A micro uidics study of the triggering of underwater landsl ides by earthquakes
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ABSTRACT the continental shelf slope, causing underwater landsligdhich
may themselves create signi cant, or even sometimes cafdst
Underwater landslides may be triggerred by the reduction in tsunamis for nearby coastal areas (e.g., [27]). These l&mHca
soil strength (sometimes up to the point of liquefaction)sel “landslide” tsunamis are usually made of shorter and mose di
by excess inter-granular pore pressures resulting fronmaes  Persive waves (e.g., [19, 30]), which upon propagating arfigw
activity. Here, we study micro-mechanical processes mesipte to tens of minutes, due to bgthymetric focusing or wave gafde
for such excess pore pressure build up in soils, by way of mi- fects, may concentrate their energy over narrow sectiornthef

L . . coastline, yielding large runup and inundation (e.g., [30]).
cro uidics technologies, with the long term goal of contrting While landslide tsunami generation, propagation, andtabas-

to the prediction of tsunamigenic landslides. Thus, botgda pact, have been well studied, both experimentally and nigalér
and small-scale experiments are performed; the former are(py this group, e.g., [8, 9, 19, 30], and others), partidylésr
standard cyclic triaxial tests, using both natural and lided rigid slides (i.e., cohesive sediment), the triggeringdfraarine
saturated soils, while the latter take place in customidated  landslides in less- or non-cohesive soils, by the combdnatif
mini-channels, lled with water or with a mixture of water@n  Seismic loading (i.e., cyclic ground shaking) causing ltestciry
idealized sediments. In parallel, a new ComputationalcFlui EXCESS Pore pressures, resulting in a reduction in sofigtineor

Dynamics model is developed based on the lattice-Boltzmann pOSS|ny.I|quefact|on, 'S stlllpoor!y un<.jerstood. _ .
method (for the uid phase), coupled with a “physics engine” In this work, we study the triggering of the instability of an

. . : underwater slope, made of porous sediment, caused by the cc
(for the solid/granular phase). After being validated franslard bination of seismically induced: (a) horizontal accelienas, that

analytical solutions for steady ows, the model is used toudiate may cause inertia forces exceeding the shear strength skthe
the behavior of an ideal saturated granular soil, represehy iment; and (b) oscillatory excess pore pressures that maseca
rigid spheres. In future work, once it is made both more gainer reduction or a total disapearance of shear strength. Sowher-un
and ef cient, the model will be used to simulate mini-chahne water landslides may in turn be tsunamigenic, but this d@sigec
experiments, such as reported here, as well as cyclicalitegts. ~ beyond the scope of this work. Pore pressure build-up ingtyo
dependent upon dynamic ow propagation in the “micro-chelin

KEYWORDS : Micro uidics technology; Lattice-Boltzmann  network forming the sediment matrix, a process that is yoant

Method; Pore pressure; Soil liquefaction; Underwater &ide. derstood and usually represented by an ad hoc (macroscapic)
stitutive law. Using such constitutive laws, Navier-Stelselvers
INTRODUCTION with multiple- uid representation have been used to sirteilan-

derwater landslides and tsunami generaiton (e.g., [1]g Advel

Although “co-seismic” tsunamis generated by earthquakes o approach presented here combines standard large-scalel-mo
|arge magnitude ( ) may be very devastating (e_g_, the |ng and experiments, with new small-scale micro uidics eﬂp
12/26/04 Indian Ocean tsunami; [18]), they are fortunatelite ments and numerical modeling. Large-scale modeling of nde
rare. By contrast, the more frequent average magnituda-eart Wwater slope failure was studied in earlier work, using aestet

quakes ( ) may destabilize sediments on, or near, the-art continuum mOde”ng nite difference program (FLAC,
[7]). Macroscopic laboratory experiments (cyclic tridxests)

were also performed in earlier work, for both natural andalde
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ized (glass spheres) sediment samples, under controlttbes
tory pressure loading leading to soil liquefaction [16].

