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Abstract The dissipation of irregular waves passing over
muddy beds is investigated through two series of wave flume
laboratory experiments with and without currents, where com-
mercial kaolinite is used as the muddy sediment bed material.
The changes in spectral characteristics of waves along the
muddy bed and the effects of following and opposing currents
are investigated. A numerical multi-layered model was also
employed to simulate the attenuation of regular/irregular
waves assuming viscoelastic rheological behavior for fluid
mud, and the outputs were compared with the laboratory data.
The first series of the experiments show that propagation of a
wave spectrum over a short fluid mud section does not result
in a shift in peak frequencies of wave spectra. The compari-
sons of spectral width parameters of various wave spectra also
reveal that higher values of spectral peakedness parameters
generally result in higher rates of wave energy dissipation.
This can be related to the frequency dependency of wave
energy dissipation on the mud layer. The results of the second
series of experiments show higher dissipation rates in the

opposing current and lower rates in the following current,
which can be attributed to the changes in incident wave
heights due to existence of currents. The study confirms that
the dynamic pressure of wave propagation on the mud surface
is the governing factor in regular/irregular wave–current–mud
interaction and the current itself has little direct effect on the
mud layer.

Keywords Wave flume experiments .Wave–current–mud
interaction . Irregular wave attenuation .Wave spectra .

Kaolinite

1 Introduction

Wave dissipation over fluid mud is widespread in a number of
coastal regions including coastal waters of Surinam, Guyana
coast, Kumamoto Port at the Ariake Sea of Japan, coast of
Kerala in India, Cassino Beach in Brazil, and the northwest
part of the Persian Gulf in Iran. The wave dissipation due to
fluid mud depends on the rheological behavior of mud, wave
characteristics, water depth, and mud thickness. Although the
characteristics of the irregular waves can be influenced by the
presence of a mud layer, there are only a limited number of
experimental and numerical studies on irregular wave trans-
formation over muddy beds (e.g., Zhao and Li 1994; Zhang
and Zhao 1999; Soltanpour et al. 2007; Niu and Yu 2008; de
Boer et al. 2009).

One of the earliest field measurements on muddy coasts
was reported by Tubman and Suhayda (1976) in the east bay
of Louisiana. The energy lost to the bottom by the waves at
their field site was found to be at least an order of magnitude
greater than that resulting from the processes of percolation or
that caused by normal frictional effects. Another early effort
was made by Wells and Kemp (1986) who measured wave
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spectra at three stations at 21.1, 11.7, and 4.3 km offshore of
Surinam. They reported 88 % wave energy dissipation over a
distance of about 9.4 km onshore and 96 % dissipation at the
most nearshore station. Investigating the dynamics of
mudbanks of the southwest coast of India, Mathew et al.
(1995) indicated 95 % wave energy attenuation onshore from
the 5-m isobath off the coast of Kerala. Sheremet and Stone
(2003) observed significantly smaller wave heights at a muddy
station, compared with another station covered with sand, in the
Gulf of Mexico considering the same incident wave condition
at two stations. They reported that wave damping occurred
throughout the entire wave spectra. Sheremet et al. (2005)
stressed the possible effect of nonlinear wave–wave interactions
on wave–mud interaction. The dissipation rate function was
presented by Elgar and Raubenheimer (2008) through field
measurements at 5- and 2-m water depths across the muddy
continental shelf of Louisiana. Rogers andHolland (2009) stud-
ied the impact of mud seafloor on the wave climate at Cassino
Beach, Brazil, and deduced considerable wave dissipation by
the nonrigid bed. The inverse spectral modeling was used to
extract unknown mud parameters. Safak et al. (2013) showed
by wave and boundary layer modeling that mud dissipation is
maximum during the hindered settling of fluid mud after a
storm. Their modeling results were compared with the obtained
wave measurements in the central Chenier Plain coast, western
Louisiana shelf, USA.

Zhang and Zhao (1999) investigated regular and irregular
wave–mud interaction in a wave flume and used natural
dredged soil as mud layer. The laboratory results were com-
pared with a multi-layered model similar to the numerical
model of Maa and Mehta (1990). De Boer et al. (2009) per-
formed some experiments in a flume in order to investigate
regular and irregular wave damping due to the presence of a
10-m-long fluid mud patch with a thickness of 20 cm. Their
experimental results were used to test the validity of the dis-
persion relation of Kranenburg (2008). Although the dissipa-
tion rates of wave spectra were investigated in these studies,
the effects of applying different incident wave spectra and the
continuous changes of the shapes of wave spectra along the
mud layer were not investigated.

