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Technical abstract

Water-soil interaction has been a challenge for investigating hydraulic problems such as
overtopping induced dam failures and the erosion of riverbanks and coastal areas where water
waves can easily become hydrological or meteorological disasters. This can cause a threat to
human life and lead to significant economic losses. Therefore, flood defences that could
potentially stop or slow down the invasion of free surface flows have become increasingly
vital infrastructure due to population growth and climate change, particularly in response to
continually rising global sea levels.

Using numerical simulation is more cost-effective than using physical experiments even
on a small scale. The material point method (MPM) was first introduced in the analysis of
large deformation problems in solid mechanics. Since the background mesh is used only for
solving balance equations while the material properties are stored on the material points, mesh
distortions exhibited in the classical finite element method are easily avoided when coping
with large deformations. With dual sets of material points representing the solid phase and the
liquid phase separately, the two-point MPM is capable of capturing the relative movement
between water and solid skeletons

In this research, a porous media is investigated via two-point MPM. The capability of the
porous media to absorb wave energy is an interest in coastal engineering. In addition, as the
flow friction developing within the porous media can be exploited to create significant wave
energy dissipation. In order to verify the accuracy of the MPM, simulations of dam-break
flows are carried out and the results are in good agreement with the experimental data and
other validated numerical methods and. Furthermore, simulations of the model from Liu et
al.’s paper (1999) are investigated, and the results are also in good agreement with the
experimental data obtained. Therefore, MPM is considered to be the most suitable method for
this investigation.

There are three key factors related to the porous media that are investigated in this study
(Height, Porosity and Grain size). In terms of height of the porous media (H"), it is shown that
the taller the porous media is, the slower the water can travel through the barrier. The reasons
to explain this phenomenon are, for example, there are more spaces within the structure that

can contain more water particles, so the water particles take more time to travel to the other
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side of the porous structure when compared to the speed of the overtopping water and the
amount of the reflected water at the barrier is greater with a higher media, thereby easing
some portion of the water to reach the end of the flume. In addition, there are two distinct
trends when the graph of the front flood position against time is considered (one is roughly
parallel with the trend without porous structure and the other is not), so, for the next two
factors, one height from each trend is investigated, H' = 0.07 mand H' = 0.15 m.

For the investigation of effect of porosity, there are four values included in the study
which are 0.50, 0.70, 0.80 and 0.95 in both of the height. They both show that the greater
value of porosity the porous barrier has, the faster the speed of water travels through the
structure. Moreover, when consider the graph of speed of water propagating through the
porous media against porosity value, it is demonstrated that both of the heights have similar
trends.

In the study of impact of grain size, there are five values included in this investigation
which are 5 mm, 10 mm, 30 mm, 50mm and 100mm in both of the heights. They both show
that the greater value of grain size the porous barrier has, the faster the speed of water travels
through the structure. This means that it is easier for water to travel through the porous media
with a greater grain size since the total distance for water to travel is lower. When the graph of
the speed of water propagating through the porous media against the grain size is deemed,
there is no clear trend between those two height values. Between approximately 23 mm and
65 mm, the speed of water from H' = 0.15 m is greater than that from H' = 0.07 m.
However, this exception might apply to only this model.

In terms of the further study, the wave column on the left-hand side of the flume can be
changed into a set of stationary waves, which might produce more realistic results when
compared to the real-world scenarios. Furthermore, by placing the porous media, it is on a

small-angle slope would make it more realistic.
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Nomenclature

Acceleration (m/s?)
b Specific body force (m/s?)
fa Drag force
g Gravitational field strength (m/s?)

0 Subscript index indicating some reference value

o

Grain size

H' Height of porous media

K Bulk modulus (kPa)

M,  Mass of material point

n Soil porosity

N, Number of nodes

N, Number of material points
p Pressure (kPa)

X Horizontal co-ordinate (positive right)
Xp Position of material point
Q Material domain

P density (kg/m?3)

0 Time scale

o Cauchy stress tensor

T Shear stress

K Permeability (m?)

FEM Finite Element Method

FLIP Fluid Implicit Particle

MP  Material point

MPM Material Point Method

PIC  Particle-in-cell

RVE Representative Volume Element
SPH Smoothed Particle Hydrodynamics
SWEs Shallow Water Equations

VOF Volume of Fluid
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Chapter 1: Introduction

1.1 AIMS

Water-soil interaction has been a challenge for studying hydraulic problems such as the
erosion of riverbanks and coastal areas and seepage flows through embankments. Numerical
simulations are significantly less costly than physical experiments. This leads to the massive
development of computer-aided simulation methods to investigate the interaction between soil
and water over the past decades. This aim of study is to gain the in-depth understanding into
water-coast interactions through the application of a numerical model and parametric studies,

with a focus on propagation and dissipation processes.

1.2 COASTAL FLOOD DEFENCES

A seawall is an onshore coastal defence structure with the primary aim of protecting areas
of human habitation or conservation from wave action, either because of normal tidal
processes, or from extreme events resulting from storm surges.

Seawalls are typically large concrete structures. The simplest design is a vertical seawall
built parallel to the coastal. This reinforces the existing coastal profile and reflects most of the
wave energy. Porous coastal flood defences can also be implemented. These can range from
human-engineered structures, such as rubble mounds, to more natural flood defences, such as
sand dunes and vegetation. Natural flood barriers are much less visually intrusive and have
demonstrated extreme effectiveness in flood protection. A report published by the United
Nations Environment Program (UNEP) suggested that the Boxing Day tsunami in 2004
caused significantly less damage in the areas protected by natural barriers, such as mangroves,

coral reefs or coastal vegetation.

1.3 THE EFFECTS OF CLIMATE CHANGE ON COASTAL FLOODING

Climate change refers to the long-term, large-scale change in the statistical distribution of
weather patterns. This has increased both ocean temperatures and sea levels. This rise in sea
temperatures and levels has a direct impact on the frequency and severity of extreme coastal
weather events. With more frequent and severe floods driven by typhoons, hurricanes and
cyclones, it is expected to have the design with additional height allowances for coastal

defences on top of what has already been designed for.
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1.4 INTRODUCTION TO MPM

The material point method (MPM) is a method between the particle-based methods and
the Finite Element Method (FEM), used to simulate the behaviour of both solids and fluids. In
MPM, the computational domain is spatially discretised in two frames. Firstly, the continuum
body is divided into a group of material points (MPs). Each particle carries all the material
variables: mass, velocity, stress, strain and position, which makes the MPM convenient for
modelling based on history-dependent constitutive material points. Each point also has a
constant mass but has a volume which can change. This enables compression or extension of
material and then each MP moves with the body deformation. The mass and constitutive
equations are solved at the MPs.