In this paper, we detail novel micro uidic experiments and
their modeling. Mini-channels were fabricated and testedRl
for ow properties, in a newly designed aparatus (Fig. 1thwhe
goal of : (i) understanding and measuring the complex sirecif
dynamic pressure propagation in water lled channels (&fer-
ence) but, more importantly, in water-sediment mixtures} @i)
to develop new macroscopic constitutive laws, relevantémsub-
marine landslide triggering problem. The second key corapbn
of this work was the CFD modeling of the new micro uidic ex-
periments and earlier triaxial tests, in order to both gdufigonal
physical insightinto ow processes and use the model togrenrf
a broader parametric study. The CFD simulations are peddrm
with a model combining a pre-existing Lattice-Boltzmanndab
(LBM) and a “physics engine”. The LBM, developed at TUB
[21, 29, 6, 2], simulates uid ows by solving a simpli ed Boz-
mann equation (over a lattice) that can be shown, to the,lbmit
yield approximate solutions of Navier-Stokes equatiorte Jed-
iment grains, represented by rigid spherical particlegracting
with each other and with the surrounding uid, are modelethwi
the PE. Details of models are given later. Results of initizM
simulations and of micro uidic experiments, f or academitda
less academic test cases, are presented in the followigethter
with a summary of various methodologies.

=
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Figure 1: Experimental set-up (left). Example of mini-channel
tested in the set-up, fabricated using soft lithograprght)i
THE LATTICE BOLTZMANN METHOD

Many commercial CFD softwares (such as Fluenj solve
uid dynamics using various forms of Navier-Stokes equatip

derived from mass, momentum and energy conservation, assum

ing the uid is s a continuum. In micro uidics applications,
however, one is more interested in studying phenomena from
micro/meso-scale point-of-view. Hence, it appears motarah
to consider the uid as a group of particles, interactinghwétich
other and with the surrounding medium, such as done with the
LBM, or its ancestor the lattice-gas method, developed ftioen
kinetic theory of gases. Hence, the LBM simulates compléssi
uid behavior, but converges to an incompressible soluf@riow
Mach numbers (i.e., when the uid velocity is small compated
sound speed).

a

The primary variable of the Boltzmann equation is a particl
distribution function , Which describes the (normalized)
probability to nd a particle with microscopic velocity at point

(i.e., 3D positon vector) and time In the LBM, one de nes a
set of () discrete particle velocities , and a simpli ed collision
operator (see, e.g., [26]). The resulting set of partial differehtia
equations governing particle distributions and inteagstis given

by,
(1)

Here, the so-called D3Q19 model [24] is used to de
ne relationships between particles over the lattice (3 di
mensions, 19 velocities) with the following de nition of
constant microscopic velocities:

,where is aconstant

(Fig. 2).

Figure 2:D3Q19 grid pattern used in LBM

Egs. (1) are discretized by Finite Difference as,
)

where is time step, is grid spacing, and the
so-called “Bhatnagar-Gross-Krook™-collision operat8j [also
known as single-relaxation-time collision operator) igagi by,

®3)

with  a microscopic relaxation time, measured in units of
and  the equilibrium distributions, which are usually taken a:
second-order polynomials of the moments, de ned laterofeil
ing [24]. Egs. (2) corresponds to a two-step procedure:h@) t
distributions are modi ed by (collision step); and (ii) advected
to the corresponding neighboring grid nodes (propagatiep)s
Discrete moments are de ned to compute the macroscopic ui
velocity and hydrodynamic pressureas,

(4)

(5)



where

diffusive scaling [20], it can be shown that ow properties-d

ned by these moments approximate those from weakly com-

pressible Navier-Stokes equations, to the rst-order metiand
second-order in space, when assuming the following relship
between microscopic relaxation time and uid kinematiaoasity

For the simulations described below, we use a variant of the

Multi-Relaxation Time model, which maps the distributidyes
fore collision to a set of well-de ned moments, for which the
non-conserved higher-order moments are relaxed, witlerifit
relaxation times, which are subject to optimization in teiwfista-
bililty and accuracy. After the collision operator is apgalj these
moments are mapped back to the velocity space (i.e., the-dist
butions) where the propagation step is computed. Detaildhea
found in [5, 22, 6, 28].

Figure 3:Simple bounce back scheme

Figure 4:Second-order bounce-back scheme [15]

In the LBM, by nature, boundary conditions have to be di-
rectly speci ed on the distribution functions for the bowng

is the speed of sound. Using either a Chapman-
Enskog expansion [13] or an asymptotic expansion basedeon th

(6)

where subscript denotes the symmetrical distribution function,
with . A good overview to the treatment of boundary
conditions in the LBM can be found,e.qg., in [17].