The existence of steady current also affects wave–mud in-
teraction. An and Shibayama (1994) performed a series of
wave flume experiments for regular wave–current–mud inter-
action. Their results indicated higher rates of wave dissipation
and mud mass transport due to the existence of opposing cur-
rents, where the process was attributed to the change of water
pressure gradient at the water–mud interface. In their numer-
ical treatment, the deformation of waves due to currents is
modeled and the deformed wave was applied on fluid mud
layer and the linearized Navier–Stokes equations for a system
of water layer, and fluid mud sub-layers were solved.
Including a uniform current in the water layer, Nakano
(1994) also solved Navier–Stokes equations for the water

layer and fluid mud sub-layers assuming a simple
Newtonian viscous behavior for fluid mud. Another study
by De Wit and Kranenburg (1996) offered both theoretical
and experimental investigations of wave dissipation on fluid
mud layer using two artificial muds. A net flow was also
generated in the wave–current flume over mud layer.
Modifying the Gade (1958) model, they obtained a good
agreement between the calculated wave attenuation rates and
wave-induced velocities andmeasurements. Zhao et al. (2006)
proposed an eddy viscosity model for wave and current in
order to close the equations of wave motion or of current
motion in a combined flow, respectively.

Soltanpour et al. (2008) proposed an integrated wave–
mud–current interaction model to simulate energy dissipation
of traveling waves over nonrigid muddy beds and mud mass
transport in the presence of current. Assuming the viscoplastic
rheological behavior for mud layer, they compared the results
of their numerical model with the laboratory data of An and
Shibayama (1994), showing a good agreement. Kaihatu and
Tahvildari (2012) developed a phase-resolving nonlinear fre-
quency domain model with both wave–current interaction and
viscous mud-induced energy dissipation. The dissipation of
the random waves was enhanced by opposing currents and
reduced by following currents in the numerical model.
Comparisons of the modeled dissipation rates to laboratory
works of An and Shibayama (1994) and Zhao et al. (2006)
were also presented.

The present study investigates the wave transformation and
attenuation along soft mud layers as one of the major compo-
nents of irregular wave–mud interaction through a large series
of wave flume laboratory experiments with different incident
wave spectra. The wave height attenuation and the changes of
wave spectral shape along fluid mud layer were studied.
Another series of wave flume tests was employed to investi-
gate the effect of following and opposing currents on regular
and irregular wave propagation over muddy beds. Three dif-
ferent wave spectra are adopted in this study to investigate
irregular wave–mud and wave–current–mud interactions in
wave flume experiments, namely, JONSWAP—the Joint
North Sea Wave Project by Hasselmann et al. (1973);
Pierson and Moskowitz (1964); and Neumann (1953). The
effect of bandwidth on wave attenuation is studied here by
comparing the laboratory results of energy dissipation of dif-
ferent wave spectra.

2 Wave–current–mud interaction

Wave–current interaction is a complex phenomenon in coastal
and estuarine waters. In a simple treatment, Bretherton and
Garrett (1968) simplified the wave–current interaction by ap-
plying the wave action equation (i.e., wave energy density/
wave frequency relative to the current).
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ω−kUð Þ2−gk tanh kd ¼ 0 ð1Þ
where ω is the angular frequency,U is the mean depth-averaged
current velocity, k is the wave number, d is the water depth, and
g is the acceleration due to gravity. In order to define the constant
value, the reference level is specified as the no-current condition.

The more complicated irregular wave–current interaction
has also been studied (e.g., Tayfun et al. 1976, Hedges et al.
1985). Here, the changes in deformed wave spectrum are ob-
tained based on the simple equation proposed by Huang et al.
(1972). Considering the wave action as

∂
∂x

E CgrþU
� �

ωr

� �
¼0 ð2Þ

where ωr is the angular wave frequency in the frame of refer-
ence moving with current (intrinsic angular wave frequency).
After the current action, Eq. (2) can be rewritten as

E Cgr þ U
� �

ωr
¼ E0Cg0

ωa
ð3Þ

where the subscript B0^ refers to no current condition and ωa

is the angular wave frequency in the stationary frame of ref-
erence (apparent angular wave frequency). The group veloci-
ties are defined by the linear wave theory as

Cg0 ¼ 1

2
1þ 2k0d

sinh 2k0d

� �
ωa

k0
ð4Þ

Cgr ¼ 1

2
1þ 2kd

sinh 2kd

� �
ωr

k
ð5Þ

Inasmuch as the value of ωa of each component will remain
constant from no-current to current condition, the spectral
density in this transition condition can be written as follows:

Sηη ωa;Uð Þ
Sηη ωað Þ ¼ Sηη ωa;Uð Þdωa

Sηη ωað Þdωa
¼ E

E0
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ωr 1þ 2k0d

sinh 2k0d

� �� �

2k0 U þ 1þ 2kd

sinh 2kd

� �� �
ωr

2k

� 	 ð6Þ

Assuming that the waves are not refracted by current and
the water depth is sufficiently deep, the deformed spectrum
can be defined as (Huang et al. 1972):

Sηη ωa;Uð Þ
Sηη ωað Þ ¼ ω2

r

ω2
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1
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g
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¼ 4
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 �1=2
� �2

1þ 4Uωa
g


 �1=2

The interactive effects of wave–current field on muddy
beds are of considerable practical interests. In this study, it
is assumed that the wave attenuation process will take
place after regular/irregular waves are deformed due to
the currents. This assumption has been already justified
by the laboratory experiments of Otsubo and Muraoka
(1986) and An and Shibayama (1994) under regular wave.
They observed that when currents flow over a fluid mud
bed, sediments are transported only in the water layer by
the current if they are suspended or if the bed surface is
massively destroyed. There was no mass transport due to
the current action without wave.

The current is included to obtain the changed regular
wave height following Thomas (1981). In the case of an
irregular wave, the deformed wave spectrum due to cur-
rent action is calculated based on Huang et al. (1972).
Following the numerical model of An and Shibayama
(1994), the dissipation of regular waves and the
attenuated wave spectra at different sections along the
fluid mud layer are modeled using the extended
numerical model of Soltanpour et al. (2007) in the pres-
ence of currents.

3 Methods

3.1 Numerical model

The extended multi-layered numerical model of
Soltanpour et al. (2007) is used for simulating wave–
fluid mud interaction and the calculation of attenuation
of both regular waves and harmonic components of spec-
tral waves. The governing equations for the system of
water and fluid mud sub-layers are the linearized
Navier–Stokes equations, neglecting the convective ac-
celerations, and the continuity equation. Considering the
boundary conditions and using the periodic solutions for
particle velocities, the wave attenuation coefficient for
each wave component, ki

a xð Þ ¼ a0exp −kixð Þ ð8Þ
is computed. The details of the wave–mud interaction
model have been provided by Soltanpour et al. (2007).

The spectral wave is presented as superposition of many
simple, regular harmonic wave components having their own
amplitudes and periods using the Fourier theory. The modeled
wave spectra can be determined as

Ŝx f nð Þ ¼ Ŝ0 f nð Þexp −2kinxð Þ ð9Þ
where Ŝx(fn) is the modeling spectra at point x, Ŝ(fn) is the
average wave spectra at x=0 in the range of (fn, fn+Δf), and
fn and kin are the frequency and wave attenuation coefficient
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for each wave component, respectively. Choosing Δf is cru-
cial in this method where larger values result in a smaller
number of regular waves with higher wave heights. This will
highly affect the results of simulations depending on the
adopted rheological model.

The effect of the current is also included in the numerical
model to obtain the changed regular wave height following
Thomas (1981). In the case of a spectral wave, the deformed
wave spectrum due to the current is calculated based on
Huang et al. (1972).

3.2 Laboratory experiments

Two series of wave flume laboratory experiments on com-
mercial kaolinite were conducted in order to investigate
irregular wave–mud and also wave–current–mud interac-
tions. Two types of kaolinite (K and J) were used in these
experiments. Table 1 shows the characteristics of used
kaolinite.

The rheological parameters of oscillatory tests better
represent the wave–mud interaction because of the oscilla-
tory nature of the waves, although for some other cases,
such as gravitational flow of fluid mud over a mild slope,
rotary tests are more relevant. Here, the rheological param-
eters of the adopted viscoelastic rheological model of fluid
mud, i.e., viscosity μ and elastic modulus G of used kao-
linite K and kaolinite J, were adopted from the oscillatory
tests of Soltanpour and Samsami (2011), where they stud-
ied different rheological models and their performances for
the application in modeling of wave dissipation. No sensi-
tivity test was conducted on the viscosity and elasticity
modulus because of extracting of these rheological param-
eters out of direct laboratory tests.

3.2.1 Wave–mud interaction

In order to investigate the propagation of irregular waves
over fluid mud layers, the first series of experiments were
carried out in the wave flume of the Hydraulic Model
Laboratory of the Department of Civil Engineering at K.
N. Toosi University of Technology. The glass-sided tilting
flume with a stainless steel bed has a cross section of 30 cm
wide by 45 cm deep and a working length of 12.5 m. The
total length of flume including inlet and outlet tanks is
15.75 m. Two false beds were placed in the flume to con-
fine the beginning and the end of the mud section. The well

mixture of commercial kaolinite (kaolinite K) with tap wa-
ter was used as muddy bed. Figure 1a shows a schematic
diagram of the experimental setup. The waves were gener-
ated by a flap-type wave maker (the paddle is hinged at the
bottom of the flume). Different wave heights and periods
can be generated by the forward and/or backward move-
ments of the flap as a function of the stroke and speed of
the actuator. In order to avoid sudden jumps in the paddle
position on starting/stopping, the ramp up/down time for
the wave maker is about 25 s. Eight conductive wave
gauges at every 1.2 m were simultaneously employed to
measure rapid changes of surface water levels along the
wave flume.

