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Abstract A non-intrusive “Micro-Chirp” acoustic system
and a signal-processing protocol have been developed to
estimate the bulk density of consolidating cohesive sediment
beds. Using high-frequency (300–700 kHz) Chirp acoustic
waves, laboratory measurements were conducted with clay–
water mixtures. Because acoustic echo strength is proportion-
al to variations in acoustic impedance, and the speed of sound
in the clay bed hardly changed during consolidation, the bulk
density could be successfully estimated without disturbing the
sediment bed. Based on acoustic signal analysis, this study
demonstrates that the reflection coefficient and bulk density at
the water–sediment interface increase with consolidation
time, and that a single speed of sound value can be used for
practical bulk density estimation in muddy environments.

Introduction

Cohesive sediment deposits are ubiquitously found along
many coasts and estuaries (Flemming 2002; Partheniades
2006). Such sediments generally exhibit the strongest
gradients in physical properties near the water–sediment

interface (Mehta and Dyer 1990; Winterwerp and van
Kesteren 2004; Holland et al. 2005). These gradients result
from repeated bed formation and destruction caused by
complex near-bed processes (e.g., erosion, deposition, con-
solidation, and bioturbation). Understanding the properties (e.
g., bulk density and erosion threshold) of the uppermost layer
(≈0.1 m) therefore can provide important information on
sedimentary history and mechanical sediment behavior.

A number of studies have addressed the characteristics
of the top layer of consolidating and/or consolidated beds
(e.g., Hawley 1981; Torfs et al. 1996; Sills 1998; Lintern et
al. 2002; Winterwerp and van Kesteren 2004). Nonetheless,
there are few reliable methods to adequately measure the
bulk density of this layer, because most current approaches
are of the intrusive type, and commonly severely disturb the
target layer (e.g., Hamilton 1971; Briggs and Richardson
1996; Maa et al. 1997; Seifert et al. 2008; Stark and Wever
2009). Direct coring is therefore still considered as the
standard against which to compare other methods requiring
elaborate calibrations for estimations of bulk density.
Coring, however, is a time- and labor-intensive procedure,
and cannot provide the high spatial and temporal reso-
lutions required for most purposes.

Alternative techniques include (1) nuclear-ray (e.g., γ- and
X-ray) attenuation, (2) attenuation of natural radioactivity, (3)
electrical impedance change, (4) tuning fork, and (5) acoustic
wave attenuation. The principle of a nuclear device is based on
the fact that sediments absorb more nuclear radiation as the
bulk density increases (Hirst et al. 1975; Been and Sills 1981;
Sills 1997, 1998; de Groot et al. 2009). Thus, the attenuation
of nuclear radiation passing through a sediment layer can be
used as a proxy for estimating the bulk density. In addition,
the relationship between the concentration of natural radio-
active isotope and sediment properties can be used to
determine the sediment composition and bulk density (Jacob
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et al. 2009). The use of a nuclear probe, however, requires
licenses and training for safe operation, and any loss in the
field may generate a serious contamination problem. The
electrical method is based on the principle that the sediment
itself is a poor conductor in comparison to water, and that the
overall conductivity depends mainly on the pore water
content and its salinity (Libicki and Bedford 1989; Dowling
1990). It has been suggested, however, that this method is not
suitable in brackish environments where the salinity varies
frequently (Winterwerp and van Kesteren 2004). More
recently, a tuning fork method has become commercially
available for in-situ density measurements (Fontein and van
der Wal 2006). The application of this instrument, however,
is limited to low-density fluid mud, so that integration with
other methods (e.g., acoustic) would be required to extend the
sensing range to underlying, higher-density sediment layers.

