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Abstract. This paper studies macroscopic properties in gdenas samples using Discrete
Element Method (DEM) and parallel computing. In @maxial compression experiment, a
sample of geomaterial is slowly compressed by @mpiantil failure occurs. The peak stress
at which failure of the sample occurs is known a&dhfined Compressive Strength (UCS).
Analytical relationship between the microphysicaargmeters and the macroscopic
properties are obtained by conducting a series iofutations to tune the microphysical
parameters until desired macroscopic propertiesr Each particle, the interaction law is
used in conjunction with the momentum balance lacso as to specify a set of governing
equations to describe its interactions and motiBg. solving this equations, we obtain the
final state of rest of these particles. In our numesimulation, a rectangular prism of
particles is placed between two piston walls whach compressed at constant speed. Then,
we monitor the positions, forces and the numbebroken bonds. These data is used to
measure the macroscopic elastic properties of tlagtigje model. Results show that
algorithms have high scalability in CPU-based mthtiead parallel computing and it is
possible to obtain some macroscopic propertieseohtaterials.

Keywords. Computational Geomechanics, Uniaxial Compressimnuttion, Geomaterials,
Discrete Elements, Parallel Processing
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1 INTRODUCTION

In the field of Geotechnics or Geomechanics, wethkn geomaterials, like rocks,
concretes or soils, exhibit similar constitutivepgense when considering their yield strength
dependencies or dilatancy processes. Their disuamis and inhomogeneous nature leads to
complex mechanical behaviors which can be diffidoltcapture with standard numerical
models as finite or boundary elements (Donzé g2809).

Continuous description of geomaterials encountengdtions when large-scale slip and
opening of a large amount of fractures. An alteweaits to use discrete-based methods which
represent the material as an assemblage of indepeertements (also called units, particles
or grains), interacting with one another. Such niedeplicitly reproduce the discrete nature
of the discontinuities, which are represented as libundary of each element. Discrete
Element Method (DEM) are numerical methods for idite systems made of non-deformable
elements and particularly suitable to model granuhbaterials. This method was initially
described by Cundall and Strack (1979) and has bedaly used in dynamic numerical
analyses from an engineering perspective. The sehienmalLagrangian approach where
individual particles are calculated on the basiblefvton’'ssecond law of motion. Discrete or
distinct elements enable us to investigate the mhymaharacteristics of particles and their
motion precisely. For example, DEM application in dascontinuous medium was
accomplished by Hoang Tran (2013) that demonstiéednethod efficiency in modeling the
behavior of granular soil domains in microscopialec

In the aforementioned problems, numerical compantatbecomes costly when the
number of these particles is very large. Thus naweldeling and parallel calculation
technigues are needed to implement better pradDé in complicated and large scale
systems. Lately, powerful computer clusters andesgpmputers have been used to simulate
complex systems with large number of constituentiggas using DEM. However, their
excessive deployment costs limit their populai@ymilar results have been reported for other
applications, e. g, computational fluid dynamics, structural analysesd rigid body
simulations. In these cases, the number of coragafle on a central processing unit (CPU)
has been steadily increasing as well. Recently iroate processors for both graphics
processing unit (GPU) and latest multi-core CPWehamerged as a promising low-cost
alternative to enable multi-thread parallel compates (Sakai et al., 2010).
Munjiza et al. (2012) performed the analysis ofolids mechanics problem with discrete
elements and observed that DEM is computationadpeesive. However, they said that the
reconfigurable computing can be used to make st desnanding.

In this paper, we will investigate how to implementniaxial compression simulation
using DEM and parallel processing. The simulatiomsasure the equivalent macroscopic
properties of synthetic geomaterials samples amdb&a an important tool for calibrating
discrete element models. In fact, a quasi-statiexis compression test of a geomaterial
sample is a common laboratory technique for meaguhe macroscopic properties such as
Young’smodulus,Poisson’sratio and the Unconfined Compressive Strength (JUTBe last
property is an important measure of the strength géomaterial and is associated to the peak
stress at which failure of the sample occurs (Wexédly et at., 2014).

CILAMCE 2017

Proceedings of the XXXVIII Iberian Latin-Americano@igress on Computational Methods in Engineering
P.O. Faria, R.H. Lopez, L.F.F. Miguel, W.J.S. Goméd. Noronha (Editores), ABMEC, Florianépolis, SC,
Brazil, November 5-8, 2017.



