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1. INTRODUCTION

The viscoelastic proper tiCs of a sediment can be characterized by

the determination of three elastic parameters plus shear wave and

compressional wave attenuation . The three elastic parameters most readily

determined are compressional wave speed, shear wave speed, and bulk density.

A major consideration in obtaining these data is reliability. Acoustic

measurements are normally made on cores that have been removed from the

ocean bottom and brought to the surface. Changes in temperature and pressure
as well as disturbances during coring tend to reduce the reliability of

such data. Appropriate acoustic measurements in situ increase the reliabil-

ity of the data because the measurements are made at the ambient temperature

• and pressures on undisturbed sediments. Further, if the measurements can

be made at little added expense and effort, during a routine geophysical
operation such as coring , the cost of such acoustic data can be reduced
significantly.

Applied Research Laboratories, The University of Texas at Austin

(ARL:UT ) , has had a program for the past several years sponsored by ONR to
develop a capability to make in situ acoustic measurements during coring.

To date, a system that is capable of making routine measurements of the

compressional wave speed in a deep ocean sediment during coring has been
designed and built (Shirley and Anderson, 1975a; Shirley and Anderson,

1975b; and Shirley, 1977a). The system is called the ARL:LJT compressional

wave profilometer.

Work under the program has also been to develop small rugged transducers

that can be used with the profilometer to measure shear wave speed and
acoustic impedance (Shirley and Anderson, 1975; Shirley, 1977a).

A major fallout of the in situ program has been the development of

shear wave transducers capable of very sensitive laboratory measurements

1
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of speed and attenuation in both real and artificial sediments. This

measurement capability can provide data not previously available on a

wide range of sediment types.

During 1977 the work under ONR Contract N00014-76-C-0117 was organized

into three categories. (1) The existing compressional wave profilometer

was used on one field trip to make in situ compressional wave measurements

and to field test a preliminary design for an in situ shear wave transducer.
(2) Extensive development and laboratory testing was done on several in situ

and laboratory type shear wave transducers and on an in situ acoustic

impedance transducer. (3) Laboratory measurements of shear wave and compres-
sional wave speed and attenuation were made on laboratory sediments including

sand , sil t, and clay types .

2
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II. IN SITU MEASUREMENTS

A. Introduction

The ARL:UT compressional wave profilometer is an instrument designed

and constructed to attach to existing coring equipment with a minimum

amount of modif ication to that equipment. Figure 1 shows the equipment and
• . the method of attachment to a corer. Electronic circuits, batteries, and

a cassette tape recorder are housed in an aluminum cylinder capable of

withstanding 6.9 x 1O4 kPa ~imbient pressure. The electronic package is

attached to the top, weighted end of the corer. Two transducers are attached

to the cutter at the bottom end of the corer such that a pulse of 200 kHz

sound can be propagated across the inside diameter of the corer. The trans-

ducers are connected to the electronic package through two armored electrical

cables taped to the outside of the core barrel. The measurement taken is

the travel time of the acoustic pulse across the diameter of the corer

through the sediment. ~ measurement is also made of the amplitude of the

received pulse. The electronic package also includes an accelerometer to

measure deceleration of the corer, and this measurement can be integrated

to produce a depth record .

The ARL: U T compressi onal wave profilometer was used aboard
(JSNS DESTEIGUER (AGOR-12) in conjunction with piston coring activities

carried out by Naval Ocean Research and Development Activity (NORDA)

personnel during cruise 13X3-77, leg 2. The primary objectives of ARL:UT’s

participation in the cruise were to obtain compressional wave speed data,

to test a new profilometer instrument which had been constructed to replace

one lost in previous coring operations, and to test a new transducer

• configuration designed to measure both shear wave speed and compressional

wave speed. Five cores were attempted with the profilometer attached,

four cores were taken, and four sound speed profiles made; the first attempt

failed due to pretrigger of the corer. Laboratory sound speed data were

3
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• 
measured on three of the cores through the plastic liner after retrieval

of the cores on board ship.

B. Data

The primary purpose of using the profilometer on the corer was to

provide acoustic data to NORDA personnel for comparison and correlation

to core lithology and physical properties measurements. To accomplish this

task , both in situ sound speed measurements with the profilometer and
laboratory sound speed measurements with an Underwater Systems sediment

velocimeter were made.

• 
Figures 2 through 5 show the in Situ profiles for the four retreived

cores (Core 3 through Core 6). The top trace in each figure is the deceler-

ation profile and the bottom trace is the compressional wave sound speed.

In each of the figures, the water-sediment interface is at the point marked

A. To the left of this point, the sound speed indicated on the record is
that of the bottom water. Depth into the sediment increases toward the

right as indicated by the nonlinear scale marked between the deceleration
• profile and the sound speed profile. The depth at each point on the record

is calculated by a double integration of the deceleration.

The records for Cores 3 and 4 were made in the same area in fairly

soft sediments with a large number of thin turbidite beds. Cores 5 and 6

were also made near each other but at some distance from Cores 3 and 4. The

sediment for the last two cores was almost pure sand overlaid by a layer of

mud.

In each of the sound speed profiles, a large number of sudden decreases

in sound speed are indicated, especially in Cores 5 and 6. These apparent

I
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low speeds are artifacts caused by a decrease in the amp litude of the

received pulse below the detection threshold of the receiver system. The

amplitude decrease occurs during penetration of hard sediment layers such

as sand. The fact that the corer was penetrating hard layers is also

indicated by the deceleration profile where sharp increases in deceleration

accompany the sound speed data dropouts.

All four of the cores have many similarities in their sound speed

profiles : (1) a decrease in the sound speed between that of the overlying
water and that of the surficial sediment, (2) data dropouts interspersed

with high speed layers where sandy sediment is being penetrated, and (3) a

gradient in the overall sound speed (not evident in the last two cores).

The profiles also indicate that there were some problems associated

with coring these sediments. The penetration of Core 3, found by measuring

the depth to which mud was found on the outside of the corer, was about
13 m. This penetration depth is confirmed by the integration of the

deceleration profile, which shows that penetration was 13.2 m. However,

only 8.8 m of the core was recovered. The profiles in Fig. 2 explain the

discrepancy between penetration and core length . The point marked B on

the sound speed record shows where the sound speed stops changing and
becomes essentially constant well before the deceleration becomes zero,

indicating that the corer has become plugged at point B and has quit

accepting more sediment. This would cause the corer to have greater

penetration resistance and in turn would cause an increase in deceleration,

as indicated in the top profile. Although point B would indicate there

should have been more than 11 in of core, probably the corer plugged

gradually so that less sediment was retained than was indicated , thus

greatly distorting the depth axis of the pr~ -i 1e.

