Amirkabir Journal of Civil Engineering

Amirkabir J. Civil Eng., 55(11) (2024) 465-468
DOI: 10.22060/ceej.2023.21590.7772

Coupled DEM-SPH Modeling of Saturated Sand

Y. Khalili, A. Mahboubi*, M. Haji-Sotoudeh

Department of Civil and Environmental Engineering, Shahid Beheshti University, Tehran, Iran

ABSTRACT: DEM (Discrete Element Method) is a particle-based method for modeling the granular
materials. SPH (Smoothed Particle Hydrodynamics) is also a particle-based method to analyze fluids using
a limited number of integration points. These mesh-free methods are suitable to analyze geotechnical
problems with large deformations or complicated geometries. Coupling DEM and SPH for simulating
multi-phase media, resolves the need for the spatial mesh and prepares a more realistic understanding of
the saturated granular materials. In this study by coupling both DEM and SPH methods, a novel DEM-
SPH model was developed to simulate saturated granular media such as saturated sand. The particles
were modeled using DEM and the inter-particle fluid was simulated using SPH. The fluid flow and
the particle-fluid interactions were included in the model. The model was validated by comparing the
numerical results to experimental data. The evolution of the fluid pressure distribution was investigated.
Three phases were observed in fluid pressure distribution. After starting loading, a pressure wave
appeared adjacent to the top wall that formed a “transient phase”. After finishing the transient phase,
a “stable phase” of the fluid pressure distribution started, during which the pressure gradient changed
gradually. There was an “instable phase” at large axial stains. The pressure gradient changed randomly
in this phase. The results showed that the model could satisfactorily predict the undrained behavior of
the saturated granular materials and capture the local parameters of the inter-particle fluid e.g. the local
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1- Introduction

DEM! is a particle-based method for modeling granular
materials. The original DEM can only model assemblages
of the dry particles. For modeling a medium consisting of
the particles and the inter-particle fluid, it is needed to
simultaneously solve the governing equations of the solid
and fluid phases. SPH? is one of the recent methods used
to solve the fluid governing equations. The key feature of
SPH compared to the conventional CFD? is being mesh-free.
Coupling DEM and SPH for simulating multi-phase media,
resolves completely the need for the spatial mesh and prepares
a more accurate understanding of the saturated granular
material behavior compared to the DEM-FVM* models. The
DEM-SPH models are compatible with large deformations,
deformable boundaries, and irregular shapes of the medium.

Mogami [1] introduced the idea of considering sand as
discrete particles for analyzing its behavior. Cundall [2]
developed DEM and Cundall and Strack [3] used DEM for
modeling soils. Gingold and Monaghan [4] and Lucy [5]
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developed SPH for using it in astrophysics.

Numerous studies were performed by researchers to couple
DEM and SPH. However, until now, there is no satisfactory
coupled DEM-SPH model for simulating the undrained
behavior of the saturated granular materials under undrained
loading, e.g. undrained triaxial shear tests on saturated sand.
The main reason is that the majority of the coupled DEM-
SPH models developed in the literature used the weakly
compressible formulation and did not account for the
incompressibility of the pore fluid, which is a key factor that
governs the undrained response of the saturated granular
material. Furthermore, the undrained simulations of the
granular materials were performed using extremely idealized
models or with unrealistic assumptions. In this study a novel
coupled DEM-SPH model is developed to more realistically
simulate the undrained behavior of sand.

2- Solid Phase

The physical problems related to the motions and the
interactions between particles, can be directly simulated
using DEM. The DEM calculation cycle consists of
applying Newton’s second law to the particles and the force-
displacement law at the contacts.

Newton’s second law is used to determine the motions of each
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particle, and the force-displacement law is used to calculate
the contact forces. In the DEM simulations, the local non-
viscous damping is applied for the stability of calculations.
This type of damping is similar to that mentioned by Cundall
[6].

Many non-angular particle shapes can be modeled using
overlapping spheres. In this study, particles consisting of two
attached spherical particles with a predefined overlap ratio
are used in the simulations.

3- Fluid Phase
The fluid governing equations including the momentum
and continuity equations are commonly referred as Navier-
Stokes equations. The locally averaged Navier-Stokes
equations are derived by Anderson and Jackson [7]. In this
study, the fluid governing equations are solved using SPH.
SPH is an interpolation method in which using a limited
number of integration points, the continuum parameters
are approximated. The integration is performed by use of
kernels which approximate functions. In the numerical work
the integral interpolant is approximated by the summation
interpolant.

The fluid viscosity in the SPH formulation is defined as the

artificial viscosity. This term is applied in the momentum

equation according to the suggested approach of Monaghan

[8]. The interaction forces are calculated using the equation

presented by Sun et al. [9].

