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Abstract When ocean waves propagate over the sea floot, Introduction

dynamic wave pressures and bottom shear stresses exert on

the surface of seabed. The bottom shear stresses provide

a horizontal loading in the wave-seabed interaction systenThe evaluation of the wave-induced dynamic response in a
while dynamic wave pressures provide a vertical loading iporous seabed is particularly important for coastal geotech-
the system. However, the bottom shear stresses have beennizal engineers involved in the design of the foundations of
nored in most previous studies in the past. In this study, thearine structures. An inappropriate design and maintenance
effects of the bottom shear stresses on the dynamic responsfethe foundation around a marine structure would result in
in a seabed of finite thickness under wave loading will behe disastrous failure of structures. Numerous failures of
examined, based on Biot's dynamic poro-elastic theory. Imnarine structures due to the liquefaction or shear failure of
the model, an 4—p” approximation will be adopted instead seabed have been reported in Refs. [1-5].

of quasi-static model that have been used in most previous Based on Biot's poro-elastic theory [6,7], numerous

studies. Numerical results indicate that the bottom She%\aestigations of the wave-induced dynamic response of a

stresses has certain influences on the wave-induced sealb% ous seabed under wave loading have been carried out
d_ynamic response. Fu_rthermore, wave and .SO” (.:haraCteri§|’nce the 1970s. Among these, Yamamoto et al. [8] de-
tics have considerable influences on the relat|ﬁﬁec§nce of rived an analytical solution for an isotropic, poro-elastic
seabed response between the previous model (without Sh?ﬁfrinite seabed by treating the pore water and seabed as
stresse§) and the pres.ent model (with s.hear. stresses). @(?mpressible and deformable medium. Later, Hsu and
shown in the parametric study, the reIaUvéfetle_:nces be- Jeng[9] further derived an analytical solution for an unsat-
‘WeeU two models could up to 10% pj, depending on the urated, isotropic seabed with finite thickness under three-
amplitude of bottom shear stresses. dimensional short-crested waves loading. Such a model

has been further extended to a layered seabed [10], non-
Keywords Bottom shear stressesVave-induced dynamic homogeneous seabed such as variable permeability and shea
response Porous seabed u—p” approximation- Biot's the- ~ modulus [11-13], cross-anisotropic seabed [14] or non-
ory linear wave loading [15]. A detailed review of previous rel-
evant research can be found in Ref. [16]. More recenly, an-
other analytical approximation, transmission and reflection
D.-S. Jengi) matrices (TRM), was proposed to handle the multi-layered
porous seabed due to wave loading [17].

Center for Marine Geotechnical Engineering,

State Key Laboratory of Ocean Engineering, To simplify the problem of wave-seabed interaction,
Shanghai Jiao Tong University, most previous investigations considered the dynamic wave
200240 Shanghai, China pressures along the seabed surface as the only external load
e-mail: d.jeng@dundee.ac.uk; d.jeng@sijtu.edu.cn ing, and ignored the bottom shear stresses which are hori-
zontal external loading. Sakai et al. [18] may have been the
J. Ye-D.-S. Jeng first to consider the bottom shear stresses in the problem of
Division of Civil Engineering, the wave-seabed interaction, based on a boundary layer ap-
University of Dundee, DD1 4HN, UK proximation. In their model, the bottom shear stresses are as-
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Effects of bottom shear stresses on the wave-induced dynamic response in a porous seabed: PORO-WSSI (shear) model

sumed having the same phase with the ocean waves, whichigithe wave number. The wave dispersion relation is given as
fact has a 45phase lag, according to the boundary layer the- ,
ory [19]. Therefore, the Sakai's results are doubtful. Later” = gktanhkad). ©)

Jeng [20] derived a simple analytical solution for the wave-  with the second-order Stokes wave theory, the bottom
induced soil response with the correct phase of bottom shegkear stress can be derived from the boundary layer theory

stresses, but only limited to infinite seabed and quasi-statigy the second-order, which can be expressed as [27]
Biot’s consolidation theory.