Core 4 measured 16.2 m penetration and 9.8 m of retained core. The

profiles in Fig. 3 indicate that essentially the same process occurred as

in Core 3, the preceding core.

10
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In Cores 5 and 6, this problem did not occur since the sound speed
record is the same length as the deceleration record. However, the penetra-

tion of the very sandy sediment caused excessive data dropouts and kept

the profilometer from accurately measuring the sound speed in the sand
until the corer had come to a stop. The mud layer on top of the sand does
show the normal decrease in speed due to its high porosity. This layer

was about 1 m thick for Core 5, but only about 0.3 m thick for Core 6.

After retrieval of the cores, laboratory sound speed profiles were
made through the plastic liner. Figures 6 through 8 show the laboratory

profiles for Cores 3 through 5, respectively. Sound speeds for the cores

have been corrected to in situ conditions at the water-sediment interface.

No account was made for any in situ temperature gradient in the sediment

or for overburden pressure. The laboratory sound speeds were measured

at 8 cm intervals along the core. The laboratory measurements on Core 3

were made about 4 h after retrieval. For Core 4, three d~~. elapsed

between retrieval and measurement. The flattened profile of Core 4 is

probably the result of this long delay, which allowed the sandy layers

to drain. No gradient is evident in either of the laboratory profiles

for Cores 3 and 4.

Only about 1 m of Core 5 could be removed from the core pipe due to

bending during coring. The laboratory sound speeds for this short section
are displayed in Fig. 8. Most of the low sound speed mud layer that was

evident in the in situ profile is missing in the laboratory profile and

was probably destroyed during the hard penetration of the corer into the

sand .

Table I summarizes the in situ and laboratory acoustic parameters for

the four cores. The tabulated sound speed ratios were calculated by dividing
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TABLE I

ACOUSTIC CHARACTERISTICS OF
USNS DESTEIGURE (AGOR-l2) CORES

- 
. In Situ Interface Laboratory

Ratio Interface Ratio
/c\ In Situ /c
(i) Gradient (s

Core No. \
C

/ (sec~~)

3 0.976 1.6  0.970

- 4 0.976 1.6 0.969

- 

5 0.976 --- 0.993

6 0.977 ---

-1

I
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the sound speed at the surface of the sediment by that of the overlying water.
The gradients for Cores 3 and 4 were calculated by dividing the difference

in sound speed at the beginning and end of the profile by the actual length

of the retained core.

The in situ and laboratory values for the sound speed interface ratio :1

are somewhat lower than reported values (0.985 to 1.061) for abyssal plain

turbidites (Hamilton, 1970), but are well above lowest values (0.950)

found for other sediment types (Akal , 1972). The in situ values for the

interface ratio are more consistent than the laboratory values again

indicating that disturbance is a prime factor in accepting values measured

in situ over those measured in the laboratory.

The sound speed gradient of 1.6 sec 1 that was measured on the in situ

profiles is higher than the commonly accepted average of 1 sec~~. However

most values of sound speed gradient are from sonobouy measurements which

average over several hundreds of meters of sediment and so cannot be used

for a direct comparison to data taken over only a few meters.

C. Discussion and Conclusion

In summary , the ARL:UT profilometer was used on one field trip during
this year to obtain four new in situ sound speed profiles in deep water.

Two of the profiles were made in relatively soft material and exhibit a

typical profile for this type material, showing an interface sound speed

ratio less than one and a sound speed gradient greater than 1 sec4. In

the case of the gradient, the value of 1.6 sec~~ is somewhat larger than

the commonly accepted value of 1 sec~
’. In the laboratory profiles which

are uncorrected for temperature gradient and overburden pressure, the

gradient is missing, indicating that all the mechanisms creating the 
- 

-

gradient are released once the core becomes isothermal and isobaric.

: 16
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The last two cores were made in stiff sand overlaid by a thin mud

layer. Accurate sound speeds were only obtained in the mud layer except

for the high sound speed observed once the corer came to rest. The

accuracy of this latter sound speed measurement is questionable due
to the expected large disturbance to the sediment from the hard impact

in the sand.

The ARL:UT profilometer has again been shown to be a valuable tool

for the measurement of ocean bottom acoustic parameters. The above

measurements were made at little expense and not much extra effort since

they were made as an adjunct to a routine coring exercise. A comparison —

between the in situ and laboratory profiles shows the value of obtaining

acoustic data in situ since the laboratory profile rapidly changes with

time and does not retain information about sound speed gradient. Of

course, the laboratory data could be corrected for temperature gradient

and overburden pressure, but these data in themselves must either be

measured or assumed.
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I I I .  TRANSDUCE R DEVE WPMENT

A. Introduction

In its present configuration the ARL:UT profilometer can measure only
compressional wave acoustic parameters. A measurement of shear wave

parameters in conjunction with a measurement of the compressional wave

parameters and acoustic impedance would enable the calculation of all the

viscoelastic parameters of a sediment.

As part of the ONR funded sediments program ARL:UT is continuing to

develop the technology required to make shear wave and acoustic impedance

measurements in situ. As a result of the in situ transducer development,

more sensitive laboratory transducers for shear wave measurements have

also been produced.

B. In situ Shear Wave Transducer Development

Figure 9 shows a schematic drawing of the operation of a ceramic

bender element composed of two layers of piezoelectric ceramic rigidly

bonded together and driven out of phase so that one ayer expands in the

length mode while the other contracts. The resulting differential size

change causes the element to bend along its length in direct response to

a driving voltage. Shear waves can be coupled from either end or both if

the element is in contact with a medium which exhibits rigidity.

The ceramic bender is the heart of the ARL:UT effort to develop an

in situ device to measure shear wave propagation. The bender exhibits two

desirable properties for in Situ transducers (1) the bender has low frequency,

wide bandwidth characteristics in a small size, and (2) the bender has a
higher compliance than other ceramic or crystal elements so it has better
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coupling characteristics with a soft sediment . The bender does have two
requirements which must be satisfied: (1) each element must be left free

to move independently for maximum compliance and maximum output, and

(2) the most useful bender elements are rather fragile since the element
must be as thin as possible for maximum compliance.

