THRRAZEHEZR ¢ REAF AT ERRRSE

e
by}

A RIRFLIAN H B R %KM 3Bk 5 LRI BT %

Study on soil liquefaction due to water wave or earthquake wave

3 in finite thick porous material bed 3%
K ¥

HE%FE: NSC 8 — 2611 — E002 — 051

AT : 89 £ 8 E 1 BHE 9 £ 7 A8 31 H

IEEHA T R

B A BhFE

REFX T EpyshiRpt 48

(sF4T Vv ) V— S TH MM £ F
O(x&e A4 FRAEHAFR)

BAEM B 8B RBEKIBERA

T EREH %0 # 7 A B



FTHEBEREAZZ A ¢ SRR FTRRRE
L TN R P YT EEETS DL EX D LS 2

Study on soil liquefaction due to water wave or earthquake wave
in finite thick porous material bed
3£ 455 . NSC 89-2611-E-002-051
HATHAMR: 89 F8 B 1 BE9047 4318
ERFA FREHZ BIERAEIRIZER

Abstract

This study investigates the dynamic
response of soft porous bed of finite
thickness under the effect of pertodically
nonlinear water wave. The wave and
homogeneous water are processed by
potential theory and the porous material is
treated by Biot’s poroelastic theory herein.
The analytical solutions are obtained by
boundary layer correction  approach
combined with two-parameter perturbation
expansion. The results are compared with
those of soft porous bed of semi-infinite
thickness to show the impermeable rigid
boundary effects.

Keywords : boundary layer correction;
two-parameter  perturbation
expansion; boundary effect
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EFFECTS OF NONLINEAR WATER WAVES ON A SOFT
POROELASTIC BED WITH FINITE THICKNESS

By Ping-cheng Hsieh' and Liang-hsiung Huang?, Associate Member, ASCE

Key Words ® boundary layer correction; two-parameter perturbation expansion; boundary
effect; soft finite thickness poloelastic bed

ABSTRACT: Since the porous material is usually finite thickness in the nature, the effects of
periodically nonlinear water waves propagating over a soft poraelastic bed with finite thickness
are hence noticed and studied in this work. The water waves are simulated by potential theory
while the porous bed is govemned by Biot’s theory of poroelasticity (1956) herein. The
conventional Stokes expansion of water waves based on a one-parameter perturbation
expansion fails to solve the soft poroelastic bed problem,; therefore, the boundary layer
correction approach combined with a two-parameter perturbation expansion is proposed, and
which enables us to soive the problem of soft poroelastic bed with finite thickness. The results
are compared to the similar problem with infinite thickness porous bed. The boundary effects
of the impervious rock are significant on wave-induced pore water pressure and effective
stresses, but very little on wave profiles at the free surface and the porous bed surface.
However, the rigid boundary is insignificant to the pore water pressure and effective stresses

when the thickness of porous bed is larger than about one wavelength.

INTRODUCTION

The dynamic response of propagating water wave acting on coastal constructions is quite
emphasized during the design work especially in the analysis of seabed instability. The
wave-induced variation in pore pressure and effective stresses has been recognized as a major

factor for destroying the stability of the seabed so that it is very important to correctly estimate

' Assistant Professor, Department of Soil and Water Conservation, Mationat Chung-Hsing University, Taichung, 44227, Taiwan, ROC.
To whom all correspondence should be addressed. E-mail: pchsieh@dragon.nchu eduaw
2Profcssur, Bepartment of Civil Engineering, National Taiwan University, Taipei, 106, Taiwan, ROC.
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the pore pressure and effective stresses inside the seabed.

At the early stage, most researchers only study the linear or nonlinear water waves acting on
a seabed that was usually assumed to be rigid material, no matter it was considered as
permeable (Putnam, 1949; Reid and Kajiura, 1957; Sleath, 1970; Moshagen and Torum, 1975)
or impermeable (Mei, 1983; Fenton, 1985; Dean and Dalrymple, 1991}. Actually, fluid within
the porous material interacting with deforming solid skeleton is very obvious, and thus a
realistic analysis based on deformable porous seabed is necessary.

