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ABSTRACT: The evaluation of the seabed response, includimg pressure, effective stresses and shear strésgesticularly important
for coastal geotechnical engineers involved inddgign of foundation around marine structures. phjser consists of two components. The
first component focuses on analytical approximafmnthe seabed response, in which a new analydiation for the seabed response due
to combined wave and current loading is preserBedh transient and residual mechanisms are corgid&ased on the new analytical
solution, the effects of currents on the seabeporese are examined and a modified J-S curve iepted. The second component will
present an integrated model for ocean waves préipggaver a submerged coastal structure. In the medel, Navier-Stoke equations,
Biot's poro-elastic theory, and structural mechanfesory are solved for wave propagation, seabegorese and structure deformation,
respectively. The new feature of this model isrtegrate wave, soil and structure modes into ondeinaithin COMSOL Multiphysics
environments. In this part, we first present thedelomf ocean wave generation over a porous sedlmsh we further consider two coastal
engineering problems: (1) ocean waves propagatuey a submerged breakwater on a porous seabed2amneaves over a deformable
structure on a porous seabed, which can be appliedve energy converter.

1. INTRODUCTION

The phenomenon of pore pressure within a seabad important
feature in coastal engineering problems such assthbility of
breakwaters and the sinking or uplifting of pipebn It is well
known that ocean waves/currents can generate isigmifdynamic
pressures on the sea floor. This dynamic pressutbef induces
pore-water pressure and effective stresses withénseabed. With
excess pore pressure and diminishing vertical gffestress, part of
the seabed may become unstable or even liquefiedce O
liquefaction occurs, the soil particles are likedybe carried away as
a fluid by any prevailing bottom current or masmaport owing to
the natural loadings such as waves and currents.

This paper consists of two components: (i) anadytic
approximation for the seabed response due to dynamaiding
(including waves and currents); and (ii) integratesnerical model
for waves propagating over a porous seabed arouadnen
structures.

Two mechanisms of the seabed response have beervethsn
the field measurements and laboratory experimeleisending upon
how the excess pore pressure is generated (Nagh 4093). One
is caused by the residual or progressive naturthefexcess pore
pressure, which appears in the initial stage oficyoading. This
type of soil response is similar to that induced darthquakes,
caused by the buildup of excess pore pressure (&stdRahman,
1978). The other, generated by transient or osoilfaexcess pore
pressures, is accompanied by the damping of ardgliand phase
lag in the pore pressure, and appears as a periesfionse to each
wave (Yamamoto et. al, 1978; Jeng and Hsu, 1996).

Numerous investigations of the wave-induced transioil
response have been reported, based on differenmpsisns of
relative rigidity for pore fluid and soil skeletomong these,
Yamamoto et al. (1978) developed an analytical temiufor the
water waves/soil interaction problem within a hydizally
isotropic seabed of infinite thickness. For a fudbturated seabed,
the soil response was also found to be independgnhe soil
permeability and no phase lag was observed. Orother hand,
pore pressure attenuates rapidly with a phasenlamiunsaturated
seabed. Details of previous investigations of waeebed-structure
interactions were summarized in Jeng (2003).

Residual mechanisms of wave-induced pore presswe theen
investigated since Seed and Rahman (1978). Dynamage w
pressures that vary harmonically in space and tivilegenerate
cyclic shear stresses in the soil that can causectimtraction of
relatively loose soils and in turn lead to an iase in the mean

excess pore-water pressure if drainage is impelieese mean pore
pressures are not uniquely related to instantanealises of the
wave-induced stresses, but depend on the accumhdaton of the
cyclic loading and the rate of pore pressure digip. Under this
action, liquefaction may develop in un-drained @orgly drained

conditions. Some recent investigations of this rae@m were
carried out by numerous researchers (Sumer and gCHEID9;

Sumer and Fredsoe, 2002; Sassa and Sekiguchi, 188g; and
Seymour, 2007).

It is noted that all aforementioned investigatidmsve only
considered wave loading, totally ignored anothgpdrtant natural
loading-ocean currents. In 82, the seabed respwitban a porous
seabed will be re-examined by considering the coetbloadings of
waves and currents. Both transient and residual amsims will be
considered in this study. Based on the newly arwallysolutions, a
simplified approach for the predictions of liqudafan will be
proposed for engineering practice.