Luiz Carlos Facundo Sanches, Ronaldo Carrion, Cati@racles Moraes de Lima

The Young'smodulus and the UCS were obtained from a streasisturve.Young’s
modulus is defined as the slope of the linear seaif the stress-strain curve, whilst the UCS
is the corresponding peak value. Equally importére, number of broken bonds is a useful
guantity to monitor in elastic-brittle simulationas measures of amount of damage the
geomaterial sample has suffered due to the exteradl Time-series of the number of broken
bonds are presented along with the wall force taerees for comparison.

Usually, is difficult to establish an analyticallagonship between the microphysical
parameters and the macroscopic properties of theriala To overcome this, it is a common
procedure to conduct uniaxial compression simutatido fine tune the microphysical
parameters until suitable macroscopic propertieohtained.

2 METHODOLOGY

Traditional DEM was developed by Cundall and Str§t®79) which considered an
explicit solution for the dynamic equilibrium ofdividual particles rather than solving the
entire system. The equations governing the traosktand rotational dynamic equilibrium
of a particle with masam is

d%z(t): (t):%(t), )
d;fz(t):é(t):d)i(t):Ti(t)TMi(t)’ 2)

where . is the acceleration vector fith particle,Fy; are the contact forcesy is the particle
mass, @ is the angular velocity vectol; is the torqueM; is the resultant moment acting

through the centroid of the partigl@ndl; is the moment of inertia. For a circular partidie t
moment of inertia is equal , 7 r* /2 wherer; is the radius ang is the density.

2.1 Updating particle position

From the dynamic equilibrium equations of particeesl knowing the resulting forces
acting on them, it is possible to calculate thesbations foith particle. Particularly, if the
translation motion, can be isolated, we have:
ma’ =F', (3)
wherem is the inertia (mass) matrig, = it is the acceleration vector at tigeandF;' is the
resultant force vector. To update such parameteis necessary to implement integration
methods, i.e. given by their first and second deiwes with respect to time.

With DEM, the relationship between the acceleradod velocity vector is:

1/, _
ait :E(Vit A2 _Vit At/2)' (4)

wherev2, v*4/2 are the velocity at- At/2 andt + At/2 respectively for théth particle.
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Equation (4) is also known as the positigarlet time integration scheme, and the
velocity at timet + At/2 is then calculated as:

Vit+At/2 =Vit7At/2+Ati(F-t). (5)
m

The velocity at time + At/2 is equal to the average velocity within the inggrfromt to
t + At. Then, we can calculate the updated particle iposits:

Xit+At — Xit +Atxvit+At/2' (6)
where the particle position vectargives the particle Cartesian coordinates and o t
rotation about the principal axis (for the 3D cadr)two dimensions there is no coupling
between the three degrees of rotational freedom.

2.2 Calculating contact forces

The forceF, denotes the normal component of the contact fostele the tangential
(shear) component is denoted IBy. The contact normal force can be calculated as
(O'Sullivan, 2011):

I:n = I:N —CVi, (7)

whereFy is the elastic part of the normal interactiop,is the normal interaction damping
coefficient,v, = (v- n)nif nis the unit vector in the interaction between ¢katers of the two
particlesy is the particle translational velocity vector.

The second term on the right-hand side of Eq. €pyesents the contact damping. There
Is also a tangential interaction, the frictionatngmonent of which is given by

Fr=uFy (1_(1_|5t| / 5max)3/2)’ ®

where & is the total tangential displacement between wWee gurfaces from the point where
they initially came into contact. |&| > dmax then gross sliding is deemed to have started and
the frictional force assumes a constant value ghweAmonton'daw, Fr = u Fn, whereu is

the friction coefficient. The total tangential (singinteraction force at any time is

Fo=F —-qVv. 9)

The second term on the right-hand side of Eq. )the contact damping force
proportional to the tangential component of theatreé velocity,v = v x n and¢; is the
tangential interaction damping coefficient.

2.3 Rotational bonds and frictional interactions

To simulate geomaterials failure under compressmaels, we need to integrate some
additional techniques to traditional DEM, as lisbedow:

1. Implementation of cementations (rotational) elabtittle bonds and rotational friction
interactions,
2. Moving walls,
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The model adopted consists of a rectangular prispadicles sandwiched between two
piston walls, which are compressed at constantdsp®inulation results are then used to
measure the macroscopic elastic properties of thdicfe model. A typical particle
interactions model is designed for only three @tational) degrees of freedom configuration
and is suitable for granular flow of individual peles or aggregates. To simulate
elastic-brittle failure of geomaterials, more s@picated particle-pair interactions are
required. In particular, a particle-pair interaatithat incorporates both translational and
rotational degrees of freedom is requir@d illustrated in Figure 1, two bonded particlesyma
undergo normal and shear forces, as well as beratidgtwisting moments. According to
Weatherley et al. (2014), bonds designed to impach forces and moments are known as
cementations bonds.

mmmdy  Tension/Compression
mm Shear
m®  Torsion

Bending .

