 100.02% of the analytical result, the velocity is
100.04% of the analytical one and the angular velocity is
99.86% of the analytical result. It is important to mention
that the analytical solution will not be exactly the same as
the results obtained by numerical simulations. One reason
is that the Coulomb law is a function of the normal force
and it is variable during the process, i.e., in Hertz model the
normal force is a function of penetration and the stick and
slip conditions are changing during the contact. The pos-
sibility of alternation between the stick and the slip case
is expected from the physical point of view, especially at
the contact point. So, always, when the stick case occurs at
some moment, the skating will happen. It is inherent to the
Coulomb’s law. Hence, there will be micro-slips that will
dissipate a little more energy than anticipated in analytical
models.

6.3 Slipping and rolling of a sphere on a horizontal
surface

The analytical solution for slipping and rolling of a sphere on
a horizontal plane is a particular case of the previous section.
Basically, the angle of the surface must be considered to
be zero, i.e., & = 0 . The same example was studied by
Campello in [34] and will be presented here to be one more
classical problem to validate particles programs (Fig. 16).

Consider, for the initial configuration, a solid sphere with
radii R = 0.20 m placed on a horizontal plane. At this time,
only a point of the sphere is in contact with the wall. The
initial velocity is v(0) = (2.355;0;0) m/s and initial spin is
@(0) = (0;0; —127.03) rad/s.

For the numerical simulation, consider the following addi-
tional values: specific mass p = 5000kg/m>, elasticity
modulus of the sphere E = 10 N/m?, Poisson coefficient
v = 0.25, static friction coefficient u; = 0.25, dynamic
friction coefficient uy = 0.25, friction constant parameter
Ky = 1013, maximum permissible iterations K; = 10,
gravity acceleration g = (0;—9.81;0) m/s2, time incre-
ment A7 = 10™*s, fully implicit Euler integration scheme
(@ = 1), tolerances TOL, = 1073, TOL, = 1073 and
TOL, = 10~3 and no additional contributions of exter-

nal forces, like damping, bonding and environment effects
(i.e., all respectively parameters were considered to be zero).
Again, additional information of geometry is not needed. The
maximum iteration in each time increment was K = 3.

The analysis is performed for 5 s. The numerical and
analytical results in terms of displacements, velocities and
angular velocities are shown in Fig. 17. These values corre-
spond to the respective norm of the vector in direction parallel
to the inclined plane.

For example, at time ¢ = 3s, the analytical results
lie to displacement r = (17.939;0;0) m, velocity v =
(8.941;0;0) m/s and spin ® = (0;0;—44.705)rad/s
and the numerical results lie to displacement r =
(17.982;;0) m, velocity v = (8.941;0;0) m/s and spin @ =
(0; 0; —44.705) rad/s. Comparing the results in terms of dis-
placement, velocity and angular velocity, is possible to affirm
that the displacement obtained by numerical simulation is
100.24% of the analytical result, the velocity is 100.00% of
the analytical one and the angular velocity is 100.00% of the
analytical result.

Observing the velocity and spin in Fig. 17, it is possible to
conclude that the horizontal line corresponds to the stick case.
So, in that time the relative velocity at the contact point goes
to zero and as consequence, the friction force also goes to
zero, see Eq. (181). The corresponding time of the beginning
of stick case can be determined substituting the equations
from (178) to (182) into (168). Considering that this problem
has the motion in only one direction, the Eq. (178) can be
rewritten as

2

1 R
v0+—Atf+a)0R+TAtf=O. (135)
m

From above equation the corresponding time to start the
stick case is calculated by

(vo + woR)
()
_ 2 (vg + woR)
Thg
_ 2[2.355 +(—127.03) - 0.2]

7-0.25-9.81
= 2.685s.

At =

(136)

At t = Os the velocity at contact point is vp = 2.355 +
(—127.03) - 0.2 = —23.051 m/s. Since the friction force is
opposed to the direction of this velocity, the magnitude of vp
will decrease progressively until it reaches zero. When this
occurs, the relative motion between the contact point P and
the flat surface stops, meaning that sliding no longer occurs
and the particle starts to have pure rolling.
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Fig. 17 Time histories of the particle’s displacement, velocity and spin

7 Numerical simulation

The main objective of this section is to present three numer-
ical examples of granular materials to apply the algorithm
studied in this work. The first example consists of studying
the drop of 180 particles in a container. The second and third
examples consist of a simulation of an unloading of granular
materials from one upper container to the other lower. The
difference between these two examples lies in the geometry
of the upper container and the number of particles used to dis-
cretize the granular material. The second and third examples
have 40 and 3100 particles, respectively.

7.1 Example 1: Free falling granular material

The basic aim of this section is to analyze the efficiency of
the numerical algorithm to solve particles problems. This
specific example consists to model the mechanical behavior
of granular materials when they are thrown into a dumpster,
see Fig. 18. In this model, the walls are assumed to be rigid.
The geometry of this problem is presented in Fig. 19.

This model consists of 180 particles placed as shown in
Fig. 19. All particle parameters are presented in Table 2. The
materials properties of the walls are the same as the particles.

@ Springer

Fig. 18 Example 1: problem definition

This example was simulated for three different values
for the parameter &, i.e., referring to the explicit (& =~ 0),
semi-implicit (& = 0.5) and fully implicit Euler integration
scheme (& = 1). After the numerical simulation some equi-
librium configurations are shown in Fig. 20. All particles are
completely stopped at time r = 1.52s.

