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ABSTRACT

Liu, B.; Jeng, D.S., and Zhang, J.S., 2014. Dynamic response in a porous seabed of finite depth to combined wave and
current loadings. Journal of Coastal Research, 30(4), 765–776. Coconut Creek (Florida), ISSN 0749-0208.

In this study a u-p approximation for the dynamic response of a porous seabed to nature dynamic loadings is proposed.
Unlike most previous research, the effects of currents are considered in the new analytical solution. Based on the
numerical examples, the significant influence of combined wave and current loadings on seabed response in shallow
water is concluded. This influence affects not only the amplitudes of the seabed response but also the distributions of the
space region. The relative difference of the maximum pore pressure between different direction currents can reach 8% of
the static water pressure. In addition, the relative difference of maximum liquefaction depth between the previous model
(without currents) and the present model can reach 19% of the maximum liquefaction depth of the case without currents.

ADDITIONAL INDEX WORDS: Current, third-order wave/current interaction, liquefaction, pore pressure.

INTRODUCTION

Recently, the phenomenon of wave/current-seabed struc-

tures’ interactions has been intensively studied by coastal and

geotechnical engineers. The main reason for the growing

interest of this problem is that numerous offshore installations

have been reported to be damaged for wave-induced seabed

instability, rather than construction failure (Lundgren, Lind-

hardt, and Romold, 1989; Silvester and Hsu, 1989; Sumer and

Fredsoe, 2002). Furthermore, the previous study shows that

the wave-induced seabed instability in the vicinity of the

structures has been considered as one of key factors in the

design of coastal structures (Silvester and Hsu, 1989).

It has been well known that when ocean waves propagate

over a porous seabed, they can induce dynamic wave pressure

on the surface of the seabed and dynamic pore pressure in the

seabed. As the phase lags and damping of the dynamic wave

pressure occur, the difference between the wave pressure and

pore pressure generated the excess pore pressure. When the

value of the excess pore pressure exceeds the value of the

overburden pressure, the effective stresses will be vanished

and the seabed may be liquefied (Rahman, 1997). In this case

the seabed solid will become unbound and completely free, and

the soil will act like liquid. Therefore, the estimation of the

wave-induced soil response (including pore pressure, effective

stresses, shear stresses, and soil displacements) is particularly

important for coastal and geotechnical engineers involved in

the design of the foundations for offshore installations.

Based on Biot’s poro-elastic theory (Biot, 1941), numerous

investigations for the wave-induced soil response have been

carried out since the 1970s. Among these, Yamamoto et al.

(1978) considered two-dimensional progressive waves over

isotropic and homogeneous seabed with infinite thickness.

Later, some progress has been made by considering anisotropic

and nonhomogeneous seabed behaviors (Jeng, 1997; Jeng and

Seymour, 1997; Kitano and Mase, 1999). In addition to

analytical solutions, numerous numerical models and experi-

mental works have been reported in the literature (Cuomo,

Allosp, and Takahashi, 2010; Jeng and Lin, 1996; Kudella et

al., 2006; Sassa et al., 2006; Wen, Jeng, and Wang, 2012; Zen

and Yamazaki, 1990; Zhang et al., 2009).

In the Biot’s consolidation theory (Biot, 1941) the inertial

terms have been ignored. Based on Biot’s dynamic poro-elastic

theory (Biot, 1956), Zienkiewicz, Chang, and Battess (1980)

investigated the effects of inertial terms on the earthquake-

induced vibration of structures and concluded that the so-

called ‘‘u-p’’ approximation is sufficient for most dynamic

engineering problems. Jeng, Rahman, and Lee (1999) and Jeng

and Rahman (2000) introduced Biot’s dynamic poro-elastic

theory into the problem of wave-induced soil response. Later,

Jeng and Cha (2003) and Ulker, Rahman, and Jeng (2009)

further clarified the applicable range of the ‘‘u-p’’ approach in

the relevant engineering problems. All aforementioned re-

search has been limited to wave loading only, excluding

currents. However, it is common that waves and currents

coexisted in the marine environments, especially in shallow

water. Furthermore, according to the potential flow theory,

currents will affect the wave pressure significantly. Therefore,

it is necessary to clarify the influence of currents in these

engineering problems.