Using a wave generation control program to generate
irregular waves, three various wave spectra of Pierson-
Moskowitz, JONSWAP, and Neumann with different sig-
nificant wave heights and frequencies were employed.
Random waves of JONSWAP and Pierson-Moskowitz
wave spectra can be directly produced by the wave maker.
Input parameters are directional spreading functions (in-
cluding cos2θ, cos6θ, cosnθ, Mitsuyasu, exponential), mod-
al period, significant wave height, and spectral shape for
JONSWAP spectra and directional spreading functions,
and modal period for Pierson-Moskowitz spectra.
Neumann spectra were defined based on the peak frequen-
cy. The value of spectral shape, γ, was set as 3.3 in
JONSWAP spectra.

Three water depths were selected above the muddy bed
(i.e., 10, 15, and 20 cm), and the thickness of the mud
was kept at 10 cm in all runs. Totally, 140 wave cases
were conducted. Incident wave conditions for Pierson-
Moskowitz (PT), JONSWAP (JT), and Neumann (NT) test
cases at the water depth of 15, 20, and 25 cm are listed in
Table 2.

3.2.2 Wave–current–mud interaction

The second series of laboratory experiments were carried
out in the wave flume of the Coastal Engineering
Laboratory of the Department of Civil and Environmental
Engineering at Waseda University, Japan, measured
40.5 cm wide by 60 cm deep in cross section and 13.8 m
in length. The well mixture of commercial kaolinite (kao-
linite J) with tap water was used as fluid mud bed at the 2-
m-long mud section with a thickness of 10 cm in the flume.
Regular monochromatic waves and irregular waves with

Table 1 Characteristics of used
commercial kaolinite Kaolinite SiO2 (%) Al2O3 (%) Fe2O3 (%) Particle size distribution

Kaolinite K 61–62 24–25 0.45–0.65 D45=2 μm, D99=20 μm

Kaolinite J 45.9 37.8 0.6 D40=2 μm, D86=10 μm
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JONSWAP spectra were produced by a flap-type wave
generator installed at the beginning of the flume. Wave
heights were recorded by three capacitance wave gauges,
where the data of gauge 2 presents the measured deformed
irregular waves due to currents and gauge 3 shows the
wave under effects of both current and fluid mud. A pump
system was employed to generate the following and oppos-
ing currents through an inlet and outlet, located at the bot-
tom of the flume. The current velocity was recorded by an
electro-magnetic current meter at a fixed location about
12 cm above the mud layer (Fig. 1b).

Table 3 presents the measured wave characteristics, cur-
rent velocities (positive and negative indicate following
and opposing currents, respectively), and the values of
the wave attenuation rate of the conducted test runs based
on Eq. (8).

4 Results and discussions

The viscoelastic rheological model was selected for the rheo-
logical behavior of the used mud layer in laboratory experi-
ments. The input parameters of the numerical model are the
amplitude and frequency of each discrete wave component of
the incident wave spectrum, water depth, and mud thickness.
In spite of the sensitivity of the numerical results to the rheo-
logical parameters, no calibration on viscoelastic parameters
was performed.

4.1 Spectral wave–mud interaction (first series
of experiments)

The wave spectra at each wave gauge along the muddy
bed based on initial JONSWAP, Pierson-Moskowitz, and

Neumann wave spectra were recorded, where the wave
spectra at first gauge represent the initial wave conditions
before the mud layer. The observations indicate that the
fluid mud bed absorbs the wave energy of wave spectra
resulting in the energy dissipation along the wave flume.
Figure 2 presents the wave height attenuations for the
three sample cases (i.e., JT4, PT9, and NT1). Despite
several known issues with the data (e.g., multiple reflec-
tions of the waves, nonuniformity of the mud bed thick-
ness, etc.) that cause the observed fluctuations, an expo-
nential decay can be a reasonable approximation for the
measured data. Similar fluctuations of measured wave
heights along the mud bed have been observed in the
wave flume laboratory results of other researchers
(Tsuruya et al. 1987; Sakakiyama and Bijker 1988;
De Boer et al. 2009).