Figure 1. Forces and moments between particles boed via rotational elastic-brittle bonds
(Weatherley et al., 2014).

In order to properly simulate elastic-brittle fady bonds require a failure threshold
criterion. In this work aviohr-Coulombfailure criterion is employed. A bond will fail the
shear stress within the bond exceeds its sheagsire given by:

t:C+0'Ntan(gpf), (10)

whereC is the cohesive strength of the bond for zero @bsiresssy and ¢x is the internal
angle of friction of the bond.

2.4 Implementation of viscous damping

Uniaxial compression experiments are usually cotetliin the so-called quasi-static
regime,i. e, external loads are applied slowly compared whth compressional wave speed
of the sample. To simulate these conditions, ial& necessary to incorporate two body
forces designed to attenuate translational andioot oscillations. The viscosity coefficients
are chosen to be small so that damping has lifiéeteon the elastic response of the simulated
geomaterial sample but it is sufficient to atteeuatwanted oscillations.
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2.5 Macroscopic elastic properties

Macroscopic elastic properties asoung's modulus and Unconfined Compressive
Strength (UCS) can be obtained from a stress-staive. To measure these quantities in a
simulation, it is necessary construct the stressrstcurve for the geomaterial. Therefore,
suppose the net restoring forces (at ttintat particles apply to the top and bottom watks
FOt) and F®(t) respectively, and the unit normal vector of thelsvas n”®. The stress
exerted on the walls by the particle assembly is:

=IONNCOR TGN C)
owlt)=

2A,
whereA; is contact area between a wall and the particlenaly. Since the peak stress is

reached for relatively small axial strain, the emttarea can be approximated by the
undeformed area at particle assembly base.

, (11)

It is also relatively straightforward to accountifag the total strain. LeK (t)(t) and X
(b)(t )oe the positions of the top and bottom walls aetinThe straireyy (t) is given by:

_[x90)- x20)- (<0 -x ()]
S S (R0 PR @2

e JXO0-x)y
M= x50 x POy @

wherey is the unit vector normal to the bottom wall. Tanpute the stress-strain curve, we
use the net force acting on each wall and theiitipasat each simulation time step.

2.6 Adding walls to the simulation

We add two walls, which serve as pistons for cosging the geomaterial sample. One
of them is added below the sample (the bottom vaail) another atop the sample (the top
wall). It is worth mentioning that simply adding Mgato the simulation is insufficient, we also
have to define interactions between the walls aadigbes. For basic uniaxial compression
simulations, repulsive elastic interactions areugo If the interest were in tensile loading,
one would need to bond the walls to particles atlihse and top of the model. Herein, the
following particle-wall interactions are sufficietat carry out simulations.

2.7 Implementation of moving walls

Only one component remains to be added to the iahi@ompression simulation: a
method to move the two walls at constant speedhik case, the wall speed is linearly
increased from zero to the desired value over aHandred time-steps. The top wall will
move downwards and the bottom wall upwards.
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3 DEM PARALLEL PC MULTI-CORE PROCESSORS

Traditionally, the vast majority of software applions were written as sequential
programs (von Neumann, 1945) and historically, cot@pusers had the expectation that
these programs would run quicker as new generaifomicroprocessors arises. Without
improving performance, application developers weoe able to introduce new capabilities
into their software as new processors are intradludbereby reducing the growth
opportunities of the computer industry. Thus, aggilons that needed a performance increase
would be through parallel programs, in which muétizvays of execution allow a faster work.
The High Performance Computing (HPC) community lbesn developing parallel programs
for decades and now that all processors are pbcalheputers, the number of applications has
grown dramatically. Since 2003, the semiconduatdustry has been working on two main
trends to develop microprocessors (Hwu et al., 20UBe first, called multi-core, seeks to
maintain the execution speed of sequential progréusin the direction of multiple cores
that started with two processors with number ofesodoubling each generation of
semiconductors. The second one, called many-caals dvith the execution of parallel
applications that began with a large number of dv&@mall cores and also doubles each
generation.