In this study, the fluid pressure is calculated through the

following steps. This procedure combines the equation of

state, the incompressible fluid formulation and the constant
volume conditions.

* Calculating a virtual pressure distribution using the
equation of state,

*  Performing the SPH flow calculations,

*  Calculating the pressure gradient by having known the
flow distribution,

e Determining the average fluid pressure to satisfy the
constant volume conditions (the servo control algorithm),
and

*  Calculate the total pressure distribution by having known
the average pressure and the pressure gradient.

4- Results and Discussion

The developed DEM-SPH model is validated by comparing
the simulation results to experimental data of triaxial tests
on sand under drained and undrained conditions presented
in [10]. The drained model is modified to minimize the
difference between the experimental and numerical results.
Then this model is used to predict the undrained response.
The actual sand sample consists of well-rounded particles.
In the numerical model, each sand particle is simulated
by clumping two spherical particles with an 80% overlap
ratio. The gradation of the particles in the numerical and
experimental specimens is alike.

In a DEM model to have a reasonable run-time, the number
of particles should be small enough. Therefore, the numerical
model dimensions are reduced to 10% of the experimental
sample.

The selected friction coefficient and the stiffness are
comparable with experimental values reported for quartz
grains in [11] and the initial void ratio and the confining
pressure have values similar to the actual triaxial tests in [10].
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Fig. 1. The DEM particles and the SPH integration
points

5- Conclusions

In this study, a novel coupled DEM-SPH model was
developed in 3D to simulate the mechanical behavior of
saturated granular media without need for a spatial mesh.
The particles were modeled using DEM and the fluid was
simulated using SPH. Non-spherical particles were generated
by bonding two overlapping spheres. The fluid flow and the
particle-fluid interactions were included in the model. The
model prepared a more accurate understanding of the fluid
phase including the pressure distribution in the saturated
granular material. The flexible membrane of the triaxial
specimen was modeled to apply the confining pressure and
the ghost particle approach is used to define the boundary
conditions of the fluid.

Immediately after starting axial loading, a pressure wave
appeared adjacent to the top wall. This pressure wave formed
a transient phase of pore fluid pressure distribution. After
finishing the transient phase, a stable phase of the fluid
pressure distribution started. During this phase, the pressure
gradient throughout the specimen changed gradually. The
stable phase finishing time was visually recognized using
the pressure distribution contours. This phase lasted up to a
threshold axial strain. There was an instable phase of the fluid
pressure distribution at axial strains larger than the threshold.
The pressure gradient in this phase was significantly affected
by the particle sliding and changed randomly in subsequent
time steps.
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Table 2. The general properties of the numerical model used for validation
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Fig. 10. The pore pressure contours vs. the axial strain (transient phase)
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Fig. 11. The pore pressure contours vs. the axial strain (stable phase)
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Fig. 12. The pore pressure contours vs. the axial strain (instable phase)

YYvy



65.
[4] R.A. Gingold, J.J. Monaghan, Smoothed particle

hydrodynamics: theory and application to non-spherical
stars, Monthly notices of the royal astronomical society,
181(3) (1977) 375-389.

[5] L.B. Lucy, A numerical approach to the testing of the

fission hypothesis, The astronomical journal, 82 (1977)
1013-1024.

[6] A.V. Potapov, M.L. Hunt, C.S. Campbell, Liquid—solid
flows using smoothed particle hydrodynamics and the
discrete element method, Powder Technology, 116(2-3)
(2001) 204-213.

[7] P.W. Cleary, M. Sinnott, R. Morrison, Prediction of slurry
transport in SAG mills using SPH fluid flow in a dynamic

DEM based porous media, Minerals Engineering, 19(15)
(2006) 1517-1527.

[8] J.W. Fernandez, P.W. Cleary, M.D. Sinnott, R.D.
Morrison, Using SPH one-way coupled to DEM to model

wet industrial banana screens, Minerals Engineering,
24(8) (2011) 741-753.

[9] EM. Katubilwa, M.H. Moys, Effects of filling degree
and viscosity of slurry on mill load orientation, Minerals

Engineering, 24(13) (2011) 1502-1512.

[10] M. Sinnott, P.W. Cleary, R.D. Morrison, Slurry flow in a
tower mill, Minerals Engineering, 24(2) (2011) 152-159.

[11] P.W. Cleary, R.D. Morrison, Prediction of 3D slurry
flow within the grinding chamber and discharge from a
pilot scale SAG mill, Minerals Engineering, 39 (2012)
184-195.