Preliminary designs for shear wave transducers used for laboratory

testing had incorporated an array of bender elements arranged side by side

with a layer of compliant material separating each element and also cover-

ing the entire array except for the end intended to coupi~e shear waves into

the propagation media (Shirley and Anderson, 1975) . Such a transuucer was

rugged and produced a good signal-to-noise ratio (S/N) when working in

soft sediments over a pathlength uo to about 10 cm.

For high ambient pressure, the compliant spacers between the elements

and the compliant covering around all the elements must be eliminated since

high pressure would crush the compliant material. A single element could

be potted directly in the encapsulant and, if the encapsulant is flexible
enough, the element could still bend and generate or detect a shear wave.

Transducers have been constructed in this manner using various flexible

encapsulants such as Scotchcast 221, PRC 1527 (both are flexible urethane

potting compounds) , and RTV rubber. In the best of these transducers ,
signal levels across an equivalent sediment path were reduced 30 dB from

the levels obtained with the laboratory type transducer described above;

this level is not sufficient for work in clays and muds.

Another possible method for holding the element and protecting it
from water would be to enclose the element in a metal housing filled with

pressure compensated transducer oil with a flexible membrane to keep the

oil in and the water out. The oil would not introduce appreciable damping

on the motion of the bender element. Figure 10 illustrates the design of
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this type transducer as it is fitted in a metal housing identical to the

one used for the compressional wave profilometer transducers. A long

length expander element is included to generate and detect compressional

waves. The flexible membrane on the compensating chamber is made much

thinner than the window across the transducer so that all the change in

volume of the oil due to increased pressure and decreased temperature is

made by the compensating chamber .

In situ tests of the above design indicate that the pressure compensation

works but that the single element design of the shear wave element does

not have sufficient sensitivity to overcome the noise generated during

penetration of the corer. The single test that could be made on the
USNS DESTE IGUER field trip was not conclusive because a sandy sediment was
cored, which characteristically generates more noise than a softer one.

The hard impact in the sand also damaged the window material and allowed

a small amount of water to enter the transducer.

To overcome the weaknesses found in the above transducer design, a

modified design was incorporated which would increase sensitivity of the

transducer and also increase the ruggedness. The desi gn is illustrated

in Fig. 11. In the new design, a 5-element array replaces the single

element shear wave transducer. The active end of this array is rigidly

cemented to a small compressional wave transducer which operates in the

thickness mode . Thus the shearing mode vibrations of the benders are

transferred to the compressional wave element which in turn couples them

to the sediment. Again , a thin flexible window protects the transducer

from water contamination . Cementing the benders to the compressional wave

element and to the rear of the chamber maintains the spacing between the

elements so that no compliant spacers are needed.
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The above transducer shows s i g n i f i c a n t  i mprovement in s e n s i t i v i t y

in laboratory tests and is now awai t ing  fu r ther  tes t ing in the f i eld .

C. Laboratory Shear Wave Transducer Deve l opment

In the i n i t i a l  stages of the present program to devel op the capabi l i ty

to make shear wave measurements in s i tu , laboratory measurements were

general ly  made to test prel iminary designs of in s i tu shear wav e transducers .
As work progressed , it became evident that valuable new data could be

obtained wi th  the new shear wave transducers . It was also found that

laboratory transducers could be designed for greater sens i t iv i ty  and wider

bandwidth but were not suitable for in situ use due to l imi ta t ions on size

and ruggedness.

Figure 12 shows a pho tograp h of a typical transducer con f iguration
using a bender element for the shear wave transducer. The transducer

design incorporates a small compressional wave element to facilitate the

measurement of both shear wave and compressional wave parameters of the

sediment over the same propagation path . The compressional wave element

consists of a thin piezoelectri c ceramic plate operated in the length

ex tensi onal  mode .

The transducer holder is composed of a thin stainless steel blade to

which the elements are attached by a sem if l ex i ble urethane pott ing compound
(Scotchcast No. 8) that also acts as a water proof coating for the elements.

Neither element is mechanically attached to the metal blade but , rather,

the potting compound holds each one in place in the plane of the metal

blade. T h i s  method of attach inv the elemen ts to the holder allows the
elements to freely vibrate in their respective modes , and yet enough
s t i f fness  is retained to protect the elements from damage and to hold them

at a cons tan t spac ing. Small in su la ted wire s are connected to the
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transducer element electrodes and are also encased in the potting material
the length of the metal blade . Transducers have also been made in which

a long narrow printed circuit board has been substituted for the metal

blade . Printed conductors on the board attached to the respective trans-

ducer element electrodes replaces the small insulated wires. The printed

circuit method of construction reduces the cross-sectional area of the

transducer and minimizes the amount of disturbance to the sediment when

the transducers are inserted.

In the transducer shown in Fig. 12 , the shear wave element is a
Gulton type R1O2S series connected bender element with dimensions of

2.54 x 0.64 x 0.05 cm. The compressional wave element is a thin piezoelec-

-
• tric ceramic plate 1.27 x 0.64 x 0.16 cm which is polarized and driven in

its thinnest dimension . The length extensional mode for this element has

a resonance of 150 kI-Iz.

Since the bender element is a long thin plate incorporating a

leverage effect, it exhibits a much lower stiffness than an equivalen t
sized shear plate . The lower stiffness of the bender element provides a

closer impedance match to an unconsolidated sediment than does the shear

plate. By totally immersing the bender element in the medium , more

acoustic energy can be propagated because the medium can be driven along

the entire length of the element. When the element is embedded in a

• medium , mechanical motion is transferred from the element to the particles

in the medium in such a manner that particle motion will be perpendicular

to the length dimension of the element . The motion at the ends of the

element is in phase while  the middle will have a phase of 180° with respect
to the ends. If the medium in which the element is embedded exhibits some

amount of ri gidity, the sideways or shearing motion of the medium wi l l  be

propagated as a shear wave with the direction of propagation perpendicular

to the particle motion (i.e., parallel to the length of the elements).

/ 
27
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Only a small amount of energy will be propagated perpendicular to the
element length, since the particle motions cancel in the farfield in all

four perpendicular directions. Therefore, the result is a shear wave

propagating in both directions from the ends of the transducer element.

Figure 13 shows an oscilloscope photograph of a shear wave pulse
propagated through a water saturated sand sediment. The top trace is the

received pulse and the bottom trace is the driving waveform applied to the

projector. Center frequency for the driving pulse was 4 kHz . There was

a separation of 5 cm between the edges of the receive transducer and the

projector, and each was set up with the long axes of the shear wave

elements in line . Both projector and receiver were of identical construc-~
tion. The propagating medium was a quartz beach sand saturated with

water. Shear wave speed for this sediment was found to be 95.2 rn/sec.