Biot (1956) developed a theory of poroelasticity to discuss elastic wave in a fluid-saturated
porous solid. Huang and Chwang (1990) investigated Biot’s oscillatory equation for acoustic
problem without simplifications and obtained three decoupled Helmoltz equations standing for

three kinds of wave—two longitudinal waves and one transverse wave. Following this method,

Huang and Song (1993) then analytically solved the problem of periodically linear water waves
interacting with a deformable bed by treating the bed as a poroelastic material. Their approach
was quite successful in revealing most physical mechanisms by using potential water wave and

Darcy’s porous medium flow. Chen et al. (1997} further applied the conventional Stokes
expansion of nonlinear deepwater wave based on £ =ka to investigate the dynamic

response of a deformable permeable seabed. They found that Stokes expansion is only vald for
the hard poroelastic material but invalid for the soft one even though the Ursell parameter is
small. Finally, Hsieh et al. (2000) proposed a two-parameter perturbation method and a
boundary layer correction approach to carry out the analytic solution of nonlinear water waves
propagating over a soft poroelastic material bed with infinite thickness. Note that Huang and
Song (1993), Chen et al. (1997), and Hsieh et al. (2000) all focused on poroelastic bed with
infinite thickness.

Based on the fact that the seabed is generally multi-layered and the nonlinear water waves

are very likely to happen, the present study will find a way to investigate the complicated finite



depth problem and the interaction between the nonlinear water waves and the poroelastic
material seabed with a single layer, i.e. the thickness of the porous bed is finite. The present
work 1s aimed at investigating the boundary effect of a soft poroelastic seabed under
periodically nonlinear water waves propagation.
MATHEMATICAL FORMULATION

The plane water waves, as indicated in Fig. 1, propagating over a horizontally finite
thickness homogeneous poroelastic bed, are simulated by potential theory and the porous
medium saturated with water is governed by Biot’s theory of poroelasticity (1956). The region
(l') ranges from y=£&(x,1) to y=h+7(xt), and the region (2) from y=£&(x1) to
y=-B.The symbols 7 and & are the displacements of waves from the mean free surface

{» = &) and the mean surface of porous bed ( y = 0}, respectively.

Boundary-Value Problem

Assuming that the homogeneous flow, region (1) of Fig. 1, is potential flow, the velocity

#™ can be represented by velocity potential @ g5

u = vl (1)

The equations of continuity and momentum in terms of velocity potential hence become

vip' =9, (2)
g 107 3
pﬂfﬂi+p9 [@‘—I} {&‘] +P =0, (3)
a 2| o oy

where P is the wave-induced pressure in region (1}, and p, 1s the density of water.
Referring to Huang and Chwang (1990), the linear momentum equations of solid skeleton

and fluid for the porous bed based on the theory of poroeldsticity may be written as

. @d @p [ad op o
V'gzpll——a‘T-'_lql al +b{a. - a.]’ (4)



&d Fn. (o 8o
ViE=a . v TR, T, ] )
with
A ny )P, (6)
= 2Ge_'.+i(‘2?-d_'.)l, (7)
¢ = ;[wb, (vazy] )
8 =-np™, (9)
P :(]‘—n(})los+pa" (10)
P2 =5, (11)
P =Pyt Pas (12)
b= ,.unc,z/kp, (13)

where @ is the total stress tensor of solid; z_ is the effective stress tensor of solid; & is

the nomal stress tensor of fluid; d and D are the displacements of solid and fluid,
respectively, P'® ig the wave-induced pore water pressure; p, is the density of solid; p,
is the mass coupling effect (neglected in this study); n, is the porosity; # is the viscosity of
fluid; 4, is the specific permeability; G and A are Lame constants of elasticity; [ is the

identity matrix.
Combining continuity equations of solid and fluid with state equation of fluid and after

linearization of the porosity (Verruijt, 1969), we can find

A =—£[(1 ~m)V- {%} +n,V- (a&]} ' ' ' (14

& 7, &

for waved-induced pore water pressure. In (14), K is the bulk modulus of compressibility of



fluid inside the porous bed.

There are three boundaries (i)free surface {y = h+n‘(x,:)} , (ii)porous bed interface
[y = f'(x,t}], and (iii)poroelastic bed/impervious rock interface [y = —B] int this study, which,
referring to Deresiewicz and Skalak (1963), are required to satisfy the following boundary
conditions.

