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RESUME

Les processus des glaces fluviales, tels que la rupture, le transport, le blocage et le dégagement des
parcelles de glace, jouent un role de restriction dans les processus hydrodynamigques,
morphodynamiques et de transport dans les riviéres des régions froides. Par exemple, les embécles
de glace, qui se forme lorsqu’il y a une accumulation de frasil ou de glace fragmentée, bloquent
I’écoulement de la riviére et peuvent occasionner des inondations, un des plus grands dangers liés
aux glaces fluviales. Les embacles de glace peuvent endommager les résidences et les
infrastructures ainsi qu’engendrer des risques pour les populations riveraines, tels que le
délogement et méme la perte de vie. Afin de réduire ces risques et conséquences, la dynamique des
embacles fluviaux a besoin d’étre comprise et prédite. De nos jours, a cause du changement
climatique, il est encore plus important de se fier a des outils de prédiction a haute précision afin
d’atténuer les impacts des inondations causées par les embacles de glace. A cause de la complexité
de I’interaction entre I’eau et la glace présente dans les embacles fluviaux, ce phénomene est resté

largement imprévisible.

L’objectif principal de ce mémoire est d’aider a la compréhension de ce phénoméne en fournissant
des cas servant de critére de comparaison ayant des caractéristiques comparables a une rupture
d’embacle et en développant un modele numérique capable de reproduire le comportement

complexe et dynamique de I’interaction solide-liquide (glace-eau).

Des expériences a petite échelle ont été effectuées au Laboratoire Hydraulique de I’Ecole
Polytechnique de Montréal ou des ruptures d’embacles ont été reproduites pour un lit en aval sec
et mouillé avec des objets flottants (représentant la glace) pour fournir des données de qualité qui

seront utiles pour la validation des modéles numériques des embécles de glace.

De plus, une nouvelle génération de méthode numérique, connue sous le nom de méthodes
Lagrangiennes ou méthodes sans maillage, a été utilisée dans ce mémoire pour prédire le
comportement hautement dynamique des embécles fluviaux. Ces méthodes numériques utilisent
des particules discretes possédant chacune des propriétés du systeme telles que la vitesse, la
pression et la position. Les méthodes sans maillage sont ainsi plus efficaces pour reproduire les
caractéristiques complexes présentes dans 1’interaction entre 1’eau et la glace et pour fournir une

solution fiable au phénomene des embécles. La glace solide est modélisée par le Discrete Element
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Method (DEM) ou la glace est représentée par un groupe de particules ayant une position relative
entre elles constante (multisphere) et dont le mouvement est déterminé par les forces qui y sont
appliquées. La force lors de la collision, connue sous le nom de force de contact, est calculée en
utilisant un modele dynamique de contact Hertzien ou une combinaison de modeles a ressort et
d’amortisseur est implémentée. Les forces hydrodynamiques appliquées sur les particules solides

sont calculées en utilisant la méthode de Moving Particle Semi-Implicit (MPS).

Le modele DEM est validé tout d’abord sans la présence de la phase liquide en 2D et en 3D. Par la
suite, ce modeéle est jumelé a un code MPS existant connu sous le nom de MPARS qui a été
développé par le groupe de recherche. Le modéle MPS-DEM a aussi été validé en utilisant des cas
de référence en 2D.
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ABSTRACT

River ice dynamic processes, such as the break-up, transport, jamming, and release of ice parcels,
play a curtail role in hydrodynamic, morphodynamic, and transport processes in cold region rivers.
For instance, ice jams, caused by an accumulation of frazil or fragmented ice, restrict flow and can
trigger ice jam floods, one of the greatest river ice hazards. Ice jam can damage properties and
infrastructures as well as cause inconveniences to people, such as dislocation or even loss of life.
In order to mitigate these consequences, the dynamic of river ice jams needs to be understood and
predicted. Due to the complexities involved in the multiphase ice-water system, this phenomenon
has remained largely unpredictable.

This thesis’s main objective is to give more insight into this phenomenon by providing benchmark
cases mimicking the characteristics of a jam release and developing a numerical model capable of

reproducing the complex dynamic behavior of solid (ice) and fluid (water) interactions.

Small-scale and challenging experiments were carried out at the Hydraulic Laboratory of Ecole
Polytechnique of Montreal. Dam-break flows were reproduced over dry and wet beds with floating
block floes (representing the ice) to provide useful and comprehensive quality data for the

validation of ice jam models.

Furthermore, a newer generation of numerical methods, the mesh-free particle (Lagrangian)
numerical methods, has been used in this thesis to predict the highly dynamic movements involved
in river ice processes. These methods use a set of mobile discrete particles representing and
recording the system’s position and state and possessing field variables, such as velocity and
pressure. The use of particles renders the mesh-free particle methods effective in dealing with the
complexities of ice-water systems and providing a reliable solution for simulating the complexities
involved in the water-ice interactions. The solid ice phase is modelled using the Discrete Element
Method (DEM), where the ice is represented by a group of solid particles whose relative position
is constant (multisphere) and whose motion is determined from the forces applied to it. The
collision force, mainly known as the contact force, is calculated using a Hertzian contact dynamic
model where a combination of spring and dashpot models are implemented. The hydrodynamic
forces applied to the solid particles are calculated using the Moving Particle Semi-Implicit (MPS)

method.
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The DEM model was validated at first without the fluid phase in 2D and 3D, and then it was
coupled with an existing MPS code known as MPARS, which was developed by the host research
group at Polytechnique. The MPS-DEM coupled model was also validated using 2D benchmark

cases.
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CHAPTER 1 INTRODUCTION

1.1 Context

In the northern hemisphere, where rivers and lakes freeze during winter, river ice processes cannot
be neglected, especially in transitional seasons when ice floes are formed. When rivers become
supercooled at the beginning of winter, small crystals, known as frazil ice, start to form and
agglomerate, creating anchor ice, ice floes, and eventually stable ice covers, as depicted in Figure
1.1.

Figure 1.1 - Frazil ice in rivers [1]

Ice floes are also generated at the end of winter, where the ice covers are weakened by the increase

of temperature and the flow increase and start to break into ice floes [2].

These ice floes present a hazard to river morphology and the ecosystem when they are carried
downstream. They may pose a major threat to riverside communities, hydraulic structures, such as
bridges and hydroelectric dams, and infrastructures, such as buildings and roads [3]. Furthermore,
they can jam and block the flow if an obstruction is present in the river leading to the rise of the
upstream water level. This process is known as ice jam. The resulting upstream flooding can bring
some advantages to nearby ecosystems, such as replenishing upstream plains [3]. However, it often
happens that houses are already built in these regions, and residents are forced to abandon their
homes. The increase in hydraulic pressure on the ice jam due to the increase in water level and an
increase in temperature can provoke the ice jam to give way. Consequently, a flash flood might be

released, causing the ice floes to be carried downstream, sliding, rolling, and colliding everything



at high speed, damaging infrastructures and bringing forth fish mortality, loss of spawning grounds,
and even losses of human lives [3]. Similar high-dynamic ice-wave interaction can also be observed

in the dam-break of ice-covered reservoirs and some sea ice processes.

Due to the intrinsic complexities of ice-water interactions, these processes and mechanisms have
remained largely unpredictable, especially in the case of river ice. Since the effects of ice floes in
rivers are of great impact, it is important to understand the processes and mechanisms involved in
the dynamic of river ice to assess their potential impacts, which will promote adequate and reliable
management decisions. Due to climate change, river ice jams will be more frequent and more
disastrous. Thus, it is even more important to rely on accurate prediction tools nowadays to be able
to mitigate ice jam floods impacts.

1.2 Literature Review

Since simplified theoretical models cannot completely describe river ice dynamics or wave-ice
interactions due to the intrinsic complexity, field measurements were carried out to study river ice
processes [4-10] and sea ice [11-13]. However, field experiment data are scarce, insufficient, and
expensive due to the high risk involved in drilling holes on ice (especially during transitional
seasons), equipment limitations such as the decrease of efficiency in a cold environment, and
resources limitations as financial support and personnel expertise [14]. Thus, to provide more
insight on wave-ice interactions, laboratory experiments were conducted and offered many
advantages over field measurements such as safety, control of conditions affecting ice formation
or deformation, and the possibility of isolating a specific phenomenon for analysis [14-23]. In the
literature, reported experiments of wave-ice interaction generally cover two scenarios: one or two
ice floes interacting with waves [17-19] and hundreds of ice floes colliding with each other [20,
21].

The last few years have seen an increased interest in applying numerical methods to the subject
since they are an economical alternative capable of simulating different scenarios, including future
changes such as regulations and climate change [24]. Chen et al. [25] developed a one-dimensional
Comprehensive River Ice Simulation System (CRISSP1D) based on an already-existing model,
RICE [26], that was applied to many rivers. The CRISSP1D system simulates unsteady flows using

a four-point implicit finite difference method and mixed flow conditions using the local partial



inertial (LPI) technique [27]. The system considers the surface and floating ice through a two-layer
thermal-ice transport model developed by Shen et al. [23], enabling the simulation of border ice,
undercover transport, and frazil jam. However, CRISSP1D does not consider ice dynamics, so it is
unable to simulate ice jamming. In 2010, another one-dimensional model, MIKE-ICE, was
developed to simulate river ice formation using the thermal balance exchanged between the water,
the atmosphere, and the river ice [28]. This model combines many physical processes that have
been validated individually, but no validation has yet been performed to verify the capacity to
simulate the rapid ice cover change in warm water. A one-dimensional open-source model,
RIVICE, was developed by Lindenschmidt [29] to simulate river ice processes that lead to ice jam
formation, such as ice transportation and ice cover progression. In RIVICE, an implicit finite
difference scheme is used to solve the Saint-Venant equations. A stochastic model for ice jam flood
events can be obtained since RIVICE’s short computational time allows a Monte-Carlo framework
to be embedded. Even though RIVICE was proven to give good estimates of flooding levels, it
does not consider flood waters that rise above riverbanks and may have diverted around the ice
jam. Since one-dimensional models demand lower computational resources and provide a general
picture of the ice processes, which is useful for many applications, they are widely used nowadays
for river ice processes in long reaches. However, when dealing with non-uniform water flows and
complex geometries, two-dimensional models give a better insight into the complex interaction

between water and ice [24, 30].

This is the main reason why the developers of the aforementioned CRISSP1D worked on
expanding it to a two-dimensional model CRISSP2D [31]. The latter generalized the DynaRICE
model [30] to include thermal-ice processes. DynaRICE is a two-dimensional dynamic river ice
model that simulates surface ice transportation and jamming in rivers. In this model, the Eulerian
mesh-based finite element method (FEM) is used to simulate the hydrodynamic component, while
the Lagrangian particle-based method smoothed particle hydrodynamics (SPH) [32, 33] simulates
the ice dynamics. DynaRICE was found useful in determining the maximum load an ice boom can
bear before it breaks.

Ensuingly, a range of three-dimensional mesh-based methods has been applied to solve the water-
ice interaction problems [34-38]. Nevertheless, free-floating solids in free-surface flows is still a
challenge due to the computational complexity involved in the boundary tracking and re-meshing



techniques as well as the splashing, fragmentations, merging, and multiple body interactions

present in river ice jams problems.

Instead of simulating ice parcels using a continuum description, where the accuracy depends
largely on the ice rheological models, a discrete description can be adopted since it has been proven
to describe the underlying physics in detail. The Discrete Element Method (DEM), introduced by
Cundall and Strack [39], where an assembly of independent particles is used, has been extensively
used to study ice mechanics. For instance, the studies of Hopkins and Hibler [40] and Lgset [41],
where systems of two-dimensional discs were used to represent ice floe fields, are considered
pioneering works on the description of ice behavior using DEM. Furthermore, based on previous
DEM studies [42, 43], Hopkins [44] used a two-dimensional polygonal DEM approach to simulate
the sea ice floes displacement caused by wind stress and water drag. The ice floes thickness model
was based on the work of Ebert and Curry [45], where the ice dynamic incorporates: a lead
parameterization that considers a minimum lead fraction, the absorption of solar radiation in and
below the leads, the lateral accretion and ablation of the sea ice, and a prescribed sea ice divergence
rate. Later, Hopkins and Daly [46] proposed a model in which not only the drag force but also the
buoyancy and pressure forces were included. This model combines a three-dimensional DEM with
a one-dimensional hydraulic model solved using a four-point implicit discretization scheme whose
transverse and vertical geometry and flow data are averaged. Hopkins and Shen [47] and Dai et al.
[20] studied pancake-ice dynamics using a three-dimensional DEM model in which the circular
floes are formed during ice growth in a wave field. Stockstill et al. [48] took a step forward and
combined the three-dimensional DEM with two-dimensional depth-averaged shallow-water
equations solved using a finite element (FE) scheme. This model successfully simulated ice
transportation and accumulation and the interaction between ice and hydraulic structures. Karulin
and Karulina [49] investigated moored tanker’s behaviour in broken ice using the DEM approach.
Paavilainen and Tuhkuri [50] coupled the finite element scheme with the DEM method to study
the ice rubbling process, where the response of an ice sheet was modeled using the FE scheme, and
the contact forces were modeled with DEM. The pressure distributions during selected peak load
events were numerically investigated, with special attention on the effects of a loose rubble pile in
front of the structure on the pressure distribution. In another study, performed by Ji et al.[51], the

influences of ice velocity, ice thickness, and conical angle on ice loads in conical offshore



structures are analyzed using DEM. Ji and Liu [52] took a step forward and used dilated polyhedral
elements in DEM based on the Minkowsi sum theory to simulate interactions between ice floes
and the floating structure Kulluk, and the results were validated against field data. Herman et al.
[53] used DEM to study the ocean waves' energy dissipation due to ice-water drag and ice floe
collisions. In Gong et al. [54], a three-dimensional discrete element method was used to study the
resistance of a ship in ridges of equal depth but different widths. Extensive reviews on different
DEM approaches used to solve ice-related problems are found in Metrikin and Lgset [55], Tuhkuri
and Polojarvi [56], and Xue et al. [57]. However, in most of the studies mentioned, simplified
equations for flow models based on depth-averaged hydraulic models, potential flow theory or
finite element solutions, are used. Thus, highly dynamic ice-wave interactions cannot be
reproduced accurately.

Several methods exist to represent solid ice in DEM, but among the various representations
adopted, two representations are used in several works due to their efficiency and robustness. The
first method consists of representing solid ice as individual discrete particles. In such a method,
both solid and fluid phases have a similar size. The other method consists of representing solid ice
as a collection of particles whose relative positions are fixed. Such a method is known as the
multisphere method [58]. The advantage of such a method over the individual discrete particle

method is that complex-shaped and large-scale ice bodies can be simulated.

In recent years, the mesh-free particle-based (Lagrangian) methods, such as smoothed particle
hydrodynamics (SPH) [32] and moving particle semi-implicit (MPS) [59], opened new
perspectives for modeling the fluid-solid interaction problems. The SPH method was developed to
solved astrophysical problems with compressible inviscid flows, while MPS was developed for
incompressible flows with free surfaces [60]. An artificial viscosity had to be added in SPH to
solve free-surface water-flows problems [61]. Originally in MPS, the pressure on each particle is
calculated by solving the Poisson equation implicitly. To reduce the computational cost,
Shakibaeinia and Jin [62] suggested an explicit formulation where an Equation of State is used
instead to determine the pressure. The main difference between the MPS and SPH methods lies in
the spatial discretization formulation. In SPH, a superposition of kernels is used, while in MPS, the
weighted average of differences is employed [60]. Due to their ability to deal with large
deformations and fragmentations in the continuum, these methods are widely used for many fluid



flow problems. In these methods, each particle containing a set of continuum field variables such
as mass and momentum moves in the Lagrangian system and satisfies the equations of mass,
momentum, and energy conservation [62]. Although these methods have several advantages, they
also have some drawbacks, such as being susceptible to unphysical pressure fluctuations, particle
clustering [63-66], and momentum conservation violations [67]. In recent years, enhancement
techniques to improve accuracy and stability were developed, such as particle stabilizing and

regularization techniques [59, 63-68] and momentum conservation frameworks [69-73].

In a fully-Lagrangian framework, fluid-solid interactions can be modeled by a multiphase
continuum-discrete system, in which the fluid phase is based on SPH or MPS, while the motion of
the solid phase is solved using the DEM. Different engineering-based studies used the SPH/MPS-
DEM approach, such as the fluid-solid interaction in a cylindrical tank [74], particle sedimentation
[75], river ice dynamics [76], sediment transport in the swash zones [77], and non-Newtonian solid-
liquid interaction with the presence of free-surface flow [78]. Concerning the latter representation,
some works proposed the numerical approach combining SPH/MPS and DEM mainly for the
simulation of rigid bodies transport under free-surface flow [52, 79-82]. Kawano and Ohashi [83]
conducted numerical simulations of water-ice interaction by using particle agglomeration with
MPS. They reproduced the process of growth and accumulation of crystal nuclei and the formation
process of the layer of fine crystals. The sea ice crystal growth from the sea surface was simulated
by the Voronoi dynamics technique [84]. However, only calm sea condition was considered, and
collisions between solids were not modeled. Besides this work, few recent studies on ice dynamics
and ice-wave interactions are using DEM-SPH/MPS particle-based methods and, to the author’s
knowledge, are limited to Zhang et al. [85] and Robb et al. [76]. In Zhang et al. [86], an ice floe
subjected to surge, heave, and displacement caused by regular waves was simulated. In the model
proposed by Robb et al. [76], circular (2D) and spherical (3D) particles were used when contact is
important, i.e., when high concentrations of ice are considered. The contact forces are calculated
using a soft-sphere method, which is used in this thesis and is explained in more detail in Section
4.2. On the other hand, when instantaneous collisions are assumed, Robb et al. [76] used arbitrarily
shaped objects to represent solids using a hard-sphere model (see Section 4.2 for more details on

the hard-sphere model).



1.3 Problem Statement

As mentioned in Section 1.2, reported wave-ice interaction experiments generally deals with two
scenarios:
1. one or two ice floes interacting with waves [17-19];

2. hundreds of ice floes colliding with each other and subjected to waves [20, 21] and towing
carriage [22, 23]

There is a gap between these two situations. While using one or two ice floes is a good start for
model validation, it cannot reproduce the general highly dynamic characteristics of river ice
processes. On the other hand, using an experimental test case involving hundreds of ice floes
colliding with each other for validation would be very computationally demanding. Thus,
simplified experimental tests with a reduced number of ice floes and capable of reproducing the

highly dynamic nature of river ice processes for numerical validation are missing.

Furthermore, as stated in Section 1.2, few numerical models using Lagrangian methods were
developed and used to simulate river ice processes. Zhang et al. [85] studied the velocity of a single
ice floe and did not consider collision with other ice floes. Robb et al. [76] considered arbitrarily
shaped objects only when the collision between particles is almost non-existent. However, in river
ice, there are usually several collisions between the solids. In the case of a high number of
collisions, Robb et al. [76] were only able to simulate individual spherical particles. Thus, there is
still no numerical model available for simulating river ice processes involving a different number
of ice floes of different shapes and sizes and capable of dealing with the highly dynamic water and

ice interaction.



CHAPTER 2 OBJECTIVES AND ORGANIZATION OF THE WORK

2.1 Research objectives

The overall goal of this research is to provide reliable tools for the prediction of the dynamics of

ice. The two specific objectives of this study are to:

1. perform experimental benchmark cases capable of reproducing the main characteristics of
an ice jam release for validation of any multi-body motion models with applications for ice-
wave interaction problems.

2. develop a model capable of simulating ice-water interactions using the Lagrangian
methods.

Lagrangian methods are used in this research because they offer several advantages over the
conventional mesh-based methods [87]. Lagrangian methods, also known as mesh-free particle
methods, have been developed in recent years to solve computational fluid dynamic problems and
use particle positions to determine the motion of the flow [88]. Besides being more robust and
accurate than Eulerian methods, these methods are easier to implement computationally. They do
not need to track the free surface or use mesh treatments, and they are capable of simulating
phenomena with high fragmentations and deformation [88]. These characteristics make these
models ideal for simulating highly-dynamic multi-physics problems such as the release of a river
ice jam. In the Lagrangian model, particles containing a set of field variables such as mass and
momentum move in the Lagrangian system and satisfy the equations of mass, momentum, and
energy conservation [88]. In this research, the two Lagrangian methods used are the Moving
Particle Semi-Implicit (MPS) method and the Discrete Element Method (DEM). The MPS method
simulates the water flow, while the DEM model is used to simulate the solid ice phase, as shown

in Figure 2.1.
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Figure 2.1 - MPS and DEM representation of water and ice, respectively

2.2 Organization of the work

In Chapter 3, the setup and results of the experimental test cases are explained and presented. In
Chapter 4, the DEM theory and discretization are described. Also, the model is validated in 2D and
3D with experimental results and with numerical results obtained from widely used open-source
models. In Chapter 5, the MPS model is explained, and some enhancement techniques are
presented. Moreover, the MPS-DEM coupling is described, and a 2D benchmark numerical test
case is presented to validate the proposed model. Finally, the concluding remarks are provided in

Chapter 6 as well as some recommendations for future work.



CHAPTER 3 THREE-DIMENSIONAL EXPERIMENTAL DAM BREAK
TEST CASES WITH FLOATING BLOCKS

3.1 Introduction

Useful and comprehensive experimental benchmark cases for the investigation of the river ice jams
are scarce in the literature. Hence, the author of this thesis performed some experiments that mimic
the characteristics of this highly nonlinear phenomenon in the Hydraulic Laboratory of Ecole
Polytechnique of Montreal. Although this experiment is a simplification of a real jam release, it
provides the basic solid-wave interactions needed as a benchmark for validation as used in the
article found in Appendix A, which this thesis’ author co-authored. The imagery data from two
high-speed cameras have been analyzed and used to track the highly dynamic motion of the blocks

and water surface profiles.

3.2 Experimental setup

Characteristics of jam releases and breaches of ice-covered reservoirs, such as having high
magnitude waves with floating ice parcels, were recreated by a series of dam-break case scenarios
with floating blocks. The present test cases were selected based on their high-dynamic nature,

simple geometry, reduced number of ice floes, and valuable data for numerical validation.

3.2.1 Experimental apparatus

The experiments, conducted at the hydraulic laboratory of the Ecole Polytechnique of Montreal,
were performed using a prismatic plexiglass tank having interior dimensions of 70 cm length, 15
cm width, and 30 cm height, as shown in Figure 3.1 (a). The tank is divided into two parts by a
removable gate of 0.5 cm thickness. The upstream part has a length of Lup= 15 cm and water height
of Hup = 15 cm, while the downstream part has a length of Ld¢o = 55 cm and variable water heights
Huo, respectively, as depicted in Figure 3.1 (b). Blocks made of artificial ice material are placed
on the surface of the upstream reservoir. A reference frame having the origin at point A has been
adopted for analysis purposes. The gate was lifted through a pulley-weight mechanism to release
the water column and replicate the dam-break event, as shown in Figure 3.1 (b). The gate’s sides



were sealed with flat and flexible vinyl strips and high-vacuum grease to ensure the reservoir’s
water tightness.