It is noted that most existing porous models for the __Bapv V2BopvkH L

. , > () = + cos|kx — wt

wave-induced soil response have been limited to quasi-static 0 26
soil model. That is, the acceleration of soil particles and 4oy P
pore fluid have been ignored. If the acceleration of pore +T[ka2ﬁ1 +(1- V2)Bs] cos 4kx—wt— é)’ 4
fluid and solid particles are taken into account, a so-called

“u—p” approximation was proposed [21]. The ranges of apyvherep is fluid density,v is the kinematic viscosity of wa-

plications of the quasi-staticLp” approximation and full (€0 = V2v/w, wis the angular frequency of wave. THe
dynamic models versus fiirent wave and soil characteris- COgficients { = 0,1,2) are defined as

tics have been discussed and clarified in the recent public - w )
tions[22,23]. However, thefiect of bottom shear stresses ksinhkd)’
on the dynamic response under wave loading have not been 3w
considered, although it is expected to have certain influencés = ——————. (6)
in the evaluation of the wave-induced seabed response. 8 sinff(kd)

In this study, the existing finite element model k3a?B3
(SWANDYNE I1), originally developed for earthquake load- A2 = 4o )

ing[24,25], will be implemented for wave loading with .
bottom shear stresses, and integrated into the PORO- Itis noted that Eqgs. (2) and (4) represent the second-

WSSI (porous model for wave-seabed-structure interaction%}der solution of dynamic wave pressure and bottom shear

model [26]. The bottom shear stresses along the seabed s resses. For the linear wave theory, only the first term is

face are included in the existing poro-elastic model as a hOF_equwed.
izontal loading, together with the dynamic wave pressures ) .
as the vertical loading. The dynamic Biot’s poro-elastic the-z'2 Govemning equations

ory[7], instead of the conventional quasi-static Biot’s con- ) o .

solidation equations [20], are adopted in this study. Witd" this study, the seabed soil is considered as a porous
this new model, the influences of bottom shear stresses gpedium comprised of soil particles and pore water. The

the wave-induced pore pressure are also examined througfFipt's Poro-elastic theory [7] is commonly used to describe
parametric study. the mechanical behaviour of porous medium. Herein, the

“u—p” approximation [21] for dynamic problems is adopted,
in which the accelerations of the solid and pore fluid are con-

2 Boundary value problem sidered. The forces equilibrium and the continuity equations
are expressed as

2.1 Wave field doy 0tk _ Bp  Pu
X =t p—, 8
ox oz ox P ®
Based on the second-order Stokes wave thepry, the free stﬁT—xz 7, op  Pw
face elevationsf) and dynamic pressure acting on seabe 3 + 57 +p0= ~52 +p?, 9)
(Pp) can be expressed as X z z t
ap 0% Oe
H H2 2n - = -
n(x,t) = > cosfkx— wt) + 7r8_L kV=p - ywnp at " Kor oz =~ M (10)
coshkd)[2 + cosh(d)] whereu andw are the soil displacements in the horizontal
X = C0S 2kX— wt), (1) and vertical directions, respectively;is soil porosity; o
sinfr(kd) ando?, are dfective normal stresses in the horizontal and ver-
_ pgH 3npgH? tical directions, respectivelyy; is shear stresg is the pore
Po(x.1) = 2 coshkd) coskx - wt) + 8L water pressurgy = psh + ps(1 — n) is the average density of
porous seabegy is the fluid densityjps is solid densityk
tanhkd) 1 1 ; : e o
X — [ - - 5] cos2kx—wt), (2) is the Darcy’s permeabilityg is the gravitational accelera-
sintf(kd) L sintf(kd) tion ande is the volumetric straink,, is the wave number. In

whereH is the wave heightw = 27/T is the angular fre- Eq. (10), the compressibility of pore fluid)(and the volume
guency andr is the wave periodd is the water depth ankl  strain €) are defined as
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5= ( 1 . 1- Sr)
Kt Pwo /

_u ow

T ox 8z’

whereS; is the degree of saturation of seabgxlg is the

absolute static pressure aKlg is the bulk modulus of pore
water.