The purpose of this study is to explore the influence of the

combined wave and current loadings on soil response for a seabed

of finite thickness. To do so, the inertial forces are included in the

porous model, and the third-order theory for wave and current
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interactions are considered. Based on the new solution, the

influence of currents and wave nonlinearity will be examined.

BOUNDARY VALUE PROBLEM

Governing Equations
In this study the wave/current-seabed interactions are

illustrated in Figure 1. Both wave crests and currents are

assumed to propagate in the positive x direction, while the z

direction is positive upward from the seabed surface.

The seabed is treated as isotropic linear elastic in this study,

and the soil permeability in the x and z directions are equal.

Then, based on the conservation of mass, the consolidation

equation with inertial terms (Biot, 1956) can be expressed as

K

cx

]2p

]x2
þ ]2p

]z2

� �
� nb

]p

]t
þ qf

]2e
]t2
¼ ]e

]t
; ð1Þ

where K is soil permeability, cx is the unit weight of pore water,

p is pore pressure, t is time, n is soil porosity, and qf is pore fluid

density.

In Equation (1) the third term on the left side is the inertial

term, which has been ignored in most previous studies

(Madsen, 1978; Yamamoto et al., 1978). The compressibility

of pore fluid (b) and volumetric strain of the soil matrix (e) are

defined as (Jeng, 1997; Yamamoto et al., 1978)

b ¼ 1

Kw
þ 1� S

Pws
and e ¼ ]u

]x
þ ]w

]z
; ð2Þ

in which S is the degree of saturation, Kw is the modulus of

elasticity of water, Pws is absolute water pressure, and u and w

are the soil displacements in x and z directions, respectively.

Under conditions of plane strain the relation between

incremental effective stresses and soil displacements are

defined as

r0
x ¼ 2G

]u

]x
þ l

1� 2l
e

� �
; ð3Þ

r0
z ¼ 2G

]w

]z
þ l

1� 2l
e

� �
; ð4Þ

sxz ¼ G
]u

]x
þ ]w

]z

� �
¼ szx; ð5Þ

where r
0

x and r
0

z are the effective stresses in x and z

directions, respectively; sxz and szx are shear stresses; l is

the Poisson’s ratio; and G is shear modulus of soil.

The force equilibrium in the absence of body force within the

soil skeleton can be expressed in terms of soil displacements

and pore pressure, as follows, according to the conception of

effective stresses,

G
]2u

]x2
þ ]2u

]z2

� �
þ G

1� 2l
]e
]x
¼ ]p

]x
þ q

]2u

]t2
; ð6Þ

G
]2w

]x2
þ ]2w

]z2

� �
þ G

1� 2l
]e
]z
¼ ]p

]z
þ q

]2w

]t2
; ð7Þ

in which q(¼(1 – n)qsþnqf; qs is solid density) is the density of

soil. In Equations (7) and (8) the second terms on the right side

are inertial terms, which have been ignored in most previous

research (Jeng, 1997, 2003; Yamamoto et al., 1978).

Boundary Conditions
To determine the pore pressure (p) and soil displacements (u,

w) in governing Equations (1) and (7)–(8), appropriate

boundary conditions are needed.

First, zero displacements and no vertical flow occur at the

bottom of the seabed:

u ¼ w ¼ 0 p ¼ 0 when z�‘ for infinite thickness:

ð8Þ

u ¼ w ¼ 0
]p

]z
¼ 0 when z ¼ �h for finite thickness:

