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An integrated particle model for fluid-particle-structure

interaction problems with free-surface flow and structural failure
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Abstract

®
Discrete Element Method (DEM) and Smoothed Particles Hydrodynamics ( grated to
investigate the macroscopic dynamics of fluid-particle-structure interaction ro ith SPH

equations. The solid phase consists of physical particle(s) and defo

the fluid phase is represented by a set of particle elements moving in accordance withthe Navier-Stokes
% ructure(s) which are
It

represented by DEM using a linear contact model and a linear parallel model to account for the
interaction between particle elements, respectively. To coupigith idyghase and solid particles, a local
re ed¥o reformulate the governing equations

% phase by incorporating the structure’s

ceSybetween the solid particles and the structure

volume fraction and a weighted average algorith

and the interaction forces. The structure is couple
particle elements in SPH algorithm. The inte

are computed using the linear contact

simultaneously fluid-structure intera %
interaction (FPI), with good a @ eNtggdetween complicated hybrid numerical methods and
experimental results being a edGinally, a specific test is carried out to demonstrate the capability

of the integrated particleq w

Keywords: Discret% iethod; Smoothed Particle Hydrodynamics; Fluid-Particle-Structure
Interaction; Fre&Surfa

~ The proposed model is capable of simulating
FSI), particle-particle interaction and fluid-particle

orsifnulating FPSI problems with the occurrence of structural failure.

w; Structure Failure.

Math notation for subscripts
Fluid particle element
p Solid particle element
s Structure particle element
max Maximum value of parameter
i Particle element i
Ji Particle element j
bend Bending value of parameter

* Corresponding author. Email: d.yang@leeds.ac.uk



twist Twist value of parameter
ext External value of parameter
Mathematical notation for superscripts
c Direct contact force between solid particles
l Lubrication force
d Drag force
Buoyancy force
ps Interaction between solid particle and structure particle
fs Interaction between fluid particle and structure particle
rf Interaction between solid particle and fluid particle
normal Normal component of parameter
shear Shear component of parameter %
dash Dashpot in linear contact model %
crit Critical value of parameter

1. Introduction

with the collapse of infrastructures (€%
sediment and/or debris. Particularly, st

in the UK were widely built in the y he availability of stone and easy construction, and many
of those historic and listed n%s are still in service in the UK. Masonry bridges were built

through the application s with high compressive strength to transmit the loads to the

ground. In fact, mas annot resist a high amount of the shearing load in comparison with
modern concret
occurrence

ebuilt. Preventing or mitigating such unexpected accidents could be attained through

proact cing or strengthening techniques which are preferred in order to make the bridges
more resiStant to scouring and buoyancy effects caused by flooding. To address this challenging
problem, a combination of interdisciplinary knowledge of geotechnical, hydraulic and structural
engineering are required to better understand the complicated interaction mechanism among bridges,
flood water and soil/sediment/debris. This also raises a demand for a robust and reliable computer model
to fulfil the requirement of large-scale simulation in order to predict the simultaneous interaction
between soil/sediment/debris, flood and bridges/buildings. Up to now, there are various computational
or numerical models for fluid-structure interaction (FSI) [1-3] or fluid-particle interaction (FPI) [4-6],

and they have been extensively studied in terms of problem scales and numerical methods. However,



to the authors’ best knowledge, computational models that are capable of handling the simultaneous

interaction between fluids, particles and structures are rarely reported.

One of the challenging issues involved in FPSI problems is the contact detection and subsequent
collision and separation between two particles or between a particle and a structure/boundary. It
becomes even more complicated when a fracture of the structure is allowed to create new surfaces
which may interact with the particles and fluids. Therefore an explicit Lagrangian method to capture
the movement of individual particles is required. Although both Eulerian and Lagrangian methods have

been well developed for fluid flow and structural analysis, but to integrate particles With fluid and
structure a single Lagrangian computational framework would usually be prefe’rred.

x usually
lon betweenyparticles.

When simulating a discontinuous system of particles, discrete element met

considered due to its simplicity and capability of handling the contact and i

The interaction forces at the contacts are governed by a force-displ la iven and used to
determine the movement of each individual particle according to the econd Law. In addition,
DEM can model the deformation (and failure) of a structure inp Ing a bond at the contact

between a pair of particles to represent the material prope i and strength) of a structure.

S
Comprehensive applications of DEM have been r odelling mixing processes of particles [7,

rted i
t

8] and fracture of various engineering materials an ch as rock [9], ceramics [10], concrete

[11] and composites [12], etc.

For the Lagrangian simulations of fl w, there are two widely-used mesh-free methods, e.g.
Smoothed Particles Hydrodynami and Moving Particle Simulation (MPS) [14]. In these

two methods, Navier—Stokes%, which are partial differential equations (PDESs), are transformed

3]

s) through kernel approximation and particle approximation

% is consequently dissolved into discrete particles with certain particle
spacing. Both S ovide approximations for partial differential equations (e.g. Navier-
Stokes equati but hted averaging process applied in MPS is different from taking the gradient

unc n SPH. It should be noted that another meshfree but Eulerian method, Lattice

(LBM) [15] solves Newtonian fluid flow with collision and separation models on a
fixed spage grid/lattice. As SPH and MPS methods are intended to approximate mathematical equations
in the domain only by nodes without being connected by meshes, each discrete particles move
continuously in accordance with surrounding particles, thus complex boundary flow and free surface
flow can be easily accounted for. Due to this benefit, they have been popular in hydraulic engineering,

for example, coastal erosion [16], sedimentation [17], sloshing and flooding [18].