Marine structures on a porous seabed have beenlywide
constructed for the coastal protections, oil praiductransport and
offshore wind farm foundation. The existence ofsthestructures
(such as breakwaters, vertical walls, pipelines rodo-piles, etc.)
will largely interact with the water surface wavasd consequently
affect the wave-induced seabed responses aroundmiéne
structures.

In the past few decades, considerable effort haa bevoted to
the wave-soil-structure interaction (WSSI) phenoamerirhe major
reason for this growing interest is that many neastructures have
been damaged by the wave-induced seabed respatiser than
from the construction deficiencies (Christian et.1874; Smith and
Gordon, 1983; Lundgren et. al, 1989). To have atebet
understanding of the functionality and stabilitymérine structures,
the wave motion and seabed responses around tinesties must
be determined.

Numerous investigations for the wave-seabed-strectu
interactions have been carried out since the 1980etailed review
of previous research in the area can be foundeing(lJ2003). Most
of them have been focused on the individual appres¢Mase et.
al, 1994; Jeng, et. al, 2000; Magda, 2000), ratttan an
integrations of wave, seabed and structure mod&dsvever, the
phenomenon of the wave-seabed-structure interactidhnot been
fully captured without a consideration of all compats together.

In 83, based on COMSOL Multiphysics, is to develap a
integrated model for ocean waves propagating ovemaine
structure on a porous seabed.
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2. WAVE/CURRENT INDUCED SEABED RESPONSE H
:Ecosm'kx+ nky — at ) (5)
2.1 Wave field
p=-U, [(mmi = hny)x+(nm, +mn,) y]
¥ Current - g:j COiH(Z sin(mkx + nky — at) (6)
20(1- "My costkd
‘Wave w

where k is the wave number, amil=cosf, n=sind, m =cosg,,
0 n, =sing, . The detailed derivations can be found in appendix

& >
x The wavelength can be determined by the wave digper
relation given by:
(w-mU k)* = gktanhkd @
(&) Plan view It is noted that an addition variable {rappears in (7), which
z only exists for the combing wave and current logdiror the case

with waves only, n=0.
Based on the above potential theory for combinedeveand

f f . .
ree surlace current loading, the dynamic wave pressure carxpeessed as:

SWL
= PgH coshkz
P, = ————CoS +n [ 8
1= S cosikd mkx +nky - at ). (8)
» X 2.2 Poro-elastic model-transient mechanism

rigid impermeable bottom Residual pore pressure
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(b) Cross view )
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Figure 1. Sketch of wave-current propagating over a seabed b Vil Oscillatory
o . _ Q pore pressure
Considering combining wave and current loadings @larmporous o5
seabed, as shown in Fig. 1, the angle between wawéscurrents 8
are denoted a9 , and angle between the direction of wave
propagation and the x-direction & . Based on potential flow of
theory, the velocity potentialg) satisfies the conservation of mass, 0 100 tjme 200 300
leads to,
D=0 o Figure 2. Mechanism of wave-induced pore presguwein scale)
) ] ) o ) For the problem of wave-seabed interaction, as shiawig. 2, the
in which the velocity of fluid is defined as Biot consolidation theory (Biot, 1941) has beenegaily adopted to
model the dynamic response of marine sediments vioious
(uv,w)=-Og (2) applications. In general, the wave-induced poresquree within

marine sediments consists of two components: asoilf (p) and

The velocity potential @) in (1) satisfies the free surface residual (p) mechanisms, which can be expressed as (see)Fig. 2
boundary conditions,

. » p=p+p: 9
® Dynamic free surface boundary conditions:
2
_dp 99 g7 +d)+ [(Wj [ +(0§0]2 -C wherep is the pore water pressurp, represents the oscillatory pore
ot X ay 0z pressure that leads to momentary liquefaction,enhiepresents the
3) period-averaged pore pressure that leads to rdslidueefaction,
where 7 is the water elevationd is water depth, an@ is the and is defined by:
Bernoullis’ coefficients.
_ l t+T ot (10)
® Kinematic free surface boundary condition: P TI Pt
_99_9n _09¢dn _0¢dn @)
dz Ot Oxox oy ady whereT is the wave period artds the time.