[12] Y.J. Huang, O.J. Nydal, Coupling of discrete-element
method and smoothed particle hydrodynamics for liquid-
solid flows, Theor. Appl. Mech. Lett., 2(1) (2012).

[13] X. Sun, M. Sakai, Y. Yamada, Three-dimensional
simulation of a solid-liquid flow by the DEM-SPH
method, Journal of Computational Physics, 248(0)
(2013) 147-176.

[14] M. Robinson, S. Luding, M. Ramaioli, SPH-DEM
simulations of grain dispersion by liquid injection, in:
AIP Conference Proceedings, 2013, pp. 1122-1125.

[15] M. Robinson, S. Luding, M. Ramaioli, Fluid-particle

G Az -0

gl dnle (Sl jlb) (gilwannd (sly (ngh (b9 e (pl 5
w55 Jae 35 (Byxe SPH g DEM (ase slasg) oS 5 b
gl slails bame Julowi (gl (saasis @ 5l IS« DEM-SPH
o2lB 1y S G dSd s b ()S)L silwand (Bl g S)by |,
el g lopin Jlw (10815 Jloel sl (gt b9y 2l
@l b e @bt e sblal (dlp 008 (Ao Jlow (oxo 5Lt
i Linlejl (ilwans 3 ploslesl slie 5l el
ol 5 28,8 plsl (50,8 st 3 5 ool b Lo g jlodenss 15 o0lizl
as ol i gl A srwcous (025 slaedly Lulwl b gjlwands
il s cw i 4 B o 4 DEM-SPH S5 Jae
ol Il Wlas (g9, ol iSB (g ygmedus yinlo]]

Wged ) JUiS @iy Sl Loy ol (Byme Jho | edlaul L
2 me dope dw olul cpl 85 8wy 3)90 (690t
Eopi 4y boyye 518l i35 51810005 saaline (gloyes Jlow jlid x5e5
o)lgs gl 15 6Lt 90 Sy (6 )5 oy b sl iged (68l
aged 5 3 (U oloj ) 0l dbml elaie 035 e JSS (VL
Sl 58 S 3ly gad IS 56 plal 51 ey 1l B 290 o
5 T Oyge 4 digad > 5L LolS Sl o 0 & 930
s St ) b cplhe Baas B (ul dp3ie pbl atgy
Sygee 055 Gy b bl 5Bl ST (sl JSUd 035 g Aige
5B 5)ly (sloyis Ol HLid wjgi (sl )oges (st late o 4 diges
9 R 59y el S 03,08 (B3 L luLL B e e LU
OLaLS (slaylages B opl 4o sl ol yors diges Sty (sl S 05
LS o i SRS b 4 gloyis O Lis

Xl

[1] T. Mogami, A statistical approach to the mechanics of

granular materials, Soils and Foundations, 5(2) (1965)
26-36.

[2] PA. Cundall, A computer model for simulating

progressive, large-scale movement in blocky rock

system, in: Proceedings of the International Symposium

on Rock Mechanics, 1971, 1971.

[3] P.A. Cundall, O.D. Strack, A discrete numerical model
for granular assemblies, geotechnique, 29(1) (1979) 47-

yyYyy



YYVE LYYV doxio VF+Y Jlo V) 0)loud D0 0553 ¢S ool (lpos suokito & pis

124-130.
[27] H. Tan, S. Chen, A hybrid DEM-SPH model for

deformable landslide and its generated surge waves,

Advances in Water Resources, 108 (2017) 256-276.
[28] D. Markauskas, H. Kruggel-Emden, V. Scherer,

Numerical analysis of wet plastic particle separation

using a coupled DEM-SPH method, Powder Technology,
325 (2018) 218-227.

[29] D. Markauskas, H. Kruggel-Emden, Coupled DEM-
SPH simulations of wet continuous screening, Advanced

Powder Technology, 30(12) (2019) 2997-3009.
[30] M. Jahani Chegeni, Combined DEM and SPH simulation

of ball milling, Journal of Mining and Environment,
10(1) (2019) 151-161.

[31] K. Tsuji, M. Asai, Flid-solid multiphase flow simulator
using a SPH-DEM coupled method in consideration
of liquid bridge force related to water content, in:
PARTICLES VI: proceedings of the VI International
Conference on Particle-Based Methods: fundamentals

and applications, CIMNE, 2019, pp. 668-679.

[32]J. Morris, S. Johnson, Dynamic simulations of geological
materials using combined FEM/DEM/SPH analysis,
Geomechanics and Geoengineering, 4(1) (2009) 91-101.