In this paper, SPH and DEM are coupled together to form an integrated particle model to simulate the
interactions among fluid, particles and structure. As SPH and DEM are both meshfree particle methods

under the Lagrangian scheme, the identification of free surfaces, moving interfaces and deformable



boundaries can be handled straightforwardly [19]. Coupled SPH-DEM modelshave been developed and
applied to multiphase flow problems with FPI in [20-22] and FSI problems in [23]. Other similarly
coupled particle models in the Lagrangian framework such as SPH-SPH [24] and MPS-MPS [25] have
also been applied in either FSI or FPI problems, but the kernel functions used in SPH or MPS for
particles and structures lack physical representations of particle-particle contact and structural failure.
In other mesh-based coupled models for either FSI or FPI in Eulerian-Lagrangian scheme (e.g. CFD-
FEM model [26-29] and the Arbitrary Lagrangian-Eulerian method [30, 31]) and Eulerian-Eulerian

scheme (e.g. Finite volume method [32]), the accuracy of the solution is generally limited by large

translation and rotation of the solid particles or significant deformation of the structure,“C@gsequently
the mesh cells for fluid elements in those mesh-dependant models tend to becorfie ill
remedies such as mesh regeneration and adaptive meshing have to be adoptedto

quality at the expense of sharply increased computational cost. &
When dealing with the interface between fluid and particles, two a p% been developed so
e

far. One is the direct numerical simulation (DNS) [25] and the @the
S

ocally averaged Navier-

Stokes equation associated with local volume fraction [21]. I ch, the drag force acting on

ith assigned dynamic viscosities

between particle phases it lacks physical r i e collisions between particles. Whilst in
the second approach, an empirical eguation to specific problems (e.g. the transport of
sediment-induced by the movement id flow) is required to evaluate the drag force, and the

interaction forces between particl independent of the Navier-Stokes equations.

In this study, an improved i ate icle model coupling SPH and DEM with a local averaging
technique is proposed fo
the integrated mode @
further model “- the'solid particle has been integrated into the current model to consider

more comp en

ticle-structure interaction problems. In our previous study [23],

with fluid-structure interaction with the failure of the structure. As a

ng problems with fluid-particle-structure interaction. Validation tests for fluid-

igh have been carried out in our previous work (e.g. fluid-structure interaction) [23]
and va ests for fluid-particle interaction are validated (e.g. fluid-particle interaction and
particle-patticle interaction) in the current study. Finally, a special case with the free-surface flow and
structural failure is used to demonstrate the capability of the newly developed model in modelling fluid-

particle-structure interaction (FPSI) problems.
2. Overview and Strategy
2.1 Interaction forces

The model proposed in this paper is essentially dependent on the definition of interaction forces existing

among the particles, fluid and structure(s). When considering interaction forces amongst two identical



phases (e.g. fluid-fluid, particle-particle, structure-structure), it is straightforward to handle them in
either SPH or DEM scheme. To avoid confusion, ‘solid particle’ and ‘particle element’ are used
thereafter to distinguish a real particle (which although is represented by a particle element in DEM)
and a particle element in DEM or SPH. For interaction between a solid particle and fluid, hydrodynamic
force is the only force transferred to the surrounding fluid which is represented by SPH particle
elements. When a pair of solid particles are in contact, the overlap and friction determine the amount of
contact force. The interaction between particle elements in a structure is dominated by the addition of
a bond as a glue to stick the particle elements together and represent the material properties of a
structure. However, more forces should be taken into consideration for interactions een two

different phases. When solid particles are fully or partially immersed within @ fl a and

forces between the solid particles include direct contact force as well as lu ti ue'to the wet
surfaces around the solid particles. By following Newton’s Third la e'drag buoyancy forces
will be returned to fluid particles in equal amount but in oppos v%ns. As the structure is
inherently built with bonded particle elements, the interaction between a pasticle element of the structure
and a solid particle (which is actually represented by singleaarticle,element in this study) is naturally
le

the same as the interaction between two solid p interaction between particle elements of

the fluid and structure are simplified by i elements of the structure into the SPH

computation algorithm to hydrodynamicall with the particle elements of the fluid. An

illustration of the integrated particle modehi below in Fig.1. Formulation and implementation

of these interaction forces will be explai
of SPH and DEM theories.

JES

N

detail in the next section along with a brief introduction



Fluid

(SPH particle elements)
Hydrodynamic

forca,
O+=0

Contact force Bond force \\

—=()==

Lubrication force

Particles
(DEM particle elements)

Fig.1 Schematic diagram of interacti
2.2 Local averaging technique and governi

When dealing with a large amount ofglosely articles suspended within the fluid, it is too

complicated to obtain direct solutions avier=Stokes equations and the Newtonian equations of

motion. Therefore, Anderson an ] established a local averaging technique to replace
ty, Aluid velocity or velocity of solid matters) by defining local

mechanical variables (e.g. flaié’d
mean variables over flui i0 solid regions, which are smoothed out by a radial smoothing

function.

The local averdge o eld '@ over a fluid domain can be derived by the convolution with the
smoothing functi llow:
V\ eratm) = [ dG)g0n - x)av )
vy
et =1- [ gl =x)av @
Vp

Where x; and x, are coordinates of position and one dimension is assumed here for simplicity, € is the
local mean voidage, g is the smoothing function and v and v, are volumes of fluid and solid particle,

respectively. The integral is taken over the volumes of fluid or solid particle.