Forces on a rigid submerged body are evaluated in the LB
during the propagation, based on momentum transfer betwe
uid particles and the immerse body, resulting from colbiss
[23]. For a straight boundary, we have,

(7)

with the moving boundary velocity. This basic scheme ca
easily be extended to non-uniform grids (see, e.g., [4]).

The ef ciency and accuracy of the LBM method to solve
classic CFD problems has been demonstratde in many papers
study of transient laminar ows, for instance, is preseritefl4].

In addition, the method can be ef ciently parallelized tonbe
from massively parallel hardware [12].

Figure 5:Flowchart for LBM-PE model coupling

RIGID BODY MODELING WITH LBM

The LBM model was applied to simulate the free fall of inter-
acting rigid spheres of identical radius (aimed at représgrsed-
iment grains), ina uid lled domain. To do so, the LBM model

nodes, which is quite different from macroscopic CFD meth- was Coup|ed toa “physics engine” (PE) that model each Stsher(

ods. No-slip boundary conditions are modeled with a scedall
bounce-back scheme, in which the particle distributioncfun

motion and interactions, based on computed ow properfiég. (
5). The PE is a particle-based method that simulates rigéty bo

tion "bounces” against the boundary, as shown in Fig.3, caus motions and interactions based on Newton's second lawjeppl
ing the mean momentum exchange to be equal to zero. Thisto the spheres' center of mass. The PE handles the contact :

method can be extended to non-straight as well as movingdoun
aries, by using a second-order interpolation in the boursk
scheme (Fig.4), identifying two different cases, depegdm
whether the distance between the boundary and the node is :
0] ; or (i) . Formal interpolation
schemes are given in Eq. (6),

collision responses between rigid bodies, depending obttk
ies' relative velocity ( . separating contact;

. resting contact; . colliding contact). The tolerance
level of the contacts is set based on threshold values. Hydro
namic forces applied to the rigid spheres are calculatethgur
the collision part of the LBM. The spheres' impulse respoisse
then calculated using a projected Gauss-Seidel solver. ifthe
tialization of new uid nodes created as a result of the spker



displacement is done by performing local collision/progiémn
steps, on the newly created uid nodes, until convergencthef
uid characteristics (pressure/higher order moment) isiexed.
This approach has helped improving the forces' accuracyrand
ducing errors on both sphere drag force and velocity, as agll
oscillations of various parameters during the simulations

Practically, the PE consists in a library of C++ routines,
developed at the University of Erlangen-Nurnberg (Germany
[11], that is coupled to the LBM model for computing spheres'
interactions and resulting changes in ow properties, ie th
manner described above. The simulation of free falling sgshis
split into two phases: (i) an initialization, in which eacphere
is xed to an initial position and the LBM model is run until
convergence of ow properties to a steady state is achie(iéd;
each sphere is released to fall and interact with other sghier
the cylinder, under the action of gravity.

APPLICATIONS OF LBM-PE MODEL

Flow in a circular pipe

We simulate a gravity driven laminar ow, through a slop-
ing circular pipe of radius and angle , by specifying volume
forces: inthe LBM. For laminar ows, Navier-
Stokes equations yield the classical axisymmeraiseuille ow
solution,

(8)

with the uid dynamic viscosity.

The model is rst run for a pipe of radius m, slope
angle , and length m, with a uid of density
kg/m and kinematic viscosity m /s. The
Reynolds numbeRe = (with
m/s for from Eq. (8)) is well wihin the laminar regime.
Results are calculated for a series of increasingly re n&wML
grids sizes, to , Starting from a state of rest;

in each case, time step is selected based on a CFL = 1 criterion

Periodic boundary conditions are speci ed at the inlet antled
boundaries (i.e., elds on the inlet boundary are set equttidse

on the outlet boundary at the previous time step) and a mpo-sli

boundary condition is applied at the wall (second-ordernoed

| || max. error| RMS error| mean error|

5 2.879 3.764 0.864
25 1.452 1.483 0.237
1.66 0.997 0.786 0.102
1.25 0.754 0.556 0.063
1 0.560 0.269 0.027