In this specific example, all particles are located very
close to each other, so there aren’t much free spaces for
mobility. The numerical analysis demonstrated that the final
results obtained for each integration parameter & are exactly
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60 particles of radius 0.2 meters.

Fig. 19 Geometrical dimensions of the problem definition

Table 2 Numerical parameters of example 1

Particles

Particles radii R = 0.2m

Specific mass p = 7850 kg/m>

Elasticity modulus of the spheres E = 10° N/m?
Poisson coefficient v = 0.25

Static friction coefficient uy = 0.20

Dynamic friction coefficient uy; = 0.20

Friction constant parameter K y = 101

Damping coefficient & = 0.90

Normalized deformation £* = 0.04

Bonding constant K i”jb =10°

Rotational bonding constant K [’j" =103

Material parameter P, = 2.0.

Analysis parameters

Maximum permissible iterations K; = 8

Gravity acceleration g = (0;0; —9.81) m/s?

Time increment Ar = 5-107% s

Euler integration scheme @ ~ 0; @ = 0.5and & = 1
Tolerances TOL, = 1073, TOL, = 1073, TOL,, = 1073
Dynamic viscosity of the air ¢¢ = 0.00265

Local average velocity of the external interstitial medium is v = 0

the same. Regarding the numerical computing time, it is
noticed that the explicit method is considerably faster than
the implicit one. It was verified that the explicit method
solved the problem with an analysis time approximately 40%
smaller than the implicit one and 17% smaller than the semi-
implicit method. In this case, it is better to use the explicit
method because it is faster and the results are basically the
same. The numerical results (regarding positions, velocities
and angular velocities) of two selected particles are presented
in Tables 5, 6 and 7, respectively, in the Appendix C.1.

7.2 Example 2: Unloading granular material
discretized by 40 particles

The interesting issue of this section is to provide a simple 3D
example to make a comparison of an implicit and explicit

time integration scheme and see what is most efficient and if
the results are the same. For this purpose, a simple example of
forty particles is presented as shown in Fig. 21. The particle
distribution is shown in Fig. 22.

This example, unlike the previous one, allows the particles
to move with greater freedom, being able to actually verify
if there is a difference between the integration schemes. To
make this comparison, the numerical analysis is performed
for 8 s of simulation equivalent to the real time. The parti-
cles and analysis parameters are presented in Table 3. The
materials properties of the walls are the same as the particles.

Three different values for integration parameters are
used to simulate this problem, i.e., referring to the explicit
(@ = 0), semi-implicit (& = 0.5) and fully implicit Euler
integration scheme (@ = 1).

First, the obtained results will be analyzed to verify if
they are the same when different values for the parameter
& are used. The numerical results are compared for three
differenttimes (2, 4, 8 s). The particle configurations for each
integration parameter are illustrated in Fig. 23.

For each defined time and for each integration parame-
ter (@) the current configuration is given, see Fig. 23. Notice
that three particles are selected and highlighted with different
colors to compare their position at each time. Observing the
configurations of the particles, it is noticed that the results are
not the same when different values of & are used. By observ-
ing the kinematic of the particles in the upper container, one
notices that its movement is restricted by the sidewalls. In
this way, the movement of these particles are practically the
same when they are inside the upper container. However,
when they are practically outside the upper container, there
are small variations in the values of displacements, velocities
and angular velocities for different values of &, which sig-
nificantly modify the forces acting on the particles when they
are located outside the upper container, since there is freedom
of movement. So, it is possible to conclude that, in general,
the results can be changed when different values are used for
the parameter @, especially in tridimensional problems.

Analyzing the numerical computing time, it is noticed that
the explicit method is considerably faster than the implicit
one. It was verified that the explicit method solved the prob-
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Table 3 Numerical parameters of example 2

Particles

Particles radii R = 0.2m

Specific mass p = 2500 kg/m>

Elasticity modulus of the spheres E = 10° N/m?

Poisson coefficient v = 0.25

Static friction coefficient uy; = 0.20

Dynamic friction coefficient uy; = 0.20

Friction constant parameter K y = 101

Damping coefficient £ = 0.90

Normalized deformation £* = 0.04

Bonding constant K i”jb =10°

Rotational bonding constant K [’j" =103

Material parameter P, = 2.0.

Analysis parameters

Maximum permissible iterations K; = 10

Gravity acceleration g = (0;0; —9.81) m/s?

Time increment At = 5- 10 %s

Euler integration scheme (& ~ 0; @ =0.5 and @ =1)
Tolerances TOL, = 1073, TOL, = 1073, TOL,, = 1073
Dynamic viscosity of the air ¢¢ = 0.00265

Local average velocity of the external interstitial medium is v = 0

sented in Tables 8, 9 and 10, respectively, in the Appendix
C.2. All velocities and angular velocities vectors have zero
value components at time t = 0's.

7.3 Example 3: unloading granular material
discretized by 3100 particles

This example represents a discharge of a granular material
from a dump bucket of a truck into another dump bucket
(lower one), see Fig. 24 for geometrical representation. In
this model, the walls are assumed to be rigid. This example
contains 3100 particles in the upper container.