The drawbacks of both the intrusive and non-intrusive
techniques mentioned above emphasize the need for a less
complicated, non-intrusive method. One such alternative could
be themeasurement of physical sediment properties by acoustic
remote sensing (Libicki and Bedford 1989; Verbeek and
Cornelisse 1995; Maa et al. 1997; Holland et al. 2005; Kaya
et al. 2008). Since the acoustic echo strength is proportional to
the acoustic impedance (i.e., the product of the speed of sound
and density), bulk density can be calculated by the analysis of
acoustic signals returned from the sediment bed (Maa and Lee
2002; Holland et al. 2005; Kaya et al. 2008). Conventional
acoustic sub-bottom profilers have been used for decades to
measure the geo-acoustic properties of subsurface sediments.
However, the vertical resolution of such instruments is
generally too low to be of any use for the identification of
changes in bulk density within the near-surface sediment
layer. Nevertheless, in recent years, promising advances have
been made by the development of parametric echo-sounders
(e.g., Schrottke et al. 2006).

In the present study, we have explored the possibility of
estimating the bulk density and consolidation state of
muddy sediments using high-frequency (300–700 kHz)
Chirp acoustic waves. The main objectives were (1) to
develop a non-intrusive acoustic system and a data-
processing protocol for measuring the bulk density without
destroying the sediment fabric, and (2) to understand the
acoustic response to a progressively consolidating clay bed.

Materials and methods

Experimental apparatus

Consolidation experiments were conducted in a cylindrical
consolidation tank (diameter: 0.75 m; height: 1.5 m). An
immersion-type transducer (Olympus Inc., V389-SU) served as
the transmitter, and another (Olympus Inc., V301-SU) served

as the receiver. The two transducers were installed together
spaced at a horizontal distance of 0.05 m. An arbitrary function
generator (AFG; Gage Applied, CG1100) generated the Chirp
acoustic waves, which were fed into a 25-watt power amplifier
(Amplifier Research, 25A250A) for delivering the required
power to excite the transmitter (Fig. 1). Since the acoustic
return signal was weak, a 60-dB linear signal conditioner
(Nsite LLC, SC60) was used to boost the signal up to a
workable range between 0 and 4 V. For the purpose of
producing comparable data, the gain settings in both the
power amplifier and signal conditioner were maintained
constant for all measurements. With a sampling rate of
10 MHz, the conditioned signals were digitized by a 12-bit
analog-to-digital converter (ADC; Gage Applied, CS1250).
By using the transistor-transistor logic (TTL) trigger signal,
the generation of the source signal and the digitization of the
return signal were triggered simultaneously. A triggering
device incorporating a 555-timer circuit synchronized these
processes at 50 Hz. For each dataset, successive 100 repeated
measurements were ensemble-averaged to reduce noise. At
the beginning of the echo signal digitization, there was a short
time period (0–150 µs) in which data were severely
contaminated by the side lobes of the source transducer, and
the large relic vibration of the transducer after emitting
acoustic waves. Thus, they were purposely replaced by 0 V
within that period.

Chirp source signal

As a source signal, Chirp acoustic waves were employed to
excite the transmitting transducer. This kind of signal,
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Fig. 1 Block diagram of the Micro-Chirp acoustic system developed
in this study. The external trigger source, the arbitrary function
generator (AFG), and the analog-to-digital converter (ADC) are all
integrated into the control PC
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comprising a frequency-modulated (FM) and an amplitude-
modulated (AM) wave form (Fig. 2; Maa and Lee 2002),
has been widely used in sub-bottom profiling systems (e.g.,
LeBlanc et al. 1992) to improve signal-to-noise ratios
(SNRs) in signal processing. After the predetermined signal
duration (≈37 µs), the signal remains zero until the next
triggering event occurs. Details of the advantages gained by
using the Chirp source signal, rather than traditional pulse-
type signals, have been presented in Maa and Lee (2002).

The high-frequency (300–700 kHz) Chirp signal array was
generated by

yðiÞ ¼ sin
ip
n

� �
sin

2 i� 1ð Þp
T

� �
ð1Þ

where T is the wave period, varying as T=260–0.03 (i–1),
with i=1 to n, and n=3,000. The first sine function plays a
role in modulating the wave amplitude, while the second one
is for modulating the wave frequency. Discrete data generated
by Eq. 1 were loaded to the AFG through its built-in wave
form editor. At a digital-to-analog conversion rate of
80 MHz, Chirp acoustic waves were generated with a central
frequency of approx. 500 kHz (Fig. 2). The frequencies at the
left and the right wing of the generated waves were about
300 and 700 kHz, respectively. It is noted that the wave form
in Fig. 2 is somewhat different from the original Chirp
specification (LeBlanc et al. 1992), which used a Gaussian
distribution function to modulate the wave amplitude.
Instead, we used a sinusoidal wave form, because Maa and
Lee (2002) confirmed that it is as good as the Gaussian
function in terms of signal modulation and SNR control. The
integrated system developed in this study is named the
“Micro-Chirp” system, after the Chirp acoustic waves.

