Numerical Simulation of Sea Bed Response under Waves with Coupled Solver of Biot Consolidation
Equations and Free Surface Water Flow

Xiaofeng Liu and Marcelo H. Garcia
Ven Te Chow Hydrosystems Laboratory,
Department of Civil and Environmental Engineering,
University of lllinois at Urbana and Champaign,
Urbana, IL, USA

ABSTRACT

A 3D numerical model for the sea bed response ufrder surface
water waves is constructed. Free surface is modejetfolume of

Fluid (VOF) method and water wave is generated loyerical wave

maker boundary condition. An iterative numericdiesne is proposed
to solve Biot consolidation equation using finit@lume method
(FVM). The coupling between water wave and sea igethrough

pressure and stress condition on common bound#tigserical test
shows good agreement with analytical solution. Ppliaation of sea
bed response under waves with the presence oftabjalso carried out
to investigate the liquefaction potential.

KEY WORDS:Sea bed; wave; Biot consolidation; free surfaasgfl
structure interaction.

INTRODUCTION

The interest in wave-seabed-structure interacogrowing because it
is important for geotechnical engineers to desifishore engineering
projects (such as pipe lines, piles and break wpateAlso
sinking/floating of objects on the sea bed (suchwascked ships,
mines) is closely related to the sea bed responderuvaves. Many
experiments (Sakai et al, 1994; Sumer et al, 1998) numerical
simulations (Magda, 1996; Jeng and Lin, 1999; Gaal,e2003) have
been done to try to understand this complicatedgz® There are also
many analytical models which describe the sea bsponse and give
fairly good results (Yamamoto, 1977; Mei and Foti@81; Jeng and
Hsu, 1996; Yuhi and Ishida, 2002).

Many numerical models have been developed to sa@aebed response
under wave. But most of the models just assumevthe pressure on
the water-bed interface using wave theory. Thispiglicable as a first
order approximation for many cases if there is avdyer wave and sea
bed interaction. But for the case when there imeject in the system
(such as pile, semi-buried foundation, etc.), tretewflow around the
object will be highly three dimensional and is ressy to get an
analytical solution from wave theory. Multi-physinsmerical models
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have been widely used to solve coupled system.appmach in these
models is to solve different governing equationsddferent domains
and couple the system through common boundaryhar etays. This
is also the approach used in this paper. 3D cortipng fluid
dynamics (CFD) models is used to predict the fregase wave field
and the results can be used as boundary conditiorthe sea bed
governing equations.

Traditionally, the Biot consolidation equations dise this paper to
describe the sea bed response are solved via @étaent method
(FEM). FEM is the most widely used method in straealysis. But
FVM is gaining popularity in this area becausesitgbod at treating
complicated, coupled and non-linear differentiali&ipns (Jasak and
Weller, 2000). Application of FVM in stress anafysian be found,
among many others, in DemidZel al (1994) and DemidZiet al
(1997). An iterative scheme for the Biot consolifatequation using
FVM is proposed in this paper. Momentary liquefactpotential due
to waves is assessed based on the numerical oésolisolidation.

The structure of this paper is as following. Gouggrequations of the
coupled system are described first. Then the nualesthemes used in
this paper are discussed. Numerical verificatiod application of the
current model are provided. Discussion and conafuare at the end of
the paper.

GOVERNING EQUATIONS

Fig. 1 shows a typical experiment setup for thelsghresponse under
waves. Governing equations in different parts &f domain (sea bed
domain and fluid domain) are listed below. The diflow in is
governed by Navier-Stokes equations whh-& turbulence model.
The sea bed response is governed by Biot consolidatjuations.

Navier-Stokes Equations

The governing equations for the wave part are tlawied-Stokes
equations:



Om=0 @
%+D[(quu)—[l[(]u$):—[lp+pg 2)

where u is the velocity vector,p is pressure

1 T
Sis the strain rate tensor defined lﬁ/=—[[|u +([|u) J The

2
density p and viscosityy in the domain are given by
p=ap1+(l-a)p2 3)
u=apy +(1-a) (4)

whereq is the volume fraction function for the two fluidsfined by

_]0  volume occupied by air
1 volume occupied by wat:

®)

W Wave Absorber

Object

Elevation View

Plan View

Fig. 1 Typical experimental setup for sea bed naspainder waves

Volume fraction a is transported by the fluid velocity field. The
equation for the volume fraction scalar is

oa
E +0 E(ua) =0 (6)

Numerical diffusion will spread out the sharp ifdee between water
and air. A compressive interface capturing schenesed to resharpen
the interface. The details of the present freeaserimodeling can be
found in Ubbink and Issa (1999).