The geometry of the lower bucket corresponds to
2.20m(width)x6.30(length) x2.00(height) and the upper
bucket corresponds to 2.10 m(width) x 6.00m(length) x

1.76 m(height). The discretized granular material is sand.
The sand was discretized by 3100 particles. The particle dis-
tribution in the yz-plane is shown in Fig. 25.

The particle distribution in the xz-plane is shown in
Fig. 26.

The particles and analysis parameters are presented in
Table 4. The material properties of the walls are the same
as the particles.

In this example a fully implicit Euler integration scheme
is used. The authors opted to use the implicit method, since
it finds a solution by solving an equation involving both the
current state of the system and the later one and thus, is more
stable than the explicit method, see [49]. Some equilibrium
configurations are shown in Fig. 27.

It is important to mention that the analysis time for this
problem was initially very high. The analysis resulted in a
processing time greater than 6 months of analysis if any treat-
ment of optimization is done. To avoid this problem, it was
verified that the contact search algorithm must be optimized,
and consequently, the process would not consume much com-
putational time in the search for algorithms to verify the
contact suffered by the particles. Then a complex study of
search solutions for these multiscale problems was started.
A basic notion of the contact search optimization was pre-
sented in Sect. 5. Currently, the numerical analysis for a time
of 15 sis done in an acceptable time and can finish this analy-
sis in less than 1 week using a standard computer, depending
on the velocities of the particles and the increment of time
used. In our case, the time increment is of around 10 Cs.

Figure 28 illustrates some equilibrium configurations in
the side view.

Figure 29 illustrates some equilibrium configurations in
the front view.

The numerical results (regarding positions, velocities and
angular velocities) of two selected particles are presented in
Tables 11, 12 and 13, respectively, in the Appendix C.3.

8 Conclusions

The main purpose of this paper was to review the formula-
tions of the Discrete Element Method (DEM) and apply it to
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Fig. 23 Example 2: problem
definition.ar =2sand @ =0,
br=2sand @ =0.5,ct=2s
and@=1,dt=4sand @ =0,
et=4sand @ =0.5,fr=4s
and@ = 1,gr=8sand ¥ =0,
htr=8sand @=05,it=38s
and @ = 1

Fig. 24 Example 3: problem
definition
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Fig.25 Example 3: yz-plane
view. a Particles on plane yz. b
View plane yz
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Table 4 Numerical parameters of example 3

Particles

Particles radii R = 0.1 m

Specific mass p = 2500 kg/m>

Elasticity modulus of the spheres E = 10° N/m?
Poisson coefficient v = 0.25

Static friction coefficient uu; = 0.20

Dynamic friction coefficient gz = 0.20

Friction constant parameter K y = 101
Damping coefficient £ = 0.90

Normalized deformation £* = 0.04

Bonding constant K i"jb =100

Rotational bonding constant K i’jb =103
Material parameter P, = 2.0.
Analysis parameters

Maximum permissible iterations Ky = 8
Gravity acceleration g = (0;0; —9.81) m/s?
Time increment Ar = 5-107%s

Fully implicit Euler integration scheme (& = 1)
Tolerances TOL, = 1073, TOL, = 1073, TOL,, = 1073
Dynamic viscosity of the air ¢¢ = 0.00265

Local average velocity of the external interstitial medium is v¢ =

6 (m)

model granular materials. This work reviewed the researches
developed in the DEM field and explained the rolling phe-
nomena using the Coulomb’s friction law, the forces acting on
a particle (normal contact, friction, damping, adhesive bond-
ing, environmental and gravity), the time integration scheme
to solve DEM and the contact search algorithm. These topics
were important to be explained because they are the funda-
mentals of the method. So, it is important to make a brief
discussion about them.

The influence of the rotation is also included in the physi-
cal phenomena studied. The rotation is important to describe
correctly the motion of the particles. Without the rotation,
only the translation is not able to describe some physical
phenomena.

Many forces in the procedures are investigated and
included in the numerical model. Concerning the friction
law presented in this paper, the authors concluded that the
friction law works perfectly for higher values of the friction
constant parameter K 7. The friction is also very important to
calculate the angular velocities, as verified during the study
made in the validation problems.

The strongly multiphysics models are solved iteratively
within each time-step using a staggering scheme, proposed
by Zohdi in [35], which employs temporal adaptation to con-
trol the error. A comparative study was carried out between
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(a) (b)

(d) (e) ®

Fig. 27 Equilibrium configuration during the numerical simulation.at =1.28s,bt =2.52s,ct=7.64s,dr=10.40s,et=11.96s,f t =15.00 s

(c) (d)

Fig. 28 Equilibrium configuration (side view). ar =128 s,br=7.64s,ct=11.96s,dt =15.00 s
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(0

(d)

Fig.29 Equilibrium configuration (front view). at =1.28s, bt =7.64s,¢t=11.96s,dt=15.00s

the explicit and implicit method and it was verified that the
explicit method is faster than the implicit one, when the same
time increments are used. It was also verified that the numer-
ical results can be changed when different values of ¢ are
used, especially in three-dimensional problems.

During these investigations, this paper also presented
some standard examples of classical mechanics to validate
all theories shown and consequently, the numerical program
by comparing the numerical results with the analytical one.

The authors concluded that all theories and algorithms
presented in this paper, work numerically perfectly and can
correctly simulate the phenomena of multi-contact between
particles, representing in a real form the physical phenomena.