ð9Þ

Second, for the surface of the seabed, because the bottom

frictional stress is assumed to be small and negligible in this

study, vertical effective normal stress and shear stresses are

zero, and pore pressure is equal to wave-associated bottom

pressure:

r0
z ¼ sxz ¼ 0 p ¼ pbðx; tÞ when z ¼ 0; ð10Þ

where pb(x, t) is produced by the third-order theory of wave-

current interactions (Hsu et al., 2009),

pbðx; tÞ ¼
qf gH

2coshðkdÞ 1� x2k2H2

2ðU0k� x0Þ

2
4

3
5cosðkx� xtÞ

þ
3qf kH2

8

x0ðx0 �U0kÞ
2sinh4ðkdÞ

gk

3sinhð2kdÞ

2
4

3
5cos2ðkx� xtÞ

þ
3qf kH2x0ðx0 �U0kÞ

512

g� 4sinh2ðkdÞ
h i

sinh7ðkdÞ
cos3ðkx� xtÞ

¼
X3

m¼1

pmcosmðkx� xtÞ; ð11ÞFigure 1. Definition of the whole problem.

Journal of Coastal Research, Vol. 30, No. 4, 2014

766 Liu, Jeng, and Zhang



in which the intermediate frequency (x0, x2) and wave

frequency (x) can be expressed as

x0 ¼ U0kþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gk tanh ðkdÞ

p
ð12Þ

x2 ¼
9þ 8sinh2ðkdÞ þ 8sinh4ðkdÞ
h i

64sinh4ðkdÞ
ðx0 �U0kÞ ð13Þ

x ¼ x0 þ ðkHÞ2x2: ð14Þ

It is noted that Equation 13 will become the conventional wave-

dispersion relation without currents when U0¼ 0m/s.

General Solutions
Because the wave/current-induced seabed response basically

fluctuates periodically, the wave/current-induced pore pres-

sure (p) and soil displacements (u, w) can be assumed as the

following forms (Madsen, 1978):

uðx; z : tÞ ¼
X3

m¼1

pmUmðzÞeimðkx�xtÞ ð15aÞ

wðx; z : tÞ ¼
X3

m¼1

pmWmðzÞeimðkx�xtÞ ð15bÞ

pðx; z : tÞ ¼
X3

m¼1

pmPmðzÞeimðkx�xtÞ: ð15cÞ

Substituting Equation (16) into Equations (1) and (7)–(8), the

governing equations can be rewritten as

U 0
m � imkWm ¼ a1mek1mz þ a2me�k1mz ð16Þ

]2

]z2
�m2k2

0
@

1
A ]2

]z2
�m2k2 þ a2

1m

0
@

1
Aþ a2

2m

2
4

3
5Um

¼ GKk1ma3m

2ð1� lÞ ða1mek1mz � a2me�k1mzÞ

ð17Þ

imkPm ¼
2Gð1� lÞ

1� 2l
ðU 00

m �m2k2UmÞ

þqm2x2Um �
Gk1m

1� 2l
ða1mek1mz � a2me�k1mzÞ;

ð18Þ

where the coefficients k1m and aim are given as

k2
1m ¼ m2 k2 � qx2

G

� �
ð19Þ

a2
1m ¼

imxcx

K
nbþ 1� 2l

2Gð1� lÞ

� �
þ ðm

2k2 � k2
1mÞð1� 2lÞ

2ð1� lÞ ð20Þ

a2
2m ¼

imxcxnbð1� 2lÞðm2k2 � k2
1mÞ

2Kð1� lÞ ð21Þ

a3m ¼ ðk2
1m �m2k2Þ þ imxcxnb

K
� imxð1� 2lÞ

GK
ðcx þ imqf xKÞ:

ð22Þ

Then, the wave/current-induced effective normal stresses and

shear stresses can be expressed as

r0
x ¼

X3

m¼1

2G

1� 2l
imkð1� lÞUm þ lW 0

m

� �
eimðkx�xtÞ ð23Þ

r0
z ¼

X3

m¼1

2G

1� 2l
imklUm þ ð1� lÞW 0

m

� �
eimðkx�xtÞ ð24Þ

sxz ¼
X3

m¼1

Gð2imkWm þ a1mek1mz þ a2me�k1mzÞeimðkx�xtÞ ¼ szx:

ð25Þ

Through solving Equation 18, the general solution can be

written as

UmðzÞ ¼ a4mða1mek1mz � a2me�k1mzÞ

þðb1mek2mz þ b2me�k2mzÞ þ ðc1mek3mz þ c2me�k3mzÞ;
ð26Þ

where

a4m ¼
k1ma3m

2ð1� lÞ3
1

ðk2
1m �m2k2Þðk2

1m �m2k2 þ a2
1mÞ þ a2

2m

ð27Þ

k2
2m ¼

1

2
ð�a2

1m �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a4

1m � 4a2
2m

q
þ 2m2k2Þ ð28Þ

k2
3m ¼

1

2
ð�a2

1m þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a4

1m � 4a2
2m

q
þ 2m2k2Þ: ð29Þ

Substituting Equation (27) into Equation (17), the vertical

soil displacement can be solved:

WmðzÞ ¼ �
i

mk
ðk1ma4m � 1Þða1mek1mz þ a2me�k1mzÞ
�
þk2mðb1mek2mz � b2me�k2mzÞ

þk3mðc1mek3mz � c2me�k3mzÞ�: ð30Þ

Finally, substituting Equation (27) into Equation (19), the

pore pressure can be expressed as

PmðzÞ ¼
�2iGð1� lÞ
mkð1� 2lÞ d1mða1mek1mz � a2me�k1mzÞ

�
þd2mðb1mek2mz þ b2me�k2mzÞ
þd3mðc1mek3mz þ c2me�k3mzÞ�; ð31Þ

where

d1m ¼
a4mðk2

1m �m2k2Þ � k1m

2ð1� lÞ ð32Þ

d2m ¼ k2
2m �m2k2 þ ðm

2k2 � k2
1mÞð1� 2lÞ

2ð1� lÞ ð33Þ

d3m ¼ k2
3m �m2k2 þ ðm

2k2 � k2
1mÞð1� 2lÞ

2ð1� lÞ : ð34Þ

Equations (27) and (31)–(32) are the general solutions of the
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wave/current-induced pore pressure and soil displacements.

There are 18 unknown coefficients: aim, bim, and cim (i¼ 1–2,

m ¼ 1–3). Through the new analytical solution proposed

previously with boundary conditions in Equations (10) and

(11), all the unknown coefficients can be solved. After the pore

pressure and soil displacements are obtained, the effective

normal stresses and shear stresses can be solved through

Equations (24)–(26).

For the seabed of infinite thickness, with the boundary

condition in Equation (9), the coefficients a2m, b2m, and c2m are

equal to zero. The rest of the coefficients, a1m, b1m, and c1m, can

be solved analytically as

a1m ¼ �2ðk2m � k1mÞ m2k2lþ k2mk3mð1� lÞ
� �

=Mmd0m ð35Þ

b1m ¼ � 2a4mðk3m � k1mÞ m2k2lþ k3mk1mð1� lÞ
� �	

þk3mð1� lÞð2k1m � k3mÞ þm2k2lg=Mmd0m ð36Þ

c1m ¼ � 2a4mðk1m � k2mÞ m2k2lþ k2mk1mð1� lÞ
� �	

þk2mð1� lÞðk2m � 2k1mÞ �m2k2lg=Mmd0m; ð37Þ

where

d0m ¼ �2d1mðk2m � k1mÞ m2k2lþ k2mk3mð1� lÞ
� �

þd2m 2a4mðk1m � k3mÞ k3mk1mð1� lÞ þm2k2l
� �	

þk3mð1� lÞðk3m � 2k1mÞ �m2k2lg
þd3m 2a4mðk2m � k1mÞ k2mk1mð1� lÞ þm2k2l

� �	
þk2mð1� lÞðk2m � 2k1mÞ þm2k2lg ð38Þ

Mm ¼ �
2iGð1� lÞ
mkð1� 2lÞ : ð39Þ

NUMERICAL RESULTS AND DISCUSSIONS

The purpose of this study is to explore the influence of the

combined wave and current loadings on soil response for a

seabed of finite thickness. In this section the accuracy of the

proposed model will be verified by first comparing it with the

field observation and the previous numerical solution. Then,

the effects of uniform currents and wave nonlinearity on the

soil response will be discussed in detail. Finally, the effects of

combined current and wave loadings on soil liquefaction will be

discussed.

