e

")) HOKKAIDO UNIVERSITY

Tike Developmentof a GPGPU [parallelized hybrid finiteltliscrete elen entmethod form odeling rock fracture
FukudalD aisukellM ohanm adnejpdM ojtaballL. 1LiIH ongyuaniD ehkhodallSevdallC han[A ndrew 0C hoISangH oM 1l
Authorfsll GyeongiotH antH aoyulK odan sl LN TIF UL ofhveks
C iaton International pumal for numerical and analyticalm ethods 1 geam echanics14301001179701824
httpsitioibrgM 00 002Mhag2934
Bsue Date 20197
DocURL htplhdIhandlehet2 1158767
This is the peer reviawed version of the follow h%?rtjc]d]FukudaDD M ohamm adnejpdM OL LHY Oetall
DevelopnentofaGPGPUD paralkelized hybrid Tinitell discrete elenentmethod formodeling rock fractureIntJ
R ghts NumerAnalM ethods G eanech(12019043017970 182400which has been published in final fom at
htipslidoibrgl 001 0020hag29340T his articlem ay be used for nonanm ercial purposes 1 accordancew th'W iley
Temm s and Conditions forU se of SelftA rchived V ersions]
Type article luthor version(l
Fie hfomatbn A rticleINA G [revisionIN om alC opy(pdf

L ]
Instructions foruse

Hokkado Uniersity Colecton ofSchokrly and Academ i Papers IHUSCAP



https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

Development of a GPGPU-Parallelized Hybrid Finite-Discrete Element Method for

Modelling Rock Fracture

D. Fukuda **, M. Mohammadnejad <, H.Y. Liu®", S. Dehkhoda®, A. Chan”, S.H. Cho¢,
G.J. Min‘, H. Han®, J. Kodama?, Y. Fujii®

* Faculty of Engineering, Hokkaido University, Hokkaido 060-8628, Japan

b College of Sciences and Engineering, University of Tasmania, TAS 7001, Australia

¢ CSIRO Minerals Resources Business Unit, Queensland Centre for Advanced
Technologies, Brisbane, QLD 4069, Australia

4 Department of Mineral Resources and Energy Engineering, Chonbuk National

University, Jeollabuk—do 561—756, South Korea

*Corresponding author: H.Y. Liu
E-mail: Hong.Liu@utas.edu.au

Tel/Fax: + 03-6226-2113

*Footnote

If you are interested in using our GPGPU-parallelized hybrid finite-discrete element code
(Y-HFDEM IDE) for your research or verification, please write an email to the
corresponding author. However, we do not accept the use of the code for military or

commercial purposes.

Abstract

The hybrid finite—discrete element method (FDEM) is widely used for engineering
applications, which, however, is computationally expensive and needs further
development, especially when rock fracture process is modelled. This study aims to
further develop a sequential hybrid FDEM code formerly proposed by the authors and

parallelize it using compute unified device architecture (CUDA) C/C++ on the basis of a
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general purpose graphics processing unit (GPGPU) for rock engineering applications.
Because the contact detection algorithm in the sequential code is not suitable for GPGPU
parallelization, a different contact detection algorithm is implemented in the GPGPU-
parallelized hybrid FDEM. Moreover, a number of new features are implemented in the
hybrid FDEM code, including the local damping technique for efficient geostatic stress
analysis, contact damping, contact friction and the absorbing boundary. Then, a number
of simulations with both quasi-static and dynamic loading conditions are conducted using
the GPGPU-parallelized hybrid FDEM, and the obtained results are compared both
quantitatively and qualitatively with those from either theoretical analysis or the literature
to calibrate the implementations. Finally, the speed-up performance of the hybrid FDEM
is discussed in terms of its performance on various GPGPU accelerators and a
comparison with the sequential code, which reveals that the GPGPU-parallelized hybrid
FDEM can run more than 128 times faster than the sequential code if it is run on
appropriate GPGPU accelerators, such as the Quadro GP100. It is concluded that the
GPGPU-parallelized hybrid FDEM developed in this study is a valuable and powerful
numerical tool for rock engineering applications.

Keywords: Rocks, Fracture process analysis, Hybrid FDEM, Quasi-static loading, Impact

loading, GPGPU, and CUDA C/C++

1. Introduction

Understanding the fracture process mechanism of rocks is significantly important in the
field of civil and mining engineering as well as other fields, such as geothermal,
hydraulic, oil and gas engineering, in which rock fracture plays an important role.
Recently, numerical methods have been increasingly applied to analyze the fracture
process of rocks (e.g., !). Recent advances in computational mechanics have realized a
better understanding of complex fracture processes. Generally, approaches based on
computational mechanics can be classified into continuum and discontinuum

formulations. In the framework of the fracture process analysis of rocks, continuum-based
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methods include the finite element method (FEM), the finite difference method (FDM),
the boundary element method (BEM), the scaled-boundary finite element method
(SBFEM), the extended finite element method (XFEM), meshless methods, methods
based on peridynamics and phase-field methods, while discontinuum-based methods
include the distinct element method (DEM), the lattice model (LM) method, and
molecular dynamics (MD). More detailed information on recent advances in the
computational fracture mechanics of rocks can be found in recently published review
articles 1. To realistically simulate the fracture process of rock, numerical techniques
must be capable of capturing crack onset, arbitrary crack growth, the correct crack length
within a given time interval and the propagating directions. In recent years, increasing
attention has been paid to these techniques, which can unify the advantages of the
aforementioned continuum-based and discontinuum-based methods. Attempts in this
direction lead to the development of coupled methods, hybrid/hybrid methods and
multiscale coupled methods .

The hybrid finite—discrete element method (FDEM) proposed by Munjiza * has been
employed successfully to model problems that address the transition process from
continuum to discontinuum such as rock fracturing and fragmentation. The hybrid FDEM
incorporates the advantages of both continuum and discontinuum methods and can
realistically simulate the transition from continuum to discontinuum caused by rock
fracture. Two main implementations of the hybrid FDEM include Y code % and the
commercial code ELFEN 2. Several attempts have been made to actively extend the Y
code, such as Y-GEO '*!°, IRAZU 222, Solidity >*-*, HOSS with MUNROU 3*3! and Y-

Flow 32736 In addition, the authors also developed the Y-HFDEM IDE (integrated

development environment) 3*°, The principles of all of the hybrid FDEM codes are
based on continuum mechanics, the cohesive zone model (CZM) and contact mechanics,
which make the codes very computationally expensive. Therefore, developing a capable
parallel computation scheme is important for handling large-scale problems with a

massive number of nodes, elements and contact interactions.
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To date, some successful parallel implementations of the hybrid FDEM codes using

891130314142y ‘and shared-memory programming

MPI (message-passing interface) (e.g.,
such as OpenMP (e.g., *) have been reported. Among these, Lukas et al. ® proposed a
novel approach for the parallelization of 2D hybrid FDEM using MPI and parallelization
solvers based on dynamic domain decomposition and successfully applied the
parallelized Y code to a large-scale 2D problem on a PC cluster. Meanwhile, Lei et al. 3
successfully developed the concept of a virtual parallel machine for the hybrid FDEM
using MPI, which can be adapted to various computer architectures ranging from few to
thousands of CPU (central processing unit) cores. Furthermore, Rougier et al. !
introduced the HOSS with MUNROU code, which notably used 208 processors
controlled by MPI and developed novel contact detection and contact force calculation
algorithms. The developed code was applied successfully to 3D simulation of a dynamic
Brazilian test of rock with a split Hopkinson pressure bar apparatus. ELFEN uses MPI in
its parallelization scheme and has been employed successfully in 2D and 3D simulations
of the rock fracture process. For example, 3D fracture process analysis of a conventional
laboratory test using up to 3 million elements has been reported . Additionally, Xiang et
al. 2 optimized the contact detection algorithm in their Solidity code and parallelized the
code using OpenMP; they modeled a packing system with 288 rock-like boulders and

showed that a speedup of 9 times on 12 CPU threads can be achieved (although the
details of the applied algorithm and its implementation were not provided). Relevant to
the MPI-based parallelization, Guo and Zhao *** developed a hierarchical
FEM/DEM coupling, which had been extended for modeling of granular rocks
more recently 4546 1n general, MPI requires a large and expensive PC cluster to achieve
the best performance. Meanwhile, the application of shared-memory programming such
as OpenMP is limited by the total number of multi-processors that can reside in a single
computer; thus, MPI is still required for large-scale problems in which each computer

uses both OpenMP and MPI to transfer data among multiple computers. This means that

the hybrid MPI/OpenMP is necessary.
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In addition to CPU-based parallelization schemes, the GPGPU (general purpose

graphics processing unit) accelerator controlled by either OpenCL (open computing
language) *” or CUDA (compute unified device architecture) *® can be considered another
promising method for the parallelization of hybrid FDEM codes. Thousands of GPU-core
processors can reside and concurrently work in a small GPGPU accelerator within an
ordinary laptop/desktop PC or workstation with lower energy consumption than the CPU-
based PC cluster. Moreover, a GPGPU cluster with a massive number of GPGPU
accelerators is also possible.