At the free surface, a kinematic boundary condition exists as

. (1) *{1) g
_ﬁﬂ_&_'_ﬁﬁl_zﬁﬂ_, (15)
dx  ax dy ot

and a dynamic boundary condition exists as

ooy ) =T st T
a2 +i{[f¢ } +[@——H+g,,-=o- (16)
ot 2 &x dy

At the porous bed surface, the continuity of pressure for fluid gives
P =pl (17)

and the continuity of fluid flux gives

a &

is the unit normal vector at the porous bed surface. Considering the kinematics of this surface,

., -{(1—;«0)@—4”1 Q’Q}:n; vl (18)

where

we have

8 _ ﬁéé.[_ ﬁilj (20)
ot ot ox

and (20) will be used to solve & . And the continuity of effective stresses of solid gives



At the interface between the porous bed and the impervious rock, y=-28, the boundary

conditions are no displacement for porous material

d =0, (22)
and no flux for fluid

uy, =0, (23)
where u;}, is the vertical component of the velocity of fluid within the porous bed.

If both |r7| and |.§| are much smaller than the relative wavelengths, it is more convenient

to shift the boundary conditions at the free surface, y = h+7"(x,¢), and at the porous bed

surface, y =§'(x,r), to y=h and y=0 first before solving the boundary value problem.

Conventionally, Taylor series expansions are applied to the boundary conditions at the free
surface [(15) and (16)] and at the porous bed surface [{(17), (18), (21) and (20)] by performing

gl ., skl e

3
m=l m' aym m=0 m' aym

respectively before liquefaction.

_As will be indicated by (36), for the present problem, due to the existence of the second
longitudinal wave inside the boundary layer of the so%t poroelastic bed, the above Taylor series
expansions at the interface (y =0) are applicable for the first longitudinal wavei and the
transverse wave, but not applicable for the second longitudinal wave because the effect of the
boundary layer will render errors of the partial derivative in the vertical direction for the
second longitudinal wave. That’s why Chen et al. (1997) failed to solve the nonlinear problem

for soft porous material by only one length scale. To overcome the difficulty, another small

parameter &, =ku/kz other than &, =k,a needs to be proposed. Thus, the vertical
coordinate y for the second longitudinal wave will be enlarged into y* based on this small

parameter &, (see(40b)).



Referring to Huang and Song (1993) for the decoupling processes of Biot’s equations of
poroelasticity (1956), the governing equations (4) and (5) can be rewritten into three decoupled

scalar equations as
Voo =0, =123 (24)

Also, (14) of the wave-induced pore water pressure gives
Pt = - [(1 —My T+ a]”o)qu)l‘{z) + (1 —n, + az”n)kzz(b;m] ) (25)
Mg

where wave numbers k; and solid/fluid related parameters « ; are given as (8)-(20) in

Huang and Song (1993). In (24), @Ezl and Cfo] are the displacement potentials of the f'lrst-
and the second longitudinal waves, respectively; while CD{f] is the displacement potential of
the transverse wave, 1.e.
d =vo? 1 v rvnoPe,), (26)
D =70 £ v o, v 0 Pe,). 27

Note that govcming equations (2) and (24), wave-induced pressure and effective stresses (3),

(25), and (7), together with boundary conditions (15), (16), (17), (18), (21), (22) and (23) form
the complete boundary value problem of the present study. ((20) is used to find & only, and
the vertical component of (22) is ideﬁtical t_o (23) in the present study.}
Noudimensionalization of Variables
Huang and Song {(1993) defined the following parameters
m=2G+ /K, (28)

€ =nypol b, (29)

2
A2 nggg+ll—nglg a’ R 1))

T 2G+ A+ (Kln) K2



ilm+1) p, @*

me K K

H +{]l—=n w?

S
G k2

(32)

in their solution of linear water waves propagating over a poroelastic bed. In which, £ is
called penetrability parameter; @ is the frequency; m is the stiffness ratio of solid and fluid;
k, is the wave number of water wave and will be found as complex; A and ¥ are only
functions of water wave speed and material (fluid and solid skeleton) properties, while IT is
not only a function of the same variables for A and ¥ but also depends on the permeability
of porous medium.

For low penetrability, i.e. “s” <<1, (30)-(32) could be simplified to

A=k /x Y : (33)
= {k,/x, ), (34)
w2 = (i, /K, . (35)

Moreover, for soft solid skeleton, "k2 | >> ”ko I is discovered and that ”Hzn = Ik; / k; ” >>1 1is

used to define the “soft” material in this study. Since ”Az ” is always smaller than "‘I”” (see

{30) and (32)), we can obtain

Based on the above discussion, we herewith define

| <2 <cr << (36)

AE

g =k, . (37}
£, = k,/k, | o (38)

for later use. Where a is the amplitude of incoming water wave,

After the analysis of order of magnitude for each dependent variable, the dimensionless



variables are selected as

F=kyx, (39)

5=k, - (40a)

y' = js/ &, , for the second longitudinal wave only, (40b)

I =gk, (41)

7?‘ = 07?.: (42)

d=awl Ve, . (43)

.. kL.