In a similar fashion, the local average of any field a over solid domain can be derived by integrating

over the volume of solid particles:



(1= eCmatm) = | 46e) gln - %)V @3)

Vs

where the integral is taken over the volume of solid particle.

As the local volume fraction of fluid phase is mathematically important to define the spatial distribution
of phase density, the locally averaged fluid density p is then the product of the actual fluid density p,

and the local mean voidage of fluid e:

The derived locally averaged fluid density is subsequently applied in the Navier-S %ﬁons

without considering the energy equation of the fluid phase and it is written as: ®

_ Dv

(6)
pr—tf=—6Vp—Ffd—Fffs+V-T+

where vy is the fluid velocity, pis the fluid pressure, Ffd ist e interaction force per unit

follows:
(7)

sed to define the solid particle, v, is the velocity of solid particle, Fy

where subscript p in i

is the sum of dir% rces between the solid particles. F is the sum of lubrication forces arising
en pa% rsed in the fluid phase, m is the mass of solid particle and it vanishes in x

direct I drag force acting on solid particle from surrounding fluid ‘particles’, pr is the

orce and Fpps is the particle-structure interaction force.

The structure is constructed through densely packed particle elements connected by bonds which
represent the material property of the structure. More details of the bonds will be given in a later section.
The forces acting on the structure are primarily the internal forces arising from interparticle bonds and

the external forces from fluid and solid particles:

dv. 8
me—t = Y B 4 meg+ ) (B + FP), ©



where subscript s stands for structure, F? is the sum of force transferred among bonds, mg is the mass

of a single particle element in the structure and it vanishes in x direction, and sts and FP® are fluid-

structure interaction force and particle-structure interaction force, respectively.
3. Discrete Element Method

Discrete element method (DEM) as a Lagrangian method, was initially proposed by Cundall [11] to
study the discontinuous mechanical behaviour of rock by assemblies of particle elements, i.e., discs in

2D and spheres in 3D. Each particle element directly interacts with its neighbour and thg contact force

pair according to a specified force-displacement law. Moreover, two parficle %

considered as in indirect (or distance) contact when their distance is within rt

indirect contact enables long-range interaction between particle elements simtlar t@ the Van

der Waal’s forces between molecules according to a potential functio wr Dynamics (MD).

The contact between two particle elements in DEM is typically rep % a spring and a dashpot
e

in both normal and tangential directions, as well as a friction t asshown in Fig.2.

%/\ Spring element
11
=

Dashport element

Frictional element

Fig.2 2D re M a contact between two particle elements in DEM

In this study, the int i een the solid particles, solid particles with the bulk particle elements
d particles with the boundary particle elements are modelled through a linear

of the structure

contact mo %}vides linear and dashpot components that act in parallel with one another. The
line %rovides linear elastic (no tension) and frictional behaviour, while the dashpot
compo ides viscous behaviour [34].

In addition to modelling the movement of discrete solid particles, DEM also allows particle elements
to be bonded to represent a deformable structure. The linear parallel bond highlighted in Fig.3 in red
dashed square glues two particles together and the thresholds of the bond (e.g. normal strength and
shear strength) determine the breakage of the bond. When the stress exceeds the threshold value of
strength, the bond is broken and the particles are separated and move as normal discrete particles. The
linear parallel bond model can be decomposed into linear model and parallel bond model which are

acting in parallel. More details will be discussed later in Section 3.2.



/»

Fig.3 DEM particle elements with a parallel bond

In this study, particle flow code PFC2D 5.0 [34], which is principally based on DEM theory, is adopted
as the simulation platform. The code has many features such as particle searching algorithm and time
integration that can be directly utilised for SPH. Thus SPH can be written in C++ and implemented into
3 linked-list
algorithm, in which the particle elements are sub-divided within different cells and idegti rough a
linked list. PFC2D 5.0 uses a leapfrog technique for numerical integration to uB ariables of

PFC2D 5.0 without too much coding work. The particle search scheme is based o

each particle element. \
3.1 DEM model for solid particle(s) < l

In FPSI problems, forces acting on solid particles include direct cohtact forees (from structures and
other solid particles), drag force, lubrication force and buoy; ce (from fluid). The motion of a
solid particle, which is represented by a single particle t iNREM, is governed by the resultant

force as computed by Eq. (7). Equations for com roes are described below.

3.1.1 Contact force

particle elements of a structure. It is co

theory. A typical direct conlt&m‘
o N

Acontact plane

Fig.4 Two particle elements in direct contact with an overlap

The contact force vector at the contact is further resolved into normal and shear components with respect

to the contact plane (as shown in Fig.4) [34]:

F = pnormal + Fshear (9)

where F™°"™Mal and FS"€4" denote the normal and shear components, respectively.



The magnitude of the normal force is the product of the normal stiffness at the contact and the overlap

between the two particle elements, i.e.,
Fnormal — pnormal jshear (10)

where K™°"4 s the normal stiffness and U™"™4! is the overlap.