Figure 14 shows an oscilloscope photograph of the received pulse and
driving waveform for a 150 kHz compressional wave which was propagated

over the same path through the sane sediment as the shear wave . The

compressional wave speed for the sediment was 1736 rn/sec. In both Figs. 13

and 14 the small pulse at the beginning of the receive trace is an electri-

cal feedover of the driving voltage due to the close proximity of the

transmit and receive transducers.

The waveform of the received shear wave pulse shown in Pig. 13

illustrates the wide bandwidth characteristics of the transducer. The

measuring circuit incorporates a variable bandpass filter which for the

data shown in Fig. 13 was set at 350 Hz to 12.0 kHz. The filter tends to

distort the received pulse, but the filter is necessary to eliminate acoustic
and electrical noise picked up by the transducers. Without the filter in the

system, the received pulse almost duplicates the driving waveform. Since

shear wave speeds can be determined by measuring the time delay to an

28
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easily recognized feature of the received waveform at several different

transducer spacings, the distortion of the received pulse does not cause
problems . This method of speed measurement also eliminates the require-

ment of finding the exact beginning of the pulse.

The resonance frequency of the shear wave transducer described above

is 8 kHz in air , but the frequency range over which measurements can be
made in a sediment are dependent upon the shear wave speed in that sediment.

Since the transducer element is totally immersed in the medium and both

ends are free to vibrate , its greatest sensitivity will be at the frequency

at which a wavelength of a shear wave in the medium is the same as the —

length of the element . The usable frequency range for the above transducer

extends as low as 300 Hz when used in muds and clays with shear wave speeds

around 10 rn/sec to as high as 7 kflz for sands with shear wave speeds near

100 rn/Sec . Shear wave speed and attenuation measurements have been made

on one sand over the frequency range of 2 kHz to 7 kflz using this trans-

ducer.

D. Acoustic Impedance Transducer Development 
-

Another part of the transducer development in the ARL:UT sediments

program has been the design and fabrication of a transducer to measure
the acoustic impedance of marine sediments by detecting the electrical

parameters of a driven transducer in contact with the sediment (Shirley

and Anderson , 1975; Shirley, 1977a; and Shirley, 1977b).

Work during the past year has been concerned with developing an easy

calibration procedure for testing various transducers and examination of

different transducer configurations to find one that could be used in situ.

To date, the calibration procedure has consisted of determining the

electrical impedance of a transducer at resonance in contact with various

— 
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media such as air (pc~0), water (pc~1.5xl0
5), and various sediments from

clay to sand (pc = 2 x lO~ to 4 x l0~). The drawback to the above proce-

dure is that an independent measurement of the acoustic impedance of a

— sediment is difficult to malce and is not very accurate. If a number of

liquids could be used instead, the procedure would be easier and the
acoustic impedance of a liquid is more readily measured and not easily
changed. Figure 15 shows the results of a calibration of a transducer

using various liquid mixtures of water, salt water, alcohol, and ethylene

glycol antifreeze . Acoustic impedance of the liquids was determined by

measuring their densities with a picnometer and their sound speeds with a set

of compressional wave transducers. The data in Fig. 15 show less scatter than

previous data obtained using laboratory sediments (Shirley , 1977a), and
the data were measured over a relatively short time (1 day) compared to

the sediment data (12 days). The increase in accuracy and decrease in
time wil l  allow various transducer desi gns to be tested more easily.

The design of an acoustic impedance transducer for in situ work has

been hampered by a lack of suitable ceramic materials and by the difficulty

in designing a transducer for high pressure work .

Piezoelectric ceramic materials that are best for high pressure work,

such as lead metaniobate, are also the ones that have the lowest Q. A
lower Q results in a smaller change in electrical impedance for a given

change in acoustic impedance in the medium . Conversely, the formulations
of lead zirconate titanate that have the highest Q also show a large

sensitivity to ambient pressure . A great many tests are necessary to find

a material with the proper performance at high pressure.

Another difficulty encountered in the design of an appropriate

transducer is the amount of cable (approximately 15 m) between the
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measuring electronics and the transducer element. This cable introduces

capacitance and inductance that must be tuned out so that only the

electrical parameters of the transducer are measured. A design is now

being considered that puts some of the measuring electronics in with the
transducer element and thus eliminates that problem.

In the laboratory transducer des ign , the active element was encased

in polystyrene foam to isolate the element from the mounting. This design

allowed only radiation from one face of the element directly into the

medium. A desi gn for high pressure operation cannot include any form

of collapsible material. Complications arise when the element is potted

directly in the holder because of multipath radiation of acoustic energy.

Designs are being examined that include baffles to absorb some of the

multipath, but no good design has yet been found .

E. Conclusions

Transducers for the determination of shear wave parameters have been

designed and constructed and have undergone preliminary testing and

evaluation. Problems that have been found in early designs have resulted

in design changes. Newer designs are now undergoing testing both in the

laboratory and in situ. Shear wave transducers have been designed for use

in the laboratory but these are not suitable for in situ work . The

laboratory transducers exhibit greater sensitivity and bandwidth than

comparable in situ types. Transducers for measurement of acoustic

impedance in situ are presently being designed and evaluated.
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IV. LABORATORY MEASUREME NTS

A. Introduction

The capability of making accurate shear wave measurements in laboratory

sediments has evolved as the result of a program to include such measure-

ments in the ARL:UT profilometer. Not only are laboratory measurements

necessary to refine the transducers for in situ work; these measurements

are usefu l in the general characterization of marine sediments in that

there is a lack of comprehensive shear wave data. The parameters needed

for such a characterization are the shear wave speed and attenuation, the

compressional wave speed and attenuation, and the bulk density or,

equivalently, the porosity and mineral composition. The present program

includes the determination of these parameters for specific examples of

three sediment types: sand, silt , and clay. Similar work for different

sands performed under the present contract has been previously reported

(Shirley, 1977) and will not be repeated here.