In this study, poro-elastic soil behavior is considered as
the first approximation, the stress—strain relation under plane
strain conditions can be expressed as

(11)

€

P

~ Vg

N 7
N
i ,I
/
V) Y
-

- - -
-

5

Y 1\ § IS, R

ou e B *
- 2G(— ; ) 12
O—X ax 1 _ 2/,[ ( ) h
5 Seabed
, W UE
0z= ZG(E + 1-2u ) (13) I T I T T T T T T T T T T T T T T
ou  ow Fig. 1 The sketch of dynamic pressure and bottom shear stress act-
Txz = G(a_z + &) (14) ing on seabed when wave propagating over a porous seabed. The

) ) ) , ) upward pressure is negative dynamic pressure. The leftward bottom
whereG is shear modulug; is Poisson’s ratio. shear stress is negative dynamic shear stress

Substituting Egs. (12)—(14) into Egs. (8) and (9), we

have the expressions of for ilibrium - .
ave the expressions of force equilibrium as In general, the periodic boundary conditions should be

G e ap 4% applied to the both lateral sides of computational domain due

Gv2u+ T-2uox  _ox Poae (15) {0 that the computational domain is truncated from infinite
(in the horizontal direction) seabed [28]. In the wave-seabed

ovaws o O€ +pg= _op +p@' (16) interaction poblem, the wave applied is periodic. Therefore,
1-2uo0z 0z ot? the horizontal and vertical displacement, and pore pressure

at corresponding nodes on the two lateral sides exactly equal
to each other at any time. However, the periodic boundary
condition requires that the length of computational domain

In this study, the dynamic wave pressures are adopted to am_ust be integer of the length of wave applied. This require-

4 . . ent may cause thatfierent mesh systems have to be used
ply the vertical loading, while the bottom shear stresses are ; . .
in numerical calculation from cases to cases. In this study, a

the horizontal loading (Fig. 1). To solve the pore pressure . L .
and soil displacements in the governing equations (10) (1§rge computational domain is used, and the two lateral sides
' oth are fixed in horizontal direction, the repetitive works

and (16), appropriate boundary conditions are reqired. of generation of mesh systems foffdrent cases could then

It has been well-documented from that there is & 45y, 5y gided: because the influences of the two fixed lateral

phase lag for the bottom shear stresses relative to the dysnqaries on the seabed response are only significant in the
namic pressure acting on the seabed [19]. Then, the boung,

o ions near them. The influences of the fixed lateral bound-
ary condition at the surface of the seabed can be expressgfg conditions will disappear in the region far away from the

2.3 Boundary conditions

as two lateral boundaries. The feasibility and the accuracy of

p = Pp(X,t), at z=0, (17) numgrical results for adopting a_lfarge cgmputational domain
and fixed lateral boundary conditions will be further demon-

Txz = (X, t), atz=0, (18) strated in Sect. 3.2.

07 =0, atz=0, (19) 3 Numerical model

wherey,, is the unit weight of water, ang, andr, are the
dynamic wave pressures and bottom shear stresses, in whigfl Finite element formulations
both linear and non-linear wave loadings can be considered.
Since the bottom boundary of the seabed is a rigid imIN this study, the finite element model (SWANDYNE 1),

permeable, the pore fluid can not enter the boundary and S(gzﬁiginally developed for the soil response under earthquake

displacements will vanish, i.e. loading [24], is' adopted and a wave module vyith bottom '
shear stresses is developed and the integrated into the previ-

u=v=0, ap -0, at z= —h. (20) ous porous model (I_DORO_—WSSI ) to form the P_ORO-WSSI

on (shear) model. In this section, the FEM formulations are out-
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lined. For more detailed information, the readers can refer tg(2) — —f(N")TVT(kpf 0)dQ + f(N PYT g,

Ref. [25].

The spatial discretization involves the variableand

(37)

wherem = [1,1,1,0,0,0]", t is the stress acting on the sur-

p are replaced by suitable shape functions in the governingice of computational domair is the pore water pressure

equations (10), (15) and (16).

u= Z N'u = NYu, p= Z Nippi = NPp, (21)

on the surface of computational domain.
To complete the numerical solution, it is necessary to
integrate the ordinary fierential equations (26) and (27) in

whereu and p are the displacement vector of soil and thetime domain. In the present model, the single-step General-
pore pressure. Theand p are the vectors of node displace- ized Newmark GNp;) method [29,30] is employed. Using
ment and pore pressure. TR¥ andNP are the shape func- GN,, for the nodal displacements andGN;; for the nodal

tion of displacement and pore pressure. The, NY andNP
are defined as

U=[u Wy Up Wp -+ Uy W], (22)

p=[pL p2 -+ pal’, (23)
NN O NY O --- NU O

Nu= 1 2 n , (24)
0O N 0 N ... 0 N

NP =[NP NP - NP (25)

Substituting Egs. (21) into the governing equation:;a1 )
"

pore pressur@, the displacement, velocity and acceleration
of nodes are written as

Uns1 = Un + Aﬁn’ (38)
Une1 = Up + UnAt + B AUnAL, (39)
_ . 1. 1 .