Basically, the new contributions of this work, besides
reviewing all theories, were to make a validation of the
method and present 3D numerical examples to show the capa-
bility of the algorithm.
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Appendix A: Analytical solution for oblique
impacts of elastoplastic spheres

This example considers an oblique impact of a sphere with
a target wall in the y—z plane, see Fig. 13. The current for-
mulation presented here was developed by Wu et al. in [48]
and will be explained here in more details. The spins around
the y and z axes and its corresponding moment impulses
are ignored. s supposed that the sphere approaches the wall
with an initial translational velocity v; and angular veloc-
ity w; at an impact angle 6;. After interaction with the wall,
the sphere rebounds with a rebound translational velocity v,
and rebound angular velocity w,. Note that v; and v, are the
velocities of the sphere center. The corresponding transla-
tional velocities at the contact patch are denoted by viP and
vP. Consider the normal and tangential coefficients of resti-
tution defined by

ey = — 21t (137)
Vin
er = 1T (138)
Vit

where v; , and v, , are the normal components of the impact
speed and rebound speed, respectively, and v; ; and v, ; are
the corresponding tangential velocity components. It should
be noted that it is necessary to introduce the negative sign
in Eq. (137) since the normal component of the velocity
reverses its direction after the impact, i.e., v, , has the oppo-
site direction of v, , and the normal coefficient of restitution
is usually quoted as a positive value. The tangential coeffi-
cient of restitution can be negative because, with initial spin,
under certain conditions the sphere can bounce backwards,
see [50, 51]. The coefficients e, and e, can be used to repre-
sent the recovery of translational kinetic energy in the normal
and tangential directions, respectively.

The correlation between the tangential and normal inter-
actions during the impact can be characterized by an impulse
ratio, which is defined as

P, [ Fudr

f= P, [Edt

(139)

where P, and P; are the normal and tangential impulses,
respectively, and F,, and F; are the normal and tangential
components of the contact force. It is clear that the impulse
ratio f is different to the interface friction coefficient . It
may or may not be equal to p, see [52].

According to Newton’s second law, P, and P; can be
expressed in terms of the incident and rebound velocities as

( ran Ui,n)

v (140)
(Ur,r - vi,r)»

(141)

P,=m
P m
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where m is the mass of the particle. Substituting (140) and
(141) into Eq. (139) leads to

(vr,r - vi,r)

f= . (142)
(Ur,n - vi,n)
This equation can be rewritten as
fv,-,,,(””" _ 1) - vi,,(v” _ 1). (143)
Vin Vit
Using (137) and (138) in Eq. (143):
fvin(—en —1) =vic(er = 1). (144)
Simplifying:
Vin
f (—en — 1) =er — 1. (145)

Vit

Rewriting (145) and considering Ui,n/vi . = l/tan(ei)’
results in ’

o +en)
er =1 ftan(@,-)'

(146)

Similarly, a rotational impulse P, can be defined by

Py = oy — i), (147)
where [ is the moment of inertia of the sphere, and w;
and w, are the initial and rebound rotational angular veloc-
ities, respectively. According to the conservation of angular
momentum about point P as shown in Fig. 13, is correct to
write

H, =RP,, (148)
where R is the radius of the sphere.

Substituting (141) and (147) in (148):
(149)

I wy — wj) = Rm(vr,, — v,-,t).

The Eq. (149) can be rewritten as

R
wr = w; — Tm(vi,r — V).

(150)
2
For a solid sphere, I = 2mR / 5. Hence,

5
- (Ui,r - Ur,r)

Svi,r Ur,t
= wj — 1—
2R Vi ¢

(151)
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Substituting (146) into (151):

S5 +en)vie

2R tan(6;) (152)

r = Wi

Considering v; , = Ui’r/tan(ei)’ the Eq. (152) can be
rewritten as

) S5F(+en)vin

r = Wi R (153)

The tangential component of the rebound surface velocity

at the contact patch, vf? .» can be expressed as

vl = v+ Roy. (154)
Substituting (153) into (154)
p 5
Vyr = Urr + Roj — Ef(l +eu)Vin. (155)
Substituting (138) into (155), results in
P 5
Vpr =€rlic t Rw; — Ef(l + en)Vin- (156)

Substituting (146) into (156), gives
P Vin 5
Vpr = I — f(+e)—— |vi¢+Rw; — = f(1+ey)vin
Vit 2
(157)
Simplifying,

5
vr}?t =i+ Rw; — S +ey)vi, — Ef(l +eu)Vin.
(158)

Considering vfr = v; r+Rw;, the Eq. (158) can be written
as

P

7
ve =0 = S F+ en)vi (159)

r,T

From Eq. (146) is clear that (1 — e7)vir = f(1 +en)vi .
Hence, Eq. (159) can be rewritten as

P p_ 7

Ve = Vi — E(] —er)vi 7. (160)
The Eq. (160) can be rewritten as
ZU-P UP
— 1t T 161
e 71),',7; 7U,',T ( )

Considering viPT = v; r+Rw;, the Eq. (161) can be rewrit-
ten as

2v; 2Rw: 2vF
e =1 — —hT @ T (162)
7U,',f 7vl‘,f 7v,"f
Hence,
5 20, 2Rw;
0 = 24 Dt SN (163)
7 7vi,, 7v,-,,