Table 1:Relative errors (%) of axial velocity , compared to
Eq. (8), as a function of LBM grid size f&ke = 1.07.

| || Re | max. error| RMS error| mean error|
1 1.07 | 0.560 0.270 0.027
10 || 10.65| 0.523 0.258 0.026
20 || 20.97| 0.523 0.256 0.026

Table 2:Relative errors (%) of axial velocity
Eq. (8), as a function of Reynolds number for

, compared to

Single falling sphere in a uid

Assuming a sphere of radius and density , falling in
an unbounded Newtonian uid of density and viscosity ,
the balance of weight ( ) buoyancy (
) and drag ( ) forces (
) yields a terminal velocity of,

(9)

with . AssumingRe (1) for laminar
ows, Stokes solution yields the drag coef cent for the sphe
Re.

Schiller and Naumann [25] extended the latter equation t
higherRe values as, Re Re. Moreover,
fora nite width LBM domain, e.g., represented by a circuybépe
of radius , such as used in the above application, additional co
rections must be made to values. These were given in [10] as

back scheme). Table 1 shows relative mean, maximum, and RMS

errors of LBM results for the axial velocity at the middle
section of the pipe, compared to the theoretical value frgm(8),
as a function of grid size. We see that numerical resultsexgey
to the analytic solution as grid size is reduced. A closguéation
would show that the convergence rate is , as expected
from the selected LBM scheme.

The model is then run for higher slope angles, and thus

Reynolds numbers, in order to verify that numerical erreraain
acceptable.
reported in Table 2, for the coarser grid size . We
see that numerical errors remain quite similar over a laagge
of Reynolds numbers within the laminar reginke  1-21.

a perturbation expansion of , yielding,
— Re
Re
(10)
which predicts the drag force with a
95% accuracy, for andRe

We run the LBM model for : m, m,
kg/m , m /s and kg/m ;

length m was selected in order for the sphere to reac

Mean, maximum, and RMS errors are similarly steady state before impacting the cylinder's bottom. Np-sl

conditions are speci ed on the lateral boundary as well athen
top and bottom sides of the cylinder, as recommended in [R3].
velocity continuity boundary condition is speci ed on thigid
sphere's boundary (modi ed second-order bounce-backreehe



| || Error on | Error on |
0.0025|| 0.07 16.69
0.0017|| 0.08 9.16
0.0013|| 0.15 7.90
0.001 0.06 8.88

Table 3:Relative error (%) of computed drag coef cient
and fall velocity of the sphere, as compared to theory (Egs. (9)
and (10)) for different grid sizes ariRe=0.41.

| | Re | Erroron | Erroron |
2,000 || 0.41| 0.06 8.88
4,000 1.15| 0.02 10.69
6,000 1.83| 0.01 11.04
8,000 || 2.47 | 0.06 10.66
10,000( 3.09| 0.29 9.84

Table 4:Same errors as in Table 3, for differé®é values, with

for moving boundaries, de ned in [23]). We rst performed
computations in a series of increasingly re ned LBM gridsthw
size to 0.001, starting from a state of rest. As
before, time step is selected based on a CFL =1 criterioleTab
shows numerical errors for and as compared to Egs. (9)
and (10), for a lonRe=0.41, as a function of mesh size. We see a
reasonable convergence of numerical results towards flected
values. We then use to compute the drag coef cient
and fall velocity as a function oRe (changed by varying the
sphere density). Table 4 shows a good accuracy for all select
cases.

Figure 6: Simulation of 6 falling spheres (color scale indicates
velocity magnitude) ; (a)-(d) shows results for increadingg.

Multiple-spheres test-cases

Having validated LBM simulations for both a Poiseuille
ow and for one single falling/settling sphere, other casesre
performed for multiple interacting falling spheres, foriathno
theoretical solution exists. Fig. 6 thus shows 4 stages of o

Figure 7:LBM-PE simulations with 4,500 spheres in a cylindri-
cal domain, for a speci ed inlet velocity achievirige = 0.1; in
(a)-(b), color re ect a pressure scale

and interactions of 6 falling spheres. Steady state is exhah
Fig. 6b and, in Fig. 6c¢, the 3 leading spheres are approathiag
bottom and slow down. Hence, ow velocities increase ahefad «
the 3 following spheres. In Fig. 6d, spheres impact the dgin
bottom, rebound, and roll over each other.