Zhang et al. ¥ developed a CUDA-based GPGPU parallel version of Y code (2D)
without considering the fracture process and the contact friction. Batini¢ et al. 3
implemented GPGPU-based parallel hybrid FDEM based on the Y code for analysis of
cable structures using CUDA. However, neither of the above implementations have been
employed in the simulation of rock fracture. In this regard, a GPGPU-based hybrid
FDEM commercial code, namely, IRAZU 222, has just been developed with OpenCL and
was used successfully in rock fracture simulations. Additionally, some novel GPGPU-
based DEM modeling methods coupled with FEM, i.e., coupled FEM/DEM, have been
proposed. For example, Nishiura et al. ** developed the quadruple DEM (QDEM) code
using GPGPU and successfully applied the code to the investigation of ballasted railway
track dynamics. In addition, Ma et al.’! and Wang et al. 3> developed a GPGPU-based
implementation of continuum-based DEM. These studies **32 showed that the
performance of coupled FEM/DEM can be significantly improved using GPGPU
parallelization. However, the coupled FEM/DEM is a physical coupling of two methods
(DEM and FEM), unlike the hybrid FDEM, in which the transition from continuum to
discontinuum is modeled by CZM under the explicit FEM formulation. In other words,
there are three essential differences between the coupled FEM/DEM and the hybrid
FDEM: 1) the continuous behavior of the coupled FEM/DEM is modelled through

springs with normal and tangential stiffnesses while that of the hybrid FDEM is through

intact cohesive elements with high penalty parameters; 2) the transition from continuum
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to discontinuum of the coupled FEM/DEM is implemented through removing the springs
while that of the hybrid FDEM is through the softening of the cohesive elements; and 3)
the contact interaction between the discrete elements of the coupled FEM/DEM is
calculated through contact springs while that of the hybrid FDEM is through potential
contact force calculation method in the framework of explicit FEM. In this sense, the
hybrid FDEM parallelized in this study is called the hybrid FDEM to distinguish it from
the coupled FEM/DEM. Therefore, the hybrid FDEM is computationally more
demanding than the coupled FEM/DEM.

Overall, it can be concluded that IRAZU, which is parallelized using OpenCL, is the
only available GPGPU-based hybrid FDEM code to date that is capable of modeling the
rock fracture process 22, Thus, further studies are required to develop the GPGPU-based
hybrid FDEM. In this regard, we have developed free research code*, Y-HFDEM IDE 3"
40, and recently parallelized it using GPGPU with CUDA C/C++. Moreover, it is
desirable to fully describe any newly implemented GPGPU-based code because the
implementation of GPGPU-based codes differs from that of CPU-based sequential codes.
In addition, while there is no freely available GPGPU-based hybrid FDEM code, our code
is free to use and may significantly contribute to many studies in the field of rock
engineering.

Based on the above background, this paper aims to explain the recently developed
GPGPU-based hybrid FDEM algorithm implemented in 2D Y-HFDEM IDE, along with
newly implemented functions, to increase the applicability of the algorithm in the field of
rock engineering. The capability of the code in realistic modeling is demonstrated by
providing examples. Thus, this paper will provide a useful basis for further improvement
and development of the hybrid FDEM codes based on GPGPU.

The paper is arranged as follows. First, the theory used in 2D Y-HFDEM IDE is
introduced, and then its implementation in the GPGPU parallel computation framework is
explained in detail. Section 3 investigates the accuracy and capability of the developed

code through several examples such as 2D fracture process analyses of rock fracture in



169
170

171

172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

195

conventional laboratory testing and blasting. In section 4, the performance of the
developed GPGPU-based code is compared against that of the original CPU-based

sequential code. Finally, section 5 concludes and highlights future work.

2. Hybrid finite—discrete element method implemented in Y-HFDEM IDE

The Y-HFDEM IDE was originally developed using object-oriented programming in
visual C++ %7 on the basis of the CPU-based sequential open-source Y-code >’. The Y-
HFDEM IDE can not only significantly simplify the process of building and manipulating
the input models and greatly reduce the possibility of erroneous model setup but can also
display calculated results graphically in real-time with OpenGL. The preprocessor of the
Y-HFDEM IDE can even generate simple FDEM mesh and specify initial conditions,
physical properties, contact properties, boundary conditions, fracture criteria, and
explosive charges if necessary. More complex FDEM meshes are usually generated using
third-party software such as ABAQUS®, ANSYS LS-DYNA® and various open-source
mesh generators such as Netgen and Gmsh. Then, the generated mesh data can be easily
imported into the Y-HFDEM IDE for hybrid FDEM analyses. The postprocessor can
visually display the calculated stress, displacement, velocity, force, damage, fracture and
fragmentation in real-time pictures or query calculated results in specified locations and
graphically display them. In addition, a number of operations such as pan, rotation, zoom,
various viewports in perspective and/or orthographic modes, and slideshow are developed
to manipulate the numerical models and calculated results (see ¥ for further detail). The
code has been successfully employed in the simulation of the fracture process in various

geotechnical engineering problems 374,

Because of the nature of sequential
programming, its main application was limited to small-scale 2D problems using a
relatively rough mesh. To overcome this limitation, the parallel programming scheme
using the GPGPU accelerator controlled by CUDA C/C++ is implemented into the Y-
HFDEM 2D IDE through this study. Because the various hybrid FDEM-based codes have

been independently developed in different research institute/organization and have



196
197
198
199
200
201
202
203
204
205

206

207

208
209
210
211
212
213

214
215

216
217
218
219
220
221
222

223

different features, the fundamental features of Y-HFDEM 2D IDE along with its GPGPU-
based parallelization scheme are explained in detail through the following subsections.
2.1. Fundamental theory of 2D Y-HFDEM IDE

The principles of the hybrid FDEM are based on continuum mechanics, cohesive zone
modeling and contact mechanics, all of which are formulated in the framework of explicit
FEM °.

The continuum behavior of materials including rocks is modeled by an assembly of
continuum 3-node triangular finite elements (TRI3s) (Fig. 1(a)). Two types of isotropic
elastic constitutive models have been implemented. In the first type, which is
implemented in the original Y-code and has been widely used, the isotropic elastic solid
obeys Eq. (1) of the Neo-Hookean elastic model:

o, =§(J—§)5U +§(BU—5U)+77DU G, j=1,2,3) (1)
where g;; denotes the Cauchy stress tensor, Bj; is the left Cauchy—Green strain, 4 and u
are the Lame’s constants, J is the determinant of the deformation gradient, # is the
damping coefficient, J; is the Kronecker’s delta and D is the rate of the deformation
tensor. However, Eq. (1) cannot model anisotropic elasticity and the plane strain problem,
which are also very important in the field of rock engineering. Thus, in the second type, a

hyper elastic solid obeying Egs. (2) and (3) is also implemented:

Se; =CrpmEviy K LLM,N =1,2) )

i :%F}KSKLFjL +77D[j (i,),K,L=1,2) G)

g

where Sxr denotes the 2™ Piola—Kirchhoff stress tensor, Cxrun is the effective elastic
stiffness tensor, Eyy is the Green—Lagrange strain tensor and Fi is the deformation
gradient. Note that the Einstein’s summation convention applies in Egs. (2) and (3). By
setting Cxruy in Eq. (2) properly, isotropic and anisotropic elastic behaviors can be
simulated. In Egs. (1) and (2), the infinitesimal strain tensor is not used and thus a large
displacement and a large rotation can be simulated. For the simulation of the fracture
process of materials under quasi-static loading, # = #crir =2h\/(pE) is used to achieve

critical damping °, where A, p and E are the element length, density and Young’s modulus
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of the target material, respectively. Accordingly, the hybrid FDEM can address both
dynamic and quasi-static problems. The ¢; within each TRI3 is converted to the
equivalent nodal force fin (e.g., 32).

The fracture of rock under mode I and mode II loading conditions, i.e., the opening
and sliding of cracks, is modeled via CZM using the smeared crack model **. To model
the behavior of the fracture process zone in front of the crack tips, tensile and shear
softening is applied using an assembly of 4-node cohesive elements with an initial
thickness of zero (CE4s) (Fig. 1(a)) as a function of crack opening and sliding
displacements, (o, s) (Fig. 1(b)). Two methods can be used for CE4 insertion. One
method involves inserting the CE4s into all of the boundaries of the TRI3s at the
beginning of the analysis; this method is known as the intrinsic cohesive zone model
(ICZM) **. The second method involves adaptively inserting the CE4s into the particular
boundaries of the TRI3s with the help of adaptive remeshing techniques where a given
failure criterion is met; this method is referred as the extrinsic cohesive zone model
(ECZM) >, Many existing hybrid FDEM codes, e.g., Y code including Y-HFDEM IDE,
have employed the ICZM, while some codes such as ELFEN have used the ECZM. One
of the advantages of the ICZM is that the implementation and application of the parallel
computing algorithm is straightforward since adaptive remeshing is unnecessary in this
case. However, an “artificial” elastic behavior of CE4s before the onset of fracturing
must be specified, which requires the introduction and correct estimation of penalty terms
and the careful selection of the time step increment Af to avoid numerical instability.