Unsr = Un + UpAt + EunAt2 - Eﬂ;AunAtZ, (40)

and the rate of pore pressure and the pore pressure are ex:
pressed as

=D+ AR, (41)

(10), (15) and (16), and applying the minimum potential en-

ergy principle, the governing equations can be discretized i1 = Pn + PhAt + 8;A AL

spatial domain as

Mii+ K- Qp = f®, (26)
Q'U+Sp+Hp= O, (27)
M= f(N“)TpN”dQ, (28)
K = f BTDBdQ, (29)
Q- f BTmNPdQ, (30)
szf(NP)nﬁdiQ, (31)
H= f (VNP)TKVNPAQ, (32)
9
ox
V= o | (33)
L 0z
d
7 0
B=| 0o 2 |\ (34)
= az 9
9 9
L 0z 09X
1-p n 0
b= | 4 1-4 o0 (35)
@+w-20 ’
0 (1-2y/2
FO = f (NY)TpgdQ + f (NY)Ttdr, (36)

(42)

In the above schemes, if the paramejgfss;, and6;

satisfy following condition
1 1

then, theGN,; time integration scheme will be unconditional
stable [24,25]. In this study, three parameters are choosen
as: g; = 0.605,5; = 0.6 andd; = 0.6, as suggested by
Chan[24].

Substituting Eqgs. (38)—(42) into Egs. (26) and (27),
leads to

6 > (43)

1 -
Mps1 + 5 Kn+1ﬁ;At2 -Q,,101At [ Aup }

QL iAt St Hn+lB;F_At A
F(l)
= l . l : (44)
I:n+l
1) 2
where theF -’ andF, are formulated as
FE'I];-)]. = fl("l:l-i-)l + Qn+1ﬁ1 + Qn+1 F_)hAt - Mn+1a_n
- 1.
—Kml(un + UpAt + EunAtz), (45)
FE12+)1 = f§12+)1 - Sn+1[.:_)n - Hn+1(F_)n + F.:_lnAt)
—Qp.1(Un + UnAb). (46)

In EqQ. (44), the unknowns arkll, andAp,. Atn+ 1
time step. They can be determined by solving Eq. (44) tak-
ing the values determined atime step as the initial condi-
tions. In this study, the Newton—Raphson method is adopted
to solve Eq. (44). Once the incremental acceleration
and incremental rate of pore pressmﬁn are determined,
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the displacement of soil and pore pressure can be accord- In this numerical example, three sectioxs= 50 m,

ingly obtained by applying Egs. (40) and (42). 125m and 200 m are considered. To simplify the problem,
linear wave theory is considered in this example. The sec-
3.2 Treatments of lateral boundaries tions of x = 50 m and 200 m are close to the lateral bound-

aries, while the sectionx(= 125m) is far from both lat-
As stated previously, in this study, a large computational do@_ral boundaries. Two treatments of lateral boundary condi-

main is used, and the two lateral boundaries are fixed in ho_P—ons are used here. First, the principle of repeatability [28]

izontal direction. According to the Saint-Venant principle,IS used, and second, t.he f|xed lateral boundgry conditions
the influence of the fixed lateral boundaries is only limited tg*"® US€d. As shown in Figs. 3a and 3cifefent treat-
the region near the lateral boundaries. In the region far awd})€"tS Seem to slightlyfiect the results of pore pressure, and
from the lateral boundaries, the influence of the fixed latera{€'tical éfective stress only. However, the horizontéee-
boundaries will disappear. In this section, the feasibility and/Ve SIress and shear stress are significantipxént between

the accuracy of the numerical results in the region far awagy"0 treatments. Th|§ |_nd|cates that thiéeets O,f a f'xe‘?' lat-
from the fixed lateral boundaries are demonstrated. eral boundary are visible at these two sections. Figure 3b
In general, a larger computational domain will reducdPresents the comparison of the seabed response at the centre

the effect of the fixed lateral boundaries. However, a large€Ction &= 125m). The figure clearly shows that thigeet
computation domain will cost more CPU running time anc®f the fixed lateral boundaries disappears completely at the
require larger memory. Therefore, in this study, the lengtii€9ion far away from the fixed lateral boundaries.