The turbulence flow field is modeled bl —¢ model (Lauder and
Spalding, 1973):

2

Mt :C,upi (1)
£

ok 1 2

Zeodu) == 0| ok |+ 22 o - ®)

ot Yo Oy Yo

o€ 1
“ 4o us):D['ut

2
2¢ £
Oe |+ 2 2 [ N ©)
ot el O, el k

k

Paper No. ISOPE Pac-2006-JSC-16

where y4 is the eddy viscosityk is turbulence kinetic energy angis
turbulence energy dissipation rate. The consﬁ}}ts Cl Cz, O s
o take the values of 0.09, 1.44, 1.92, 1.0, 1 3eetsgely.

Biot Consolidation Equations

Governing equations for the poro-elastic sea bedpiaase media is the
Biot consolidation equation (Biot, 1941):
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Eq. 10 is the force balance equation of the bedasal Eq. 11 is the
storage equation which describes the mass balahttee ore water.
Here pis the pore water pressurg,is the displacement vector of soil
skeleton.G is the shear modulus of soi, is the Poisson ratio of the
soil, K is the coefficient of the isotropic permeability,is the specific
weight of water, Bis the compressibility of pore watem is soil

porosity. These equations assume that the hydra@imeability is
isotropic and the stress-strain relationship iedin Strain tensoe is

defined in terms of the displacement vectoas

1 T
s=—|:Dv+([Iv) :| (12)
2
the stress tensas is related to the strain rate via
%
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where| is the unit diagonal tensotr. (s) is the trace of the

tensore . Eq. 13 says that the stress in soil is constitbtetwo parts:
the effective stress’ supported by soil skeleton and pore water
pressurep . Plain strain is also assumed here.

NUMERICAL SCHEMES AND PROCEDURE

The code used in this research is the open sowneenical library
OpenFOAM (2005). It's freely available through intet. OpenFOAM
is primarily designed for problems in continuum fmegtics. It uses the
tensorial approach and object oriented techniquédiér et al, 1998).
OpenFOAM provides a fundamental platform to wriesvnsolvers for
different problems as long as the problem can h#tenwrin tensorial
partial differential equation forms. In this resdgarthe flow field is
solved by the adaptation of the original turbulenselver for
incompressible fluid in the code. The consolidat@yuation solver is
newly added. The core of this code is the finitkiree discretization of
the governing equations. Almost all kinds of diffetial operators
possible in a partial differential equation, suehtemporal derivative,
divergence, laplacian operator, curl, etc, caniberetized in the code.
Next several sections briefly introduce the nunarichemes used in
the coupled solvers.



Numerical Scheme for Fluid Wave Part

The numerical solution for Navier-Stokes equatidérincompressible
fluid flow imposes two main problems (Jasak, 1996¢ nonlinearity
of momentum equation and the pressure-velocity laaygFor the first
problem, two common methods can be used to dehlitviThe first is
to solve nonlinear algebra systems after the diget®n. This will
need a lot of computational effort. The other is lirwearize the
convection term in the momentum equation by udirgfluid velocity
in old time steps which satisfies the divergenee-fcondition. The
latter method is used in this research. For presgelocity coupling,
many schemes exist, such as SIMPLE (Patankar, 188d)PISO
(Issa, 1986). PISO scheme is used in this code. therk —¢
turbulence model equations, although these equatame coupled
together, they are solved by segregated approddbhwineans they are
solved one at a time. This is also the usual agproaed in most CFD
codes.

There are two grids in the computational domaine @nfor the fluid
and the other is for the sea bed. Since no gowgrulifferential
equation is specified on the object, no grid isdeeefor it. In some
cases such as ocean pipe line analysis, the ddfomdf those pipes
under wave is important and the grid for the ppaéeded (Magda,
1996). Fig. 1 shows how the two grids (wave tank sen bed) are used
to do coupling computations. Information is transfd between fluid
grid and sea bed grid via the common boundarysea. bottom. The
figure also shows the presence of an object.