In the GPGPU-based 2D Y-HFDEM code, normal and shear cohesive tractions (o
and 7°°, respectively) acting on each face of CE4 are computed using Egs. (2) and (3)

assuming tensile and shear softening behaviors, respectively:

2 1, if 0<0
Ooverlap
Uwh — 20 ) 2 (4)
__K_) ST if 0<o0<o0p
Op Op
f(D)Ti lf Oop <0
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2]s]
coh -

T = Sp

H 2 (_G‘f’h tan(¢) + f(D)c) if 0< |s| <sp
! )

—o“" tan(@) + f(D)c if sp<|s|

where o0, and s}, are the elastic limits of o and s, respectively, Oovertap 1S the representative
overlapping when o is negative, T’ is the tensile strength of CE4, c is the cohesion of CE4
and ¢ is the internal friction angle of CE4. Positive o and ¢*" are crack opening and
tensile cohesive traction, respectively. Eq. (5) corresponds to the Mohr—Coulomb (MC)
shear strength model with the tension cut-off. When ICZM is used, the “artificial” elastic
behavior of each CE4 characterized by o, and s, along with Ooverap 1S necessary to

connect the TRI3s to express the intact deformation process, which is given as follows 3:

0, =2hT, /P, (©)
s, =2hc/ P, (7)
Ol)verlup = 2h71\ / P()verlup (8)

where P, Pun and Poverap are the penalty terms of CE4s for opening in the normal
direction, sliding in the tangential direction and overlapping in the normal direction,
respectively, and h is the element length; the values of the penalty terms can be
considered the stiffness of the CE4 for its opening, sliding and overlapping, respectively.
Ideally, these penalty values should be infinity to satisfy elastic behavior of rocks
according to Eq. (1), but this condition would require an infinitesimal At. Therefore, a
reasonably large value of the penalty terms, compared to the Young’s modulus or Lame’s
constants, is required, as it is impossible to use infinity in actual numerical simulations.
Otherwise, the intact behavior of the bulk rock shows significantly different behavior
from that specified by Eqgs. (1) and (2), and the elastic constants used in Egs. (1) and (2)
lose their meaning. This consideration is very important, especially for problems in which
the speed of the stress wave is important (see section 3.4). The function f{D) in Eqgs. (4)
and (5) is the characteristic function for the tensile and shear softening curves (Fig. 1(b))

and depends on the damage value D of the CE4. The following definitions of D and f{D)

10
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are used to consider not only mode I and II fracturing but also mixed mode I-II fracturing

13,53.

t t

2 2
0—0 s|—s
D:Minimum[l,\/{ ”J +(| | ”J J if 020, or |s|>sp , otherwise 0 ©)
o s

A+B (A+B)(1-A-B)

f(D):{l—

A+B] [D A+CB H[A(l—D)JrB(l—D)C] 0<D<1) (10)

where A, B and C are the intrinsic rock properties that determine the shape of softening
curves, and o and s, are the critical values at which a CE4 breaks and turns into a
macro/explicit fracture of o and s, respectively. If tensile loading condition is presented
only (i.e. 030, and |s|<sp), the damage variable D in Eq. 9 becomes the pure mode I
damage D; (= minimum (1, (0-0p)/0:)). If shear loading condition is presented only (i.e.
0<o0, and |s|>sp), it becomes the pure mode I damage Dy (= minimum (1, (|s|-sp)/s.)). If
both the tensile and shear loading conditions are presented (i.e. 0<o, and |s|>sp), it
becomes the mixed mode I-II damage Di-n defined in Eq. 9. The true damage is defined
as the sum of the pure mode I, pure mode II and mixed mode I-II damages, which is D =
Dy +Du+Di-n. To avoid unrealistic damage recovery, if the trial f computed from Eq.
(10) at the current time step becomes larger than that at the previous time step fpre, a
condition of f = fyr is assigned. The o, and s in Eq. (9) satisfy the mode I and II fracture
energies G and G specified in Egs. (11) and (12), respectively:

Gy = [ 0" (0)do (11)

G +W,, = [ (e (s)hals 12

where Wi is the amount of work per area of CE4 done by the residual stress term in the
MC shear strength model. This paper uses the same f{iD) with A, B and C equal to 0.63,
1.8 and 6.0 3, respectively, for both mode I and II fracture processes because of the lack

of experimental evidence. In addition, unloading, i.e., the decrease of o or [s|, can also

11



297

298

299

300

301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

321

occur during the softening regime, i.e., 0>0, or |s|>s; (see Fig. 1(b)), which is modeled

based on Egs. (13) and (14) *:

o = f(Dm,dx)TsL if O<o<o,,
0

max

and o, > op (13)

X

Z_cah — {_O_coh tan(¢)+ f(D )c}ﬂ if |S| < smax and Smax > Sp (14)
S

max
max

In each CE4, the computed ¢°°" and 7°°" are converted to the equivalent nodal force feon
using a 3-point Gaussian integration scheme **. When either o, or s, is achieved in a CE4,
the element becomes deactivated and its surfaces can be considered new macro-fracture
surfaces.

The contact processes between the material surfaces, including the newly created
macro fractures by the separation of each CE4, are modeled by the penalty method *; a
complete and excellent explanation of the method is given in the literature . As a brief
explanation, when any two TRI3 elements subjected to contact detection (see the next
subsection for the implementation of contact detection in the framework of GPGPU) are
found to overlapped, the contact potential due to the overlapping of the two TRI3s, i.e.,
the contacting couple, is exactly computed. The normal contact force feon_n, Which is
normally acting on the contact surface and is proportional to the contact potential, is then
computed for each contacting couple. The proportional factor is called the normal contact
penalty P, con. After the normal contact force feon_n and its acting point are obtained, the
nominal normal overlap o, and the relative displacement Augiq at the acting point of
feon_n are readily computed. The contact damping model proposed by An and Tannant >
(Fig. 2) can also be applied if the role of contact damping is very important. When this
scheme is applied, the normal contact force fcon_n mentioned above is regarded as a trial
contact force (feon_n)"™, and a trial contact stress (gcon_n)™ is then computed by dividing

(feon_n)™ by the contact area Acon. Then, Eq. (15) is used to determine the contact stress

Ocon_n-

12
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Mim'mum((a )lry ,T) during the increase of o, (Loading) (15)

con_n
con_n

T(on 10, max )b during the decrease of o, (Unloading)

where T is the transition force, b is the exponent, and 0,_nax 1S the maximum value of o,
experienced during the loading process at the contact. T limits oconn and defines the
transition between a linear elastic stress—displacement relationship and a ‘recoverable’
displacement at a constant contact stress. The values of 7" may be related to the physical
properties of the rocks being simulated, such as the uniaxial compressive strength. The
exponent b adjusts the power of the damping function that is applied to the rebound or
extension phase of the contact. The value of the exponent controls the energy loss during
an impact event. A very similar contact damping model is implemented in the 2D Y-Geo
code in the framework of the hybrid FDEM, in which only b is modeled . After ocon_n is
computed using Eq. (15), it is converted tO feonn (= Acon X0Ocon_n). The verification of the
implemented contact damping is discussed in subsection 3.2. After feon_n is determined,
the tangential contact force feon_wn 1S computed according to the classical quasi-static
Coulomb friction law. First, the trial tangential contact force is computed by (feon_an)"™™
=(Pran_con X feon_tan X Ausiiae), where Pun con 1S a tangential contact penalty. The actual

Seon_tan 18 computed based on Eq. (16):

trial

<ﬁ0n71a11 )mal lf (fcnnflan ) S :ufric fconin ( 1 6)

f con_tan = trial
ﬂfricfc()nin lf (f;onitan ) > /’lfricf;onJ)

where ugic s the friction coefficient between the contact surfaces. The tangential contact
force feon_tan 18 applied parallel to the contact surface against the direction of the relative
sliding of the contact faces. The verification of the implementation of the contact friction
is discussed in subsection 3.2. In each contacting couple, the contact force is converted to
the equivalent nodal force feon *.

By computing the nodal forces mentioned above, the following equation of motion,

Eq. (17), is obtained and solved in the framework of explicit FEM *:

Mazu / 81‘2 = fext + fim + fcoh + fcon (17)

where M is a lumped nodal mass, u is the nodal displacement and f.y is the nodal force
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corresponding to the external load. The application of fluid-driven pressure due to
detonation phenomena such as that described by An et al. * can also be considered. The
central difference scheme is employed for the explicit time integration to solve Eq. (17).
Careful selection of the time step Af is necessary to avoid numerical instability. An
excellent explanation of the reasonable selection of Az in the hybrid FDEM can be found

in section 2.3.5.2 of the literature »°.

2.2. GPGPU-based parallelization of 2D Y-HFDEM IDE by CUDA C/C++

To speed—up the simulation process of the 2D Y-HFDEM IDE, a parallel
computation scheme based on the NVIDIA® GPGPU accelerator is incorporated. In our
case, the computation on the GPGPU device is controlled through the NVIDIA’s CUDA
C/C++ 8, which is essentially an ordinary C/C++ programming language with several
extensions that make it possible to leverage the power of the GPGPU in the
computations. The CUDA programming model uses the abstractions of “threads”,
“blocks” and “grids™*® (Fig. 3). A greater degree of parallelism occurs within the
GPGPU device itself. Functions also known as “kernels” are launched on the GPGPU
device and are executed by many “threads” in parallel. A “thread” is just an execution
unit of a “kernel” that has a given “thread index” within a particular “block®. As shown
in Fig. 3, a “block” is a group of the threads, and a unique “block index” is given to each
“block”. The “block index” and “thread index” enable each thread to use its unique
“index” to globally access elements in the GPGPU data array such that the collection of
all threads processes the entire data set in parallel. A “grid” is just a group of “blocks”. A
system with a single “grid” is used in this study. The “blocks” can execute concurrently
or serially depending on the number of streaming processors available in a GPGPU
accelerator. Synchronization between “threads” within a “block” is possible, while no
synchronization is possible between “blocks”. At each “thread” level, the corresponding
code that “threads” execute is very similar to the CPU-based sequential code (see

Appendix 1 and Fig. Al), which is one of the advantages of the application of CUDA

14



376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402

403

C/C++. For example, in the Quadro GP100 accelerator (Pascal generation “®) used in this
paper, the number of streaming processors and CUDA cores *® are 56 and 3584,
respectively. Thus, a high computational performance of the GPGPU parallelized code
run on the GPU accelerator can be achieved, compared to that of ordinary CPU-based
sequential code. The number of “blocks” per “grid” (Npyc) and the number of “threads”
per “block” (N1,8) can be changed for the speed-up using GPGPU (Fig. 3). The current
version of 2D Y-HFDEM IDE normally sets Nz,p to either 256 or 512, and N, is
automatically computed by dividing the total number of threads (Nurwead) in each “kernel”
by N1y, in which an additional block is needed if Nuead/N1ps is not the multiple of Nzs.
The value of Nureaa 1s set to be equal to the total number of TRI3s, CE4s, contact couples
or nodes depending on the purpose of each “kernel”.