For the transient soil response in a saturatedeskdbe Biot’s
The velocity potential and wave profile can be e by consolidation equation is commonly used as the iguwg equation,
solving (1) with linearised (3) and (4), and expesas: e,
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ox> oy’ 0z° k ot

(11)
where the volume strain is defined by:
_0u v, ow
ox o0y o0z
g (12)

The equations of force balance can be expressed as:

00, 0%y 0T, _0p
oOx dy 0z O0Xx

(13)
ox 0 0z
y oy (14)
%4_&4_670‘; :@
ox oy 0z o0z
(15)
Based on Biot's poro-elastic theory, the stresststralations
are given as:
_ 6u Ue |
o =2G|— , (16)
| OX 1 24 |
7, =2G g" l”‘;
y H | 17
o =26 M, _He_ | (18)
|0z 1-2u |
7,=G a—u+a—vq
| 0z 0Ox
19)
6v ow
r,=G|—+— 20
7 oz ay} (20)
[ou  ov
AL
) (21)

Substituting (16)-(21) into (13)-(15), the equasonf force

balance can be expressed as:

GO+ 9P
@-2u)ox ox 22)

S+ ey~
(23)

GOAw+—C 9¢ _0p
@1-2u) 9z oz (24)

To solve the seabed response, including pore pessud soll

displacements, the following boundary conditiors raquired,

® At the surface of the seabed, the pore pressuegual to the
dynamic pressure generated by wave and currents,ttean

vertical effective normal stress and shear stresmeish;

o =r,=r,=0

g > (25)
y,H
wt
p= 2 coshid — % cosfmkx + nky — at )
= p,cosfmkx +nky —at ) (26)

® At the bottom of the infinite seabed, the soil thsements and
pore pressure vanish, i.e.,

u=v=w=p=0 as z » - 27)
Following the framework proposed in Jeng (1997k thore

pressure and soil displacements in a saturatedupaeabed due to
combined wave and current loading can be expressed

2Gku = -mkzexpKkz) cosfnkx + nky — at |

’ (28)
2Ckv = —nkzexpkz)sinfnkx + nky — at )

’ (29)
2Ckw = (kz~1) expkz ) coskx + nky — at

’ (30)
p = p,expkz)cosfkx + nky — at | 31)

Then, effective normal stresses and shear stresamsbe
expressed as:

o, = -m?pkzexpkz) cosnkx + nky — at )

(32)
0, = —n’pokzexpkz) costnkx + nky — at | (33)
0, = pokzexpkz) cosfrkx + nky - at (34)
T,, = —mp,Azexp(Az) cos(x+ndy —at | (35)
7, = —npkzexpkz)cosfnkx + nky — at | (36)
T, = —~mnpkzexpkz) cosfnkx + nky — at ) 37)

2.3 Poro-elastic model-resident mechanism

The residual pore pressur@ § in a homogenous, isotropic soil can
be derived from the one-dimensional Biot's constiah equation:

6t 6

(38)
where f is the mean accumulation pore pressure source term
associated with the surface water waves. In (38), is the

coefficient of consolidation, given by:
_26K{A-p)
1-2
V(= 2u) (39)

The source termf (2) , is defined by (Seed and Rahman, 1978):

, 1/
f = ﬁ ﬂ
T | ao,

in which the amplitude of shear stress is deterchibg oscillatory
seabed response,

(40)

|7 T + 15, + 1, = @ min?)pje )

Combing (40) and (41) the source term can be expressed as:

f (2) = Azexp(-kz) 42)
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where,
o V2K, 3@k |
R a(l+ 2K, )
(43)
_k .,
A_E and V_ys yw (44)

To solve (38), the following boundary and initiabnalitions are
required:

P(0,t)= P(z,0)= 0, and p(e,t) = 0. (45)

Then, the residual pore pressure is calculatedgusinLaplace
transformation as:

2A
A’

p= {1—["22+1)expe/lz)

1%
_;J‘

0

expereAt) .
Wsm(«/ﬁ z)dr} (46)

2.4  Effects of currents on the wave-induced soil rpsnse

One of new contributions of this study is the cdesation of ocean
currents in the existing seabed response model.t Mosvious
models for the wave-seabed interactions have hgeted to wave
loading only. In this paper, we consider an addaidoading from
ocean currents. In this section, we first invesggthe effects of

ocean currents on the wave-induced soil responaerous seabed.