The latter frame is the computational mesh which is equivalent to a conventional finite
element mesh and covers the full domain of the problem, including empty spaces in which
particles may have to move into. The momentum equations are solved at the nodes of this
computational mesh. The variables require to solve the governing equations for each of the
calculation are transferred from the material points to the nodes of the mesh via mapping
functions. Boundary conditions are imposed, either at the mesh nodes or at the MPs, and an
incremental scheme is used to solve the governing equations. The quantities carried by the
MPs are updated through the interpolation of the mesh results, via the same mapping function.

MPM has proven to be useful in modelling large deformations and dealing with moving

boundary conditions, providing more promising results than mesh-based methods.
1.5 THESIS OUTLINE

There are six chapters in total in this report.

1. Introduction

2. Literature review

3. Material Point Method

4. MPM simulation: Verification

5. Wave interaction with porous media

6. Conclusions
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Chapter 2: Literature Review

2.1 EXPERIMENTAL AND THEORETICAL INVESTIGATION

2.1.1  Frictional dissipation of wave energy

One of the first investigations into frictional dissipation of wave energy by a porous
media was conducted by Savage and Fairchild in 1953 (20). The study of the energy loss by
bottom friction and percolation was carried by using a wave flume with a splitter (20). It is
found that the maximum energy loss was about 60% under the condition of artificial ripples
and permeable bottom of sand (20). In addition, the maximum loss of friction agreed with the
theoretical values (20). For the sand grain sizes that are larger than 2 mm, the large amount of
percolation losses was detected compared to that for low permeable sands (20). This implies
that the porous media is effective in dissipating wave energy, but the amount of energy

dissipated is dependent on the porosity of the material used (20).

2.1.2  Wave interaction with porous media

Staub et al. (1957) were one of the first to study wave interactions with a porous media
(41). The investigation found that a material with a high porosity was more desirable (41).
Additionally, crushed rocks having a high enough porosity were almost as effective as metal
meshes on low surface slopes (41). Lean (1967) studied the wave reflection from simple

permeable wave absorbers and found that some reflection will always occur (8).

Sulisz (1985) devised a theory predicting wave reflection and transmission at an infinite
rubble-mound breakwater when the incident wave meets the structure from a normal direction

which showed a reasonable agreement with experimental results (42).

Liu et al. (1999) investigated a numerical model for wave interaction with porous
structures (15). The paper combined the free surface-capturing approach with a novel Cartesian
cut cell treatment (15). The Finite Volume Model calculates the two-phase flows outside porous
structure based on the Navier-Stokes equations where the model equations describe the flow in
the porous structure (15). The numerical model is used to create the breaking wave overtopping
a caisson breakwater, which is protected by a layer of armour units (15). The results
demonstrate that the porous layer is effective in terms of reducing the overtopping of the caisson
breakwater (15).
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Sakakiyama and Liu (2001) focused experimentally on wave behaviour and turbulence
flows in front of a caisson breakwater, which was covered with wave-absorbing blocks and
supported by a rubble mound (38). They concluded that turbulence is generated around the
caisson breakwater during a wave breaking process, which significantly affects wave impacts

and the scouring process in front of the breakwater (38).

Koraim et al. (2014) investigated the hydrodynamic efficiency of a new type of porous
seawall experimentally (23). The observation shows that the run-up and reflection coefficients
decrease with increasingly porosity: increasing seawall porosity (n) from n = 0.38 to 0.47

decreases the wave run-up and reflection coefficients by 5-10% (23).

2.1.3  Wave impact

Pressures on coastal structures are generated by breaking waves. A wave breaking
directly onto a wall will produce much greater impact pressures than a non-breaking wave.

Thus, impact pressures are highly relevant to the design of coastal flood defences.

Hattori et al. (1994) performed experiments for wave impact on vertical walls under
breaking waves (14). It is found that when a small bubble of air is trapped between a breaking
wave and the wall at collision, the impact pressure increases considerably (14). This leads to
that the highest impact pressure occurs when the smallest air bubble is trapped between the

wall and the wave face (14).

Bullock et al. (2007) carried out a detailed investigation into the characteristic of wave
impacts against both vertical and inclined wall (2). They found that the most substantial
impact pressures occur at the still water level (2). They also observed that nominally identical
waves may produce very different pressure distributions, but similar impulses- the impulse on
a structure during impact is shown to be broadly proportional to the peak momentum flux of

the incident waves (2).

2.1.4  Vegetation

Vegetation is considered to be one of many shore protection solutions. In addition, there
is evidence showing that an area with vegetation could be impacted less from water waves such
as tsunami when compared to one without vegetation. This is could be seen from the coastal
area in the aftermath of the Indian Ocean tsunami which is shown in Figure 2.1. Therefore,

there is an increasing interest in using vegetation along the coast to control wave energy (12).
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Figure 2.1 — Pre-tsunami vegetation cover and post-tsunami damages in Cuddalore

District, India (9)
215  Summary

The understanding of wave motion and impact has significantly improved over a few
decades due to advancements in measurement precision. However, only a few analytical
models have been developed and validated while many physical experiments have been
conducted. The major difficulties with laboratory experiments outlines above include scaling
effects and also flexibility of planning and use.

Recent research has tended to use laboratory experiments to investigate basic physical
problems such as the simple dam-breaking and solitary wave propagation scenarios. These
results can be used to validate simulations and numerical models, which can then be used to

carry out more complex investigations.

2.2 PARICLE METHODS

2.2.1  Smoothed Particle Hydrodynamics (SPH)
The smoothed particle hydrodynamics (SPH) method is a fully Langrangian particle

method, in which a continuum material is divided into a set of particles with constant mass,
and each particle is assigned a spatial distance (called a smoothing length) in which the
physical properties of each particle is smoothed using a kenel function. SPH is widely used in
hydrodynamics research. Therefore, the use of SPH to model wave interaction with offshore

structures is an active research area in hydrodynamics and coastal engineering. In addition, it
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has been widely used in the field of wave propagation and wave-structure interaction (27).
Although SPH is widely applied in research, it has certain disadvantages for geotechnical
problems, many of which involve boundary interfaces (soil-structure interaction). The
accuracy of SPH near the boundaries is reduced since there are insufficient neighbouring

particles, resulting in a loss of consistency.