In the GPGPU implementation of 2D Y-HFDEM IDE, the computation of each TRI3
(fine and M), CE4 (fcon), contact couple (feon) or nodal equation of motion (Eq. (17)) is
assigned to each GPGPU “kernel”, as shown in Fig. 4, and processed in a massively
parallel manner. In Appendix A.l, an exemplary code of the GPGPU “kernel”
programmed to solve Eq. (17) is shown. It is evident from this example that the CUDA
code used in the “kernel” is very similar to the CPU-based sequential code, which also
holds true for all of the computations shown in Fig. 4. Thus, most parts of the original
sequential CPU-based code can be used with minimal modifications. To compute the
contact force fcon, a “triangle-to-triangle” (TtoT) contact interaction is used in the earliest
versions of the Y-2D code’. This TtoT approach exactly considers the geometries of both
contactor and target TRI3s, and the integration of the contact force distributed along the
edges of the TRI3s is done analytically. Because this approach integrates the contact
force exactly, it is precise although quite time consuming. As pointed out in the literature
30 the contact interaction in 2D can be further simplified by “triangle-to-point” (TtoP)
contact interaction kinematics, which makes the implementation simpler and more time
efficient. However, the precision of the computed contact force using the TtoP approach

is low unless a sufficient number of target points per TRI3 is used. Thus, in the Y-
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HFDEM 2D IDE, the TtoT approach is applied (instead of the TtoP approach) to ensure
the precision of the computed contact force.

A flowchart of the 2D Y-HFDEM IDE is shown in Fig. 5. However, one of the
challenging problems in Fig. 5 is the achievement of efficient contact detection for
identifying each contacting couple only through the GPGPU without any sequential
computation. For example, in the case of a sequential CPU implementation, there are
powerful and efficient contact detection algorithms, such as the NBS (no binary search)
contact detection algorithm proposed by Munjiza ¢, which can achieve the linear search in
which the required computation for contact detection is proportional to the number of
TRI3 candidates subjected to contact detection. However, such contact detection
algorithms are not straightforward to implement in the GPGPU-based code. In the 2D Y-
HFDEM IDE, considering that hybrid FDEM modeling requires a fine mesh that often
consists of TRI3s of a similar size, the following contact detection algorithm is
implemented. In this algorithm, the analysis domain comprising a massive number of
TRI3s is subdivided into multiple equal-sized (n., n,) square subcells in the x and y
directions (Fig. 6) so that the largest TRI3 in the analysis domain is completely included
in a single subcell. In this way, the center of every TRI3 can have a single subcell to
which it belongs (Fig. 6). By using an integer coordinate (ix, iy) (ix=0,---,n.-1, iy=0,---,n,-
1) in the x and y directions for the location of each subcell, unique hash values &
(=iyxn.+ix) are assigned to each subcell. For example, the five TRI3s shown in red in
Fig. 6 are included in the blue subcell and have the same hash value. The subsequent
contact detection procedure is explained using a simplified example shown in Fig. 7,
where there are ten TRI3 candidates of similar size subjected to contact detection. First,
all of the TRI3s are mapped into the integer coordinate (ix=0, 1 and 2, and iy=0,1 and 2)
with n,= n,=3 along with each hash value. In this way, the list L-1 is readily constructed.
Then, the IDs of the TRI3s in the list L-1 are sorted from smallest to largest according to
the hash values as keys, which generates the list L-2 in Fig. 7. For the key sorting by

hash, the radix sorting algorithm optimized for CUDA 7 and implemented in the open-
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source “thrust” library is used; thus, this procedure can also be processed in a massively
parallel manner. Utilizing the list L-2 and GPGPU device shared memory *, the list L-3
is further constructed in a GPGPU “kernel*, which makes it possible to identify the first
and last indices of the particular hash value in the List L-2. As an example, let us consider
the index = 2 in the arrays of L-2, i.e. “Sorted TRI3 ID” = 0 and “Sorted_/i" = 3. By
comparing the hash values / in the immediately left and right neighbor indices with that
in the index =2 (i.e., indices =1 and 3 of “Sorted_#/" array) in L-2, it can be found that the
hash value 4 in the index=1 (i.e. & = 0) is different from that in the index = 2 (i.e. h = 3).
Thus, the indices = 1 and 2 in L-2 correspond to the last and first TRI3s in the subcells
with & = 0 and 3, respectively. Thus, the “last index” for & = 0 and the “first index” for A
=31in L-3 are set to “1” and “2”, respectively, as indicated using the green dash curves in
L-2 and L-3 of Fig. 7. At the same time, for the hash values & = 1 and 2, these subcells
are clearly empty with no TRI3 elements, which are filled in “E” (i.e. empty) in L-3. The
same explanation is applicable to all the other indices in the arrays of L-2. In this way, L-
3 is constructed. Therefore, the “first index” and the “last index” in L-3 indicate the first
and last indices, respectively, in L-2 for each hash. Since this operation only requires to
check the hash values of two adjacent array indices in L-2, the construction of L-3 can
also be processed in a massively parallel manner. To further explain how the efficient
contact detection is achieved using L-2 and L-3, let us consider a TRI3 with ID =8 in Fig.
7. It is evident that the TRI3 with ID = 8 belongs to a sub-cell with A=4. Thus, the
neighboring sub-cells around the subcell & = 4 are: “h-1-nx”, "h -nx”, "h+1-n\", "h-
17, "7, "h+17, “h-1+nx", “h +nx* and “h+1+n", ie. h =0, 1, 2, 3,4, 5, 6, 7 and 8,
respectively, in this example. According to L-3, it is unnecessary to search the
neighboring cells with 4 =1, 2, 6 and 8 since these are the empty subcells. Then, for the
remaining non-empty subcells with 2 = 0, 3, 4, 5 and 7, TRI3 with ID = 8 of “Sorted
TRI3 ID List” in L-2 may contact with the TRI3s included in these non-empty subcells.
As an example, for a subcell with & = 0, L-3 indicates that the “first index” = 0 and the

“last index” = 1. In this case, it is only necessary to trace the indices from the “first
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index” to the “last index” and then process contacts for the TRI3s with IDs corresponding
to each index of “Sorted TRI3 ID List”. Since no sequential CPU procedure is involved in
the above procedure, it becomes possible to achieve efficient contact detection using the
GPGPU device only.

Therefore, the GPGPU-parallelized Y-HFDEM IDE can run completely parallel on
the GPGPU device and no sequential processing is necessary (except for the input and
output procedures). The data transfer from the GPGPU device to the host computer is
always necessary for outputting the analysis results, the time of which is often negligible
in the entire simulation time for most of the Y-HFDEM IDE simulations. The obtained
results can be visualized in either OpenGL implemented in the Y-HFDEM IDE *’ or the
open-source visualization software, Paraview %,

Finally, it is worth mentioning that an efficient contact detection activation approach
has been proposed and applied in many publications on the hybrid FDEM in the
framework of ICZM (e.g., section 2.3.3.2 and Fig. 2.14 in ?°). In the efficient contact
detection activation approach, along with the contact candidates prescribed by the user,
only TRI3s in the vicinity of a newly created explicit fracture become contact candidates
and are added into the contact detection list. One advantage of this approach is that the
contact detection and contact force calculation are necessary only for initial material
surfaces by the time the broken/failed CE4s are generated; thus, drastic time savings for
the contact detection computation are possible. However, in the hybrid FDEM simulation
of rocks under compressive-dominant loading conditions such as uniaxial compression,
most TRI3s can overlap during compression even before the generation of explicit/macro
fractures. In this case, if the amount of overlap is not negligible when broken CE4s are
generated, the efficient contact detection activation approach results in the sudden
application of a contact force such as a step function, i.e., a shock, which causes spurious
numerical instability and results in unrealistic fragmentation. To avoid spurious
numerical instability, an infinitesimally small A must be used, which makes the

simulation impracticable. Although the efficient contact detection activation approach is
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implemented in the Y-HFDEM IDE, for the numerical simulation of uniaxial
compression discussed in subsection 3.2, almost all TRI3s are added into the contact
detection at the early stage of simulation, which makes the computation become rather
demanding but is essential for avoiding spurious numerical instability. Thus, the
demanding contact detection activation approach is also implemented in the current code
in addition to the efficient contact detection activation approach. It should be noted that
every ICZM-based hybrid FDEM code needs to address this problem carefully to avoid

any inaccurate simulation (although it has not been reported in the literature).

3. Numerical tests and code validation

This section aims to conduct verifications and validations via several numerical
simulations. All numerical simulations in this section are conducted using the GPGPU-
parallelized Y-HFDEM IDE developed in this study. When the numerical simulation
results are presented, compressive stress is regarded as negative (cold color) while tensive
stress is taken as positive (warm color).
3.1. Verification of the continuum deformation of GPGPU-parallelized hybrid
FDEM and the implementation of the local damping scheme

Without the insertion of CE4s, the hybrid FDEM acts as an explicit FEM to solve
continuum deformation. To verify the ability of the developed code in the simulation of
continuum deformations, a simple example of geostatic stress analysis under gravity is
modeled using the GPGPU-parallelized Y-HFDEM IDE, and the numerical model is
shown in Fig. 8. The computation of the geostatic stress field is very important in many
rock engineering applications, such as the stability testing of underground excavations
and slopes. Normally, geostatic stress analysis is conducted before the insertion of CE4s
1319 In most explicit FEM schemes, a dynamic relaxation scheme based on artificial
damping is applied to compute the geostatic stress field. The critical damping technique is
one of the simplest approaches that has been used in many existing applications in the

literature '*!° to compute the in situ/initial stress. However, it was noted during our code
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development that the convergence rate of the critical damping technique is very poor. To
solve this problem, we implemented local damping with a mass scaling technique into the
GPGPU-parallelized Y-HFDEM IDE, which was initially proposed by Cundall *° and
implemented in Itasca’s commercial FLAC software ®. In the local damping with mass

scaling technique, the following Eq. (18) is used instead of the aforementioned Eq. (17):

M**“0*u/ot’ =f  +a

ftot

sgn(v)1l (13)

where M*® is the scaled lumped mass, fi is the nodal out-of-balance-force, i.e., the
right-hand side of Eq. (17), v is the nodal velocity, ||fw| is the absolute value of each
component of fi, sgn(*) is the sign function automatically determined by the sign of (*)

3960 and « is the local damping coefficient™®, The comprehensive details of the local

damping scheme can be found in the literature 3%

By applying the gravitational acceleration g = 9.806 (kg.m/s?) downward with the
boundary conditions shown in Fig. 8, initial stress analyses under the plane strain
condition are conducted with an overburden pressure of 0. Two analyses are conducted
using critical damping and local damping schemes. The mechanical properties of the rock
mass are listed in Table 1, where the density p =1800 (kg/m3), Young’s modulus E=12.2
(GPa) and Poisson’s ration v =0.25 (correspondingly Lame constants 4 = u = 4.88 (GPa).
For the critical damping scheme, the critical viscous damping factor 7. = 3.0 (MPa-s)
and the largest time step Az = 25 (us) for the stable simulation are selected, while o = 0.8
960 and At =1 (s) are used for the local damping scheme with mass scaling. The number
of TRI3s and nodes in the model (Fig. 8) are 98314 and 49516, respectively.