The vertical distributions of the maximum amplitudé the
wave-induced soil response versus the soil depthadous current
velocities are illustrated in Figs. 3 to 5. Theuhgata for numerical
examples presented in the figures are tabulat@dlibe 1. As shown
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Figure 4. Vertical distributions of the wave/@nt-induced
effective normal stresses in a porous seabed
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Figure 5. Vertical distributions of the wave/curtrémduced shear
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Table 1. Input data for numerical examples

in the figures, the vertical displacement) (is greater than
horizontal soil displacementsi @ndv), and the vertical effective
normal stress §,) is greater than horizontal normal stresses (

and o, ). Furthermore, the vertical shear stresg ) is greater than

other shear stresses  and 7, ).
One of new features of this solution is the inauasof currents.

Figs. 6 and 7 illustrate the vertical distributiarfghe pore pressures

and vertical effective normal stresses for variougent velocities.
In the figures, the pore pressure and verticalcéffe normal stress
increases as the velocity of currents increases. fitoted that the
special casel, =0, is the case without currents, i.e., the soluti

of Hsu et al. (1883).

Wave Characteristics

Wave period 12.5 sec
Water depth 10 m
Wave height 2m
Current velocity 3 m/sec o
various

Wave obliquity @) 30

Angle between wave and current3 {) 60°

Soil Characteristics

Coefficient of consolidation 0.01
”'Residual parameter 0.246

Residual parametér 0.8
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Figure 3. Vertical distributions of the wave/currénduced soil
displacements and pore pressure in a porous seabed
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3. INTEGRATED MODEL FOR WAVE-SEABED-
00| , STRUCTURE INTERACTIONS
o g 1 An integrated model for WSSI is developed in thést®n. An
sy £ ad) i assumption is made that the poro-elastic deformatio seabed are
02} Ry 1 very small and do not affect the wave transfornmetior its induced
£ ool do‘ﬂ;f“ | pressure on the surface of the poro-elastic se@enitani et. al,
N oL o 1998). This assumption simplifies the boundary dms at the
o3 ,d"‘,o” l seabed interface where the water pressure and stiness calculated
“o3sf o o” 1 from the wave field are passed into the seabeds Titegrated
o eo:,do | model includes three main components: (i) wave nmauéhe basis
& I of the Navier-Stokes (N-S) equations; (ii) seabextlenon the basis
“oasf 6;’ £ il of the Biot's consolidation equations with poro-élagheory; and
oo e el (i) structure mode on the basis of structural haetcs theory.

19,1/Po, no current

Figure 7. Vertical distributions of the wave/currémduced vertical 3.1 ~ Wave mode

effective normal stresses in a porous seabed f@uscurrent 5 ier-Stokes (N-S) equations are utilized to descmotion of the

velocities (The legend is the same as that in&)ig. water liquid phase. Starting with the momentum iegain terms of
. » . . . . stresses, the generalized equations in terms wo$gomat properties
2.5 Simplified formulation for wave-induced liquefaction and velocity gradients are:
For engineers, the most important task is to examivhere
liquefaction will occur and how deep it is. The lalkaiown criterion ou _ - T
of residual liquefaction is: P ot Hn(Bu+(0w )]
+p(UD)G+0ps =F
Pra _ o( ) Pt (51)
a, Om=0 (52)
(47)
which results in- where /7 is the dynamic viscosity of fluid@ is the fluid d?nsity,
_ _2A Az, Uis the velocity field, Pt is the pressuret, is the time, andF is a
p(z,0) = RYE 1-| —=+1jexptiz ) volume force such as gravity.
=g, :% %A (48) 3.2 Seabed mode
The consolidation equation for the flow of a congsible pore fluid
Let in a compressible porous medium can be given asgi@r et. al,
B 1+ 2K, )/ A? 1974):
6A
' (49) oK ap) - yn B2 =, 955
We have: PV ot = ot (53)
{l—["ZL +1] exptAz, )} =BAz
2 (50) where Pis the pore pressur& is the permeability matrix of the

soil, YWis the unit weight of pore WateF‘,' is the soil porosity, and
Based on (50), the relationship the maximum liquefiepth & = 0L
(z ) and the parametd is presented in Fig. 8. This relation, so-

called J-S curve, was first proposed by Jeng agth8er (2007) for
the case of wave loading. In Fig. 8, the curremésiacluded. For
engineering applications, given waves, currents smildconditions, B=—+
we can determine the parametBr from (49). The maximum Kw Pwo (54)
liquefied depth can then be easily determined firagn 8.

S (where Us is the soil displacement) is the volume strain
of soil matrix. The compressibility of pore fluiepo is defined as:

in which Kw is the true modulus of elasticity of water (taken a

2x1PN/m?), Ruo is the absolute water pressure anis the degree
of saturation.