Wave Tank Domain _ el :

Coupling I

~ SeaBed Domain T<
z

Fig. 2 Coupling Between Fluid Domain and Bed Domain
Numerical Schemefor Sea Bed Part

Finite element method is usually used to solveBioe equations of soil
consolidation (Lewis and Schrefler, 1998) and to ather stress
analysis. But finite volume method is becoming gapbecause of its
flexibility to deal with complex domain. In this per, FVM is used to
solve the consolidation equations. Comparing thet Bonsolidation
equations with the Navier-Stokes equations showey tare very
similar. Both equations couple two quantities (pgnessure and
displacement for consolidation, pressure and vsiokr fluid) and

both equations describe the mass balance andbafarce. Inspired by
these similarities, a new scheme is proposed teesobnsolidation
equations on an iterative basis. This iterative@dore is similar to the
SIMPLE and PISO schemes for Navier-Stokes equatirsegregated
approach is used to solve the couple consolidagipnation which
means components of the displacement vector and p@ssure is
solved separately. At each time step, storage equéEq. 11) is

rearranged into implicit and explicit parts andsadved first according
to
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where the displacement in the explicit part is from previous iteration
or initial condition. Then the force balance eqoat{fEq. 10) is solved.
In order to get higher efficiency of the segregatelder and to increase
the convergence radius, a decomposition and aareggment of Eq. 10
is carried out similar to Jasak and Weller (200M)e terms in the
equation are also split into implicit part and égsiplpart. The aim is to
achieve maximum simplicity. Assumin@ and ¢ are constants, using

the fact

o(o B/):D[(IEIB/)=DE(Itr(DV)) (15)

the force balance equation can be written as

coy+C EI2v=Dp-DEE tr(ov) - va (16)
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implicit explicit
Eq. 16 is solved for each component of veatoand the resultings is

used to solve storage equation again. This inngpltw is looped until
desired convergence tolerance is achieved.

Boundary Conditions
Boundary Conditionsfor the Fluid Domain

The wave in the physical experiment is usually gateel by a piston
type wave maker and at the end of the wave tardtetlis a wave
absorber to eliminate the wave reflection. In nuoca¢rsimulation, the
wave can be generated generally by two approachesing mesh
(Aliabadi et al, 2003) and wave boundary conditipfayer et al,
1998). For moving mesh approach, the piston moversesimulated
by moving the boundary of the computational domdtor wave
boundary condition approach, the mesh is fixeddowindary condition
on the piston part is given by wave theory. Theosdcapproach is
adopted in this paper. A time varying velocity fleofs imposed at the
piston boundary to generate the waves

U(y) = f (t) |:Ua (y)sin(a)t+ 6?):|

where U(y) is the velocity vector at the wave generator boupda

an

Ua(y) is the imposed by the type of the pistom, is the wave
frequency, 6 is the phase.f, (t) is the ramp function to start the

piston. f, (t) has the form

1 t
——sin| 71— | forO0<t<T
T T

1 fort >T

(18)

whereT is the wave period.



The wave absorber is simulated using a damping Zonesponge
layer). In this damping zone, extra fluid viscosit/ added to the
momentum equation to dissipate the fluid dynamicergn In
numerical test cases, in order to eliminate theodhiced artificial
effect, the damping zone is extended far downstrddmat's the reason
that the wave tank domain used in this paper willdnger than the sea
bed domain. An alternative method by modifying thaer depth and
fluid velocity in the damping zone can be found/inyer et al (1998).

At the piston, pressure is set to be zero normedignt to be consistent

with velocity condition. Turbulence quantities suah K and & are
set as zero normal gradient at the piston wall. fbipeboundary of the
fluid domain is atmosphere. The dynamic pressuseido zero as the
outlet and the velocity is set to zero. Other gitiastare set to zero
normal gradient. At the object's surfaces or fluwadls, it is assumed
to be hydraulically smooth. No-slip condition ig $er velocity with

zero normal gradient for pressure. Other quantitiezh ask and &
are also set as zero normal gradient.