G = o 44
Ven -

q“)I'(Z} _ e*nhk02¢l'[2} , (45)

x ol kD o eYE o,

(Dz(__} _ eknhka ;22—(1)2(-) = —-—;—JI:-(DZ(Z) , (46)

1 2

('b;{l*] _ e‘k“hknzq);{z}, (47)

ol k ekok L]

&= e “

Pl o &y p-t , (49}
Pof -

pret _ K pr) (50)
F2t

All the symbols of variables on the left-hand side of (39)-(50) are dimensionless, but those on
the right-hand side are dimensional. Note that since vertical length scales need multiple scales
(see Fig. 2), ¥ and y' are proposed.

Applying the two-parameter perturbation expansion (see Fig. 3), velocity potential of flow
and displacement potentials of the first longitudinal wave and the transverse wave for the

whole domain can be written as



SN = g, dr +5,6,8,, + 616y +O(cle,...) (51)

dJ:,.[z} =g g6,V +e2d v O(ele,..), =13, (52)
Due to (36}, the second longitudinal wave needs to be solved inside the boundary layer, and
thus its displacement potential is nondimensionalized especially as (46} and expanded as

O =g g4 6,0 + 76 L O(ee, ..., (53)
if "52” and "&', | are smaller than unity. Also, the water wave profile at the free surface

becomes

-
~®

o= 51’?1-0 +£l£2ﬁl-l +5|2ﬁ;0 +O(£f€2,...), (54)

and the wave profile of the porous bed surface becomes

-

&= 514‘31‘0 + 8,68, + &L + O(8] 85, (55)
For a periodic motion with frequency @, the aforementioned vanables [ ['(,t) can be

written as [](R)e_m, where R is the position vector. Let the given incoming-wave
amplitude before being disturbed by the porous bed be a (ie. 7, = ), Stokes expansion
based on £, and &, will be carried out only to the first three terms for the present nonlinear
water wave problem to avoid the occurrence of secular terms. Thus, after Taylor senes

expansions at the free surface and at the porous bed surface respectively are applied, the

boundary value problem of each order without the time factor is obtained in the following.

Boundary Value Problem Without the Boundary Layer

Since the first longitudinal wave and the transverse wave propagate throughout the whole
domain, i.e. both inside and outside the boundary layer, there is no necessity to make any

correction of these two waves. Hence the boundary value problem without the boundary layer

is formulated as follows:

Ole,)



Governing equations
region (1):—c <Xk <o, O<y<kh,
Vig, =0
region (2): —®@<X<m, —w<p<l,
v ¢[1] £ A 45[I] -
@z&[;] + ‘{1245,[33 =0
Boundafy conditions
at the free surface: p=kh, ~w<i<om,
(a} kinematic free surface boundary condition
ﬁ&j=—{@ﬁm,
{(b) dynamic free surface boundary condition
i = o
at the porous bed surface: 7 =0, —®0 <% <o,
(a) continuity of pressure

" k KA
iy, — kok 4 l[gll =0,
e Myfo&

(b} continuity of flux

idg, I[El]\ —m)qs l[;] +eku,";£lo.j- =0,

(c) continuity of effective stress (only 7, =0)

2+l - =0

10,3y 13, k¢
at the porous material/impervious rock interface: y = =k, 8,

{a) no horizontal displacement for porous material

3[4 +¢[3] =0,

10,x

—W <X <w,

(36)

(57}

(58)

(59)

(60)

(61)

(62)

(63)

(64)



(b} no flux for fluid
al;ﬁl[llil].)" —G';@;,[SL; =0.
where

g, =l-ny+a;n,, j=1,3.

(65)

(66)

Note that only one component of the above boundary condition of continuity of effective

stresses is needed, ie. 7 =0, otherwise it will become overdetermined. (Another condition,

7;; =0, includes the effect of the second longitudinal wave and which will be adopted by the

boundary layer correction for the second longitudinal wave later.} And, since for the low

penetrability of the porous material, both «, and a, are very close to unity, the boundary

condition of no flux for fluid is equivatent to that of no vertical displacement of the soft porous

material, therefore only one is needed. Herein, the former is selected.