The effects of spectral bandwidth parameters on
wave attenuation can also be investigated. Spectral pa-
rameters of waves may be expressed based on spectral
shape or bandwidth (e.g., ε, υ, Qp). These parameters
can be calculated by using spectral moments which are
defined as

mn ¼
Z ∞

0
f nS fð Þd f ð10Þ

The zeroth order, m0 (which is the area under the spectral
curve); the first order,m1; the second order, m2; and the fourth
order, m4, are the most used moments for calculation of wave
parameters.

Cartwright and Longuet-Higgins (1956) and Longuet-
Higgins (1975) proposed the spectral bandwidth parameter,
ε, and spectral width, υ, respectively. The spectral width, υ,
is also called Bspectral narrowness parameter^ (Rye and Svee

Fig. 1 Sketch of the wave flume experimental setup: a the first series of experiments at K. N. Toosi University of Technology and b the second series of
experiments at Waseda University (dimensions in m)
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Table 2 Incident wave
conditions measured at gauge No.
1 of the first series of laboratory
experiments

h=20 cm h=15 cm h=25 cm

Test fp (Hz) Hm0 (cm) Test fp (Hz) Hm0 (cm) Test fp (Hz) Hm0 (cm)

JT1 1.66 4.010 J'T1 1.66 2.326 J"T1 1.66 2.974

JT2 0.98 3.958 J'T2 1.56 2.909 J"T2 1.66 3.699

JT3 0.68 5.398 J'T3 1.56 3.464 J"T3 1.66 4.112

JT4 0.59 3.580 J'T4 1.56 3.936 J"T4 1.66 4.706

JT5 0.78 4.872 J'T5 1.66 4.256 J"T5 1.56 5.017

JT6 1.27 5.473 J'T6 0.68 3.084 J"T6 0.68 6.683

JT7 0.98 5.581 J'T7 0.68 4.177 J"T7 0.98 6.263

JT8 1.27 3.436 J'T8 0.68 5.199 J"T8 0.88 6.670

JT9 0.98 3.441 J'T9 0.68 6.179 J"T9 0.59 7.642

JT10 1.27 4.638 J'T10 0.68 6.863 J"T10 1.27 5.808

JT11 0.98 6.171 J'T11 0.98 2.840 J"T11 0.68 8.189

JT12 1.27 6.056 J'T12 0.98 3.683 J"T12 0.68 6.277

JT13 0.98 7.180 J'T13 0.98 4.539 J"T13 0.68 5.082

JT14 1.17 6.662 J'T14 0.98 5.460 J"T14 0.68 3.883

JT15 1.66 3.331 J'T15 0.98 6.152 J"T15 0.98 5.681

JT16 1.66 4.039 J'T16 0.78 2.805 J"T16 0.98 4.468

JT17 1.66 5.285 J'T17 0.78 3.839 J"T17 0.98 6.684

JT18 1.66 5.858 J'T18 0.78 4.662 J"T18 0.98 3.179

JT19 0.68 3.739 J'T19 0.78 5.634 J"T19 0.88 7.263

JT20 0.68 4.991 J'T20 0.78 6.254 J"T20 0.88 5.449

JT21 0.68 7.299 J'T21 0.59 3.233 J"T21 0.88 3.340

JT22 0.68 8.409 J'T22 0.59 4.254 J"T22 0.88 4.291

JT23 0.78 3.235 J'T23 0.59 5.405 J"T23 1.27 5.870

JT24 0.78 4.311 J'T24 0.59 6.327 J"T24 1.27 4.656

JT25 0.78 6.356 J'T27 1.27 2.330 J"T25 1.27 3.102

JT26 0.78 7.295 J'T28 1.27 3.016 J"T26 1.27 3.963

JT27 0.59 4.980 J'T29 1.27 3.697 J"T27 0.59 4.818

JT28 0.59 5.997 J'T30 1.27 4.309 J"T28 0.59 5.834

JT29 0.59 7.087 J'T31 1.27 4.794 J"T29 0.59 3.530

JT30 0.59 7.851 P'T1 1.27 1.191 J"T30 0.59 8.070

PT1 10.55 0.271 P'T2 1.07 1.574 P"T1 1.76 0.707

PT2 0.39 7.698 P'T3 0.98 1.915 P"T2 1.27 1.526

PT3 0.68 4.052 P'T4 0.78 2.447 P"T3 0.59 6.638

PT4 0.59 5.361 P'T6 0.78 2.635 P"T4 0.78 3.419

PT5 0.98 1.934 P'T7 0.68 3.222 P"T5 0.68 4.656

PT6 1.76 0.717 P'T8 0.68 3.756 P"T6 0.88 2.253

PT7 1.17 1.261 P'T9 0.59 4.415 P"T8 0.59 5.444

PT8 0.78 3.027 P'T10 0.59 4.704 P"T9 0.68 3.855

PT9 0.59 7.792 P'T11 0.59 5.284 P"T10 0.88 2.599

PT10 0.59 6.658 N'T9 0.59 4.619 P"T11 1.17 1.731

PT11 0.59 5.220 N'T10 0.59 3.381 P"T12 1.37 1.026

PT12 0.68 3.766 N'T11 0.68 2.317 P"T13 0.59 7.140

PT13 0.78 2.611 N'T12 0.68 1.613 N"T14 0.39 8.121

PT14 1.07 1.667 N'T13 0.78 1.034 N"T15 0.49 6.144

NT1 0.49 6.668 N"T16 0.59 4.168

NT2 0.59 5.041 N"T17 0.68 2.999

NT3 0.59 3.631

NT4 0.59 2.580

NT5 0.68 1.769

NT6 0.88 1.136
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1976). The spectral bandwidth parameter and spectral width
range from 0 to 1 are defined as

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

m2
2

m0m4

s
ð11Þ

υ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0m2

