


Curved Slit Caisson Breakwater

View of curved slit caisson breakwater completed in the construction
at the port of Funakawa. {Courtesy of Akita Port Construction Office,

the First District Port Construction Bureau, Ministry of Transport)

Faeilities for Ocean
Directional Wave
Measurement

Four step type wave
gauges and a two-axis
directional current meter
with a pressure sensor are
installed on the legs of
an offshore oil rig.
They are operated
simulianecusly for
detailed directional wave
analysis.




Serpent-type Wave Generator
The photograph shows the serpent-type wave generator in the short-
crested wave basin and the superimposition state of two different
oblique waves generated by the generator.

Wave-soil Tank

The experiments concerning the wave-soil interactions are conducted
in this tank. The soil tank and the test section are located at the
center of the tank. A movable floor is provided at the bottom of
the test section and the level of the interface of mud layer and water
can easily he adjusted to the level of the flume bottorn.
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Pararionospio Pinnata
The biomass of benthos is one of the most sensitive indices to know
the effect of sea-bed sediment treatments on the marine environmental
improvernent, The picure shows a kind of henthos, pararionospio
pinnale, which preferentially exists in the polluted sea-bed.

Breakwater Damaged by Storm

This photograph shows a breakwater damage by a storm,

The breakwater is of the composite type with concrete caisson on
a rubble mound. Two caissons were severly damaged due to the insta-
bility of a rubble mound.




Nondestructive Evaluation of -Pavement

Nondestructive methods for evaluating the load carrying capacity
of airport concrete pavements have been developed by using Falling
Weight Deflectometer(FWD).

Seismic Damage to Gravity Quaywall

The 1983 Nipponkai-Chubu earthquake(Magnitude : 7.7)caused serious
damage to port facilities in northern part of Japan. This photo shows
the damage to gravity quaywall. The concrete cellular block walls
were collapsed and completely submerged.



Model Experiment of Mooring Ship

Model ship is moored at a quay wall with fenders and mooring ropes
subjected to gusty wind and/or irregular waves.

Vessel Congestion in Japan

As Japan is surrounded by the sea, there are many crowded water
areas with various sizes and types of vessels. Arround there, many
construction works were planned such as ports and harbours, off-shore
airports, huge bridges and so on, so that many marine traffic
observations and marine traffic simulations have been carried out.




Underwater Inspection Robot

This is the six-legged articulated underwater inspection robot named
“AQUAROBOT” . The robot controlled by a computer can walk on
uneven sea bed without making water muddy.



Foreword

The Port and Harbour Research Institute iz a national laboratory under the
Ministry of Transport, Japan. It is responsible for solving various engineering
problems related to port and harbour projects so that governmental agencies in
charge of port development can execute the projects smoothly and rationally. Its
research activities also cover the studies on civil engineering facilities of air ports.

Last April we have celebrated the 25th anniversary of our imstitute because the
present organization was established in 1962, though systematic research works on
ports and harbours under the Ministry of Transport began in 1946. As an event
for the celebration, we decided to publish a special edition of the Report of the
Port and Harbour Research Imstitute, which contains full English papers only. These
papers are so selected to introduee the versatility of our activities and engineering
practices in Japan to overseas engineers and scientists. It is also intended to remedy
to a certain extent the information gap between overseas colleagues and us.

The reader will find that our research fields cover physical oceanography, coastal
and ocean engineering, geotechnical engineering, earthquake engineering, materials
engineering, dredging technology and mechanieal engineering, planning and systems
analysis, and structural analysis. Such an expansion of the scope of research fields has
been inevitable, because we are trying to cover every aspect of technical problems
of ports and harbours as an integrated body.

The present volume contains eleven papers representing six research divisions
of the institute. The materials introduced in these papers are not necessarily original
in strict sense, as some parts have been published in Japanese in the Reports or
the Technical Notes of the Port and Harbour Research Institute. Nevertheless they
are all original papers in English and are given the full format accordingly. We
expect that they will be referred to as usual where they deserve so.

It is my sincere wish that this special edition of the Report of the Port and
Harbour Research Institute will bring overseas engineers and scientists more
acquainted with our research activities and enhance the mutual cooperation for
technology development related to ports and harbours.

December 1987
Yoshimi Goda
Director General
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HARBOUR RESEARCH INSTITUTE
Vol. 26, No. 5 (Dec. 1987)

4. TInteractions between Surface Waves and a Multi-Layered Mud Bed

Hiroichi TsurUYA®
Susumu NAEANOF#
Jun TARAHAMAFHH

Synopsis

A multi-layered viscous fluid model is presented to investigate the wave field
and mass transport velocity of mud layers under the action of surface waves.
Essentially, the model treats the fluid system as Newtonian and the equivalent vis-
cosity is proposed to introduce the nature of a Bingham fluid into mud layers.

In the model, viscosities of mud layers are estimated by the iteration procedures
and it is required to give only the total depth of mud layers which are in motion.
The validity of the theory is checked by comparison with the experimental results,

From the rotary visco-meter tests, it is eonfirmed that mud exhibits the properties
of a Bingham fluid when the shear rate is less than 1s™.

Experiments were conducted in a 11 m Ilong, 0.4m wide and 0.6 m high soil-wave
tank, XKaolinite clay was used for the bed material. The ratio of water content of
mud varied from 165% to 410%. Naturally settled kaolinite and natural mud which
was sampled at Ariake Bay were also used as bed materials. In the experiment, the
mud depth was set at 10cm and 20 em, Sinusoidal regular waves were pgenerated
by a plunger-type wave maker. The wave period was varied from 0.7s to 1.4s for
wave heights from 1.3em fo 7.9 em.

Surface waves were measured af five stations along the center line of the tank.
The movement of the mud surface was measured by using an ultra-sonic depth
sounder,

The damping factors and wave lengths of surface waves, pore pressures and
mud particle trajectories were obtained from the experiments. These results almost
coincide with the theoretical values, especially when the mud depth is shallow.

The theoretical mass transport wvelocities are obtained for the multi-layered vis-
cous fluid model. The mass transport veloeity in horizontal direction decreases as the
ratio of water content increases. It is confirmed that the vertical mass transport
veloeity also exists and has the maximum value at the mud surface. The existence
of vertical mass transport suggests that the rate of water content gradually increases
with time.

When the rate of water content of mud layer is uniform, the damping factor of
the surface waves decreases as the wave height increases, because the eguivalent
viscosity decreases.

* Chief of Hydrodynamics Laboratory, Marine Hydrodynamics Division
**  PFormerly, Member of Hydrodynamics Laboratory, Marine Hydrodynamics Divi-
sion (Faculty of Engineering, Tokushima University)
ik Member of Hydrodynamies Laboratory, Marine Hydrodynamies Division
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Interactions between Surface Waves and a Multi-Layered Mud Bed

1. Introduction

A new port is under construction in Ariake bay off the coast of Kumamoto ecity.
As the tidal range here is relatively large (4.5m), and becanse three rivers flow
into this area, cohesive sediment accumulates and forms a mud bed with a high
water content. Such a bed can easily be deformed by small stresses and suspended
sediment is carried out by waves and currents.