The shear force is calculated in an incremental fashion. Initially, the total shear force is set to zero upon
the formation of contact and then in each timestep, the relative incremental shear-displacement is added

to the previous value in the last time step:

Fshear — pshear | Apshear Nll)
AFshear — __gshear prjshear * (12)
AUSshear — yshear g4 \ (13)

where KShear js the shear stiffness at the contact, AUS™4" is the shfa ompongnt of the contact

displacement, Vs"€a is the shear component of the contact velocit i imestep.
In addition, the maximum allowable shear contact force is lirai thesslip condition:
F” = | F e (14)

where p is the friction coefficient at the contact.

In cases where a steady-state solutio easonable number of cycles, the dashpot force

acting as viscous damping is grouped i isplacement law to account for the compensation
of insufficient frictional sliding or po f liding. In line with spring forces, the dashpot force is

also resolved into normal ang, she ponents at the contact:

r sh _ zﬂnormal [ mK normal gnormal (15)
,dash — Z’Bnormal /mKshearé‘normal (16)
_ mimj
Qw il y
I

script denotes dashpot, i and j in subscript denote the two particle elements in the

contact'pair, the critical damping ratio and 6 is the relative velocity difference between two particle

elements 1 contact.

3.1.2 Drag force

The drag force acting on solid particles arises due to the resistance provided by the surrounding fluid
which is represented by SPH particle elements. It mainly depends on both the relative fluid flow velocity
and the local density of neighbour solid particles. The local density is derived through the local mean
voidage of fluid SPH particle element, e, which smooths out the nearby values of fluid SPH particle

elements [20]:



o L&V Wor
PNV Wyy
where V; is the volume associated to the fluid particles, Wy, is the kernel function used in SPH

(18)

approximation, which is denoted by W), = W (r,, — 15, h), where r is the position vector and h is the

smoothing length.

The drag force is formulated as follows [20]:

Bo

1—ep

where f,, is the interphase momentum transfer coefficient, vy is the average fluig fl x}und
solid particle p. \

In accordance with the threshold value of €,, the value of 3, is divided intc<wo regimes by combining
equations of Ergun [35] and Wen and Yu [36]:

1—¢,)? :
(150(6—”)%+ 1.75(1 - ¢, Q €p < 0.8

b _
Ey =

Wy —vp)Y% (19)

_ P P
By ep(1—€p) , U (20)
| 7.5C; —— €, > 0.8
where u; is the viscosity of fluid, p is the ity of fluid, Cy is the drag coefficient of a

The velocity of surrounding fluid f imated using Shepard filter:

XV Wy
=S, &

where v is the velo rticle.
The drag coeffi‘ent iselevant to Reynolds number and given by:
Q ﬁ(1 + 0.15Re?%%7) Re, < 1000
Cq = {Re, T P= (22)
0.44 Res > 1000
The Reynolds number of a fluid ‘particle’ is formulated as follow:
Ve — vy |€,prd
Ref=|f p|pfp (23)

Ky
3.1.3 Lubrication force

When solid particles are immersed within the fluid, the surfaces of particles become wet and the friction
between wet surfaces are reduced in comparison to dry surfaces. The formula of lubrication force

between two wet solid particles is derived from [37] as follows:



_ 37T‘l,lfdlzj Vij * Xij
B= 8(xyl-dy) x5
0 Xij > Zdl]

xij xij < ZdU (24)

where i and j stand for solid particle i and solid particle j, 2d;; = (d; + d;)/2 is the cut-off distance
and d;/d; is the diameter of solid particles, v;; = v; — v; and x;; = x; — x;.
3.1.4 Buoyancy force

The buoyancy force generated by density differences is given by the following formula:

FY = €pprVy - k o 25)
where k is the unit vector parallel to the direction of the gravitational force actin | particle.
3.1.5 DEM modelling of particulate flow {

Particle-particle interaction in particulate flow is fully accounted for b s integrated particle

model. Validation is carried out using the dry dam break test and the réSults a compared with previous
modelling [38, 39] and experiments [38]. In the experiment d cylinders with a diameter
of 1 cm and a length of 9.9 cm are initially stacked | Iayers With a hexagonal distribution. The
cylinders are made of aluminium with a density %3, a Poisson’s ratio 0.3 and a Young’s
Modulus of 69 GPa. The dimension of the tagke gth, 10 cm in width and 26 cm in height.
A plate is placed on the right-hand side'ef the st

indrical columns and is quickly moved upward
to trigger the movement of the cylinde r gravitational acceleration. A high-speed camera is used

to record the transient behaviour i rs. A numerical model is constructed according to the

initial configuration of dry b with a stack of solid cylinders, as shown in Fig.5. The friction
coefficient of aluminium i 45 time step is 0.000001 and total simulated time is 0.5 s.

Fig.5 shows the obt

results availabl heliterature.

of the cylin rsﬁ%out the collapse process. It can be concluded that the present unified particle
%simulating the particle-particle interaction with a high accuracy.

DEM [39] DEM (Present)

al results which are compared with previous experimental and DEM
he present numerical results seem to accurately capture the positions

Experiment [38]

t=0.0s




t=0.1s

t=0.3s

t=0.5s

-

Fig.5 Dry dam break te a eriod 0.5 s.