As depicted in Figure 3.1 (b), two cameras were used to track each block’s horizontal (x-axis) and
vertical (y-axis) motions. Figure 3.2A high-speed camera (FASTCAM Mini WX100), capable of
taking 1080 frames per second (fps) with a 2048 x 2048 resolution, was placed on top of the tank,
and another one (Sony DSC-RX100M5A) with 480 fps and 1292 x 436 resolution was placed at
the front of the tank. As shown in Figure 3.3, an AOS Offboard 150W Led light source, having a

high-frequency to eliminate flicker issues, was used.
) Top high-speed
cable O éﬁamera (1080 fps)

Rigid ]
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Figure 3.1 - (a) Prismatic plexiglass tank used in the dam-break experiments. (b) Schematic

drawing of the tank, water levels, gate, rigid blocks, pulley-weight mechanism, cameras
disposition, and light source.



(a) (b)
Figure 3.2 - (a) The FASTCAM Mini WX100 placed above the tank. (b) The camera Vixia HF
S200 camera placed in front of the tank

Figure 3.3 - The AOS Offboard 150W Led light source

3.2.2 Experimental material

Blocks of white polypropylene, having a density of approximately 868 kg/m?, were used as the
artificial ice floes. However, a higher density of around 0.92 kg/m? can better estimate river ice
floes density. The static friction coefficient between each block was found experimentally using

the setup shown in Figure 3.4.
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Figure 3.4 - Sets of polypropylene strips and weights

Two sets of polypropylene strips were used, where the top set was free to move, and the bottom
one was fixed to the table. Knowing that the blocks are wet during the experiment, the two sets
were soaked wet before applying a horizontal force. The normal force was defined by putting
additional weight above the top set, and the shear force was obtained by measuring the force
required to move the block horizontally with a dynamometer. The different masses put on top of
the sets, the average measured shear force, and the corresponding friction coefficients calculated
as the ratio of the shear force to the normal force are shown in Table 3.1.



Table 3.1 - Masses used to determine the coefficient of friction

Tries Mass (g) Shear Coefficient Tries Mass (g) Shear Coefficient

force (g)  of Friction force (g)  of Friction

1 1702 675 0.397 10 2135 900 0.422
2 1702 700 0.411 11 2135 900 0.422
3 1702 675 0.397 12 2135 850 0.398
4 1702 650 0.382 13 2135 925 0.433
5 1702 750 0.441 14 2668 1050 0.394
6 2002.5 750 0.375 15 2668 1150 0.431
7 2002.5 825 0.412 16 2668 1225 0.459
8 2002.5 850 0.424 17 2668 1025 0.384
9 2002.5 900 0.449 18 2668 1100 0.412

Average ‘ 0.413

Median ‘ 0.412

Standard deviation ‘ 0.023

The median static friction coefficient found for the wet blocks used in the article in Appendix A
[89] was p_s=0.4124+0.050. The present test did not consider the effect of sliding speed,
temperature, and surface tension on the friction coefficient. Furthermore, the kinetic friction
coefficient should be used in the simulation instead of the static friction coefficient. However, this
set of tests 1s useful to provide a reference value for the material’s kinetic friction coefficient since
a wide range of values [0.1, 0.6] given by a function of the velocity of the interaction, has been
used in previous papers for the actual ice-ice friction coefficient [90, 91]. Furthermore, in the dam-
break case scenarios, the friction forces are relatively small compared to the other solid collision
forces.



3.2.3 Experimental case scenarios

Eight case scenarios, summarized in Table 3.2, were carried out where a different number of
polypropylene blocks and downstream water heights have been used. In the first four cases, four
equal-size polypropylene blocks were used. Each block has dimensions (width x length x thickness)
7.25 x 7.25 x 1.95 + 0.06 cm and a mass of 0.089 + 0.001 kg. The other four cases used nine
polypropylene blocks of 4.80 x 4.80 x 1.95 + 0.06 cm, each having a mass of 0.039 + 0.001 kg.
Four downstream water heights, i.e., Hso = 0, 1.0, 2.5 and 5.0 cm, were tested. Each case was
repeated at least three times to ensure reliability, and the three repeated experiments of each case
are denominated EXP1, EXP2, and EXP3.

Table 3.2 - Experimental case conditions - Number of blocks, upstream (Hup) and downstream
(Hao) water height.

Cases| Number of blocks| Hu, (cm) | Hao (€M)
1 0.0
2 1.0
— 4
3 2.5
4 5.0
15
5 0.0
6 1.0
— 9
7 2.5
8 5.0

3.2.4 Data acquisition

The water surface profile evolution and displacement of ice blocks were determined by processing
high-speed imagery data from the top and front cameras. The blocks’ displacements in X and y

directions were determined by tracking the center of mass (CM), shown in Figure 3.5, of each



block using a free video analysis software called Tracker [92]. Furthermore, the water surface
profile was obtained by digitizing images extracted from the videos taken by the front camera. The

results were then used to validate the numerical model in [89] (see Appendix A).

+g a ° 2 >
b o (b Ox
Ko g M JA2 A3 .
A1 + A2 A x|
T B1 .B2 B3 |’
| X
# | 7 ' B 2 3 a

(a) (b)

Figure 3.5 - Initial arrangement of the cases with (a) 4 blocks and (b) 9 blocks.

3.2.5 Gate motion

The vertical gate motion’s time series for the 24 experiments are presented in Figure 3.6. A sudden
dam break can be assumed if the removal, t,, is less than \/2H,,/g [93]. In the present

experiments, the gate removal duration, estimated as the time required for the gate’s lower edge to

reach the dam filling height, was around 0.40 s and did not satisfy the criterion

t, < \/2 % 0.15/9.81 - t, < 0.175 s. Thus, sudden dam breaks cannot be assumed in the present
test cases. Numerical models must include the gate motion since its presence significantly

influences the water collapse process and the blocks’ motions.
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0 0.1 0.2 0.3 0.4

Figure 3.6 - Time series of the vertical gate motion for all 24 experiments and the median value

of gate velocity.

3.3 Results and discussion

3.3.1 Dam breaking with four blocks

Figures 3.7 to 3.10 show the water surface profile and the four blocks’ motion evolution with time.
These figures show only one of the three runs performed. The dry-bed test case is shown in Figure
3.7, while the wet-bed having Hdo=1cm is shown in Figure 3.8, Hdeo=2.5cm in Figure 3.9, and
Hdo=5cm in Figure 3.10. As seen from the figures, after the wave impacts the downstream wall, a
backward wave is generated, and the blocks are pushed in the upstream direction. If we compare
Figures 3.7 (b) to 3.10 (b), the effect of the downstream water level can be observed. As the
downstream water level increases, the blocks’ positions are more restricted in the upstream region.
Thus, the downstream water level affects the gravity-driven flow. Indeed, in Figure 3.10, the
blocks are maintained in the upstream end until t=1.60 s because the downstream height is higher.
On the other hand, in Figure 3.7, where a dry bed is used, the blocks A2 and B2 have almost
reached the downstream end att = 1.20 s. Furthermore, a mushroom-like jet is generated when a
downstream fluid layer is present, as previously reported by Stansby et al. [94] and Janosi et al.

[95]. As the downstream water height increases, the mushroom size increases. This mushroom jet
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also affects the blocks’ motion, and as its size increases, the blocks’ motion is less chaotic. Also,
the presence of this jet reduces splashing when the wave impacts the downstream wall. For

instance, if we compare Figures 3.7 (c) to 3.10 (c), it can be observed that as the downstream water
level increases, the splashing of water is reduced.

(t=1.60s (e)t=2.00s (Ht=240s

Figure 3.7 - Snapshots of the experimental and numerical dam breaking with 4 blocks and dry
bed at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s (front view).

(d)t=1.60s (e)t=2.00s (Ht=2.40s

Figure 3.8 - Snapshots of the experimental and numerical dam breaking with 4 blocks and wet
bed Hdo = 1 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s (front view).
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(e t=2.00s

Figure 3.9 - Snapshots of the experimental and numerical dam breaking with 4 blocks and wet
bed Hdo = 2.5 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s (front view).

()t=1.60s (e)t=2.00s (Ht=240s

Figure 3.10 - Snapshots of the experimental and numerical dam breaking with 4 blocks and wet
bed Hdo = 5 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s (front view).

The blocks’ center of mass were tracked for the three trials EXP1, EXP2, and EXP3 and were
plotted in Figures B1 to B8 in Appendix B. Figures B1 to B4 show the longitudinal motion of all
four blocks for dry bed and water bed with Hdo = 1cm, 2.5 cm, and 5cm. Figures B5 to B8 show
the vertical motion of blocks B1 and B2 for dry bed and water bed with Hdo = 1cm, 2.5 cm, and
5cm. It can be seen from the figures that the blocks have similar motion until t = 1.5 s, after which

the blocks exhibit chaotic behaviors due to the backwater wave.
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3.3.2 Dam breaking with nine blocks

Snapshots of the water surface profile and the blocks’ motion evolution in time are depicted in
Figures 3.11 to 3.14. Once more, these figures show only one of the three total runs performed.
The dry-bed test case is shown in Figure 3.11, while the wed-bed having Hdso=1cm is shown in
Figure 3.12, Hao=2.5cm in Figure 3.13, and Hdo=5cm in Figure 3.14. As seen in the four-block
test cases, the blocks are pushed in the upstream direction by the backwater wave, a mushroom-
like jet is generated when a downstream fluid layer is present, and as the downstream water level
increases, the splashing is reduced. In the nine-block test cases, a more chaotic motion of the solids
is generated due to the blocks having smaller dimensions.

()t=160s (e)t=2.00s (Ht=240s

Figure 3.11 - Snapshots of the experimental and numerical dam breaking with 9 blocks and dry
bed at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s (front view).
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(dt=160s (e)t=2.00s (Ht=240s

Figure 3.12 - Snapshots of the experimental and numerical dam breaking with 9 blocks and wet
bed Hdo = 1 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s (front view).

()t=160s (e)t=2.00s

Figure 3.13 - Snapshots of the experimental and numerical dam breaking with 9 blocks and wet
bed Hdo = 2.5 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s (front view).
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(dt=160s (e)t=2.00s (Ht=2.40s
Figure 3.14 - Snapshots of the experimental and numerical dam breaking with 9 blocks and wet
bed Hdo = 5 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s (front view).

Figures B9 to B20 in the Appendix B provide the experimental longitudinal and vertical motions
of blocks C1, C2, and C3 for the dry-bed and wet-bed test cases.

3.4 Conclusion

In conclusion, this chapter presents a series of experimental cases performed by this thesis’ author,
which can be employed as simple 3D benchmark cases to validate river ice models, as used in the
paper [89] (see in Appendix A). Such benchmark cases are scarce in the literature. Eight case
scenarios were carried out in total. In the first four cases, four equal-size polypropylene blocks
were used, and in the next four cases, nine polypropylene blocks were used. For each case, four
downstream water heights, i.e., Hs% = 0, 1.0, 2.5, and 5.0 cm, were adopted. Also, each case was
repeated at least three times to ensure reliability. It was observed that a backward wave is generated
after the wave impacts the downstream wall. This wave pushed back upstream the blocks in a
chaotic behavior. Furthermore, when a downstream fluid layer is present, a mushroom-like jet is
generated, as previously observed by Stansby et al. [94] and Janosi et al. [95]. As the downstream
water height increases, the mushroom increases in size, and the blocks’ downstream motion is
reduced. By tracking each block's center of mass, it was observed that although all blocks follow a
similar trend, they exhibit different behavior between each trial. Such disparities are explained by

the intrinsic complexity and non-linearity nature of this experiment.
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CHAPTER 4 DEM MODEL AND VALIDATION

In this Chapter, a DEM model is developed and validated. The discrete element method (DEM) is
a Lagrangian numerical method proposed by Cundall and Strack [39] originally used to model and
investigate granular flows at the microscopic level with discrete independent particles whose
motion is defined by the interparticle interactions. This method was subsequently applied to a wide
range of fields ranging from mechanical engineering to chemical engineering [96] and modified to

simulate particles with different shapes.

In DEM, a particle’s change in position and velocity is determined explicitly by integrating
Newton’s Second Law of motion at each time step. Within a time step, each particle’s physical
properties, such as position, angular and translational velocity, and contact forces, are assumed to

be constant [96].
4.1 Governing Equations
The translation and rotational change in position and velocity of particle i are determined by

explicitly integrating the following equations:

dx.
Vi =—= 4.1

m; % = Fg,i + Fh,i +ZFc,ij
dt ] (4.2)
Ii-o')i+mix(Ii-mi):Mh'i+ZMcvij (4.3)
J_ .

where X, v, o, and I are the position, the velocity, the angular velocity, and the inertia matrix of
the particle, respectively. F; is the gravitational force, and F;, is the hydrodynamic force, which is
non-zero when water is present. The calculation of F;, is described in Section 5.2 F, ;; is the contact

force generated by the collision between particles i and j and is the core of DEM. This force is zero
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if there is no collision. Similarly, M;; and M,, are, respectively, the contact and hydrodynamic

torques applied to the particle i defined as:
My + M =6 —Teon ) x (R +F ) (4.4)

where r; and r¢py, ; are the position of the particle and its center of mass.

When simulating individual spherical particles, the center of mass coincides with the particles’

position and Equation (4.4) drops to zero.

4.2 The Contact Forces

There exist two approaches for modelling the collision of rigid particles and calculating the contact
force between them: the hard-sphere contact model and the soft-sphere contact model. In the hard-
sphere contact model, the contact between two particles is considered instantaneous and governed
by the restitution coefficient, which is defined as the ratio of the approaching relative velocity to
the separating relative velocity. In this method, the particles’ motion is not determined by the
interparticle force, but the after-collision velocity is calculated using the restitution coefficient [76].
One of the hard-sphere model’s drawback is that it is only valid when the particles are in motion.
When the particles’ velocities approach zero, for instance, when equilibrium is reached, this
method is no longer valid [76, 97]. In the soft-sphere model, particles are allowed to have a slight
overlap, whose amount is used to calculate the contact (normal and tangential) between particles.
Hertzian model [76] are widely used approaches for calculating this contact force, based on elastic
and plastic deformations as well as frictional forces. The soft-sphere model is the most widely used
because it is efficient in special situations such as in dense regimes where there are multiple
contacts and in the presence of additional forces such as hydrodynamic forces [97]. For all these

reasons, this method is used in this thesis.
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Figure 4.1 shows a simplified DEM algorithm that starts by detecting collision and calculates the
total force that includes the contact force and the external forces, such as gravity and the
hydrodynamic forces. In this chapter, the DEM governing equations and the numerical

implementations are discussed.

Start

Detect if
there is collision

Calculate
contact
force

No i

Next Time Step

Calculate
resultant force
including external
forces

l

Calculate particle
acceleration,
velocity and new
position

Figure 4.1 - Simple DEM algorithm

In the soft-sphere method, when two particles overlap each other, a collision is detected. The
repulsion force between the particles is known as the contact force in DEM. The contact force is
proportional to the overlap and the particles’ diameter. This force also depends on the material
properties such as the Young’s Modulus, the Poisson ratio, the friction coefficient, and the

restitution coefficient [98].

In 3D, the overlap is represented by a contact plane. As depicted in Figure 4.2, the contact plane

can be decomposed in a normal, n;;, and tangential, t;; unit vector. When there is a collision, the

normal overlap is positive and is defined as:

Snij = (Ri +R;) = [l — x| (4.5)
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The position vectors of particles i and j are r; and r;, respectively, and R; and R; are the particles’

radii.

Figure 4.2 - Contact Plane

The contact force is defined as the sum of the normal and tangential contact forces:
Fc,ij = Fnc,ij + Ftc,ij (4.6)

The normal and tangential contact forces are found using the Hertzian model shown in Figure 4.3,
where a spring (elastic) and dashpot (dissipative) system are implemented. These forces are

explained in detail in Sections 4.2.1 and 4.2.2.

Spring

Figure 4.3 - Hertzian model with the spring and dashpot system
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4.2.1 The normal contact force

The elastic and dissipative components of the normal contact force are defined as:

n,ij nij — n,ij <n,ij

Fri =Foi +Foi = K0Sl + VoV

Normal elastic Normal dissipative
force force

where k,, ;; and y,, ;; are the normal stiffness and damping coefficients, respectively, and n;; is the
normal unit vector defined in Equation (4.8). v, ;; is the normal relative velocity between particles
i and j defined in Equation (4.9), where v; and v; are the velocity vectors of particles i and j,

respectively.
n; = =l (4.8)

Voi = ((v; = Vi) -ny)ny (4.9)
The normal stiffness and damping coefficients are calculated as [79]:

Ko = gY* RS, (4.10)

Vnii = €n Gm*Y*m (4.11)

where &, a calibration parameter, is the contact ratio. The other parameters, Y*,m*,and R*, are

given as:

(4.12)

(4.13)
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. mm,
m [ L

= 4.14
m, +mj ( )

where Y is Young’s modulus, v is the Poisson ratio, and R and m are the particle’s radius and
mass, respectively. If a particle collides with the boundary walls, the same equations are used, but

the boundary’s radius and mass are treated as infinite values and R* = R; and m* = m;.

4.2.2 The tangential contact force

Unlike the normal contact force, the tangential contact force obtained from the Hertzian model is
limited by Coulomb’s friction force (Fgr) [79]:
FC

i

= min(Ffij + Ft(,iij Fer) (4.15)
According to Coulomb’s friction law, the friction force can be obtained by multiplying the normal

force by a friction coefficient, u [99]:
R =ukF, (4.16)

Since we are interested in particles in motion where the static friction has been overcome, the
kinetic coefficient of friction will be used. Furthermore, a continuous sigmoidal function is
implemented to avoid the instability caused by the friction force discontinuity at zero velocity [99].
Thus, Equation (4.16) becomes:

c
I:n,ij

Fer = a5 [FS; [tanh(86, )t (4.17)

where u¢;; is the average kinetic friction coefficient defined as:

Mi i+ My

> (4.18)

Hijij =

The tangential unit vector to the contact plane, t;;, and the tangential deformation rate, St,ij, depend

ijo
on the relative tangential velocity found using the relative and normal relative velocity. Knowing
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that the particles’ relative velocity can be decomposed in a tangential and normal relative velocity,

the tangential relative velocity can be calculated as:

Vii = Vii = Vaij (4.19)

Since the tangential relative velocity is in the tangential contact plane’s direction, the tangential

unit vector is obtained by dividing the tangential relative velocity by its magnitude:

oo Vi (4.20)
ol Vi ll .

The tangential deformation rate is the projection of the relative tangential velocity in the direction
of the tangential unit vector:

é,ij = Vi 'fij (4.21)

The tangential contact force obtained from the Hertzian model is determined similarly to the normal

contact force:
t Jij + Ftdlj kt L IJ + J/t |j5t ut (422)
where
8 *\/—*
kt]ij = 2—1Y R (4.23)

Vi = ;en JemY VR (4.24)

é‘t i é‘t letDEM (4.25)

The time step, Atp g, Mmust be chosen small enough to satisfy the stability of this explicit scheme.
In DEM, to evaluate the contact behavior accurately, the time step must be smaller than the contact

duration, t., which, as can be seen in Equation (4.26), depends on the material properties and the
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particles’ relative incoming velocities [97]. By maintaining a time step smaller than ¢, the contacts

are evaluated several times within a collision. In general, the contact is evaluated from 50 to 100

times within a time step. Thus, in this project, Atpgy = % [81].

*2
t =2.87 mv_ i (4.26)
j i

*,

RYY™

4.3 Multisphere method

When simulating individual particles, the particles’ motions are relatively easy to obtain once all
the forces are calculated. Equations (4.1) and (4.2) are integrated using the linear approximation

as:
AXi; = Vi iAtpey (4.27)
and

E .
tot,i
= Vi + Aty

Vst (4.28)

No angular velocity is implemented when dealing with single particles since, as mentioned
previously, their position coincides with their centroid, and thus, the torque and angular velocity
are zero. When simulating individual particles, spheres are the simplest and easiest shape to
implement. However, spheres are not representative of real ice floes, and thus, it is necessary to
simulate rigid bodies of various shapes. One way to do so is to change each particle’s shape, but
the contact detection algorithm gets complicated with non-linear equations. Also, only pre-defined
shapes such as ellipsoids and superquadric bodies were successfully simulated [100]. If arbitrary
shapes are to be implemented in the future, a different approach must be implemented. Thus,
another way of simulating different shapes in DEM is to set a group of particles whose relative
positions are constant and that will act as a single rigid body. With this method, not only is contact
detection simple, but the body can have any arbitrary shape. This method is known as the

multisphere method and is used in this project.
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The normal and tangential contact forces of the particles constituting the multisphere are calculated
as explained in Sections 4.2.1 and 4.2.2. The only difference is that Equation (4.14) now uses the
mass of the colliding bodies and not of the individual particles. The forces are then added together
to find the total force acting on the rigid body. The only particles likely to collide with other
particles are the ones on the surface of the multisphere. Thus, only the surface particles are included
in the calculation, and the translational motion is obtained by modifying Equation (4.2) to:

dv
b= Fg B + Z (Fh,i + c u) (429)

¢ dt Y icQpg

where mg, vg, and Fg g are the mass, velocity, and gravity force of the solid rigid body B. The

contact and hydrodynamic forces calculated on the surface particles of the rigid body B are added
together to get the net force on the multisphere.

The rotational motion is determined similarly and Equations (4.3) and (4.4) become:

IB'®B+wBX(IB'mB):Mh,B+Mc,B (4.30)
Mg +M;g Z (r— eom, B)X(Fm +F u) (4.31)
I(QB

where the parameters of Equations (4.30) and (4.31) are applied to the rigid body B.

4.3.1 Two-Dimensional Rotation

When a multisphere undergoes a rotation, all the particles move around the center of mass, as
shown in Figure 4.4, where the multisphere rotates counterclockwise by 6. The relative position

of the particles with respect to the center of mass remains constant if ||r|| = [|r']|.
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Figure 4.4 - Rotation of a multisphere

The angle 6 is determined from the angular velocity, which in 2D is a scalar in one direction:
o=|0 (4.32)

A scalar is also used for the moment of inertia I; and Equation (4.30) becomes:
Lok =(M, s +M_g)k (4.33)

where Kk is the unit vector in the z-direction.