The movement of cohesive sediment causes problems such as silting in harbor
entrance channels, docks and anchorages. Surface waves are one of the principal
external forces which govern the siltation. Interaction between surface waves and
the mud bed leads to the mass transport within the mud layer and the damping
of the surface wave amplitudes.

Many types of investigations have been conducted for the interaction between
surface waves and a mud bed. Gade®) and Dalrymple and Liu® have treated the flnid
system as a Newtonian. Hsieo and Skemdin® and Macphersont have discussed the
Voigt model in the sea-bed material. This model incorporates the viscogity and
elasticity of the bed. However, it is not confirmed that the bed can he reasonably
treated as a Voigt model. Moreover, it is difficult to evaluate the shear modulus of
elasticity and the viscosity of the bed.

Yamamoto et ¢l.-5.7) have developed theoretical models for wave-soil interactions
which include the poro-elastic model, the Coulomb-damped elastic model and the
Coulomb-damped poro-elastic model. It has been shown that the wave damping due
to Coulomb friction in the clay bed is by far the largest damping mechanism when
compared to other damping mechanism. These models are applicable for many types
of bed materials from sand to clay. However, it is difficult to evaluate the shear
modulus of the bed material.

Recent investigations of the rheological properties of cohesive sediment sSuspen-
gions have shown that mud exhibifs the properties of a non-Newtonian Fluid
(Ofsubo®, Tsuruye et al®, Fags®). The authors® have shown that a mud bed
can be characterized as a Bingham fluid within the range of shear stress under the
action of surface waves.

From the standpoint of the views stated above, the present paper describes the
theoretical and experimental investigations concerning the interactive effects hetween
surface waves and a mud bed. A multi-layered viscous fluid model is proposed to
analyze the interactions between surface waves and a mud bed. An equivalent
viscosity which take the mature of Bingham finid into consideration is utilized in
the model.

2. 'Theoretical Considerations

2.1 Rheological Equations

Generally, the mud layer resembles like non-Newtonian Fluids. In order to
investigate the motion of the mud layer, suitable equations of motion for the fiuid
must be adopted. In Fig. 1, the types of the fluid and rheological behaviors are
shown on diagrams for the rate of deformation against the shear stress and vigcosity.
For Newtonian fluids, the shear stress is proportional to the rate of deformation,
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Shear stress T
\

Rate of deformation D

%Newtonian fluid
Pseud-~plastic fluid
Dilatant fluid
(&)Bingham fluid

Shear viscosity &

Rate of deformation D

Fig. 1 Flow and Viscosity Curves for
Different Kinds of Fluid

and the viscosity is constant. The solid lines © represent the relations of Newtonian
fluids. Amnother curves are for non-Newtonian fluids. Fluids having the nature of
curves @ are termed pseudo-plastic and @ dilatants. Bingham fluids (curves @)
have a yield stress below which they behave like a solid and above which they have
fluidlike behavior.

Rheological equations which combine the stress and the rate of deformation
{deformation-rate} are explained below).

For Newtonian fluids the rheological equation can be represented as

aty=—pd*+2unets, (1)

where ¢ and § take the value 1, 2, and 3 which correspond to x, ¥, and z axis,
respectively, o¢f; the stress acting on a {—j plane (when {=7, o¢%; corresponds fo a
normal stress acting on a i-plane, and when i34, it corresponds to the shear siress
acting on a i—§ plane), py the dynamic viscosity for Newlonian fluids, et; the
deformation-rate tensor.

For power law fluids, the relationship between the shear stress ¢ and the
deformation-rate D can be expressed as

r=KD?", (2>
— 142 —
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where K is the pseudo-plastic viscosity and # the constant. When n<1 the fluid is
pseudo-plastie, n=1 (K=py) Newlonian and n>1 dilatants., The rheological equation
for these fluids is

ot y=—po*y 2K 4] 11112, (3

where |IT,| is the objective of the deformation-rate tensor and expressed as
| Lol =% L (e (@07 H (e + (@0 + )P+ (6. (4)

For Bingham fluids the relationship between r and D can be expressed as
=gyt usD, (5D

where r, is the yield stress and gz the plastic viscosity. Rheological equations for
the fluid can be expressed as

oty= —péij"i*z(‘ug +"‘7%) ety (‘%‘ P> )
[ ( 6 )
=0, (g #/sed, )

where pt; is the deviatoric stress tensor. Equation (6) shows that for shear stresses
below the yield value, deformation of fluids does not cccur. If we consider the two
dimensional case of ¢ and 2z axis, e; can be wrilfen as

922=3===aa_z;: ezl Exz™ €= '"”@"g‘“'{‘_

Qo far we have described the Theological equations for the typical viscous fluids.
The actual mud, however, usually behaves in a more complicated manner. Moreover,
because of the strong nonlinearity of these equations, analytical solutions cannot be
easily obtained and even numerical solutions cannot necessarily be obtained.

In the present study, therefore, equations of motion for Newtonian fluids ave
adopted and only in the estimation of the viscosity is the nature of non-Newtonian
fluids considered.

We notice the second term in the right hand side of rheological equations (1),
(3), and (6). All the shear stress tensors of three types of fluids can be expressed as

1 —_— —_ u
4 1——83.7;—-37,

aés,

where a=2p y for Newtonian fluids, a= 2K (4 | If, | Y1/ for power law fluids, and
2(pp+ry/N &I, | ) for Bingham fluids in the case of (1/2)p';p/i>7,*. The coefficient
« can be considered as the viscosity when fluids are deformed by stress. For
Newtonian fluids « is constant but for non-Newtonian fluids « is a function of the
objective | 1T, | and must have a value which depends on the motion of the fluids.
Ag deseribed above, it is very difficult to estimate the velocity field directly from
the rheological equatioms. As the first approximation, therefore, we estimate the
velocity field for Newtonian fluids and caleulate the objective | II, | and the viscosity
for the non-Newtonian fluids from it. Again, the veloeity field is caleulated by using
the newly estimated viscosity. These procedures are repeated until the solutions
converge. This method can estimate the viscosity corresponding to the flow field
and allows us to investigate the approximaie motion of non-Newtonian fluid.
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2.2 Multi-Layered Viscous Fiuid Model

In this model, it is assumed that the equations of motion for Newtonian fluid
can be applied to a mud layer. Theoretical investigations of interactive effects be-
tween surface waves and a mud bottom have been conducted by Dalrymple and Liu®
who treated the fluid system as a two-layered Newtonian. We expand it fo a multi-
Iayered fluid model taking into account the nature of a Bingham fluid.