The relationships between soil displacement an@ poessure
are given as:

2-
GO“Ug +

G Oes =0p
— cHs (55)

where C is the shear modulus related to the Young's mod(fes
and the Poisson’s ratidu(s) in the form ofE I+ ,us)).

Figure 8. Modified J(eng)-S(eymour) curve fro waverfent
induced liquefaction
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3.3  Structure mode

Based on the small-displacement assumption, theiom$aips
between strain components and displacement atra pbimarine
structure are given as follows:

= %Un
X ax , (56)
1 0uy, . 0vy,
Eq =—(—0 + M
Yo% gy ax) (57)
_ OV
y=—2
v, (58)
1 0vy | 0wy,
£, == (" +—")
“ 2%0z oy (59)
_ 0wy,
‘ooz (60)
1, 0u,, . oWy,
£, =—(—0 4 M
2 =3 o) (61)
The strain tensof and stress tensdf are:
& &y &x Ox Ty Ty
E=|Ex & Ey| O=|Ty Oy Ty
Ex &y & T Ty Oy 62)
The stress-strain relationship for linear condiioeads:
0=Dn& (63)

where Dm is the elasticity matrix.

The structural mechanics theory in this study mseldeon a weak
formulation of the equilibrium equations expressedthe global
stress components.

-0 =Fp (64)

in which Fm denotes the volume forces (body forces).

3.4 Wave generation

In this numerical model, a piston wave generatarsisd. According
to (Dean and Dalrymple, 1991), the expression efrttovement of
the wave maker is:

u(t) = S—zwcosax (65)

1 [d , sinh 2<de (70)

N, = =
™ costtk,d| 2 X,

where, thek, andk, are the wave number. The depth and gravity

of water are donated by andg. The ratio of wave height) to
stroke as following:

N = 1 g+sinh2<md
™ cositk,d| 2 X

m

(71)

In order to induce the wave energy dissipation ggdlice the
wave reflection from the right wall, a sponge (waaiesorbing)
boundary is needed. In this numerical model, inldise 100m on the
right sides, the viscosity of the fluid is incredsaf approximately
10000times (with a smoothing exponential window).

3.5 Boundary conditions

When solving the governing equations, appropriatundary
conditions at external boundaries and internalrfates for these
three modes are required (see Fig. 9).

S Y

Water wave

I
T

r,

21manag

1B
r Porous seabed
7

Is

Te

Figure 9. Locations for specification of boundaondition

In the wave mode, a piston wave maker is usedenetft-hand-
side boundary [[;) of computational domain to generate wave and
a sponge layer is located in the right-hand-sidendary (,) to
avoid/reduce the wave reflection. Zero pressurapiglied on the
water free surfacel{3), while no-slip condition is adopted at the
solid surface, such as sea flodr,() and surface of marine structure
(Fg). In the case of a deformable structure, the immdcthe
structure deformation on wave motion is considarederm of a
deformation of boundary shap&y).

In the seabed mode, it is commonly accepted thaticae
effective normal stresses vanish at the seabedcgunivhile the
wave pressure and shear stresses obtained from wade are
imposed as boundary conditions of seabed surfdgg).(In this
study, the seabed is considered as a porous mediuan finite
thickness and rests on an impermeable rigid botindicating that
zero displacements, zero gradient of pore presandeno vertical
flow occur at the horizontal bottom (g ). When two side
boundaries [; and Mg ) of seabed are far away from the concerned

region (such as the region around a marine strelsttiney can be

where, theS and w are the stroke and the frequency of the wav&SSumed to have zero displacement.

maker respectively. The fluid evaluatigrfx) is donated as:

n09 =" e+ e, e | (66)
m=1
C, =~ aS | tanhk,d — 1 _ 1 67)
Noko| kg dkgcoshkd  dk,
__ oS | tanhk,d _ 1 +71 (68)
" NGk K dk’coshk,d  dk,
1 d  sinhXxd
N, = —+ 69
° cosrfkod[z &, ] (69)

210

In the structure mode, the displacement and veloait the
surface (5) of a deformable structure are dominated by theewa

pressure acting on the wave-structure interface.tf® embedded
part (Tg) of a structure, it is assumed to have same dispiant

and velocity as those of ambient soil (updated fs@abed mode).