B. System Description

The sediment to be studied is placed in an aluminum tank (16 x 20 x

30 cm). Suspended vertically in the center of the tank are two thin sheets

of stainless steel which serve as mounts for the ’ transducers used to generate

and receive the acoustic signals. Figure 16 is a full scale drawing of

such a mount . The transducers are imbedded in a casting compound which

provides both support and electrical insulation. One of the mounts is

attached to a rigid crossbar and remains in a fixed location. The other

mount is fixed to a threaded rod located on top of the tank. Rotation of

this rod moves the second set of transducers relative to the first. Small

sheets of cork prevent acoustic transmission through the support mechanism.

Figure 17 gives the orientation of the mounts within the tank. Also shown

f 35
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in Fig. 17 is the location of a transducer used to measure the acoustic

impedance of the sediment.

The compressional wave is generated and detected by identical ceramic

transducers (0.64 x 1.27 cm) operating in a length extensional mode. These

elements are highly resonant at 120 kHz. All of the compressional wave

measurements reported herein are at this single frequency, regardless of —

the medium.

The shear wave transducers are single bender elements (0.64 x 2.54 cm).

A bender element is actually a composite of two thin transducers cemented

back to back, but oppositely polarized. An applied voltage causes one

element to contract while the other expands. This causes the assembly

to bend in a manner similar to the action of a bimetal strip in a thermo-

stat. A detailed description of bender elements and their advantages for

sediment work has been reported (Shirley and Anderson, 1975b).

In previous laboratory work (Shirley, l977a), only one end of the

shear transducer was in contact with the sediment. This was a natural

design restriction for its expected use in the ARL:UT profilometer, which

requires a smooth surface in the interior of the cutting head. In the

present laboratory work, the entire element is placed in contact with the

sediment. This significantly increases the signal amplitude for a given

flexion of the transducer.

A block diagram of the systei’~ electronics is shown in Fig. 18. The

transducers are driven by a pulsed sine wave, normally a single cycle for

the shear elements and two cycles per pulse for the compressional. The

received signals are amplified and filtered and then displayed on a dual

r trace oscilloscope along with a square pulse beginning in coincidence with

I
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the transmitted pulse. The end of the square pulse is aligned with a

particular peak of the received signal , as shown in Fig. 19. Concurrently,

the period of the square pulse is displayed on a digital counter. Thus,

the transit time of a chosen feature of the received pulse may be determined

as a function of transducer separation. The slope of such a curve gives

the sound speed without knowledge of either the absolute separation or the

start of the received pulse.

Attenuation is measured by noting the change with separation of the

peak to peak voltage near the start of the received pulse , as indicated in

Fig. 19. In order to correct for spherical divergence , the distance

between the transducers must be accurately known . Since the dimensions of

the transducers are not negligible in comparison with the separations or

wavelengths, the actual point of radiation is not well defined . The

spreading loss for the compressional wave may be obtained by measuring the

amplitude decay for water, whose attenuation is negligible . The center to

center distance appears to work for the shear elements .

Once the sound speed and attenuation intercepts have been obtained

for a given porosity of a sediment, then readings at a single separation

suffice for the determination of the speed and attenuation at other

porosities. For attenuation the assumption must be made that the amplitude

response of the loaded transducer does not change appreciably with porosity.

C. Shear Transducer Response

The shear transducers are capable of generating measurable signals

over approximately a decade of frequency. In practice, however, the

frequency range set by the transducer response is further limited at the

upper end by the increase of attenuation with frequency and at the lower

40
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end by the pulsed nature of the measured wave . The actual frequencies
involved change with differences in sediment impedance.

The increase of attenuation with frequency shifts the maximum received
amplitude lower in frequency as the separation of the transducers is

increased. Thus , the lower frequencies of the transducer output are
selectively favored , even though more energy may be transmitted at a
higher frequency. This is illustrated in Fig. 20 where the shear wave

voltages taken directly from the oscilloscope are plotted versus frequency

for increasing separation. At 1 cm, the maximum voltage occurs at just
over 4 kHz, which is close to the true resonance of the transducer in

sand. However , at 8 cm separation, the maximum amplitude occurs around
3 kllz . For low input signals or high attenuations, the upper frequencies
are lost in the noise level before a sufficient number of readings at
increased separations can be made with which to confidently calculate

the speed and attenuation . This effect increases with increasing
attenuation, whether the increase is due to a different sediment type or

to a change in porosity of the same sediment. Consequently, tho frequency

selection for porosity studies will be lower than optimum if the sediment

is initially highly porous.

If the losses due to spherical spreading and attenuation are removed

from Fig. 20, the frequency response of the shear transducer is obtained ,

.1 as shown in Fig. 21. The amplitudes are expressed relative to an arbitrary

reference level. The dependence of the transducer response on sediment

load is clearly indicated. The frequency of maximum output decreases in

going from sand to clay. Data taken at the edges of the transducer

response are ambiguous because of frequencies introduced by the pulsed

nature of the transmitted signal.

Measurements on a pulsed wave cannot refer strictly to a single

frequency; rather, they apply to a band of frequencies controlled

42
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by the width of the pulse and the characteristics of the filtering. With

the use of a single cycle driving pulse, the width of the time gate will

vary with frequency. Therefore, to maintain the same received signal

shape, the filter applied to the pulse must also vary. If the only non-

constant filter applied to the system is that purposely imposed on the

electronic signal, then the pulse shape will remain the same if the filter

is adjusted for constant Q. In this case Q is defined as the central

frequency divided by the bandwidth . A larger Q gives a more reliable
determination of frequency, but also decreases the signal amplitude.

The electronic f i l ter , however , is not the only one applied to the

signal. The transducer acts as a filter, as shown in Fig. 21, and the
sediment itself constitutes a filter. In effect, the purpose of this

project is to define the sediment filter and , to do this, filtering due to

the transducers must be taken into account. While a measurable signal

can be obtained, for example, at 500 Hz for the sand, such a signal may be

dominated by the higher frequencies in the passband since the response of
the transducer at this point is sharply decreasing. This is in fact

observable on the oscilloscope trace. At the lower frequency settings,

the period of the pulsed cycle is noticeably less than that of the

continuous signal. Thus, one must be careful in assessing the sensitivity

at the lower end of the transducer frequency to ensure that the frequency

reported is actually the one measured . The frequency can better be

determined by using more than a single cycle as the transmitted pulse.
However, several cycles transmitted in a small tank creates too much
interference. Even for a single cycle driven pulse, at low frequencies,

the tail of the received wavelet is deformed at increased separation by

the arrival of reflections.

As currently employed, the shear transducers are capable of reliable

measurements over a frequency range of slight ly less than a decade with
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reasonable limits on sensitivity and noise. Two easily implemented

modifications should increase this range. First, a larger tank will

reduce the interfering reflections and allow a longer driving pulse.