The assumptions used in the model are as follows:

a. Waves are expressed as sinusoidal.

b. Motions are limited to the direction of wave propagation and the vertical
direction, and the motion to the direction perpendicular to the wave propaga-
tion is negligibly small.

¢. Lengths of the water area and the mud layer to the direction of wave propaga-
tion are infinite.

d. The mud layer is horizontal, and the water depth and the mud layer thickness
constant,

e. The amplitudes of waves are small compared with the water depth.

f. Convective accelerations in the Navier-Stokes equations can be neglected.

g. The mud layer can be divided into several horizontal layers. For each layer,
the viscosity is constant and equations of motion and continuity equation for
Newtonian can be applied.

h. The whole part of the mud layer is in motion.

i.  The viscosity of each layer takes the value corresponding to the mean motion
of it,

(1) Governing Eguations

We divide the fluid system into = layers as indieated in Fig. 2. The water
layer is represented by n=1. Waves propagate in the @ direction, and @;, £, and De
are the horizontal and vertical velocity and pressure within the i-th layer, respectively.
Moreover, p;, v;, and A%; are the density, kinematic viscosity, and thickness of i-th
layer, respectively., From the assumption f, the Navier-Stokes eguations neglecting
the convective accelerations can be represented as

3 __ 1 ap P, 9
8t p 0% +m(8m2+822 ) €72
Z
o T ¥
N by
""l"-,::_.._i-',:-.'-"' [ .U:.h.z
LUs by
_——l" '
F4 =
E.:-l-lfn-:.l’\-:-l
Py Ua . ha
R

Fig. 2 Multi-Layered Model
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g 1 a3 0%y 8%y

8t ps oz oG T ) (8
The continuity egquation is

ity ae’{‘)z=

5 T 5. =0 e

By making use of Eq.(6), the kinematic viscosity »; in Egs. (7) and (8) can be
approximated as

— Ty
l-'i_(,ﬂﬂ'l' ‘\/m)/,oi: (10>
and using Eq. (4), 4| I,; | can be written as

4 Tl =2 ( Bt ) _I_Z(BZW) (32£~.: + aw—;) an

We assume that the solutions #;, s, and H; are expressed in the following
form:

Gzt et

22’1:=W£<Z)2ﬁkm—“) s (12)

ﬁ£=Pi<Z)€ﬂkm_")
where, & is the wave number and ¢ the angular frequency.

Displacements of the water surface and inferface are represented as the follow-

ing relation

7},{’: me‘i(kz—as), (13)
where the water surface is expressed as z, and the interface waves between the i-th
and (i+1)-th layer is expressed as 3;,;. The wave number & is a complex number,
namely,

kzkr"i-ikz'- (14)
Substituting Eq. (14) into Eqg. (18), we can obtain the expression for the water
surface and interfacial displacements as

= g kg hra—ob), as

Therefore, the damping coefficient of wave heights is equal to k; and the wave length
is expressed as L=2x/k,.

1f the velocities and pressure @;, %, p; are represented by Eq. (12), the solutions
of Eqgs. (T>~(9) can be obtained as

% £
wi{z)=4A: sinh k( a By +z)+B¢ cosh k( % i+ z)

+C; exp{zg (f";: Bi— h’¢+z)} +D; exp{ At ( Z‘. b+ z)} (18>
w2 =dw!/ k, Qa7
Pi(2d=Cpun/ D" — w4 2, a8
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AE=EE o, e

where the prime for w; and w; represents the derivative of z. The complex constants
Ay By, €, Dy and the unknown variables k and a; can be determined from the
boundary conditions.
{2) Boundary Conditions
I} At the water surface (z=gy,)
The linearized kinematic condition and continuity of stress can be written as

om A
3¢ Wes 20
ﬁ —201v by =0 215
i 2101 3z »
8 , O\
e +2)—0, 22

Taking Taylor's expansion of Eqs. (20), (21), and (22}, we can get the following
equations, namely,

—icg =4, sinh k%1 B cosh kh'1+ Ci+ Dig—4i, 23
M(A; cosh ki'y+ Bi sinh kR 1= 20014 Ci— Die™ ") — pg g =0),

M=ipo/k—2punk, 24)
2A,F sinh ki1 +2BiE° cosh kR + Q0%+ B (G + Die= )=, 25

Z
ii) At the interface (z=— i)
=1

The kinematic, continuity of velocity and stress conditions at the interface are

Byint _
9F Wy, (26)
Z:'f=2'2i-u, (27)
z’t‘r¢= fbiﬂ, (28)
ﬁi—prr%%i—pigmﬂ: D= 20010041 azgzﬂ — D1, 29)
B | BN _ ity | i
Pﬂ«vi(““g;+ 3z ) _P?.+]Vi-i-1( 3z +—am——) (30)

From these equations we can get the following relations

—i6qi:1= Bi+ Cig— "+ Dy, (3D
Bk Cogm %4 D= Ay sinh kW s+ Bisy cosh BR o+ Crarb Dypenlisa, (32)

Ak~ Codye™1— 3Dy
=Ask cosh k' 11+ Beerk Sinh R s1+ Coardinr— Digy Aoy e nit'in (33)

MAi—2pp:4:( Cig¥i—D;)
=Myr1(Aser c0sh kR 141+ Bisr sinh kb s01) — 20w 1den
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K Cor1— Dipre it o) — o — Pa:)gaiﬂ.

M= ~2puik, (30
Pt 2B+ QP+ D Cig e D)}
= P vie1 12A001k° sinh BB -F 2Bk cosh blifsen
F U+ 2D Copr+ Dy b))} (35)

iii) At the rigid bottom (z=— 3 4’;)
J=1

From the following eguations

#n=0, (36)

=0, (37
the boundary conditions at the rigid bottom can be represented as

kAt Cadng™ 40— 2,1,=0, (38>

Byt Cre™ % v+ Dyp=0, 39

The unknown congtants 4;, B;, C;, D, &, and a, to o, are determined from these
boundary conditions at the water surface, the interface and the rigid bottom. The
kinematic vigcosity v; still remains as an unknown eonstant and must be determined.
The procedure in determining it is referred to in the next item.

(3) Equivalent Viscosity

In the case of a non-Newtonian fluid, the viscosity varies in space and time
according to the variation of the deformation-rate. A rotary visco-meter has been
used to obtain the relationship between the shear stress and shear strain. Under
the action of surface waves, velocities and pressure vary with time making it
difficult to estimate the viscosity reasonably in the wave field. As an approximation,
Gomei et al*?) have adopted a representative viscosity which is the minimum one
corresponding to the measurable minimum shear strain. However, this method is
not sufficient to treat the motion of a mud layer under the action of surface waves
and so we seek an alternative method to reasonably estimate the viscosity in a
wave field.

