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This report is the final report on the work ARLUT was tasked to do under 
Contact N00039-91-C-0082, TD No. 01A2059, "Analysis of Sea Test Data I". 
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1.       INTRODUCTION 

Experiments were conducted by Naval Research Laboratory/Stennis 
Space Center (NRL/SSC) in cooperation with Applied Research Laboratories, 
The University of Texas at Austin (ARLUT), to measure sound propagation at 
two sites, in a muddy sediment at Eckernförde, Germany, and in a sandy 
sediment off Panama City, Florida. The objective was to study the sound 
propagating from water into the sediment, in particular, to test the validity of Biot's 
theory at high frequencies, as part of the Coastal Benthic Boundary Layer 
Special Research Program (CBBL SRP). The data collected were analyzed by 
ARLUT for sound propagation through the sediment. A sparse array buried in 
the sediment was used to collect the acoustic data. It was designed to detect 
acoustic waves traveling at speeds in the range of 600-2000 m/s. Based on 
previous experience, this range is expected to encompass all of the acoustic 
waves that may be present in unconsolidated shallow water sediments. A sharp 
contrast was expected between the results from the soft muddy sediment and 
from the harder sandy sediment. The acoustic data are particularly valuable 
because they are supported by environmental measurements by other CBBL 
participants, including depth sounder and sidescan sonar data, and extensive 
core samples throughout the test area. This report describes the methods used 
to detect and measure the direction and speed of acoustic waves and their 
attenuations, and the results obtained. 
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2.       EXPERIMENT 

Based on previous experimental results and knowledge of the geophysics 
of sandy sediments, a model of acoustic sediment penetration was constructed. 
The model was used to estimate the penetration of acoustic waves at 
frequencies in the high frequency band. Based on these results, a hydrophone 
array was designed to detect and measure the speed and attenuation of 
sediment penetrating waves. 

A set of acoustic projectors was mounted on a tower at a height of 
approximately 7 m above the bottom. Hydrophone arrays were planted in the 
sediments. Each array consisted of four hydrophones: one on the sediment 
surface and two others directly beneath. The fourth hydrophone was planted 
down range. The configuration of the array used in the muddy site is as shown in 
Fig. 2.1. The deepest hydrophone was at a depth of 0.732 m, and connected to 
receiver channel 33. The second deepest was at a depth of 0.518 m, and 
connected to channel 34. The down range hydrophone was connected to 
channel 35. The surface hydrophone was connected to channel 36. The array 
configuration in the sandy site is shown in Fig. 2.2. The deepest hydrophone 
was at 0.30 m, and connected to channel 34. The depths and receiver channels 
are as shown in Fig. 2.2. At both sites, three hydrophone arrays were deployed 
at ranges of 13.7, 20.1, and 39.4 m from the projector, giving grazing angles of 
30°, 18°, and 10°, as shown in Fig. 2.3. 

Signals were transmitted from the projector to the hydrophones. Carrier 
frequencies used were 20, 40, 60, 90,110,131,150, and 179 kHz. In all cases, 
the received signals were amplified, demodulated to a center frequency of 5 kHz 
and low pass filtered at 10 kHz, sampled at 20 kHz, and digitized to optical disk, 
by NRL/SSC, under the direction of Dr. Steve Stanic. 



Figure 2.1 
Buried hydrophone array: muddy site. 
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Figure 2.2 
Buried hydrophone array: sandy site. 
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Figure 2.3 
Layout of hydrophone arrays and projector. 
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3.   DATA PROCESSING 

3.1  PULSE COMPRESSION 

The pulses used were typically cw or linear frequency modulation (LFM) 
chirp pulses of a duration of 0.5 - 5 ms. The recorded data were generally of 
good quality. Those at the higher frequencies tended to be contaminated by 
system noise to some degree. An example of the received signals at 110 kHz, 
from run 313 of the sandy site, at the shortest range, is shown in Fig. 3.1. Two 
signals are shown. The signal from channel 37 is from the surface hydrophone, 
and that from channel 36 is from the buried hydrophone 1 m down range. The 
signals from the buried hydrophones, such as channel 36, tend to be weaker, 
hence more noisy. 

In computing wave direction and speed, it is necessary to be able to 
accurately resolve the arrival time differences of the signals at the four 
hydrophones. Normally, phase coherent methods are the most sensitive. 
However, in an experiment of this type, the placement of the hydrophones will 
have an error that is typically larger than the signal wavelength at these 
frequencies. Therefore, phase information is not expected to be usable. 