3.2 DEM model for structure(s)
3.2.1 Contact stiffness

The structure in the current delled by DEM particle elements with identical sizes packed in

a hexagonal form in plane . Each pair of particle elements in contact with each other are

bonded together using a ligear parallel bond. A theoretical formula derived previously [40] has been

used to correlate th ct Stiffness K;; and the elasticity of the structure. Upon the use of a linear

parallel bon el, t tact stiffness is the result of the combined effect of both particle elements’
stiffpess andypbond ess according to the following formulation [34]:
Kij :Ak_”'l'kl'j (26)
A =2R§ (27)
kik;
kij = P (28)

where R and A are the radius and cross-sectional area of the bond, respectively, k_U is the parallel bond
stiffness and k;; is the equivalent stiffness of two contacting particle elements. In this study the radius

of the bond is the same as the radius of the particle elements. If two particle elements have the same
normal and shear stiffness, k; is then simplified as:



ki ki
kij = >=% (29)
It is assumed that the internal forces within the structure are mainly passed through bonds rather than

the direct contact between particle elements, e.g. k;; = O.OlAEU :

Thus the parallel bond stiffness is determined by combining Egs. (26) and (27) with Eq.(30).

3.2.2 Fracture criteria

As the mechanical behaviour of a structure is dominated by the bonds in DEM, the falure of the
structure is determined by the strength of the bonds. In the present study, the®d es for the
structure are regularly packed in a hexagonal form thus there is a theoretical gglati ipdetween the
bond strength and the failure strength of the structure. A linear fracture crit@ria untihthe contact normal
and shear stresses reach critical values was given by [41]:
fnormal,crit — E6Jult (\/'_ (31)
2(1—-v) 3
fshear,crit — ) (32)
norm (33)
h ,Ccrit
orit A fS ear,cri (34)
)
Where fmormaberit gy rshegr.gi imum normal and shear forces acting on the parallel bond,
gOTMALETIE ang g Shear.cri tensile and shear stresses. It should be noted that the above
derivation is only vali ulations in plane stress condition.
During the simullation; rallet bond forces in normal and shear directions are updated at each time
step throug% -displacement law:
normal — pjrnormal normal
f = AK 48 (35)
fshear = —AKShear g §shear (36)
normal D D
_MyenaR _MpyenaR (37)
normal f bend normal 4 snormal bend
= =K A6 —_—
g " +f i ++p i
|fshear| 0, (ZD) (38)
gShear — +{ _M. ..R
A =60
0,(2D)
— K shear g gsshear +{ _ M. ..R
B twist , (3D)

I



where 46™°"™al and A55"€47 are the relative normal-displacement increment and the relative shear-
displacement increment respectively, M, ., is the bending moment, M, is the twisting moment and
is the moment-contribution factor. It should be noted that 8 in Egs. (37) and (38) is set to be zero in
order to match those derived formulations in Egs. (33) and (34).

Then the strength limit is enforced to examine if the gained stresses exceed the threshold values of
critical stresses. If the tensile strength limit is exceeded (i.e. g™0"™mal > g"OTMALETItY ‘then the bond is
broken in tension, otherwise, shear-strength limit is enforced subsequently and the bond is broken in
shear if %% > gS"earcTit Once the parallel bond model between two particle elemeMen, it

is no longer active, and the linear contact model is then activated to account f@ th n hese
detached particles. More details about parallel bond can be found in [34, 42]. \

As seen from Egs. (37) and (38), the parallel bond behaves linearly and thg plastigdeformation is not
taken into consideration herein. As for plastic or adhesive materials, seyer tive models may be
used by considering more complicated constitutive behaviour. @ne af theay is the contact softening

model [40] which is a bilinear elastic model and is similar tg i model (CZM) in continuum
mechanics. In this study the structure is considered to b, S

3.2.3 DEM modelling of structural deformation

a

Validations of DEM modelling of sthuctural ion and failure have been carried out in our

previous study [23] by a case study of aded cantilever beam. DEM and FEM have been adopted

to compare the stress (o11) distri m respectively. A good agreement was achieved in

comparison with analytical u calyresults as discussed in [23].
4. Smoothed Particl mics

4.1 Kernel and par ppreximation

Smoothed
dev df

dynam

iCles Hydrodynamics (SPH) is a Lagrangian particle method and it was initially

ing astrophysical problems [43]. Later on, it has been extensively applied to fluid
iphase flows [44], quasi-incompressible flows [13], heat transfer and mass flow [45]
and so oNyThe core idea of this method is that the fluid domain is discretised by arbitrarily discrete
particle elements without mesh generation and each particle element is assigned with mass, momentum
and energy. The Navier-Stokes equations in the form of partial differential equations (PDEs) are
transformed into ordinary differential equations (ODEs) through kernel approximation and particle
approximation. Kernel approximation is the integration of multiplication of an arbitrary function and a
smoothing kernel function, and next particle approximation is to replace the integral form of the

function by summing up the values of the nearest neighbour particle elements. It should be noted that



the neighbour particle elements must be located in a local domain called support domain shown in Fig.6,

otherwise, the kernel function will be zero.

Fig.6 Particle approximation for particle elemnt i within the support domain kh’
W. r;; is the distance between particle elements i and j, s is the surface of int

circular integration domain, k is the constant related to kernel function an@ h is t

kernel function.

After the manipulation of kernel approximation and particle %; the integral of a function

and its derivative are given as:

f(x)=ff W (ky-Nog, Pyl (39)

0
V-f(x)= j FOW (x %dx' - f f(x)-VW(x —x, h)dx’ (40)
N 0]

In our previous study, a sta st was simulated using SPH with cubic spline kernel [46] and
Wendland kernel [23]. T, sefof Wendland kernel in static tank test showed the more orderly
distribution of partic a % spline kernel, and thus it is adopted again in the simulations in this

paper.