The mesh-free SPH method is well suited to handle problems with the large free surface
deformations such as wave breaking and wave impacting that arise during the dam break
flows problem considered in this project, when compared to a Eulerian approach (27).
However, difficulties arise when handling boundary conditions due to the lack of background
mesh, which creates complexity in computation when taking the porous nature of the
structures into consideration. The SPH approach is more challenging for the geotechnical
problem of fluid-structure interaction due to the boundary interfaces. In order to reproduce the
behaviour of the fluid flow within the porous medium, an extremely high resolution of SPH
particles would be necessary, resulting in prohibitively high computational costs (45). The
SPH method was therefore considered less suitable than the material point method for the

purposes of this project. 1

2.2.2  Material Point Method (MPM)
This study adopts the material point method (MPM) whereby Lagrangian point masses

(called material points) are moved through a Eulerian background mesh. Although there is a
mesh, it is used only to solve for the governing equations for computational convenience. In
addition, the mesh does not carry permanent information. The key benefit of MPM is that the
application of boundary conditions is straightforward due to the presence of background grid.
This is because the boundary conditions can be directly applied to grid nodes which is
identical to the Finite Element Method (FEM) (4). The formulation is dynamic and includes a
no-slip contact algorithm automatically which make MPM helpful for solving problems in

which involve large deformations and displacements, velocities and accelerations (33).

MPM has had a key impact in engineering fields in terms of its ability to simulate large
deformations without the limitation of mesh tangling. The single-phase MPM has been utilised
in various geotechnical problems that involve large deformations, for example, modelling
anchors in soils (5), where the soil is considered as a single-phase material. More recently,
MPM has been extended to solve multi-phase problems in saturated porous media (1) and

unsaturated porous media (46). The interaction between two phases has been formulated in two
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different manners, either adopting one set of material points (19) or two sets (1) (multiple-point

formulation).

Sulsky et al. (1995) was the first to extend MPM to solid mechanics (44). Since then
MPM has been widely applied to water-soil interaction problems. Martinelli and Rohe (2015)
modelled the fluidization and sedimentation process in MPM, including the simulation of the

transition from water to ground water (29).

Zhao and Liang (2016) modelled a seepage flow through embankment using MPM with
two sets of material points, representing soil and fluid separately (47). Zhao and Liang (2017)
simulated collapsing water columns with different initial aspect ratios via MPM (48). To
identify the accuracy and stability of MPM, the simulations are first validated using
experimental data and results of other numerical models (48). MPM then produced the

reasonable results for the pressure distribution and propagation of dam-break flow (48).

This two-point formulation allows modelling of coupled soil-water behaviour such as
changes in the location of the phreatic surface with time, by computing the movements of the
fluid particles within the soil. This initial formulation assumed only a small deformation of
soil; the same interpolation function was used for both the solid and the fluid layers (27).

Subsequent work has been carried out to develop the MPM code further to allow for
more precise modelling of partially saturated soil. However, the interest of this project is the
effect of changing the porosity, grain size and height of a carrier on the interaction with a
water wave, so complex models of partially saturated soils are currently only of limited

interest.

2.2.3  Summary

MPM has been proven to be useful in modelling large deformations and dealing with
moving boundary conditions. This project investigates the wave interaction with a porous

media, and the soil-water interaction therefore must be considered.

This project involves boundary interfaces as many geotechnical problems and in using
SPH, the accuracy near the boundaries is decreased, due to having insufficient neighbouring
particles. The single-phase MPM has already been utilised in various geotechnical problems
involving large deformations. Furthermore, the two-phase MPM is more widely researched than
the two-phase SPH. This project has therefore chosen MPM as the most suitable method for

studying the water-wave interaction with a porous media.
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Chapter 3: Material Point Method

3.1 MATERIAL POINT METHOD (MPM)

The material point method (MPM) uses a continuum based on soil constitutive models,
for example the Mohr-Coulomb, Cam Clay or Modified Cam Clay models. Instead of grains,
the material points (MPs) are viewed as representative volume elements (RVE). In MPM, the
computational domain is spatially discretised in two frames, as shown in Figure 3.1. Firstly, the
continuum body is divided into a group of MPs. Each particle carries all the material variables:
mass, velocity, stress, strain and position, which makes the MPM convenient for modelling
based on history-dependent constitutive material points. Each point also has a constant mass
but has a volume which can change. This enables compression or extension of material and
then each MP moves with the body deformation. The mass and constitutive equations are solved
at the MPs.

| computational

i \ o/ .
domain & S 4 NSRS 3 5 4 mesh

material

node

S S S ——
Figure 3.1 - Space discretisation of a continuum body showing nodes of the computational
mesh and material points (37)

The computational mesh is equivalent to a conventional finite element mesh and covers
the full domain of the problem, including empty spaces in which particles may have to move
into. The momentum equations are solved at the nodes of this computational mesh. The
variables required to solve the governing equations for each step of the calculation are
transferred from the material points to the nodes of the mesh via mapping functions. Boundary
conditions are imposed, either at the mesh nodes or at the MPs, and an incremental scheme is
used to solve the governing equations. The quantities carried by the MPs are updated through

the interpolation of the mesh results, via the same mapping functions. In addition, the
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information associated with the mesh can be discarded to avoid any mesh distortion, as it is not

needed for the next step of the analysis.

In MPM, as it is the particle and is not the mesh points that store all the information on
the state of the calculation, no numerical error results from the mesh returning to its original
position after each step and no re-meshing is required. Once the momentum balance equation
is solved at each node of the background mesh and the location of the MPs has been updated

the background mesh is reset to the original position as shown in Figure 3.2 below.