Second, the response of the transducers may be altered by changing the

size of the elements. The individual readings of an array of different

sized elements may then be combined to give an extended frequency range.

D. Sample Preparation

Three sediments have been studied: a mature, medium white quartz sand

from Panama City, Florida; a calcareous silt of various mineral constituents,

p — 2.72 g/cm3, derived from a river gravel washing operation; and pure

kaolinite clay.

The sand may be added directly to water in the tank. The silt and

clay, however, must first be blended in a mixer to ensure total wetting

of the grains. After the sediment has been introduced in the tank,

the entrained air must be removed; this is accomplished with varying degrees

of difficulty by vibrating the tank under vacuum. If the bubbles are not

removed, the compressional wave is very highly attenuated and its speed
is lowered. The compressional wave transducers have a second, width

extensional resonance at 400 kHz which is normally about 20 dB below the

primary resonance amplitude. Due to the difference in wavelength, this

second mode is affected only slightly by the size of the bubbles. Hence,

the ratio of the magnitudes at the two frequencies may be used if bubbles

are suspected. It takes very little entrapped air to cause the second

resonance to have a larger amplitude than the primary pulse. However,

the shear wave does not appear to be affected by entrapped air at the

frequencies studied. This is an area needing further research since gas

is generated in some natural sediments.
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The porosity of the individual sediments is controlled by variations
in the grain packing. To measure speed and attenuation with changes in
porosity, the sediment is initially made as loose as possible, by washing
the sand with water and by stirring the silt and clay. Measurements are
then made as the sediment settles due to gravity. For sand , the process
may be accelerated by vibrating the tank.

Reliable measurements of the porosity as the sediment settles are
difficult .  A measurable decrease in the height of the sand would allow
the porosity to be calculated if the minimum porosity were known. The
minimum porosity can be accurately determined from a separate sample.
However, the maximum change in height is approximately 1 cm for an initial
depth of 15 cm. Fine graduations in the porosity thus require the accurate
measurement of the sand level to at least a millimeter. This measurement
is difficult, especially since vibrating the tank to ensure minimum porosity
can cause fluctuations in sand level across the surface.

Porosities are determined for the silt and clay by measuring the weight
change when small samples are removed from the tank and dried . The samples
are obtained by a piston corer made from a plastic syringe 8 mm in diameter.
For the clay, care must be taken to insert the probe to the sane depth for
each sample since compaction varies with depth. The repeatibility of
these measurements is poor.

At thi s point, it may be noted that any minor physical disturbance
of the sediment can cause a significant change in the arrival time and
amplitude of the received shear pulse. Tapping the sides of the tank will
cause an increase in the travel time , which normally will slowly return to 

- -

its previous value. Vibrating the tank or inserting the corer, even at
the opposite end from the transducers, will cause similar time shifts.



Thus , because the transducer spacing has been changed while vibrating the
tank, the system must be allowed to stabilize before a reading is made.

For a well sorted sand, 15 mm may be enough, especially if the vibration

amplitude is slowly decreased rather than abruptly stopped. For the silt ,

this stabilizing period may be longer than an hour. The clay is so greatly

disturbed by the operation that only a single reading per day may be
possible. The compressional wave pulse is not so easily affected.

The above observation reinforces the contention that reliable acoustic

measurements in natural sed rnents must be obtained in situ with as little

disturbance as possible . T1:is appears to be even more crucial for shear

wave measurements than for compressional wave data.

E . Data Acquisition

All of the measurements discussed below were made at room temperature,

about 25 °C. The slight variations about this figure do not appear’ to

affect the resul ts. Indeed , the time discrimination for the compressional

wave is not sensitive enough to record the expected variation of sound

speed with temperature. The sensitivity of the shear wave speed to

temperature is not known and is an area worthy of future study. However,

such variations must be well below the scatter in the present data intro-
duced by coupling and porosity changes.

The compressional wave projector was driven at 30 Vp-p. The amplitudes

recorded for the received pulse depend on the choice of a particular cycle

wi thin the pulse envelope . Maximum values of the center peak to peak

voltage were typically around 10 V with 40 dB of gain applied . The tail

of the received pulse will change shape with increasing separation as
reflections begin to interfere; however, this presented no problems with
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the separations used. Analyses made using values recorded for different

parts of the beginning waveform were the sane within experimental error.
A 100 to 140 kHz bandpass filter about the center frequency of 120 kHz
was applied to the received pulse. The cycle periods were essentially the
same for the continuous oscillator output as for the pulsed signal.

Reliable shear wave measurements were made in the sand for 3, 4, 5,
6, and 7 kHz with a filter Q of 1. Maximum value of the received pulse
was approximately 1 Vp-p with 60 dB of gain. For the silt , frequencies
of 0.8, 1, 1.2, 1.5, 3, 4, and S kHz were used. Results for 0.7, 0.8,
0.9, and 1 kHz are reported for the clay. A filter Q of 2 was used for
both of these sediments. Measurements were attempted at lower frequencies
for the clay, but were hampered by the pickup of audible acoustic noise.

The number of data points per sediment type shown in Figs. 22 and 23 1
reflect the ease with which consistent readings were made. For the sand,

readings were taken approximately every hour. After the time delays and

amplitudes were recorded for both wave types, an electromechanical vibrator

attached to the side of the tank was used to loosen the sand sufficiently

to allow changes in spacing without compacting the sediment ahead of the - -

transducer. Vibration was continued for approximately 15 mm while the

amplitude was slowly decreased to ensure return to lowest porosity.

Sufficient time was then allowed for all readings to stabilize. Measure-

ments were relatively easy to repeat. The same procedure was used for the

silt with both the vibration and stabilization times increased. Consistent

readings were harder to obtain due to the difficulty of returning exactly

to the previous porosity. If , as occasionally occurred, the time delays
were obviously off , and/or the wave shape was distorted , the vibration
and settling process was repeated. The clay was even less tractable than

the silt. Measurements were made a day after the spacing was changed.

Those readings that were widely divergent from the mean were discarded.
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The uncertainty in the measurements obviously increases when going from
sand to clay. Note that it is easier to obtain consistent time delay

readings than amplitudes.

The measuring process may be improved by using two or more receivers

at fixed distances; this will ensure that readings are made at the same

porosity. The amplitude responses of the receivers will , of course, have

to be matched , and coupling problems may still introduce some difficulties.