Comparison with Field Observation and the Previous
Numerical Solution

A set of field observations for the wave-induced transient

pore-water pressures near a seabed surface at a coast facing the

Japan Sea was reported in Sakai et al. (1992). Herein, the pore

pressures calculated from the present solution will be com-

pared with the field data.

As mentioned in Sakai et al. (1992), there exist no currents in

the field observations; the present solution will be reduced to

only the wave loading. The input data from the field

observations is listed in Table 1. The seabed depth (h) was

not recorded in the field observations, but it is very deep, as the

authors mentioned (Sakai et al., 1992). Therefore, this explains

the value of the ones that use 50 m in this example. Because the

wave height (H) was not given in the paper, the wave height

can be estimated according to the maximum amplitude of the

bottom wave pressure. For example, the wave period (T) is 5.6

s, the H is about 0.90 m. Figure 2 presents a comparison of the

pore pressures between the field data (Sakai et al., 1992) and

the present model. Figure 2 also presents another comparison

between the present model (with inertial forces) and the

previous numerical solution (Jeng and Lin, 1996), which

ignored the inertial terms.

As seen in this figure, the pore pressures in the present model

are slightly higher than those from the field observations,

although the trend of the present model agrees with the field

observations. This may be because the pore-pressure gauges

are covered with some small marine organics, as the author

mentioned (Sakai et al., 1992). Another reason is that the wave

height used in the present model is calculated by the linear

wave theory because the waves during the observation were

small, while the real wave may not be a linear wave. As shown

in Figure 2, in the comparison of the wave-induced pore

pressure between the present model and the previous numer-

Table 1. Input data from the field observations.

Case 1 Case 2 Case 3

Soil characteristics

Soil permeability Kz (m/s) 2.8 3 10�4 2.8 3 10�4 2.8 3 10�4

Shear modulus G (N/m2) 1 3 108 1 3 108 1 3 108

Saturation S (–) 0.992 0.992 0.992

Poisson’s ratio l (–) 0.33 0.33 0.33

Soil porosity n (–) 0.33 0.33 0.33

Soil depth h (m) 50 50 50

Wave characteristics

Wave period T (s) 5.6 6.0 6.4

Wave height H (m) 0.9 0.84 0.79

Water depth d (m) 5.6 5.6 5.6

Figure 2. Vertical distributions of the maximum amplitude of the wave/

current-induced pore pressure (jpj/Pws) vs. the soil relative depth (z/h) for

comparison with the field data and Jeng’s numerical solution.
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ical solution, a slight difference between the present analytical

solution and the previous numerical model was observed,

which can be considered as the verification of the present model

from another perspective.

Effects of Currents
One of the objectives of this paper is to examine the effects of

currents on the seabed response in a porous seabed. Figures 3

and 4 illustrate the contours of wave/current-induced seabed

Figure 3. Contours of the wave/current-induced (a) p/Pws, (b) r
0

x=Pws, (c) r
0

z=Pws, (d) sxz/Pws, (e) 2Gku/Pws, and (f) 2 Gkw/Pws in coarse sand. ‘—’ is for the

solution with currents (U0¼ 1 m/s), and ‘. . .’ is for the solution without currents.
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response (including pore pressure, effective normal stresses,

shear stresses, and soil displacements) with and without

currents in coarse and fine sand, respectively. In Figures 3

and 4, k0 and x0 are the wave number and wave frequency

calculated by the linear wave theory without a current. The

major parameters of the wave conditions used in these two

figures (Figures 3 and 4) are as follows: d¼10 m, H¼5 m, T¼10

s. The major parameters of the soil conditions are h¼10 m, l¼
0.4, n¼0.333, and S¼0.975. The soil permeability (K) of coarse

and fine sand is 10�2 m/s and 10�4 m/s, while the shear modulus

Figure 4. Contours of the wave/current-induced (a) p/Pws, (b) r
0

x=Pws, (c) r
0

z=Pws, (d) sxz/Pws, (e) 2 Gku/Pws, and (f) 2Gkw/Pws in fine sand. ‘—’ is for the solution

with currents (U0¼ 1 m/s), and ‘. . .’ is for the solution without currents.
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(G) of coarse and fine sand is 107 N/m2 and 5 3 106 N/m2,

respectively. In Figures 3 and 4, pore pressure, effective normal

stresses, shear stresses, and soil displacements are all

nondimensional by the static water pressure (Pws¼ cxd).

