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Abstract

Solid-fluid physics is of great importance in geo-engineering studies about liquefaction,
submarine landslides, fluidized bed, and so on. Complex solid-fluid systems have commonly
been studied with experimental and empirical methods. Recently direct simulation of the solid-
fluid systems became popular thanks to dramatic improvement of computer performance. The
numerical methods need to carefully consider a coupling of three processes; solid dynamics, fluid
dynamics, and their interaction But most of conventional methods adopt some approximations
to at least one of the process, and may lead to oversimplification.

In this thesis, I developed a new simulator for geo-engineering solid-fluid problems. I used
the lattice Boltzmann Method (LBM) as a solver of Navier-Stokes equation; and the discrete
element method (DEM) as a simulator for the motion of solid particles including neighbourhood
interactions. Interaction between solid particles and fluid flow are also implemented. The
method is suitable for complicated boundary structures such as fractures and porous media.
Although computationally expensive, it is easy to parallelize the programming code.

Two numerical simulations were conducted to evaluate the developed LBM-DEM simulator.
First, I simulated particles settling in steady water. In the single particle settling, I observed that
trace patterns of a particle changed at Re = 2.0. In two particle settling simulation, the DKT
phenomenon was reproduced at relatively high Re number. At low Re number, two particles
descended in parallel. These results showed good correspondence with the previous numerical
and experimental works.

Next, I applied the LBM-DEM method to the sediment gravity flow, a type of subma-
rine landslides. The simulation reproduced the characteristics of subaqueous debris flow, and
its deposition pattern. Head and body part of the flow were clearly distinguishable. In the
head part, the sediment flowed down the slope convolving surrounding water with increasing
fluidization. This indicated there happened transition from subaqueous debris flow to turbidity
current. The internal velocity of the sediment gravity flow showed the same trend as the in-situ
measurement of submarine landslides offshore California. I also observed that deposits were
thinner just upstream of the slope break point, and thickest downstream of the slope break
point, which agreed with the previous analogue experiments. The LBM-DEM simulator also
have a good potential for analyzing relationship between tsunami and sediment gravity flow,
since the method compute secondary water movement caused by the submarine slide.

My research suggest that the LBM-DEM simulator be a powerful tool to analyze various

geo-engineering problems from small as a fracture, to large as submarine landslides.
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0 2.1 2D lattice models
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O 2.3 Boundary condition.
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0 2.4 Boundary condition on the lattice node.
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(b) Outlet boundary.

O 2.5 The periodic boundary condition.
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O 3.1 3D pore structure model by Finney’s random packing (Finney, 1970).
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0 3.2 Cross-sections through the 3D random packing model with various mesh dimensions. ¢
is the sphere diameter length with the lattice number. The rock spheres become finer according

to the mesh number.
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O 3.3 Variation of porosity with sphere diameter of the porous rock models used in our numerical

experiment. Porosity becomes almost uniform when ( is greater than 20.

3.3 UUO0Ubboooooooood

oooooboMPIOOOOOODOOODOOO LBMOOOODODOOOOOOOOODOLBM
ooooMPIODOOOOODOOOOODOOLBMOOOO 200000000000D00
gbobobooboooobooboobobobobooooobooboboboobooooooooboOoobo
ooo0OCOOO0O0o0o0oOOgOob3QIOOOooooooooooooo 4oooooDooobo
goooobobooboobboooobooobooooboooboooooobooooDooboo
umooboboooooobooboboooobooboboooooobooboboooooboon
MPIOOOO LBMOOOOODOPpPCOOOOOOOODOOOODOOOOOOODOOODDOO
gbobooobooooboobobobobooooboooooobobOoboboboooobooonoo
oboooooog

gbooooboboooob «c0bOO00O00O00DOO0OOO0O0OO0OOObOO0OOODbOObOOn
oboboooboobobyOO0ObO z0000000000000000C00O00O000O0O0O0O0
0000000000000 (03400000 100000000000000200000
gboboobooooobooboboboooooooobooboobobobooooooooboobOoDbo
gboboooooooboboooooobobobooooooobobobooooooobo
ooog