(@ (b) (c) (d)
- . -
1) © X @ 4.4 (]
) ® e ° ® o ° *” . ° o °lq
<] ¥ o 1ol o @ ° ° ®
a v na s ) [ ]
o X. @ ° ° ° <) ¢ é
° o ® o ) o ® o ° o|® o ° 0% *
O Lo (2] 14] o e o Py
o L ] L ]
@® Material Point B Grid Node

Figure 3.2 - Computation scheme of MPM: (a) map information from MPs to grid nodes;
(b) solve governing equations of motion at the nodes; (c) update MP information; (c)
update MP position and housekeeping (41)

Following MPs is difficult to implement in a Eulerian scheme. Meanwhile, modelling
using just Langragian methods is likely to cause severe mesh distortion, leading to mesh lock-
up or entanglement. In MPM, mesh tangling is avoided since the fixed Eulerian grid can be
interpolated as an updated Lagragian frame of reference and so the usual convection term in

acceleration associated with Eulerain formulations does not appear (43).

MPM has proven to be useful in modelling large deformations and dealing with moving
boundary conditions. Additionally, it has several advantages over the smoothed particle
hydrodynamics (SPH) method, where a continuum material is divided into a set of particles.
There is a parameter called a smoothing length which each particle is assigned a spatial distance
and the physical properties of each particles is smoothed using a kernel function. SPH
encounters problems involving boundary interfaces (such as the soil-water interface),
particularly a reduction in accuracy near boundaries since insufficient neighbouring particles
result in a loss of consistency. Since two-phase MPM is more widely researched than two-phase
SPH and the fact that the soil-water interaction is critical in this project, MPM has been chosen

as the most suitable method for studying water-wave interaction with porous media.
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3.2 GOVERNING EQUATIONS

The understanding of dam-break flow theory is provided by the shallow water theory.
Discontinuities in the weak form of the solution can be used to represent shocks in the flow due

to the shallow water equations (SWES).

To obtain the SWEs, the three-dimensional Navier-Stokes equations need to be
integrated. Even though the formulation of the SWEs is not investigated in this project, these
equations are often favoured in flood simulations with the convenient and accurate description

for almost horizontal flows (47).

The material domain Q is represented by a number of material points N,, and the position
of the material point at the current instant (time ¢) is denoted by x,,. The same material point at
the initial time (¢ = 0) is denoted x,. The governing equations describing the continuum body

are the standard conservation equations: mass (Equation 3.1) and momentum (Equation 3.2).

6p+ A-v=20 3.1
pa = A-o= pb (3.2)

where p(x,t) is the density of the continuum body, acceleration a(x,t) is the material
derivative of the velocity v(x,t), b is a specific body force and o is the Cauchy stress tensor

that can be decomposed into pressure and deviatoric components.

The water pressure is linked to its density change:

p
p=py+ K— (3.3)
Po

where K is the bulk modulus of water, p is pressure, and the subscript indicates an initial

reference value.

In the MPM, the Langrangian framework removes the need for a non-linear convective
term. The positions of each material point are updated with every timestep.
3.3 WEAK FORM OF THE GOVERNING EQUATIONS

Each material point carries the field variables, mass M,,, density p(x, t), velocity v, (x, t)
and the Cauchy stress o(x, t), for p = 1,2,3, ... N,,. Since the mass M, is constant throughout

the computation, the mass is automatically conserved in MPM.

At the current instant, the density of the continuum body can be expressed as:
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Np
p(x,t) = Z M, 8(x — x,) (3.4)
p=1

where §( ) is the Dirac delta function.

This leads to the following relationship:

j pdV = > M,8(x - x,)av (3.5)

The weak form of the momentum equation can then be formed by multiplying the

equation of conservation of momentum by a test function w:
f(pw—wA~0—pw~b)dV=0 (3.6)
Q

Applying the divergence theorem to Equation 3.6 allows us to write the weak form of
the momentum equations as:

fpw-adV:—jo:Ade+jpw-bdv+ w - tdS (3.7)
Q Q Q G1o)

Let M), = [ pdV, we can approximate Equation (3.7) by a summation of quantities at

material points:

Np

Np
Z Myw(x,,t) - a(xp,,t) = — Z My, 6% (%p, t): WX, )| =,
p=1

p=1
Np

£ My w(x,,6) - b(x,1) 3.8)
p=1

- | w-tudS
where o° is a specific stress.

3.4 DISCRETISATION

If a Eulerian grid with a total number of nodes N,, is considered, standard nodal basis
foundations, N;(x) with i =1 — N,, can be defined in the same way as in standard Finite
Element Method (FEM). Rewriting the acceleration a(x,t) and test function w(xp, t) at

material points x,, in terms of nodal basis functions gives the following equations:
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Ny

a= a®ONG) (3.9)

w= ) w;(t)N;(x) (3.10)
2

We can substitute these to Equation 3.7, resulting in a discretised equation below (4.3):

Ny Ny
i=1 j=1

i M 3
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B
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Y
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N
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[y
\

where the mass matrix, m;;, defined as:

Np
my; = z My N; (%) N; (%) (3.12)
p=1
The applied traction, t;, is:
T = f (x, ON; () dS (3.13)
aQ

And the specific body force, b;, is

Np
b;= ) (x,t)N;(x,) (3.14)

Then, considering the arbitrary nature of w;, we can rewrite Equation (3.11) in a reduced
form. From this, we can solve for the acceleration a at the grid nodes by solving N,, coupled

linear equations.

zw%fWHm (3.15)
where int — —Zp 1 My AN; ()| =y, - O
ext = p, + 1
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3.5 TWO-PHASE FORMULATION

MPM can deal with soil and liquid simultaneously. To allow for this, the solid and liquid
phases are assigned separate sets of material points, such that saturated soil can be regarded as
soil particles floating within a fluid or a porous medium surrounded by liquid. The momentum
balance equations for the MP layers are presented by separate velocity fields as follows:

V‘0;+nSV'Gl+p_Sg+fd=p_s% (3.16)
nlv'01+mg_fd=p_s% (3.17)
where the subscripts s and [ denote the solid and liquid respectively, p is the partial density, n
is the concentration ratio defined as the ratio of the partial density p to the corresponding mass
density and f ; is the drag force by the liquid on the soil. It is calculated from the Darcy equation

as follows:
2 B
fa= nLE(ul — Uug) (3.19)

where k is the intrinsic soil permeability. The Kozeny-Carmen formula below is used to

evaluate the soil permeability.

D? n3
:71—112

K (3.20)

where D is the effective grain size diameter (m), n is the soil porosity and A is a constant, equal
to 150 (10).