Boundary Conditionsfor the Sea Bed Domain

In this paper, only finite soil depth is considefedthe sea bed domain
because it's the case for most of the physicalrérpets. Infinite soil
depth case can be achieved by extending the seddvealward until
the numerical result won't change anymore. The Bagnconditions
for the sea bed domain are very similar to Magd®9¢) and Jeng and
Lin (1999). At the bottom of the sea bed, zero ldispments and zero
vertical flow are specified, i.e.

v=0 (19)
®_, (20)
on

where n is the surface normal direction vector.

At the top of sea bed (i.e. the common boundarywéet two
domains), the fluid shear stress is neglected stisesmall comparing
to the normal stress (Sumer and Fredsge, 2002)pditeewater pressure
at the sea bed is equal to water wave pressureeobetd. This pressure
value comes from the fluid solver. For the dispfaeat on this surface,
it's more complicated. Since the pore water pressurset to be the

wave pressure, the effective normal stres§yon this boundary is

zero. This gives the boundary condition of Neumaype (traction
boundary) for displacement (Demidt al, 1994; Jasak and Weller,
2000)

t-n EEU(EIV)T —(,u+/l)Dv:|—/lnD v

2u+A

nv =

@1)

wheret is the traction stress on the bed which is equagto for the
free bed surface in this case.

On the surfaces of object, it's assumed that neran flow through.
So zero pressure gradient as in Eq. 20 appliesthieatdisplacement on
the object, the object sides and bottom are coresidgeparately. For
the object sides, it's assumed that the sidesnameth and the soil can
slip on the surface. The normal displacement coraptanon the sides
are set to zero. For the object bottom, the tradioundary condition
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(Eq. 20) is specified. The traction on the bott@rfrom the simple
force balance of the object (see Fig. 3). The forame the object are

flow drangrag, flow lift Rift - gravity force mg and bottom

supporting force. The friction forces on the objsictes are neglected.
This is reasonable because the sand on the sidbe abject can be
assumed loosely back filled in experiment. The fidnag and lift are
calculated at each time step from the flow sol@erthe Neumann type
condition in Eq. 21 is applied with tractiarfrom force balance of the
object. This assumption is valid if the objectigid body and will not
move. It will be violated if the object is movingder wave force.

Fiin

Fig. 3 Force Balance of the Object
Simulation Process

In order to get the effect of waves, base statpareé pressure and
displacement without wave is obtained by doingdbmputation for a

period of time with the wave maker shut off. Thésembles the fact
that in experiment, the bed soil is already ingbeilibrium state before
the wave maker is started. After that, the wave endioundary

condition is switched on and the wave is generdBade stable pore
pressure and displacement is subtracted from thdt® investigate

the effect of waves. The main application of currammerical model is

the study of liquefaction potential. When the paosager pressure is so
excessive that the effective stress in soil is zeroegative, the soil is
in the state of liquefaction (Jeng and Hsu, 199®). a flat bed, the
criterion for liquefaction is

P 21 (21)

%(Vs - yu) (1+ 2¢0) v

where p is excessive pore pressungand ), are unit weight of soil

and water,KO is the coefficient of lateral earth pressure at vesich

ranges from 0.4 to 1.0y is the depth of the soil measured downward

from the bed. But for complicated computational dom it's not easy
to calculate the effective soil gravity force atlegoint in the bed. In
this paper, the dimensionless excessive pore watessure (non-

dimensionized b)po = pgHy, where Hg is the wave height) is used

as an indicator for the liquefaction potential. &ttparameters and
liguefaction criterion based on effective soil sgean also be used.

At each time step, the fluid field is first solvadd the pressure on the
sea bed is mapped to the bed domain. Based orrdhsupe from fluid



solver, the Biot consolidation equations are salv&tis process
continues until wave period averaged pore presancedisplacement
reach steady state or the specified computatioe igmeached.

MODEL VERIFICATION AND APPLICATION
Verification of FVM Solver for Consolidation Equations

In order to verify the Biot equation solver in thhemerical model, a test
case which is similar to that of Jeng and Lin (2)98%arried out. Fig.
4 is the schematic view of the test case. The Idatéithe test case can
be found in the original paper and the analyticdlition can be found
in Jeng and Hsu (1996). In this test case, unifsea bed is under the
progressive wave. The bed soil depth= lmand the wave pressure

amplitudepb =2000N/m2. The wave numberk =7 and wave

frequencyw = 277.

by

Pressure On Sea Bed
p=p,cos(kx-wt)

Fig. 4 Numerical Test of Sea Bed Response

The numerical result of excessive pore pressure at eachafdpth soil
versus kx— wtis plotted in Fig. 5. The analytical solution is also
plotted. The difference between numerical result aradyéical solution

is so small that they are almost identical to eabierot~rom the figure,
the excessive pore pressure diffuses with the increasepdfi which is
as expect. For flat bed, top layers of soil are most vable to storm
waves and failure of foundation due to liquefaction alwaggspens in
these layers.