From Equation (4.33), the angular acceleration is obtained and used to update the angular velocity,

w,, and the angle of rotation 6 at each time step:

o Mg tM,)
’ I

t+Atpem
a)Z

t+Atpey U+ ALEy
0 =w Aty

A

4.34
=, + &, Atpey, (4.34)

The counterclockwise rotation of a particle around a point, as depicted in Figure 4.4, is performed

by multiplying the current particle’s position, r, by a rotation matrix, R,,, as:



where R,, is defined as [101]:

s {rn qz}:[cos(e) —sin(e)}

A I P sin(@)  cos(0)
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(4.35)

(4.36)

Since det(R,,,) = 1, Equation (4.35) will not change the magnitude of the vector r. Combining

Equations (4.35) and (4.36), the components of the new position are calculated as:
r',=r.cos(@)-r,sin(0)

r', =r.sin(0) +r, cos(d)

4.3.2 Three-Dimensional Rotation

In 3D, the angular velocity is no longer a scalar, but a three-dimensional vector:

XX Xy Xz

X 7y prd

where:

L= [ (v*+2°)pdV

vol

L, = [ @ +x")pdv

vol

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)
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1, = VIOI (X +y*) pdv (4.42)
=1, =— j | (xy) pdV (4.43)
I, =1, = —VIOI(yZ)pdV (4.44)
L, =1, == (x2)pdV (4.45)

vol

If the coordinate axes coincide with the object’s principal axes, then the inertia tensor is simplified

to:

>

I, 0 (4.46)

o
o s
o O
(e}

Using Equation (4.46), Equation (4.30) becomes:

de)x + (Iz - Iy)a)ya)z MtotB,x
Iyd)y + (Ix - Iz)a)xa)z = I\/ItotB,y (447)
Izd)z+(|y_ Ix)a)xa)y MtotB,z

It is important to note that the angular velocity and acceleration of Equation (4.47) are around the
body’s principal axes. Thus, it is important to define a reference frame parallel to the principal

axes, and more on that is explained in Section 4.4.

The angular acceleration around the rigid body’s principal axes is thus determined from Equation

(4.47) as:
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M (1, -1,) o0,

totB,x
|

X

t

t ot
- t+Atpgy totB,y — (Ix B Iz)a)xa)z
B =

y

(4.48)

t
y

MttotB,z _(Iy - Ix)a):(a)

z

The rotation of a rigid body in 3D could be performed using the Euler angles method, an extension
of the method explained in Section 4.3.1, which consists of defining a second and third rotation
angle ¢ and vy that will rotate around the other two axes. However, this method’s side-effect is
that, sometimes, one of the independent angles rotates at a 90 degrees angle, resulting in a loss of
a degree of freedom [102, 103]. This problem is known as a Gimbal lock. An example is
represented in Figure 4.5, where a rotation of 90 degrees in the x-axis causes the alignment of the

x and z gimbals. As a result, there is no way of distinguishing between the x and z gimbals.

4 y-axis

Figure 4.5 - Gimbal lock occurs when a 90-degree rotation around one of the coordinate axes

occurs resulting in the alignment of two gimbals

4.3.3 Quaternions

Quaternions offer many advantages over the Euler angles method, such as avoiding the Gimbal
lock problem. Also, instead of using three independent rotating angles in three directions, only one
angle and an axis of rotation can be used to represent any 3D rotation as depicted in Figure 4.6
[102].
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Figure 4.6 - Rotation of a 3D object using a single angle rotating around an axis p can be

performed using quaternions

In the mid 19" century, quaternions were discovered by William Rowan Hamilton, an lIrish
mathematician who strived to extend the complex numbers from two to three dimensions. Due to
its simplicity and ability to represent an object’s rotation in 3D, quaternions were applied to various

domains, such as classical and quantum mechanics and the theory of relativity [102, 103].

A quaternion is a four-dimensional vector consisting of a scalar g, and a vector p = (p,, Dy, p,):
d= (0., P) =(dy. Pes Py, P,) (4.49)

The vector p is the axis of rotation around which the object will rotate at an angle a from whence

the quaternion can be calculated as [102]:

e ) I

Any vector v can be rotated using the quaternions as [102]:
L, (v)=qvq (4.51)
where L, () is the quaternion rotation operator and q*is the conjugate quaternion calculated as:

q =(0,—P) = (%, —P,.—P,,—P,) (4.52)
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Since the quaternion will be used to perform the rotation of a vector, the magnitude of the vector
will remain constant only if the quaternion is a unit quaternion, ||q|| = 1. At each iteration, the

quaternion’s magnitude is maintained to 1 by:

q
q= H (4.53)

The angular velocity will be modified to be a four-dimensional vector, as the quaternion, and will

become:
o= (4.54)

Using the angular velocity, the variation of quaternion can be determined as:
1 ¢
dq= Eco ®q Aty (4.55)

However, from Equation (4.554.554.55), dq « 1, and since it is no longer a unit quaternion, it
cannot be used to update the quaternion. This problem is solved by finding a corresponding unit

quaternion variation as [104]:

q+dq=qQ&qs (4.56)

where q; is the unit rotation quaternion, and is determined as:

q® (q+dq) =q® (9 ® q5)

I'®q+q'®dg=9"R®qR4qs (457)
a1 qi

s =q+q ®dq

where the q; = (1,0,0,0) is the identity quaternion.
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This unit rotation quaternion is used to update the quaternion as:
q+AtoEm = g + g (4.58)

where the initial quaternion is the identity quaternion, q*c = q;.

There is no need to compute the angle, «, or the axis of rotation, p, directly because they are

indirectly obtained when the quaternion is calculated [105].

4.4 Global and Local reference frames

In DEM, when the multisphere method is implemented, two reference frames must be
implemented: the global and local reference frames. The global reference frame does not change
throughout the simulation, while the local reference frame rotates with the body. This frame is
called the local frame, and its unit vectors are parallel to the principal axes of inertia of the solid
[106]. A 2D and 3D representation of these frames are shown in Figure 4.7.

L i

I is
Figure 4.7 — 2D and 3D representation of the Global and Local coordinate systems

By definition, the gravitational force and the contact forces are given in the global coordinate
system, while the hydrodynamic forces are given in the local coordinate system. To be added
together, all the forces must be defined in the same coordinate system. Thus, the gravitational force
is converted from the global coordinate system to the local coordinate system before adding it to
the contact and hydrodynamic forces. Subsequently, the velocity and position obtained are in the
local coordinate system.
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AX; = Vi Aty (4.59)
and

FL
Vi =V +Atg, ﬁ (4.60)

t+Atpey
i

Once Ax* and vf, Atpg Ar€ Obtained, they are converted back to the global coordinate system Ax®
and v§, Atpgy @0d used to update the particles’ positions.

4.4.1 Two-dimensional Change in Reference frame

In 2D, the rotation matrix, R,,, defined in Section 4.3.1 and its transpose, RT, can be used to

convert any vector v from one coordinate system to the other as [103]:

Ve =R -v" (4.61)

vi =Ry V@ (4.62)

Combining Equations (4.36), (4.61), and (4.62), the components of the vector v in the local

coordinate axis from the global coordinates (and vice versa) are obtained as:

vy =V, cos(6) -V, sin(6)
& = vt sin(@) + vt cos(6) (4.63)
y X y

vy = V§ cos(6) + V' sin(0)
L - G (4.64)
, ==V, sin(@) + Vv, cos(0)

where the angle of rotation 6 is the angle at which the solid object has rotated and, consequently,
at which the local coordinate axis has also rotated. Figure 4.8 shows the vector v projected in both

coordinate systems.
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Figure 4.8 - Transforming the vector v from the global to the local coordinate axis

4.4.2 Three-dimensional Change in Reference frame

The conversion from the global to local (or vice versa) coordinate axes is performed as explained
in Section 4.3.3, where quaternions are used in 3D. The following operation must be performed to

convert a vector v from the local to the global coordinate system:
ve=q-v'-q (4.65)

Similarly, the following must be done to convert back the vector from the global to the local

coordinate system:
q (4.66)

It must be noted that the angular velocity used to update the quaternion must be defined in the local

coordinate system:

o= (4.67)
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4.5 DEM Algorithm

This Section explains the algorithm present in Figure 4.9 on DEM alone. It is assumed that the
hydrodynamic forces are yet not included, and only contact forces with other solids are present.

Reading
input
values

X’y’ Zlu1VIW1
diameter, material
properties, etc

Initializing the

forces, ang. acc., Fee =Fas=0; a=(10,0,0)
quaternions, and ®=0 : Mg, =0
torques to 0

Calculate § for
each particle on
the surface of a

multisphere

False @ True

Calculate Fn and Ft
and determine Aty

I

Convert Fn and Ft
from Global to local
coordinate axis: FnL

and FtL

}

Calculate the total
contact force and { Fest=Fu+Fe

tOI'quLeO?é tglzilocal MC,B += (ri —Teom ,B)L x FC,B

Were the force and torque
calculated for all solid surface
particles in multisphere?

No

Figure 4.9 - Complete DEM algorithm - The hydrodynamic forces are not included
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J Yes

Convert gravity force

from global to local

coordinate axis

I

Calculate the total Fots =Fo +Fee
forge, the local Vgt =Atgg, Fo /Mg
velocity, the local
angular acc. and .
velocity and the local O+ = Alpey O
displacement d_g =[dx,dy,dz] = At,g, v, ¢

I

Convert the local
displacements and
velocities to global

coord. axis

—» @, calculated from Equation (47)

dqg =0.50 ® qAty,,

Update quaternion |—| Y95 =% +q ®dq
i qt+AtDEM _ qt +q,

Calculate new centroid| |Translation: COMg+=Dgq
and particle positions Rotation: r'coy; =9 feoy, A"

Update each particles’
F VQ]OCiIt)Y Vi = Vg g t@g XTeoy ,i}

Output
Results

True

Figure 4.9 - Complete DEM algorithm - The hydrodynamic forces are not included (cont’d)
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4.5.1 Reading input values

The required initial values and parameters such as position, diameter, and material properties are
read in the simulation through an input file named InputDEM.txt. This input file is separated into
two parts: the first part contains the parameters of the multisphere, such as the center of mass of
the body, and the second part contains the individual particles’ properties. An example of an input

DEM file is shown in Figure 4.10.

InputDEM.txt - Notepad
File Edit Format View Help

N.Particles 1948
N.Groups 34
Type  COMx  COMy COMz  Mass Ixx Iyy Izz VGx vgy VGz
-101 0.005 0.005 2] 0.02099369 2] *] 2.62421E-07 2] 2] 2]
-102 0.015 0.005 2] 0.02099369 2] 2} 2.62421E-07 0 0 2]
-103 0.025 0.005 2] 0.02099369 2] 2} 2.62421E-07 2} ] 2]
-104 9.035 0.005 2] 0.02099369 2] [} 2.62421E-07 2} 0 2]
-105 0.045 0.005 2] 0.02099369 2] 2} 2.62421E-07 2} [} 2]
-106 0.055 0.005 2] 0.02099369 2] 2} 2.62421E-07 2} 2} 2]
-107 0.01 0.013660254 2] 0.02099369 2] 9 2.62421E-07 9 0 2]

108 8 0.912477284 Qo 9.020993¢~ 2] 242 — 2] 2] 2]
-1 0.05 .+83012/ v 36 2] -+21E-0/ - - =
=132 0.04 0.04830127 0 9.02099369 0 ] 2.62421E-07 ] 0 0
-133 9.05 ©.04830127 2] ©.02099369 2] 0 2.62421E-07 0 2] 2]
X y z type u v w Diameter Density YM PR FC RC  Surface
0.00975 ©.005 2] -101 2] 2] 0 0.0005 2700 69000000000 9.3 9.45 0.5 i
0.009723105 0.005504754 2} -101 [} 2} 2] 0.0005 2700 69000000000 0.3 0.45 0.5 1
0.009642725 ©.006003793 2} -101 2} 0 2] 0.0005 2700 69000000000 0.3 0.45 0.5 1
0.009509771 0.006491464 2} -101 [} [} 2] 0.0005 2700 69000000000 0.3 0.45 0.5 1
0.009325747 0.006962246 2} -101 0 0 2] 0.0005 2700 69000000000 0.3 0.45 0.5 1
0.009092739 ©.007410807 2] -101 2] 2] 0 0.0005 2700 69000000000 0.3 0.45 0.5 1
0.008813383 0.007832068 0 -101 [} 0 2] 0.0005 2700 69000000000 0.3 0.45 0.5 1
0.00849084/ ©.008221258 2] -101 ] 2] 0 0.0005 2700 69000aA2~ 2 9.3 2 B 1
13 5683323 - b - o L0005  2/6u-.. 5000000000 - 0.45 0.5
0.054322316 0.046331477 2} =133 2] 0 2] 0.0005 2700 69000000000 0.3 0.45 0.5 1
0.054507161 0.046801937 0 =133 2] 2} 2} 0.0005 2700 69000000000 0.3 9.45 0.5 1
©0.054640966 0.047289376 2] -133 2] 2] 2] 0.0005 2700 69000000000 0.3 9.45 0.5 1
0.054722217 0.047788273 2} -133 ] 0 2] 0.0005 2700 69000000000 0.3 0.45 0.5 1
[} 2} 0 -200 2] 2} 9 0.0005 2700 3000000000 0.3 9.45 0.5 2]

Figure 4.10 — An example of an InputDEM.txt file

The first part of the file implements the type, center of mass, mass, the moment of inertia, and
velocity of the multisphere. The type variable is a tag for each rigid body and will be useful to
gather the individual particles in the same group. In the example depicted in Figure 4.10, 33 rigid
bodies are being simulated. However, a value of 34 is shown next to the variable N.Groups in the
second line. This is explained by the fact that the boundary is included in the last line to define the
essential physical parameters of the boundary walls. Likewise, 1947 particles are simulated in total,

but N.Particles is given a value of 1948 because the boundary is included.

The second part of the input file implements the parameters of each particle. The parameters
include the position, type, velocity, diameter, density, Young’s Modulus, Poisson Ratio, friction

coefficient, and restitution coefficient. The last column Surface will determine if the particle is a
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particle located on the rigid body’s surface. In other words, if it is a particle likely to get into contact
with other particles. Using this variable will reduce computational time if particles are present

inside the multisphere, as shown in Figure 4.11.

Surface particles

00000000
00000000
00000000
00000000
00000000
00000000
00000000

Figure 4.11 - Detection of surface particles

4.5.2 Calculating overlap

The next step consists of initializing all the total forces, torques, and angular acceleration to 0.
These variables are calculated at each time step and are cumulative only within the time step. An

arbitrary time step At can be used as long as it is smaller than Atpygy.

The overlap is then calculated using Equation (4.5), and if the delta is positive, then there is contact
between two particles. The normal and tangential contact forces are calculated using the equations
stated in Sections 4.2.1 and 4.2.2, transformed in the local coordinate system using the theory of
quaternions, and added to find the total contact force, F. 5. The contact forces due to a collision
between a particle and a boundary wall are calculated similarly, but the mass and radius are

considered infinite.

Since there is contact, the Atz can also be calculated and compared to the implemented time
step At. If the implemented time step is bigger than Aty then Aty gy, must be used. If not, either
At or Atpgp can be used. When coupling DEM with MPS, a subcycling algorithm must be used
since MPS has a different time step than DEM. More details about that are found in Section
52521

Once the contact forces are known, the torque can be determined using Equation (4.31). Since the
contact forces and the angular acceleration are in the local coordinate system, the relative position

between the particle and the center of mass of the multisphere used in Equation (4.31),
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I —TIeom 5, Must be transformed from the global to the local coordinate system as well. The angular

acceleration in the local coordinate system can then be obtained using Equation (4.48). All the steps

of this paragraph will be repeated for all the particles on the surface of the multisphere.

Next, the gravity force will be converted from the global to the local coordinate system and added
to the total local force of the multisphere. If water is included, the hydrodynamic forces must be

included in this part. More details on that are found in Section 5.2.

The local velocity, angular velocity, and displacement are calculated using the total force and
angular acceleration. While the angular velocity is maintained in the local coordinate system, the
displacement and velocity are transformed back into the global reference frame. The quaternion is

updated using the angular velocity by making sure that unit quaternions are used at each step.

The rigid body’s translation motion is obtained by updating each particle’s position and the center
of mass using the global displacements, D ,. The particles are then rotated around the center of

mass using the updated quaternion.

Finally, each particle’s velocity is updated as:
Vi =Vgp T O XTcop i (4.68)

Once all these calculations are performed, they are repeated until the maximum simulation time is

reached.
4.6 DEM Validation

4.6.1 2D Single Particle Dropping

In this test case, the simplest case scenario is considered where a particle having a diameter of 0.1
m is dropped from a given height onto a floor. Table 4.3 shows the parameters used for this test

case.
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Table 4.3 - Particle and floor physical properties

Properties Particle Floor
Density p (kg/m?) 1200 oo
Young's modulus Y (GPa) 0.07 210
Poisson's ratio v 0.1 0.3
Friction Coefficient u 0.75 0.45
Restitution coefficient 0.5 0.8

The particle is released at the height of 2 m, and this height decreases after each rebound. The
rebound height and contact force with the floor are compared with the results obtained from one of

the most widely used open-source software, LIGGGHTS [107].

LIGGGHTS also uses DEM to model solid objects, and the equations are similar to the equations
presented in Section 4.2. In LIGGGHTS, the contact force is calculated as [108]:

Foij = knijOn ijfij — VnijVnij + KeijOeijtij — VeijVeij (4.69)

Normal Force Tangential Force

where k,, ;; is defined as in Equation (4.10). The sign difference between the LIGGGHTS Equation

and the Equations defined in Sections 4.2.1 and 4.2.2 is caused by the difference in the relative

vector definition:

O (4.70)

N Ll
Vnij = ((Vi -v;) ﬁif) n; (471)

In LIGGGHTS, the damping coefficient is calculated as:
(4.72)

5
n = _zj;ﬁ\/ Spm”



where

In (e)

JIn?(e) + w2

S, =2Y*\/R*6,

ﬁ:
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(4.73)

(4.74)

The Y*, R*, and m* parameters are determined similarly as in Equations (4.12), (4.13), and (4.14),

and e is the coefficient of restitution.

The tangential elastic coefficient is defined as:
k. =8G*\/R*6,
where

1 _ 2(2—Vi)(1+vi)+2(2—vj)(1+vj)

G* Y; Y

The tangential elastic coefficient is defined as:

5
Ve = _2\/;,3\/5}7”*

where

S, = 26"\/R*6,

(4.75)

(4.76)

(4.77)

(4.78)

One of the differences between the model proposed by LIGGGHTS and the one presented in this

project is that in LIGGGHTS, all parameters are analytically calculated from the solid's physical

properties, and no parameter can be calibrated. Having no such parameter restrains the flexibility

of adjusting the contact force to obtain a realistic behavior since the parameters used in the

equations are only estimates of the real physical properties.
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Figure 4.12 shows the particle position variation with time when a contact ratio of 0.14 is used.
The height evolution is compared to results obtained by LIGGGHTS and is compared in Figures
4.13 and 4.14.

Time = 0.00s Time =0.40s Time =0.60s Time=0.64s
o
. x o
Time =0.67s Time =0.80s Time =1.00s Time=1.35s
[
o
o
v X .

Figure 4.12 - Time evolution of the particle bouncing off the floor
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Figure 4.13 - Rebound height comparison between results obtained with the proposed model vs.
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Figure 4.14 - Calibration curve of the rebound height obtained using the proposed model vs.

LIGGGHTS
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The results obtained from the proposed DEM model are in good agreement with the results
obtained by LIGGGHTS since, from Figure 4.14, a coefficient of correlation of 1 has been found.

5000
4000
3000

2000

Force (N)

1000

0 0.5 1 1.5 2 2.5 3

-1000
Times (s)

LIGGGHTS CR=0.14

Figure 4.15 - Impact force comparison between LIGGGHTS and the proposed model

Table 4.4 - The percentage difference between the maximum and average values of contact

forces obtained from LIGGGHTS and the proposed model

Present Model LIGGGHTS Error(%)

Average Forces (N)
Peak 1 1380.23 1401.02 1.48
Peak 2 453.76 425.87 6.55
Peak 3 202.48 201.67 0.40
Peak 4 98.16 94.46 3.92
Peak 5 49.58 53.21 6.81

The contact forces calculated when the particle bounces off the floor are compared with the contact
forces obtained by LIGGGHTS in Figure 4.15 and Table 4.4. It can be seen from Figure 4.15 that

as the rebound height decreases, the discrepancy between the two models increases. This
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discrepancy can be explained by the fact that LIGGGHTS has slightly higher damping forces. A
small increase in the contact ratio would improve this result. However, the percentage error of the
contact force's average value between the two models, shown in Table 4.4, is less than 7% for the
first five peaks. This small percentage error indicates that even though the forces are sometimes

out-of-phase, both models' average contact force is quite similar.

4.6.2 2D Multisphere validation

In order to validate the proposed DEM test case in 2D, the collapse of solid cylinder layers was
simulated and compared with experimental results performed by Zhang et al. [109]. Thirty-three
cylinders were piled up in an acrylic resin tank having a length of 26 cm, a width of 10 cm, and a

height of 26 cm. Table 4.5 summarizes the physical properties used in this test case.

Table 4.5 - Cylinders' Young modulus, Poisson coefficient, friction coefficient, and density used

in the proposed model

Materials ~ Y[Nm~2] v[] us [-] Density [kg /m3]
Cylinders | Aluminum 69 x 10° 0.3 0.45 2.7 x 103
Tank PVC 30 x 108 0.3 0.45 o

Each cylinder has a diameter of 1.0 cm and a length of 9.9 cm. This initial motion is driven by

gravity when a vertical gate that was retaining the cylinders is removed.

A calibrated contact ratio of 0.1 was used in the DEM model presented in this thesis, and each
particle was assigned a diameter of 0.0005 m. Each cylinder was represented by a set of particles
whose relative position remains constant. Furthermore, since the solid surface particles are the only

ones likely to collide with other particles, only those were simulated, as shown in Figure 4.16.
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Figure 4.16 - Representation of a cylinder using multisphere

Figure 4.17 shows a qualitative comparison between the experimental and numerical results for
thirty-three cylinders piled in six layers. It can be seen that the numerical result agrees well with
the collapse behavior of the cylinders obtained experimentally. The average center of mass is used
to validate the model quantitatively and is calculated by summing up the center of mass of all the

cylinders and diving it by the total number of cylinders, N as:

N
E Cl COM

where rg,, 4 com is the average center of mass and r; o is the center of mass of each cylinder ci.

(79)

2I>—*

avg coM =

The transient average center of mass has been normalized and plotted in Figure 4.18, where it can
be seen that the numerical and experimental results are in good agreement. The experimental results

were obtained by averaging the results obtained by five consecutive runs [109].
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Figure 4.17 - Cylinder collapse at t=0, 0.101, 0.3, and 0.5 s. (Experimental data in the left [109];
simulation results in the right)
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Figure 4.18 - Variation of the average center of mass for thirty-three cylinders (a) The horizontal

variation (b) The vertical variation

4.6.3 Demolisher test case used to validate the 3D multisphere model

No simple experimental-based 3D benchmark cases exist in the literature to validate the DEM
model to the author's knowledge. Thus, the model is compared with software widely used
industrially to simulate solid-solid interactions. A test case performed by DualSPHysics has been
chosen to validate the model. This test case is called the Demolisher test case, where, as shown in
Figure 4.19, a wrecking ball is released from rest to swing and collapse onto the wall. The tank
length (L), width (W), and height (H) are 11 m, 6 m, and 9.5 m, respectively. Table 4.6 summarizes
the block, pendulum, and wall's physical properties. The results obtained by this proposed model
are compared once more with the results obtained by LIGGGHTS because LIGGGHTS outputs

the position and the contact force while DualSPHysics only outputs the position.