Perspectives

More complex applications, which are still ongoing, wilt ul
timately involve the computation of unsteady ows in a cilau
(or rectangular) domain lled with a large number (typically
10,000) of interacting spheres of varying radii achieving a
speci ed porosity , e.g., representing a porous medium in a mini
channel. For a cylindrical domain (, for instance, we nd,

(11)

Similar to the work in [32], we are rst testing cases of a
steady ow through a sphere- lled pipe (e.g., Fig. 7), to ier
the standard Darcy law is retrieved for low porosity We will
then test cases with cyclic pressure loading at the pipemities
and/or harmonic horizontal acceleration specied as a wau
force. Such cases will yield soil liquefaction under somecsp
loading.

MICROFLUIDICS EXPERIMENTS

Experiments were performed in custom fabricated mini
channels (Fig. 1) lled with water, or with a mixture of water
and idealized sediment made of standardized glass beads of
50 m in diameter, to both provide data for LBM-PE model val-
idation and gain physical insight into the pore pressurpasse
of soils, due to dynamic seismic-like loading. Two differgrpes
of experiments were designed and performed, for which press
variation was measured at several gates (side channefg) tide
main channel, using pressure transducers connected to ia m:
fold (Fig. 1) : (a) steady state ows were created by speoifya
constant pressure gradient between both extremititeseahihi-
channel; and (b) dynamic (essentially cyclic) pressuregamvere
generated in the mini-channel using a pump.

We only tested one channel geometry so far, but we are pla
ning in future work to vary properties of the channel (cross
section/length/branches), together with the frequencyampli-
tude of the pressure variation, in order to investigatectsfef



these on measurements, in relation to pore pressure gieneirat
soils.

In all experiments, we rst use pure water and estimate
effects of the channel itself on uid ow, essentially thrgh
energy dissipation; this yields hydrodynamic charadies©f the
channel (e.g., friciton coef cient). We then repeat expents

using the mixture of water and glass beads and estimate the

hydrodynamic properties of glass beads by removing the know
channel effects. Cyclic test results will be processedwisig and
we will then attempt to correlate these to triaxial test hassj16]
and CFD simulations of both with the LBM-PE model.

Mini-channel and its equipment

Considerable efforts in miniaturization since the 198@istte
the development of Micro Electro Mechanical Systems (MEMS)

Figure 8: Pressure measured as a function of mean ow spee
in Fig. 1's channel, lled with a water-bead mixture, at gaté1

such as mini- and micro-channels, and to their increasirgg us (inlet) ( ); G2 ( ); G3( ); G4 ( ); G5 ( ). Solid lines denote

in chemichal and biomedical applications. Here, we builimi
channels by soft-lithography, which allows for a quick fightion
of rectangular mini-channels, using the properties of prsiza-
tion of polydimethylsiloxane (PDMS).

The mini-channel shown in Fig.
reported here, is

1, used in experiments
mm long, 1 mm wide, and 0.2 mm deep.

guadratic curve ts forced to (0,0); (atmosph.) at gate G6.

gradient, , must overcome all such pressure
drops (i.e., head losses) due to energy losses, withe pressure
at the inletand at the outlet. If the mini-channel cross-sectior

Four branches, spaced 10 mm apart, allow for pressure ngeasur remains constant, for a constant ow rate, there is no change

ments using transducers connected to 4 gates; 2 additiates g
are located at the entrance and exit of the main channel eies

gates are connected to pressure transducers via a custoe madspeci ed pressure difference,

manifold (Fig. 1) The transducers are Honywell type staisle
steel strain gauges (non-linearity of +/- 0.1% of the fulhls¢
pressure range :
panel meters are used to digitize the pressure (Fig. 1)ethes
connected to a control unit recording measurements at aesgpec
sampling frequency (typically 12 Hz). A pressure panel (Hiy
is used to specify a constant or cyclic pressure at the charee

Experiments

Eq. (8) gives the axial ow velocity , in a circular cylin-
der of radius , due to a speci ed pressure gradient, for steady
laminar ows with low Re (Poiseuille ow). The latter is typical
in micro uidics applications dominated by viscosity. E@)(can
still be used as a reference for non-circular channels lrgdiotc-
ing the hydraulic diameter, , where is the chan-
nel cross-sectional area andits perimeter. We further de ne:
Re , With the mean ow velocity, where
denotes ow rate. With these de nitions, Eq. (8) yields,
with

(12)
and for a circular cross section. For Fig. 1's channel
: mm , mm and mm.