As seen in Figures 3 and 4, it is clear that the influence of the

currents on all the wave/current-induced seabed response

(including pore pressure, effective normal stresses, shear

stresses, and soil displacements) is significant both in coarse

and fine sand under a specific wave and soil condition. With the

existence of currents, the effects of phase lags will be enhanced,

and most contour lines will expand their contour values, which

is not limited to the peak value. This phenomenon becomes

more significant in the vertical soil displacement (e.g., Figure

4f). That is, the influence of currents not only affects the

amplitude of the wave/current-induced seabed response but

also the distribution of the space region. The reason lies in that

the existence of currents will change the distribution of flow in

the designated areas. According to the potential flow theory, the

wave pressure acting on the seabed will change significantly

when currents exist. As a result, the pore pressure and effective

stresses in the seabed will be changed. Furthermore, the effect

of phase lags in fine sand is more obvious than that in coarse

sand, which is caused by the lower soil permeability in fine

sand.

As to the effect of the direction of currents, the direction

significantly affects the wave/current-induced pore pressure

and vertical effective normal stress both in coarse and fine

sand, as shown in Figures 5 and 6. The relative difference of the

maximum pore pressure between different direction currents

reaches 8% of the static wave pressure at the seabed surface.

Furthermore, the maximum relative difference of vertical

effective normal stress may reach 3% of the static wave

pressure, as shown in Figures 5 and 6.

Effects of Wave Nonlinearity
Another object of this study is to investigate the effects of

wave nonlinearity. Here, the third-order wave theory is used in

the numerical examples. Figures 7 and 8 show the contours of

wave-induced seabed response (including pore pressure,

effective normal stresses, shear stresses, and soil displace-

ments) in coarse and fine sand without currents, respectively.

In the figures the input data is the same as that in Figures 3

and 4.

Figure 5. Vertical distributions of the maximum amplitude of the wave/

current-induced (a) jpj/Pws and (b) jr 0

zj=Pws vs. the soil relative depth (z/h) for

direction of current (U0) in coarse sand.

Figure 6. Vertical distributions of the maximum amplitude of the wave/

current-induced (a) jpj/Pws and (b) jr 0

zj=Pws vs. the soil relative depth (z/h) for

direction of current (U0) in fine sand.
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These two figures also clearly indicate that the effects of

third-order wave components are significant, especially on

effective normal stresses and vertical soil displacement (e.g.,

Figures 7b, 7c, and 7f). The values of wave-induced seabed

response under third-order wave loading are greater than

those under linear wave loading. This is because the third-

order wave loading considers the high-order terms. Similarly,

the third-order wave components also affect the distribution of

Figure 7. Contours of the wave-induced (a) p/Pws, (b) r
0

x=Pws, (c) r
0

z=Pws, (d) sxz/Pws, (e) 2 Gku/Pws, and (f) 2 Gkw/Pws in coarse sand without currents. ‘—’ is for

the solution with linear waves, and ‘. . .’ is for the solution with third-order waves.
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the space region. The effect of phase lags in fine sand is more

obvious than that in coarse sand.

The relative difference concerning wave(current)-induced

pore pressures between third-order waves and linear waves

theory for different wave height (H) both in coarse sand and

fine sand will also be discussed in this section, and Figures 9

and 10 show the results. In the figures (Figures 9 and 10),

Dp(¼p3rd – p1st) is the relative difference of pore pressures

between the third-order wave and linear wave, which is

nondimensional by the value of linear wave(current)-induced

Figure 8. Contours of the wave-induced (a) p/Pws, (b) r
0

x=Pws, (c) r
0

z=Pws, (d) sxz/Pws, (e) 2 Gku/Pws, and (f) 2 Gkw/Pws in fine sand without currents. ‘—’ is for the

solution with linear waves, and ‘. . .’ is for the solution with third-order waves.
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pore pressure (p1st). As shown in these figures, the wave height

has a significant influence on the pore pressure in both soil

types. With the increase of the wave height, the relative

difference concerning pore pressures between third-order

waves and linear waves will increase. Furthermore, currents

will expand this influence significantly.