48

Table 4.6 - Pendulum, blocks, and wall's physical properties

Materials Y [Nm-2] v[-] ul-] e Diameters Relative

(m) Weight
Pendulum | Steel 2.1 x 1011 0.3 0.45 0.8 0.7 2.5
Blocks Soft-Wood 7 x 107 0.1 0.75 0.5 0.05 1.2
Wall Steel 2.1 x 1011 0.3 0.45 0.8 inf 2.5

v

L

Figure 4.19 - Demolisher test case - Pendulum motion and initial blocks set-up

Each block has dimensions of 0.5 x 0.5 x 0.5 m. In DualSPHysics, the pendulum string is simulated
using cylinders attached to each other, as depicted in Figure 4.20. Thus, the pendulum motion is
gravity-driven, and the length of the string restricts the motion. A first attempt at simulating such
a pendulum was performed in the proposed DEM model, but LIGGGHTS does not allow such a
motion. A constant velocity for the pendulum motion is the only motion allowed by LIGGGHTS.
As a result, a gravity-driven pendulum motion results in a higher velocity at collision, as depicted
in Figure 4.21. Thus, a pendulum motion similar to LIGGGHTS was simulated to reduce the

disparities, as depicted in Figure 4.22.
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Figure 4.20 - DualSPhysics Pendulum representation
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Figure 4.21 - Pendulum velocity simulated by LIGGGHTS vs. a gravity-driven pendulum
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Figure 4.22 - Pendulum motion in the x and z direction for the proposed model, LIGGGHTS,
and DualSPHysics
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4.6.3.1 Calibration of the contact ratio

A smaller test case, shown in Figure 4.23, involving the collision of only three cubes having the
same properties and dimensions as in the Demolisher test case, was used to calibrate the contact
ratio. The block's position and velocity obtained from the proposed model is in good agreement
with the results obtained from LIGGGHTS when a contact ratio of 0.3 is used, as shown in Figure
4.24.

0.3 m

Figure 4.23 - Set up of three blocks released from height of 0.3 m
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Figure 4.24 - Snapshots of the block position evolution obtained for the proposed model and

LIGGGHTS
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The average contact force for each block obtained from the proposed model and LIGGGHTS is
presented in Table 4.7. One of the shortcomings of the LIGGGHTS-public version, which is the
one used in this thesis, is that the contact dissipation increases in proportion to the number of
spheres used per multisphere, thus rendering the contact force unphysically small [110]. This
error is corrected in the LIGGGHTS Premium version, which was not available to the author of
this thesis. The contact ratio was adjusted such that despite the contact force being different,

similar block behavior is achieved.

The blocks’” motion and velocity calculated from the proposed model are in good agreement with
those calculated from LIGGGHTS, as shown in Figures 4.25 to 4.27.

Table 4.7 - Average force comparison between the proposed model and LIGGGHTS for Blocks
A B,andC

Average Forces (N)

Proposed Model  LIGGGHTS
Block A 754.088 2.389
Block B 1674.66 0.97
Block C 2649.48 1.07
__ 06 o 3
Eos \ S 25
c 04 = 2
.8 0.3 S 15
‘» 0.2 g <L 1
S 01 > é 05
Ao = o -
0 0.2 0.4 0.6 0.8 1 o 05 0 0.2 0.4 0.6 0.8 1
Time (s) S Time (s)
e=s(CR=0.3 em===||GGGHTS ===(CR=0.3 ===LIGGGHTS

Figure 4.25 - Comparison of the z-position and the velocity magnitude between the proposed
model and LIGGGHTS of Block A
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Figure 4.26 - Comparison of the z-position and the velocity magnitude between the proposed
model and LIGGGHTS of Block B
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Figure 4.27 - Comparison of the z-position and the velocity magnitude between the proposed
model and LIGGGHTS of Block C

4.6.3.2 Demolisher Results

Snapshots of the Demolisher test case obtained from the proposed model, LIGGGHTS, and
DualSPHysics, are presented in Figures 4.28, 4.29, and 4.30, respectively.
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Figure 4.28 - Snapshots of demolisher results obtained from the proposed model
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Figure 4.29 - Snapshots of demolisher results obtained from the LIGGGHTS
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Figure 4.30 - Snapshots of demolisher results obtained from the DualSPHysics
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The average block position was calculated as using Equation (79), where N is taken as the number
of blocks, ray,g,conm the average center of mass, and r; ¢ the center of mass of each block. Figure
4.31 compares the average position in x, y, and z-direction between the proposed model,
LIGGGHTS, and DualSPHysics. Overall, the proposed model is in good agreement with the two

open-source models.
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Figure 4.31 - Comparison of the average block motion between the proposed model,
LIGGGHTS, and DualSPHysics

Table 4.8 shows the average of the values obtained in Figure 4.31, and Table 4.9 shows the

percentage difference between the proposed model, LIGGGHTS, and DualSPHysics.

Table 4.8 - Average position comparison between the proposed model, LIGGGHTS, and
DualSPHysics

Proposed model LIGGGHTS DualSPHysics
Average x-position 4,53 4.48 4.78
Average y-position 5.06 4.92 5.07

Average z-position 0.79 0.76 0.81
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Table 4.9 - Percentage difference of the average position between the proposed model,
LIGGGHTS, and DualSPHysics

Percentage difference (%)

Proposed model Proposed model and LIGGGHTS and

and LIGGGHTS DualSPHysics DualSPHysics
Average x-position 1.11 5.37 6.48
Average y-position 2.78 0.26 3.03
Average z-position 3.62 2.50 6.12

Since the percentage difference between the proposed model and either LIGGGHTS and
DualSPHysics is smaller than the difference between the two open-source codes, the proposed

model results are considered acceptable.

4.6.3.3 Pendulum force comparison

The comparison of the contact force evolution of the pendulum is shown in Figure 4.32. An
average contact force of 319 kN is obtained from the proposed model, while LIGGGHTS
calculated 165 kN. When considering a single sphere, the contact forces calculated from the
proposed model and LIGGGHTS are of the same order of magnitude, unlike the contact force
between multispheres. Figures 4.33 and 4.35 show the contact forces of blocks 8 and 9 (see Figure
4.19 for block numbers), where a logarithmic scale is used in the vertical axis to show the difference
in magnitude. An average contact force of 16.6 kN was calculated for block 8 in the proposed
model, while an average contact force of 0.075 kN was calculated from LIGGGHTS. Similarly, an
average contact force of 10.7 kN was obtained from the proposed model, and LIGGGHTS' average
contact force was 0.092 kN for block 9. The contact force exerted on blocks 8 and 9 should be of
the same order of magnitude as the pendulum's contact force to satisfy Newton's Third Law.
However, it is normal to see a bigger contact force exerted on the pendulum because the pendulum
enters into contact with blocks 3, 4, 13, and 14 as well. However, while the contact force calculated
from the proposed model on blocks 8 and 9 are smaller, they are not as low as the contact force
calculated from LIGGGHTS. Once more, the contact forces calculated from LIGGGHTS for

multispheres seem to be unphysically small.
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This difference in force might explain why in some instances, the z-position obtained from the
proposed model is slightly higher than the position calculated from LIGGGHTS, as seen in Figures
4.34 (c) and 4.36 (c). These two figures show that blocks 8 and 9 from DualSPHysics also have
lower heights, but this can be accounted for by the pendulum motion being different. The x and y-
position for these blocks are in good agreement with the results from the two open-source codes.
Furthermore, the position obtained from the proposed model of the two upper blocks 13 and 14,
which also are in contact with the pendulum, are in good agreement with the two other models, as
seen from Figures 4.37and 4.38.
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Figure 4.32 - Comparison of force magnitude between the proposed model and LIGGGHTS for

Pendulum

4.6.3.4 Block 8 Force and position comparison
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Figure 4.33 - Force comparison between the proposed model and LIGGGHTS for Block 8
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4.6.3.5 Block 9 Force and position comparison
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4.6.3.6 Block 13 position comparison
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4.6.3.7 Block 14 position comparison
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Figure 4.38 - Position comparison between the proposed model and LIGGGHTS for Block 14

4.7 Conclusion

In this chapter, the DEM model is explained, and the equations used are presented. Next, the DEM
model, developed by the author of this thesis, was validated in 2D and 3D using both the single-
particle and multisphere methods. The single-particle method was validated by comparing results
with a well-known open-source code, LIGGGHTS. A single particle was released from rest, and
the contact force with the floor was calculated. A maximum percentage difference of 6.81 % was
obtained among the first five peaks of the contact force. The 2D multisphere method was validated
using an experimental test case where the numerical results were in good agreement with the

experimental test case when a contact ratio of 0.1 was used. The 3D multisphere method was
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validated using a Demolisher test case performed by DualSPHysics, which only outputs the
position. Thus, the simulation was reproduced in LIGGGHTS, with which the results were mainly
compared. A simplified test case was performed to calibrate the contact ratio where three blocks
were released from a given height. A contact ratio of 0.3 in the proposed model gave results that
were in good agreement with LIGGGHTS. However, it was observed that the contact forces
calculated from LIGGGHTS were unphysically small, and, according to LIGGGHTS' website
[110], this error is corrected in the Premium version. Nonetheless, the blocks' overall position
obtained from the proposed model was in good agreement with both LIGGGHTS and
DualSPHysics.
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CHAPTER 5 MPS-DEM COUPLING

Here in this research work, the interaction of rigid-solid bodies (i.e., ice) with fluid (i.e., water) is
modelled by coupling the DEM method (for solid) with the moving particle semi-implicit (MPS)
method (for fluid flow). This chapter is divided into two parts. In the first part, MPS is introduced.
The second part explains how MPS is coupled with DEM.

5.1 MPS

5.1.1 Governing Equations

In a Lagrangian frame, the governing equations of fluid flow include the mass and momentum

conservation laws, written as:

1Dp
—ZF_y.
T v (5.1)
D
pF\t/:—Vp+F+V(,uV-V) (5.2)
Dr
—=V 5.3
Dt 5:3)

where p is the fluid density, v is the velocity vector, p is the pressure as a scalar, F is the body

forces per unit volume, u is the dynamic viscosity, and r is the position vector.

5.1.2 MPS discretization

In MPS, the fluid domain is represented by discrete particles whose position r; is updated by Eq.
(5.3). The physical quantities, such as velocity v, pressure p, and spatial derivatives on each target
particle i, are approximated using a weight-averaging (kernel smoothing) procedure over its
neighboring particles, j, situated within a radius 7, also known as the smoothing length of the

approximation procedure. This influence is quantified by a weight (kernel) function W;; = W (rij,

re), with r;; = |r; — r;| being the distance of particle i with its neighbor j.

In this project, the most widely used rational kernel function is adopted:
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-1 r. <r

) (5.4)

e

W(r.j,r)z{re/r” !

nee 0 =T,
Also, the smoothing length is defined as r, = kl, where k is a constant between 2 and 4 and lo is
the average initial spacing between particles. In this project, a k value of 3.1 is chosen as it was
seen to provide enough stability and accuracy [67]. In MPS, the density of particle i is represented
by a dimensionless parameter n known as particle number density. This parameter is obtained by

taking the summation of the kernel functions of the neighboring particles:

N
n =2 W, (5.5)
i#]
where W;; = W (r;;,7.) and N is the total number of neighboring particles j around particle i. Since

the density does not vary for an incompressible fluid, the particle number density should remain
constant [111].

A parameter f of particle i, such as velocity, temperature or pressure, is approximated (interpolated)
in MPS using the normalized weighted average, represented by the operator (), of f on the

neighboring particles j as follow:

i fW;
(f) = '}‘W (5.6)

i#]

The denominator of Equation (5.6) is defined as the normalization factor, n,, and this equation can

be rewritten as:

1 N
() :_Z FW; (5.7)

Ny i#]

In MPS, the gradient of an arbitrary scalar f is estimated by using the weight averaging gradient of

f between particles i and j:
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d N
:n_ZJ: ‘H &;Wj (5.8)

where d is the number of dimensions (e.g., for 2D, d=2) and e;; = r;;/||r;; || is the unit direction

vector between particles i and j. In the same way, the divergence of a vector F is obtained as:

d N
i:n_zj ‘H Ij I] (59)

Similarly, the divergence of a vector gradient F, or the Laplacian of a vector F, is obtained as:

2d &L F-F
VF) =—» 11— W,
< >i nO oy Hr”Hz 1) (510)
Eq. (5.10) can be rewritten as:
(V’F > Z(F ~FW, (5.11)
Ny i

where A is the average of the squared distance between particles i and j [60] and is defined as:

Xl
ZW

i+

1= (5.12)

Equations (5.8) to (5.11) are used in MPS to discretize the governing equations from equations
(5.1) and (5.2), and the parameters are updated using the second-order Symplectic time integrator,

explained in more details in Section 5.1.3.

In the original MPS, the pressure and viscous terms of Equation (5.2) are estimated from Egs. (5.8)
and (5.11) as:
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d P,
(Vp), = 0|¢J H H e;W; (5.13)

(V(uv-u)), Zd” ZUH_HU Wi (5.14)

O 1#]

Nonetheless, Eq. (5.13) is derived for a regular particle distribution, and errors can arise for
irregular particle distributions [72]. A corrective matrix has been derived using Taylor series
expansion to enhance accuracy [70, 72, 73]. This enhancement’s side-effect is that the momentum
conservation is not satisfied because the interparticle pressure forces are not antisymmetric [67,
70].

The new formulation proposed by [67] is used in this study:

(Vp), Zii[” %, &] Y (5.15)

Gl N n I,

This discretization complies with the linear and angular momentum conservation law when
external and shear forces are not present and do not require additional stabilizing techniques.
Unlike non-conservative models, formulas that satisfy momentum conservation can reach a stable

condition when a non-uniform particle distribution is defined initially [67].

Jandaghian and Shakibaeinia [67] proposed a new way of estimating the particle number density
other than the widely-used formula shown in Eqg. (5.5), whose accuracy varies greatly depending
on the type of kernel function and the fluctuations of the particle distribution. The new way to
calculate n;, obtained from the continuity equation, limits errors near boundaries such as free-

surfaces [67] and is defined as:

0 1#]

1 Dn d
n_,Ft n Z[ j” H ij Ij (516)

where v;; = v; — v;. Using the conjugate form of the gradient and divergence operators through

Egs. (5.15) and (5.16) conserve the total energy of the system without dissipative terms [67].
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Unlike the original MPS, where the fluid is considered incompressible and the pressure is
calculated implicitly using the Poisson equation [60], a weakly compressible fluid is considered in
this paper. Thus, the Equation of State (EOS) proposed by Shakibaeinia and Jin [62], where the

pressure is a function of n; as given in Eq. (5.17)., is explicitly solved to calculate the pressure:

D :M[(ij —1} y=1 (5.17)
v Ny

where c, is the numerical sound speed and p, is the water density. Since the fluid is considered

compressible, a speed of sound exists [112]. However, since the time step is related to c, as:

Lo

At <CFL——
MPps Co + ”u”max

(5.18)
where CFL is the Courant-Friedrichs-Lewy stability condition (0 < CFL < 1), ¢, cannot be equal
to the real sound speed since that would lead to very small time steps and unexpectedly high
computational time. Thus, ¢, used in this project is smaller than the real fluid sound speed and is
taken to be about ten times the maximum flow velocity, u,,,,,. The Mach number is therefore 0.1
(Ma = upqy/co = 0.1) and the variation of the fluid density is less than 1% [112].

5.1.3 The Symplectic Time Integrator

The second-order symplectic integrator, also known as the Verlet integrator, is used in this project
to update the position, velocity, particle number density, and pressure [113]. In this algorithm, the
position is updated at each half step, while the velocity is not. However, the velocity at each half

step is calculated, as depicted in Figure 5.1, to determine the viscosity halfway. If viscosity is zero,

1
then vi22t™Ps does not need to be calculated [113].
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Figure 5.1 - The Symplectic time integrator scheme

For simplicity, Equations (5.2), (5.3), and (5.16) are rewritten as:

Dr
—=V 5.19
Dt (5.19)
Dv
—=T 5.20
P o (5.20)
1 Dn,
1T _N
n Dt (5.21)

where, I and N are the LHS of Equations (5.2) and (5.16), respectively. The position, velocity, and

particle number density can be defined at half a time step as:

t+£AtMPS 1

r, 2 =r'+ > Alyps Vi (5.22)
t+£AtMPS t 1 t

V.2 =V + EAtMPSpFi (5.23)
t+1AtMPS t 1 t

n 2 =n 1+EAtMPSNi (5.24)

1
Once these values are obtained, the parameter, F**22t™Ps is determined. Ulteriorly, the particle’s
position and velocity at the new time step are calculated as:
t+1AtMp5

V'II+AtMp5 — Vit + AtMPSF 2 (525)

i .
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L 1
t+Atyps t+§AtMPS = t+Atpps 5.26
t+Atyps

From these values, N is calculated, and the new particle number density is found as:

i

1 1
t+AL t+5Atmps 1 t+5Atmps
nitAtmes — 2 + = Atypsn, 2 Nt+Atmps (5.27)
i 2 i

5.1.4 Boundary conditions

5.1.4.1 Free surface

As a particle approaches the free surface, its particle number density decreases because fewer
neighboring particles are detected as there is no particle beyond the free surface. If the particle

number density of particle i satisfies:
n < AB.n, (5.28)

where S, is an empirical parameter that varies between 0.8 and 0.99, then particle i is considered
a free-surface particle [111]. In this study, g, is set at 0.9 and a Dirichlet boundary condition for

pressure is imposed to these particles.

5.1.4.2 Wall Boundary

The wall boundaries are defined by fixed particles divided into two categories: wall and ghost
particles. The wall particles are the particles in direct contact with the fluid particles. The ghost
particles, placed beyond the wall particles, are used to avoid the kernel truncation of wall particles
and fluid particles near the boundary wall. As a result, the presence of ghost particles avoids fluid
particles’ penetration through the walls. The number of ghost particles required to avoid incomplete
kernel support depends on the smoothing length r,. In this project, since a smoothing length of
1, = 3.11, is chosen, three ghost particles are placed beyond the wall particles. An example of the

boundary implementation is shown in Figure 5.2.

The pressure of solid boundary particles is determined using a Neumann boundary condition where

a zero pressure gradient is defined [60].
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A slip boundary can be implemented by setting the wall and ghost particles’ velocity to be the same
as the nearest fluid particle’s velocity. Likewise, a non-slip condition is defined by setting the

boundary particles’ velocity to zero.

5.1.5 Diffusive Term

The shortcoming of considering a weakly compressible model is that some unphysical fluctuations
in the density occur. Thus, a diffusive term is added to the continuity equation approximation from
Eqg. (5.16) to avoid such behavior. The diffusive term defined and adopted by [67] is used in this

project:

D, = &, CgAnﬂ(vzn)

0

(5.29)

where &,,ps IS a calibrated dimensionless coefficient that varies between 0 and 1. Thus, the new

continuity equation Eq. (5.16) with the diffusive term becomes:

i%—_iN N Vi Sups AlwpsCo” | 2d &
n, Dt N N, Z( J”rij” eijWij‘i‘( N ZnijWij (5.30)

iz \ M Ny 0 i#]
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where i and j belong to fluid particles only. It should be noted that the magnitude of the diffusive
term decreases when spatial resolution increases [67].

5.1.6 Particle Shifting Technique

Several studies on particle methods have adopted particle shifting techniques to prevent density
fluctuations and particle clustering [66, 72, 114, 115]. In this paper, the particle shifting (PS)
algorithm proposed by [67] is implemented. This algorithm defines the particle shifting vector

based on the “Fick’s law of diffusion,” similar to what has been applied in SPH [66], as:
or.=—FVC, (5.31)

where C; is particle i’s concentration and F; is the Fickian diffusion coefficient defined as

F = 2I,’CFL-Ma. Using the MPS approximation, C; is approximated as:

2\
C = i
: n

(5.32)

0
and the gradient of C; is:

d C. C
(VvC), = Z HJFH W (5.33)

O i#]

This new concentration gradient equation is conservative and does not have any pairing instability
problem found in other concentration gradient equations used in SPH. Nonetheless, if the particle
shifting technique is applied to particles near the free surface, these particles would be shifted
towards the free surface leading to erroneous behaviors caused by the incomplete kernel support
of particles near the free surface. This issue is addressed by implementing an algorithm that
identifies the particles near the free surface and prevents them from shifting towards the surface
[67]. Therefore, the algorithm defines four categories of particles depicted in Figure 5.3:
1. free-surface particle (1eF)

2. vicinity of a free-surface particle (i € B)
3. internal particle (iel
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4. external/splashed particle (i € E)
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Figure 5.3 - Particle classification as free-surface (i € [F), near to free-surface (i € B), external

(i € E), or internal particle (i € I)

The particle’s concentration is used to define in which category the fluid particle falls into. If C; <
B, Where S5 is a calibrated coefficient set to 0.4, then the particle is considered an external particle
(i e E). If Bz < C; < Br, where S5 is a calibrated coefficient set to 0.9, a region perpendicular to
the free-surface is scanned to determine whether the particle is a free-surface particle or not. The
region to be scanned is the umbrella-shaped region that comprises regions R1 and R2 shown in

Figure 5.4.

Figure 5.4 - Scanning regions R1 and R2 used to determine if the particle i is a free-surface

particle or not

If no neighboring particle j is found in either region R1 or R2 (j ¢ R1 U R2), then particle i is
considered a free-surface particle. Another way of defining a free-surface particle is to compare
the number of surrounding particles, N;, to the maximum initial number of neighbors, N,. If N; <
BnNy, Where By is a parameter set to 0.75, then particle i is also considered a free-surface particle
[67].
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The particle j is located inside region R1 or R2 if it satisfies the following conditions:

|21, and |rig| <1, jeRl

‘rij‘< V2l, and ‘ni 'rjs‘Jr‘ti 'Fjs‘< l, jeR2 (5.34)

where rjs = r; — rg and rs = r; + [yn;. The local unit normal and tangential vector to the surface

of particle i are n; and t;, respectively, and are defined as:

o >
|"]i :—'1 Ni = ei'Wi'
IN =i

vy o

If particle j is a free-surface particle (j € F) and satisfies either condition from Equations (5.34),

(5.35)

particle i is considered a neighbor to a free-surface particle (i € B). Particle i also belongs to B if
pr<C; and r;; < aly, where a is a variable dependent on the smoothing length [67]. A value of

a = 2.1 is used in this paper. All other particles are classified as internal fluid particles (i € I).

The particle shifting technique is defined as:

~-FVC, if iel
-F(I-Fn®n)VC if ieB
St = o (5.36)
-F(l-n®n)VC, ifielF
0 ifick

where 1 is the identity matrix and f; is a non-local unit vector determined as:

Ni N
n :M Ni = j%;njV\/ij (5.37)

E. is a factor of correction defined as either 0 or 1. If particle i belongs to B and does not move

towards the free-surface (i; - dr; < 0), then F. is set to 0 and 6r;cg = —F;VC;. In other words, if



76

a particle near the free-surface does not move towards the free-surface, then the particle shifting
method is applied as though the particle was an internal particle.