Fig. 6 shows the numerical results of the test cagp.Gta) shows the
pore water pressure and Fig. 6(b) shows the displademagnitude.
From the figures, it's clear that under wave crest thgsore on the bed
is increased and the soil is compressed. Under wauglir it's just the
opposite. The displacement vector field in Fig. 7 demonstrdtes
pattern even more clearly. The geometry in this figureissooded by
10000 times the displacement to show elastic deformation.
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Fig. 6 Displacement of Consolidation Test Case: (a) Pogssure (b)
Magnitude of Displacement

3D Test Case of Sea Bed Response under Waves with
Presence of an Object

In this test case, 3D sea bed response in the nurmerce tank is
simulated. The wave tank ¥0m long and3m wide. The water depth
in the tank idm. An object (which is represented by a box of
dimensions2mx 0.5mx 0.5m is half buried in the sand (see Fig. 1).
The presence of the object will change the wave fleid f Hence the

local pressure and force on the sea bed will be changa(g(y) in
Eq. 17 is set td.5m/s and wave period” is 3s. The generated wave
height H0 is about0.4m and wave length i20m. One fact needed to

be pointed out is that the wave simulated in this pa&paot so strong
that the excessive pore water pressure can't causmticachange in
liguefaction zone. But the main purpose of this papéo demonstrate
the new methodology of coupled solver of free surfacel flield and
Biot consolidation equations. In order to simulate reatnstwaves,
more computation resource is needed. Future researchseaparallel



computation to decrease the computational time and aimdigger
domain with higher wave height.

Displacement {m)
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Fig. 7 Displacement Vector Field (Geometry Distorted)

Fig. 8 shows the fluid force components and magnitude oohjest.

The forces on the object undergo periodical changes. miost

significant components are in the streamwise diracéod vertical
direction which is as expected. The spanwise fluid fagceery small

comparing with the other two. Second mode effect cam ladsseen in
the figure but is not significant. This could be caudgdthe wave
reflection from the object or the wave tank end. The fome used to
calculate the traction boundary condition on the object bottom.

In Fig. 9, the free surface of waves in one typicaiqakis plotted. The

blockage effect of the object in the wave tank modified tvave
around it. The wave height relative to the water depth canb&iseen.

1600 1000

o -
1200 1 - hon A I 1
1000 ) b1 2000 N A I.‘
" 1 - / |
z = 200y il NI,
Vol | N
hod 3000 Py I Y I
w0 | T T}
2 L asao] W | | {0
0 -4009
400
L L — D -—HH it
D 2 4 6 B 101314 1618202224 3638 30 0 2 4 & B 101314 16 1820 3224 26 28 30
t & te
a 7 vt 4500 M acniud
LS [ 4000
W | |
g b [ -
s(all |
) LAY
2, '_J u |
Eg 4 W
B (.
£ 1500
Rl

R e e T Y L0
002 4 6 B 101214 16 18 20 22 24 26 23 30 02 4 6 B 10121416 18 20 22 24 26 28 30

ti te

Fig. 8 Object Force History
Fig. 10 shows the iso-surface of the dimensionlestaiianeous

excessive pore pressure inside the sea bed. With thegatapaof the
wave, the sea bed pressure response also moves forward @gigordi

Fig. 11 is the contour plot of non-dimensionized exeesspore
3r, . _
pressure under the instantaneous flow fieﬂd:([O +7) in Fig. 9.