Oles,)
Governing equations
region (1): —w<i<ow, 0<y<ih,
ﬁ3¢” =0;

region (2} —w<f<ow, —-w<p<,

ﬁrzﬁgl[?] + \.P:"-é![?i =0.
Boundary conditions
at the free surface: y = kb, —ow< X<,

{a) kinematic free surface boundary condition

¢ll.j- = L,

(67)

(68)

(69)

(70)



{b) dynamic free surface boundary condition
ia}éu =7 e
at the porous bed surface: y =0, —w0 <X <0,

(a) continuity of pressure

k KA .
koh q|¢][ll = 0 y
e NP8

ié&n .
(b} continuity of flux
' ide™" (4?; 1[I]l]ﬁ — g Al[?.!i)*' &11.5* =0,

(c) continuity of effective stress (only 7;; =0)

243121“- + &113‘];:& - Al[g.]ii =0,

at the porous material/impervious rock interface: y = -k, B, -0 <X <o,

(a) no horizontal displacement for porous material
‘[l]j- + &l[i]} mn 0’

11,

{(a) no flux for fluid

alélhl!_f' "al'?;:[i;i =4

(71)

(72)

(73)

(74)

(73)

- (76)

Again, only one component of the boundary condition of continuity of effective stresses is

needed, ie. 7, =0, for the same reason mentioned above, and vanishing vertical solid

displacement is equivalent to vanishing fluid flux at impervious boundary.

ole?)
(Governing equations

region (1): —w<i<ewo, 0<p<kh,

region (2); —w<i<w, ~w<p<0,

{77y



ﬁzggz[:] +z—A2 “z[gl =0, (78)

Wiﬁhjwz[z' =0. (79)

Boundary conditions
at the free surface: y = kh, —w0 <k <00,
(a) kinematic free surface boundary condition
4530,,'- + 2o, = ﬁm.figm,j - ﬁlo'igm.;:i- : (80)

{b) dynamic free surface boundary condition
. oA ~ l "2 ﬁ] A A n
w = 10,7 0.5/ to¥hop s
2idd,, — 7 2(¢ + ¢ ) (DR800 3 (81)

at the porous bed surface: y =0, —w <X <og,

(a) continuity of pressure

kKA R GV, - W KNE,
2ia 0 koh ¢[l] = (¢lzu.i + gﬁlzo.je) - kol t4;"”'10.;- kA 1 ][E]l]y L (82)
BoFo& € € " My

{(b) continuity of flux
kgh T z-n(- ] =~ 3] )_qu’ 2 _l{,z“ 2
e ‘?520.;- + 210\, 4520. 7 fh¢zu.i =¥ 0:P0s §:o¢1u_;5-
+id}l{,2€_%h§m.i( 1 E[l;ir +q3 l[g‘]_f)—ia‘jque_kwém( | ‘l[tll'!y] q3¢IG\\ )’ (83)
(c) continuity of effective stress (only 7, =0)
( ¢'!D i ¢'J(} §ul ;52[;]1? ): l{jze-ko}"flﬂ..i[ZG( ][:,]IJ.' + ¢[3] i )— iﬁz&l[g)]] -
GYleé 10(2951[;!&;’ + ":[uj.]m‘ - 'ELH); (84)
at the porous material/impervious rock interface: ¥ = -k, B, —0o <X <o,

{(a) no horizontal displacement for porous matertal

Bl + 45 = (85)

20,8



{(b) no flux for fluid
&, Az[gj,jj - a:ﬁ’;z[f:].i =0. (86)
where & ; and &, (j=1,3) in nonlinear order & are given as (8)-(20) in Huang and Song
(1993), and

g;=l=ny+am, j=13. (87)
Boundary Layer Correction Inside the Boundary Layer

The second longitudinal wave disappears outside the boundary layer but it does exist inside
the boundary layer near the water/porous-bed interface, 'so the compléte solution needs to be
corrected by further consideration of the second longitudinal wave inside the porous matenial.
Besides, due to the fact that this second longitudinal wave is trapped inside the boundary layer
near the water/porous-bed interface, it could not transmit throughout the porous material bed to
the interface between the porous material and the impervious rock. In other words, there exists
ne boundary layer near the porous-material/impervious rock interface due to the deficiency of
the second longitudinal wave and where only the first longitudinal wave and the transverse
wave exist.