While the particle shifting technique prevents tensile instability in the internal particles, the
particles’ motion near the free surface is sensitive to negative pressure. Thus, either the negative
pressures are set to zero, or a particle collision (PC) method is implemented for particles near the

free surface as:

v :vi—“Tgv;O", icFUB
N 1+& . . (5.38)
vj:vj+Tvij , JeFuUB

where ¢ is the collision ratio set to 0.5, and V; and v; are the velocity after a collision between
particles i and j, respectively. The collision velocity vicj"”, obtained from Equation (5.39), between

particles i and j is calculated if the particles are close enough (||r;|| < 0.90,) and they are

approaching (v;; - r;; < 0).

coll

Vij = (Vij 'eij )eij (5.39)

5.1.7 Linked Cell method

In particle-based methods, the interparticle interactions are used to determine each particle’s
physical properties. A naive approach is to let the model calculate the interaction between all the
particles in the domain. Nonetheless, with such a method, the computational time is proportional
to N2 where N is the total number of particles in the domain [62]. In MPS, each particle’ physical
properties are estimated using the particles within a radius r,. In other words, only the closest
particles will affect each other, and there is no need to calculate the interaction between all particles.
Thus, an algorithm that will search for the closest, or neighbor, particles can be implemented to
reduce computational time. In this project, a linked cell method is implemented to search the

neighbor particles, and thus, to reduce the computational time from N2 to NlogN [62].
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In the linked cell method, the computational domain is divided into square cells using a background
cartesian grid having a mesh size of 7, + §. Based on each particle’s location, all particles are
allocated to a cell. For instance, as shown in Figure 5.5, particle i is allocated to cell 18. The
particles located in the nearby cells are denoted as neighbor particles of particle i. Thus, from
Figure 5.5, the particles in dark blue are included in the neighbor list and are the ones that will
interact with particle i. In 2D, the eight cells surrounding the cell containing particle i are
considered in the neighbour search, while in 3D, the 26 nearby cells are considered. In this project,
8 =1,/5.
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Figure 5.5 - Linked cell method: neighbors of particle i are inside the black square

5.2 MPS-DEM coupling

Once MPS and DEM have been developed individually, they can be coupled together to simulate
the solid-fluid (ice and water) interactions. MPS will simulate the fluid phase, and DEM will
simulate the solid phase. Here, we consider a two-way coupling approach. MPS provides the
hydrodynamic force for the DEM, and the DEM provides the solid boundary for MPS.

As mentioned in Chapter 4, the movement of a rigid body is governed by the forces applied to it.
The force of fluid (hydrodynamic force) F,, from Equations (4.29), (4.30), and (4.31) is analyzed
in this Section. The hydrodynamic force can be calculated by integrating the fluid stress tensor over
the surface of the solid bodies. Here, only the fluid normal force, i.e., the fluid pressure, is
considered. In other words. the fluid shear force is ignored. Therefore, F, ; (the hydrodynamic force

applied on particle i on the surface of the solid body) is calculated by multiplying the pressure of
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particle i (given by MPS) by the surface area of the object represented by particle i. In this case,
particle i refers to the particle on the surface of the solid body, and its pressure is calculated using
Equation (5.17). Note that the particles located on the solid surface (or solid surface particles) are

considered fluid particles in MPS, for which the pressure is calculated.

When the solid and fluid particles are close enough to be considered neighbor particles, the solid
particles must be included in the fluid particles’ neighbor list. In this way, the fluid particles will
detect the solid particles, and a repulsion force from the solid surface particles will avoid fluid
penetration inside the solid. Furthermore, to avoid incomplete kernel support on the solid surface
particles, three ghost particles are placed inside the solid, as shown in Figure 5.6. These particles
are called solid ghost particles. For Equations (5.15) and (5.17), the particle number density of the
solid surface particles is calculated using Equation (5.24), while the ghost particles have been

assigned a value of 0.8n, for stability.

Solid surface particles

Dummy particles

Figure 5.6 — A solid rigid body will have at least three layers of ghost particles inside to avoid

incomplete kernel support

The hydrodynamic force on the solid surface particles is calculated as:
F,; = —p;An} (5.40)

where p; is the pressure on the solid surface particle, A(= [3) is the contact area between the fluid

and the solid particles, and n7 is the normal vector on the solid surface, shown in Figure 5.6.
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This force is updated each time the solid’s motion is updated. As mentioned in Section 4.2.2, the
solid’s positions must be calculated at each Atpg), to maintain stability. However, the pressure p;
calculated by MPS is updated each At,,ps. Since the DEM time step is much smaller than the MPS
time step, Atpgp Should be taken as the time step for the whole model to maintain stability in both
DEM and MPS. However, by doing so, the computational cost is increased significantly because
Atp ey 1S I general around three orders of magnitude smaller than the Atyps [80]. Taking Aty ps
for the whole process would not be a good option either because the DEM model would not
converge. To solve this problem, a dynamic sub-cycling algorithm is implemented in this project
where the DEM calculations are performed several times using Atpgy Within a single Aty,ps time

step, as depicted in Figure 5.7.

Atpgm ; Atpem ; Atpgm § Atpem |

>
1

g
1
|

- A
—_

i
p)
t AtMPS t + AtMPS

Figure 5.7 - Subcycling method to ensure stability in both MPS and DEM methods



5.2.1 Algorithm

This subsection explains the following flowchart.
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Figure 5.8 - MPS-DEM coupling algorithm
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Figure 5.8 - MPS-DEM coupling algorithm (cont’d)

Two input files are required to run the coupled method: the DEM and MPS input files. The DEM
input file is the same as the one explained in Section 4.5.1, while an example of the MPS input file,

named input.txt, is shown in Figure 5.9.
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input.txt - Notepad
File Edit Format View Help
n3072
Total number — |-8.75E-03 3.75E-03 0 -3 0 (&) 0 (&)
of fluid particles -6.25E-03 -3.75E-03 0 -3 0 Q 0 a
-3.75E-03 -3.75E-03 %} -3 e Q0 e Q
1.25E-03 3.75E-03 <] 3 0 (2] %] a
1.25E-03 -3.75E-03 0 -3 0 9 0 Q
3.75E-03 -3.75E-03 %) -3 5] Q 2] a
6 T T T e e T
x y z Type u v w p

Figure 5.9 - MPS input file

Once all the parameters are assigned, the first step consists of initializing the pressure and particle
number density for fluid, solid surface, and solid ghost particles. While the pressure on solid ghost
particles is set to 0, the pressure for fluid and solid surface particles is initialized using the

hydrostatic equation:
pi =Yh (5.41)

The fluid and solid surface particles’ particle number densities are determined from Equation (5.17)

by using the pressure p; found from Equation (5.41):

n; =ng- y/piiz/g +1, y=7 (5.42)

For the solid ghost particles, n; = 0.8 n,.

The next step consists of setting a list of neighbor particles for all the fluid particles. This step is

performed using the Linked Cell algorithm mentioned in Section 5.1.7.

The following step involves calculating all the fluid particles’ properties using the Symplectic Time
Integrator algorithm explained in Section 5.1.3. In this step, only the pressure and particle number

density of the solid surface particles are updated.

Next, upon entering the DEM algorithm, two variables, niterationsMax and Iteration, are set to 0.
These variables are used for the DEM algorithm subcycling, where nlterationsMax determines the

maximum number of subcycling iterations to be performed, and Iteration is the number of
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iteration(s) performed. Also, Atpgy = Atyps at the beginning of the DEM algorithm because if no

contact occurs, then the subcycling time step is the same as the model’s time step, which is At ps.

Then comes the DEM initialization step, as explained in Section 4.5.2. The subsequent step
involves calculating the normal unit vector to the solid surface and the hydrodynamic force and
torque. Depending on the implemented geometry, the calculation of the normal unit vector varies.
In this project, spheres and rectangular prisms were used (or circles and rectangles in 2D). The
normal unit vector to the solid having a rectangular shape is:
Iica, — YjeD
nf — €% JeU (5.43)
[Ticas — Ten
where r;q, is the position of the solid surface particle i while r;, is the position of the closest

ghost particle to the solid surface particle, as shown in Figure 5.10.

Figure 5.10 — Direction of normal unit vectors for rectangular and circular shapes

The normal unit vector for a circular shape is determined using the vector shown in Figure 5.10,

I; — Icom s, Which is the relative position vector between the solid surface particle and the solid’s

center of mass:

ns = I; —Tcom,B (5.44)
l ”ri - rCOM,B” '
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The hydrodynamic force applied to the solid rigid body is calculated by summing up all the
hydrodynamic forces applied to the solid surface particles:

Frp = 2 Fri=— z pilon; (5.45)

iEQB I:GQB

Likewise, the hydrodynamic torque applied to the solid surface rigid body is determined as:

M = z (l'i — Ycomp) X Fri = — Z (r; — Ycoms) X pilgnf (5.46)

ié‘QB iEQB

For a circular (2D) or spherical (3D) solid shape, the hydrodynamic torque is equal to 0.

In the next step, a linked cell algorithm is implemented once more, but only the solid surface

particles are included in the neighboring list.

The following steps are the same as in the DEM algorithm with the only difference that, in the first
contact, nlterationsMax is calculated as the ratio between Atyps and Atpgy and is assumed

constant throughout the subcycling.

Once F¢ 5 and M p are calculated as explained in the DEM chapter, the total force acting on the
rigid body, F., can be calculated by adding the gravity, contact, and hydrodynamic forces
together. Similarly, the total torque can be determined by adding the contact and hydrodynamic
torques. Then, as detailed in the DEM chapter, the translational and rotational velocities and the

displacements of the rigid body are found.

After updating the quaternion, each particle’s position and velocity, and the solid’s center of mass
position, the Iteration value is incremented. The DEM loops as long as the Iteration value is smaller
than nlterationsMax. In other words, it loops until enough iterations using Atpgy have been

performed to maintain stability in DEM.

Once the DEM algorithm is exited, the MPS and DEM results are output either in Paraview or in

Tecplot.

The whole process is then iterated until the final time is reached.
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5.3 MPS-DEM Validation

5.3.1 2D Water entry of a solid block

Once the DEM was validated, it was implemented in the MPS model, and a simple numerical test
case, performed by Robb et al. [76] and Lee et al. [116], was used to validate the MPS-DEM model.
This case involves the simulation of a solid block released from a height of 0.1 m into a steady-
state tank filled with water, where the dimensions are given in Figure 5.11. The block's density is
modified in each run into 500 kg/m?, 1000 kg/m?, and 2000 kg/m? to verify if the DEM-MPS model
reproduces the buoyancy effect. The solid block, having dimensions of 0.1 m x 0.1 m, is modeled
using particles of 0.0025 m at the outer surface and three layers of ghost particles inside. Snapshots
of the numerical results obtained from the proposed model are shown in Figures 5.12, 5.13, and
5.14. As expected, when the density is half the density of water, the block floats on the surface,
and when the density is twice the density of water, the block sinks to the bottom. As for the density
of 1000 kg/m?, Figure 5.13 shows that the block resurfaces att = 1.2 s. However, from Archimedes'
principle, since the block has the same density as water, it should remain in the fluid and not
resurface. Before t = 1.0 s, the block attains an equilibrium inside the water as it should. However,
due to the weakly-compressible fluid assumption, the density fluctuates and becomes slightly
higher than 1000 kg/m?, thus pushing the block upwards. Further investigation needs to be done to
improve this condition. Nonetheless, from Figures 5.15, 5.16, and 5.17, where the block’s center of
mass is compared with the other two models, [76] and [116], the overall numerical results obtained
from the proposed model are in acceptable agreement with them. Table 5.10 shows the average x
and y-position of the three models, and Table 5.11 shows the percentage difference between the
three models. A maximum percentage difference of 14.09 % is found when density is 1000 kg/m?.
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Figure 5.11 - Dimensions and initial block position
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Time=1.2s

Figure 5.12 - Snapshots of the block having a density of 500 kg/m? falling in the steady tank.
The color gradient shows the pressure from 0 kPa (blue) to 4.905 kPa (red).
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Figure 5.13 - Snapshots of the block having a density of 1000 kg/m3 falling in the steady tank.
The color gradient shows the pressure from 0 kPa (blue) to 4.905 kPa (red).
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Figure 5.14 - Snapshots of the block having a density of 2000 kg/m3 falling in the steady tank.
The color gradient shows the pressure from 0 kPa (blue) to 4.905 kPa (red).
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Figure 5.15 - Block's horizontal and vertical motion for a density of 500 kg/m?®
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Figure 5.16 - Block's horizontal and vertical motion for a density of 1000 kg/m?®
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Table 5.10 - Average position comparison between the proposed model, and the numerical
models of Robb et al. [76] and Lee et al. [116]

Densities Average Proposed model (m) Robb etal. [76] Leeetal.
(ka/m’) (m) [116] (m)
500 X-position 0.2502 0.2522 0.2510
y-position 0.5396 0.5255 0.5253
1000 X-position 0.2504 0.2506 0.2518
y-position 0.4792 0.4186 0.4161
2000 X-position 0.2526 0.2473 0.2511
y-position 0.2088 0.2056 0.1904

Table 5.11 - Percentage difference of average position between the proposed model, and the
numerical models of Robb et al. [76] and Lee et al. [116]

Densities Average Proposed model vs. Proposed model  Robb et al. [76]
(kg/m’) Robb et al. [76] (%) vs. Lee et al. Us. Lee et al.
[116] (%) [116] (%)
500 X-position 0.79 0.30 0.49
y-position 2.66 2.70 0.04
1000 X-position 0.08 0.57 0.49
y-position 13.50 14.09 0.59
2000 X-position 2.12 0.60 1.53
y-position 1.50 9.21 7.72

5.3.2 2D Water entry of a circular cylinder

The proposed model is also validated using a 2D experimental test case performed by Greenhow

and Lin [117]. In this test case, a cylinder of diameter D=0.11m is dropped into a steady-state tank
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from a height of H=0.5 m, where H is the distance between the cylinder center and the water

surface, as shown in Figure 5.18.

A
v

16D

Figure 5.18 — Geometry setup of a cylinder dropped in a steady-state tank filled with water

The water density is p = 1000 kg/m® while the cylinder is tested with two different densities: half-
buoyant and neutrally buoyant. In other words, the cylinder’s densities are p = 500 kg/m® and

p=1000 kg/m?, respectively.

The fluid domain has a length of 16D and a depth of 8D, as shown in Figure 5.18. The particles
used have a diameter of 0.0022 m, and the viscosity is ignored. Snapshots of the results obtained

from the proposed model are shown in Figures 5.19 and 5.20.
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Figure 5.19 - Snapshots of the cylinder entering the steady-state tank filled with water for the
half-buoyant case
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Figure 5.20 - Snapshots of the cylinder entering the steady-state tank filled with water for the

neutrally-buoyant case

The penetration depth (in cm) of the cylinder into the steady-tank is compared to the experimental

results given by [117] and to two numerical results. The first numerical model, proposed by Sun
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and Faltinsen [118], used the two-dimensional boundary element method (BEM) to simulate the
water phase. The second numerical model, proposed by Sun et al. [119], used a 6 -SPH scheme
for simulating the water flow. In Sun et al. [119], several resolutions were used to simulate the
cylinder's water entry. However, in this thesis, only the resolution of D/Ax,, = 50 is used to
compare the results with the proposed model because this resolution is similar to the one used in
this thesis. Figures 5.21 and 5.22 show the comparison between results for the half-buoyant and

neutrally-buoyant cases.
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Figure 5.21 - Time histories of the depth of penetration of the half-buoyant cylinder of the

proposed model compared with experimental results [117], with §*-SPH [119], and with BEM
[118]
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Figure 5.22 - Time histories of the depth of penetration of the neutrally-buoyant cylinder of the
proposed model compared with experimental results [117], with §*-SPH [119], and with BEM
[118]

In these figures, the dimensionless cylindrical penetration is used in the y-axis, where y is the
cylinder's position, yo is the cylinder's position at the moment it touches the water surface, and D
is the diameter of the cylinder. A dimensionless time is used in the x-axis, where the initial time is
set at the moment the cylinder touches the water surface. Figures 5.21 and 5.22 show that the
numerical results obtained from the proposed model are in good agreement with both numerical

results and fairly good agreement with the experimental results.

5.4 Conclusion

In this Chapter, the MPS governing equations and their discretization are presented. A Symplectic
Time Integrator is used to calculate and update the field variables at each half step. The wall
boundaries are defined where wall and ghost particles are used to avoid fluid penetration into the
walls and where a Neumann boundary condition is used. The Particle Shifting Technique and
Particle Collision methods are explained since they are implemented in the proposed model. A
linked cell method, widely used in particle-based methods to reduce computational time, is
described. Finally, a 2D test case was used to validate the MPS-DEM method, where a block was
released from rest into a steady-state tank filled with water. The block’s density was changed from
500, 1000, and 2000 kg/m? to verify if the buoyancy effect is satisfied. Overall, the results obtained
from the proposed DEM-MPS method were in good agreement with the numerical results obtained
by [76] and [116]. Still, it was observed that the fluid density fluctuations influenced the block’s
motion when a density of 1000 kg/m® was used. A similar test case was used to validate the MPS-
DEM coupled model in 2D. The test case involved a circular cylinder of diameter D=0.11 m
dropped from a height H = 0.5 m in a steady-state tank filled with water. The penetration depth of
the cylinder entering the water surface obtained from the proposed model was compared with
experimental and numerical results. The proposed model provided results which were in good

agreement with these results.
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CHAPTER 6 CONCLUSION AND FUTURE WORK

Ice jams present a hazard to the ecosystem, hydraulic structures, and riverside communities. The
intrinsic complexity of this phenomenon renders it still unpredictable. A better understanding of
the processes and mechanisms involved in the river ice dynamic will promote adequate and reliable
management decisions. Due to climate change, relying on accurate prediction tools becomes even

more important to reduce ice jam floods impacts.

This thesis’s main objective was to provide more insight into river ice processes by providing high-
quality benchmark data reproducing an ice jam release’s overall characteristics and developing a

model capable of simulating ice-water interactions with Lagrangian methods.

Experimental benchmark test cases involving the collapse of a water column with floating blocks
were performed to provide valuable data that can be used for numerical model validation. These
test cases, which involve a series of case scenarios having different numbers and sizes of floating
blocks as well as being performed over dry and wet beds, mimics the general characteristics of an
ice jam release. It was noted that after the wave impacted the downstream wall, a backward wave
was generated. This backward wave pushed the floating blocks back in the upstream direction.
Moreover, when a downstream fluid layer was present, a mushroom-like jet was generated, and the

size was proportional to the downstream fluid layer.

The center of mass of each block was tracked using a free video analysis software called Tracker,
and the water surface profile was digitized using the images extracted from the front camera videos.
These results were used to validate the numerical model presented in Amaro et al. [89].

Additionally, solid objects moving in free-surface flow have been simulated using the coupling of
the MPS and DEM methods. The solid objects were simulated using the multisphere method, which
consists of using a group of particles whose relative position is constant. Newton’s Second Law of
motion is used to calculate the solids’ position at each time step once the total force acting on them
is obtained. The total force consists of the gravity force, the hydrodynamic force, and the contact
force. The contact force is the core of the DEM and is calculated using an elastic Hertzian model,

which involves the implementation of a spring and dashpot system.

The 2D single-sphere DEM method was validated by dropping a particle onto a level surface. The

force and position were in good agreement with numerical results obtained from a widely-used
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open-source software called LIGGGHTS. The 2D multisphere DEM model was validated using an
experimental test case performed by Zhang et al. [109] where thirty-three cylinders were piled up
and, after removing the plate that was maintaining them in place, collapsed due to gravity. The
numerical results agreed well with the experimental results, as shown by the snapshots of the
cylinders’ transient behavior. Also, the average center of mass was plotted with time and compared

with the experimental results.

A demolisher test case, presented and performed by DualSPHysics, was reproduced to validate the
DEM multisphere method in 3D. In the demolisher test case, a wrecking ball was released from
rest to swing and collapse onto a sixteen-block wall. This same test case was also simulated using
LIGGGHTS. In the proposed DEM model, the contact ratio was calibrated using a simplified test
case involving three cubes having the same properties as the demolisher test case. For a contact
ratio of 0.3, the block’s motion and velocity obtained from the proposed model were in good
agreement with the results obtained with LIGGGHTS. The demolisher test case was then simulated
with this contact ratio implemented in the proposed model. The average X, y, and z positions of the
blocks were compared between the proposed model, LIGGGHTS, and DualSPHysics. It was
shown that the percentage difference between the proposed model and either LIGGGHTS and
DualSPHysics was smaller than the percentage difference between LIGGGHTS and
DualSPHysics. Thus, the proposed model was in good agreement with both codes. However, the
force obtained by the proposed model was always higher than the force obtained by LIGGGHTS.
This discrepancy was explained by the fact that the contact dissipation in the LIGGGHTS-public
version increased proportionally with the number of spheres. This dissipation is corrected in the

LIGGGHTS-premium version, which was not available to the author of this thesis.

The MPS-DEM model was validated by simulating the release from rest of a block into a steady-
state tank, where the block changed in density. The buoyancy effect was analyzed in this case, and
the numerical results were compared with the results obtained by Robb et al. [76] and Lee et al.
[116]. Overall, the results obtained by the proposed model were in acceptable agreement with
Archimedes’ principle. However, when the block was neutrally buoyant, the block rose to the
surface instead of remaining inside the fluid. The fluctuation of the fluid density can explain this
discrepancy due to the weakly-compressible fluid assumption. Further inquiry is required to

improve this condition.
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The MPS-DEM model was also validated using a test case involving a circular cylinder dropped
in a steady-state tank filled with water. The cylinder’s penetration depth in the water surface
obtained from the proposed model was compared with experimental [117] and numerical [118,

119] results. The proposed model provided results that were in good agreement with these results.

6.1 Future Work

In this thesis, the author could not apply and validate the developed model to the 3D experimental
benchmark cases explained in Chapter 3. This impediment was mainly due to the need for further
validations and improved model efficiency (computational time). To accurately replicate river ice
jams, high-resolution simulations must be used. However, the models using higher resolution are
computationally more demanding since more particles are used. All but one of the test cases
presented in this thesis were performed using a serial code and had a very high computational time.
The extension of this research will apply for modeling the proposed benchmark experiments as
well as the larger scale ice dynamics problems. Implementing parallel programming with CUDA
will decrease computational time and render the model more suitable to simulate 3D real-life river

ice dynamic cases.

In this project, the solid blocks are assumed to have no change in geometry. However, real ice floes
undergo mechanical and thermal breakup. Thus, the simulation of ice floes’ breakage and the

impact of climate change on river ice jams can be explored in the future.