When two sets of material points are used, the mixture must be identified by its state,
characterised by the dominant material. To determine which state is appropriate, an additional
parameter n,,,, IS represented the maximum porosity. A mixture with an initially solid state
that undergoes fluidisation is characterised by two aspects: the mean effective stress decreases
and the porosity increases. The mean effective stress may become zero when there are no longer
contact forces between the grains. Fluidisation only occurs if the grains are significantly
separated, so that the porosity is larger than n,,,, and the state becomes liquid. In the reverse
process, sedimentation, the porosity decreases as the solid grains become closer to each other.
However, the effective stresses arise only if the porosity is smaller than n,,,, (i.e. the grains

are close enough to be in contact) and the state is solid.
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3.6 NUMERICAL IMPLEMENTATION

During the course of the MPM computation, the unknown variables are always recorded
by the material points and interpolated onto the grid at the beginning of each time step. In order
to eliminate divisions by nodal masses, momentum is used in place of velocity as much as
possible in the code. Further, the velocity gradient used to calculate the strain rate at material

points is calculated using the updated particle velocities mapped onto the grid nodes (44).
The general computation procedure in each time step is as follows:
1. Initialise the grid and material points.
2. Extrapolate material point quantities to grid nodes
3. Solve equations of motion on the grid
4. Solve Equation 3.15 to obtain the nodal acceleration
5. Extrapolate derivative terms back to the material points

6. Grid is reset and material point positions is updated.
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Chapter 4: MPM simulation: Verification

41 LIQUID DAM-BREAK FLOWS

The basis of the investigation is water-wave impact on porous medias with the MPM
model, which is therefore validated through a comparison of a liquid dam-break flow against
existing numerical and experimental data.

Viscous and turbulent effects are not considered in dam-break floods. In addition, all

surfaces are assumed to be frictionless.

4.1.1  Definition of geometry and mesh

3

W

L >

Figure 4.1 — Initial geometry of liquid dam-break simulation
The initial geometry is shown in Figure 4.1 above.

4.1.2  Boundary conditions
In this simulation, the right, left, top and bottom surfaces of the flume are fixed to prevent

movement of material points outside the computational domain.

4.1.3  Parameters

To ensure consistency in simulation resolution, the number of material points (MPs) and
the size of the domain was altered. Due to the investigation in Zhao et al. (2017), it is found
that the mesh size and particles density do not play an important role in the results of dam-break

simulations.
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Table 4.1 — Dam-break simulation parameters

Box Box

Ratio Height  Width Depth _ _ Mesh
H(m) wi(m) D(m) height width ize () MPs
m m m Size (M
* B(m) L(m)
2 2 1 0.1 2.2 5 0.1 8

4.1.4  Material properties

The material properties for the liquid dam-break simulation are shown in Table
4.2. To achieve a relatively large time step, an unrealistically low bulk modulus of
waster was chosen, as in Zhao et al. (2017). This results in increased compressibility
and it does not affect the simulation if the speed of the modelled water is over ten times

larger than the maximum flow speed across the domain.

Table 4.2- Material properties of the dam-break simulation

Material Water
Material type Liquid
Bulk modulus (kPa) 20,000
Dynamic viscosity (kPa/s) le-6
Density p(kg/m?) 1,000
Liquid cavitation (kPa) 0
Detect free surface Yes

415 Results
4.15.1 Validation

The results from liquid dam-break flow are compared with the validated results
in Liang (2010), where the column collapse is modelled using SPH. These results are
shown in Figure 4.3. The MPM code illustrates excellent agreement in both the shaped
and the pore pressure.

16
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4.1.5.2 Parameters

To compare the results, distance and time have been scaled according to the

Froude law:
t
t' = — (4.1)
H/g
=X 4.2
X =g (4.2)

where t* is the normalized time, x*is the normalized position of the flood front, ¢
is time, x is the position of the flood front, H is the initial height of the water column

and x is the gravitational acceleration.

A quantitative comparison of the position of the flood front in the MPM
simulations is compared to published results for SPH, VVolume-of-Fluid (VOF) and
shallow water equations (SWESs) and the experimental data is shown in Figure 4.2.
The flow front position is defined as the position of the most front particle with a
continuous stream of particles following and any small dispersed particles leading
to the flow are ignored. However, there is potential for errors since front positions

are obtained by visual identification.

The MPM simulations seem to agree well with previously verified MPM
simulations, both the experimental data and the previously published numerical
results. The SWEs solver overestimates the propagation speed. This is because of

negligible vertical momentum and is therefore not considered in this analysis.

20 : " Expcﬁi‘rpcnl”” p ’
L & VOF" /
[~ - SWEs solver” rd
eeesce SPP{“:] /
15F— MPM F

MPM from tbi§ verification

1.0 15

Figure 4.2 - Change in flood front position with time (Compared with the published
results from Zhao et al. (2017))
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Figure 4.3 - Comparison of the results produce by Liang in SPH with the results
produced by MPM on the right.
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4.2 POROUS SEAWALL

The solid-wall simulations capturing dam-break flow formed the basis for numerically
investigating the impact of this type of wave of porous media. The ability of the MPM code to
produce reliable results for wave impact on porous media was verified by extensive
comparison of simulation results with numerical and experimental results published in Liu et
al. (1999).

4.2.1  Definition of geometry and mesh

The initial geometry is shown in Figure 4.4. The experiments conducted by Liu et
al. (1999) used a water tank of 0.892m X 0.44 m X 0.55m. A porous structure of
0.29 m X 0.44 m X 0.37 m was built with crushed rocks (Dg, = 1.59 cm, n = 0.49)
was placed at the centre of the tank, from x = 0.3 — 0.59 m. A gate was constructed
2 cm away from the porous structure and pulled up manually within 0.1 s at the beginning
of the test. The initial water level was 0.25 m. The numerical set-up is the same as the
experimental set-up except that there is a gap of 2 cm between the water column and the

near side of the porous dam.

I L

Figure 4.4 — Initial geometry of porous wall simulation

4.2.2  Boundary conditions

In this simulation, the right, left, top and bottom surfaces of the flume are fixed to

prevent movement of liquid material points outside the computational domain. In
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addition, the boundary of the porous media shown in Figure 4.4 is fixed to prevent

movement of solid material points outside the media in all the surfaces.