Damping of surface wave amplitudes on the basis of the interaction hetween
the surface waves and a mud bed is mainly governed by energy dissipation within
the mud bed. The rate of energy dissipation per unit volume is

D=p*1e;. am

From Egs. (1), (3), (6), @ can he represented for a Newtonian, power-law, and a
Bingham fluid as

Py=4px| .|, (41>
Dp=AK4 T | )2 [T, (42)
Ty 1
@B=4(,UB +W) [Tel, (“gﬁijﬁjz>'ry2)
(43)
=0, ($#'p'ise))
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respectively. Although the viscosity of a non-Newtonian fluid varies in space and
time, we assume that a representative viscosity f. exists which is the averaged
value of an instantaneous one and it is a measure of the viscosity in a wave field.
This gives an averaged energy dissipation function as

@=4ﬁem- (44)

The term | II, | can be approximated by a Newtonian velocity field which is estimated
by using the viscosity #.. The same relationship can be applied to a non-Newtonian
fluid. Thus, the equivalent viscosities &, for power-law and Bingham fluids can
be expressed as

fe=K(4{1]| )(ﬂ—l)/zy (45)
.= ——}-ﬂ?
ﬂe #B_l_ '\/4|He| ] (46)

respectively. In the case of a Bingham fluid, part of a mud layer does not deform
if the shear stress is less than the yield stress. We, however, assume that whole
part of the mud layer iz in motion. We divide it into several horizontal layers, and
it is assumed that within each layer either Egs. (45) or (46) can hold.

An averaged objective [1I,; | of the ¢-th layer can be caleulated as follows.
The real parts of Eq. (12) can be written as

)= lu:l e cos (ke —otay), “n
(D= |w:l e=*% cog Ch,w—ot+Bo). (48

If we take the partial derivatives of Egs. (47) and (48) with respect to = and z,
the following relations can be obtained as

s

= = — |kl lsle™m sin (bw—ot+et00), 2
Bty loed |e—Fix 3 (500
W_ 1 'e [lal:] (Ic,.m—"'ﬂ‘t"i“at )s 5
aatf; =—|kl lwile~ "7 sin (kv —of-+Bi+6,), GD
aaz:im |2 le~*% cos (kew—ot+81), @

where a;, 8; o, By, and @y are the arguments of wu;, w;, %;, w;’, and &, respec-
tively. The subsiitution of Egs. (49)~(52) in Egs. (11) Ieads to

A T el “—"‘%{Ek§2(2[u£|2+ [0:1 )4+ Claed 1242 w0 [2)

—2|o/ | laws! | k| sin (Bi+8s—ai D} e, (53>

As can be expected from the above equation, [IT,;| is a function of & and
decreases with a rate twice larger than the surface wave damping Therefore, the
equivalent viscosity g, is also a function of », In the following calculation, however,
the equivalent viscosity is assumed to be constant in the z-direction and it is
represented by the initial value where 2==0. The reason is that the solution cannot
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be cbtained if the viscosity vary with the distance x. In this ease, an approximate
method ean be adopted in which the total distance of caleulation is divided into short
gsections within which the viscosity can be regarded as constant.

The procedure to obtain the equivalent viscosity is as follows: the velocity
field corresponding to the initial value g, is caleulated and from the veloeity field,
fe is- obtained by Eq. (45) or (46). An iteration procedure is repeated until the
viscosity converges.

(4) Damping of the Surface Wave Amplitude by Viscous Dissipation near
Side Walls

In the case of an experimental flume, viscous damping of the surface wave
amplitude near the wall cannot be neglected heeause the viscosity of the mud 103~105
times as large as water even in the case when water content is about 200%.

Baged on the boundary layer approximation, Hunt'® has obtained the damping
of the surface wave amplitude by an energy dissipation within a laminar boundary
layer. Using a method similar to the methed of Hunf, we estimate the energy
dissipation by caleulating the velocity near the wall.

If we denote the rotational horizontal velecity within a side wall boundary
layer in the i-th layer as U7;(z), the equation of motion can be written as

2
*%?—i= vt%ggi, GLY

where y is directed from the center of the flume to the direction perpendicular to
the -2z plane. Af the center of the flume (y=0) U; vanishes. The solution satisfying
the boundary condition that U;=—%; at y=—B/2 (B is the width of the flume) is,
then,

U= —m(z)exp{— {1 -H')\/ zzw(y-f-—g)}exp [{km—a)}. (55)

In the same manner stated above, the rotational vertical velocity W;(z) can be
written as

Wile)=—w:(2) exp{"- ¢! +i)\/ %(y-l—g)}exp {iCho—oD}. (56)

The energy dissipation —dE;/df which is averaged over a period of waves can
be expressed as

_%zz F SZL ZSiM{ %%‘)ZJF(%VEY}@&, 6))

1 i
where #,=—3 W;+4; and z,=— T /,.
J=1 F=1

The real part of aU;/dy is expressed as

a_m=\/%;_ ot e_Zk"’eXP{“ I(y+§m)}

a8y 2v; 2
o By, =
X cos{k,w ot '\/ —2;(y+7)+7f}. (58

From Eq. (58) we can obtain the following relation as
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(8N _ 2 3 20 B }

( ) —-—!ml Wexp{ Tz(y+—f) . (59)
In the same way as Eq. (69) we can obtain the following relation as

3W¢ ——lw;l e“z"”“'exp{ \/ —( + )} (60D

for the component W,.
The energy dissipation dE;/dt is, then, given by

T R GRVA- A\ ¥ o CudlwdDa. 6D

Moreover, the energy E averaged over a wave period is

[Ty DEY PR

E= 12( S::: o P 1gzdz)+ S b Pag2dz

=gigm +(P2_@10v22+- ..
"*"(Pn‘“ﬂu-—l)g?]nz. (62
For mud with a high water content, its density is 1.2~1.4 g/em® and the wave
heights within the mud are limited to 80~50% of the surface wave heights. More-
over, the second term and the following ones in the right-hand side of Eqg. (62) are
small compared with the first term provided that the density of mud does not vary
abruptly. The enrgy E is then approximated by the following expression

E=pigpi=1 pgar. (63)
The total energy dissipation d&/dt over the whole mud layer is the sum of each

layer dE;/di. If we make use of a group velocity C,, we can obtain the rate of
energy dissipation in space as

2 dFg
A 595 dE o
Moreover, dE/dsc can be written as
Céi‘ Plganfi "*.ﬂlgmzkiw, (65)

where f;, is viscous dissipation rate of wave amplitude. Integration of Eq. (65)
leads to the following relation

a:(x)=a(0) exp (—kiwx). (667

The damping coefficient k;,, can, then, be written as
= dF,
Fotw= ;ﬂ#/(mgalzcg). (67)

Differentiation of the boundary conditions Eqs. (23)~(25), (31)~(35), (38), and
(39) with respect to %k leads to the simultaneous equations. The group velocity
C,(=ds/dk) can be estimated as the selution of these equations. The total damping
coefficient is denoted as k;, which is the sum of %; and %;». In the comparison of
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wave damping between the experimental wave damping and the theory, the total
damping coefficient k;, will be used.