Experimental procedures

A commercially available kaolinite clay (d50≈1 µm) was
used in this experiment. For the sediment preparation, the
dry kaolinite was mixed with tap water for about 30 days to
reach a fully water-saturated condition. The kaolinite slurry
was further diluted with tap water, and mixed by running
three submersible pumps with different vent directions to
generate a homogeneous mixture in the tank. The initial

concentration was approx. 45 g l−1, and the initial height of
the water column was 1.40 m. After mixing for 24 h, all
pumps were stopped and removed from the tank to enable
the suspended sediments to settle and consolidate.

The two downward-looking transducers were installed at
0.1 m below the water surface. Care was taken to avoid air
bubbles beneath the transducers, because these can signifi-
cantly affect the acoustic scattering response (Mole et al.
1972; Skaropoulos et al. 2003). Acoustic return signals were
sequentially recorded at elapsed time intervals of 5, 24, 216,
338, 484, and 1,034 h. Through the translucent sidewall of
the tank, the changing height of the water–sediment interface
above the tank bottom was recorded over the entire
experimental period. Using a syringe, clay–water mixtures
were extracted through several sampling ports (0.1, 0.2, 0.4,
0.6, 0.8, 1.0, 1.15, and 1.3 m above the tank bottom) in the
sidewall. The withdrawn samples were filtered through 0.7-
μm glass-fiber filters when the concentration of a sample
was expected to be low (ca. <0.5 g l−1). When a sample was
collected below the water–sediment interface at a relatively
high sediment concentration, a pre-weighed aluminum pan
was used to hold the sample. The residues on the filters (or
the samples on the aluminum pan) were oven dried at 103–
105°C for 24 h, cooled in a desiccator for 2 h, and then
weighed to determine dry sediment mass, Ms. With the given
volumes of the sediment samples, Vt, and assuming a solid
sediment density of ρs=2.65 g cm−3, the bulk density (ρb)
was calculated from the relation

rb ¼
Ms

Vt
þ rw 1� ϕsð Þ ð2Þ

where ϕs=Ms/Vt/ρs is the sediment volume fraction in the
unit volume of sample, and ρw is the water density.

Data processing

The digital signal processing (Fig. 3) mostly utilized
functions available in the Matlab® signal-processing tool-
box. The first step was signal normalization. Because each
measurement has echo signal strengths acquired at different
ranges, the beam spreading and sound attenuation along the
propagation path in the water column must be compensat-
ed. The received signal pressure (P) at the transducer can be
expressed as

P z; tð Þ ¼ R q; z; tð Þ P0

ffiffiffiffiffiffiffiffiffiffi
B qð Þp
2z

e�2a z ð3Þ

where P is proportional to the measured signal amplitude in
volt, and P0 is the source level (reference to 1 m), R the
reflection coefficient, B the beam pattern factor (a Gaussian
distribution with −3 dB beam width at ±2.3°), θ the beam
angle, α the sound attenuation coefficient, z the height
above the bed, and t the duration for consolidation.
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Fig. 2 Transmitted Chirp acoustic waves. The central frequency is
about 500 kHz, and the frequency range is 300–700 kHz
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The second step was the noise filtration to improve the
SNR. In order to filter out undesirable noise embedded in the
return waves, a digital band-pass filter was implemented to
remove signals from the given bandwidth (i.e., 300–700 kHz).
As a third and more powerful de-noising technique, we used
cross-correlation to significantly increase the SNR, and to
determine the existence and location of any interface caused
by the difference in acoustic impedance. Mathematically, the
cross-correlation of two signals, f(t) and g(t), is defined by

r tð Þ ¼
Z

f ðtÞg t þ tð Þdt ð4Þ

where f(t) is the raw return signal, g(t) the source signal, and
τ has the effect of shifting g(t) forward in time relative to f(t)