The reason to plot for this time point is that #heve crest is almost on
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(a) (b)
(© (d)
Fig. 9 Free Surface of Waves in One Typical Per(a()l:t:t0+£ (b)

t=t0+£ (c) t=t0+3—1 (d) t=tg+T

Fig. 10 Dimensionless Excessive Pore Pressure Wwderes in One

Typical Period: (a)t =tg +TZ (b) t=tg +TE (©) t=ty +% (d)

t=tO+T

the top of the object and it's considered to bentlost possible time for
the momentary liquefaction to happen. From theréiguit's clear the
pressure distribution is disturbed by the half edrobject. At this very
moment, the excessive pore pressure in front obbject is very high
and the liguefaction potential in this area and aunthe object is
amplified. From the slice view, the excessive gmessure beneath the
object is also at the peak value. This is causetivbyfacts. One is that
the wave crest in just above the object. The dthtirat the fluid forces
on the object are also at maximum values.

DISCUSSION
Soil Congtitutive M odel Effects

For geotechnical problems, a realistic stresssstrabnstitutive
relationship is one of the most important things thee ability of the
numerical model to reproduce the reality situatiomrs this paper, the
simple linear isotropic elastic model is used tcsadibe the soil
skeleton. More advanced and accurate constitutagets (such as
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Fig. 11 Dimensionless Excessive Pore Pressure @n Bbttom
Corresponding to the Moment of Fig. 9: (a) 3D vielvthe Bottom
Pressure (b) Slice View of the Bottom Pressure

variable elasticity, elastoplastic model and vidasfic model, etc.) can
be easily incorporated in the current numericakcathisotropic effect
can also easily come into the model since the d¢sdeased on the
tensorial description of the equations and anipatréensors can be
included inside the differential operators.

Residual Liquefaction Effects

Only momentary liquefaction is model in this papérce it's simple
and easy. Liquefaction is an complicated physicat@ss which is still
not well understood today. Liquefaction is gengralaused by two
main mechanisms: momentary liquefaction and resitigaefaction
(Sumer and Fredsge, 2002). Residual liquefactionase complicated
than momentary liquefaction because the pore predsuwilds up with
time. Some simplified models existing for the resitliquefaction add
a source term to the governing equation of porespne. This can also
easily be incorporated into current model. Furttesearch is needed to
carefully verify the parameters and to what happetfier the
liquefaction.

Bed M orphodynamics and Object M ovement

In the wave-seabed-object system, another prosedanent transport,
is also very important and is closely related o ffield and bed soil.
Flow field change around the object causes scoddaposition of the
sediment. Sediment movement will change the seaelmdtion and
consequently affect the flow field. This sea bednge also will change
the domain of the consolidation and change the pom@ssure
distribution. Scour is one of the main reasonsoofnflation failure in
ocean and river engineering. Sediment transpoethay with the other
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processes modeled in this paper forms an even hagpled system.
Sediment transport and morphodynamic models shioilthcluded in
the future.

The object is assumed to be at fixed position g@utire computation.
This is not always true since when the liguefactionurs, the soil can't
support the object any more and the object will exdgven without
liguefaction, the object could rotate or slide unttie influence of fluid

force. All these make the problem extremely congtd and it's
impossible to include all factors into the numedricaodel. But by

fixing the object in one position, it is possible investigate the
possibility of liguefaction and analyze the dynasni€ the system. This
could be useful for engineers to design structuré faundations to
prevent damage under extreme conditions.

CONCLUSIONS

The numerical model in this paper can solve theplimg problem
between waves, object (structure) and sea bed mespdSea bed
response under wave is one of the keys to the stashgting of
liguefaction. The wave induced shear stress and pogssure in the
soil is governed by Biot consolidation equation.ed-rsurface is
modeled by Volume of Fluid (VOF) method and wateave is
generated by numerical wave maker boundary comditiostead of
using finite element method to do stress analysiglé the bed material
which is the traditional method used in geotechnigs iterative
numerical scheme is proposed to solve Biot conatiid equation
using finite volume method. The new scheme showt danvergence
rate and high accuracy. The coupling between wesse and sea bed
is through pressure and stress condition on comboomdaries. Two
numerical tests of the proposed scheme are castiedrirst numerical
case tests the consolidation solver part of theerioal model. Good
agreement with analytical results is obtained. $beond case is a 3D
test to study the interaction between wave, seaabddbject. A box is
half buried in the wave tank. More complicated rgabmetry can be
simulated as well. From the result excessive poessure of the sea
bed, liquefaction potential can be analyzed. Onlynmantary
liguefaction can be studied using current model.r Fesidual
liguefaction, the modified Biot consolidation eqoat should be
solved. The model proposed in this paper can be tseguide the
design of under water structures and foundations.
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