of computation domain is chosen as 1.5 to 3.0 times of the  Based on the above numerical exercises, it can be con-
maximum wave length adopted in all cases. A numericatluded that the proposed treatment method for lateral bound-
example, with the input data (Table 1) and mesh (Fig.2), igries is acceptable for the region near the center of computa-
illustrated in Fig. 3. In the numerical example, we consider &onal domain. Therefore, the same mesh system is used for
computational domain of 250 m long that is about 2.8 time&ll cases in which dierent wave lengths are involved is fea-
of the wavelength (88.8 m). The results of applying the prinsible, and the accurate results could be obtained at the region
ciple of repeatability [28] are also included for the compari-far away from the fixed lateral boundaries, where is our main
son. investigation zone.

Table 1 Wave and soil characteristics used in numerical example§ 3 Verifications

Characteristics
Wave pe_rIOdr 8.0s The finite element model, SWANDYNE Il, was originally
Wave Wave heights 20m developed for investigating the earthquake-induced liquefac-
Water deptfd 20m tion in a saturated or unsaturated porous medium. To in-
Wave lengthL 88.8m vestigate the fect of bottom shear stresses on the wave-
Permeabilityk 10 mnys (coarse sand) induced seabed response, a wave module is developed anc
0.1 mnys (fine sand) integrated into the existing PORO-WSSI model and forms
Porosityn 0.3 (coarse sand) PORO-WSSI (shear) model. To verify the proposed numeri-
_ 0.2 (fine sand) cal model, the model will compare with the previous analyt-
Sil Shear modulus 10 MPa ical solution [9] and two sets of experimental data conducted
Poisson'’s ratiqu 1/3 by Lu [31].
SaturatiorS, 0.98
Thicknessh 30m 3.3.1 Comparison with the analytical solution
T — : Numerical results of the maximum values of wave-induced
-l 250m A pore pressure andfective stresses in unsaturated codirse
- e sand (the degree of saturation is 98%) are shown in Fig. 4.
. 30m e The results of the analytical solution with linear wave load-
- 4 ing but without bottom shear stresses [9] are also plotted in
e e the figure. From Figs. 4a and 4b, it is found that the numeri-
. . cal solutions overall agree well with analytical solution. The
x=50m x=125m x=200m

minor differences between two models is because that the an-
Fig. 2 Two lateral sides are fixed in horizontal direction in the meshalytical solution was based on quasi-static soil behavior and
system used in this study the present model is based amr-p” approximation.
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Fig. 3 Comparison of the seabed response with twiedent treatments of lateral boundary conditiomg.= 50 m;b x = 125 m;
cx=200m. k=0.01ms, T=80s,d=20m,L=888m,G=10MPau=1/3,n=0.3,S; =0.98,Uy = 0ys)
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Fig. 4 Vertical distribution of the wave-induced soil responseainoarse sand and fine sand T = 8.0s,d = 20m,L = 888 m,
G =10MPau =1/3,n=0.2,S; = 0.98)

3.3.2 Comparison with the experimental data (Fig. 5a). The waves generated in the wave flume include
regular waves and cnoidal waves. The sand bed is consisted

Lu [31] conducted a series of lab experiments about the dys; coarse sand. The pore pressure at the four points on the
namic response of sand bed to the waves propagating on it ijidline of sand bed are monitored in experiments.
a wave flume which is 60 m long, 1.5 m wide and 1.8 m high
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Cement

12 13 14 15 16 17 18 19
Time/s

20— Numerical results
0

| o Experimental data

12 13 14 15 16 17 18 19
Time/s

Time/s

12 13 14 15 16 17 18 19
Timels

Fig. 5 aThe experimental setup in Lu’s tests [3h]Comparisons of wave-induced dynamic pore pressure on the midline of sand bed