[33] R. Canelas, J.M. Dominguez, R.M.L. Ferreira,
Coupling a Generalized DEM and an SPH Models Under
a Heterogeneous Massively Parallel Framework, in:
Congreso de Metodos Numericos en Ingenieria, Lisbon,

Portugal, 2013.
[34] K. Wu, D. Yang, N. Wright, A coupled SPH-DEM model

for fluid-structure interaction problems with free-surface

flow and structural failure, Computers & Structures, 177
(2016) 141-161.

[35] M. Sarfaraz, A. Pak, An integrated SPH-polyhedral
DEM algorithm to investigate hydraulic stability of
rock and concrete blocks: Application to cubic armours
in breakwaters, Engineering Analysis with Boundary

Elements, 84 (2017) 1-18.

[36] S. Mintu, D. Molyneux, Simulation of ice-structure

interactions using a coupled SPH-DEM method, in: OTC

yyYyy

flow modelling and validation using two-way-coupled

mesoscale SPH-DEM, eprint arXiv:1301.0752, 2013.

[16] M. Tak, D. Park, T. Park, Computational Coupled
Method for Multiscale and Phase Analysis, Journal of
Engineering Materials and Technology, 135(2) (2013).

[17] M. Robinson, M. Ramaioli, S. Luding, Fluid—particle
flow simulations using two-way-coupled mesoscale
SPH-DEM and validation, International journal of

multiphase flow, 59 (2014) 121-134.

[18] P.W. Cleary, Prediction of coupled particle and fluid

flows using DEM and SPH, Minerals Engineering, 73
(2015) 85-99.

[19] P.W. Cleary, M.D. Sinnott, Computational prediction of
performance for a full scale Isamill: Part 2 — Wet models

of charge and slurry transport, Minerals Engineering, 79
(2015) 239-260.

[20] T. Breinlinger, T.C. Kraft, Coupled discrete element and
smoothed particle hydrodynamics simulations of the die

filling process, Computational Particle Mechanics, 3(4)
(2016) 505-511.

[21] D.M. Robb, S.J. Gaskin, J.-C. Marongiu, SPH-DEM
model for free-surface flows containing solids applied

to river ice jams, Journal of Hydraulic Research, 54(1)
(2016) 27-40.

[22] M.D. Sinnott, P.W. Cleary, Particulate and water mixing

in the feed box for a screen, Minerals Engineering, 109
(2017) 109-125.

[23] M.D. Sinnott, P.W. Cleary, R.D. Morrison, Combined
DEM and SPH simulation of overflow ball mill discharge

and trommel flow, Minerals Engineering, 108 (2017) 93-
108.

[24] D. Markauskas, H. Kruggel-Emden, R. Sivanesapillai,
H. Steeb, Comparative study on mesh-based and mesh-
less coupled CFD-DEM methods to model particle-laden
flow, Powder Technology, 305 (2017) 78-88.

[25] PW. Cleary, J.E. Hilton, M.D. Sinnott, Modelling
of industrial particle and multiphase flows, Powder

Technology, 314 (2017) 232-252.

[26] F.K. Mulenga, Effects of slurry hold-up on the pool
volume of a batch mill, Minerals Engineering, 111 (2017)



engineering, 72(7) (2007) 858-882.
[46] U. El Shamy, S.F. Sizkow, Coupled smoothed particle

hydrodynamics-discrete element method simulations of
soil liquefaction and its mitigation using gravel drains,

Soil Dynamics and Earthquake Engineering, 140 (2021)
106460.

[47] U. El Shamy, S.F. Sizkow, Coupled SPH-DEM
simulations of liquefaction-induced flow failure, Soil

Dynamics and Earthquake Engineering, 144 (2021)
106683.

[48] S.F. Sizkow, U. El Shamy, SPH-DEM simulations
of saturated granular soils liquefaction incorporating

particles of irregular shape, Computers and Geotechnics,
134 (2021) 104060.

[49] C.P.K. Helambage, W. Senadeera, Y. Gu, R.J. Brown,
B.W. Pearce, A coupled SPH-DEM model for fluid
and solid mechanics of apple parenchyma cells during
drying, in: Proceedings of the Eighteenth Australasian
Fluid Mechanics Conference, 2012.

[50] H. Karunasena, W. Senadeera, Y. Gu, R.J. Brown, A
coupled SPH-DEM model for micro-scale structural
deformations of plant cells during drying, Applied
Mathematical Modelling, 38(15-16) (2014) 3781-3801.

[51] A. Fakhimi, M. Lanari, DEM—-SPH simulation of rock

blasting, Computers and Geotechnics, 55(0) (2014) 158-
164.