Since a thin boundary layer exists within the porous bed near the water/porous-bed interface,

multiple scales are needed to solve the nonlinear boundary value problem for the second
longitudinal wave (see Fig. 2). We therefore let y'= ju’ £, tochange the scale from ¥ to the
magnified scale 3’ in (40b). The difficulty that Chen et al. (1997) encountered, the error due
to the first partial derivative based on y of the displacement potential of the second

longitudinal wave, is now overcome by proposing two length scales in the vertical direction.

After the coordinate transformation of (40b), the boundary value problem of the displacement

potential of the second longitudinal wave inside the boundary layer becomes

Ofe,)



(Governing equations

¢,[2] [sz =0, (88)

10,4
Boundary conditions: y'=0, —ew< i <o,
(a) continuity of vertical effective stress (only 7, =0}
26K, ~ g = el -2l bl ), (89)
{(b) outside the boundary layer
5l =0, (90)
Ole,e,)
Governing equations
g+l =0. (91)
Boundary conditions: y'=0, ~0<X<om,

(2) continuity of vertical effective stress (only 7 =0)

2G4, -2 =il 20l ), ©2)
(b} outside the boundary layer
geog. (93)
0(812)
Governiing equations

¢'-'01\ ¢[ ] = | (94}

Boundary conditions: y' =0, —= <X <,

(a) continuity of vertical effective stress (only 7, =0)

26148, ~ 284 = 2G{gLL, - 9Bl J+ an° 4l

-Y¥ 24::‘106_1%‘|I [ZG( [lI ; A ¢1[!2]y'y‘y' l[glm’) /U\*z {Qﬁl[(]l]y 1[!2])*' )]’ (95)

1



{b) outstde the boundary layer
55! =0. (96)
SOLUTION
After omitting the time factor e, the given incoming water wave profile with magnitude
a is
Mo (X)=ae™  (0<x<w). {97)
With the input of the incoming water wave, each order of the aforementioned bou_ndary value

preblem can be solved in sequence. Thus the dimensional solutions of the first longitudinal

wave and the transverse wave throughout the entire domain are obtained as follows:

Ofz,)
B = __f_[g coshk, (A~ y) - JCr""'sinh,’q:u (h— y)}e”‘"‘ : (98}
k| @ k,
ey =
e (1]
—1— - - s kT
I[;] =e*"”k§ (aslexm A A (100)
Ole,s,)
ek )
=" o 1)~ i - ) 1o
k, gk,
1 : —K oy | Hyx
i - e (c,,"™ + e 87 oo, (102)
0
l[;l] - eke:kz (cuexl*ﬂ-" + 'f"32e-‘lcjk‘:'yk&m.t 3 (103)
0

- | L (04

TF]:—%@



" | _
by = —f;l [£, cosh 2k, (i - y)+ E, sinh 2k, {k — y )], (105)

)

2[;}] _ tu: - (b”eMlkny +b[2e-M,kny)emnx ’ (106)
ek,
1 - ikpX
2[;] = th e (b“e'"’k"y +b32€ M:"ol’kz %o s (10?)
ek,
g iE, ;
T =( s ngo]ez"‘“- (108)
@ wk,

The dimensional solutions of the second longitudinal wave obtained by the boundary layer

correction approach are:

O(EI)

2 1 kl ha —ip" |4

= JOE z;(az,ey raye ™ (109)
O(Slgz

2
[z = 1 i{— c eiy’ +c e—iy‘ ikox 110
11 Ekﬁ'ﬁk; kzg ( 21 22 }? L ( ]

2 1 Kk v iy ) kg
Bl = gy ;‘;(bz,e" +hpe™ (111)
a 2

Since the solutions of the coefficients such as a,;, a,,, a,, @, &, b, by, by, o,
E,,..., etc. are in a very long and complicated form, they are omitted hercin. However, the

solutions could be obtained by mathematical tools, e.g. Mathematica. After solving the

displacement potentials, all the other variables can be obtained. The wave profile of the porous

bed surface can be found from (20) and (55).