The properties of coarse sand provided by Lu [31] are4.1 Hfects of wave nonlinearity
shear modulu& = 10 MPa, Possion’s rati@ = 0.3, perme-

ability k = 1 mnys, porosityn = 0.389 3, the mean size of |t js well known that the first-order linear wave is an approx-
sand particlesiso = 0.44 mm and saturatio, = 98%. The jmation of the periodic wave with small amplitude in deep
wave characteristics of the regular wave and cnoidal wavgater. For the waves with large amplitude in shallow wa-
areH = 12cm,d = 04m, T = 12s andH = 12cm, ter, the linear wave theory is inadequate to describe them.
d=03m,T =20s. The high order wave theory should be adopted. The valid

The comparisons of the regular wave induced dynamigange for 1st to 5th order wave can be found in Ref.[32].
pore pressure at the four points on the midline of sand bejgh this part, the fect of the nonlinearity of wave on the
between the numerical results and the experimental data aseabed response under wave applying is checked for the
shown in Fig. 5b. As illustrated in Fig. 5b, the numericallarge wave propagating in relative shallow water, for exam-
results predicted by the numerical model developed coulgdleH = 3.0m,d = 10.0m andT = 8.0s.

agree well with experimental data provided by Lu [31]. The elevation of free surface of the linear wave and sec-

ond order wave, and the induced pressure acting on seabed
are examined first. Based on the numerical calculations, it
is found that the dference of wave height between the lin-
ear wave and the second-order wave is up to 18.5%; and the
In this section, we first discuss théfects of wave nonlinear- difference of the induced pressure acting on seabed is about
ity on the seabed response, based on the second-order StoRe&- Obviously, theféect of nonlinearity of wave is signif-
wave theory. Second, we examine the influence of bottorf¢@nt for the large wave in shallow water.

shear stresses with the ratio of amplitudes of shear stresses Figures 6a and 6b illustrate the distribution of the
to the dynamic wave pressures. Finally, a parametric studseabed response under linear wave and second-order wave
is presented to examine thé&exts of wave and soil charac- As shown in the figure, for large wave in shallow water, the
teristics on the seabed response. linear wave theory underestimates the pore pressure in the

4 Results and discussions
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upper part of seabed, overestimatesdtién the middle part fected by the nonlinearity of wave. Overall, theet of
of seabed, and underestimates tHgin the middle part of nonlinearity for large wave in shallow water is significant.
seabed. However, the shear stregsin seabed is not af-

b o
N }
10 | - -
z g ‘
533* _'é- =15+ (T Py k=0.Imm/s
a A ‘
20 |

_ [(CAMNE) % ‘

—_ I?mcar wave 25| 3 — Linear wave
--- Second order wave | _ - -~ Second order wave ‘
B e -30L=. -4 A S S

0 01 02 03 04 05 06 07 08 09 1.0 0 0.1 02 03 04 05 06 07 08 09 1.0
Normalized by p, Normalized by p,

Fig. 6 The distribution of the seabed response induced by wave and bottom shear stress under linear wave and the second-order
wave T =8.0s,d=10m,H =3.0m,G = 10MPau = 1/3,n = 0.3, S; = 0.98). a Coarse sand) Fine sand

4.2 Hfect of the amplitude of the bottom shear stressgs ( is much greater than the wave-induced water particles veloc-
_ ) ) ity. This current will make the horizontal velocity of water
From the physical point of view, the bottom shear stress acCjarticles in boundary layer increase greatly. It will further
ing on seabed attributes to the viscosity of sea water, angdsylt in the great increase of the bottom shear stress acting
the velocity gradient of sea water at the surface of seabegp seabed. Unfortunately, little attempt has been made to
Generally, the boundary layer theory are widely adopted tgeyelop a theory to estimate the bottom shear stress consid-
estimate the bottom shear stress. According to the bounda&qng afect of current on boundary layer, and the interaction
layer theory, the greater the velocity gradient at the surface ¢fanween the wave and current. Equation (47) does not con-
seabed, the greater the bottom shear stress acting on seakgger the gect of current. Therefore, the bottom shear stress
To simplify the problem, we only use the linear wave theoryrequently is underestimated by Eq. (47) due to the existence
in this comparison. The dynamic wave pressure and bottogy cyrrent in ocean environment. The theory considering the

shear stresses can be simplified as effect of current on boundary layer, and the interaction be-
0= felo| i tween the wave and current will be developed to accurately
Po(x. 1) = 2 coshkd) coskx - wt) determine the bottom shear stress acting on seabed based ol

= Do COSKX— wt), the boundary layer theory in the future.