(Stearns 2003). The correlation value, r(τ), is high if the
source is similar to the return signal—that is, it represents the
degree of confidence in detecting the true return signal.
When the discrete digital signals, f(t) and g(t), have a length
of N, the element length of output, r(τ), is 2N–1, and the 0th
lag is located in the middle of r(τ). Thus, only the second
half of r(τ), starting at the 0th lag, was taken for the next
processes.

Since the value of acoustic impedance must always be
positive, but r(τ) has positive and negative fluctuations, we
simply looked at the positive half of r(τ) by folding the
record at mid-level. This can be done by taking the absolute
values of r(τ).

The oscillating nature of r(τ) is caused by the fact that the
two signals f(t) and g(t+τ) are also oscillating at the central
frequency (fc=500 kHz in this study). When the two signals
match the best, r(τ) would be the maximum. When these two
signals are just off by half wavelength, r(τ) will become
negative, but it will become a small positive number again
when the lag approaches one wavelength. For this reason, it
is understood that the high-frequency oscillating nature is not
indicative of the fast change of correlation. Indeed, the
envelope of r(τ) represents the change of correlation.
Therefore, the above statements can be written as

dZðtÞ
dt

/ E rðtÞj j½ � ð5Þ

where Z is the acoustic impedance, E the envelope, and rðtÞj j
the processed signals after cross-correlation. Spikes of this
envelope curve indicate the locations of the water–sediment
interface and underlying substrata interface(s). The resolu-
tion of the measurement is also determined by the frequency
of g(t). Since 500-kHz supersonic waves have a wavelength
of 3 mm, this would be the vertical resolution.

By integrating the gradient of acoustic impedance with
time, a time series of acoustic impedance, Z(τ), can be
calculated by

Z tð Þ ¼ rb tð Þc ¼
Z t

0

dZðtÞ
dt

dt ð6Þ

where τ is the elapsed time, ρb the bulk density, and c the
speed of sound in the medium.

Using τ=2z/c, the signal of acoustic impedance in the
time domain, Z(τ), can be converted into the acoustic
impedance in the spatial domain, Z(z). Since the speed of
sound in water is almost the same as that in clay (Maa et al.
1997; also see the results of the present study below),
variations in acoustic impedance can reasonably be attrib-
uted to variations in bulk density.

Because the processed acoustic echo strength cannot
directly provide a value of bulk density, the signal needs
calibration with ground-truth data in the post-processing
stage. Details, including an example, are described below.

- Digital band-pass filter (300-700 kHz)
- Cross correlation to increase SNR

Noise filtration

- Compensate attenuation and spreading

Signal normalization

- Identify the water-sediment interface and 
  substrata interface(s) 

Envelope curve

Integration

- Take absolute value for positive signal

Signal folding

Signal calibration

- Ground-truthing with sample-derived  
  bulk density
- Convert signal strength to bulk density

- Derive the profile of acoustic impedance 

Domain change

- Time to space domain by sound speed

Fig. 3 Flow chart for digital signal processing. SNR Signal-to-noise
ratio
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In another approach, the bulk density at the water–
sediment interface can be explicitly estimated by Fresnel’s
reflection law,

R ¼ r2c2 � r1c1
r2c2 þ r1c1

ð7Þ

where ρ is the density, c the speed of sound, and the subscripts
1 and 2 refer to the overlying water and the sediment layer,
respectively. By rearranging Eq. 3, R can be estimated by

R q; z; tð Þ ¼ 2z P z; tð Þ
P0

ffiffiffiffiffiffiffiffiffiffi
B qð Þp e2a z ð8Þ

Since all the parameters on the right-hand side of Eq. 8 are
known, the reflection coefficient R for the water–sediment
interface at the different geo-times can be determined. This is
a simple and promising technique for estimating the bulk
density of a near-bed layer without having to depend on an
empirical relationship (Holland 2003). It is noted that the
Fresnel’s reflection method provides density estimates at the
water—sediment interface, whereas the proposed empirical
method provides density estimates in deeper sediment layers.