Q = C-9*(1+29) for0<q<2
endl% W(r,h) = Ch{ . s 1)
4.2 SPH

odel for fluid

Using local averaging technique and SPH approximations, the continuity and momentum equations in

Egs (5) and (6) can be expressed as follow:

D 3 aw;
€ipi ij
= E mvij —p (42)
Dt = ax;




(43)

d'l?i Pi Pj
=—Zm]( + +HU+RL])VWL]+Fext/ml

dt = (eip)*  (€jpj)?
(i + ppryj (44)
i =my 2 w Vi
pipj(rij© + 0.01h%)
R.. = vrznax Pi P] Wi; 4 (45)
Yoo |(ep)?  (€ipj)? Wiap)

where F,,p = Z(Fff S+ Fff Py is the external forces including fluid-particle interaction force and fluid-

structure interaction force, IT;; is the non-artificial viscosity term with separate physic%y of

a ij is
the anti-clump term introduced into the momentum equation to prevent particle e forming
into small clumps due to unwanted attraction [48], the maximum velocity o uid med is given
as Upayx = 1—10cs, and AP is the initial particle spacing.

The fluid pressure is calculated under the assumption of weakly @(low [13]:

p=5("") qQ (46)

each particle element derived in [47], 0.01h? in the denominator is meant to Q/oid

Y
where y is a constant taken to be 7 in most circ n is the reference density and B is the

pressure constant. The subtraction of 1 on

andyside of Eq.(46) is to remove the boundary

effect for free surface flow [19].

For the fluid-particle interaction, t g acting on a solid particle (i.e., a single DEM particle

element) returned to a fluid i in SPH is determined as a partition of the drag force in

proportion to the weight of.gachlui icle element:

m 1 47
Fffp=__fZ_prWfp ( )
pr &= S;
m.

@ S, = w.. (48)
S

where sUgerscript fp represents the interaction between fluid and particle and b is the buoyancy force.
5.  Boundary treatments in SPH and DEM

In this study, boundaries for SPH and DEM are treated separately. When fluid particle elements in SPH
approach to a real boundary, two layers of fixed boundary particle elements are placed next to the real
boundary and opposite to the approaching SPH particle elements in order to prevent them from
penetrating the boundaries. Those fixed boundary particle elements evolve in terms of no-slip condition
with SPH particle elements during the same computation algorithm, but their density, position and

velocity are not changed throughout the simulation. When dealing with solid particles and structure



particle elements in DEM, a line boundary is placed at the real boundary and a linear contact model is
employed to account for particle element-wall interaction in DEM. It should be noted that DEM particle
elements have no interaction with the fixed boundary particle elements in SPH, even though in some
cases there may be an overlap between them. An example of the boundary treatment in SPH and DEM

is shown in Fig.7.

Fixed boundary particle in SPH
—— Line boundary (wall) in DEN Q\

3 ’\\
Fig.7 Boundary treatments in SPH and D%

6. Implementation and computational flowchart

The overall algorithm process is depicted in Fig.8. Fir; icle elements and boundaries are
generated under initial conditions. Once the si ins; each particle element searches its
surrounding particle elements through the li nd interaction forces are computed. For
structure particle elements, they are subj dynamic forces from fluid particle elements,
direct contact forces from solid particlegeley inherent bond forces from themselves. The bond
forces determine the breakage of t @excess of tensile strength is reached. The fluid particle

elements are not only subje t rogynamic forces but also under the reaction forces (e.g. drag

=

forces and buoyancy for S particle elements using the technique of Shepard filter. In

addition, to drag for w ancy forces from fluid particle elements, direct contact forces also
specific for i ments through SPH algorithm. On the other hand, boundary lines work for

hparticle ele according to the linear contact model when DEM particle elements approaching

the calculations of interaction forces acting on each particle elements, its position,

velocity and density are updated at each time step until the end of calculation.



Generate fluid, structure, solid and boundary
particle elements, create boundary lines and
assign parallel bonds for structure

v

Define parameters including particle
search radius, bond stiffness and
timestep, etc

t=t+ At ®
End of calculation? e.g. t = t,,,4?

y

No
L Neighbour particle search (Linked-list

A 4
Compute bond,
hydrodynamic and
direct contact forces
of structure particle
elements using Egs.
(9), (35), (36) and

sing Egs. (19), (21),
(25) and (43)

(43)

Compute drag,
lubrication,
buoyancy and direct

dary particle e °
ts/lines using CI?(;] acrti Olrces 0in
ar model and solid particles using

Egs. (9) and (43) Egs. S?])d ((1295)) (24)

) |

Position, velocity and density update using Egs. (5-8)

Output results <

Fig.8 Computational flow chart of the integrated particle model
6. Interaction between fluid, particles and structure

6.1 Fluid-structure interaction (FSI)



In this study, fluid-structure interaction is governed by Newton’s Third Law in which the forces on the
structure from the fluid and the forces on the fluid from the structure are equal in magnitude but opposite
in direction. The interaction forces between fluid SPH particle elements and structure DEM particle
elements evolve with the SPH algorithm. The density and the pressure for structure DEM particle
elements remain unchanged at all times, and only their velocity and position evolve with time. Two
simulation cases were carried out in the author’s previous work [23] to represent typical fluid-structure
interactions. The first case is the dam break with an initial block of elastic gate, and it was validated
against experimental and numerical results [24]. The second case captured the process of structural
failure of bottom-end fixed elastic gate under dam break condition.