m2
1

−1
r

ð12Þ

Due to the existence of high-order moments in the spectral
bandwidth parameter ε, the use of the spectral width parameter
υ is preferred. υ2→0 when all wave energy is concentrated in
a single frequency. On the contrary, υ2 increases when wave
energy is broadly distributed among frequencies. Another
shape parameter, i.e., spectral peakedness parameter Qp, can
be defined as (Goda 1970)

Qp ¼
2

m2
0

Z ∞

0
f S2 fð Þd f ð13Þ

The values of Qp are normally more than 1.0. High values
of Qp correspond to narrow band and sharply peaked spectra.

Figure 3 presents the spectral peakedness parameter,Qp, of
incident waves at the first gauge for all conducted test cases at
different water depths. The corresponding wave height atten-
uations shown on the vertical axes were extracted based on the
measured waves at the beginning and the end of mud section,
i.e., wave gauges No. 1 and No. 8. In spite of the discrepancy
of data points, linear trend lines, representing the increase of
the wave attenuation rate ki by the increase of the spectral
peakedness parameter Qp, are observed in three water depths.
Thus, the narrow band and sharply peaked spectra traveling
over muddy beds show higher energy dissipation rates. This
can be attributed to the frequency dependency of wave energy
dissipation on the mud layer. A nonlinear wave interaction
might also be responsible as another possible mechanism, as
hypothesized by Sheremet et al. (2005). It may also result in a
shift in the peak frequency of a wave spectrum traveling on
real muddy coasts. However, this shift was not observed on
the short mud section of this experimental study.

It was expected that the trend line of h=15 cm shows the
highest slope, compared to the other two water depths of 20
and 25 cm, as the wave attenuation rate generally increases by
the decrease of water depth. However, considering that similar
input waves were applied for the three water depths, the oc-
curred wave breaking of higher incident irregular waves at 15-
cm water depth resulted to lower wave heights in this case at
gauge No.1.

Figure 4 shows the comparisons between the spectral
width, υ, at the end and the beginning of the mud section for
all test cases. The slight increase of the spectral width param-
eter along the muddy bed can be related to different energy
dissipation rates of irregular wave components, which results
in the unbalanced changes of spectral moments m0, m1, and
m2. However, it is observed that the spectral width along the
soft mud section does not significantly change with wave
characteristics or water depth.

Figures 5, 6, and 7 show comparisons of measured and
simulated wave spectra along the wave flume for the three
sample cases of JT4, PT9, and NT1, respectively, where the

Table 3 Measured data of the
second series of laboratory
experiments

Wave spectrum Test Height, Hm0 (cm) Frequency, fp (Hz) ki (1/m) U (cm/s) W (%)

Gauge 2 Gauge 3 Gauge 2 Gauge 3

JONSWAP JTN1 4.710 4.361 1.248 1.229 0.15388 −9.21 130.56

JTN2 4.391 3.951 1.253 1.250 0.21108 0 133.97

JTN3 3.922 3.723 1.227 1.250 0.10452 +9.47 137.65

JTN4 3.398 3.182 1.245 1.227 0.13101 −9.62 137.5

JTN5 3.112 2.941 1.217 1.227 0.11292 0 135.71

JTN6 2.672 2.610 1.205 1.206 0.04657 +9.96 133.33

Regular RTN1 3.577 3.325 1.259 1.259 0.14651 −10.43 136.67

RTN2 3.170 2.999 1.258 1.256 0.11058 0 133.33

RTN3 2.711 2.684 1.274 1.264 0.02055 +9.62 133.27

Fig. 2 The wave heights decay over the muddy bed (test cases JT4, PT9,
and NT1)
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wave spectra at first gauge represent the initial wave condi-
tions before the mud layer. The observations reveal the reduc-
tion of wave energy on the muddy bed along the wave flume.