Soil Liquefaction
Soil liquefaction is particularly important to practical

engineers involved in the design of the foundation of marine

infrastructures because the maximum liquefaction depth

reflects many questions. Therefore, it is necessary to explore

the influence of currents and third-order waves on soil

liquefaction.

The excess pore pressure (ue) has been recognized as the

main factor causing the instability of the seabed (Rahman,

1997), which can be calculated by taking into account the

variation of the wave pressure at the seabed surface as follows:

ue ¼ �ðPb � pÞ: ð40Þ

As to the liquefaction criterion, this study uses the criterion

proposed by Zen and Yamazaki (1990),

� 1

3
ðcs � cwÞð1þ 2K0Þz � ue; ð41Þ

where cs and cx are the unit weights of the soil and water,

respectively. K0 is the coefficient of lateral earth pressure at

rest, the value of which is 0.5 in this study.

Figure 11 illustrates the influence of currents and third-order

waves on soil liquefaction. In the figure, L0 is the wavelength

calculated by the linear wave theory without a current, and the

influence of currents on soil liquefaction is significant. The

relative difference of maximum liquefaction depth between the

situation with and without currents can reach 19% of the

maximum liquefaction depth without currents. Figure 11b

illustrates the influence of third-order waves. Similarly, the

influence of third-order waves is also significant on soil

liquefaction. The relative difference of maximum liquefaction

depth between the situation under third-order wave loading

and linear wave loading may reach 7.7% of the maximum

liquefaction depth under linear wave loading.

CONCLUSIONS

In this paper inertial terms are included in poro-elastic

model, while the combined wave and current loadings are

Figure 9. Relative difference concerning wave(current)-induced pore

pressures (Dp/p1st) between third-order waves and linear waves theory vs.

the soil relative depth (z/h) for different wave height (H) in coarse sand.

Figure 10. Relative difference concerning wave(current)-induced pore

pressures (Dp/p1st) between third-order waves and linear waves theory vs.

the soil relative depth (z/h) for different wave height (H) in fine sand.
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considered in the boundary conditions. A new analytical

solution of the whole problem with finite thickness can be

gained. Based on the proposed new analytical solution and the

numerical results, the following conclusions can be drawn.

(1) The new analytical solution for the u-p problem under

third-order wave and current loadings with finite depth is

proposed. The new solution is verified with the field data

(Sakai et al., 1992) and the numerical solution (Jeng and

Lin, 1996) without currents.

(2) The influence of currents is significant on all the wave/

current-induced seabed responses in both coarse and fine

sand, as shown in Figures 3 and 4. This influence affects

both the magnitude and spatial distributions of the wave-

induced seabed response.

(3) The direction of currents significantly affects the wave/

current-induced pore pressure and vertical effective stress

(Figures 5 and 6). The relative difference of the maximum

pore pressure between different direction currents reaches

8% of the static wave pressure at the seabed surface.

(4) The influence of wave nonlinearity is significant on all the

wave-induced seabed responses both in coarse and fine sand

(Figures 7 and 8). With the increase of the wave height, the

relative difference concerning wave(current)-induced pore

pressures between third-order waves and linear waves

theory will increase (Figures 9 and 10). Furthermore,

currents will expand this influence significantly.

(5) Comparing Figures 3 and 4, the effect of phase lags in

fine sand is more obvious than that in coarse sand, which

is caused by the lower soil permeability in fine sand.

(6) Both currents and third-order waves have a huge

influence on soil liquefaction (Figure 11). The relative

difference of maximum liquefaction depth between the

situation with and without currents can reach 19% of the

maximum liquefaction depth without currents. There-

fore, currents and high-order wave components cannot

always be ignored, especially in shallow water.
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