®
6.2 Fluid-Particle interaction (FPI) \Q
6.2.1 Single particle sedimentation
Particle sedimentation has been extensively studied and verified [49, Q], & be used to validate
is S

current integrated particle model for fluid-particle interaction. Jn ection, a case with a single

particle settling in the fluid is simulated first and then the i C een multiple particles and

fluid is further investigated later. In this simulation, a pagti i nsity of 1250 kg/m? and a radius

of 0.00125 m is initially placed in a box with a wi . height of 0.06 m as shown in Fig.9.

gravitational acceleration of 9.81 m/s m hits the bottom of the box. A total physical time of 1

second is simulated. For numerical cters; the boundary particle spacing and fluid particle spacing
are 0.00125m and 0.0015m, ec . The Wendland kernel is applied with a smoothing length

.000002s.
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In Fig.10, longitudinal coordinate and longitudinal velocity Gfithe re compared with numerical
results from other researchers using immersed pélii eihied WBM) and Lattice-Boltzmann method
(LBM) [50]. In general, the results obtained e -DEM model almost match with those

of IBM-LBM, and a minor difference i

ent’s velocity to affect the calculation of drag force. In
addition, the restriction in th i resolution of fluid particle element to the diameter of solid
particle element has bee 21] in terms of the fluid resolution length scale, which is one of
the main assumptio averaged Navier-Stokes (AVNS) equations. When a smoothing length
is large enough% por@sity field will be produced. On the other hand, a much finer fluid

resolution with sh moothing length can result in less smoothness of porosity field. This confirms

rosity field is relatively larger, so that the solid particle element with faster terminal

ps downward.
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6.2.2 Multiple part edimentation

A 2D simulatien'ef twosphase dam-break test is carried out to further validate the proposed model. The
figuratiog of the test is depicted in Fig.11. In this simulation, solid particles with a density of

an identical diameter of 0.0024m are randomly packed and aligned with the left and
bottom b@undaries of the reservoir and the moving boundary. The volume of the assembly of solid
particle elements is estimated to be equivalent to 200 g in total mass, same as in the experiment and 3D
simulations in [20]. It should be noted that the mass of solid particle elements in 2D simulations is
different from that in 3D simulations or experiments in [20]. Fluid particle elements with a density of
1000kg/m? and viscosity of 8.9 x 107*P - s are orderly distributed with a height of 0.1 m and a width
of 0.05 m. The solid particles, each of which is represented by a DEM particle element, are completely
immersed within the fluid. It should be noted that the overlap between solid DEM particle elements and

fluid particle elements is due to the visualisation of SPH particle elements and has no effect on the



simulation. When the solid DEM particle elements reach equilibrium after few cycles (e.g. no more
energy dissipation), the simulation begins and the moving boundary moves upward at a constant
velocity of 0.68 m/s in the Y direction to initiate the movement of the mixture of solid particles and
fluid in the X direction. The total physical time is 0.2s and the numerical timestep is set to be 2.0 x
10~%s. The boundary particle spacing and fluid particle spacing are 0.0015m and 0.0024m, respectively,
and the Wendland kernel is applied with a smoothing length 0.003m.The behaviour of wave fronts is
captured after quick removal of the dam and numerical results are compared with other experimental

and numerical data from [20]. Q
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% epresentation of the two phase dam-break test
In this test, w aviour of solid particles and fluid at the early stage of dam-break flow is
obsefyed an d at a time interval of 0.5 s. Fig.12 shows the numerical results in comparison

and other researcher’s numerical results. As the moving boundary starts moving

drags solid particles to move in the flow direction. Compared to sample experimental and numerical
results, the flow pattern of either solid particles or fluid seem to match well at t=0.05 s, 0.10 s and 0.15
s. However, at time t=0.2 s, the solid particles and fluid move faster and the wavefront in the current
study hits the boundary wall earlier. The present study is in 2D, so the forces acting on a solid particle
from other solid particles as well as the fluid in the 3rd direction (i.e. thickness direction) is not counted,
which subsequently should have caused differences in the movement of solid particles. In addition, in

the experimental study [20], the diameters of solid particles are not constant, though the mean diameter



of solid particles is 0.0027 m, which is slightly greater than the constant diameter used in the current
study. Even though the constant diameter of solid particles can bring benefit in producing a smooth and

stable porosity field, they may affect the overall interactions between solid particles.

Time Experiment [20] SPH-DEM [20] SPH-DEM (Present)

t=0.05s

t=0.05s

t=0.10s

t=0.15s

t=0.20s

Next, two dine numbers are introduced to make a quantified comparison for the propagation
of ron

L2 (49)

where z is the position of wave front in x-direction, a is the width of dam, which is 0.05m

t* =t\2g/a (50)
where t is the physical time and g is the absolute value of gravitational acceleration. Fig.13 shows the
normalised front wave position before touching the left end wall against the characteristic time. It is
noted that the fluid in authors’ simulation moves slightly quicker than that in experiment after the
release of moving boundary, hence for better comparisons, the last data point in the author’s results is

taken at the time when the wavefront hits the left end wall. In the author’s results, it’s a difficult to judge



an accurate position of the front wave as fluid particle elements in the area of front wave do not
completely move in order after interacting with solid particles. Especially for time at 0.1s, a clearly
visible void at front wave area can be seen. As a result, the accuracy of front wave position cannot be
guaranteed, as it is sacrificed by assigning the most front fluid particle as the front wave position. In
spite of this, the overall trend of the front wave positions is acceptably close to those from experiment

and other numerical results.