3.6 Numerical model

These three numerical modes are integrated by uSiBlyISOL
Multiphysics (3.5a version). The main features oOMSOL
Multiphysics adopted to set up the integrated mattel listed as
follows:

(1) 2D space dimension;

(2) Plane strain mode of structural mechanics;



Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol 41 No.4 December 2010 ISSN0046-5828

(3)
(4)
(®)

Coefficient form of PDE mode for seabed mode;
Incompressible Navier-Stokes mode of fluid dynamics

movement.

3.7 Wave-seabed Interaction

As a starting point, this integrated model is agplio predict the
wave-seabed interaction without the inclusion aharine. In the
example, a computational domain with a length/200m) is used.
The original of the Cartesian coordinate systenpcated at left-
hand-size edge point of sea floor. The incidenedinwave is
generated with wave height(, = 0.5m), wave period T = 6.0sec)

and still water depthd =10.0m). For the porous seabed, the seabed

thickness, soil porosity, permeability and degréesaturation are
taken asdg=25.0m, n'=0.4, K=0.01m/sec andS=0.98,

respectively.
Figure 10 shows an example of the distributionswaive-

induced pore fluid pressurep() and vertical effective normal stress
(3) within the seabed at time= 43.0sec. The magnitude of pore

pressure decreases with depth increases. The mdgrof vertical
effective normal stress increases firstly,
gradually. The comparisons between numerical reswdnd
analytical solutions of water elevation (Jeng, 199@aximal pore
water pressure and vertical effective normal st(btsgda, 2000) at

cross-sectionrx =100m are shown in Figs. 11 to 13, respectively. In

general, there is a good agreement between nurhesiivalation
and analytical theory. It is noted that the wavedaiaused in the
previous analytical solutions was based on thenpiadeflow theory,
which has no shear stresses along the seabed esuvihde the
present wave model was based on N-S equations.

Pore Pressure (Pa) Max: 1324.641
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y (m)
o
o

-1000
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(a) pore pressure
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Figure 10. Distributions of (a) pore fluid pressara (b) vertical
effective normal stress with wave profile and vélpield at time
t=43.0g¢c.
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3.8 Wave-seabed Interaction around a

Submerged Breakwater

Rigid

In this section, a rigid, impermeable and submetyeakwater with
a rectangular shape is considered, and its impattwave motion
and seabed response are analyzed by the integnatelél. The
structure is 20 m wide and 3 m high, and its cémpoint of bottom
line is located at the point (105, 0). Figure 14w$ the distribution
of the wave-induced pore fluid pressure aroundsthecture at time
t=43.0sec. As one can expect, the existence of struatare
largely affect the wave motion around the submergeshkwater
(see Fig. 15) and consequently leads to a diffedesttibution of
pore pressure from that without a marine struc{see Fig. 10(a)
and Fig. 14). As shown in Fig. 15, an obvious wae€ormation
takes place due to wave-structure interaction vthenwave is over
the submerged breakwater.
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Figure 14. Distributions of the wave-induced ppressure in a
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3.9 Wave-seabed
Structure

Interaction around a Deformable

This integrated model has also been used to sthdywave

propagation and seabed response around a deforimgi#emeable
structure (such as wave energy converter). Twostygfestructure

with different embedded depths are investigatediegécted in Fig.

16. One is simply fixed on the sea floor with zemabedded depth,
and the other is embedded into the seabed withrdredded depth
of 2 m. The width and height above seabed are #teptsame in
these structures, and they are taken as 1 m anddspectively.

Fized BC Meumann BC

constraint frem seil

Wertical wall

Seabed

N\

71 I

Figure 16. The sketch vertical structure and seabedel

Figure 17 illustrates the effects of structure abl&t on fluid
velocity field, from which significant changes oélacity pattern
around the structure can been observed. Furthermaorethis
example, the wave crest arrives at the structurgchwcreates a
positive pressure on the seabed surface, and iestdimpaction of
the seabed.

development of pore pressure. This implies thatettibedded pile
will reduce the pore pressure, and enhance thdlistabf the
structure.
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Figure 17. The sketch of velocity profile in thestem of wave -
vertical wall-soil interactions-Case 2(wave perios~8ave
height=0.5m).
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Figure 18. Effect of embedded depth of deformalracture on

pore pressure.
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In addition to the wave field and seabed, anotlesv feature of
this study is the structure components in the iaiiegl model. Here,
we consider the horizontal displacements at the abphe wall,
which also indicate the oscillatory of the struetult is noted the
horizontal displacements presented here is gemkelatethe wave
loading, not artificial oscillating loading. As sho in Fig. 19, the