RESULTS AND COMMENTS
" Since the second longitudinal wave decays very quickly in the vertical direction inside the
boundary layer as shown in Fig. 2, a stretched coordinate is needed to better estimate the

partial derivative of the second longitudinal wave. Herein, the present solutions are valid under

the constraint of |{ g, [Il‘l2 >|| & i>] & |I° before liquefaction when referring to Fig. 3.
Table 1 gives the wave condition and the material property of a soft bed. The present results

are compared with those of the similar problem with infinite thickness provided by Hsieh et al.

(2000) to confirm the validity. The two small parameters (|| g |I,]| & ||} are found to be
(0.052,0.064) which satisfy the constraint || g |f”r2>§| & |7l & I . The complex wave number

k, 1s found to be (0.103848E+01,0.184387E-06) and thus the wavelength L is 6.05 m.

Fig. 4 shows the distribution of wave-induced pore water pressures under four different
thickness. The solid lines denote the present case of finite thick porous bed while the dashed
ones denote the case of infinite thick porous bed. These two sets of lines tell that the boundary
effect is significant, wﬁich feeds pore pressures back into the poroelastic bed very obviously

especially when the thickness (B) is less than the half wavelength (L/2). The pore pressures
become very large at the top and the bottom of the porous bed in Figs. 4(a) and 4(b). £, in

Fig. 4 is the wave-induced water pressure on the mean bed surface ( y=0), and the
nondimensional base B for infinite-thickness case is adopted as the same as in finite-thickness
case.

In Fig. 5, the wave-induced horizontal effective stresses of finite-thickness case are larger
than those of infinite-thickness case when the thickness is less than the three-fourth wavelength.
Besides, this effective stress is influenced obviously by the rigid boundary especially near the
top of the porous bed for the case of Fig. 5(a). The vertical effective stresses in Fig. 6 are
similar to those of Fig. 5.

In Fig. 7, the shear stresses are affected by the rigid boundary very much when the thickness
1



is less than the half wavelength. This indicates that the characteristic of shear stresses is totally
different from that of normal stresses. In Fig. 8, the wave profiles at porous bed and free
surface change very little for different thickness. Fig. 9 shows that the distribution of pore
water pressure varies with the depth under different thickness. The locations of occurrence of

the wave-induced maximum pore water pressures are also found to be at the top (y = 0) or the

bottom (y =-B8) of porous bed depending on the thickness of porous bed. The optimal

thickness (B/L) and the maximum pore pressure (P*'/PB,) for the present example are
(0.193,1.42) at the surface or (0.145,1.13) at the bottom as shown in Fig. 9. If the maximum
pore water pressure is large enough to render the occurrence of zero vertical effective stress by
over-loading (e.g. the external force due to earthquake), the porous material is said to be
fluidized or liquefied. This surface liquefaction is different from the internal liquefaction of
Foda (1987). Although the two sets of contour lines in Fig. 9 are very different in appearance,
their values, however, are actually very close when the pore pressures decay under the cases of
B/L close to and larger than unity. It is noticeable that for infinite-thickness case the
nondimensional base B, which is different from case to case, is chosen as the same one for

finite-thickness for each case.

CONCLUSIONS

The conventional Stokes expansion of higher order water waves based on one-parameter

& =k,a is invalid for a soft bed (i.e. ”I‘IZH = [kj/ku’ >> 1) with finite thickness because a

boundary layer exists inside the porous bed from the second longitudinal wave. Therefore, the
boundary layer correction by adopting a two-parameter perturbation expansion based on
g =k,a and g, =k0/ k, 1s proposed and makes the complicated problem possible to be

solved by an analytical method other than by a numencal method. Since the porous material

bed in the nature is usually multi-layered, the present study, which makes the complicated
2



analysis of finite thickness problem possible, is necessary and can be regarded as the first step
to further investigations.

The boundary effects of the impervious rock are significant on wave-induced pore water
pressure and effective stresses, but very little on wave profiles at the free surface and the
porous bed surface. However, the rigid boundary is insignificant to the pore water pressure and
effective stresses when the thickness of porous bed is larger than about one wavelength (see
Fig. 9). Furthermore, the peak value of pore pressure, which is important in analyzing soil
liquefaction, could be found if the wave condition and the porous material are given. For
example, the locations of maximum pore pressures in the present study occur at either the top

or the bottorn of the porous bed depending on the porous material thickness.
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TABLE 1. Selection of Wave Condition and
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Water
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bulk modulus 2.3 10° Nim? Y
yiscasity 0001 Ne/m'
depth 20 M
| wave amplitude 005 M / (s 1
Period 20 S EAANE T TGS
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