V2BopvkH . (47) Tp have a general understanding of tiﬁi_eets ofrg, the
(X 1) = —— cos(kx— wt — —) magnitude of the bottom shear stress acting on the seabed
26 (7o) is temporarily assumed as 1%, 5%, 10%, 15% of the dy-

namic pressure acting on the seabgg).(With the wave and

soil conditions given in the Table 1, we attempt to find out
From Eq. (47), it is known that the bottom shear stresshe diference between the models whtlithout bottom shear

is positively proportional to the velocity magnitude at the topstresses. Figure 7 clearly demonstrates the considerable ef-

of boundary layer. For deep water, due to that tifeat of fects of bottom shear stresses on the wave-induced seabec

wave could basically disappear at the surface of seabed, argsponse. For example, if the bottom shear stresses are in-

the horizontal velocity of water particles in boundary layercluded, the maximum value offective stresses’, o/, and

is nearly 0. Therefore, the bottom shear stress is negligi,, will become less than that without shear stressgs-(0)

ble. However, in the shallow water, thé&ect of wave is in the upper section of seabed. However, the wave-induced

great on the surface of seabed, the horizontal velocity of waore pressure will become greater in the whole seabed. For

ter particles in boundary layer is considerable. The frictiortheo, the diference between two models is relatively small.

between the sea water and seabed can not be ignored. Atlis noted that if the bottom shear stress is considered, the

ditionally, the current always co-exists with the ocean wavehear stress in the region near the surface of seabed is muct

in real ocean environment. The velocity of current generallgreater.

T
=10 cos(kx— wt — Z)'
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The above numerical resultso{po = 10%) demon- As illustrated in Figs. 8 and 9, the greater the bot-
strate the considerabldfects of the bottom shear stress ontom shear stress, the more significant tifea on the wave-
the wave-induced seabed response. It is of interest to furtherduced seabed response is observed. In addition, the inclu-
examine the influence of the bottom shear stress amplitudegn of bottom shear stress has the most significiaton
on the relative dferences between two models. theo’, andry,. For example, the maximumftirence ot

k=10mm/s

~10 . k=0.1mm/s
g (7. )m;._ Py n=10.3 =
2 s ’ % 215 (TP n=102
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Fig. 7 Vertical distributions of wave-induced seabed responseciarse sand arfulfine sand T = 8.0s,d = 20m,G = 10MPau = 1/3,
S; = 0.98,79/po = 10%)
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Fig. 8 Vertical distributions of the relative fierences of wave-induced seabed response in coarse sand for vafios
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Effects of bottom shear stresses on the wave-induced dynamic response in a porous seabed: PORO-WSSI (shear) model
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Fig. 9 Vertical distributions of the relative flerences of wave-induced seabed response in fine sand for vagiqds

andry, can reach up to 10% and 4.5% pf in coarse sand, the results are presented in the non-dimensional form with
and 7.5% and 10% gfp in fine sand at the surface of seabedpy. Therefore, we only examine thé&ects of wave periods
whentg/po = 10%. On the other hand, théfects of bot- and water depths. Figure 10 presents the relatiferginces

tom shear stress am, and pore pressurp are also visible of wave-induced pore pressure in coarse and fine sand for
(around 5%-10% ofp). Comparing the relative ffierences various wave periods. As shown in the figures,tfiea of
shown in Figs. 8 and 9, it is found that the bottom shear streghe bottom shear stress become more significant as the wave
has more significantfiect on theo, andry, both in coarse period increases, especially in the region near the surface of
sand and fine sand. However, thEeet on pore pressure and seabed in fine sand. In general, a long period wave has more
o, are more significant in fine sand than coarse sand. It igotential to generate more energy than a short one with the
interesting to note that thefect of bottom shear stress on same wave height and water depth. Therefore, the dynamic
the o’ near the seabed surface in fine sand becomes less spyessure and the bottom shear stresses induced by a long pe
nificant when therg/ pp = 15% relative to situation in which riod wave are greater than those by a short one. This may
70/ Po = 10%. This unusual results need to be further invesexplain why the &ect of bottom shear stresses induced by
tigated in the future to see if the seabed instability occurs dong period wave is greater than those by a short one.

not in the regions or other causes. . . . .
9 Figure 11 illustrates the relative ftBrence of wave-

induced pore pressure for various water depths. The figure
clearly indicates that theffiect of bottom shear stress on the

pore pressure increases as the water depth increases in botl
coarse sand and fine sand. However, overall, the influence

Basically, wave periods, water depths and wave heights afé water depth on the pore pressure when the bottom shear
three essential wave parameters. Since we consider linedfess is considered is relatively insignificant, compared with
waves only, the fects of wave heights will be excluded asthe wave periods.