Without phase information, the next best approach is to compress the 
pulse and resolve arrival times with the compressed signal envelope. The usable 
signal bandwidth is approximately 5 kHz, which should be able to provide a pulse 
width, hence timing resolution, of 0.2 ms. The signal in channel 37, the surface 
hydrophone, was used as the reference signal; the time of its arrival is defined as 
t=0. Its fast Fourier transform (FFT) was used to construct a bandlimited inverse 
filter, which is applied to the signals from all four hydrophones. The filtered 
signals were coherently averaged over a number of pings. Corresponding 
examples of the resulting signal envelopes squared are shown in Fig. 3.2. In this 
example, the filtered signals were averaged over ten pings. A pulse width of 
0.2 ms was achieved. Furthermore, the improved signal-to-noise ratio (SNR) 
permits a timing resolution significantly better than the pulse width. 
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Figure 3.1 
Examples of raw signal pulses. 

8 

ARL:UT 
AS-95-630 
NPC - rfg 
9-95 



1.0- 

0.8- 

0.6- 

0.4- 

0.2- 

0.0- LX 

Channel 37 

T 
0 4 6 

Time - ms 
8 

0.30- 

0.20- 

0.10- 

0.00- 

Channel 36 

2 
~l  

4 
Time 

8 
ms 

Figure 3.2 
Examples of compressed signal pulse envelopes squared. 
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3.2     WAVE SPEED AND DIRECTION 

Using a simple linear superposition method, a plot of relative intensity of 
acoustic waves, as a function of speed and direction, was generated for each 
run. The output is in the form of an intensity plot in a direction-speed space; 
direction is in the form of elevation angle, within the vertical section through the 
source position and the centroid of the hydrophone array, and ranging from +90° 
(upward vertical) to -90° (downward vertical); the speed range is 600-2500 m/s, 
in a scale that is inversely linear. A peak in intensity is indicative of a wave 
traveling at the indicated wave speed and direction. 

The results from the sandy site are shown in Fig. 3.3. Runs 298-313 
cover the frequencies of 20-110 kHz at a grazing angle of 30°. It is seen that at 
the low end of the spectrum, the dominant wave is the fast wave, traveling at a 
very slight depression angle, at a speed of approximately 1700 m/s, which is 
consistent with sound speeds measured from core samples by Briggs and 
Richardson.1 At higher frequencies, a slow wave at a speed of 1200 m/s tends 
to dominate. At 110 kHz, run 313, both waves are detectable. The normalized 
signal envelopes are shown in Fig. 3.4(a). The signal at the deepest 
hydrophone, channel 34, has two discernible peaks, corresponding to the fast 
and slow waves, respectively. Runs 341-351 (Fig. 3.3) cover a similar range of 
frequencies, but at a grazing angle of 10°. In this case, the slow wave appears to 
be dominant at all frequencies. There is one anomalous result in run 349 at 
40 kHz, where another wave, at a speed of 850 m/s, is indicated. Given the 
grazing angle and the sound speed in water, Snell's Law of refraction may be 
used to predict a curve in the direction/speed space on which all refracted waves 
must lie. On comparison with Snell's Law of refraction, there appears to be a 
constant offset in angle that suggests that the array may be slightly tilted. This is 
illustrated in Fig. 3.4(b) for the 30° grazing angle case, where the tilt is estimated 
to be -7.7°. In the 10° case, it is estimated to be +8.2°. After allowing for these 
angle offsets, Snell's Law of refraction is coincident with the speed and direction 
of both the fast and slow waves in all cases. 

The results from the muddy site are shown in Fig. 3.5. Only the data from 
the 10° grazing angle case were analyzed. The results clearly show only one 

10 
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from muddy site (Eckernförde, Germany, 1992). 
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acoustic wave, propagating at a speed of approximately 1400 m/s which is 
consistent with sound speeds measured from core samples by Briggs and 
Richardson.1 The direction, however, is 30° upward relative to the horizontal. 
This is confirmed by the relative arrival times of the signal pulses, shown in 
Fig. 3.6 for run 388, which shows pulses at the deeper hydrophones arriving 
earlier. This could conceivably be a wave reflected from a subbottom layer but 
this is unlikely, because there is no sign of the direct wave, or any other wave. 
The most likely explanation is that the array is tilted by an angle of 45°, as 
illustrated in Fig. 3.6(b). When the SnelPs Law of refraction curve is offset by this 
angle, it coincides with the direction and speed of the measured waves, as 
shown in Fig. 3.5. However, the array was installed with great care in its proper 
orientation, and the interpretation of these results remains unresolved. 