From Fig. 13, the rebound angle 6, can be obtained from

v erV; e
tan(6,) = Lt T ——Ttan(Hi).
Ur.n —€pVjin €n

(164)

It can be seen from (146), (153), (159) and (160) that all
the kinematics of the rebounding sphere depend upon the
impact angle 6;, the initial impact speed v; and particle spin
w;, the normal coefficient of restitution e, and the impulse
ratio f. In other words, for a given impact angle and impact
speed, the rebounding kinematics of the sphere can be deter-
mined once e, and f are known (see [52, 53]). Many studies
have been carried out to investigate the normal coefficient of
restitution e,, during elastoplastic impacts, and the rebound
behavior of elastoplastic spheres during normal impacts is
well established in [37, 48, 54, 55]. The impulse ratio can be
determined by measuring the initial and rebound velocities
at the sphere center (see [52, 53, 56]). For more details see
[48].

Appendix B: Analytical solution for slipping
and rolling of a sphere on an inclined plane

This problem consists of a particle with radii R and mass
m slipping and rolling on an inclined surface with angle
0, see Fig. 14. In the initial time, a particle is placed on
the surface with velocity v(0) and spin w(0). Depending
on friction coefficient, initial velocity and angular velocity
the sphere may roll or slide on the inclined plane. The full
original formulation was developed by Aghamohammadia
and Aghamohammadib in [57] and will be shortly presented
here. It is important to mention that the formulation presented
in this article is adapted and simplified to consider that the
velocity of the sphere has the same direction as the unit vector
i.

The Newton’s equilibrium equation of motion for the
sphere is
mi =mgsin(®)i + f, (165)
where g is the gravity acceleration and f is the fric-
tion force. The local coordinate system is defined by
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i = (—cos(9),—sin(),0), j = (0,0,1) and k =
(—sin(0), cos(0), 0). Observing Egs. (9) and (10), is easy
to demonstrate the following relation
M = lw, (166)
where M is the momentum, / is the inertial momentum and
® is the angular velocity. The moment of inertia of the sphere
with respect to its center is defined in (11). Looking at Fig. 14,
the momentum can be calculated by
M =1® = (—Rk) x f. (167)
Now, it is important to study the phenomena in two parts,

i.e., one considering the rolling of sphere and other consid-
ering the sliding of sphere.

Appendix B.1.: Rolling a sphere on an inclined plane

Rolling constraint demands the velocity of the sphere at the
contact point P to be zero. Then,
vp =v+wx (—Rk) =0. (168)

Differentiating the above equation with respect to time,
obtains

F+® x (—Rk) =0. (169)
Using (167) in the above equation, leads to
—Rk
+ (Z#f x (—=Rk) = 0. (170)
gl’f’lle2
Simplifying (170), results in
2
r+—f=0+f=—§¥ (171)
Substituting (171) in (165), one obtains
. . . 2m.,
mr =mg sin(0)i — ?r. (172)
The above equation can be rewritten as
. 5 ,
r = 5gszn(9)t. (173)
Substituting (173) in (171), gives
2 A
f=- 7mg sin(0)i. (174)

The sphere rolls on the inclined plane if f < umg cos(6).
Then, the rolling occurs if

@ Springer

w > %tan(@). (175)

Appendix B.2.: Sliding a sphere on an inclined plane

If the sphere slips, then the velocity at the contact point P is
not zero and the friction is
f=—nmgcos®)ep, (176)

where ep = z—P is the unit vector along velocity at contact
point P. Using (165), the time evolution equation of vp is

mvp =mgsin(@)[i — pucot(B)ep]. (177)
Appendix B.3.: Exact solution

Let’s solve exactly the Newton’s equation. Integrating (165)
and (167) gives

t
r= ro+/ vdt (178)
0
1 t
v=vo+gsin(@)Ati+ —/ dt f (179)
m Jo
R t
a):wo+<——k> x/ dat f, (180)
I 0
where
2 . ..
_ ) —5mgsin(0)i, if vp=0
f= {—umgcos(@)ep, if vp #0° (181)
and
i gsin(0)i, if vp=0 182)
gsin@)[i — pcot@)epl, if vp £0°

Note that the velocity at the contact point v p is defined in
(168).
Appendix C.: Numerical results
Appendix C.1. Numerical results of example 1

See Tables 5, 6 and 7.
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Table 5 Position vectors of two