This work is based on multi-core processing. A niadopen source object-oriented
simulation code written in C was tested. The DERhdation includes registering particles
and walls, collision detection, calculating the tza force, and updating particles. According
to Weatherley et al. (2010), spatial domain decasitjpm (in sub-domains) is implemented
using a master slave strategy with inter processntonications using the Message Passing
Interface (MPI). For this, &erlet list neighbor search algorithm for detecting néigting
particles and an explicit first-order finite difearce time integration scheme is employed.
Besides, a simple Application Programming Interf@&Bl) allows evaluating simulations via
scripts written in Python programming language.ibgiall iterations and loading step, each
DEM ensemble runs independently. The parallelirat® achieved by decomposing the
problem domain into sub-domains, where the interfat each sub-domain needs to be
duplicated for information to be passed betweenreighboring sub-domains.

The computer simulations ran in Linux Ubuntu 14#&% simulation was made in
personal computer using multi-core CPU. Processiag implemented in an Intel Sandy
Bridge Core i7 2600 with Seven-Core Processor, @K@ Quad Box CPU clock and system
with 8.0 GB RAM.

4 NUMERICAL RESULTS

At initialization, particles are randomly insertetid bond together. For geomaterials
breakage simulations, the best results are obtaised) blocks of particles with variable radii
and random locations. The simulation scenario ggesra rectangular prism of particles
whose radii lie in the range 0.4 until 2.0 mm. Tmsm is 10 x 20 x 10 mm in size with the
center of the base at the origin. Each particle igaiagged with a bond tag that specifies the
type of interactions between bonded particles. Nexd walls are added to the simulation
scenario. As previously said, these walls serv@isi®ns for compressing the geomaterial
sample which are positioned below (bottom wall) abdve the sample (top wall). Then,
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interactions between the walls and particles afineld repulsive elastic interactions are

sufficient for basic uniaxial compression simulaBaunder study. However, we would need
to bond the walls to particles at the base andofajpe model to assess tensile loading. The
elastic stiffness (a single microphysical paramespecifies the elastic repulsion between
sample particles and walls. For this simulation se&t the elastic stiffness equal to

102,000.0 N/mrh

To simulate elastic-brittle failure, more sophiated particle-pair interactions are
required. In particular, particle-pair interactiotisat incorporate both translational and
rotational degrees of freedom. Then, two bondediges may undergo normal and shear
forces, as well as bending and twisting momentsidBadesigned to impart such forces and
moments are known as cementations bonds. Rotafioctadnal interactions are defined by a
microscopicYoung'smodulus equal to 100,000.0 N/mandPoisson'gatio equal to 0.25 and
two microscopic coefficients of friction. Typicallyhe Young'smodulus andPoisson'sratio
for friction interactions are set equal to theiitther counterparts. The static Moefficient of
friction is set 0.6 and applied when two particées in static frictional contact, i.e., prior to
the first time the frictional sliding criterion imet. Thereafter the dynamic ,Moefficient of
friction equals 0.4 is applied. By setting dynanmilg < static M,, one can simulate the
physical observation that the frictional force regd to maintain sliding is less than the force
necessary to initiate sliding. A viscosity coeféict equal to 0.002 is chosen small so that
damping has little effect on the sample elastipoase, but is still sufficient to attenuate
unwanted oscillations.

Finally, in the uniaxial compression simulation, meve the two walls at constant speed.
It is best to gradually increase the wall speednfrrero to the desired value over a few
hundred timesteps. The velocity of the wall incesanearly over that number of timesteps.
In addition, the two walls move in opposite direas both at a speed of 0.125 m/s. Although
this rate is significantly higher than typically ads in laboratory uniaxial compression
experiments, it is sufficiently small to maintainagi-static conditions in our simulations. The
piston speeds are approximately 20000wer than the compressional wave speed of the
simulated geomaterial sample. The initial accelenabf the walls from zero to the desired
speed (during the first 50000 timesteps) also hetyssire the sample is loaded quasi-statically
(Weatherley et al., 2014).

4.1 Measurement of macroscopic elastic properties

TheYoung’smodulus and Unconfined Compressive Strength (U&£3) obtained from a
stress—strain curve, as shown in Figure 2. In élvsluation scenarioyoung’smodulus is
equal to 188 GPa and corresponds to the slopeedirtbar section of the stress—strain curve,
whilst the UCS is equal to 299.9 MPa and given lhg stress peak value. Considering
magnitude the values found, it is possible to esthis sample of geomaterial analyzed with a
rock material or a high resistance concrete.