(5) Movement of Fluid Particles
The horizontal and vertical displacements of a fluid particle from the mean

position (2, 2) can be caleulated from Egs. (47) and (48) as

&= _]i;l_,e-—m sin (kx—ot+ay), 68

L= _%e—k“’ sin (kz—of+5). (69)

(6) Procedure of Caleulation

A flow chart for calculating the damping coefficient of the wave amplifude
and the viscosity of the mud is shown in Fig. 3. For the water layer, the density,
viscosity, and depth of water must be given. For the mud layer, the vertical dis-
tribution of density or water content, specific gravity of mud particle, the relation-
ship between the water content and yield stress, and the depth of the mud layer
must be given. For the surface waves, the wave height and period must be given.
Based on the preliminary ealculation, the mud bed is divided into three horizontal
layers in the caleulation in the present report.

Wave Condition
Physical PBropertios
of Mud Bed

}

Partition of Hud Bed inte
Roxfzontal Layers

l

betermination of Initial
viscosity Distribution

I
¥

Estimation of Velocity
Field Based on Interaction
between Surface Waves

and #ud Bed

]

Caleulation of |Tei]

I

Estimation of Eguivalant
Viscosity Diskribution

Does Equivalent
Viscosity in Each Layer
Converge?

| Bstimation of kiw

!

I kivzkivkiv ’

Fig. 3 Flow Chart in Caiculating
Wave Damping Coefficient
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At first, the viseosities of the whole layers are assumed to be constant and the
velocity fields calculated. Then, k, a;, 4; B;, C;, and D; are estimated by the
boundary conditions. By using the calculated results of the velocity fields, 4 {71, | is
caleulated and the corresponding equivalent viscosity is caleculated for each layer.
Again, %.; is given as the viscosity of the i-th layer and the unknowns such as k are
estimated by the boundary conditions, The procedures are repeated until the equivalent
viscosity 7. converges. From the solution of velocities, the group velocity C, and
the viscous damping coefficient k;, near the walls are caleulated. The total damping
coefficient %;, is the sum of %;, and %, which is the solution of Eqgs. (7)~(9).

Kaolinite clay and natural clay sampled at Kumamoto show the rheological
properties as Bingham fluids. The relations between water content and the rheological
properties of sample muds are obtained by the rotary visco-meter test and they
are expressed as follows:

Kaolinite Dory=1,494 X 10° W24 Pg),
(15=8. 465 X 10* ~4344(Pg.5),

Kumamoto mud : =,=1.008X10% W7->"(Pa),
pp=1. 205X 10! /~1-435(Pg -g),

where, W(%) iz water confent. Relationships between the rate of deformation and
shear stress for various values of water confent are shown in Figs. 12 and 13 to
appear later,
(7) Some Typical Properties of the Caleulated Results
i) Effects of the number of divided layers

Figure 4 shows the relationship between the number of divided layers N (N=
1~10) and the damping coeflicient k; in the case of W=200%. The damping coefficient
Is almost constant when N is larger than 2. Figure 5 shows the vertical distribution
of the equivalent viscosity. It gradually decreases with depth because the velocity
gradient becomes greater near the bed.

3
X
3 10\ T T T i
ey Kit -
Oo—O—0-0—0C—0—0—0—0-0—
=
[}
= Ki
“;’1 BB —O—O—O—F—0— N
A -
I

=]
[}

0 2 4 B g 10 12
N

Fig. 4 Relationship between Number of
Divided Layers N and Damping
Coefficient %
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Fig. 6 Vertical Distributions of Equivalent Viscosity (left side) for Typical
Water Content Distributions (right side)

For the distribution of water content as shown in the right hand side of Fig. 6,
the distributions of the estimated equivalent viscosity are shown in the left hand
side of Fig. 6. For three cases the mean values of water content (W%) are the
same. The vertical distribution of the equivalent viseosity varies according to the
vertical distribution of W although the mean value of W is constant.

ii} Effects of the mud layer depth

Figure 7 shows the damping coefficients k; and k;; and the wave length L. As
the depth of mud laver becomes thick, the wave length L inereages and so does the
damping coefficient k;, which includes the viscous dissipation near the side walls, On
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the other hand, in the case without effects of viscous damping near the side walls,
the damping coefficient k; has the maximum value when the depth of mud layer is
nearly 10 cm.
iii} Effects of water content

PFigure 8 shows the effect of water content (W)} on the damping coefficient &; and
I;;. The damping coefficlents increase as W decreases from 5009%. They decrease,
however, as W decreases from 100% because the equivalent viscosity increases
abruptly. In the present method of calculation, the solution does not converge
sufficiently for relatively large equivalent viscosity. The reason is that for a large
equivalent viscosity, the ecaleculated movement of the mud layver is very small and
the eguivalent viscosity becomes smaller for the next step in the iteration procedure.
Finally, the equivalent viscosity becomes infinite and the motion of the mud layer
converges to zero. This is the reason that the damping coefficients rapidly decrease
for water confents of less than 100%. In this case, the iferation was automatically
stopped after it was repeated eight times. The curves in thig region, therefore, do
not indicate the econverged solutioms.

iv) Effects of surface wave height

In the case of a Newionian fluid, its viscosity is constant and the damping
coefficient does not change for the theoretieal caleulation of Dalrymple and Liu®.
In the case of a non-Newtonian fluid, however, the viseosity will vary with the
surface wave height on account of the variation if the shear rate and the damping
coefficient also vary with the wave height.

Figure 9 shows the relations between the wave height, the damping coefficient
and the wave length. For wave heights larger than 1.5 cm, the damping coefficient
decreases and the wave length increases as the wave height increases. For wave
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Fig. 9 Variation of Wave Damping Coefficient
and Wave Length with Wave Height

heights less than 1.5ecm, a well converged solution eannot be obtained because the
equivalent viscosity increases rapidly. The open and closed circles in Fig. 9 show
the experimental data and are in satisfactory agreement with the theoretical curve.

2.3 Mass Transport Velocity

Nagai et al* and Shibayamo ef al.'® have measured the mass transport of a
mud layer to the direction of the wave propagation. The typical transport processes
of mud would be separated into three categories: namely, the first is that after the
resuspension from the bed by waves it is carried away by currents, the second is
that the bed material loovsened by waves flows down along the slope and the third
is the mass transport within a mud layer by wave action. The second and the
third items are important evem for small velocities because the densities of the
moving layers are very high.