In uid ows through narrow pipes, changes in pressure take
place along the length of the pipe, due to both continuousizsid
crete frictional losses. The former are due to viscous ssteass
along the pipe boundary, as in Eq. (12), while the latter di-a
tional energy losses due to abrupt changes in the pipe gegmet
such as branching-out/inlet/outlet. Hence, the speci egspure

0-200 psi), and Omega DP25-S strain gauge

mean ow velocity along the pipe. Bernouilli equation careth
be used to relate the total energy loss along the channeleto f
. Assuming a hori-
zontal channel, we nd,

(13)

with  the average (continuous) skin friction coef cient and
the -th discrete head loss coef cient.

In mini-channel experiments with steady ows (Fig. 1), Eq.
(13) can be applied between each pair of pressure gates, U$wus
ing measured pressures, values ofand  are rstcalculated as
a function of (or more speci cally as a funcion d®e). Results
are rst calculated for pure water and then for the waterdsea
mixture. The channel frictional properties can thus be naddo
estimate those of the idealized saturated porous mediunelerbd
by the glass beads, under various types of ows.

According to Darcy's law, in a porous medium of low per-
meability (i.e., clays, silts), the small ow velocity is propor-
tional to the pressure gradient: ; this applies
whenRe ,000 or so. For larger permeability arfrk val-
ues, according to Vorchheimer equation, a quadratic tepras

; this applies wheiRe ,000 or so.
Eq (10) is consistent Wlth Darcy's law prediction, sincedmall
Re: 1/Re ; hence, Eq. (13) yields
for the continuous friction term. By contrast, for lar§e, the
drag coef cient of a small rigid sphere becomes constanhin t
turbulent regime and Eq. (13) yields for the continuous
friction term, which is consistent with Vorchheimer equoati

Fig. 8 shows the pressuremeasured at gates G1-G5 as ¢
function of mean ow speed , in the mini-channel of Fig. 1 lled



Figure 9:Pressure drop between inlet and outlet, as a function of
ow speed, in Fig. 1's channel lled with a water-bead mix&ur

. Figure 10:P 1-G6, f i
measurements J; linear (—) and quadratic (- - - -) ts. gure 10:Pressure at gages G1-G6, for ms, in

Fig. 1's channel lled with water-bead mixture : predictedrz
tinuous losses in channel () ( ); predicted continuous losses
due to beads ( ) ( ); total predicted continuous losses ()
( ); predicted discrete losses due to branching)(( ); total

with a water-beads mixture. G1 denotes the inlet, and presgu predicted losses (); total measured losses (- - - -).

the outlet G6 is atmospheric, . Hence, in this con guration,
. We see, pressure varies linearly for low(
m/s) and then becomes quadratic. Speci caly, Fig. 9 plots
as a function of and shows both linear and quadratic ts, investigate the micro-mechanical behavior of soilds urmben-

representative of Darcy's and Vorchheimer's laws, respelst plex seismically induced harmonic pore pressures and btk
With the former, we nd m/s ( ), and accelerations.

with the latter m/s ( ). For Initial experiments performed in mini-channels lled with
m/s, the maximum observed value of the mean velocity, we have gn idealized sediment, for steady ows, led to promising re
Re =1, indicating laminar creeping ows in all cases. sults showing the expected uid behaviors at the of the micrc