The observed discrepancies between the model results and
data are due to the uncontrolled fluctuations of the measured
wave heights along the wave flume, as mentioned before. The
small reflected wave from the absorber at the end of the flume,
which is reflected again by the wave paddle, will end up to the
generation of a standing long wave in the flume affecting the
traveling wave. The uneven mud bed due the wave action,
which results in the local change of dissipation rate because
of the changes of fluid mud thickness and water depth, also
seems to be partially responsible for these fluctuations.

It should be noted that some data show the appearance of
what looks like a second harmonic of the spectral peak. This
can be due to either the undesirable laboratory conditions such
as the small vibrations of wave gauges or the nonlinear effects
which cannot be captured by our linear wave–mud interaction
model.

The quantitative comparisons between measured and cal-
culated results for the aforementioned test cases are listed in
Table 4. The relative error is also listed in the table. Figure 8
shows the comparisons between the computed and measured
representative wave heights. In spite of slight overall under-
estimation of simulated wave heights, the accuracy of
predicting the attenuated irregular waves is acceptable.
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Fig. 3 Spectral peakedness parameter versus wave height attenuation coefficient at different water depths
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4.2 Irregular wave–current–mud interaction (second
series of experiments)

Figure 9 shows the measured regular wave and JONSWAP
wave spectrum in gauge No. 2 with following and opposing

currents. The obtained spectral shapes are not fully developed
because of the short duration of the experiments (about 60–
90 s). The necessary time to generate a full spectrum depends
on the type of the wave spectrum and also the wave charac-
teristics. Applying the same input incident wave in all three

Fig. 5 Comparisons of measured
and simulated wave spectra (test
case JT4)
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conditions (i.e., opposing, following, and no currents), it is
observed that the wave energy increases due to opposing
currents and decreases in the case of following currents. It
should be added that choosing the same initial input

parameters will not result in the completely similar gener-
ated wave spectra because of the limitations of the flap-
type wave maker. Therefore, the incident regular/irregular
waves of each set of laboratory runs (i.e., three cases of

Fig. 6 Comparisons of measured
and simulated wave spectra (test
case PT9)

1314 Ocean Dynamics (2015) 65:1305–1320



opposing, following, and no-current conditions) are not
exactly similar.

A sample of measured wave spectra at gauge 2 (beginning
of the mud section) and gauge 3 (the attenuated wave height)

is illustrated in Fig. 10. The difference of the wave spectra at
these two gauges is small because of their short distance, due
to a relatively small mud section. However, the data of wave
attenuation rates in Table 3 reveal that the highest and lowest

Fig. 7 Comparisons of measured
and simulated wave spectra (test
case NT1)
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dissipation of wave heights occurs in the opposing and fol-
lowing currents, respectively.

Using the discretization method, the wave spectral defor-
mation due to current effect is calculated based on the theory
of Huang et al. (1972). Comparisons of measured wave spec-
tra (in gauge 2) and calculated wave spectra are shown in
Fig. 11. The observed discrepancy between the simulated
and measured wave spectra is mainly due to slight differences
in applied waves as it is not possible to exactly repeat the same
incident wave characteristics for the corresponding three test
cases of opposing, following, and no current by the flap-type
wave maker. Calculating the representative waves of the mea-
sured and calculated wave spectra due to opposing and fol-
lowing currents at gauge 2, Table 5 shows the quantitative
comparisons of the corresponding representative waves.
Similarly, the wave characteristics with the no-current condi-
tion were assumed as the incident wave. The comparisons of
regular waves are also presented in Table 5.

Similar to the first set of laboratory experiments, the spec-
tral wave transformation was used to calculate the attenuated
wave spectra using the deformed wave spectra at the begin-
ning of the mud section. Figure 12 shows the comparisons
between the measured and modeled wave spectra at gauge 3.
The selected values of Δf in the discretization method affect
the shape of wave spectra. Choosing the value of Δf=
0.078 Hz in this series of experiments has resulted to smooth
modeling wave spectra here. The representative wave param-
eters obtained from the attenuated spectra are also compared
to measured data and listed in Table 6. The comparisons indi-
cate that the attenuated wave height can be predicted by the
model.