00004000000000000000000000 (0 35/)000000000000
400000000000O0DOO0O0OO000000O0O0OoDOoOObOOODOOOODDOOODOO0OO
gboboooooooboboooooobooboboooooooboboboooooooobo
oboboooooooboboooooobooboboobooooobooboboooooooobo
gobooooooobooboboooobobobooooboooooboboooooo



e
e

3 //

NG N

e

7
. np
7
7
7~
7
b
b
b
b

: \

0 3.4 Slice parallelization of model, where np is the number of processors.
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O 3.5 Full domain and parallelized sub-domains. Full domain is separated into four gray regions.

Each sub-domain has extra nodes (white regions) for MPI communications.
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O 3.1 Specifications of parallel machines used in this work
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O 3.6 Results of benchmark tests of (a) the PC cluster and (b) HPC2500. From left to right,

calculation time, speedup (s), and efficiency (€) are plotted versus the number of processors.
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O 4.1 The parameters of the fracture models.

0000 <d> 00000 (%) FD. o oq
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M121(2) 1.8686 31.945 12 2536 0.7969
M151(1)  3.3611 3.1173 15 2339 1.1027
M151(2) 2.4613 16.808 15 2339 1.0150
L121(1)  2.5972 15.898 12 3.767 1.1027
L121(2) 2.2522 25.058 1.2 3.766 1.0996
L151(1)  3.8830 5.0385 15 3472 1.4460
L151(2) 3.5388 7.9285 15 3471 1.4448
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0 4.1 The PSD functions of surface profile and aperture profile for a natural fracture.

0 4.2 The lower wall of the fracture
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O 4.3 2D fracture model. This model is divided into 1000 x 120 lattices.

¥

7 I (xy) F
L

dx.y)
yd v /

O 4.4 The schematic model of a single fracture.
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0O 4.5 The deviation from the cubic law for the 2D fracture model. The deviation becomes

larger according to narrowing the aperture.
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(a) of: Standard deviation of upper or lower fracture height

(b) oq: Stnadard deviation of fracture aperture

O 4.6 The schematic drawings of o¢ (a) and o4 (b). of is the standard deviation of upper or

lower fracture height and oq is the standard deviation of the fracture aperture.
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(c) or = 14.2 (d) of =21.3

O 4.7 Model A. As the both surfaces are the same shape, the aperture is uniform. That is, oq

is zero and o depends on the amplitude of a sine curve.
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O 4.8 Model B. The upper surface is a sine curve and the lower surface is flat. o¢ is equal to

gd.
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O 4.10 Model D. (a) The upper and lower surfaces are the same shape which are created by
the fractal algorism. The lower surface moves to right direction with (b) 5% and (c) 10% of the

fracture length.
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O 4.15 All the result of model B-D. The solid line corresponds to Figure 4.5. The dashed
lines with solid symbols are model B. The dotted lines with line symbols are model C. The
dashdotted lines with open symbols are model D. The deviation from the cubic low becomes

larger according to increasing of 4.
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0 4.16 the result of model B-D normalized by oq without o4 = 0. The solid line corresponds
to Figure 4.5. The dashed lines with solid symbols are model B. The dotted lines with line
symbols are model C. The dashdotted lines with open symbols are model D. The tendency of

the deviation from the cubic low is very similar.
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O 4.17 The left figures are M121(1), and the right figures are M121(2). The upper figures show
aperuture distribution. The middle figures show the result of the LBM. The lower figures show
the result of the Reynolds equation.



O 4.18 The left figures are M151(1), and the right figures are M151(2). The upper figures show
aperuture distribution. The middle figures show the result of the LBM. The lower figures show
the result of the Reynolds equation.
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O 4.19 The left figures are L121(1), and the right figures are 1.121(2). The upper figures show
aperuture distribution. The middle figures show the result of the LBM. The lower figures show

the result of the Reynolds equation.