Similar experiments, run with the mini-channel lled only mechanical level. Experiments with cyclic pressure logdine
with water showed, as expected, much larger velocitiegjingr ongoing and will be similarly analyzed in order to relate nsac

between and 2 m/s for the same pressure gradients as in scopic measured parameters, such as pressure drop, todtte mi
Fig. 8. Eq. (13) was applied to those measurements ancbinii mechanical properties of the medium. These experimenis w
characteristics of the mini-channel, and , both help gaining additional physical insight into poregsure
were calculated. For the continuous friction coef cient feeind, build-up and serve as a data set for validating the LBM-PEehod
in particular, Re (with ). A similar which in turn wil be use to perform broader parametric stedie

analysis was repeated for the results of Fig. 8 obtainedhier t

o , ) Ultimately, all these results will contribute to develoginew
mini-channel lled with the water-bead mixture. We thus fal

macroscopic constitutive laws for predicting underwatiédes

Re (with ), yielding . )
the continuous friction coe cient due only to the water-dea 99€ring.
medium as, Re , Which is close to the ACKNOWLEDGEMENTS

theoretical value expected from Darcy's law. Additionaliiye
discontinuous  coef cients for the water-bead lled channel
were obtained (not shown). These results, together witiowsar
forms of Eq. (13), make it possible to predict the pressure at ] )
gates G1-G6, without running experiments, including wasio ~ (University of Numnberg-Erlangen).
contributions to the pressure drop, Fig. 10, for instanaavsh

This research was supported by the NSF-PIRE program at U
and the TUB. The author would like to thank Klaus Iglberge

such a prediction for m/s. REFERENCE
CONCLUSIONS [1] Abadie, S., Morichon, D., Grilli, S.T. and Glockner, S.
(2008) “VOF/Navier-Stokes numerical modeling of sur-
Although computations described in the perspective sectio face waves generated by subaerial landslides Houille
are sill ongoing and no comparison with micro uidics resuitere Blanche 1 (Feb. 2008), 21-26.
done so far, based on prelminary results, we believe our LBM- 2] Ahrenholz, B., Tolke, J. and Krafczyk, M. (2006) "Lattic
PE approach is more general, consistent, and accurate dnan e Boltzmann simulations in reconstructed parametrize

lier proposed methods, and will yield a numerical tool alde t porous media,Intl. J. Comp. Fluid Dyn.20(6), 369-377.



(3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Bhatnagar, P.L., E.P. Gross and M. Krook (1954) “A Model
for Collision Processes in GaseBhys. Rey.94, 511-.

Crouse, B., E. Rank, M. Krafczyk and J. Tolke (2002) “A
LB-based approach for adaptive ow simulation,'Mod-
ern Phys B17, 109-112.

d'Humieres, D. (1992) “Generalized lattice-Boltzntan
equations,’Rare ed Gas Dynamics: Theory and Simula-
tions(Prog. Astronaut. Aeronaut., B. D. Shizgal and D. P.
Weave, eds.), AIAA, Washington DC, Vdl59 450-458.

d'Humieres, D., Ginzburg, |., Krafczyk, M., Lallemand
P., and Luo, L. (2002) "Multiple-relaxation-time lattice
Boltzmann models in three dimension®hil. Trans. R.
Soc. Lond.A360, 437-451.

Drouin Y. (2006)Study of soil liquefaction and its effects
on tsunamogenics landslide3enior Thesis Report, Ecole
Centrale de Nantes/University of Rhode Island. 69 pps.

Enet F. and Grilli S.T. (2005) "Tsunami Landslide Gener-
ation: Modelling and Experimentslh Proc. 5th Intl. on
Ocean Wave Measurement and Analydikdrid, Spain,
July 2005), IAHR Publ., paper 88, 10 pps.

Enet, F. and Grilli, S.T. (2007) "Experimental Study of
Tsunami Generation by Three-dimensional Rigid Under-
water Landslides,J. Waterway Port Coast. and Oc. En-
ang, 1336), 442-454.

Fayon, A., Happel, J. (1960) "Effect of a cylindrical
boundary on xed rigid sphere in a moving uidAIChE
J., 6(1), 55-58.

Freudiger, S., J. Hegewald and M. Krafczyk (2008) “Sim-
ulation of moving particles in 3D with the Lattice Boltz-
mann method,Comput. Math. with Appl55, 14611468.

Freudiger, S., J. Hegewald and M. Krafczyk (2008) “A-par
allelization concept for a multi-physics lattice Boltznman
prototype based on hierarchical gridsitl. J. Comp. Fluid
Dyn. (in press).

Frisch, U., D. d'Humieres, B. Hasslacher, P. Lallerdan
Y. Pomeau and J.-P. Rivet (1987) “Lattice Gas Hydrody-
namics in Two and Three Dimensions,”Complex Syst.