4.3 Parametric studies

4.3.1 Hfects of wave characteristics
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Fig. 11 Vertical distributions of the relative fierences of wave-induced seabed response in coarse and fine sand for various water dept

4.3.2 Hfects of soil characteristics void in porous medium, which is beneficial to transmit the

) ) ) dynamic pressure or otheffect from surface to bottom of
As report in the previous study [9], several soil properseaped. Therefore, theéfect of bottom shear stresses act-
ties significantly &ect the evaluation of the wave-induced jng on seabed is most significant in fully saturated sand, and
seabed response, i.e., the degree of saturation, seabed thigkwect will decrease as the degree of saturation decreases.
ness and soil type. In this section, we will examine how thesgp, obyious diference between coarse sand and fine sand is
soil propert|e_s fiect the influences of bottom shear stressege diferent permeabilities. For fine sand, the permeability
on the wave-induced seabed response variables. It has bggRe|atively small. It is dficult for the dynamic pressure to
reported that the seabed soil is a porous medium consistiRgynsmit from surface to bottom of seabed. Therefore, the ef-

of soil particles, pore water and trapped air bubbles [33,34}t of hottom shear stresses is more significant at the region
It is also reported that the degree of saturation will signifiy,ear the seabed surface.

cantly dfect the wave-induced oscillatory soil response [9]. _ _ _
The relative diferences of the wave-induced pore pres- The thickness of a seabed is an another important fac-

sure in coarse and fine sand for various degrees of satuf@ that dfects the dynamic response of a porous seabed un-
tions are illustrated in Fig. 12. It is found that the degreeder wave loading. Figure 13 shows that tiieet of bottom
of saturation has considerabl&ezts on the wave-induced shear stress at the top of seabed is almost identical with var-
pore pressure when the bottom shear stresses are consider@ds seabed thicknesses. Near the bottom of seabed, the ef:
especially in a fully saturated seabed. For example, the mafect of bottom shear stress is more significant for thin seabed.
imum relative diference could up to 7.5% q. Additionally, the dfect of bottom shear stress is much more

It has been well known that a higher degree of satusignificant at the region near the surface of seabed in fine
ration of soil means there is more pore water occuping théand than in coarse sand.
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Effects of bottom shear stresses on the wave-induced dynamic response in a porous seabed: PORO-WSSI (shear) model
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without bottom shear stresses.
(2) The maximum relative éfierence of seabed response pre-

dicted by the models with and without bottom shear
In this study, the #ects of bottom shear stress on the wave-  stresses could up of 10% for the conditigyi pg = 15%.
induced dynamic response ofa porous seabed are examing,g. Among wave properties] the wave period has more Sig_
The FEM model (SWANDYE-II) was adopted for the wave nificant influences on the relativeftirence of seabed
loading and bottom shear stresses are included in the pre- response between the models with and without bottom
vious PORO-WSSI model and form PORO-WSSI (shear) shear stresses.
m(_)del. The_ numerical model_has been verified with the angs) For soil properties, the degree of saturation has more in-
lytical solution for the case without bottom shear stress, and” f,ences on the relativefiiérence, compared with seabed
the experimental data obtained from wave flume test (the bot- ihickness. In general, the relativefidrences of seabed
tom shear stress is included). Based on the numerical results response are more significant in fine sand than in coarse
presented, the following conclusions can be drawn: sand.

(1) Based on the numerical examples, it is found tiggoe In this study, we only consider linear wave loading with
tive stressesdf, and o}) and shear stress,) will be  bottom shear stresses. For the non-linear wave loading with
over-estimated if the bottom shear stress along the seabstiucture or more complicated wave-seabed-structure inter-
surface is ignored. On the other hand, the pore wateaction system, it will be further investigated in the future

pressure will be under-estimated by the previous modedtudy.

5 Conclusions
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