It is also feasible to determine the time seriethefbroken bonds between patrticles, as
well as the force exerted on the rigid wall. Fig@rshows that the maximum force on the
bottom wall occurs between 15000 and 20000 stapnments (loading and unloading).
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Figure 2. Stress-strain curve obtained from a uniaial compression simulation.
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Figure 3. Time-series of net wall force during a uiaxial compression simulation.
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From Figure 4, we can evaluate time series of ttokdm bonds in the connected
particles. First, it is evident that a significdraction of bonds breaks down before the peak
stress is reached. In other words, the sample godsr significant irreversible internal
damage before reaching UCS. The second intereghagrvation is that the total number of
broken links after the peak stress is reached psoxpnately 35% of the initial number of
connections.
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Timesteps number

Figure 4. Time-series of percentage of bonds broketuring a uniaxial compression simulation.

Considering the results presented previously, weeked that the geomaterial sample
remains largely intact even after the post-peadsstrThis is exactly what one would expect
in laboratory uniaxial compression experiments.

A second analysis was made considering only arease in the particle size of the
material (ranging of 0.8 until 4.0 mm). A variatiohthe UCS and th&oung'smodulus (E)
can be observed in Figure 5. Now, we observe aedserin resistance as a result of the
particle size increase. Similarly, it is possilwedetermine the time series of the force exerted
on the rigid wall for the material with larger paleés. Figure 6 shows again that the
maximum force on the bottom wall occurs between0D5&8nd 20000 step increments with a
small maximum peak displacement. However, the marinforce value decreases by about
20%. Finally, the time series of the particles lemolkonds for this case is shown in Figure 7.
We see that the total number of broken bonds adtrhing the maximum force undergoes a
reasonable variation from the initial number of wections.
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Figure 5. Stress-strain curve obtained with incredsg patrticle size.
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Figure 6. Time-series of net wall force with incresing particle size.
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Figure 7. Time-series of percentage of bonds brokenith increasing particle size.

We believe that the geomaterial sample no longeranes intact as before when we
increase the patrticle size. Apparently, this is lespected in uniaxial compression laboratory
experiments.

4.2 Speedup and Scalability of cores on CPU

For a fixed number of the particles in the prismctaagular, we record the computational
time and compare the respective speedups usingrefiff number of processorg, mhich
specifies the number of MPI parallel processes usedr simulation.

It was considered up to six physical CPU coresyfe@8 and 9). The scalability of the
parallel analysis was also investigated. The resate shown in Figure 9. For a certain
processor number the speedup is defined as thdagiamutime using one single processor
divided by that of specific number of processors.
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Figure 8. Speedup of calculus thought parallelizatin.
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Figure 9. Scalability of cores on CPU.

According to Figures 8 and 9, the code presentiidesft speedup and high scalability
for parallel computing. Similar results were fouimdthe literature. In addition, we believe
that the number of physical cores could be the keythe performance of parallel
computations.
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5 CONCLUSIONS

This work describes the modeling of macroscopicpproes in geomaterials samples
using discrete elements and parallel computinga laniaxial compression experiments, a
sample of geomaterial is slowly compressed by tpiantil failure occurs. The numerical
model sought to reproduce the experimental proeedur the simulations realized were
encountered theYoung's modulus and the Unconfined Compressive StrengtiCS\UJ
Analytical relationship between the microphysicatgmeters and the macroscopic properties
can be obtained by conducting a simulation camptogime tune these parameters so as to
obtain suitable macroscopic properties. Additionathe corresponding number of broken
bonds and the wall force time-series are determiézlobserved that the geomaterial sample
remains largely intact even after the post-pea&sstifor a pre-set particle radius. This is
exactly what one would expect in laboratory unibg@mpression experiments. However, the
geomaterial sample becomes more susceptible togiabyaincreasing the particle size. This
is less expected in uniaxial compression laboratoqyeriments. Anyway, considering the
magnitude of the values in the simulations, it asgble to relate the sample of geomaterial
analyzed with a rock material or a high strengthctete. Our simulations were carried out
using open multi core processing and message jgaisserface code. The code was tested on
personal computer with six CPU multi-core proces$dumerical results showed almost
linear speedup and scalability for our parallel@atevaluation scenarios which agree with
literature. Future investigations will examine diént types of geomaterials samples such as
concretes and soils besides utilize in CPU prongssigreater amount multi-core processor.
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