3.3     WAVE ATTENUATION 

The relative signal levels from the sandy site, at a grazing angle of 30°, 
referenced to the level at the surface hydrophone, are shown in Fig. 3.7, as a 
function of hydrophone depth and frequency. Except for the deepest 
hydrophone, there does not appear to be a monotonic decrease in signal level as 
a function of depth. The reason for this phenomenon is not clear. It is most likely 
caused by interference between the slow and fast waves, since the results in 
Fig. 3.3 indicate that both waves are present. This makes it impossible to make 
reliable estimates of attenuation coefficients. Attenuation coefficients were 
computed at 60 kHz where the dominant wave was the fast wave (1700 m/s), 
and at 110 kHz where the slow wave was dominant (1200 m/s). These results 
should be considered as very approximate. At a grazing angle of 10°, the signal 
levels are more consistent, as shown in Fig. 3.8. From wave speed and direction 
analysis, it was determined that only the slow wave is present. The signal levels 
at 20 kHz are a problem because they appear to be increasing with depth. At 
higher frequencies, the levels decrease with increasing depth and estimates were 
made of the attenuation coefficient, as shown in Table 3.1. 

14 
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Signal levels in sandy sediment relative to the surface hydrophone 

as a function of frequency at a grazing angle of 30°. 
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Table 3.1 
Estimated wave attenuation coefficients, in dB/m. 

Sediment Grazing 
angle 
(dea) 

Speed 
(m/s) 

Freq. 
(kHz) 
20 

Freq. 
(kHz) 

40 

Freq. 
(kHz) 
60 

Freq. 
(kHz) 

90 

Freq. 
(kHz) 
110 

Sand 30° 1700 - - 24.7 - - 

Sand 30° 1200 - - - - 90.8 

Sand 10° 1200 - 27.8 26.7 18.6 - 

Mud 10° 1400 - - - 2.2 9.0 

The relative signal levels from the muddy site, at a grazing angle of 10° 
are shown in Fig. 3.9. At the lower frequencies, the signal at the deeper 
hydrophones appear to be stronger than those from the shallower hydrophones. 
As frequency is increased, the trend is gradually reversed and the signal levels 
behave more predictably, i.e., decreasing with depth. The differences at the 
lower frequencies are only a few decibels, and may be caused by calibration 
inaccuracies. Again, this makes it impossible to make reliable estimates of the 
attenuation coefficient, except perhaps at the highest frequencies. The results 
are shown in Table 3.1. 

The values are consistent with previously reported values summarized by 
Hamilton.2 The values from the sandy sediment fall near the top end of the 
reported range of values, while those from the muddy sediment fall near the 
bottom end. The attenuation in the mud is about ten times less than in the sand, 
which is consistent with measurements previously reported by Hamilton.2 
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4.       CONCLUSIONS 

Acoustic data collected from buried hydrophones in ocean sediments, by 
NRL/SSC, were analyzed for direction, speed, and attenuation of sediment 
acoustic waves. The data were from two sites, a sandy site off Panama City, 
Florida, and a muddy site in Eckernförde, Germany. Acoustic pulses were 
transmitted from a projector in the water towards a hydrophone array buried in 
the sediment at a selection of discrete grazing angles. 

In the sandy sediment, two acoustic waves were detected, one at a speed 
of 1700 m/s and the other at 1200 m/s, approximately. Both waves were present 
at a grazing angle of 30°, but only the slow wave was present at 10°. The signal 
levels did not decay monotonically with depth in the 30° case, possibly due to 
interference between the two waves, making it difficult to estimate the attenuation 
coefficient. At 10° the slow wave was dominant, and the signal levels were more 
consistent, although at 20 kHz the signal level at the deepest hydrophone was 
stronger than those at shallower depths. Calculations were made of the 
attenuation coefficients where signal levels decreased with depth in a monotonic 
manner. The results fall near the top end of the range of values reported for 
ocean sediments, and are consistent with values for sandy sediments. 

In the muddy sediment, only one acoustic wave was detected, at a speed 
of approximately 1400 m/s. The signal levels appeared to increase with depth at 
the lower end of the frequency band, and to decrease with depth at the high end, 
with a gradual transition in between. Calibration inaccuracies are the most likely 
cause, since the differences at the lower frequencies were small - only a few 
decibels. Where the signal levels decrease with increasing depth, calculations 
were made of the attenuation coefficient. The values are consistent with 
previously reported values for muddy sediments, and are a factor of ten smaller 
than those of the sandy sediment. 

21 
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