4.2.3  Parameters
Table 4.3- Porous wall simulation parameters
Box Box
Height ~Width  Depth _ _ Height Width  Gap Thickness
H(m) W(m) D) height  width - W )
m m m ’(m ’(m t(m
Bm) Lm W cm
0.25 0.28 0.44 0.58 0.892 0.37 0.29 0.02 0.025
4.2.4  Material properties

The material properties for the porous wall simulation are shown in the Table 4.4

below:

Table 4.4 -Material properties in porous wall simulation

Saturated crushed

Material Water Dry crushed rocks
rocks
Material type Liquid Dry Material Saturated material-
fully coupled
Initial porosity - 0.49 0.49
Density solid(kg/m?) - 2,650 2,650
Density liquid (kg/m?) 1,000 - 1,000
Intrinsic permeability liquid (m?) - - 7.623e-7
Bulk modulus (kPa) 20,000 - 20,000
Dynamic viscosity (kPa/s) le-6 - le-6
Material model - Linear Elasticity Linear Elasticity
Effective Poisson ratio - 0.3 0.3

Effective Young modulus - 10,000 10,000

In the double-point MPM code, permeability is related to the interaction force
vector between the liquid and the soil particles, resulting from the drag force exerted on
the solid particles by the fluid.

20
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The permeability of the porous block is described by the Kozeny-Carmen

equation:

D? nd
=Il—n2

K (4.3)

where k is the permeability (m?), D is the effective grain size diameter (m), n is the
soil porosity and A is a constant, equal to 150 (Ergun, 1952).

The initial geometry and permeability parameter are matched to the experiments

in Liu (1999) as shown below:

_ 0.0159%  0.49°
T 7150 1-0492

LK =7.623X%X10""m?

425 Results

Figure 4.5 illustrates the comparisons of free surface profiles for the flow
passing through the porous dam at different points, compared with the numerical and
experimental results from Liu et al. (1999). It demonstrates that after the gate is open,
or the simulation is started, the water column immediately begins to collapse and fluid
particles rush towards the porous media. After t = 0.20 s, water particles have filled
the gap between the initial water column and the porous dam, and a dam-break flow
begins to develop. Since the porous dam offers some resistance to the flow, the
particles stack up and rise to form a small upward jet which then develops inside the
leading edge of the dam at t = 0.40 s. This jet can be observed in both the
numerical and experimental results. Some of the impacting water is reflected by the
porous boundary to form a wave traveling back towards the left side of the tank which
reaches the wall before being totally re-reflected by the solid boundary back towards
the dam. The free fluid domain on the left side of the tank shows a free surface
oscillation driven by the gap between the initial water column and the porous dam.
The frequency of this oscillation is comparable to the natural frequency of the water
body contained on the left side of the tank which is similar to harbour oscillations.
This fluctuation gradually decreases as particles pass through the porous dam.

Meanwhile, water particles escape from the far boundary of the porous dam and
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propagate towards the right tank boundary which arrive at the wallatt = 1.0 s and

reflects back again to form a similar oscillation on the right side of the media.

The largest discrepancy between numerical and experimental results occurs
att = 0.20 s, where the experimental data indicate a faster advancement of water
particles near the bottom inside the porous media. This could be explained by the gate-
opening phenomena whereby the manual operation of the gate is non-instantaneous,
tanking around 0. 10 s and allowing water near the bottom of the tank to be released

earlier.

Overall, very consistent agreement between the MPM simulations and the

experimental and numerical results published in Liu et al. (1999) is obtained.

22

Chapter 4: MPM simulation: Verification



Time (s) Experiment (Liu, 1999) MPM
0
£ 0.2]
= P———
> 0.1 @)
0 R ——
0.4 -
EO.ZI
0.1
(©) ‘
0
0.8
‘g02
0.1
(e)
0
1.2
E0.2]
ol |
)
0 (g
1.6 v
g0.2]
0.1},
(1) '
0 |
2.0 e
’E“O.Z
> 0.1 ®
0

Figure 4.5 - Comparison of the results produce by Liu in experiments with the
results produced by MPM on the right.
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4.3 CHANGE IN GRAIN SIZE

4.3.1  Material properties
Instead of investigating only 15.9 mm grain size, others are studied which are 1 mm, 5
mm, 10 mm, 50 mm and 100 mm. Other material properties are kept the same as the previous

part.

432 Results

Since the height of the porous column is greater than that of the water column, the
overtopping cannot be an issue for this analysis. In addition, water has only one option to travel
which is flowing through the porous media. In this specific scenario, the smaller grain sizes are
considered to have more impacted on the propagation of water through the media. When the
grain sizes between 1 mm and 10 mm are considered, the difference of the water movement is
more obvious than when the grain sizes between 50 mm and 100 mm are considered which can
be seen in Figure 4.6 on the next page. This could be explained by the fact that the size of the
porous barrier is only 0.29 m X 0.44 m X 0.37 m whose smallest size is only 2.9 bigger than
the greatest grain size value which is 100 mm. This calculated value might not be small enough

for the porous media containing this grain size.

44 CHANGE IN POROSITY

4.4.1  Material properties

Instead of investigated only the porosity value (n) of 0.49, others are studied which are

0.40, 0.60 and 0.90. Other material properties are kept the same as the previous part.

44.2 Result

Since the height of the porous column is greater than that of the water column, the
overtopping cannot be an issue for this analysis. In addition, water has only one option to travel
which is flowing through the porous media. In this specific scenario, water travel through the
porous media easier and less violent with the lower value of porosity. Inn = 0.90, there is
some amount of water particles being pushed upwards and travelling toward the right of flume
faster than the bottom part in the porous structure. This can potentially cause damages to

anything located behind the barrier. This can be seen in Figure 4.7.
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Figure 4.6 — Water propagation through the porous media with different values of
grain size
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Figure 4.7 — Water propagation through the porous media with different values of
porosity

45 DISCUSSION

The MPM code has demonstrated results that agree with published results. Compared with
other verified numerical simulations and experimental data, the MPM simulations give good
predictions of the pressure distribution and the front propagation of dam-break flows. In
addition, the movement of water from the change in the porosity in the porous structure and

the change in the grain size in the porous structure agrees well with the theory.