Furthermore, in this thesis, for calculating the hydrodynamic forces, only the normal stresses were
considered. In the future, other forces, such as the shear force, should be considered.
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ARTICLEINFO ABSTRACT

Keywards: This paper develops and evaluates a novel three-dimensional fully-Lagrangian (particle-based) numerical model,
Mesh-free particle-based methods based on the hybrid discrete element method (DEM) and moving particle semi-implicit (MPS) mesh-free tech-
ﬁi’: niques, for modeling the highly-dynamic ice-wave interactions. Both MPS and DEM belong to mesh-free

Lagrangian (particle) techniques. The model considers ice-wave dynamics as a multiphase continuum-discrete
system. While the MPS solves the continuum equations of free-surface flow in a Lagrangian particle-based
domain, the DEM uses a multi-sphere Hertzian contact dynamic model to simulate the ice floes motion and
interaction. The hybrid model predicts the motion and collision of ice floes as well as their interaction with
water, boundaries, and any obstacle in their way. Considering the mesh-free Lagrangian nature of both DEM and
MPS, the developed model has an inherent ability to predict the free-drift (absence of internal stress) movements
of the ice floes, e.g., sliding, rolling, colliding, and piling-up, in violent free-surface flow. A small-scale and
challenging experiment based on dam-break flow over dry and wet beds with floating bleck floes, which mimics
the characteristics of an idealized jam release, has been conducted to provide useful and comprehensive quality
data for the validation of the proposed model, as well as other numerical models. Experimental and numerical
results of the free-surface profile and the position of the blocks are compared. The results show the ability of the
model to numerically reproduce and predict the complex three-dimensional dynamic behavior of wave-ice floes
interaction. Overall, this study is a first effort toward developing an ice-wave dynamic within a fully Lagrangian
framework (i.e. both flow hydrodynamics and ice dynamics in the Lagrangian particle-based system), and its
results can be extended to bring an in-depth understanding of the physics of the real-scale ice-wave or river ice
dynamic problems in the future.

Ice-wave interaction

1. Introduction level and flooding. The increase in the forces acting on the jam or cover

front can provoke the breakup and release of the ice jam, with a high

River ice processes play an important role in cold-region hydro-
systems (e.g., rivers and lakes), especially during the ice formation and
breakup seasons. At the beginning of winter, when rivers become
supercooled, small crystals known as frazil ice start to form and they
agglomerate creating ice floes. At the end of winter, ice floes are formed
due to the breakup of the solid ice covers caused by temperature and
flow increase (Beltaos et al., 2000). These ice floes are carried down-
stream and can impact the river morphology and ecosystem and
threaten riverside communities and infrastructures (e.g., bridges and
hydroelectric dams, buildings, and roads) (Beltaos, 2010). Furthermore,
they can jam and block the flow leading to the rise of the upstream water

magnitude flood wave causing the ice floes to be carried downstream
while sliding, rolling, and colliding with everything at high-speed
damaging infrastructures and threatening human lives (Beltaos, 2010).
Similar high dynamic interaction of wave and ice can also be observed in
the dam-break of ice-covered reservoirs and in some sea ice processes.
Predicting and understanding the processes and mechanisms involved in
the dynamics of wave-ice interaction is crucial for assessing and miti-
gating the potential impacts. Nevertheless, due to the complexities
involved in such a highly dynamic multi-physics system, these processes
and mechanisms have remained largely unpredictable, especially in the
case of river ice.
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Due to the intrinsic complexity, simplified theoretical models of river
ice dynamics or wave-ice interactions are unable to describe the com-
plete problem. Field measurements were made to study and understand
river ice (Hicks, 2003; She et al., 2009; Beltaos et al., 201 1) and wave-ice
interaction dynamies in the contexts of ice jam processes (Jasel, 2003;
Nafziger et al., 2016) and sea ice (Squire, 2007; Squire, 2018; Squire,
2020), but the data obtained were generally limited, scarce, insufficient,
and expensive due to instrumental and accessibility limitations as well
as the associated risks. Several past studies have used laboratory
experimentation to shed light on the complex dynamics of river ice
(Morse et al., 1999; Healy and Hicks, 2001; Beltaos, 2007).

More recent efforts have focused on the numerical methods, which
can provide an economical alternative to simulate different scenarios
that can include future changes such as regulations and/or climate
change, e.g., Blackburn and She (2019). Many past numerical studies on
ice dynamics (particularly for river ice) have been based on one-
dimensional (1D) models. Though these models have been able to pro-
vide a general picture of the ice processes (useful for many applications),
they are limited in providing a detailed undelaying physics, especially
when the second and third dimension play important roles in the flow
structure and ice floe motions (e.g., when dealing with highly-dynamic
flows with circulations and complex geometries). In the past, several
two-dimensional (2D) models have been successfully applied to simu-
lations of general ice dynamics, including frazil ice, jamming of ice floes,
ice jam release and ice cover breakup, as stated in the extensive review
of Shen (2010). Subsequently, a range of three-dimensional (3D) nu-
merical formulations using Eulerian mesh-based methods, based on the
continuum description of ice, has been applied to solve ice-wave inter-
action problems (Wang and Meylan, 2004; Bai et al., 2017; Sayeed et al.,
2018). Nevertheless, dealing with the free-floating solids in free-surface
flows is still a challenge due to the presence of splashing, fragmenta-
tions, merging, or multiple body interactions. Furthermore, boundary
tracking or re-meshing techniques are required for mesh-based methods,
inereasing the computational complexity.

Another group of numerical methods are those based are the discrete
description of ice floes. While the accuracy of the continuum description
largely depends on the accuracy of the ice rheological models, the
discrete models have shown to be able to describe the underlying
physics in detail. Among discrete techniques, the discrete element
method (DEM; Cundall and Stracl, 1979), which is the base of currently
study, have been extensively used to study ice mechanies. The studies of
Hopkins and Hibler (1991) and Loset (1994), in which ice floe fields
were considered as systems of 2D discs, are pioneering works on the
application of DEM to describe the ice behavior. Hopkins (2004) used a
2D polygonal DEM approach, based on previous DEM work (Daly and
Hoplkins, 2001; Hoplins and Tuthill, 2002), to simulate the sea ice floes
displacement caused by wind stress and water drag. Ice floes thickness
were modeled using an algorithm proposed by Ebert and Curry (1993),
in which the ice dynamies incorporates a lead parameterization that
takes into account a minimum lead fraction, the absorption of solar
radiation in and below the leads, the lateral accretion and ablation of the
sea ice and a preseribed sea ice divergence rate. Hopkins and Daly
(2003) developed a similar DEM model that includes not only the drag
force but also the buoyancy and pressure force. This model combines a
3D DEM with a 1D hydraulic model whose transverse and vertical ge-
ometry and flow data are averaged. In Hoplins and Shen (2001) and Dai
et al. (2004), a 3D DEM model was used to study the dynamics of
pancake-ice, i.e., the circular floes formed during ice growth in a wave
field. They demonstrated that the final ice cover thickness due to the
rafting process is a function of wave amplitude, wavelength and floe
diameter. Another model developed by Stockstill et al. (2009) took a
step forward and combined the 3D DEM with depth-averaged 2D
shallow-water equations solved using a finite element (FE) scheme. The
ice rubbling process was simulated by the finite-discrete element
method in Paavilainen and Tuhkuri (2013), where an ice sheet and
blocks were modeled using a finite element method (FEM), and the ice
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rubble pile was modeled by a discrete element scheme. Ji et al. (2015)
applied the DEM to analyse the influences of ice velocity, ice thickness,
and conical angle on ice loads in conical offshore structures. A dilated
polyhedral DEM was developed by Liu and Ji (2018), and numerical
simulations of the interaction between ice floes and the floating strue-
ture Kulluk were validated against field data. Herman et al. (2019)
conducted numerical studies on wave attenuation through ice-floe
fields, and used DEM to account for the energy dissipation due to ice
floe collisions. In Gong et al. (2019), the resistance of a ship in ridges of
equal depth but different widths was studied using a 3D DEM. A good
review of different types of DEM approaches and their applications on
ice-related problems can be found in Metrikin and Lgset (2013), Tuhlkuri
and Polojarvi (2018), and Xue et al. (2020). There are various methods
in the DEM to represent solids of different seales or shapes. While some
techniques represent each solid parcel with a single particle, the so-
called multi-sphere methods (Favier et al., 1999) use a collection of
attached particles (with fixed relative positions) to construct the com-
plex shapes. Most of the numerical flow models adopted in these works
the flow hydrodynamic and interaction force of fluid (water) on the solid
(ice) have been based on simplified depth-averaged hydrodynamics, or
potential flow theory. Hence, they are not able to reproduce the highly
dynamic ice-wave interactions.

An alternative for simulation of flow hydrodynamies and fluid-solid
interactions is the continuum-based particle (Lagrangian) methods, such
as Smoothed Particle Hydrodynamies (SPH) (Gingold and Monagham,
1977) and Moving Particle Semi-implicit (MPS) (Koshizuka and Oka,
1996) which are widely used methods for many fluid flow problems.
These methods solve the continuum conservation equations over a set of
particles, containing the continuum field variables, that move in the
Lagrangian system (Shalibaeinia and Jin, 2010). Being mesh-free and
Lagrangian giving the flexibility of dealing with any deformations and
fragmentations. Combination of these continuum-based particle
methods with DEM (i.e. a discrete-based particle method) will create a
fully-Lagrangian multiphase-continuum modeling systems (e.g., DEM-
SPH or DEM-MPS), ideal for simulation highly dynamics movements
in both fluid and solid phases and their interaction. Such fully-
Lagrangian framework is the base of current study.

DEM-SPH/MPS approach has been applied to engineering problems
such as the interaction between fluid and solid particles in a cylindrical
tank (Sakai et al., 2012), partiele sedimentation (Robinson et al., 2014),
sediment transport in the swash zones (Harada et al., 2019), non-
Newtonian solid-liquid interaction with the presence of free-surface
flow (Li et al., 2019), among others. Some of the past works combined
multi-sphere DEM and SPH/MPS mainly to simulate rigid bodies
transport under free-surface flow (Canelas et al., 2016; Amaro Jr et al.,
2019). To the author's knowledge, the application of these DEM-SPH/
MPS particle based techniques to ice dynamics and ice wave interac-
tion problems, has been limited to a few recent works (e.g., Robb et al.,
2016; Kawano and Ohashi, 2015; Zhang et al.,, 2019). Kawano and
Ohashi (2015) used MPS to reproduce the process of growth and accu-
mulation of erystal nuclei and the formation process of the layer of fine
erystals. Zhang et al. (2019) used a SPH hydrodynamics to study the
kinematic and flexural responses of a single deformable ice floe. None-
theless, only 2D cases with a single ice floe (no collision model) were
simulated.

In this paper, a novel 3D fully-Lagrangian model able to handle ice-
wave interaction is proposed, which couples MPS and DEM, for con-
tinuum (water) and discrete (ice) phases, respectively. Although DEM
has been extensively used in the past for the ice dynamic simulations,
this is the first effort toward an efficient fully Lagrangian model that
combines DEM with a continuum particle method (e.g., MPS) to make it
capable of simulating the highly dynamic 3D ice-wave systems. In the
MPS method, the differential operators of the continuum mechanics are
replaced by weighted average discrete operators on irregular nodes, and
a semi-implicit algorithm is applied to solve the governing equations.
Furthermore, MPS is very effective for the simulations of incompressible
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Fig. 1. (a) Prismatic plexiglass tank used in the dam-break experiments. (b) Schematic drawing of the tank, water levels, gate, rigid blocks, pulley-weight mech-

anism, cameras disposition, and light source.

flow involving large deformation of free surfaces, fragmentation, and
merging, or involving complex shaped bodies, large deformation or
motion of boundaries, multi-bodies, multi-phase flows, and multi-physic
problems. The DEM is coupled with the MPS method and is used to
simulate the solid ice phase, here simplified by rigid body. Here the DEM
is adopted following the original idea of Koshizuka (1998), the so-called
passively moving solid (PMS) model, in which the shell of a rigid body is
represented by a cluster of particles whose relative positions remain
unchanged, similar to the multi-sphere technique. In order to address
numerical instabilities due to non-smooth solid walls modeled by par-
ticles, an approach based on the faces of the bodies and contact force
computed using the normal vectors of solid walls (Amaro Jretal., 2019)
is adopted here. This study uses a high resolution of particles for both
DEM and MPS (e.g., a single ice flow is represented with more than 5000
particles) leading to computationally expensive simulations. Therefore,
this study implements the model on a shared-memory parallel code (to
use the power of multicore processors) and limits the test cases to simple
geometries with a limited number of ice floes simplified by rigid bodies,
i.e., internal ice stress and broken ice behavior are neglected, and
therefore the dynamics are close to a state of free-drift motions. The
physical and mathematical aspects of free-drift motions of ice are well
discussed in Lepparanta (2011).

Moreover, considering the currently lacking comprehensive data for
the detailed validation of ice-wave interaction dynamics, a small-scale
yet challenging experiment based on dam-break flow over dry and wet
beds with floating block floes (ice dynamics simplified by dynamics of
rigid bodies), which somehow mimics the characteristics of an idealized
jam release, has been conducted to provide quality and quantitative data
for the validation of the proposed model and investigation of the highly
nonlinear phenomenon. Though this experiment is a simplification of a
real jam release, it provides the basic solid-wave interactions needed to

Fig. 2. Polypropylene strips and weights used for measuring static fric-
tion coefficient.

validate the proposed DEM-MPS simulation. The imagery data from two
high-speed cameras have been analyzed and used to track the highly
dynamic motion of the blocks and water surface profiles.

2. Experimental setup

The experiments consist of a series of dam-break case scenarios with
floating blocks that offer similar characteristics to jam releases and
breaches of ice-covered reservoirs in terms of having high magnitude
waves with floating ice parcels. Reported experiments in the literature of
wave-ice interaction generally cover two scenarios:

i.) one or two ice floes interacting with waves (McGovern and Bai,
2014; Yiew et al., 2016, 2017);

ii.) hundreds of ice floes subjected to waves and colliding with each
other (Dai et al., 2004; Bennetts and Williams, 2015) and also
with towing carriage (Hu and Zhou, 2015; Luo et al., 2018).

In the present work, our goal is to provide an experimental bench-
mark test to fill the gap between these two situations. In this way, the
present test cases were selected based on their high-dynamic nature,
simple geometry, reduced number of ice floes, and valuable data that
they can provide for the numerical model validation.

2.1. Experimental apparatus

The experiments have been conducted at the hydraulic laboratory of
the Ecole Polytechnique of Montreal. A prismatic plexiglass tank having
interior dimensions of 70 cm length, 15 cm width, and 30 em height, was
used here, see Fig. 1(a). A removable gate of 0.5 cm thickness divides the
tank into two parts. The upstream part has a length of L, = 15 cm and
water height of H,, = 15 em, and the downstream part has a length of
Lgo = 55 em and variable water heights Hg,, respectively, see Fig. 1(b).
Blocks of artificial ice material float on the surface of the upstream
reservoir. For analysis purposes, a reference frame, having the origin at
point A, has been adopted. To replicate the dam-break event, the gate
was removed (lifted) almost instantaneously through a pulley-weight
mechanism, as shown in Fig. 1(b). The sides of the gate were sealed
with flat and flexible vinyl strips and high-vacuum grease to ensure the
reservoir’s water tightness. Two high-speed cameras were used to track
the longitudinal and vertical motions. A high-speed camera (FASTCAM
Mini WX100), capable of taking 1080 frames per second (fps) with a
2048 x 2048 resolution, was placed on top of the tank, and another one
(Sony DSC-RX100M5A) with 480 fps and 1292 x 436 resolution was
placed at the front of the tank. The light source was a high-frequency
AOS Offboard 150 W Led, which eliminates flicker issues.
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Table 1
Experimental case conditions. Number of blocks, upstream (H,;) and down-
stream (H,,) water height.

Case Number of blocks H., (cm)

4 15 0.0

N A
=]
[=]
=]

2.2. Experimental material

Blocks of white polypropylene, with a density of approximately 868
kg/m®, were used as the artificial ice floes. However, it shall be
mentioned that a higher density around 0.92 kg/m®, can provide a better
estimation for river ice floes, i.e., salinity —0 ppt (parts per thousand),
see Fig. 3 in Timco and Frederking (1996). The fricton coefficient
required for the numerical simulations was determined experimentally.
The static friction coefficient between blocks was measured using the
setup shown in Fig. 2. Two sets of polypropylene strips were attached,
where the top one was free to move, and the bottom one was fixed to the
table. Knowing that the blocks are wet during the experiment, the strips
were soaked wet before applying a horizontal force. By putting addi-
tional weight above the free set of strips, the normal force was defined,
and the shear force was obtained by measuring the force required to
move the block horizontally. The different masses put on top of the
blocks, the average measured shear force, and the correspondent friction
coefficients calculated as the ratio of the shear force to the normal are
shown in Appendix A. The median static friction coefficient found for
the wet blocks and used in the numerical simulations was y; = 0.412 =
0.050. It should be mentioned that the present test did not consider the
effect of sliding speed, temperature, and surface tension on the friction
coefficient. Furthermore, the static friction coefficient might not be the
best parameter to use in dynamic simulations, but the relevance of the
friction forces seems to be small compared to the other solid collision
forces in the present study. Nonetheless, to the authors’ knowledge, a
wide range of values [0.1, 0.6], given by a function of the velocity of the
interaction, has been used for the actual ice-ice friction coefficient
(Timeo and Weeks, 2010; van den Berg et al., 2019). In this way, we
intended to provide a value of reference for the friction coefficient for
the material used here, namely polypropylene, with the available lab-
oratory instrumentation in the hydraulic laboratory of the Ecole Poly-
technique Montreal.

m—l.bm

(a)
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0.4

Fig. 4. Time series of the vertical gate motion for all 24 experiments and the
median value of gate velocity.

2.3. Experimental case scenarios

Eight case scenarios, which differ in the number of polypropylene
blocks and the downstream water heights, were carried out as summa-
rized in Table 1. In the first four cases, 4 equal-size polypropylene blocks
were used. Each block has dimensions (width x length x thickness)
7.25 % 7.25 % 1.95 + 0.06 em and a mass of 0.089 + 0.001 kg. The other
four cases used 9 polypropylene blocks of 4.80 x 4.80 x 1.95 £ 0.06 cm,
each having a mass of 0.039 £ 0.001 kg. Four downstream water
heights, i.e., Hao = 0, 1.0, 2.5 and 5.0 cm, were tested. Each case was
repeated at least three times to check the reliability, and the three
repeated experiments of each case are denominated EXP1, EXP2, and
EXP3.

2.4. Data acquisition

The evolution of the water surface profile and displacement of ice
blocks were determined by processing high-speed imagery data from the
top and front cameras. The displacements of the blocks in x and y di-
rections were determined using the high-speed videos obtained from the
top and front cameras, respectively. For this purpose, a free video
analysis software called Tracker (Brown, 2019) was used to automati-
cally track the center of mass (CM) of each block, as shown in Fig. 3,
using a template matching algorithm. The water surface profile was
obtained by digitizing images extracted from the videos taken by the
front camera.

m - > 0

(b)

Fig. 3. Initial arrangement of the cases with (a) 4 blocks and (b) 9 blocks.



R.A. Amaro Junior et al.

t=tp+AL
O wall particles

_» Internal particles

Fig. 5. Rigid body represented by a collection of wall and internal particles in
2D space.

2.5. Gate motion

The time series of the vertical gate motion for the 24 experiments are
presented in Fig. 4. According to Lauber and Hager (Lauber and Hager,
1998), the gate motion satisfies the criterion of a sudden removal if the
removal period t, (time required for a fluid particle located at the top of
the fluid column to reach the bottom of the tank) is smaller than
‘/m‘ From the video records, the gate removal duration, i.e., the
instant when the gate’s lower edge reaches the dam filling height, was
around 0.40 s and did not satisfy the criterion . < /2 x 0.15/9.81—
tr < 0.175 s. Therefore, the present experiments can not be considered as
sudden dam breaks. Furthermore, since the gate motion has a significant
influence on the water collapse process and dam-break results, it cannot
be neglected in the numerical model. Nevertheless, we performed some
simulations using: i) the behavior of the vertical gate motion observed in
the experiments (see Fig. 4), i.e., a variable vertical velocity; and ii) a
constant vertical velocity so that the trajectory of the gate becomes
linear. Negligible differences in the wave-profile evolutions as well as
the solid motions were observed between the experimentally measured
and the numerically computed results when using the varying or con-
stant gate velocity. Thus, the constant gate veloeity, which can be easily
assigned as a boundary condition in a wider range of numerical solvers,
was chosen based on the median of the average gate velocity of the 24
cases (v; = 0.4 m/s) and adopted in the numerical simulations. The
median value of gate velocity and the relevant confidence intervals are
shown in Fig. 4.

3. Governing equations

The physical system includes the interaction of a continuum phase
(water) and a discrete phase (solid ice blocks). The governing equations
describing the dynamics of the continuum phase (flow of an incom-
pressible viscous fluid) are expressed by the conservation laws of mass
and momentum, which in their Lagrangian form are as follows:

Dp,

o TV =0 W
Dy VP 2

o ; +yVu +F, 2)

where py is the fluid density, uf stands for the fluid velocity vector, P
denotes the pressure, v represents the kinematic viscosity and ¥}, is the
external body force per unit mass vector, namely the gravitational ac-
celeration vector g in the present work.

For the discrete phase (solid blocks), the governing equations of
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motion are those of translational and rotational motion given by:

m..%—u;:FJ.+F¥+F( = —ff Pda+mg+F, (3)
D
I- ;)’:-‘ ta, % (Totg) = T+ T, = —ff r. x Pda + T, ()

where m; is the total mass of the rigid body, u; represents the velocity
vector at the CM of the rigid body, I is the inertia matrix and @, stands
for the angular velocity vector about the principal axes of the rigid body.
The hydrodynamic forces on the rigid surface Fy, gravitational force F,
contact forces between the rigid bodies F,, hydrodynamic torque Ty, and
contact torque T, are taken into consideration for the motion of rigid
bodies. The vector r; denotes the position vector from the CM of the rigid
body and da is the face vector of the rigid body swface, whose magni-
tude is the area of the discrete face and direction is normal to the body
surface. Focusing the impulsive hydrodynamic loads on the rigid solid,
the contribution of fluid shear forces was assumed to be negligible in the
present study. It is important to highlight that it is a practical limitation
of the present model since shear forces would be very important in ice
Jjam formation and release events.

4, Numerical methods

Here, the moving particle semi-implicit (MPS) method and discrete
element method (DEM) are used to solve the governing equation of the
continuum-phase (water) and discrete phase (solid ice blocks),
respectively.

4.1. Moving Particle Semi-implicit (MPS)

As a particle method, MPS represents the continuum with a set of
mobile particles (without any connectivity) over which the flow gov-
erning equations are solved. Here, a semi-implicit algorithm, which di-
vides each time step into prediction and correction steps, is used for the
temporal integration of the governing equations. At first, predictions of
the velocity and position of a fluid particle i are carried out explicitly by
using viscosity and external forces terms of the momentum
conservation:

Table 2

Physical properties of the fluid (MPS).
Property Water
Density py (kg/m®) 1000
Kinematic viscosity v¢ (m?/s) 107

Table 3
Physical properties of the solids (DEM).