Results

Sample analysis

In tandem with acoustic measurements, the locations of
water–sediment interfaces for the various consolidation stages

were visually observed through the tank wall (see arrows in
Fig. 4). As time elapsed, the water–sediment interface
gradually migrated downward, while the suspended sedi-
ment concentration (or bulk density) below that interface
gradually increased (Fig. 4). At an elapsed time of 1,034 h,
the bulk density at 0.1 m above the tank bottom increased to
about 1.25 g cm−3. On the basis of the settlement rate of the
interface level, the settling and consolidation states can be
subdivided into three stages (Fig. 5):

1. During the first few hours, the water–sediment interface
could not be determined because either there was no
clear water–sediment interface, or the impedance
difference was too small to be detected. At an elapsed
time of 5 h, a first sharply defined interface was
identified at 1.13 m, which subsequently dropped
rapidly to 0.44 m by 24 h, leaving the overlying water
relatively clear. During this stage, the settlement rate of
the interface was approx. 3.6 cm h−1.

2. Between 24 and 400 h, settling and consolidation
continued at a moderate rate of approx. 0.06 cm h−1, the
interface being located at 0.22 m at the end of this stage.

3. After about 400 h, consolidation proceeded at a much
lower rate, the interface being located at 0.2 m at the
end of the experiment.

The consolidation state can also be determined from the
reflection coefficient of the acoustic wave. This is dealt
with below.
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Acoustic signal analysis

Due to the significant differences in acoustic impedance
between clear water and sediment suspensions, the first
salient peak in the return wave train was always encoun-
tered at the water–sediment interface, which was well
correlated with the visually observed interface (Fig. 4). The
echo signal strength from the first acoustic interface then
progressively increased with consolidation time. Thus, the
5-h data show a relatively weak signal at the first peak. This
can be explained in two possible ways. First, it may be
caused by a weak density gradient near the water–sediment
interface, because during the early stages of consolidation
the bulk density gradient near the interface was not
sufficiently large to generate a strong signal. Based on the
sample-derived bulk densities, the bulk density gradient
should be larger than about 0.025 g cm−3 for the present
system to clearly detect the interface. A second reason may
be related to the beam pattern of the source transducer used
in the experiment. After 5 h, the distance between the
source transducer and the water–sediment interface was
about 0.17 m. Considering that the horizontal distance
between the source and the receiver was only 0.05 m, the
angle of reflection should be approx. 8.4° [=tan−1(0.025/
0.17)] in order to sense the return signal within the main
lobe of the receiver. However, the employed source
transducer had a beam angle of 4.6°. This indicates that
the acoustic waves reflected from the water–sediment
interface at 5 h were outside the main beam. As the
water–sediment interface descended further with elapsed
time, the return signal from the water–sediment interface
gradually moved into the main beam. The effect of the
beam angle eventually disappeared when the location of the
water–sediment interface reached a distance of about
0.62 m below the transducer.

The second spike commonly occurred at the tank
bottom, except for the 5-h data. At that time, the signal
reflected from the tank bottom was too weak to be detected.
This implies that the acoustic waves were mostly attenuated
while traveling through the high-concentration (ca. 40 g l−1)
sediment-laden layer having a thickness of 1.13 m.

Signals backscattered by suspended particles are almost
zero (see Fig. 4), showing very flat signals before reaching
the water–sediment interface. This is because the wave-
length (2–5 mm) of the Chirp signal is much longer than
the diameter (≈1 µm) of the kaolinite particles, which
explains the very low acoustic sensitivity (Ha et al. 2009).
For this reason, the signals originating from the water
column were not included in the calibration. Instead, the
sample-derived bulk densities from below the water–
sediment interface were compared with the processed signal
(i.e., the signal output after the domain change shown in
Fig. 3) strengths at the corresponding sampling levels
(Fig. 6). The processed signal strength generally exhibits an
exponential relationship with the true bulk density, leading
to the following calibration equation:

rbðzÞ ¼ aþ bekSðzÞ ð9Þ
where a, b, and k are empirical coefficients calculated by
using least-squares curve fitting, and S(z) is the processed
signal strength. It was assumed that ρb is 1 g cm−3 at S=0,
representing a clear water condition.