From these simulations, it was decided that it was possible to use the MPM to model dam-

break flows and to generate a water wave to investigate interaction with a porous medium.
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Chapter 5: Wave Interaction with Porous media

5.1 MODEL SETUP

This model setup is used through all of three investigations done in this chapter. However,
the height of the porous media (H') is varied which will be mentioned in each section. This

model setup is adapted from the Liu et al. (1999)’s model in the previous section.

5.1.1  Definition of initial geometry

Water column N : T

L
Figure 5.1 — Initial geometry of the investigated simulation

5.1.2  Boundary condition

In this simulation, the right, left, top and bottom surfaces of the flume are fixed to prevent
movement of liquid material points outside the computational domain. In addition, the
boundary of the porous media shown in Figure 5.1 is fixed to prevent movement of solid

material points outside the media in all the surfaces.

51.3 Parameters

Table 5.1- Simulation parameters

Height ~Width  Box height  Boxwidth  Height Width Gap
H(m)  W(m) B(m) L(m) H’(m) W’(m) G (m)
0.25 0.28 0.58 2.00 varied 0.29 0.72
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5.1.4  Material properties

Table 5.2 -Material properties in the investigated simulation

Material Water Porous media
Material type Liquid Dry Material
Initial porosity - 0.49
Density solid(kg/m?) - 2,650
Density liquid (kg/m?) 1,000
Bulk modulus (kPa) 20,000
Dynamic viscosity (kPa/s) le-6
Material model - Linear Elasticity
Effective Poisson ratio - 0.3
Effective Young modulus - 10,000

5.2 EFFECT OF HEIGHT ON FRONT FLOOD

52.1 Parameters

The heights of the porous media (H') used in this section are 0.05 m, 0.07 m, 0.08 m, 0.10
m and 0.15 m.

5.2.2 Results

From Figure 5.2, it is shown that the speed of water traveling through the porous media
is varied and depends on the height of the porous structure. In a higher height of the porous
media, the speed of water propagation is lower as illustrated in Figure 5.4. Due to the fact that
the same value of grain size is used in all of scenarios, this means that the greater height of the
porous media is, the greater number of pores within the porous media is. Therefore, this
indicates that water has more space to propagate within the media in the higher porous structure
than that in the lower one. The total distance for water to travel in a taller media is greater so it

takes more time for water to travel to the other side of the porous media.

In Figure 5.3, there are two cases which are 0.05 m and 0.15 m of the porous media. The
differences between those two scenarios can be seen after t = 0.35 s which is when the water
wave reached the structure. For H' = 0.05 m, water quickly filled up the pores within the

media, which causes the overtopping of the barrier to occur. It can be seen fromt = 0.40 s to
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t = 0.60 s, the amount of water in the overtopping increases and travels to the right of the
flume. Meanwhile, for H = 0.15 m, there is no overtopping of the porous media since the
water can flow through the media. When the water collides with the porous barrier, some of it
is reflected back to the left side of the flume which mean this portion of water is slowed down
for travelling to the end of the flume. For the higher structure, the larger portion of water
reflected back is slowed down which means that it is more effective to reduce the first portion

of water travelling to the end of the flume.

There are two clear trends shown in Figure 5.2. The first trend is similar to the line for
the front flood position belongs to the investigation of water column without porous structure
(brown line). The first trend has H' = 0.05 m and H' = 0.07 m. The second trend has H' =
0.08 m, H' = 0.10 m and H" = 0.15 m. Therefore, in the sections 5.3 and 5.4, H' = 0.07 m
from the first trend and H' = 0.15 m from the second trend are selected to represent their groups

to investigate the effect of porosity and the effect of grain size to the front flood position.

In Figure 5.4, the greatest difference in speed is between the H' = 0.05 m media and the
H' = 0.15 m media where the two main groups are categorised. It is considered that the change
in speed is lower in the latter group. The speed for the simulation without the porous media is
approximately 3.05 m/s. The lowest speed is just about 1.45 m/sat H' = 0.15 m. The greatest
speed is around 2.94 m/sat H' = 0.05 m.

1.8
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— = H'=0.07 m
£
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0.6
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0.4 Left boundary
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0.2 & Y
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Figure 5.2 — The graph of the front flood position (x) against time for different
height values
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Figure 5.4 — The graph of the speed of water propagating through the porous media against
the height of the porous media

5.3 EFFECT OF POROSITY ON FRONT FLOOD ON TWO DIFFERENT HEIGHT
0.07 M AND 0.15 M

53.1 Parameters

The heights of the porous media (H') used in this section are 0.07 m and 0.15 m. In
addition, the values of porosity investigated are 0.50, 0.70, 0.80 and 0.95. The model without

the porous media is also investigated to allow the comparison among the results.

53.2 Results

In Figure 5.5, both (a) and (b) illustrate similar results which means they agree with each
other in terms of the effect of porosity (n) on the water wave propagation through the porous
media. For n of 0.95, the behaviour of water propagating through the media is considered to be
close to that of water travelling without any barrier. This means that it is easier for water to
travel through in the porous media with the greater value of porosity which agrees with the
fundamental principles. This is confirmed by other values of porosity as well since the lower
porosity the porous media is, the easier the water can propagate through the media. This also
shows that the media slow down the water when it attempts to travel through the porous

structure.
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Figure 5.5 — The graph of the front flood position (x) against time for different
porosity values: (a) for 0.07 m of porous media and (b) for 0.15 m of porous
media
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Figure 5.7 — The graph of the speed of water propagating through the porous
media against porosity of porous media

In Figure 5.7, it can be seen that the water propagates through the H' = 0.15 m media
easier (n = 1 is when there is no porous media in the flume). The trends between the two lines
are similar to each other. This means that the value of porosity has impacted on the water speed
through the porous structure. In addition, from Figure 5.6, there is a comparison of water
propagation through the porous structure having n = 0.70 between H' = 0.07 m and H' =
0.15 m. It is shown that even though the height of the porous media is different, the pattern of

water propagation is similar to each other.

5.4 EFFECT OF GRAIN SIZE ON FRONT FLOOD ON TWO DIFFERENT
HEIGHT 0.07 M AND 0.15 M

5.4.1 Parameters

The heights of the porous media (H") investigated in this section are 0.07 m and 0.15 m.
In addition, the grain sizes (D) investigated in this section are 5 mm, 10 mm, 30 mm, 50 mm
and 100 mm.