Fig. 9(a) depicts the distribution of the vertical stresses oy, simulated using both the
critical damping scheme and the local damping scheme with mass scaling. Because no
differences can be identified between the final resultant stresses simulated using these
two schemes, only the result of one scheme is displayed in Fig. 9(a). In addition, Fig. 9(b)
shows the profiles of . and o,, along the vertical direction of the model from the top to
the bottom. Considering theoretical stresses as o,,= —pg(100—y) and o= v /(1-V)ayy, the

obtained results are in good agreement with the theoretical values. Therefore, the
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computations of each TRI3 (fi,, and M, M*?) in Egs. (1)—(3), (17) and (18) based on the
GPGPU computation can be considered to be accurate.

In the case of explicit FEMs with artificial damping schemes, static stress equilibrium
is achieved when both the total kinetic energy of the system and the maximum value of
||Ifot| among all nodes converge to zero. Fig. 10 illustrates the variations of the total
kinetic energy of the system with respect to the calculation time steps during the
simulation of the initial stress analyses. Evidently, the simulation with the local damping
scheme with mass scaling can achieve the equilibrium stress state significantly faster than
that with the critical damping scheme. To reach the final resultant stress state in Fig. 9,
the local damping scheme with mass scaling requires approximately 6400 calculation
steps, while the critical damping scheme requires approximately 1000000 calculation

59,60 ;

steps if the convergence criterion suggested in the literature is applied.
3.2. Verifications of the implementation of contact damping and contact friction

To assess the accuracy of the contact damping model implemented in section 2.1, a
simple impact test is modeled (Fig. 11(a)) using the GPGPU-parallelized Y-HFDEM
IDE. The model is same as that reported by Mahabadi et al.'?, and the obtained results are
compared with those reported in their work. The model consists of a circular elastic body
with a radius of 0.1 (m) vertically impacting a fixed rigid surface. The elastic body is not
allowed to fracture in this model. Following the literature '3, gravitational acceleration is
neglected, the density of the elastic body is 2,700 (kg/m?), and the Kinetic energy of the
elastic body before the impact event is 4.1 (kJ). Because the Lame constants A and u for
the elastic body are not available in the literature ', it is simply assumed that A = u = 5.0
(GPa) and the damping coefficient # =0. Thus, energy dissipation is only due to contact
damping. Parametric analyses are conducted by changing the exponent » and the
transition force 7 in Eq. (15), and the normal contact penalty Pc.n_n between the elastic
body and the rigid surface. The kinetic energy of the elastic body as a function of time is

monitored during the parametric analyses.
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Fig. 11(b) compares five cases with b values equal to 1, 2, 5, 20 and 30 when 7= o
and Pconn= 0.1 (GPa). The case with b = 1 corresponds to elastic contact, and thus no
energy dissipation due to contact occurs. The small decrease in the kinetic energy occurs
after the impact event because a small amount of the kinetic energy is converted to the
strain energy of the elastic body. By changing the values of b, the amount of kinetic
energy dissipated from the system increases. This behavior is the same as that reported in
the literature '* using a sequential hybrid FDEM. Cases with different values of Peon n (=
0.1 (GPa) and 10 (GPa)) when b = 2 and T= o show that the same b does not result in the
same energy dissipation when Pcon_n differs, which is a reasonable outcome because the
maximum value of the nominal normal overlap 0,_mu. in Eq. (15) during the impact event
does change when P.on_n changes. However, this detail is not reported or explained in the
literature . Likewise, cases with different values of T (= c and 1 MPa) when b = 2 and
Pconn = 0.1 GPa show a different amount of energy dissipation, which can also be
explained by the change in 0, m«. Thus, it is verified that the contact detection and
computation of fc., are properly processed in the GPGPU code; however, this paper does
not consider any contact damping in the following numerical simulations because the
calibration of these parameters is beyond the scope of this paper.

To assess the accuracy of the contact friction model implemented in the GPGPU-
parallelized Y-HFDEM IDE, a simple sliding test, suggested by Xiang et al. °, is
modeled, and the obtained results are compared against those from theoretical analyses.
The model includes a simple sliding rock square with a length of 5 cm and a fixed rigid
base as shown in Fig. 12(a). The material parameters of the rock square are assigned
according to those listed in Table 1. The rock square can slip along the horizontal plane

with a friction coefficient of usic = 0.5. The sliding distance L is a function of initial

velocity (v;), gravity acceleration (g) and usic, which can be determined theoretically
through Eq. (19):

sziz/(zﬂfricg) (19)
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In the numerical modeling, the sliding rock square, which is assigned various initial
velocities from 2 m/s to 6 m/s, slows and stops at a distance due to the friction between
the rock square and the rigid base. As illustrated in Fig. 12(b), the obtained results from

the numerical simulation are in good agreement with those from the theoretical analyses.

3.3. Simulation of the rock failure process in standard laboratory rock mechanics
tests

To verify the capabilities of the code in simulating the rock fracture process and
associated failure mechanism, this section models two standard laboratory rock
mechanics tests, i.e., the Brazilian test and the uniaxial compression test, using the
GPGPU-parallelized Y-HFDEM IDE. For this purpose, the failure processes of a
relatively soft limestone in these two tests are modeled. The physicomechanical
properties of the limestone and the numerical input parameters used in the numerical
simulation are listed in Table 1. The numerical input parameters are determined based on

the methodology suggested by Tatone and Grasselli '8

while the physicomechanical
properties of the limestone are obtained from laboratory tests. The diameter and thickness
of the Brazilian disc (BD) are 51.7 (mm) and 25.95 (mm), respectively, and the numerical
model consists of 10,520 unstructured TRI3s (Fig. 13(a)). In the numerical model of the
uniaxial compression test, the height and diameter of the rock specimen are 129.5 (mm)
and 51.7 (mm), respectively. The numerical model consists of 44,214 unstructured TRI3s
(Fig. 13(b)). The average edge length ha. of TRI3s in both models is 0.7 (mm). The rock
specimens are placed between two moving rigid platens with a constant velocity of 0.05
(m/s) to satisfy quasi-static loading conditions '®. The friction coefficient ugic between
platens/rock and rock/rock are assumed to be 0.1 and 0.5, respectively ®%. Hereafter,
compressive stress is shown as negative (cold color) while tension stress is regarded as
positive (warm color).

Fig. 14 illustrates the screenshots of the rock failure process (Fig. 14 (a)-(c)) and the

associated indirect tensile stress versus axial strain curve (Fig. 14 (d)) obtained from the
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numerical simulation of the Brazilian test using the GPGPU-parallelized Y-HFDEM IDE.
It should be noted that the screenshots of the rock failure process shown in Fig. 14 (a), (b)
and (c) are taken at the stress levels labeled using A, B and C, respectively, in the indirect
tensile stress versus axial strain curve depicted in Fig. 14 (d). It can be seen from Fig.
14(a) that the horizontal stress distribution o, in the rock specimen is almost uniform
along its loading diameter. When the concentrated stress reaches the critical value (i.e.,
the tensile strength of CE4s for the rock), tensile failure develops in the model (Fig.
14(b)). With the two loading plates further moving toward each other, the splitting failure
of the BD occurs due to the propagation of the formed macroscopic fractures, which
coalesce with the microcracks initiated due to the resultant tensile stresses during the
stress propagation process.

As seen from Fig. 14, at the stress labeled by point A (Fig. 14 (d)), i.e., before the
peak stress, microcracks/damages are initiated and propagate near the loading areas (Fig.
14 (a)). Once the resultant stress (point B in Fig. 14 (d)) reaches the peak strength of the
rock, the macro-crack, i.e., the splitting crack, then appears around the central line of the
model due to the coalescence of microcracks (Fig. 14 (b)). Finally, the stress—strain curve
decreases rapidly during the postfailure stage (e.g., point C in Fig. 14 (d)) when the
splitting crack propagates along the sub-central line of the rock specimen dividing it into
two halves (Fig. 14 (c)). The modelled rock fracture process and the obtained indirect
tensile stress versus axial strain curve are in good agreement with those observed in
laboratory testing of a Brazilian disc specimen under a quasi-static load. Therefore, the
GPGPU-parallelized Y-HFDEM IDE can realistically model the splitting/tensile failure
process of rock in the Brazilian test.