4.5

4 -0 g

® SPH-DEM

3.5 (Present) 2

3 @ Experiment [20] ‘ d

*N ,-". (,""
2.5 SPH-DEM [20] PY
15 .- J
......... s
1 H
0 1 2 3 4
£

Fig.13 The normalised front po

\v
ition \charaeteristic time

6.3 Fluid-particle-structure interaction (

In this section, a test including the inteka
demonstrate the capability of the intégrated, particle model to tackle the simultaneous interaction
between fluid, particles and struc e direct contact between solid particles and structure
particle elements, same lineagéenta I in DEM used in particle-particle interaction is adopted for

ibn forces. The configuration of the test is shown in Fig.14, which

gak test, but the moving boundary is replaced by a deformable structure
with a density o ich bottom is fixed. The material properties and numerical parameters

for fluid an Itdyparticles used are the same as those in section 6.2.2. Two scenarios are considered

ing'differgnt failure strengths for the structure to better illustrate the initiation of failure as well
haviour. The tensile strength of parallel bonds is set as 4.0 x 10* Paand 2.0 x 10* Pa
in Case | apd 11, respectively. The contact stiffness in normal and shear directions derived through [40]
are set as 1.021 x 10° and 1.024 x 107 in both cases. Relatively low strength values are deliberately

chosen in order to allow the fluid induced fracture to occur.



Fluid particle elements in SPH

Solid particle elements in DEM

Structure particle elements in

Boundary particle elements in SPH

wEnren

Fixed/moving line boundary in DEM

Fig.14 Configuration of the dam-break test with Fluid-Particle-Struc \ i

In Fig.15, at t = 0.05 s, in both cases, the structure deforms due to resultant forceSyfrom the fluid and
the solid particles. For visualisation purpose, the SPH particles are no and velocity vector
is presented to show the fluid flow. In case Il the structure has larger rraation before it fails around
0.1 s. For the structure with a lower strength, it breaks into, leces after hitting the bottom
wall, which moves like debris and consequently mak id flew more complex. It can also be
clearly seen the fluid flow through the gaps bet he @ . On the contrary, the structure with a
higher strength has more cracks near the b = 0.1 s, and the fluid tends to overpass the
ttom wall. This integrated particle model used

failed structure resulting less displacerment alon
in FPSI with structural failure is not e ntally validated yet, but these results have demonstrated

its capabilities.

Velocity profile (m/s)

Time | Velocity ase I: Case II:
u ith a lower tensile strength Structure with a higher tensile strength
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Fig.15 SPHREM WPSI with fracture

e coupling of Discrete Element Method (DEM) and Smoothed

7. Conclusions

An integrated particle modelba

Particles Hydrodynamics en proposed and developed to perform two-dimensional

structure with the introd®etion of the bond feature, in which particle elements are packed in a hexagonal
distributiontand a lues each particle pair as parts of a structure. The fluid phase is represented by
SPH

betweenthe fluid and solid particles, the local averaging technique is used to account for the volume of

nts governed by the Navier-Stokes equations. When dealing with the interaction
solid particles in the fluid. For the interactions between the solid particle and solid particle/structure,
the linear contact model is applied to simulate the direct contacts. In the meantime, particle-formed
structure is involved in the SPH algorithm to compute the interaction forces between fluid and structure.
In terms of boundary treatment, SPH and DEM particles are treated separately using fixed boundary

particle elements and a linear contact model, respectively.

The proposed integrated particle model can model any individual phase of fluid, particle and structure,

as well as any combination of phases (e.g. two or three phases). Several validation tests have been



conducted against other numerical and experimental results. For individual phase, fluid flow in dam-
break test and deformation of structure under static loading can be referred to the author s’ previous
paper [23], whilst particle phase has been studied and validated in this paper using a dry dam-break test
with a stack of solid cylinders in two-dimensions. For any two combined phases, simulations of fluid-
structure interaction (FSI) with/without fracture has been carried out in the authors’ previous paper [23],
whilst fluid-particle interaction (FPI) and particle-structure interaction (PSI) have been investigated in
this paper using a sedimentation test of a single particle, two-phase flow dam-break test and an low-
velocity impact test, respectively. For single particle sedimentation, the fluctuation of settling velocity
that the

of a solid particle is due to the assumption that fluid is compressible in SPH theo
surrounding fluid particles can be compressed or expanded at any timestep, Whic
fluctuation of surrounding fluid velocity and the terminal velocity of the solid pafticle,i ed by the
ratio of the resolution of the fluid particle to the diameter of the solid pargi€te. Agccordg @ authors’
experience, even though the results in single particle sedimentation are satisfagtory jsome improvements
are still needed in order achieve more accurate results as produced By, other methods such as LBM. In
the two-phase dam-break test, the results for the dynamic b iolir. of fkont wave are promising, but
the lack of a third dimension neglects the effect of the thickfiess @f,solid particles. Finally, all phases

are combined together and a special case is prese Il tethe fluid-particle-structure interaction

(FPSI) with/without structural failure. In ¢ er results, the results obtained here are
found to be satisfactory and encouragi rk:"However, for FPSI cases there is a lack of
experimental results for validation. In orde ise the versatility of this integrated particle model,
the extension to three-dimensional

parameter tuning) in a specifi problem in the future are necessary to be robust and reliable,

so that it has the capability, real engineering problems.
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