1, 75-136.

Geller, S., M. Krafczyk, J. Tolke, S. Turek and J.
Hron (2006) “Benchmark computations based on Lattice-
Boltzmann, Finite Element and Finite volume Methods for
laminar Flows,"Comp. and Fluids35, 888—897.

Geller, S., J. Tolke and M. Krafczyk (2007attice-
Boltzmann Method on quadtree type grids for Fluid-
Structure-InteractionTU Braunschweig.

Gemme, D.A. (2008kffect of Particle Size on Dynamic
Pore Pressure Buildup in Soil8laster's Thesis, Dept. of
Ocean Engng., Univ. of Rhode Island, 88 pps.

Ginzburg, I. and D. d'Humieres (2003) “Multire ectio
boundary conditions for lattice Boltzmann modeBliys.
Rev, 68, 606-614.

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

Grilli, S.T., loualalen, M, Asavanant, J., Shi, F., &y J.
and Watts, P. (2007) "Source Constraints and Model Sin
ulation of the December 26, 2004 Indian Ocean Tsunami
J. Waterway Port Coast. and Oc. Engn336), 414-428.

Grilli, S.T. and Watts, P. (2005) "Tsunami generation b
submarine mass failure Part | : Modeling, experimen
tal validation, and sensitivity analysis]. Waterway Port
Coast. and Oc. Engngl316), 283-297.

Junk, M., A. Klar and L.-S. Luo (2005) “Asymptotic anal-
ysis of the lattice Boltzmann equation]! Comp. Phys.
2102), 676—704.

Krafczyk, M., Lehmann, P., Philippova, O., Hnel, D. and
Lantermann, U. (2000) "Lattice Boltzmann Simulations of
complex Multi-Phase Flows,Multi eld Problems: State of
the art”, Hrsg.: A.-M.-Sndig et alSpringer Verlag50-57.

Lallemand, P. and L.-S. Luo (2000) “Theory of the lat-
tice Boltzmann method: Dispersion, dissipation, isotfopy
Galilean invariance, and stability,Phys. Rey. 61(6),
6546-6562.

Nguyen, N.Q., Ladd, A.J.C. (2004) "Sedimentation of
hard-sphere suspensions at low Reynolds numbér,’
Fluid Mech,535, 73-104.

Qian, Y. H., D. d'Humieres and P. Lallemand (1992) “Lat
tice BGK models for Navier-Stokes equatio&lrophys.
Letters 17(6), 479-484.

Schiller, L., Naumann, A.Z. (1933)Uber die grundle-
genden Berechnungen bei der Schwerkraftaufbereitunc
Zeitschrift Des Vereines Deutsc. Ing7(12) 318-320.
Succi, S. (20017 he Lattice Boltzmann Equation for Fluid
Dynamics and Beyon@xford University Press.

Tappin, D.R., Watts, P. and Grilli, S.T. (2008) "The Rap
New Guinea tsunami of 1998: anatomy of a catastrophi
event,”Natural Haz. and Earth Syst. $8, 243-266.

Tolke, J., S. Freudiger and M. Krafczyk (2006) “An adap
tive scheme for LBE multiphase ow simulations on hier-
archical grids,"Comp. and Fluids35, 820-830.

Tolke, J., Krafczyk, M., Schulz, M. and Rank, E. (2002)
"Lattice Boltzmann simulations of binary ow through
porous media,Phil. Trans. R. Soc. LondA360, 535-545.

Watts, P., Grilli, S.T., Kirby, J. T., Fryer, G. J. andpFa
pin, D. R. (2003) "Landslide tsunami case studies using
Boussinesq model and a fully nonlinear tsunami gener:
tion model,”Natural Haz. and Earth Syst. $8, 391-402.

Watts, P., Grilli, S.T., Tappin D., and Fryer, G.J. (300
"Tsunami generation by submarine mass failure Part I
Predictive Equations and case studieks, Waterway Port
Coast. and Oc. Engngl31(), 298-310.

Zeghal, M. and El Shamy, U. (2004) “Dynamic respons:
and liquefaction of saturated granular soils: a micro
mechanical approachCyclic Behaviour of Soils and Lig-
uefaction Phenomendaylor & Francis Group, London.