Fig. 15 illustrates the stages of the rock fracture process in the uniaxial compression
test modeled using the GPGPU-parallelized Y-HFDEM IDE. Fig. 15 (a) illustrates the
stress build-up and evolution process before the onset of nonlinearity in the stress-axial
strain curve, i.e., point A in Fig. 16(a). As loading continues, unstable microcrack growth

commences and continues to the peak stress point of the stress-strain curve, i.e., point B
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in Fig. 16(a). Then, the microcracks coalesce to form macroscopic cracks, which results
in the rock specimen losing its bearing capacity, and correspondingly, the observed stress
decreases with the strain increase. Finally, the formed macroscopic cracks propagate,
resulting in the rock specimen completely losing its bearing capacity at point C in Fig.
16(a). Fig. 16 (b) compares the final fracture patterns obtained from the numerical
simulation and the experimental tests. Clearly, the developed GPGPU-parallelized Y-
HFDEM IDE can realistically model the failure process of rock under a uniaxial

compression test in which shear failure is the dominant mechanism.

3.4. Simulation of dynamic rock fracture process

In this section, the dynamic fracture process in rock blasting is modeled using the
GPGPU-parallelized Y-HFDEM IDE. Because the code is formulated based on the
explicit FEM, the hybrid FDEM is also a powerful tool for the simulation of a dynamic
rock fracture process and the rock fracture process. By default, the hybrid FDEM
considers all boundaries reflection boundaries, i.e., free faces. However, the simulation of
dynamic problems such as rock blasting often require a nonreflection, i.e., absorbing,
boundary to satisfy the infinity condition. Correspondingly, the absorbing boundary is
implemented into the GPGPU-parallelized Y-HFDEM IDE by viscous boundary tractions
using an approach similar to that used in the literature 4, The normal and tangential

boundary tractions (¢, ts) acting perpendicularly and tangentially, respectively, to the

| Vv, 0
tb‘ - p VY VS ( )

where V,, and V; are the P- and S-wave speeds of the target boundary, respectively, and

boundary are given by Eq. (20):

vy and vy are the particle velocities that are perpendicular and tangential to the boundary,
respectively. The computation of the viscous boundary tractions in each edge of the target
boundary is assigned to each GPGPU “thread” following the same concept shown in Fig.

39

4. In addition, the same features as those in the literature » are implemented in the
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GPGPU-parallelized Y-HFDEM IDE, which includes the modeling of blast-induced
pressure due to detonation phenomena and the effect of the loading rate on the fracture
behaviors of rock. The blast-induced pressure at time ¢ according to the literature ¥ is
applied to multiple surface edges of TRI3s corresponding to the surfaces of blast holes
and broken CE4s connected to each blast hole. The computations in each edge are also
assigned to each GPGPU “thread” (following the same concept shown in Fig. 4) and
processed completely in a parallel manner. However, the authors have recognized that the
gas pressure model used in the literature *° should be improved further, which is beyond
the scope of this paper, and thus not used in the following verification.

The same model used in the literature % is utilized with the GPGPU-parallelized Y-
HFDEM IDE to simulate the dynamic rock fracture analysis process (Fig. 17) because of
its simplicity and validity. The model consists of a single blast hole (0.05 m in radius)
within a rock disk (5 m in radius). The model includes 45,086 unstructured TRI3s,
135,258 CE4s and 135,258 nodes. The same mechanical properties of rock as those in the
literature ® are used (see Table 1 in ®), and the simulation is conducted under the plane
strain condition. It should be noted that the 2D DFPA code applied in the literature * is
developed based on the implicit FEM using the ECZM model, and its numerical model is
constructed using structured mesh. Thus, the intact stress wave propagation exactly
follows the constitutive behavior of an isotropic elastic body. However, the GPGPU-
parallelized Y-HFDEM IDE is developed based on the ICZM, and thus the values of the
penalty numbers (Pr, Pun and Poverap) Of the CE4s need to be set carefully. For the
dynamic rock fracture modeling reported in this study, the penalty numbers of Pt =P, =
Poverlap = 50 times the Young modulus of rock (Ew«=60 GPa) is used. Accordingly, a
smaller A = 0.4 (ns) is used in the modeling to avoid numerical instability. The following

4

pressure function P(7) of Eq. (21), which is used in the literature %, is applied to the

surface of the blast hole:

P(t)=P, (e_‘” —e‘ﬁ’)/(e_% —e /0 ) 1)
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where 1o is the rise time of the pressure and given by o =[1/(f-a)]log(f/a), and /o is the
controlling parameter of the pressure decay. Here, only the case of f/a =1.5 and 7o =100
(us) is simulated. P(f) is only applied to the initial surface of the blast hole following that
in the literature ®, and thus the gas flow into the fractures is not considered. Two cases
are considered to demonstrate the effect of the implementation of the absorbing boundary
on the exterior boundary of the model shown in Fig. 17. The first case (case 1) considers
the exterior boundary an absorbing boundary, while the other case (case 2) considers it a
free boundary.

Fig. 18(a) compares the spatial distribution of the maximum principal stress (PS1)
and broken CE4s at selected time intervals for both case 1 and case 2. Because the results
of both cases are exactly the same by the time fuive, i.€., when the stress wave front
reaches the exterior boundary, only one case is shown before famive. After the stress wave
front reaches the exterior boundary of the model, the results of both cases are illustrated
and compared with each other. The positive value (warm color) of PS1 corresponds to
tension, and broken CE4s are shown by black lines. Just after the commencement of the
pressure application to the blast hole, the stress wave starts to propagate radially from the
blast hole (¢ = 200 ps in Fig. 18 (a)). The front of the PS1 wave shows compression (cold
color), and this means that both the radial and circumferential stress components are in
compression. This stress state results in shear fracturing in the vicinity of the blast hole,
i.e., the crushed zone. The tensile PS1 wave shown by the warm color follows this
compressive stress wave front, which causes the radially propagating tensile cracks
around the crushed zone. These tensile cracks extend further with the propagation of the
tensile PS1 wave (¢ = 600 ps) and then arrest because the gas flows in the cracks are not
considered. The obtained result is in good agreement with the reported results in the
literature ®. After the compressive stress wave front reaches the external boundary, as
expected, no wave reflection is shown in case 1 at r = 1300 ps. However, the wave
reflection is shown in case 2 at t = 1300 ps, with the tensile stress wave propagating back

to the blast hole. It should be noted that the sign reversal of the reflective stress waves
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occurs for both the compressive and tensile stress waves impinging on the free face.
Thus, the implemented absorbing boundaries show the expected behavior during rock
blasting modeling. Correspondingly, it can be concluded that the dynamic fracture
process analysis by the GPGPU-parallelized Y-HFDEM IDE has been verified.

To investigate the effect of the penalty numbers (Pf, Pun and Poyerlap) of CE4 on the
intact stress wave propagations, Fig. 19(b) shows the spatial distribution of PS1 and
broken CE4s at r = 900 ps for three cases with various penalty numbers (i.e., Poverlap =P
=Piun = 50 Erock, 10 Erek and Erock). Evidently, the stress distributions clearly differ
among the three cases. The condition with the penalty numbers of E..ck even shows a
different fracture pattern than those with the penalty numbers of 50 E ok and 10 Erock. By
computing the smallest distance between the stress wave front and the original blast-hole
surface, the apparent P-wave velocities for cases with the penalty numbers of 50 Erock, 10
Erock and Eroc are found to be 4910 m/s, 4858 m/s and 4660 m/s, respectively, while the
expected (theoretical) P-wave velocity is 5000 m/s according to the theory of
elastodynamics. In addition, the apparent wave length of the stress wave becomes longer
when the values of the penalty numbers of CE4s decrease. In dynamic fracture process
analysis, stress wave propagation is the most important factor because it determines the
fracturing process, and many previous publications using the ICZM-based hybrid FDEM
for dynamic fracture process analyses simply set the penalty numbers of CE4s to Erock or
close to Erck. In the hybrid FDEM, the intact behavior of rocks should only be governed
by Egs. (1) or (2) because either of these equations is the constitutive equation for
“continuum behavior”; moreover, the artificial behavior of CE4s controlled by the
penalty numbers should not affect the continuum behavior described by Eq. (1) or Eq. (2).
Otherwise, there is no meaning in specifying the elastic parameters as input parameters.
Hence, the condition of the penalty numbers of CE4s close to Erck must not be used for
any quantitatively meaningful dynamic fracture process analysis. Therefore, any ICZM-
based hybrid FDEM simulations used for quantitative evaluation/prediction should set

penalty numbers for CE4s with the utmost care, and the applied penalty numbers of CE4s
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must be validated before any dynamic fracture process analysis. The ECZM-based
method does not suffer from this artificial behavior of CE4s, and our future task includes

the implementation of the ECZM-based hybrid FDEM.

4. Performance

This section discusses the performance of the GPGPU-parallelized Y-HFDEM IDE,
mainly in terms of its improvement compared with the sequential implementation of the
Y-HFDEM IDE and its performance on several GPGPU accelerators. To accomplish this
goal, the modeling of the rock failure process in the uniaxial compression test, as
discussed in subsection 3.3, is selected as a benchmark because it is a computationally
demanding simulation. The model shown in Fig. 13 (b) comprises 44,214 unstructured
TRI3s, and the numbers of CE4s, nodes and initial contact couples are 66,810, 134,442
and 362,043, respectively. Because the performance of GPGPU-parallelized code is
significantly dependent on the applied GPGPU accelerators 8, the GPGPU-parallelized
Y-HFDEM IDE is run using several NVIDIA® GPGPU accelerators, i.e., Quadro GP100,
GTX 1060, GTX 1050Ti, GTX 830M, TESLA K80(K40) and TESLA K20, to investigate
its performance. Each of the NVIDIA® GPGPU accelerators can be categorized based on
its generation. Sorting by date from newest to oldest, the Quadro GP100, GTX 1060 and
GTX 1050Ti belong to the “Pascal” generation, whereas GTX 830M is in the “Maxwell”
generation, and TESLA K80(K40) and TESLA K20 are in the “Kepler” generation. The
new “Volta” and “Turing” generations have been released recently, but this paper does
not consider these generations. The developed GPGPU-parallelized Y-HFDEM IDE can
be run in all these GPGPU accelerators without any modifications. At the same time, an
Intel® Core 17-440 CPU (3.40 GHz) is used to run our sequential CPU-based Y-HFDEM
IDE.