O 4.20 The left figures are L151(1), and the right figures are L151(2). The upper figures show
aperuture distribution. The middle figures show the result of the LBM. The lower figures show
the result of the Reynolds equation.
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O 4.21 The visualized fluid flow through the 3D fracture. A solid line is a streamline for fluid

flow. A gray plate is a section of the fracture.
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O 4.22 3D flow in L151(2) with the isosurface of fluid velocity.

O 4.2 The parameter of the fracture models.
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O 4.23 Lower wall in a fracture. The red area is a moutain shape and the blue area is a valley

shape.



(a) Blue colored area corresponds to the area fluids flow downword.

(b) Red colored area corresponds to the area fluids flow upward.

O 4.24 Vertical velocity on two parallel sections in the fracture. The fluid flows upward in the

red area and it flows downward in the blue area.
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(b) strike-slip fracture
O 4.25 The schematic drawings of the 2D section for two fracture types.
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0 4.26 The model 3D-A. The legend "o" is o¢. The o4 is constant. The trend of the deviation

is the same in each model.
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0 4.27 The model 3D-B. The legend "o" is 04. The o is constant. The deviation becomes
larger according to the oq
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[0 5.1 The closed surfaceS around a particle with a diameter Ds and the unit outward normal vector

n on the surfaceS(Inamuro et al., 2000).
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L=1.5d 4d or 8d
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O 6.1 The initial model for single particle settling.
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O 6.2 Trajectories of particles settling in the narrower channel(L = 1.5d).
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O 6.3 Trajectories of particles settling in the middle channel(L = 4d).
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O 6.4 Trajectories of particles settling in the wider channel(L = 8d).
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O 6.5 Trajectories of particles settling from different initial positions in the middle wide
channel(L = 4d). (a) Re=0.565. (b) Re=13.2
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L=8d or 4d

O 6.7 The initial model of two particles settling.
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50d| Steady water

O 7.1 Model settings for particles sedimentation simulation. All four boundaries are rigid walls,

and the inside steady water contains.
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0 7.2 Snapshots during the acceleration period from 500 to 5,000 timesteps with 500 steps

intervals. The particles color corresponds to particle velocities.
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0 7.3 Snapshots during the deceleration period from 5,500 to 10,000 timesteps with 500 steps

intervals. The particles color corresponds to particle velocities.
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0 7.4 Snapshots during the stationary period from 11,000 to 20,000 timesteps with 1000 steps

intervals. The particles color corresponds to particle velocities.
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0 7.6 Snapshots at the flow head.
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O 7.7 Velocity profiles through the whole period. The slope angle is 7.6°. The solid line

corresponds to the average velocity of all partilces. The dashed line corresponds to the head

velocity.
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O 7.8 Velocity profiles through the whole period. The slope angle is 8.5°. The grain size

distribution is the same as that in the model with the 7.6° slope angle.
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0 7.9 Velocity profiles through the whole period. The slope angle is 6.2°. The grain size

distribution is the same as that in the model with the 7.6° slope angle.
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0 7.10 Velocity profiles through the whole period. The slope angle is 7.6°, and the grain is

equigranular.
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(f)  (e) (d) (c) (b) (a)

O 7.11 7 locations where the flow velocities are examined. First five lines, (a) to (e), have the

same intervals and the other two lines, (f) and (g), have twice intervals.

160 160
I e e C)] r —— (a)
140 Q 140 —— (b
I —— (f) I il (C)
r (@) I
120 120
100 100
c N c N
S S F
% sof % sof
s f s f
> -
60 - 60 [~
a0 a0
20F 20
b ™y F N S S L A I R S
0 0.05 0.1 15, 0.2 0.25 0.3 0 0.05 0.1 15, 0.2 0.25 0.3
Velocity Velocity
(a) body part (b) head part

O 7.12 Particle velocities along 7 lines at 3,000 timesteps.
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0 7.14 Particle velocities along 7 lines at 5,000 timesteps.
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0 7.16 Particle velocities along 7 lines at 7,000 timesteps.
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0 7.18 Particle velocities along 7 lines at 9,000 timesteps.
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0 7.19 Particle velocities along 7 lines at 10,000 timesteps.
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