Here we caleulate the mass transport velocity based on the theory of 2.2. The
horizontal mass transport velocity U,; and the vertical one W,; can be written as

=, A, diti (*
Uni= ui+%§omdt +?Suwidt, (70
o A dib; (¢,
Wi Bos-+- S0t + <2 . )
By making use of Eqgs. (47)~(52) we can get the following relations
Uni= e {cos 03| k| el "= sin (Be—at |aed | sl (72)
Wins= -1k el | 0ul 2 sin (=50 sin Or. (73)
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Fig. 10 Vertical Distribution of Calculated Mass Transport Velocity for Different
Water Content

If there are no waves, k=0 and sin(B8;—a/)=—1. Then U,; becomes the same as
the Stokes drift and W,:=0.

Figure 10 shows examples of the theoretical distribution of mass transpori veloc-
ities in the horizontal and vertical directions. The horizontal mass transport velocity
U, increases as the water content increases. The vertical mass transport velocity
increases near the interface and it is expected that the water content increases as
time passes. In Egs. (72) and (73), the term exp{—2&kx) is included so that the
mass transport velocities decrease at a rate two times larger than the damping
coefficient of the surface wave amplitude.

3. Experimental Equipment and Procedures

3.1 Experimental Equipment

The experiments were conducted in a wave-soil tank, which is shown in Fig, 11.
The total length of the tank is 11 m. The dimensions of the test section are 400 ecm
long, 40 cm wide, and 50 cm deep. A movable fioor iz provided at the bottom of
the test section and the level of the inferface of mud layer and water can easily
be adjusted to the level of the flume bottom. A plunger type wave maker is used
to generate regular waves.

A settling tank with a depth of 2m can be fitted above the test section of the
flume to.form a naturally settled mud bed (see Photo-1),

3.2 Experimental Procedures
(1) Physical Properties of Mud Used in the Experiment

Two types of mud materials were used in the experiment. Cmne is mixture of
kaolinite clay (Engel Hard, ASP600) and tap water, and the other is a natural
clay sampled at Kumamoto Port. The physical properties of these samples are listed
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Table 1 Physical Properties of Muds Used in the
Present Experiment

Material
\ Kaolinite Kunh&an&oto
Property u
Specific Gravity of 2.670 2. 670
Soil Particles
Liguid Limit (wz) 70,58 1L0%
Plastic Limit Cwp) 32.3% 41, 9%
Plasticity Index (Ip) 38.2% 69.1%
Median Diameter {dy) 0.8¢m 4. 6pm
Ignition Loess 02 9.1%
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Fig. 12 Relationships between Rate of
Deformation and Shear Stress
for Kaolinite

in Table 1,

Fig. 13 Relationships hetween Rate of

Deformation and Shear Stress
for Kumamoto Mud

Figure 12 shows the relationships between the rafe of deformation and the shear
stress of kaolinite for various levels of water content. Figure 13 also shows the similar
relationships for Kumamoto mud. Tests were made by a Couette type viscometer
which involves the laminar flow of a test fluid in annular space between two con-
centric cylinders (Contraves, Rheomat 115). The liquid used to adjust the water
content is fap water for kaclinite and salt water (specific gravity is 1.03) for
Kumamoto mud. The rate of deformation in the fest was automatically controlled
continuounsly by a personal computer from 0 to 108 (Tsuwruye ef «l®). The solid
curves in the figure show the relationships of Bingham fluid, and ean be expressed

— 158 —



Interactiong between Surface Waves and a Multi-Layered Mud Bed

10— ..”.._102
- \‘\ G Mg
T % HKoelin o—— +— ]
- ‘iKummtaA"” A== o
ol 310~
g f 1 &
S T2
1c° 3 T 10°
-l 1
10} T

Fig. 14 Relationships between Yield Stress,
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as
=z, tpusD, ¥EY)

where 7, is the yield stress and gy the plastic viscosity.

Application of Eq. (74) fo the experimental data for a small value of the rate
 of deformation D leads to the yield stress r, and the plastic viscosity pz. Figure 14
shows the relationships between the water content W and ,, gs.

Applying the least square method fto the data in Fig. 14, we can get the following
relations for both materials:

Kaolinite ¢ =1,494 X10° W ~24%(Pa)
15=8. 465X 10° W1 4(Pa+s)

Kumamoto Mud : o,=1. 008X 10" W-5-75%(Pa)
5=1. 295X 10" W-1-45(Pa-g)

The above relations have already been shown in 2.3(8).
(2) Bed Materials
a) Kaolinite Clay

Most of the experiments were performed with kaolinite clay which was a mixture
of kaolinite and tap water. In order to make kaolinite clay, kaolinite powder was
soaked in tap water for at least twenty-four hours, In the present experiment the
water content of kaolinite was varied. For maintaining the good efficiency in the
experiments, clay having the minimum water content was first used. Before the
next experiment, the water content of the bed was changed by removing some of
the clay and adding tap water of the same volume.

On the day of the experiment, the preparation of the mud bed was made in
the morning and water was poured in the flume immediately. Experiments were
conducted in the afternocon. Because the experiments were finished within several
hours after the preparation of clay, it can be considered that the effects of con-
golidation were small. However, the mud with the water content larger than 3009%
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would be slightly affected by the conseclidation.
b) Naturally Settled Mud

During stormy weather, bed materials are picked up by waves and mixed with
sea water, and settle during calm weather. In this case, the water content within a
mud layer decreases in the vertieal downward direction on aceount of the consolidation.
Thus, the behavior of the naturally settled mud would be different from that of
thoroughly mixed mud. '

In the present experiment, the mixture of kaolinite and tap water was
poured info a settlement tank which was attached on the test section and a naturally
settled mud bed was formed. The height of the setilement tank is 2m and that of
the wave-soil tank is 0.5 m. Accordingly, the maximum height of settlement is 2.5 m.

From the preliminary test, the final water content of the settled mud was
deduced to be 220%. The total volume of the mixture to be poured was estimated
so that the final depth of the settled mud would be 20 cm. The estimated heights
and the initial water content of the mixiure were 130 em and 1570%.

Photos 2~4 show the situation of settlement at one day, two days, and ten days
after the settlement, respectively. The interface is clearly identified in the photos.
Figure 15 shows the time variation of the interface level measured in the iamnk.
Because the side wall of the settlement tank are steel, the interface cannot be read

Photo 2 Settlement after one day Photo 3 Settlement after two days
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Photo 4 Settlement after ten days Fig. 10 Time Variation of Interface Level
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from the side during the early stages of the seftlement. Therefore, setflement tests
were conducted within acrylic eylinders which were filled with the sampled mixtures
from the settlement tank. The lengths of the cylinders are 50 ern and 100 e¢m, 7 cm
in diameter. The results are shown as open circles and triangles in the figure. The
height of the interface (H) is divided by the initial depth (H,). Up to 4000 minutes,
the three types of data coincide each other. For longer times, however, settlements
of the interface become small for acrylic cylinders and stop at nearly 10¢ minutes.
Tor the tank, on the other hand, the settlement continues up to 2x10* minutes. This
is because that the friction between the side wall and the mud layer is greater for
acrylic cylinders than the settlement tank.