5 Summary and conclusion

The spectral evolution of irregular waves propagating over a
muddy bed is studied in two series of wave flume experiments
with and without currents. The laboratory experiments
showed that the representative wave heights follow a nearly
exponential decay pattern over the muddy bed. The measure-
ments of wave spectra along the mud layer show that there is
no significant change or shift in peak frequencies due to prop-
agation of irregular waves over the muddy bed. The study on
the spectral bandwidth shows that higher values of spectral
peakedness parameters, which correspond to narrow band or
sharply peaked wave spectra, generally result in higher wave
height attenuation rates.

The extendedmulti-layered numerical model of Soltanpour
et al. (2007) was also verified using the new data set of irreg-
ular waves. Comparisons between the measured and simulat-
ed waves confirmed the earlier studies that wave spectral
modeling can be employed to predict the irregular wave height
decay on the fluid mud layer.

Table 4 Measured and calculated representativewave parameters (JT4,
PT9, and NT1)

Test case Gauge No. Measured Hm0

(cm)
Modeled Hm0

(cm)
RE Hm0 (%)

JT4 G1 3.574 – –

G2 3.106 3.375 8.672

G3 2.868 3.09 7.736

G4 2.963 2.845 3.988

G5 3.160 2.633 16.671

G6 2.957 2.449 17.173

G7 2.907 2.287 21.321

G8 2.626 2.145 18.321

PT9 G1 7.691 – –

G2 7.277 7.28 0.043

G3 6.971 6.706 3.806

G4 6.482 6.225 3.961

G5 6.957 5.818 16.367

G6 6.502 5.471 15.860

G7 6.678 5.172 22.549

G8 6.783 4.911 27.599

NT1 G1 6.603 – –

G2 6.055 6.326 4.478

G3 5.977 5.931 0.766

G4 6.159 5.597 9.128

G5 6.251 5.31 15.048

G6 6.318 5.061 19.894

G7 6.139 4.842 21.131

G8 6.195 4.648 24.971

Fig. 8 Comparisons between spectral measured and computed wave
heights at all gauges of the first series of experiments
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The wave–current–mud interaction was studied by simple
models of wave deformation due to currents. The second se-
ries of experimental investigation was conducted to find out
the irregular and regular wave–mud interaction with opposing
and following currents. It was concluded that in general, the
wave dissipation increases due to opposing currents and it
decreases in the case of following currents.

The numerical model of Soltanpour et al. (2007) was
extended for the simulation of irregular wave–mud–current
interaction by taking the spectral wave deformation into
consideration. To simulate the wave–current–mud interac-
tion, it was assumed that the dynamic pressure of wave
propagation on the mud surface is more important than
the shear stress at the interface between the water layer
and mud layer. This assumption means that the mud bed
responds only to the deformed wave resulting in the

wave–current interaction. In a mathematical formulation,
the irregular wave attenuation process takes place after
the deformation of wave. The wave spectrum is deformed
first due to current action, and the deformed spectral wave
is then applied on the fluid mud layer.

However, in spite of the capability of the model to predict
the energy dissipation on the mud layer, it should be added
that natural phenomena have been treated in a simplified man-
ner in the present study and there are many imperfections in
the numerical model. In addition to the general simplifications
of applying linear wave theory, the assumption of linear su-
perposition of regular wave components in the wave spectra is
a simplified approach in modeling of the transformation of
actual wave spectra on the mud layer. Moreover, modeling
of the wave–mud–current interaction was reduced to the ac-
tion of current on the wave and the interaction of deformed

Table 5 Comparisons of
measured and calculated
representative waves at gauge 2
(second set of experiments)

Wave spectrum Test U (cm/s) Measured Hm0 (cm) Modeled Hm0 (cm) RE Hm0 (%)

JONSWAP JTN1 −9.21 4.710 5.314 12.82

JTN3 +9.47 3.922 3.949 0.69

JTN4 −9.62 3.398 3.753 10.45

JTN6 +9.96 2.672 2.760 3.29

Regular RTN7 −10.43 3.577 3.904 9.14

RTN9 +9.62 2.711 2.750 1.44
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Fig. 11 Comparisons of
calculated and measured wave
spectra (at gauge 2) with
following and opposing currents
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wave with mud. Further theoretical and numerical studies are
necessary to include more realistic formulations for spectral

wave transformation on muddy beds and a full wave–current–
mud interaction.

Table 6 Comparison of
measured and modeled
representative wave heights on
the muddy bed (second set of
laboratory experiments)

Wave spectrum Test Measured Hm0 (cm) Modeled Hm0 (cm) RE Hm0 (%)

JONSWAP JTN1 4.361 4.791 9.86

JTN2 3.951 4.576 15.82

JTN3 3.723 4.012 7.76

JTN4 3.182 3.445 8.27

JTN5 2.941 3.192 8.53

JTN6 2.610 2.866 9.81
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and modeled wave spectra on the
muddy bed (at gauge 3)
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