F. Discussion of Results

1. Compressional Wave Speed and Attenuation

The compressional wave speeds for the three sediments are

obtained from the slopes of the least squares fitted lines shown in Fig. 22.

The values of 1740 m/sec for the sand and 1470 m/sec for kaolinite agree

well with values in the l iterature (Hamilton , 1971).

As predicted by the Wood equation , the speed in the clay is
slightly less than the value of 1500 rn/sec obtained for water. However,

since the clay has a finite rigidity, the observed value is higher than

that predics”d for a nonrigid suspension (Anderson, 1974). See Fig. 23.

The silt has a compressional wave speed of 1810 rn/sec. Both

its density and its apparent rigidity are slightly higher than those of

sand. “Apparent rigidity” refers to the resistance encountered during

insertion of the core tube . In the silt’s most compacted state, insertion

of a rod the size of a finger is difficult.

Figure 24 gives the observed decrease in amplitude with separation

after a correction for spherical divergence has been applied . The scatter
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of the sand and silt measurements is small. The data for the clay, however,

reflect the difficulty of obtaining reliable measurements in such a medium
with movable transducers. The solid squares were used to obtain the quoted

value of attenuation for the clay ; the open squares will give a value

approximately twice as large. Data in the literature indicate that

attenuation increases from sand to silt , peaks at a mean grain size of
approximately 5~, and then decreases as grain sire continues to decrease

(Anderson, 1974). The three samples studied follow this sane pattern . The

value given for the clay, however, is higher than other investigators have

reported for kaolinite. If the interpretation of ihp data as given in

Fig. 24 is considered reliable , it woi’!;~ indicate that a small amount of

air is present in the clay .

Once the calibration curves of Fi gs. 22 and 24 were obtained,

measurements were taken at a fixed spacing for various porosities . Shortly

after the sediments began to settle , no change in the compressional wave

arrival time was observed. However , since t ime delays were only measured
to within 1 usec , a change in speed of about 4%, or less than approximately

60 rn/sec. would not have been detected .

A measurable change in attenuation with porosity was found. The

results are shown in Fig. 25. The uncertainty in the data lies mainly in

the porosity determination . Although the data are too scattered to give

an accurate empirical relationship between the variables, it may be

generally stated that attenuation decreases with compaction for a given

sediment, and that larger changes occur for the finer grained materials.

t The bars in Fig. 25 and on other graphs showing porosity represent the

scatter obtained from repeated core measurements. 
—
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2. Shear Wave Speed and Attenuation

Figures 26, 27, and 28 give the shear wave travel time data at

representative frequencies for the various sediments. The shear wave

speed decreases in going from the coarser, low porosity sand to the finer,

high porosity clay, from about 105 rn/sec for sand to 40 rn/sec for the

silt down to 15 rn/sec for clay.

With the high density and high rigidity of the silt , a high shear

wave speed would be expected . This, however, is not the case. The wide

range of grain size and the various mineral constituents, including mica,

could account for this behavior. The variation of speed with frequency

for the individual sediments is summarized in Fig. 29.

The shear wave speed in clay is essentially constant within

experimental error for the frequency range 0.6 to 1 kHz. However, disper-

sion for the silt and sand is clearly indicated by any reasonable fit to

the data shown in Fig. 29. The shear wave speed for silt changes by

approximately 6 m/sec over the 0.9 to 5 kHz band . The speed in sand

changes by approximately 8 rn/sec from 3 to 7 kHz. Time discrimination

abilities will show speed changes of approximately 1 m/sec.

Shear wave propagation in fluid saturated sediments is often

assumed to be nondispersive, although experimental evidence is sparse

(Hamilton, 1976). Various theories do exist, however, (Biot, 1962, and

Stoll , 1977) which predict dispersion based on models which allow relative

movement between pore fluid and frame. The predicted dispersions increase

with grain size. A 10% change over a decade of frequency, although large,

is not beyond prediction for reasonable sediment parameters (Stoll , 1977).
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It is not felt that the data shown in Fig. 29 are of sufficient
quality to validate shear wave dispersion. On the other hand , the data
are too consistent to be lightly dismissed without explanation . In
particular , most mechanisms that cou ld be invoked to give a false dispersion

would also cause the travel time curves of Fig. 26 to be nonlinear.
Examples of such mechanisms would be nearfield encounters and pulse broaden-
ing due to greater attenuation at the higher frequencies of the narrow
passband. One possible explanation is the interference of the direct
arrival and the wave reflected from the tank wall behind the fixed trans-
ducer. If the wave’ength of the transmitted pulse is large compared to

the dimensions of the tank, then the various arrivals may no longer be

discernible as separate events. The ~iavelengths appro~iriate to the speeds

and frequencies in use are shown in Fig. 30. The maximum wavelength of

4.5 cm is less than half of the distance traveled by the earliest arriving

reflected energy and greater than the mean separation. Ideally, this would

allow discrimination of the pulses. Later arrivals are indeed evident on

the oscilloscope trace. Furthermore, the wavelengths for the clay are

essentially the same as those of the sand, although the dispersion
indicated is much different.

It is perhaps best to leave open the question of dispersion

until more conclusive data are obtained, especially since the measurements

are soon to be repeated in a larger tank over an extended frequency band.

If nothing more, the current measurements demonstrate the feasibili~j of

obtaining such data.

Figures 31 through 34 display the shear wave amplitude

measurements after correction for spreading loss. Open points, as in

* 

Fig. 31, were not used in the least squares fit. They are included in

the figure to indicate the difficulties of returning to exactly the same
sediment state after the transducers are moved.
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In the ideal case of a point source in an infinite medium, a

plot of amplitude versus separation will give a straight line. That the

curves of Fig. 32 are decidedly not straight reintroduces the problems

associated with wavelengths t-hat are comparable to the dimensions of the

transducers and their separation. The wavelengths associated with the

frequencies in Fig. 32 range from approximately S to 20 cm. Although problems

with reflections are expected for such wavelengths, the progressive curva-

ture of the amplitude versus separation lines suggests that the assumption

of spherical spreading is not valid. The curves become linear at greater

and greater separations as the wavelengths increase. Such behavior is not

surprising since, at 2.5 cm, the transducers themselves are larger than

the smaller separations. Figure 32 is included to better define the proper-

ties of the transducers; its data are not incorporated in the analysis of

the sediment response.

Figure 35 summarizes the shear wave attenuation measurements.