The same acrylic cylinder used in the settlement test was pushed in the mud
layer and the undisturbed testing material was sampled. It was divided into many
layers of a 2 cm deep and the water content of each layer was measured. Figure 16
shows the vertical distributions of the water content. The open circles show the
water content 36 days after the beginning of the settlement. Near the interface,
the water content is larger than 4009 and rapidly decreases with depth. On the
contrary, it gradually decreases below 6 cm from the interface. The depth of the
settled mud layer was expected to be 20 em. It was, however, 25.6 cm at the day of
the test for the water content (36 days after the beginning of the setilement).
The upper part of the mud layer was removed at the depth of 5.6 cm. Consequently,
the depth of the naturally settled mud is 20 cm exactly (the same as the uniformly
mixed mud layer. Solid circles show the vertical distribution of the water content
after the elimination of the surface layer.
¢} Kumamoto Mud

This mud was sampled at Ariake Bay in Kumamoto Pref. Its water content
was nearly 140% and no preparations such as the mixing of sea water were made
to avoid undesirable artificial effects as much as possible. The mud was relatively
hard because of the low water content and because it was not uniform compared
with kaolinite. Only for the Kumamoto mud, sea water drawn from Kurihama Bay
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just in front of the authors’ institute was used as the upper liquid. The specific
gravity of the sea water used was 1.026.
(83) Types and Methods of Measurement
a) Wave Height

Measurements of wave heights were made at five stations I, II, I, IiI, and IV
in Fig, 11. The locations of these stations from the beginning of the test section
(z=0) were z=0.5, 1.5, 2.0, 2.5, and 3.5 m, respectively. From the measured wave
heights, the damping coefficient %; and the initial wave height H wo Were estimated.
The wave length was estimated by the phage difference between the two wave gages.
b) Mud Wave Height

An ultra-sonic depth sounder was used to measure the movement of the interface.
By using a signal conditioner and a DC amplifier, displacements of less than I mm
could be measured acenrately. Ultra-sonic waves with a frequency of 3 MHz was
discharged from the probe so that continuous measurement of the interface was
possible.

The arrangement of the sensors at Station IXI (x=2.5 m) is shown in Fig. 17.
At the center of the flume, a wave gage, an ultra-sonic depth sounder, and two
pore pressure transducers were installed at the locations, @, @, and @, respectively.
¢) Pore Pressure within Mud

Pore pressures within mud were measured with two pressure transducers as
shown in Fig. 17. The depths of settlement are 2em and 5 em from the interface.
d) Movement of Mud Particles

A method the same as that used by Nagai et ¢l19 was employed to measure the
movement of the mud particles. Acrylic rods 3 mm in diameter and 40 ¢m in length
with a specific gravity of 1.36 were installed horizontally and perpendicular to the
wave direction within the mud layer as markers. The movement of the tips of the
rods were taken with a video camera through 2 glass wall, Horizontal and vertical
amplitudes of the movements were read by a video position analyzer.
e) Velocity Distribution of Upper Layer

The two components electro-magnetic anemometer was used to measure the
velocity of water. Measurements were made at the station II {e=1.5m).
(4} Experimental Conditions

@ T 200

i

{units in mm)
Fig. 17 Arrangement of Sensors
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Table 2 Experimental Conditions
Depth of

Water Content| Water Depth Mud Bed Wave Condition
Case Material
17467D) hiem) h=(em) 7(s) Hwo(em)
A Kaolinite 170~402 30 10 0.9 1~8
B Kaolinite 168~228 20 10 0.7~1.4 3~5
C Kaolinite 168~228 30 10 0.7~1.4 3~5
D Kaolinite 142~300 20 20 0.7~1.4 3~5
E Kaolinite 142~300 30 20 0.7~1.4 3~5
F Naturally Settled 246 20 20 0.7~1.4 3~35
Mud (Kaoclinite)
G ” 246 30 20 0. 7~1.4 3~5
H Kumamoto Mud 141 30 20 0, 7~1.4 4, 6

Experimental conditions are listed in Table 2. Three types of mud (kaolinite,
naturally settled kaolinite, and Kumamoto mud) were used as the bed material
The water depth of the upper layers was 20 em and 30 cm. Another variables were
the water content of the mud, the wave period, and the wave height.

4. Experimental Results and Discussion

4.1 Pamping of Surface and Mud Waves

Figure 18 shows the lengitudinal distributions of the surface and mud wave
heights., The data is for kaolinite clay (W=2279%). The solid and broken lines in the
figure are drawn for the experimental data and show exponential decay to the direction
of wave propagation. As expected from the theory, the damping coefficients of the
surface and mud waves are nearly the same. The scatter of the data may have
originated from the existence of reflected waves. The reflection coefficient is about
8% for the wave period T=0.8 s in the case of Fig. 18, and 14% for T'=1.2 5. Figure
19 shows the same relations as Fig. 18 for Kumamoto mud. The scatter of the mud
wave height is larger than that of the kaolinite clay. In the case of Kumamoto
mud the water content is relatively low and viscous, so that it was not well mixed.
Therefore, it can be considered that the viscosity, density and others are not so
uniformly distributed as kaolinite. In faect, mud waves could be chserved at some
places but they could not be detected at some other places, though the distance
between these places was only several centimeters. This is the reason why the
damping coefficients of surface and mud waves differ themselves in Fig. 19.

Figure 20 shows the damping coefficient of surface wave heights as a function of
the initial wave height H,, {(at *=0). The water content is chosen as a parameter.
The curves in the figure are the theoretical ones. For small initial wave heights,
the equivalent viscosity becomes so large that the solution does not eonverge; broken
lines in this region represent the results of eight times iteration. Experimental
results do not agree with the theory except for Run 3 and the experimental data
of damping coefficient especially for high water content becomes large as the wave
height becomes large. This result is contrary to that of 2.2(7). The wave height
is varied from small to large one about seven or eight times in one run. As it took
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about three hours for one run, the effect of conselidation might have influenced the
result, especially for the run with high water content.

Figures 21~24 show the relationships between the wave period and the damping
coefficient of wave height. Theoretical curves of Ik, for various wafer content are
also shown in the case of H,,=4em (Case B,C) and H,,=35cm (Case D, E). In
the case of Fig. 21 and 23 (water depth A, is 20 cm), experimental data agree with
the theoretical curves. In the case of TFipg. 23 (h,=20cm) experimental data for the
cage of W=142¢9 are less than that of W=168%. It iz suspected that the mud
layer put into motion by surface waves could have been thinner for the cases of W=
1429 on account of high viscosity than for the case of 168% and thus the damping
for the former was legs than for the latter,

Figure 25 shows the same relation ag Figs. 21~24 for the case of naturally settled
mud. Numbers near the symbols show the wave heights. In this case, the damping
coefficient %; becomes large as the wave height becomes large. As the water content
varies with depth, the effective mud depth due to wave action may also vary con-
siderably. Therefore, theoretical calculations were made for both cases of kh,=20cm
and 10 cm. Measured damping factors for 7'=1.4g show a rapid decrease but ihe
theory does not explain this tendency.