. . Particle t=0s t=04s t=0.8s t=1.2s t=1.52s
selected particles through time
(@ =10 1.700 1.700 1.746 1.691 1.692
1 5.950 5.950 5.950 5.950 5.950
2.100 1.315 0.328 0.273 0.273
0.500 0.500 0.452 0.450 0.487
2 2.750 2.750 2.750 2.750 2.750
2.900 2.115 1.239 0.886 0.859
Table 6 Velocities vectors of Particle t=0s t=04s 1 =08s r=12s {=152s
two selected particles through
time (@ = 1.0) 0.000 0.000 —0.011 ~0.003 0.000
1 0.000 0.000 0.000 0.000 0.000
0.000 —3.924 —0.011 0.006 0.000
0.000 0.000 —0.256 0.884 0.000
2 0.000 0.000 0.000 0.000 0.000
0.000 —3.924 0.393 —0.569 0.000
Table7 Angular velocities Particle f=0s t=04s t=08s f=12s f=152s
vectors of two selected particles
through time (& = 1.0) 0.000 0.000 0.000 0.000 0.000
1 0.000 0.000 0.253 0.008 0.000
0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000
2 0.000 0.000 2.099 3.265 0.000
0.000 0.000 0.000 0.000 0.000
Appendix C.2.: Numerical results of example 2
See Tables 8, 9 and 10.
Table 8 Position vectors of three selected particles through time
Particle ¢ t=0s t=1s t=2s t=3s t=4s t=35s t=6s t=7s t=38s
[3.7827] [4.4927] [4.2197] [(4.4277 73.9337] [4.045 7 [4.2287] [(4.194 7] [(4.1837]
1 0.0 3.35 3.342 3.260 2.995 2.778 2.359 1.843 1.482 1.397
| 2.741 | | 0.200 | | 0.200 | | 0.200 | | 0.450 | | 0.338 | | 0.200 | | 0.200 | | 0.200 |
[3.7827] [4.986 ] [4.183 ] [ 4.183 ] [ 4.206 ] [4.367 ] [ 4.360 ] [4.289 ] [4.2397]
0.5 3.350 3.340 3.585 3.915 4.768 5.309 5.336 5.281 5.273
| 2.741 | | 0.200 | | 0.200 | | 0.200 | | 0.200 | | 0.200 | | 0.200 | | 0.200 | | 0.200 |
[3.7827] [4.5107] [4.7647] [4.5127) [4.2167] [4.190 7 [[4.2357) [4.287 ] [4.3457
1.0 3.350 3.342 3.351 3.860 5.049 6.100 6.098 6.099 6.096
| 2.741 | | 0.503 | | 0.200 | | 0.200 | | 0.200 | | 0.200 | | 0.200 | | 0.200 | | 0.200 |
[1.7927] [2.007 ] [3.023 7] [4.9327] 4.7377) [4.4157 [ 4.566 ) [ 4.766 ] [4.818 7]
2 0.0 2.950 2.950 2.950 2.950 2.648 1.852 1.624 1.532 1.523
| 3.340 | | 3.250 | | 3.146 | | 2435 | | 0.200 | | 0.200 | | 0.200 | | 0.200 | | 0.200 |
[1.7927] [2.005 ] [3.010] [4.895] [4.9117] [4.5797] [ 4.698 ] [4.8207] [4.826]
0.5 2.950 2.950 2.950 2.950 2.573 1.728 1.486 1.511 1.456
| 3.340 | | 3.251 | | 3.148 | | 2.456 | | 0.200 | | 0.200 | | 0.200 | | 0.200 | | 0.200 |
[1.7927 [2.007 [3.030 ] [4.947 4.990 7 [4.764 7 [ 4.560 [4.570 ] [4.564
1.0 2.950 2.950 2.950 2.950 3.505 4.129 4.627 4.740 4.723
| 3.340 | | 3.249 | | 3.146 | | 2415 | | 0.200 | | 0.200 | | 0.200 | | 0.200 | | 0.200 |
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Table 8 continued