While converting the processed signal strength in the
time domain to the bulk density in the space domain, local
speeds of sound had to be determined in both the water
column and the consolidating mud layer. The two-way
travel time (TWTT) between the transducer and the water–
sediment interface (i.e., the first arrival peak in the envelope
curve), and the corresponding propagation length were used
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to determine the speed of sound in the water column.
Similarly, the TWTT between the water–sediment interface
and the tank bottom (i.e., the time interval between the first
and the second arrival peak), and the visually observed
sediment thickness were used to compute the speed of
sound in the consolidating clay layer. Because a small
amount of sediment was still suspended in the water
column during the earlier stages (e.g., 5 and 24 h), only
the data between 216 and 1,034 h were analyzed in order to
strictly avoid any sound attenuation effect (even if
insignificant in principle).

Figure 7a shows that the speed of sound in the
consolidating clay bed was always slightly lower than that
in the overlying water. On average, the speed of sound in
the water column remained approx. 1,497 m s−1. In the
consolidating clay bed, by contrast, the average speed of
sound showed a slight decreasing trend after 338 h;
nevertheless, the rate of change was negligibly small
considering the error ranges. The maximum speed of sound
(1,499.6 m s−1) in the water was only 2.3% higher than the
minimum value (1,466.2 m s−1) in the consolidating clay
bed. It is therefore quite acceptable to use a single speed of
sound value to convert the time series of signals to the
space domain.

In order to verify the calculated speed of sound, the
formula of Wood (1964) for estimating the speed of sound
in clay beds with different bulk densities was used:

c ¼ 1

ϕ=Kw þ 1� ϕð Þ=Ks½ �rb

� �1=2

ð10Þ

where ϕ is the fractional porosity, and Kw and Ks are the
bulk moduli of water and sediment, respectively. In Eq. 10,
it is assumed that the rigidity introduced by the grain-to-

grain contact was negligible. However, it was found that the
speeds of sound in the consolidating clay beds were
actually slightly higher than those predicted by Wood’s
equation (Fig. 7b). In this context, Jackson and Richardson
(2007) pointed out that higher measured values are related
to the presence of rigidity in the consolidating bed, a fact
not considered in Eq. 10, as pointed out above.

Reflection coefficient and bulk density

The predetermined speeds of sound and R are required to
calculate the bulk density. Due to the previously described
limitations in beam geometry for this experiment, R and
bulk density were estimated only between 216 and 1,034 h.
Both R and bulk density gradually intensified with the
consolidation time. At the end of the measurement series, R
had increased to 0.118, and the bulk density to 1.29 g cm−3

(Fig. 8). The difference between bulk densities estimated
both with and without the measured sound speed in clay
was about 1–2%, which is also practically negligible
(Table 1). The estimates of bulk density at the water–
sediment interface should be less than or nearly equal to the
average bulk density of the sediment layer. All estimates
based on Fresnel’s reflection equation showed slightly less
than the average of the bulk density in the sediment layer,
except the 1,034-h data, which might be due to errors in
measurement (Figs. 4 and 8). As the difference in bulk
density between the clay layer and the overlying water
became larger with time, the difference in acoustic
impedance increased accordingly. This increase, which
suggests that consolidation in the surface layer was still in
progress even after 1,034 h, was plausibly caused by
consolidation-induced factors (e.g., dewatering, decrease in
porosity, and increase in bed rigidity). Consequently, the
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bulk density and the maturity of consolidation state in the
surface layer can be acoustically gauged by measuring
changes in R.