Fig. 19 shows the speed-up times of the GPGPU-based code relative to the sequential
CPU-based code running on a single thread. In Fig. 19, the vertical axis shows the

quotients of the total run time using each GPGPU accelerator divided by that using the
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sequential CPU-based code (= 138.17 (hours)), which, thus, correspond to the speed-up
times of the GPGPU-based code relative to the sequential CPU-based code. Clearly, all
the GPGPU-based codes can achieve quicker times than the sequential CPU-based code,
and the Quadro GP100 accelerator in the “Pascal” generation shows the best performance
among them. However, the performance of GTX 830M in the “Maxwell” generation is
very poor because the computational capability to perform double precision arithmetic in
the GPGPU accelerator of this generation is very limited compared with that of the

48

“Kepler” and “Pascal” generations *°. Therefore, among the investigated GPGPU

accelerators, the application of “Kepler” and “Pascal” generations are suited to achieve

48 In

better performance, considering the given specifications of each accelerator
addition, because the performance of GPGPU accelerators have continued to significantly
improve by generation, the GPGPU-parallelized Y-HFDEM IDE can easily achieve better
speed-up times without requiring any changes if it is run on GPGPU accelerators of the
newest generation, such as the Volta generation (e.g., GTX TITAN V, Quadro GV100
and Tesla V100) *. This finding is very important because the selection of the proper
GPGPU accelerator tends to be difficult for many researchers.

In addition, the relative speed-up times between GPGPU-based and sequential CPU-
based codes can further increase when many more elements and nodes with more
significant contact detections/force calculations are involved. In other words, keeping all
the GPGPU cores busy is the most important factor in achieving the best performance of
the GPGPU-based code. For example, the uniaxial compression model shown in Fig. 13
(b) is simulated using six different average element lengths (/1av.), whose values are 0.15
(mm), 0.2 (mm), 0.3 (mm), 0.4 (mm), 0.5 (mm) and 0.6 (mm). To make the condition of
each case closer, the value of At is fixed to 0.5 (ns), with other conditions remaining the
same as those in Table 1, excluding the critical damping coefficient #..:, which is

selected based on element size. Table 2 shows the number of TRI3s, CE4s and nodes, and

the initial number of contact couples in each model. It is evident that mesh discretization
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with fae = 0.15 (mm) results in tremendously massive computation. The runtime required
for 10,000 calculation time-steps is monitored here.

The list of actual runtimes required for 10,000 calculation time steps is shown at the
bottom of Table 2 for several values of /.., for the cases of the GPGPU-based code using
the Quadro GP100 accelerator and the sequential CPU-based code. The results show that
108,767 s (30.2 (hours)) are required to solve the 10,000 time steps in the sequential
CPU-based code for hae = 0.15 (mm), which means that solving the problem with this
level of fine discretization is too computationally expensive using the sequential code.
Based on the list in Table 2, Fig. 20 shows the speed-up times of the GPGPU-based code
using the Quadro GP100 accelerator relative to the sequential CPU-based code, in which
the horizontal axis represents the number of TRI3s for each /... The relative speed-up
time increases when the mesh becomes finer, i.e., when the GPGPU becomes busier.
Notably, a relative speed-up time of 128.6 times is achieved for the finest mesh (/ave =
0.15 (mm)). Thus, the GPGPU accelerator must be kept busy to achieve its best
performance. Even if different models and different architectures of the GPGPU
accelerators are used to run the CUDA-based GPGPU-parallelized Y-HFDEM IDE
discussed in this paper, the obtained speed-up time is quite competent compared with the
performance of the OpenCL-based GPGPU code “IRAZU” reported by Lisjak et al. 2.
Finally, considering that the Quadro GP100 can be installed in an ordinary workstation,
the demonstrated speed-up performances indicate that less space and time are required to
solve large-scale hybrid FDEM simulations by applying the GPGPU-parallelized Y-
HFDEM IDE. The presented speed-up list here can provide useful information for the

application of GPGPU parallelization to the hybrid FDEM simulations.

5. Conclusion and future work
This paper developed a GPGPU-parallelized Y-HFDEM IDE based on the authors’
formal CPU-based sequential hybrid FDEM code. The algorithm of the GPGPU-

parallelized hybrid FDEM was first given in detail so that this paper can provide a basis
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for further improvement and progress of any hybrid FDEM codes that were reviewed in
the introduction section on the basis of GPGPU parallelization. It should be noted that a
new contact detection algorithm that differs from that in the sequential CPU code was
implemented in the GPGPU-parallelized Y-HFDEM IDE because the contact detection
algorithm in the sequential code is not suitable for GPGPU parallelization. A number of
new features that were unavailable in the original CPU-based sequential code were
implemented into the GPGPU-parallelized Y-HFDEM IDE to achieve improvements in
rock engineering applications, which include the implementation of efficient geostatic
stress analysis through the local damping scheme with mass scaling, contact damping,
contact friction and the absorbing boundary. Then, a series of numerical simulations were
conducted using the GPGPU-parallelized Y-HFDEM IDE, and the obtained results were
compared with those from either theoretical analysis or the literature to calibrate the
implementations. Finally, GPGPU-parallelized Y-HFDEM IDE was applied in modeling
the rock failure process in the Brazilian test, the uniaxial compression test and rock
blasting to demonstrate its application in rock engineering. Through this study, the
following conclusions can be drawn:

— The developed GPGPU-parallelized Y-HFDEM IDE can work well with the
implementation of the aforementioned algorithm, and its precision is successfully verified
through a series of numerical simulations.

— By conducting the fracture process analyses of rock due to quasi-static loading (the
uniaxial compression test and Brazilian test) and dynamic loading (blasting), the obtained
results successfully demonstrated the capability of the developed GPGPU-parallelized Y-
HFDEM IDE for various types of loading configurations. From the obtained results, it
can be concluded that for dynamic simulation including stress wave propagation in rock,
the correct selection of penalty terms for CE4s using the ICZM-based approach is very
important.

— The GPGPU-parallelized Y-HFDEM IDE can run on various GPGPU accelerators

of different generations. However, the comparison of the runtimes from the simulation of
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the uniaxial compression test concludes that GPGPU accelerators of different generations
perform in drastically different ways, and thus the proper selection of the GPGPU
accelerators is suggested. Remarkably, the GPGPU-parallelized Y-HFDEM IDE running
on the Quadro GP100 GPGPU accelerator achieves a speed-up of 128.6 times compared
with the authors’ formal sequential CPU-based code. It must be emphasized that this
performance is obtained using a single GPGPU accelerator.

Therefore, the GPGPU-parallelized Y-HFDEM IDE developed in this study is a
valuable and powerful numerical tool for rock engineering applications. However, further
work is needed. The following are the highlights of our future tasks.

— The main purpose of this paper was to explain the newly developed GPGPU-
parallelized Y-HFDEM IDE, and we intentionally selected the simpler examples for the
verifications and validations of the developed code because complex problems make the
verifications very challenging. Thus, we will apply the developed GPGPU-based code in
wide range of rock engineering problems, such as mechanical rock cutting and rock
blasting, in the next phase.

— This study focused on the development and verification of 2D GPGPU-based Y-
HFDEM IDE; however, the authors have already developed the prototype of the 3D
version of the GPGPU-based hybrid FDEM based on both ICZM and ECZM. The
verification and validation of the 3D GPGPU-parallelized Y-HFDEM IDE are in active
progress and will be presented in a separate study.

— Because multiple GPGPU accelerators can reside in a single ordinary workstation or
even in a GPGPU cloud/cluster, another important task, which is in active progress, is to
implement the code using multiple GPGPU accelerators to solve much larger problems
using the GPGPU-based hybrid FDEM. In this case, the application of MPI is
indispensable for the multiple GPGPU accelerators to communicate with each other.

— For the blasting simulation, although we implemented the approach used in An et al.
3% to model the blast-induced pressure, this approach must be improved to realize a more

precise blasting simulation. To achieve a better blasting simulation, we are currently
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working on coupling the GPGPU-based hybrid FDEM with GPGPU-based smoothed
particle hydrodynamics ® to model the expansion of the blast-induced gas and its
interaction with rock, including newly created fracture surfaces. The development is still

in active progress.
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Appendix A.1

Fig. A.1 shows an example GPGPU “kernel” for solving Eq. (17), i.e., the 2D
mechanical solver for nodes with x and y degrees of freedom. To enhance the readability
of the code, the assignment of the boundary condition is not shown and only the update of
the nodal velocity and the coordinate in the x direction is shown in this example. The
name of the “kernel”, i.e., the name of this function, is “Ysd2MEC_GPU”. As is evident
from this example, the appearance of the CUDA C/C++ code is very similar to the
sequential CPU-based C/C++ code. Variables with names ending in “DEV* are global
data stored on GPGPU global memory “® and their meanings are given in the example
code. The speed of GPGPU global memory access is relatively slow, and thus access
should be minimized to improve performance. This “kernel” is launched by
“Ysd2MEC_GPU<<< Ng,G, Nrpp>>>" from the host C/C++ code, which is again very
similar to ordinary C/C++ except that the specification of (Nyg, N1p5) is necessary (see

subsection 2.2). When the “kernel” is launched, each CUDA thread is assigned its unique
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thread ID (threadldx.x) and block ID (blockldx.x) and Nrpp is automatically stored in
“blockDim.x” (see Figs. 3 and 4). Thus, “threadldx.x + blockldx.x * blockDim.x” in the
code can be considered a unique node ID “inopo”. If each node ID is within the range of
the total number of existing nodes (current_num_nodes_CST), the mechanical solver is
processed for the node IDs in completely parallel manner. Note that variables with names
ending in “CST” are stored in the GPGPU constant memory **, which can achieve faster
memory access than the GPGPU global memory. However, because memory size is
limited, GPGPU constant memory is used to store the constant values, such as
mechanical properties and topological data, that do not change throughout the simulation.
Finally, using the “register” *® for the declaration of local variables in each “thread” can
achieve the fastest memory access. However, the total size of the register memory in each
“thread” is quite limited, and defining too many local variables using the “register”
keyword results in poor performance. In the developed code, we minimized the variables
declared with the “register” keyword and used them repeatedly for several meanings.