[52] P.W. Cleary, G.G. Pereira, V. Lemiale, C. Delle Piane,
M. Ben Clennell Multiscale model for predicting shear
zone structure and permeability in deforming rock,

Computational Particle Mechanics, 3(2) (2016) 179-199.

[53] H.-N. Polwaththe-Gallage, S.C. Saha, E. Sauret, R.
Flower, W. Senadeera, Y. Gu, SPH-DEM approach
to numerically simulate the deformation of three-

RBCs capillaries,

Biomedical engineering online, 15(2) (2016) 349-370.

dimensional in  non-uniform
[54] M.D. Sinnott, P.W. Cleary, S.M. Harrison, Peristaltic
transport of a particulate suspension in the small intestine,

Applied Mathematical Modelling, 44 (2017) 143-159.

[55] P.A. Cundall, Distinct element models of rock and soil

structure, Analytical and Computational Methods in

YyYve

Arctic Technology Conference, Offshore Technology
Conference, 2018.

[37] W.-J. Xu, X.-Y. Dong, W.-T. Ding, Analysis of fluid-
particle interaction in granular materials using coupled
SPH-DEM method, Powder Technology, 353 (2019)
459-472.

[38] S. Ji, X. Chen, L. Liu, Coupled DEM-SPH method for
interaction between dilated polyhedral particles and fluid,

Mathematical Problems in Engineering, 2019 (2019).

[39] J.P. Morris, P.J. Fox, Y. Zhu, Modeling low Reynolds
number incompressible flows using SPH, J. Comput.
Phys., 136(1) (1997) 214-226.

[40] Y. Zhu, PJ. Fox, J.P. Morris, A pore-scale numerical
model for flow through porous media, International
Journal for Numerical and Analytical Methods in

Geomechanics, 23(9) (1999) 881-904.

[41] M. Ebrahimi, P. Gupta, M. Robinson, M. Crapper,
M. Ramaioli, J.Y. Ooi, Comparison of coupled DEM-
CFD and SPH-DEM methods in single and multiple
particle sedimentation test cases, in: PARTICLES

III: proceedings of the III International Conference on

Particle-Based Methods: fundamentals and applications,

CIMNE, 2013, pp. 322-334.

[42] B. Nassauer, T. Liedke, M. Kuna, Development of a
coupled discrete element (DEM)-smoothed particle
hydrodynamics (SPH) simulation method for polyhedral

particles, Computational Particle Mechanics, 3(1) (2016)
95-106.

[43] S. Natsui, A. Sawada, K. Terui, Y. Kashihara, T.
Kikuchi, R.O. Suzuki, DEM-SPH study of molten slag

trickle flow in coke bed, Chemical Engineering Science,
175 (2018) 25-39.

[44] J. Chen, O. Orozovic, K. Williams, J. Meng, C. Li,
A coupled DEM-SPH model for moisture migration
in unsaturated granular material under oscillation,

International Journal of Mechanical Sciences, 169 (2020)
105313.

[45] X. Li, X. Chu, D. Sheng, A saturated discrete particle
model and characteristic-based SPH method in granular

materials, International journal for numerical methods in



YYVE LYYV doxio VF+Y Jlo V) 0)loud D0 0553 ¢S ool (lpos suokito & pis

and compactly supported radial functions of minimal
degree, Advances in computational Mathematics, 4(1)
(1995) 389-396.

[60] S. Ergun, Fluid flow through packed columns, Chem.
Eng. Prog., 48 (1952) 89-94.

[61] C.Y. Wen, Mechanics of fluidization, in: Chem. Eng.
Prog., Symp. Ser., 1966, pp. 100-111.

[62] P.C. Rouse, Characterisation and modelling of a

uniformly graded, well-rounded coarse sand, University

of British Columbia, 2005.

Engineering Rock Mechanics, (1987) 129-163.

[56] T.B. Anderson, R. Jackson, Fluid mechanical description
of fluidized beds. Equations of motion, Industrial &
Engineering Chemistry Fundamentals, 6(4) (1967) 527-
539.

[57] JJ. Monaghan, Smoothed particle hydrodynamics,

Annual review of astronomy and astrophysics, 30 (1992)
543-574.

[58] M. Kelager, Lagrangian fluid dynamics using smoothed
particle hydrodynamics, University of Copenhagen:

Department of Computer Science, 2 (20006).

[59] H. Wendland, Piecewise polynomial, positive definite

Amirkabir J. Civil Eng., 55(11) (2024) 2207-2226.

DOI: 10.22060/ceej.2023.21590.7772

Y. Khalili, A. Mahboubi , M. Haji-Sotoudeh, Coupled DEM-SPH Modeling of Saturated Sand,

a3 gl ) Ao (4 digSe

YYYo