Property Tank (Plexiglass) Block (Polypropylene)
Density pg (kg/m®) S 868

Young's modulus E; (GPa) 1.0 3.3

Poisson's ratio v, 0.37 0.40

Static friction pu, 0.412 0.412

Table 4

Simulation parameters of the fluid (MPS) and solid (DEM) domains.
Parameter Value Parameter Value
Particle distance I° (m)  0.002 Collision distance «; 0.8
Time step (fluid) Aty (s) 1.25 x 10 % Coefficient of restitution a- 0.2
Effective radius r, (m) 2.1x1° Relaxation coefficient y 0.01
Surface threshold # 0.97 Compressibility a. (ms”/kg) 10 °
Surface thresheld ¢ 0.2 Damping ratio of the collision &, 0.05
Courant number C, 0.2
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* 2 ’
u—u +m[uf(v-u>, + ﬁ} 5)

r=r+Am ®)

Here, the superseript * refers to the prediction step. The approxi-
mation of spatial derivations in MPS is based on the kernel smoothing
(weighted averaging) process. The MPS approximation of Laplacian of
velocity over neighboring particles £2; is given by:

2d
Vi) =——= (w—u)o; 7
( u), pw jeﬂ‘[u, u)mj [¢2]

where d = 1, 2 or 3 is the number of spatial dimensions, pnd® stands for
the particle number density of a fully compact support with an initial
cubic arrangement of particles, a; represents a weight (kernel) function
and J; is a correction parameter by which the variance increase is
adjusted to be equal to the analytical solution. Here, the widely used
rational weight function (Koshizuka and Oka, 1996) is used:
re
e =+ el
wjj = i (8)
0 gl >
where r, is the effective radius that limits the range of influence and ||ry||

= ||rj — 1| is the distance between the particles i and j. As demonstrated

o 01 02 03 04 05 06 07 0 01 02 03
0.3 0.3 0.3
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by Koshizuka and Oka (Koshizuka and Oka, 1996), more accurate and
stable computations can be achieved with r. € [1.8,3.1°] in 3D
problems, where I° represents the initial distance between two adjacent
particles. Therefore, in the present work, r, = 2.1, is adopted for the
calculations of particle number density and all differential operators. For
an extensive and quantitative study of the influence of r, on the nu-
merical aceuracy, the reader is referred to the work of Duan et al. (Duan
et al., 2019). The summation of the weight of all the particles in the
neighborheod of particle i is defined as its particle number density

prd; = "y ©

Jjek

which is proportional to the fluid density. The correction parameter 4; is
defined as:

¥ [leglws
PR
' 3wy

jef,

(10)

After the prediction of velocities and positions of the fluid particles, a
collision model is applied to fluid particles located at the free surface or
some inner particles with few neighbors to the proper calculation of the
discrete differential operators, avoiding clustering of particles, and the
contribution Au* is added:

04 05 06 D07 0 01 02 03 04 05 0& 07
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Fig. 6. Evolution of the experimental (red dots) and numerical (turquoise dots) wave profiles for dam breaking with 4 blocks at the instants t = 0.41, 0.83, 1.50 s
(from left to right). (a;, a;, a3) Dry bed and wet beds H,, = (by, by, bs) 1.0, (¢, ¢5, ¢3) 2.5 and (d,, d», d3) 5.0 cm. Experimental and numerical results are from the

front camera and exclude the splash.
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Fig. 7. Snapshots of the experimental and numerical dam breaking with 4 blocks and dry bed at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s (front view).

u’ :u;-{-Au: an

i

r; =r, +ArAu; 12)

i

where Au;* can be calculated from:

Z(l T®) Y T
— a il |y

Jill <t s 55 <0

(13)
0 otherwise

If the neighbor j is a fluid particle, then the coefficient a; = 2
otherwise a3 = 1. According to Lee et al. (Lee et al., 2011), values of the
coefficient that define the collision distance a; > 0.8 and coefficient of
restitution az < 0.2 increase the spatial stability in simulations.

Then the pressures of fluid and wall particles are obtained implicitly
by solving a linear system of pressure Poisson equation (PPE) (Koshizuka
et al., 1999; lkeda et al., 2001):

52 p\ AL Pr g s p_j [)qu) —[)lld,-"
(VP), "~ —gaoPi™ =735 (7;»' o as

where At is the time step, pnd;** is the particle number density calcu-
lated after the prediction and collision processes, a, is the coefficient of
artificial compressibility, and y is the relaxation coefficient. Both a, and
y are used to improve the stability of the computation method. Eq. (14)
represents a linear system, characterized by a sparse matrix, in which a
higher coefficient a, makes the diagonal elements of the matrix bigger,
rending it very useful for computational stabilization. The relaxation
coefficient y is adopted to enforce the incompressibility condition in a
robust way while mitigating high-frequency pressure oscillations in the
discrete PPE. Nevertheless, both a, and y should be chosen appropriately

in order to avoid non-physical fluid behavior. Typically, the ranges a, €
[107°,10 %] ms’*/kg and y € [0.001,0.05] provide stable simulations
(Duan et al., 2019; Shibata et al., 2015; Tsukamoto et al., 2020). The
experience of the authors has shown that the coefficients a. = 10"% ms?/
kgand y = 0.01 give satisfactory results, and therefore they were used for
all simulations herein.

The Laplacian of pressure is approximated by:

(V°P), _)»illmf)j;g;(ﬁ Pi)wy; (15)

Finally, the velocity of the fluid particles (uf %) is updated by using
the pressure gradient term of the momentum conservation (see Eq. (2))

and the updated positions r{"** are obtained:

it = — %(VP)Z*A' (16)
i

i = Al — ) a»n

To prevent instability issue induced by attractive pressure and to
reduce the effect of nonuniform particle distribution, the first-order
pressure gradient was adopted here as (Wang et al., 2017):

-1 e
(VP), = | Yot @t 5 T as)
: il Tl T

i =l

where P; is the minimum pressure between the neighborhood of the
particle i, i.e., P; = TE.I(PJP')
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4.2. Discrete Element Method (DEM)

Here, an approach similar to the multi-sphere DEM technique is used
in which the shells of a solid body (here rigid cuboids) are represented
by a collection of wall and internal spherical particles whose relative
positions remain unchanged, following Koshizuka et al. (Ioshizuka,
1998), see Fig. 5.

The overall contact force on the rigid body is calculated by adding
the contributions due to the normal F, and tangential F, contact forces
between wall particles belonging to different bodies. Here, subscript n
stands for the normal component, and t denotes the tangential
component.

The normal forces between the pair of the closest particles k and [
belonging to different bodies can be described following a non-linear
Hertz's elastic contact theory (Johnson, 1985):

Fou= l\‘n.uﬁzf‘:llv +c¢ n.uﬁbqsullc (19)
where k= 4/3Eq \/lg is the normal stiffness constant of pair ki, 5 is

the overlap (penetration) between two wall particles belonging to two
different bodies, &y is the rate of normal penetration, c,u =

§n\/6n1k1Ek1\/lg is the normal damping constant and n, is the contact
normal vector defined as follows:

1. If particle l is face, the normal of [ is used as n..
2. If particle [ is not face, but k is face, the reverse of the normal of k is
used as n,.
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3. None of the particles are face, the reverse of the distance vector ry/|
1k is used as n..

As the geometry of a cuboid is enough to model all rigid bodies
considered herein, the number of neighbor solid particles is used as the
criterion to identify if a particle belongs to a face.

The damping ratio &, must be high enough to obtain a non-oscillatory
motion of the rigid solids while not too high so that too much energy is
dissipated unnaturally during the collision, whereas Ey;, my; and [, j are
obtained as:

E.E mam_ 20

Ey = 5 s, My = . =
¥ (1=v))E + (1 -v)E Y merm T RLF

(20)

where Ey, Ej, v and v; are the Young's modulus and the Poisson’s ratio of
particles k and [, respectively. In the present work, a single spatial res-
olution is used for all domain, i.e., the initial distance between two
adjacent particles [° is the same for the particles k and I, thus leading to
% = I°/2. Moreover, if the I-th particle belongs to a fixed rigid wall, then
my; — oo, implying that my; = my.

Tangential forces can be obtained from the Coulomb friction law
given by Eq. (21) and a sigmoidal function is used to make the forces
continuous in the origin regarding the tangential relative velocity S;d
(Vetsch, 2011). The tangential forces can also be obtained using a linear
model of repulsive and damped forces given by Eq. (22).

FS, = IV, ranh (8«‘51,)» @1
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Fig. 8. Snapshots of the experimental and numerical dam breaking with 4 blocks and wet bed Hy, = 1 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s
(front view).
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Fig. 9. Snapshots of the experimental and numerical dam breaking with 4 blocks and wet bed H;, = 2.5 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s

(front view).

o
Ffu = kubyte +Coudyt. (22)

Here, ux is the friction coefficient for the pair of particles k and [, 5k is
the relative sliding, &, is the tangential relative velocity, t. is the
tangential contact vector, and k.y = 2/7k.u VP and ¢, k1 = 2/7¢cn, ()"
# (Hoomans, 2000) are the spring-damping coefficients. The superscripts
C and L correspond to Coulomb and linear forces, respectively.

In the present work, when the neighbor particle [ belongs to a forced
(prescribed motion) or fixed solid, the friction coefficient y; of the
neighbor particle [ is adopted for yy, otherwise ji is obtained as the
mean value:

similar to the interaction viscosity between two particles given in Sha-
kibaeinia and Jin (Shakibaeinia and Jin, 2012). In this work, we used the
arithmetic mean for all simulations, i.e., § = 1.

The force with smaller absolute value is used as tangential force
during the simulation, i.e.:

s, [ <
Fiu= i 3 (24)
Fu ‘ Fru | > ”Fut”

After calculating all contacts between the pairs of the closest parti-
cles belonging to different bodies, e.g., bodies p and g, the resultant
contact forces for a rigid body p can be calculated by:

Fig=Y., (Z (Fou),, ) Fo=) (Z (F:.u)m) (25)
7ENB \meNp ENB \menp
where NP is the number of pairs of the closest particles (m) belonging to
the shell of the rigid bodies q € [1,NB], and NB is the number of bodies
in contact with body p.
The torque that acts on the CM of the solid generated by the contact
forces is evaluated as:

Ty = (Fkl o= l'cw) X (Fou +Fixr) (26)

where Ty = (rg +1;)/2 represents the average position vector of particle
k and [ and r¢y symbolizes the position vector of the CM. The average
position Ty is used to ensure the conservation of angular moment.
Accordingly, after calculating all torques due to contacts between par-
ticles, the contact torques for each rigid body p can be obtained by:

=325 0. @
4eNB \meNp

A detailed description of the solid-solid collision model can be found
in the previous work (Amaro Jr et al., 2019).

4.3. Boundary conditions

The rigid boundaries are modeled using three layers of particles. The
particles that form the layer in contact with the fluid are denominated
wall particles, of which the pressure is computed by solving PPE
together with the fluid particles. The particles that form two other layers
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Fig. 10. Snapshots of the experimental and numerical dam breaking with 4 blocks and wet bed H;, = 5 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s
(front view).
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Fig. 11. Dam breaking with 4 blocks and dry bed. Experimental (dotted lines) and numerical (solid line) motions of the (a) block B1 and (b) block B2 along the
longitudinal direction.

are called dummy particles in MPS (fixed walls and forced solids) and technique, a particle is defined as free-surface one, and its pressure is set

inner particles in DEM (free solids), which are used to assure the correct to zero if:

particle number density calculation of the wall particles. The pressure is 4

not calculated in the dummy or internal particles. As a boundary con- {"' <P ";{, (28)
dition of rigid walls, the null relative velocity between the fluid and the % =>e:

wall is imposed. The Dirichlet pressure boundary condition is imposed The deviation o; is written as:

on the particles identified as free-surface ones and is considered during
the implicit step of the method. In order to identify the free-surface
particles, the neighborhood particles centroid deviation (NPCD)
method (Tsukamoto et al., 2016) is adopted here. In the NCPD
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2 B 7 belonging to a rigid body p:
WX |+ wijyi |+ @iy _
()g- ! J) (;glz " j) (Jg ! J) Fy=— ZPK- (Io)d 'n, (30)
o = (29) ieq
Z Wij
jetk
d-1
==Y P(")" ro xm (31)
where x; = (35 — X3, ¥y = (% — ¥ and z; = (3 — 2) ken,

According to Koshizuka and Oka (Koshizuka and Oka, 1996), the
constant f# should be chosen between 0.80 and 0.99 and Tsukamoto et al. where ny, represents the normal vector of the wall at the wall particle k,
(Tsukamoto et al., 2016) suggests a ¢ higher than 0.2. The NPCD method e denotes the position vector between the CM of the rigid body p and
improves the stability and accuracy of the pressure computation by the particle k, and (2, is the domain with solid wall particles.

eliminating spurious oscillations due to misdetection of free-surface The time step of the fluid domain Ats should follow the Coura-
particles. nt-Friedrichs-Lewy (CFL) condition (Courant et al., 1967):
A re, 0 <1
4.4. DEM and MPS coupling < ] < (32)
The resultant hydrodynamic foree (Fj) and torque (Tj), see Eq. (3), where uyp,,, denotes the maximum velocity and C, represents the Courant

acting on the rigid bodies are calculated by integrating the pressures number. Here we adopted the canonical solution of the analytical
(Py), computed by solving the PPE (Eq. (14)), of DEM wall particles k
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Fig. 12. Dam breaking with 4 blocks and dry bed. Experimental (dotted lines) and numerical (solid line) motions of the (a) block B1 and (b) block B2 along the
vertical direction.

H, =10cm
o

i

Xp1 (m)
Xp1 (m)

ot - 0
0 0.5 1 1.5 2 25 3 0 0.5 1 15 2 25 3
Time (s) Time (s)
(a1) (a2)
07 0.7
0.6 Hdn:“J cm 0.6 H[m:Z.S cm

0 0.5 1 15 2 25 3 0 0.5 1 15 2 2.5 3 0 0.5 1 1.5 2 25 3

Time (s) Time (s) Time (s)
(b1) (b2) (b3)

Fig. 13. Dam breaking with 4 blocks and wet beds: Hy, = 1, 2.5 and 5 cm. Experimental (dotted lines) and numerical (solid line) motions of the (a,, a,, az) block B1
and (b;, by, bs) block B2 along the longitudinal direction.
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Fig. 14. Dam breaking with 4 blocks and wet beds: Hy, = 1, 2.5 and 5 cm. Experimental (dotted lines) and numerical (solid line) motions of the (a;, az, a3) block Bl

and (b, bz, bs) block B2 aleng the vertical direction.

formulation based on shallow water waves (Ritter, 1892) and assumes

the maximum velocity of |une| = 2\/gHyp. G = 0.2 is used for all
simulations.

Since the transient response for the rigid body contact must be
captured in a smaller time step, a dynamic sub-eyeling algorithm for
rigid bodies is adopted, improving the computational efficiency.
Considering that at least one hundred time steps are used during the
solid contact, and taken into account the duration ¢, of a typical contact
among rigid bodies, based on Hertz's contact theory (Johnson, 1985), an
adaptive time step for the solid domain is adopted At; = Ny Aty, where
Ny, denotes an integer, since that:

87 )

I 2.8 J?’il_ 1
Aty <min(—=) < min| =— |——=L |
nrm(mo) mau(mo ['T:Eh”“k — u;||:|

During one time step Aty, the hydrodynamic effects are assumed to be
unchanged and the values of Fp, F; and Ty remain constant. The values
are used in the governing equations of solid motion (Egs. (3) and (4))
during the sub-cyeling. On the other hand, contact forces and torques, F,
and T,, are computed and considered in Egs. (3) and (4) at each iteration
of the sub-cycling, and then the velocity and position of solid are
updated.

In the absence of contact between rigid solids, At; = Aty, the solid
motion is update considering only the influence of Fp, Fg and Tp, and the
DEM calculations are not carried out.

From the viewpoint of the fluid, the new positions of the DEM par-
ticles (wall and internal) are used as the boundary conditions of the
MPS, completing the coupling between solid and fluid. A schematic di-
agram of the algorithm implemented is illustrated in Appendix B.

(33)

4.5. Computational performance

Particle-based methods suffer from the high computational cost
associated with the large number of particles necessary to solve large-
scale practical engineering problems. Parallel computing in shared
memory systems using OpenMP® 3.0 (Dagum and Menon, 1998) was
used to simulate the present cases in reasonable processing time. The
numerical simulations with about 1.5 million particles (fluid and solid
walls using ~10° particles and free rigid bodies, i.e., ice floes, using
~103 particles) for a physical time of 3.0 s took approximately 30 to 60 h
with a central processing unit (CPU) Intel® Xeon® Processor E5 v2
Family, a processor base frequency of 2.80 GHz, 20 cores, and 126 GB of
memory.

To overcome the high computational cost involving in the simula-
tions of real-world relevant phenomena like ice jam formation and
breakup, our next task will be to include the present DEM-MPS model in
the 3D parallelized version of our MPS code based on the message
passing interface (MPI) (Gropp et al., 1996) strategy and implemented
by Femandes et al. (Fernandes et al., 2015). By using a high-
performance computing (HPC) technique, consisting of a combination
of a nongeometric dynamic domain decomposition strategy based on
particle renumbering and a distributed parallel sorting algorithm for the
particle renumbering, the parallelized code enables hybrid parallel
processing of hundreds of millions of particles within reasonable run-
time in computer CPU clusters.

5. Results and diseussion

In order to illustrate the ability of the proposed model to numerically
reproduce the complex dynamic behavior of the ice-wave interaction
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Fig. 15. Dam breaking with 4 blocks over dry and wet beds. Maximum longitudinal displacement of blocks (a) Al, (b) A2, (c) Bl and (d) B2. Experimental and

numerical results between the instants t = 0 and t = 1.5 s.

phenomenon, it was applied to solid-fluid dam-break flow over dry and
wet beds, previously detailed in Section 2. For all simulations, we
adopted the gravity acceleration g = 9.81 m/s®. According to the
experimental results shown in Fig. 4, the constant vertical velocity of vy
= 0.4 m/s was assigned to the gate. The physical properties of the fluid
and solids are summarized in Table 2 and Table 3, respectively, and
simulation parameters are presented in Table 4. Based on experience of
the authors and others, some numerical parameters that can provide
reliable predictions were adopted, as illustrated in Table 4. The reader
interested in the calibration process of such parameters is invited to refer
to Koshizuka and Oka (1996) and Duan et al. (2019) for effective radius
re, Tsukamoto et al. (2016) for surface thresholds # and g, Lee et al.
(2011) for the collision distance a; and coefficient of restitution a,, and
Tsukamoto et al. (2020) for the relaxation coefficient y. Adequate
damping should be high enough to obtain a non-oscillatory motion of
the rigid solids while not too high so that too much energy is dissipated
during the collision. Following Amaro Jr et al. (2019), the damping ratio
of the collision &, = 0.05 provided a good compromise between static
response and low energy dissipation for a complex problem of dam
break with multiple blocks and was also adopted herein.

5.1. Dam breaking with 4 blocks

The free-surface profile evolution of the present numerical model
and experimental results are compared for the cases with 4 blocks in dry
(Figs. 6(a1)-(as)) and wet beds with Hao = 1.0 (Figs. 6(b1)-(bs)), 2.5
(Figs. 6(ej)-(c3)), and 5.0 (Figs. 6(d;)-(d3)) em. It is worth mentioning
that the experimental results are from the front camera and exclude the
splash. In this sense, splashed fluid particles are omitted in the numerical

results. Also, for a cleaner visualization, the blocks are omitted. At the
instant t = 0.41 s, the wavefront travels smoothly along the dry bed and
hits the downstream wall (Fig. 6(a;)). However, the behavior of the flow
changes remarkably with the presence of the initial downstream fluid
layer. As shown in Fig. 6(b;), (e1), and (d;), the downstream fluid re-
mains unaffected by the wave and, consequently, a mushroom-like jet is
formed as previously reported by Stansby et al. (1992) and Janosi et al.
(2004). For instance, for Hy, = 2.5 and 5.0 cm a collapse breaker occurs.
As the dam-break flow proceeds, at t = 0.83 s, a backward wave is
generated for the cases of dry bed (Fig. 6(a;)) and fluid layer of 1 em
depth (Fig. 6(b2)). At the same time, the wave barely impaets the
downstream wall for the downstream fluid depth of 2.5 em (Fig. 6(c;))
and the fluid run-up on the downstream wall occurs for the depth of 5 em
(Fig. 6(dy)). Afterwards, at t = 1.50 s, the wave moves downstream after
it hits the upstream wall for the dry bed case (Fig. 6(as)), the wave
impacts the upstream wall and a portion of the flow forms a vertical run-
up jet for Hg, = 1 and 2.5 em (Figs. 6(by) and (e3)), and the wave
propagates upstream for the fluid layer of 5 cm (Fig. 6). Moreover,
during the progress of the fluid flow, the sequence of events such as
wavefront progress, wave impact, and run-up is delayed as the down-
stream fluid layer inereases.

Comparing the free-surface profile between the numerical and the
experimental results shows that the present numerical model has suc-
cessfully reproduced the dam-break flow behavior for all downstream
fluid depths. However, Figs. 6(e;) and (d,) show small deviations be-
tween experimental and numerical wave events computed by the pre-
sent model. Such discrepancy can be seen in other particle-based
simulations (Crespo et al., 2008; Farzin et al., 2019; Soleimani and
Ketabdari, 2020; Ye et al., 2020). As stated in Duan et al. (2019),

13
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Fig. 16. Evolution of the experimental (red dots) and numerical (turquoise dots) wave profiles for dam breaking with 9 blocks at the instants ¢t = 0.41, 0.83, 1.50 s
(from left to right). (a;, as, az) Dry bed and wet beds Hy, = (b, ba, bs) 1, (cy, €2, €3) 2.5 and (d;, dz, d3) 5.0 cm. Experimental and numerical results are from the front

camera and exclude the splash.

stabilization adjustments usually adopted by particle-based methods
inevitably bring some numerical dissipation. Here, the first-order pres-
sure gradient, see Eq. (18), used to prevent numerical instability, has a
particle stabilizing term (PST), i.e., an adjustment technique represented
by the adoption of the minimum pressure P;. Therefore, this numerical
dissipation associated with variations in the gate removal process might
be possible reasons for such discrepancy.

The snapshots of the dam breaking with 4 blocks from the experi-
ments and simulations are presented in Figs. 7-10 (see also Video 1). The
top view of the initial position of the 4 blocks is highlighted at the top
left. Delaunay triangulation filter of the open-source Paraview (Ahrens
et al., 2005) is used to represent the blocks as a mesh of triangle poly-
gons. The dry bed case is shown in Fig. 7. After the gate is released, the
blocks are transported downstream. The experimental and numerical

14

results show similar behaviors of blocks, nevertheless, the computed
evolution of blocks Al and B1 are slightly faster than those measured in
the experiments until t = 0.8 s. After that, a backward wave transports
the blocks back upstream until the instant t = 1.6 s. The experimentally
measured and numerically computed positions of the A2 block are in
good agreement, but the remaining blocks™ positions show some dif-
ferences. Such discrepancies are expected considering the challenge of
spacing evenly the blocks initially and the chaotic features of the phe-
nomena through time, such as breaking waves, wave-splash, and
plunging jet. The blocks are transported downstream after t = 2.0 s, and
the flow starts to calm down. As we will show later, chaotic flow features
after the wave hits the downstream wall may not be completely repro-
duced in experimental repetitions.

The dam breaking with the 1 em depth fluid layer is depicted in
Fig. 8. During the first 2.4 s, where the blocks were transported by the
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Fig. 17. Snapshots of the experimental and numerical dam breaking with 9 blocks and dry bed at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s (front view).

fluid, very good agreement was obtained between experimental and
numerical solid positions.