Particle ¢ t=0s t=1s t=2s t=3s t=4s t=35s t=06s t=7s t=38s
[[0.200 70.200 ] [0.4557] [1.3957] [3.028 ] [5.2557] [5.1627] [5.080 ] [5.033 7]
3 0.0 3.350 3.350 3.350 3.350 3.350 3.350 3.858 4.188 4.300
| 3.499 | | 3.186 | | 3.055 | | 2.961 | | 2.798 | | 1.163 | | 0.200 | | 0.200 | | 0.200 |
[0.200 ] [0.200 ] [0.460 ] [1.405 ] [3.043 7] [5.247 7] [5.063 ] [4.9557] [5.0127]
0.5 3.350 3.350 3.350 3.350 3.350 3.350 3.754 4.109 4.170
| 3.499 | | 3.186 | | 3.055 | | 2.960 | | 2.796 | | 1.134 | | 0.200 | | 0.200 | | 0.200 |
[[0.200 70.200 ] [0.4537] [1.391 ] [3.023 ] [5.2497 [5.2957] [4.931] [4.901
1.0 3.350 3.350 3.350 3.350 3.350 3.349 3.600 3.766 3.734
| 3.499 | | 3.186 | | 3.056 | | 2.962 | | 2.798 | | 1.176 | | 0.277 | | 0.200 | | 0.200 |
Table 9 Velocities vectors of three selected particles through time
Particle ¢ t=1s t=2s t=3s t=4s t=35s t=06s t="7Ts t=28s
[ —3.050 ] [ 0.645 ] [ —0.784 "] [ —0.088 [ 0.184 0.006 ] [ —0.083 ] [0.001
1 0.0 —0.018 —0.262 —0.060 —0.423 —0.481 —0.404 —0.334 0.028
| 0.000 | | 0.000 | | 0.000 | | 0.0860 | —0.194 | 0.000 | | 0.000 | | 0.000
[ —1.9437] [ —0.003 ] [ —0.004 ] [0.107 [ 0.401 [ —0.0727] [ —0.063 ] [ —0.036]
0.5 —0.041 0.414 0.311 1.206 0.393 —0.064 —0.013 —0.001
| 0.0209 | | 0.000 | | 0.000 | | 0.000 | 0.000 0.000 | 0.000 | 0.000 |
[ 0.740 ] [[—0.281] [ —0.353 7] [ —0.276 ] [ 0.062 0.040 ] 0.058 ] 0.058 ]|
1.0 —0.010 0.061 0.984 1.219 —0.007 —0.012 —0.003 —0.003
| —6.564 | | 0.000 | | 0.000 | | 0.000 | | —0.044 | | 0.000 | | 0.000 | | 0.000 |
[ 0.675 ] [ 1.379 ] [ 2.503 ] [ —1.358] [ —0.088 ] [ 0.256 ] [ 0.040 ] [ 0.044 ]
2 0.0 0.000 —0.000 —0.001 —0.738 —0.691 —0.101 —0.022 —0.003
| —0.077 | | —0.138 | | —3.330 | | 0.000 | 0.000 | | 0.000 | | 0.000 | 0.000 |
[ 0.651 [ 1.369 ] ™ 2.461 [ —0.665 ] —0.158 ] [0.138 0.001 0.003 ]|
0.5 0.000 0.000 0.001 —1.022 —1.007 0.050 —0.106 —0.039
| —0.080 | | —0.137 | | —3.282 | | 0.000 | | 0.000 | | 0.000 | 0.000 | | 0.000 |
[ 0.680 ] [ 1.385 ] [ 2.505 ] [ —0.867 ] [ —0.207 ] [ —0.086 ] [ 0.033 ] [ —0.026]
1.0 —0.000 0.000 0.000 0.855 0.587 0.280 —0.034 —0.020
| —0.091 | | —0.139 | | —3.389 | 0.000 | 0.000 | | —0.001 | | 0.000 | | 0.000 |
[ 0.003 7 [ 0.593 7] ™ 1.286 [ 1.980 ] 2.301 —0.153 7] [0.008 [[—0.075]
3 0.0 —0.001 0.000 —0.000 0.000 —0.000 0.395 0.248 0.041
| —1.560 | | —0.059 | | —0.129 | | —0.198 | | —5.494 | | 0.000 | | 0.000 | 0.000 |
[ 0.003 ] [ 0.598 ] [ 1.291 ] [ 1.985 ] [ 2.262 ] [ —0.336] [ —0.006 [0.082
0.5 —0.001 0.000 0.000 0.000 —0.000 0.449 0.065 0.053
| —1.557 | | —0.060 | | —0.129 | | —0.199 | —5.546 | | 0.000 | | 0.000 | 0.000
[ 0.003 [ 0.591 ] [ 1.285 7] [ 1.979 2.301 —0.2427] [ —0.068 [ —0.027
1.0 0.000 —0.000 0.000 0.000 —0.001 0.224 —0.004 —0.034
| —1.556 | | —0.059 | | —0.129 | | —0.198 | | —5.471 | | —0.242 | | 0.000 | 0.000
Table 10 Angular velocities vectors of three selected particles through time
Particle ¢ t=1s t=2s t=3s t=4s t=35s t=06s t="7Ts t=28s
[ 0.092 [1.310 ™ 1.076 [ 3.025 ] [ 2.817 ] [2.021 1.668 ] [[—0.103 ]
1 0.0 —15.249 3.223 —2.019 —0.595 1.489 0.032 —0.417 0.005
| 0.177 | 0.636 | 0214 | | 0.034 | | —0.559 | | 0.285 | 0.836 | | 0.232
[ —0.003 [ —2.068 [ —1.613 7] [ —6.031] [ —0.648 ] [ 0.318 [ 0.067 ] [ 0.007 ]
0.5 5.510 —0.013 —0.019 0.535 1.442 —0.361 —0.315 —0.182
| 0.586 | 0.904 | 0514 | | 2192 | | 0.770 | | 0.712 0.607 | 0.323 |
[0.102 [ —0.306 [ —4.5477) [ —6.095 ] [ —1.084 7] ™ 0.061 0.016 ]| 0.016 ]
1.0 3.712 —1.405 —1.898 —1.378 0.080 0.198 0.289 0.289
| 0.453 | 1.331 | 1155 ] | 0.345 | | 0.355 | | —0.188 | —0.332 | | —0.332 |
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Table 10 continued