For Kumamote mud, the relationship between the damping coefficient and the
wave period is shown in Fig. 26. This mud has the large yield stress ¢, As the
caleculated viscosity near the interface hecomes large, sufficient convergence of solu-
tions cannot be obtained. From the chservation of the experiment, it was cbserved
that the mud layer within 2~8 em from the interface was locsened on aceount of the
wave motion and the water content of the surface mud layer became large with the
passage of time. In such a case, it was confirmed that a well-converging solution
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could be obtained if the water content was given as about 2309 for the region from
the interface to a level 2 em below it. In the present experiment, however, the water
content near the interface was not measured and so the theoretical relation shown
in the figure only represents the result for the case that the water content is
uniform and p,=70 Pa-s which gives the maximum wave damping. As can be seen
from the figure, the difference between the experimental data and the theory is
large. In the case for low water content and high viscosity, therefore, the present
model cannot accurately predict the magnitude of wave damping.

4.2 Wave Length

Relations between the wave length and period for the Case B and C (k,=10cm)
are shown in Fig. 27. The wave length on a muddy bottom lies between that on
the water depth h, and k,--h, on the rigid bed. Figure 28 is for the case of the
naturally settled mud. Theoretical calculation gives a larger wave length than the
experiment if the depth of the mud layer is given as the actual depth of 20 em (h,=
20 em). The effective mud layer would be less than 20 em, but even for the theoretical
value of 10 em mud depth (R.=10cm) there still remains some differences and the
wave length is rather equal to that of a rigid bed.

4.3 Mud Wave Height

Figures 29 and 30 show the ratio of mud wave height to surface wave height.
The depth of the mud layer (h,) in Fig. 29 iz 10cm. The plotied data are those
measured at the center of the tank. The experimental data are from 1.5 to 2 times
larger than the theoretical value. This is because the mud wave height varies in
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the lateral direetion as shown in Fig, 31.

Figure 30 corresponds to the case with k,=20cm. Experimental data of H o/ H,
for the case of W=1429% are considerably small and is a consequence of high
viscosity and small wave motion of the mud layer. Except for this case, the experi-
mental data agree well with the theoretical curve compared with the case of Fig. 29.

The mud wave height varies in the lateral direction as shown in Fig. 31. Although
the variation does not show the exact symmetry, it shows a rapid deerease near the
wazll and the maximum value near the center of the flume. The phase lag between
surface and mud waves is also shown in the figure. The maximum phase lag is
about 20°. Here we define the phase lag in such 2 way that a positive phase lag
means the advance of the surface waves to mud waves. As the phase lag is negative
in the figure, the mud waves are 5°~25° in advance of surface waves.

Figure 32 shows the same relationship as Figs. 29 and 30 for naturally settled
mud. The theoretical relations for h,=10cm and 20 em are also shown in the figure
and these predict considerably greater mud wave heights than obtained by the
experimental data. The reason is not clarified at this stage, but it can be attributed
to the situation that in the present model it is difficult to give a reasonable effective
«depth of mud layer for a naturally settled mud.

4.4 Pressure within a Mud Layer

Figures 33 and 84 show the relative amplitude of pressure variation within a mud
layer against the wave period. In the figure, the pore pressure is normalized with
the hydrostatic pressure corresponding to the surface wave height. Figure 233
corresponds to the case of series B(h,=10c¢m). The theoretical curves are those
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for Hy,=4cm and W=150% and 250%. Although the experimental data show some
scattering, they are in agreement with the theoretical curves. Figuve 34 corresponds
to the case of h,=20 cm. In contrast with Fig. 83 the theory gives a larger pressure
than the experimental one. The difference between Figs. 32 and 33 implies that the
downward propagation of pressure variation is smaller than the theoretical one in
the case of h.==20cm. The experimental data in Fig. 34 are nearly equal to the
theoretical curves in Fig. 33 for h,=10 cm. From these facts, we may conclude that
the movement of mud below 10 cm from the interface would be very small

Figure 35 shows the relative amplitude of pressure variations within a mud
layer against the wave period for the naturally settled mud. Experiments were
conducted for h,=20 cm, but the theoretical eurves are drawn for the case of h,=
10 ecm. As in Fig. 34, the theoretical values would exceed the experimental data if
the theoretical computations were made as h,=20 cm. As we have described here,
the theoretical eurve agrees well with the experimental data when the theory is
caleulated for h,=10cm. As shown in Fig. 32, however, the experimental mud wave
height is not consistent with the theoretical curve. Further theoretical development
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is therefore necessary fo clarify these points.

4.5 Mud Particle Motion

Figures 36 and 37 show the horizontal and vertical amplitudes of mud particle
motions U,, and U, respectively. The theoretical relationships caleulated from
Eg.s (70) and (71) are also shown in the figures. Figure 36 corresponds to the case
in which h,=—10em and the measuring position is 2==2.5m. Figure 37 corresponds
to the ease in which k,==20 cm and #=1.5m. In the theoretical calculation, the wave
height is given as the measured wave height H,, at #=0 Even in the case of
kaolinite, the movement of the mud particles is not uniform and the measured data
are scattered to some extent. However, the experimental data generally agrees well
with the theoretical curves.
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5. Conclusion

Theoretical and experimental study on the interaction between surface waves
and a2 mud bed have been conducted. The following conclusion ean be drawn from
the present study:

1. The two-layered viscous fluid model by Dalrymple and Liw is extended to a multi-
layered viscous fluid model. This model can take into account the vertical dis-
tribution of the mud characteristics (water content, mud density).

2. An equivalent viscosity is introduced to describe the flow field of a non-Newtonian
fluid such as the Bingham or power law fluids.

3. It becomes possible to estimate a reasonable viscosity distribution within the
mud layer with the assistance of the concept of the multi-layered viscous fluid
model and the equivalent viscosity.

4, Equations to calculate the mass transport velocities in horizontal and vertical
directions of mud layer are presented.

5. Three types of muds, namely, uniformly mixed kaolinite with tap water, naturally
settled kaolinite, and Kumamoto mud were used to investigate the damping of
surface and mud waves, pressure within the mud layer, and the amplitude of
the particle motion of the mud.

Experimental data were compared with the proposed theoretical caleulations and
it became evident that the proposed mulfi-layered viscous fluid model using the
equivalent viscosity can explain the experimental results for the most part. For
Kumamoto mud, however, theoretical caleulations do mnot necessarily explain the
experimental data because the yield stress is relatively large,
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