In Fig. 9, experimental and numerical solid positions for the fluid
layer of 2.5 cm present a good agreement until t = 1.6 s. Nevertheless,
after t = 2.0 s, the blocks A2 and B2 are transported downstream in the
experiment while very slow motions are numerically computed.

Finally, the dam breaking with the 5 em depth fluid layer is illus-
trated in Fig. 10. A good agreement between experimental and numer-
ical solid motions can be seen until the instant t = 1.2 s. Aftert = 1.2's,
where the blocks move upstream and collisions among the blocks occur,
the computed positions of the blocks A1 and B1 remain close to the
upstream wall of the tank in the numerical results while these blocks are
carried by the flow in the experimental results. In summary, numerical
and experimental solid motions show qualitatively identical features.

The longitudinal and vertical motions of each block have been
plotted to quantify the comparisons. Fig. 11(a) and (b) show the
experimental and numerical longitudinal motions Xg; and X3, of blocks
B1 and B2, respectively, for the dry bed case during the first 3 s after the
gate removal. Here the three experimental repeats have been named
EXP 1, EXP 2, and EXP 3. As Fig. 11(a) shows, the initial trajectory of
block B1 obtained numerically follows the tendency of the experimental
one, but eventually, the block is transported downstream faster
numerically than experimentally. While the maximum distance reached
by the block B1 at t = 1.5 s is about 0.18 m in the experiments, it was
overestimated at a distance of 0.3 m in the numerical simulation. The
main reason for this discrepancy might be the difficulty in setting the
initial arrangement of the blocks in regular and equally spaced positions,
which might lead to values different from those numerically computed.
In addition to this, the variations in the gate removal process might also
influence the motions. After t = 1.5 s, block B1 is carried by the reflected
wavefront, and larger discrepancies between the numerical and
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experimental results occur. These discrepancies, which also occur be-
tween the experimental runs, are reasonable due to the chaotic nature at
this stage, because of an intense splash with air-water mixture created by
the fall of the vertical run-up jet onto the underlying fluid. In fact, the
breaking processes (e.g., wave-splash, plunging jet penetration depth,
and breaking wave) exhibit chaotic behaviors, as previously revealed by
the extensive investigation of laboratory observations and numerical
simulations in Wei et al. (2018). On the other hand, the longitudinal
motions of the block B2 (Fig. 11(b)) are correctly reproduced by the
numerical simulations until t = 1.0 s. After that, the computed motion
presents the same tendency as the experimental ones.

As shown in Fig. 12, the measured vertical motions Y, and Yg; of
blocks B1 and B2, respectively, were accurately predicted by the nu-
merical simulations, indicating that the buoyancy force is well repro-
duced by the numerical model.

Fig. 13 shows the experimental and numerical longitudinal motions
Xg; and Xz, of blocks B1 and B2, respectively, in dam-break flows with
downstream depths of Hy, = 1, 2.5, and 5 em. For the depth of Hy, = 1
em (Fig. 13(a;)), the block B1 is transported downstream by the wave
front, reaching a maximum distance between 0.20 and 0.26 m at around
t = 1.2 s in the experiments, whereas in the numerical simulation block
B1 moves slightly faster and reaches the maximum distance of 0.28 m at
around t = 1.1 s. Subsequently, the block B1's experimental and nu-
merical motions are in good agreement. After t = 1.5 s, chaotic features
similar to the dry bed case occur due to the violent hydrodynamic
impact followed by the wave breaking, and the computed motion
matches the measured motions from the second experimental run only.
As shown in Fig. 13(b,), the measured motions of block B2 are very well
predicted by the numerical model. For the depth of Hyg, = 2.5 ecm (Fig. 13
(a5)), a maximum distance between 0.18 and 0.26 m at around t = 1.25 s
is reached by block B1 in the experiments, whereas block B1 moves
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Fig. 18. Snapshots of the experimental and numerical dam breaking with 9 blocks and wet bed Hy, = 1 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s

(front view).

slightly faster in the numerical simulation, reaching a maximum dis-
tance of 0.23 m at around t = 1.1 s. During the upstream return of block
B1, the computed motion is in reasonable agreement with the experi-
mental ones. Again, due to the chaotic features of the breaking wave
process after t = 1.5 s, the experimental motions present distinct pat-
terns between them, while a slower motion was numerically obtained,
and the block remains almost in the same position. The measured and
computed motions of block B2 are in very good agreement until t = 1.0,
but, subsequently, the computed motion matches well the results from
the first experiment while underestimating the results from the second
and third experiments (Fig. 13(by)). Finally, for the higher bed depth
Hi, = 5 cm (Fig. 13(az)), the block B1's maximum displacements
measured experimentally vary between 0.08 and 0.11 m while the
computed maximum distance reaches 0.12 m, both occurring at around
t = 0.8 5. When the block B1 moves back upstream, the computed motion
is in reasonable agreement with the first experimental results. After t =
1.5 s, significant discrepancies between numerical and experimental
motions of block Bl were obtained. The numerical and experimental
results prior to £ = 1.5 s show that the reflected wave transported the
blocks A2 and B2 toward the blocks A1 and B1, which collide against the
upstream wall. Afterwards, the block B1 was submerged into water and
was transported by the wave. Nevertheless, in the experimental runs, the
motion of block Bl is more affected by the thrust generated by the wave
than in the numerical simulation. A good agreement is obtained between
experimental and numerical motions for the block B2, despite the un-
derestimation of the block’s displacement in the numerical simulation
after t = 1.9 s, as shown in Fig. 13(bs).

The vertical motions Yg; and Yz, of blocks B1 and B2, respectively,
are provided in Fig. 14(a;)-(as) and (by)-(bs). Although some minor
discrepancies are observed, the trends of the computed vertical motions

of both blocks agree well with the experimental ones.

The maximum longitudinal displacements Xa; maxs Xa2 maxs X51,max
and Xgs max reached by the blocks A1, A2, B1, and B2, respectively, from
the instant t = 0 to t = 1.5 s are illustrated in Fig. 15. Since the initial
potential energy decreases with the increase of initial fluid depth in the
bed (Hj,) and the initial energy dissipation is higher for wet beds due to
the plunging or collapse wave breaking caused by the hydraulic jump, it
is expected that the increase of Hy, will lead to a decrease of the wave
front speed and, as a consequence, a decrease on the maximum distance
reached by the blocks during the dam-break phase. However, the results
provided by the experiments do not match exactly this behavior, and
some variations can be observed between Hy, = 0 and 1 em for the
blocks Al and B1, initially placed closer to the upstream tank wall, as
shown in Figs. 15(a) and (c). On the other hand, the numerical results for
these blocks presented the anticipated behavior. The experimental and
numerical results for the blocks A2 and B2 are in very good agreement
with the expected behavior.

5.2. Dam breaking with 9 blocks

The free-surface profiles of the present model and experimental runs
for the cases with 9 blocks in dry and wet beds are compared in Fig. 16.
Again, the splash is not presented for the wave profiles, and the blocks
are omitted. At the early stage, t = 0.41 s, the formation of the
mushroom-like jet occurs when a downstream fluid layer is present
(Fig. 16(by), (e7) and (d,)). Furthermore, as previously discussed for the
cases with 4 blocks (see Fig. 6), at the instants t = 0.83 sand t = 1.50 5,
the increase of the downstream fluid layer leads to slower wave prop-
agation. In other words, the sequence of events such as wave impact and
run-up happens later with the increase of the downstream depth. In
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Fig. 19. Snapshots of the experimental and numerical dam breaking with 9 blocks and wet bed Hy, = 2.5 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s

(front view).

general, as in the previous cases with 4 blocks, there is a satisfactory
agreement between numerical and experimental free-surface profiles.
By comparing the wave profiles of the 9 block case (Fig. 16) with those
of the 4 block case (Fig. 6), the differences, despite being relatively
small, are more evident in the later stage of the hydrodynamic process.
Thus, the presence of the light-weight blocks is almost negligible in the
initial gravity dominant dam-break event. However, the fluid-solid
interaction is not negligible in the late hydrodynamic impact and
wave breaking events. A detailed discussion about the effect of ice floes
on the flow is presented in Appendix.

Figs. 17-20 (also see Video 2) show a sequence of frames of the dam
breaking with 9 blocks from the experimental repeats and numerical
simulations. The top view of the 9 blocks is highlighted at the top left.
Fig. 17 shows a reasonable agreement between experimental and nu-
merical block motions until t = 1.2 s. Afterwards, the merging of the
collapsed upward water flow and reflected wave dramatically disturbs
the water surface and, as a result, a more chaotic motion of the solids is
generated, especially for the solids downstream. Consequently, the
computed solid positions deviate from the experimental ones after t =
1.6 5. For the dam breaking scenario with Hg, = 1 cm, experimental solid
motions are well predicted by the numerical simulations until t = 1.2's
(Fig. 18). At the instant t = 1.6 s, the solid motions are disturbed by the
combination of a reflected wave and the collapsed water flow. As a
result, the computed solid motions deviate from the experimental ones,
although the present model reproduced the main features of the solid
trajectories. Figs. 19 and 20 depict the dam breaking with a fluid layer of
2.5 and 5 cm depth, respectively. The numerical predictions of the solid
motions are in good agreement with the experimental ones through all
of the 2.4 s considered in the analyses, although they do not match
exactly. In general, the results indicated that the present model is able to
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predict the solid motions with satisfactory details.

Fig. 21 provides the experimental and numerical longitudinal mo-
tions Xc;, Xca, and X3 of blocks C1, C2, and C3, respectively. The large
variability of the maximum displacement in the dam-break phase
reached by block C1 in the experiments, ranging from 0.08 to 0.22 m,
indicates that its motion is significantly affected by any initial experi-
mental disturbance (Fig. 21(a)). Besides, the numerical motion agrees
well with the third experiment but overestimates the results from the
first and second experiments until t = 1.7 s, approximately. Subse-
quently, while in the experiments the block C1 hits the wall, collides
with others, and is transported downstream, in the numerical simula-
tions, the block only hits the wall and is transported downstream very
slowly, almost remaining in the same position. In addition, as in the
previous cases with 4 blocks, the fluid flow becomes chaotic at this stage,
and the solid motions are influenced by many factors such as wave
breakings and multiple solid collisions. According to the experimental
results, the block C2 is transported downstream, reaching the maximum
longitudinal motions between 0.33 and 0.43 at around t = 1.2 s, and
then moves upstream until t = 1.8 s, approximately (Fig. 21(b)). After
that, distinct patterns were obtained from the experimental repeats, and
the computed motion presents a tendency similar to the first experiment.
Fig. 21(c) shows that during the first 0.9 s, the numerical motions of
block C3 match well the experimental motions from EXP 1 and EXP 3,
but overestimate EXP 2. Subsequently, the computed motion is closer to
the results from EXP 1 and EXP 3.

Fig. 22 compares the experimental and numerical vertical motions
Yc1, Yeo, and Yes of blocks C1, C2, and C3, respectively. The overall
trends of the computed vertical motions agree well with the experi-
mental ones. However, as discussed in the previous section for 4 blocks,
some local discrepancies are also present.
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Fig. 20. Snapshots of the experimental and numerical dam breaking with 9 blocks and wet bed Hy, = 5 cm at the instants t = 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 s
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Fig. 21. Dam breaking with 9 blocks and dry bed. Experimental (dotted lines) and numerical (solid line) motions of the (a) block C1, (b) block C2 and (c) block C3

along the longitudinal direction.

In Fig. 23, the computed longitudinal motions Xc, Xcz2, and Xc3 of
blocks C1, C2, and C3, respectively, are compared against the experi-
mental ones, considering the three downstream depths of Hy, = 1, 2.5,
and 5 cm. As in the previous cases with the dry bed, the experiments
present a noticeable variation of the initial maximum distances reached
by the block C1 for Hgo = 1.0 and 2.5 em (Fig. 23(a;) and (az)). Besides,
the computed motions for these two depths agree well with the exper-
imental ones, although, for Hy, = 1 cm, the block C1 moves faster and
reaches a maximum distance of about 0.22 m, higher than the maximum
distance around 0.18 m measured in the experiments. For Hy, = 5 cm,
the motion of block C1 is well reproduced by the numerical simulations

during the first 1.5 s, and after, it matches only the third experiment but
underestimates the values from the first and second ones (Fig. 23(a3)).

A good agreement between numerical and experimental motions of
block C2 for Hy, = 1 and 2.5 em during all intervals of 3 s is shown in
Fig. 23(b;) and (by). Furthermore, the computed motion is over-
estimated for Hgo = 5 cm during the first 1.3 s, approximately, followed
by a better agreement between t = 1.3 s and t = 3.0 s (Fig. 23(b3)).

For all downstream depths, the motions of block C3 are well repro-
duced by the numerical simulations (Fig. 23(c;)-(e3)).

Fig. 24 shows the experimental and numerical vertical motions Y¢;,
Yco, and Ycs of blocks C1, C2, and C3, respectively. When compared
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Fig. 22. Dam breaking with 9 blocks and dry bed. Experimental (dotted lines) and numerical (solid line) motions of the (a) block C1, (b) block C2 and (c) block C3

along the vertical direction.
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with experimental motions, all computed motions present some local
discrepancies, but overall features of the experimental vertical motions
are very well reproduced by the numerical model.

The overall good agreement between experimental and computed
motions demonstrates that the proposed model is able to reproduce the
main behaviors of the complex fluid-solid interaction phenomenon,
suggesting that it can be extended for the simulation of real-seale ice-
wave interaction problems, such as ice-jam formation and breakup and
ice-structure interaction.

6. Concluding remarks

A 3D fully Lagrangian numerical model, based on a hybrid DEM-MPS
technique, for modeling the complex dynamics of ice-wave interaction
was developed and evaluated in the present work. A set of benchmark
dam-break experiments with floating block floes over dry and wet beds,
which representing a simplified form of a jam release, were designed and
conducted. The experiments provided quality data for the numerical
validation and investigation of the dynamie behavior of ice floes and
complex hydrodynamics.

20

Both the obtained experimental and numerical results show that the
increase of initial downstream fluid level leads to a decrease of the wave
front speed and the generation of the mushroom-like jet. These features
are consistent with previous works (Stansby et al., 1998; Janosi et al.,
2004). In most cases, the maximum distances reached by the blocks
during the dam-break phase are smaller when the downstream fluid
layer is higher. However, this behavior is not observed for the experi-
mental results of the Al and B1 blocks (i.e. the further upstream blocks)
in the dam-break phase with 4 blocks over the dry and wet bed of 1 em
fluid layer. The main reason for this discrepancy could be the difficulty
in spacing equally and regularly the blocks apart.

The agreements between the experimental and numerical wave
profiles as well as the positions of the blocks are quite satisfactory, thus,
showing the effectiveness of the present approach to reproduce the main
features of the fluid-solid interaction phenomenon. Nevertheless, the
differences between computed and measured solid motions are more
evident after the merging of the collapsed upward water flow and re-
flected wave. It is reasonable since the blocks are subjected to a very
complex and highly non-linear free-surface flow during this stage.

In addition to the above, the experimental results provide
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comprehensive data for the validation and parametrization of theoret-
ical/numerical models for modeling wave-ice floes interaction.

7. Future research

The results suggest that the present model can be extended to a
parallelized solver able to handle simulations of real-scale ice dynamic
problems with a large number of ice floes, such as ice-jam formation and
breakup and ice floes interaction with hydraulic structures, and then
supporting or even substituting laboratory experiments. Future exten-
sion of the model for the real-scale problems (with hundreds of floes) can
be done using a massively parallel code (see Fernandes et al. (2015)),
and by incorporating multi-resolution techniques (Shibata et al., 2017;
Tanaka et al., 2018), in which high-resolution is used only near the local
critical areas, while low-resolution is used in the far-field.

This study has been the first step toward developing a fully 3D
Lagrangian model, for highly dynamic ice movements. The suggestion
for future works will be to evaluate the model for test cases with real ice
and extend the application of the model to study in-depth the physics of
real-scale problems such as ice jam formation and breakup. Further-
more, a turbulent model is recommendable. Notwithstanding, one
should keep in mind that the duration and effect of the shear forces near
the tank bottom and lateral walls is attenuated when the upstream
height Hy, and the water bed Hy, increase, as observed by Janosi et al.
(2004) from a series of experiments, and illustrated in Fig. 14 of the
numerical study conducted by Ithoshlkonesh et al. (2019). Therefore,
whereas the turbulence has an important effect in dry bed events,
neglecting the turbulence does not imply considerable limitation of the
proposed coupled model for some practical applications. Another limi-
tation is the absence of a proper bed-to-ice friction model, which is very
important near the wave front.

Since the dam breaking event is a gravity-driven phenomenon, the
effects of the surface tension were neglected in numerical modeling.
However, at the initial condition, the floating blocks, which have a large
perimeter, were placed very close to each other, rendering the surface
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tension force strong enough to have relevant effects at the very begin-
ning of the water column collapse, and possibly making it one of the
causes of the chaotie nature of the experimental results.

The computed motions are well reproduced by the present model,
but the computed forces are dependent on constants that require cali-
bration, as the collision ratio and friction coefficient. In this sense,
further effort is desirable to improve the model, such as the imple-
mentation of the solid-solid contact model based on the impulse method
(Li et al., 2020), which requires less or no parameter tuning. Since shear
forces would be very important in ice jam formation and release events,
it is recommended to take into account fluid shear stress in close future
works. Furthermore, a numerical model to simulate the internal ice
stress and ice-breaking process, therefore suitable to reproduce drift ice
dynamics, should also be considered in future studies.
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Appendix A. Calculation of shear forces and static friction coefficients

Table A1 shows the masses used for the calculation of shear forces and static friction coefficients between the blocks of polypropylene.

Table A1
Masses used to determine the coefficient of friction.

Try Mass (g) Shear force (g) Coefficient of friction Try Mass (g) Shear force (g) Coefficient of friction
1 1702 675 0.397 10 2135 900 0.422
2 1702 700 0.411 11 2135 900 0.422
3 1702 675 0.397 12 2135 850 0.398
4 1702 650 0.382 13 2135 925 0.433
5 1702 750 0.441 14 2668 1050 0.394
6 2002.5 750 0.375 15 2668 1150 0.431
7 2002.5 825 0.412 16 2668 1225 0.459
8 2002.5 850 0.424 17 2668 1025 0.384
9 2002.5 200 0.449 18 2668 1100 0.412
Average 0.413

Median 0.412

Standard deviation 0.023

Appendix B. DEM and MPS coupling algorithm

Schematic diagram of the DEM and MPS coupling algorithm is shown in Fig. BI.
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Fig. B1. Schematic diagram of the DEM and MPS coupling algorithm.

Appendix C. Flow simulations without blocks

In this appendix, a discussion of the effect of ice floes on the flow is outlined. For the sake of comparison, numerical simulations without blocks
were also performed, and the computed wave profiles at selected instants are illustrated in Figs. C1-C4. As can be noticed, the computed wave profiles
without solids are slightly different from those of 4 blocks (Figs. 7-10) and 9 blocks (Figs. 17-20), and these small differences are more evident in the
late stage of the hydrodynamics process, i.e., t > 1.6 s. A closer look at Fig. 7(d), Fig. 17(d), and Fig. C1(d) reveals that for the simulations with a dry
bed, a slightly higher splash occurs for the case without blocks at t = 1.6 s. By comparing Fig. 8(f), Fig. 18(f), and Fig. C2(f), a very small difference for
the run-up occurs between the simulations without and with 4 blocks for filling depth Hgo = 1 cm at t = 2.4 s. Comparing the results for Hg, = 2.5 cm,
Figs. 9(d) and (f), 19(d) and (f), and C3(d) and (f) show that distinct splashes occur for the simulations without and with blocks at the instants t = 1.6 s
and t = 2.4 s despite with relatively small difference. Finally, the comparison between Fig. 10(d), Fig. 20(d), and Fig. C4(d) illustrates that a higher
splash is computed for the case without blocks and Hy, = 5 em at t = 1.6 s. In summary, these results show that the presence of the light-weight blocks
is almost negligible in the initial gravity-dominant dam-break event. However, the presence of the blocks is not negligible as time goes by, and the
intensity as well as the sequence of events, like the wave impact, run-up, and splashing, are higher in the cases without the blocks.
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Appendix D. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.coldregions.2021.103266.
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APPENDIX B EXPERIMENTAL EXTRA RESULTS
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Figure B1 - Dam breaking with 4 blocks and dry bed. Experimental motions along the
longitudinal direction of (a) Block Al (b) A2 (c) B1 (d) B2.
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Figure B2- Dam breaking with 4 blocks and Hao=1cm. Experimental motions along the
longitudinal direction of (a) Block Al (b) A2 (c) B1 (d) B2.
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Figure B3 - Dam breaking with 4 blocks and Hdo=2.5cm. Experimental motions along the
longitudinal direction of (a) Block Al (b) A2 (c) B1 (d) B2.
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Figure B4 - Dam breaking with 4 blocks and Hdo=5 cm. Experimental motions of the four
blocks along the longitudinal direction of (a) Block Al (b) A2 (c) B1 (d) B2.
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Figure B5 - Dam breaking with 4 blocks and dry bed. Experimental motions along the vertical
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0.20

o
[N
wv

y-position (m)
o
=
)

0.05

0.00
0.0

'Sm“'k &

) i,

»
o i & x %
AA& E#
1.0 2.0 3.0

Time (s)

s EXP1 x EXP2 e EXP3

(a)

4.0

0.20
015 M

E %
p Ax
£010 %
] x
g
~0.05 &

139

¢
>
A&#‘.. “x .} A,
Yo C 4 A N “ay
aga
1.0 2.0 3.0 4.0
Time (s)

4 EXP1 = EXP2 e EXP3

(b)

Figure B7 - Dam breaking with 4 blocks and Hdo=2.5cm. Experimental motions along the
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Figure B11 - Dam breaking with 9 blocks and dry bed. Experimental motions of block C3 in the

(a) longitudinal and (b) vertical direction
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Figure B13 - Dam breaking with 9 blocks and Hdo=1cm. Experimental motions of block C2 in

the (a) longitudinal and (b) vertical direction
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Figure B14 - Dam breaking with 9 blocks and Hdo=1cm. Experimental motions of block C3 in

the (a) longitudinal and (b) vertical direction
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Figure B15 - Dam breaking with 9 blocks and Hao=2.5 cm. Experimental motions of block C1 in

the (a) longitudinal and (b) vertical direction
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Figure B16 - Dam breaking with 9 blocks and Hdo=2.5 cm. Experimental motions of block C2

in the (a) longitudinal and (b) vertical direction
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Figure B17 - Dam breaking with 9 blocks and Hdo=2.5 cm. Experimental motions of block C3

in the (a) longitudinal and (b) vertical direction
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Figure B18 - Dam breaking with 9 blocks and Hdo=5 cm. Experimental motions of block C1 in

the (a) longitudinal and (b) vertical direction
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Figure B19 - Dam breaking with 9 blocks and Hdo=5 cm. Experimental motions of block C2 in

the (a) longitudinal and (b) vertical direction
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Figure B20 - Dam breaking with 9 blocks and Hdo =.5 cm. Experimental motions of block C3
in the (a) longitudinal and (b) vertical direction