Particle ¢ t=1s t=2s t=3s t=4s t=35s t=06s t="7Ts t=8s
[ 0.001 7 0.003 ] ™ 0.020 M 3.691 [ 3.455 [0.507 [0.1127] [0.016
2 0.0 —3.262 —6.929 —4.942 —6.792 —0.438 1.279 0.201 0.219
| —0.001 | | —0.004 | | —0.009 | | 1388 | | 0.329 | 0.291 | 0.778 | | 0.895
[ 0.001 ] [ 0.005 ] [ 0.033 ] [ 5.110 ] [4.223 [ —0.248 ] [0.5327] [0.196
0.5 —3.181 —6.877 —5.124 —3.326 0.691 0.688 0.005 0.017
| 0.000 | 0.001 | —0.006 | | 2946 | | 1.838 | 0520 | | 0.406 | | 0.156
[ 0.000 7 0.000 ] [ —0.001 ] [ —4.2737] —2.934 [ —1.4027] [0.1717] [ 0.101
1.0 —3.149 —6.960 —4.956 —4.338 —1.037 —0.428 0.166 —0.132
| —0.001 | | —0.002 | | —0.001 | | 1105 | | 1772 | 0.550 | | 0.052 | | 0.260 |
[ 0.035 ] [0.016 ] [0.016 ] [0.016 ] [ 0.017 ] [—1.9757] [—1.238 ] —0.206 ]
3 0.0 —7.104 2.978 6.464 9.950 11.564 —0.766 0.039 —0.373
| —0.006 | [ 0.159 | | 0.159 | | 0.159 | | 0.158 | | —0.772 | | —0.113 | 0.023 |
[ 0.003 [0.0147] [70.014 ] [0.014 ] [ 0.015 ] [—2.2467] [—0.3347] —0.265]
0.5 —7.108 3.004 6.489 9.975 11.367 —1.681 —0.032 0.408
| 0.000 | | 0.145 | | 0.145 | | 0.145 | | 0.144 | | —0.671 | | 0497 | | 0.744 |
[ 0.001 ] [0.009 ] [0.009 ] [0.009 ] [ 0.015 ] 1.836 [ 0.022 7] [ 0.171
1.0 —~7.106 2.971 6.457 9.943 11.563 —1.653 —0.339 —0.136
| 0.000 | | 0.086 | | 0.086 | | 0.086 | | 0.079 | | —3.423 | | —2.354 | | —2.190 |
Appendix C.3.: Numerical results of example 3
See Tables 11, 12 and 13.
Table 11 Position vectors of Paricle  f=0s r=128s t=252s  t=7.64s t=1040s  1=15s
two selected particles through
time (@ = 1.0) 0.299 0.263 0.279 1.055 3.651 7.096
1 2.200 2.200 2.200 2.200 2.202 1.333
4.210 3.802 3.621 3.095 2.835 1.637
0.498 0.474 0.475 2.095 5.258 7.116
2 3.000 3.004 3.014 3.038 3.064 3.183
4.190 3.789 3.670 2.991 2.675 1.931
Table 12 Velocities vectors of Particle  =0s r=128s 1 =2.52s t=7.64s t=1040s  t=15s
two selected particles through
time (@ = 1.0) 0.000 0.043 0.035 0.336 1.452 —0.018
1 0.000 —0.001 0.000 0.009 —0.036 —0.018
0.000 —0.192 —0.065 —0.034 —0.145 0.006
0.000 —0.075 0.023 0.651 1.449 0.000
2 0.000 0.048 —0.076 —0.022 0.020 0.000
0.000 —0.060 —0.041 —0.065 —0.145 0.000
Table 13 Angular velocities Particle ¢ =0s t=128s t=252s t=7.64s t=1040s  t=15s
vectors of two selected particles
through time (& = 1.0) 0.000 —1.896 —0.648 —0.258 0.131 0.206
1 0.000 —1.298 0.616 3.375 14.593 —0.088
0.000 —0.280 —0.346 —1.714 —2.295 —0.001
0.000 —0.696 1.065 0.213 —0.180 0.002
2 0.000 —1.140 0.385 6.545 14.561 0.005
0.000 0.334 1.206 —0.105 0.220 —0.001
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Appendix D.: Contact search algorithm

See Table 14.

Table 14 Optimization
algorithm for tridimensional

Optimization algorithm for tridimensional contact search

contact search
Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

IF t = 1o, where 1y is the starting time of the analysis
THEN Go to step 2 to initialize the variables before starting the analysis
ELSE Go to step 6 for the contact search procedures to be performed during the analysis

Define the values of each global variable of the problem:

(1) identify the smallest particle diameter (dy,;,);

(2) establish the minimum and maximum admissible coordinates to define a hexahedron to
limit the position (x, y, z) of particles and walls during the analysis, i.e., Xpin < X < Xpmax,
Ymin <V < Ymax> and Zmin < 2 < Zjmax- Adjust the limits coordinates so that each
dimension of the hexahedron becomes a multiple of dyin;

(3) divide the hexahedron in several cubes with size equal to dyip, i.e., dimcype = dpin;
(4) establish the maximum number of particles allowed per cube (npcqx = 8).

Calculate the number of cubes in each direction of the hexahedron (nd ivy, ndivy, ndi vz)
and calculate the total number of cubes (ncupe = ndivy - ndivy - ndiv;), see Fig. 11

Define and initialize a vector called volume_matrix with dimension equal to
dimyol matrix = Neube - NPCmayx - 1t Will store all particles number assigned to each cube

Define a vector called particlecype, with dimension equal to N, to inform in which cube
each particle belongs (cube;). For this, calculate the cube position (/, m, n), using the

Eq. (125). The number of the cube is given by

cube; =1 +ndivy - (m — 1) + ndivy - ndivy - (n — 1). Do the same for the walls

IF K = 0 (beginning of the first step of each time increment)

THEN Actualize the vectors volume_matrix and particlecype, once the particle
positions have been updated, and go to step 7. (Obs.: Other possibility, is to
update these vectors after some predefined time)

ELSE Go to step 7

Perform the contact search of each particle i :

(1) identify the number of the cube that this particle belongs, stored in the vector
particlecype;

(2) select the cubes that compose the domain defined by the parameter delta (see Eq. (126)
and Fig. 12);

(3) finally, check the contact between the particle i with the others belonging to the selected
cubes

Suggestion: to reduce the analysis time, check the contact only in the first step (K = 0) and
make it constant during the time increment (1 < K < Ky)
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