Figure 18 shows the effects of embedded depth @ thaerns of the horizontal displacements at thedbthe wall are

distribution of wave-induced pore pressure aroumghflation. As
shown in the figure, there is about 2% of incremehthe pore
pressure amplitude in case 1, compare with ca3@ée& comparison
indicates the embedded part of structure may diAilock the
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similar for both cases. It is important to notetthize horizontal
displacement at the top of the wall in case 2 s &wder higher than
case 1. This implies that the design of case Ztaamd for two-order
higher deformation of the pile than case 1.
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Figure 21. The von Mises stress at point 1(a) tased (b) case 2

Figure 20 illustrates the first principal stresgaint 1 (see Fig.
16) for both cases. As show in the figure, thet firsncipal stresses
at point 1 for case 1 is one-order higher than thatase 2. This
implies that the bottom of the structure will raea higher stresses
in case 1, which required more intensive designtlfier structure.
For von Mises stress at point 1 (Fig. 21), the agghvale is about
9x10" for case 1 and.2x 10 for case 2. They can be considered
as in the same order of magnitudes.

Based on results presented in Figs. 18 to 21,¢kigd of case 2
provide a better design for the deformable pilthmmwave-seabed-
pile interaction system.

4. CONCLUSIONS

In this paper, we first present a new analyticdutson for the
wave/current-induced soil response in a porous eskalBoth
oscillatory and residual mechanisms are considerethis study.
Then, we present a numerical model for the simutatiof wave
propagating over a porous seabed around marinetstes. Based
on the numerical examples presented, the followmnrclusions can
be drawn.

1. For the combined loading of waves and currents, shi
response increases as the current velocity ingease

2. A modified J-S Curve is established by includingrents for
the prediction of the liquefaction potential, whigrovides
engineers a effective tool.

3. An integrated model, based on COMSOL Multiphysibss
been developed to study the WSSI phenomenon irsthisy. To
validate this model, the simulated wave profile,repdluid
pressure and vertical effective normal stress endése without
any marine structure are compared with those fromdygical
theory. The comparison results show a good agreebatween
numerical simulation and analytical theory.

4. The numerical results show that the existence ahaine
structure may significantly increase the wave chesght and its
induced pore pressure within seabed.
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5. The embedded depth of a deformable structure bligffect the
wave propagation but has a large impact on porgspre around
the structure foundation.
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APPENDIX: WAVE AND CURRENT —INDUCED DYNAMIC
PRESSURE

In this appendix, we provide detailed informatidwave/current-
induced dynamic pressure along the seabed suifacsatisfy the
governing equation (1) and bottom boundary condljtwee have
velocity potential as:

9= _Uo[(mml —nn)x+ (nm, + mn])Y]

. (A1)
+F coshkz sinfnkx + nky — at )

whereA is an unknown coefficient and the water surfae@aion
as:

n:%cosm'kx+ nky —at ), (A2)

Substituting (A1) and (A2) into the dynamic freefaae
boundary (3), and take the linear terms, we have:

Fwcoshkd cosfkx +nky —at
+%{(nm—nnl)zué — 2FU gk (mm, - nn)x
coshkd cosfkx+nky - at })
+%{(nmi —mn,)*U2 - 2FU pk (hm, + mn ) x
coshkd cosifkx +nky — at J)

+%cos(n1<x+ nky —at )=C (A3)
which leads to
_ 2
F= v gﬁ'( andc:%ugd (A4)
Zm(l— ﬁj costkd
w
Then, we have the velocity potential
p=-U, [(mml —nny)x+(nm, + mn])y]
gHeoshZ  Gnim+nky—at)  (AB)

2w(1- Ugmk )costkd
w

Introducing (A3) and (A5) into kinematic boundagndition
(4), we have the dispersion relation as:

(w-mU k)* = gktanhkd (A6)

Which will be used to determine the wavelendth 277/ A .

P_ g, Ve, 00 1(30) (30 (0p)
£ =o-a5 421 (3] (3] (28] | en

2 odt 2[\ox
Again, taking the linear term, we have the dynawswe pressure
(P,)as:

p = y,H coshkz

Y =

cos +nky —at ).
2 coshkd fricc+ nky )

(A8)