542 Results

In Figure 5.8, both (a) and (b) illustrate that the smaller grain size is, the more difficult
water can travel through the porous structure. Therefore, those results agree with the
fundamental principles. The behaviour of the water propagation having the grain size of 100
mm is similar to that without the porous media. The water behaviour of the media whose height

is 0.15 m is closer to that of the media whose height is 0.07 m. This might be because there is
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overtopping in the media whose height is 0.07 m which has an impact on how fast water travels

after the porous barrier.

In Figure 5.9, there is a comparison of water propagation through the porous media having
the grain size of 30 mm between H' = 0.07 mand H' = 0.15 m. The overtopping water in the
simulation of H' = 0.07 m travels towards the right of the flume while that in the simulation of
H’ = 0.15 m travels towards the left of the flume. This happens because the water particles can
still travel through the media at H = 0.15 m so the bottom part of the overtopping can travel
downwards and rightwards through the gaps within the media at the same time while the water
particles cannot at H' = 0.07 m so the overtopping part requires to travel through the right. For
the 0.15m porous structure, the reflected water particles at the porous media wall is greater and
travels back further when compared to those of the 0.07 m porous structure. This could mean
that, with the same grain size particles within the porous structure, the higher porous structure
could slow down a portion of water to travel pass through itself. Meanwhile, the scattered water
particles from the collision with the porous media are around the porous media. However, the
most of them is around the front flood position of the water travel path. The breakwater occurs
within the porous media in both of the heights, while the water overtopping the barrier occurs

only in the lower porous media.

In Figure 5.10, the trends between H'= 0.07m and H' = 0.15m are dissimilar.
However, it is obvious that the larger the grain size is, the faster the water can travel through
the porous media for each height. Between the grain size values of 23 mm and 65 mm, the speed
of water propagating through the media of H' = 0.15 m is greater than that of H' = 0.07 m.
This disagrees with section 5.2 where states that the greater height of the porous media gives a
lower speed of water travelling through the porous barrier. However, the section 5.2 was
investigated in one particular grain size which was 15.9 mm. This could mean that the lower
water speed as the height of the barrier is higher is true in a certain value range of grain sizes.
An alternative could be that there are critical grain size values that are exceptions to the
aforementioned statement in the previous section 5.2. However, this only applies to this specific

case that is investigated in this section 5.4.
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Figure 5.8 — The graph of the front flood position (x) against time for different
grain size values: (a) for 0.07 m of porous media and (b) for 0.15 m of porous
media
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Figure 5.9 - Comparison of the results produce by MPM (on the left height of
0.05 m, on the right height of 0.15m) for the grain size of 30 mm
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Figure 5.10 — The graph of the speed of water propagating through the porous
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38

Chapter 5: Wave Interaction with Porous media



Chapter 6: Conclusions

In this research, a porous media is investigated via two-point MPM. The capability of the
porous media to absorb wave energy is an interest in coastal engineering. In addition, as the
flow friction developing within the porous media can be exploited to create significant wave
energy dissipation. In order to verify the accuracy of the MPM, simulations of dam-break
flows are carried out and the results are in good agreement with other validated numerical
methods and experimental data. Furthermore, simulations of the model from Liu et al.’s paper
(1999) are investigated, and the results are also in good agreement with the experimental data
obtained. Therefore, MPM is considered to be the most suitable method for this investigation.

There are three key factors related to the porous media that are investigated in this study
(Height, Porosity and Grain size). In terms of height of the porous media (H"), it is shown that
the taller the porous media is, the slower the water can travel through the barrier. The reasons
to explain this phenomenon are, for example, there are more spaces within the structure that
can contain more water particles, so the water particles take more time to travel to the other
side of the porous structure when compared to the speed of the overtopping water and the
amount of the reflected water at the barrier is greater with a higher media, thereby easing
some portion of the water to reach the end of the flume. In addition, there are two distinct
trends when the graph of the front flood position against time is considered (one is roughly
parallel with the trend without porous structure and the other is not), so, for the next two
factors, one height from each trend is investigated, H* = 0.07 mand H' = 0.15 m.

For the investigation of effect of porosity, there are four values included in the study
which are 0.50, 0.70, 0.80 and 0.95 in both of the height. They both show that the greater
value of porosity the porous barrier has, the faster the speed of water travels through the
structure. Moreover, when consider the graph of speed of water propagating through the
porous media against porosity value, it is demonstrated that both of the heights have similar
trends.

In the study of impact of grain size, there are five values included in this investigation
which are 5 mm, 10 mm, 30 mm, 50mm and 100mm in both of the heights. They both show
that the greater value of grain size the porous barrier has, the faster the speed of water travels
through the structure. This means that it is easier for water to travel through the porous media

with a greater grain size since the total distance for water to travel is lower. When the graph of
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the speed of water propagating through the porous media against the grain size is deemed,
there is no clear trend between those two height values. Between approximately 23 mm and
65 mm, the speed of water from H' = 0.15 m is greater than that from H" = 0.07 m.
However, this exception might apply to only this model.

In terms of the further study, the wave column on the left-hand side of the flume can be
changed into a set of stationary waves, which might produce more realistic results when
compared to the real-world scenarios. Furthermore, by placing the porous media, it is on a

small-angle slope would make it more realistic.
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Appendices

Appendix A

Risk Assessment

The risk assessment submitted to the Safety Office at the start of Michaelmas term
2019 is attached below. In retrospect, the form accurately reflects the hazards encountered
during the project. As this was a project based on running computer simulations, the risks

would likely not have been evaluated differently if starting the project again.

More care should be taken with the use of the guidance on working with display

screen equipment.
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Appendix B

Covid-19 disruption

When the department was shut down, the computer in the lab was not accessible due
to a disruption in the remote access. After approximately two weeks, we could create a new

connection to remotely access the computer to run the simulations.

Moreover, | self-isolated for a week due to a presence of high fever. In addition,
during this pandemic, my mental health was not in a good state. | was far away from my
loved ones which was one of many factors causing issues in my mental health. The Thai
government declared the emergency decree to permit any flight to enter the Kingdom of
Thailand which was extended until 30t June 2020. Therefore, I could not go back to my home
during this crisis which definitely affects negatively on my ability to work and therefore my

performance.
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