At a given frequency , the attenuation increases with decreasing grain

size; i.e., the clay has a higher attenuation than the sand. The

reference line favored by some investigators (Hamilton, 1976) is not a

par~icular1y good fit to the overall data. However, the measurements,

expecially for the silt , are felt to be too uncertain to justify reporting

regression equations for the various sediments . The same theories that

predict dispersion of the shear wave velocities also predict nonlinearity

of attenuation with frequency (Stoll , 1977). An increase in frequency

range over that in Fig. 35 will be necessary to affirm or refute such

behavior.

Once values of speed and attenuation for a particular frequency

have been established , then variations with porosity may be studied.

Figures 36 through 39 show these results . Again , although some of the

plots , especially for the clay, are approximately linear, the uncertainty
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in the porosity measurements makes curve fitting of dubious value. The

results do, however, agree with intuitive expectations. As the sediment

becomes more compacted, the shear wave speeds increase and the damping
decreases. The speeds vary only slightly, if at all , with frequency, as

demonstrated by Figs. 38 and 39. The attenuation, of course, exhibits

considerable change with frequency.

The shear moduli may be computed from the speed and porosity data.

The moduli increase with increasing compaction as shown in Fig. 40. The

rigidity also apparently increases with increasing grain size, as seen

from the plots for sand and silt whose porosities overlap. The mineral

density, which is slightly higher for the silt, woul~1 tend to negate such

an effect. From previous work (Shirley and Anderson , 1975), the shear
transducers have been shown to generate measurable signals for shear

moduli smaller by a factor of 100 than those shown in the figure.

Table II summari zes the maximum changes in the various parameters

with the approximate spread in porosities. The significance of Table II

lies not in the generality of the actual numbers. Three laboratory samples

can hardly be said to characterize the multitude of marine sediments,
regardless of any uncertainties involved in the data. However, the relative

change in the numbers with porosity has definite implications. If only

a small change in porosity can double the values of the shear wave param-.

eters , then only order of magnitude estimates may be obtained from

measurements in a sedi ment whi ch has been disturbed . If one is interested

only in corrections to compressional wave predictions due to a small , bu~
finite, rigidity, then an order of magnitude estimate will probably be

sufficient. If, however, the interest lies in actual shear wave propagation

in unconsolidated materials, the values for the parameters used to charac-

terize the sediment should be chosen carefully. Preference should be
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given to in situ rather than shipboard or laboratory measurements,

especially since the effects of pressure are still undetermined.

Since the quantitati~. interpretation of the data obtained during

compaction is hampered by the inaccuracy of the porosity measurements, it

is natural to plot the shear wave speed versus attenuation. Figures 41,

42 , and 43 show the results for the three sediment types at different

frequencies. The attenuation appears to vary exponentially with the

speed, or equivalently, the log of the attenuation is linear with respect

to speed, as plotted in the figures.

The above dependency suggests the possibility of predicting

shear wave attenuation given only the shear wave speed and the parameters

of a curve established for a particular sediment type. Note that the

dependence of attenuation on porosity is inherit in the value of the

speed and thus porosity need not be specified. The curves of Figs. 41

through 43 give a slightly different set of parameters, i.e., slope and
intercept, for each frequency. If this frequency dependence can be

characterized, then the predictive value would increase. The change

with frequency of the slope of the speed versus attenuation curves is
shown in Fig. 44. A linear fit is again reasonable so that a second slope

and an intercept replace the one frequency dependent slope of Figs. 42
and 43. Similar results are obtained for the frequency variation of the

speed versus attenuation intercept. Ideally then, four constants would
allow the shear wave attenuation for a given sediment to be estimated

from the shear wave speed and the frequency. However, data found in the

literature (Hamilton, 1976) is too sparse to test such an hypothesis, and

the data upon which it is based are open to question.

The data points of Fig. 44 are not directly measured quantities,

but rather values taken from least squares fit having definite uncertainties.
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The log plots give a better visual alignment than is indicated by the

• statistics. Thus, the small change in slope plotted in Fig. 44 may not

be significant. It is not understood why the silt and clay reverse slopes.

Also hidden in the data is the dispersion given in Fig. 29. Although only

those frequencies for the silt giving a relatively constant speed were

considered in Figs . 42 and 44, the data are still somewhat compromised

if dispersion is rejected offhand . The relationship between speed and

attenuation with variations in porosity thus awaits confirmation. There

is unfortunately no adequate theory that predicts the effect of packing

on attenuation. The common device of assigning attenuation to tht

imaginary part of a complex modulus gives no indication of the physical

process involved, but depends entirely on empirical results to characterize

changes due to variations of the physical parameters.

G. Conclusions

The preceding discussion shows that accurate shear wave measurements

in unconsolidated sediments may be made with relative ease using single

bender elements as both source and receiver. Routine shear wave measure-

ments may now be made to compliment the large volume of compressional wave

data in the literature . With both sets of data, the acoustic response of

marine sediments can be better defined , including the viscoelastic
properties, than has heretofore been commonly possible. The results indicate,

however, that the amount of disturbance during measurement is critical.

This suggests two broad objectives: first, the continued development of in

situ shear wave capabilities and, second, the accumulation of sufficient

laboratory data, including measurements under pressure, to be able to

characterize the effect changes in any one parameter will have on the others.

The results reported here are ~f an exploratory rather than conclusive

nature. In general, the results behaved as expected. The indicated
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frequency dependence of the shear wave speed and attenuation is perhaps
questionable , and the porosity determinations are poor. However , it is
expected that unequivocal measurements will  soon be made . In fact
variations in the length of the transducer elements may extend the frequency
range applied to a single sediment sufficiently to test the validity of

the various theoretical models of acoustic propagation in fluid saturated

media.

Dispersion and a variation with frequency of the log decrement of

attenuation are predicted for both compressional and shear waves by

theoretical models (Stoll, 1977). Comparisons of these predictions with

experimental data are inconclusive. It is difficult  to make compressional
wave measurements in a single sediment over a wide enough frequency band

to detect the supposed small variations. Data on shear wave attenuation

in fluid saturated media are meager. However, the techniques outlined in

this report should give conclusive shear wave results.

Due to the large number of parameters involved, natural sediments are

not ideal for an initial experimental check of theory. Uniformly sized

and shaped glass spheres should allow better handling of such variables
— as grain size and porosity. Such an artificial sediment, along with

the various improvements suggested in the report, is being investigated.
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