Thus, the readability of the actual code was slightly compromised.
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Fig. 2. Elastic—inelastic power function model implemented in 2D Y-HFDEM IDE (after
%6 with modification).

Fig. 3. The concept of the CUDA programming model using the abstractions of
“threads”, “blocks” and “grid”.

Fig. 4. The concept of massively parallel computation for each CUDA “kernel” for a
particular purpose.

Fig. 5. Flowchart of GPGPU-based 2D Y-HFDEM IDE.

Fig. 6. The concept of hash values assigned to each square subcell (left) and TRI3s
included in a particular subcell (right).

Fig. 7. Efficient contact detection algorithm used in the developed GPGPU-based 2D Y-
HFDEM IDE.

Fig. 8. A model of initial stress analysis under gravity.

Fig. 9. The result of initial stress analysis using critical and local damping schemes. (a)
Stress distribution computed and (b) the profiles of o, and o,, along the vertical direction
of the model from the top to the bottom.

Fig. 10. Comparison of change in total kinetic energy of the system with respect to
calculation time-steps between local and critical damping schemes.

Fig. 11. A simple test for verification of contact damping model. (a) Numerical model
similar to '3 and (b) time history of total kinetic energy.

Fig. 12. Contact friction verification: (a) model configuration, (b) comparison between
numerical and theoretical results.

Fig. 13. Verification models for fracture process of rock under quasi-static loading. (a)
Brazilian indirect tensile test and (b) uniaxial compression test.

Fig. 14. The results of the numerical simulation of the Brazilian test. (a) Extension of
shear microcracks before the peak stress and corresponding horizontal stress distribution,
(b) tensile microcracks at the peak stress and corresponding horizontal stress distribution,
(c) postfailure fracture pattern and corresponding horizontal stress distribution and (d)

Brazilian indirect tensile stress versus axial strain.
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Fig. 15. Fracture process in uniaxial compression test. (a) Initiation and propagation of
shear microcracks into model before the peak stress, (b) unstable crack propagation at the
peak stress and (c) postfailure fracture pattern.

Fig. 16. Comparison of numerical simulation and experiment for uniaxial compression
test. (a) Plot of axial stress versus axial strain and (b) final fracture patterns from
numerical simulation and experimental test.

Fig. 17. A numerical model with a single blast-hole used in the dynamic fracture process
analysis (after ).

Fig. 18. The results of dynamic fracture process analysis for a single blast-hole model. (a)
Spatial distribution of PS1 and broken CE4s at selected time intervals and (b) the results
of dynamic fracture process analysis using different penalty numbers for CE4s.

Fig. 19. Relative speed-up of the GPGPU-based code using different GPGPU accelerators
to the sequential CPU-based code.

Fig. 20. Change in relative speed-up with respect to the number of TRI3s used in FDEM
mesh for the simulation of uniaxial compression test.

Fig. A.1. An example of GPGPU “kernel” in 2D Y-HFDEM IDE.

Table 1

Parameter Unit Value
Density (p) kg/m3 1800
Young’s modulus (E) GPa 12.2
Poisson’s ratio (v) - 0.25
Tensile strength (7%) MPa 1.77
Cohesion (¢) MPa 5
Internal Friction angle of intact rock (¢) ° 25
Mode I fracture energy (G) J/m? 16
Mode II fracture energy (Gm) J/m? 160
Normal contact penalty number (Py_con) GPa 1220
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Tangent contact penalty number (Puan_con) | GPa/m 1220
Fracture penalty numbers (Pt, Pian, Poverlap) | GPa 12200
Average element size (have) mm 0.7
Critical viscous damping factor () kg/m.s 5.60E+03
1204  Table 2
have / (mm) 0.15 0.2 0.3 0.4 0.5 0.6
The number of
3,253,194 1,893,901 | 723,894 | 410,322 (303,537 181,038
nodes
The number of
1,084,398 | 540,754 | 241,298 | 136,774 | 86,570 | 60,346
TRI3s
The number of CE4s | 1,624,686 809,872 [ 306,990 | 204,355 |129,316| 90,040
The initial number
6,970,705 | 4,348,700 | 1,943,205 | 1,096,737 | 686,954 | 476,433
of contact couples.
Simulation time
(sec) for sequential
108,767 | 42,021 19,343 10,515 9,146 6,231
CPU-based code
/10000 steps
Simulation time
(sec) for GPUGU-
846 392 214 146 134 126
based code (Quadro
GP100) /10000 steps
1205
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FEM/DEM mesh generation; Reading the data into Y-HFDEM IDE;
Insertion of CE4s (ICZM) ; Setting material properties and boundary

conditions; Setting time # =0 by CPU using host computer.
[

=== Data transfer from host computer (CPU) to GPGPU device
T > !
All the TRI3s: Computation of M, ¢;;(Egs.(1) or (2)-(3)) and f;,.
All the CE4s: Computation of I(o‘w‘h ,7°°0) by Eqs.(4)-(14) and ;.. |
All the prescribed 2-noded edlges subjected to external load:
Computation of such as gas pressure due to detonation and f,; .
Contact detection for a{l the TRI3s candidates.
All the detected contact 001|1ples: Computation of f,., .
All the nodes: Solving nodal {lquations of motion (Egs. (17)
or (18) and updating nodal velocities and nodal positions.

GPGPU device controlled by CUDA C/C++

i Output 1s Data transfer:from GPGPU device
o eceSW Yes to hostcomputer |

g Generation of output
§ No files in host

_‘g computer.

<

_____

Fig. 5.
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Computation of /
for each TRI3 1D

Hash value, /= iy Xn +ix
(n, =3 in this example)

h=0 h=1 h=2

. . -
ix=0§ ix=1 ix=2 (ix=0,1,2)
Example:

List| TRBIDList g | 1 |2 (3|4 |5|6|7|8|9

= o 13/0/7(5/3 /47047
<L Radix sorting of TRI3 IDs using /4 as key.
Index 2 5 6 7 8 9

List | Sorted TRI3

o i 5 269
Sorted & 4 71717
i v

, neoilo 1 506|178

List — : y

-3 First index \‘ 0 E E 2 4 6 E 7 E
Lastindex '] B  E[(3|5|6 | E|9 E

In the case of TRI3 ID =5 (ix=1,iy=1, h=4)

E: Enip’ty( There are no TRI3s for the value of /)

—>Hash values of neighbour nine cells including #=4 are (0, 1, 2, 3,4, 5, 6, 7, 8).
—> Using the lists L-2 an L-3, all the neighbour TRI3 IDs around TRI3 ID =5
are readily available and these are subjected to contact detection

Fig. 7.
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/* An example GPGPU kernel in 2-D Y-HFDEM IDE using CUDA C/C++.

for 2D mechanical solver for nodes with x & y degrees of freedom.
Assignment of boundary condition is not shown in this example.

Access speed to GPGPU device local memory shown by register is faster,
while that to GPGPU device global memory shown by variable names with
_DEV is much slower */

__global__ void Ysd2MEC_GPU( double *dlnmct_DEV, // nodal mass
double *dlnvcx_DEV, // nodal velocity for x
double *dlnvcy_DEV, // nodal velocity for y
double *dinfcx DEV, // current nodal force for x
double *dinfcy DEV, // current nodal force for y
double *dlnccx DEV, // nodal coordinate for x
double *dlnccy DEV // nodal coordinate for y )
{ register int inopo;
register double dt, nodal_mass;
register double aX,aY,fx,fy,vXnew,vYnew,vXpre,vYpre,;
// threadIdx.x:thread id, blockIdx.x:block id, blockDim.x :number of threads per block
// Thus, inopo in the next line corresponds to node ID.
inopo = threadIdx.x + blockIdx.x * blockDim.x;
// current_num_TRI3_contact_candidate_CST: The total number of nodes in the system
if(inopo < current_num_nodes_CST)
{ // Get nodal mass from GPGPU device global memory
nodal_mass = dlnmct DEV[inopo];
// As long as nodal_mass is positive, update the nodal positions and velocities
if(nodal_mass>EPSILON) // EPSILON: Very small value
{ LITTEETTIEI T i i i iiliririrly
// x-direction
LITTEETTIEI T i i i iiliririrly
// Get x nodal velocity in previous step from GPGPU device global memory
vXpre = dlnvcx DEV[inopo];
// Get x nodal force in the previous step from GPGPU device global memory
X = dinfcx_DEV[inopo];
// Get current time step increment from GPGPU device constant memory
dt = dcstec_CST;
// Compute nodal acceleration along x direction based on Eg.(15)
aX = fx /nodal_mass;
// Compute new nodal velocity along x direction
vXnew = vXpre + aX * dt;
// Update x coordinate of this node and store it into GPGPU device global memory
dinccx_DEV[inopo] += vXnew * dt;
// Store new nodal velocity along x direction to GPGPU device global memory
dinvex DEV[inopo] = vXnew;
[1THITTIIE LTI E I E i i i iirrriirlririrli/
// y-direction
[1THITTIIE LTI E I E i i i iirrriirlririrli/
/* Similar to x-direction. - Omitted. */
}// end if(nodal_mass>EPSILON)
}// end if(inopo < current_num_TRI3_contact_candidate_CST)
}// end of Ysd2MEC_GPU

Fig. A.1
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