Discussion

Possible limitations

Despite the advantages of the Micro-Chirp acoustic system
over other methods, it still has room for improvement. In
Eq. 5, the envelope curve is claimed to be proportional to
the gradient of acoustic impedance. Since the envelope
curve always shows a positive value, there is no possibility
for impedance or bulk density to decrease. In estimating the
vertical profile of bulk density in sediment layers, this is a
weakness of this developed signal-processing protocol. It is
noted, however, that the main target of this study is to
quickly estimate the average bulk density in the top
(approx. a few centimeters) clay layer. In order to provide
the deeper profile of bulk density, therefore, the penetration
depth of the Micro-Chirp acoustic system must be extended
by employing a high-power amplifier and related instru-
ments, and the sound attenuation in the sediment layer
should be also taken into account. Further validation
involving the signal-processing algorithm should be done.

Future field application

In order to deploy the developed Micro-Chirp acoustic
system in the field, some hardware modifications will be
necessary even though most of the instrumentation would
normally be found on board a ship. Thus, a firm underwater
mounting frame will be needed to hold the transducers.
Unlike the laboratory setup, the location and alignment of
transducers in the field are more critical to avoid negative
influences on the return signal strength and the grazing
angle of the transmitted beam, because turbulence will
continuously exert mechanical forces to the underwater
units. It is therefore recommended that motion sensors that
detect tilting angles and depth be installed in order to
correctly compensate the sound reflection and spreading
loss caused by the motion of the underwater units.

At deeper deployment sites, more attenuation and
spreading of return signals should be taken into account,
because the return acoustic waves would be significantly
dampened by the water and suspended materials. Sound
attenuation, in particular, is extremely high if a high-
concentration layer such as a fluid mud is formed near the
bed. In addition, signal contamination while traveling along
the connecting cable between the onboard units and the
underwater units is inevitable. To effectively boost the
attenuated return signals, the linear signal conditioner used
in this laboratory study should be replaced by a logarithmic
(>80 dB) signal conditioner that is capable of amplifying
the true return signal more powerfully than the background
noise. It is preferable that this amplifier and ADC unit be
enclosed in a watertight container to be mounted in the
frame as close as possible to the receiving transducer.

In muddy environments, the developed signal-processing
protocol can conveniently be used to estimate the consol-
idation state and bulk density. If the bottom sediment is
composed of either sand or heterogeneous mixtures of sand
and mud, the correct determination of the speed of sound in
the sediment bed is critical for accurate bulk density
measurements. This is because the precision in the speed
of sound is a main parameter to determine the vertical
resolution of bulk density. The speed of sound in pure mud
is ca. 1,450 m s−1, whereas in pure sand it is ca. 1,750 m s−1

(Maa and Lee 2002). Further investigations are therefore
needed to develop a new algorithm that considers variations
in the speed of sound for various mixtures of sand and mud.
Incorporation of a sound velocimeter in the instrument
package may partly solve this problem. In addition, a
number of independent, site-specific bulk density measure-
ments should be carried out to have reference values for
calibration purposes (e.g., Flemming and Delafontaine
2000; Tolhurst et al. 2005).

Conclusions

The main conclusions drawn from this study are:

1. The measured acoustic responses demonstrate that
settling and consolidation of suspended mud resulted
in progressively increasing bulk densities of the

Elapsed time (h) Bulk density (g cm−3)

Water sample Micro-Chirp Fresnel equation

216 1.1207 1.1045 1.0987 (1.0827)a

338 1.1328 1.1366 1.1252 (1.1079)

484 1.1806 1.1704 1.1710 (1.1504)

1,034 1.2459 1.2539 1.2913 (1.2636)

Table 1 Comparison of bulk
densities estimated by three dif-
ferent methods

a Values in parentheses were esti-
mated by assuming that the sound
speed in clay is equal to that in
water
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sediment bed, and differences in acoustic impedance
near the water–sediment interface. Accordingly, the
acoustic wave reflectivity at that interface increased
with consolidation time. Because the speed of sound in
the clay bed hardly changed, and its value is close to
that of water, a single velocity of sound value can be
used for practical bulk density estimations in muddy
environments.

2. The developed Micro-Chirp acoustic system and its
signal-processing protocol yield remote estimations of
bulk density and consolidation state in consolidating
clay beds. This technique can be applied for in-situ
bulk density measurements within the top layer of a
sediment bed after proper system calibration by means
of in-situ sediment samples.
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