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I. TINTRODUCTION

A determination of the viscoelastic properties of ocean sediments can

be made by measurement of the compressional wave and shear wave speeds,

. R 1
the compressional wave and shear wave attenuations, and acoustic impedance.

The measurements can be made in either of two ways: (1) in situ measure-
ments with instruments in place in the natural environment provide better
data due to decreased disturbance of the medium, but at the same time

are more costly, less controlled, and are more difficult to perform;

(2) laboratory measurements made on samples of the sediment retrieved
from the bottom are by necessity conducted on material that is disturbed
by the sampling and retrieval process, and if not made immediately after
retrieval, the measurements are further degraded by dehydration and dis~

turbance during storage.

The best program for measuring the acoustic properties of ocean bottom
sediments is one which obtains the data in situ with methods and equipment

that minimize the expense of doing so.

For the past several years Applied Research Laboratories, The
University of Texas at Austin (ARL:UT), has had a program funded by the
Office of Naval Research (ONR) to develop the capability of measuring com-
pressional wave, shear wave, and acoustic impedance properties of marine
sediments in situ. The capability of making laboratory measurements of
acoustical parameters and physical properties to augment and support the
goal of in situ measurements has developed from the program. One major
result has been development of an instrument to obtain a profile of sedi-
ment acoustic properties during routine coring. The measurements are made
by attaching self-contained instrumentation to existing coring equipment.

Measurement and recording circuits contained in a pressure case are

attached to the top weighted end of a corer. Appropriate transducers are

:
*
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{ ‘ attached to the cutter at the bottom of the core barrel and are connected
to the instrumentation case by cables running along the outside of the .
core barrel. The unit is used during normal coring operations, and adds

little time or effort to the procedure.2 Y]

This profilometer system has developed in stages up to the present
time and certain aspects of it are still under development. 1In 1971, the
feasibility of such measurements was demonstrated using laboratory equip-
ment and a small mud tank.3 Once feasibility was demonstrated, equipment
was built to allow field measurements using a piston corer and a hand
corer in shallow water with cables to the surface.4 In 1974, the profilo-
meter was redesigned so that the recording and measuring system was
contained in a pressure case to eliminate the problems associated with

5 - .
cables to the surface. The success ¢~ the compressional wave measurements

e D S R

prompted an investigation into the possibility of adding shear wave and
acoustic impedance measurements to the system; this was begun in 1975.
Shear wave transducer design has now progressed to the point that field *

7 . . .
tests have been made. During development of the in situ measurement

capability, an extensive program of laboratory acoustical measurements in .
both natural and artificial sediments was also in progress using the new g
. . 8
transducers developed for the in situ work. Development work on measure-

ment of acoustic impedance has produced a transducer design suitable for

T A

use in the profilometer system.9

During 1979, the project was divided into three major parts; these

5

are described in this report.

TR e T AT

(1) Use of the profilometer equipment in the field to make compres-
sional wave measurements in situ and to test shear wave transducer
designs.

(2) Design and development of in situ shear wave transducers.

(3) Theoretical and laboratory experimental work to develop models

for acoustic propagation in sediments.

A bibliography of publications under the sediment acoustics program ;

F f is included in this report as Appendix A. During the past several years,




13 technical reports have been published, 13 papers have been presented
at technical meetiungs, 7 papers have been published in scientific journals,
3 papers have been included in books, and 2 invention disclosures have been
submitted for patent. Of these, 3 publications and 2 technical reports

were issued and 3 papers were presented during 1979.10"17




m® N L s

o
——— Yy 1y

II. FIELD MEASUREMENTS

A, Introduction

During 1979, three field trips aboard ship were conducted to record
compressional wave data and to evaluate in situ shear wave transducer
designs. The first trip was aboard USNS BARTLETT (T-AGOR 13) in the
Caribbean Sea. Two corings were attempted with the newly designed and
constructed profilometer equipment but design problems caused the equip-
ment to malfunction. Although the equipment was altered and the problem
corrected, the ship broke down and the cruise was aborted. Thus, no valid
compressional wave data were obtained and the shear wave transducers were
not tested. The second trip was aboard R/V IDA GREEN in the Gulf of
Mexico. Five profiles were successfully obtained, one of which was a
successful test of a shear wave transducer design. The third trip, aboard _
R/V GYRE (AGOR 21), was a substitute for the aborted cruise aboard F

USNS BARTLETT. Several equipment malfunctions caused the loss of some

data but one good compressional wave profile was obtained during this trip. |
The data from the R/V IDA GREEN and R/V GYRE cruises will be described in
detail below. ]

B. R/V IDA GREEN Cruise

A field trip aboard R/V IDA GREEN, operated by The University of Texas
Marine Science Institute (MSI), was conducted during the period 7-12 August
1979. Six cores were obtained from the northern Gulf of Mexico; these
sites are shown on a map of the operating area, Fig. 1. The profilometer
was attached to the corer for all six corings. Four compressional wave

profiles were obtained out of five attempts. On the last core, the trans-

ducer was slightly damaged when the corer penetrated a hard shell layer
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and no valid data were obtained. For c¢~re 2 the profilometer was set up

. to record shear wave parameters using a new transducer design.

\ Figures 2-5 show the compressional wave profiles obtained for cores
1, 3, 4, and 5, respectively. The top trace in each figure is the com-
pressional wave speed profile, the middle trace is pulse amplitude, which
provides a measure of the loss of the acoustic wave propagating through
the sediment, and the bottom trace is a profile of the acceleration expe-
rienced by the corer., The horizontal axis represents depth in the bottom
derived from a double integration of the acceleration. The sediment-water
interface is at zero on the horizontal axis, and depth into the bottom
increases to the right. Negative numbers on the axis indicate the part

of the profile obtained in the overlying water.

Core ] was obtained in 15 m of water near the mouth of the Mississippi

River as indicated on the map of Fig., 1. The sound speed and amplitude

profiles are similar to others made in shallow water with a bottom composed
of sand and mud.18 The sound speed profile has an initial large gradient
- of about 160 sec—l, and then levels off near 1900 m/sec for approximately

|
I
1 m, after which it decreases very sharply. The sharp drop occurs at a &;

“IGAN
< ——

point where the signal level decreases to less than the detection threshold
for the instrument (-20 dB), which indicates that the data at this point is
not valid. The level areas on both the sound speed and amplitude profiles

are saturation levels for the plotting system and do not represent valid

R -

measurements. The large decrease in amplitude could possibly be due to !

gas in the sediment which would cause large attenuation of the acoustic

signal. The rough and variable nature of the acceleration profile indi-
cates that the corer penetrated a bottom composed of several layers of

varying stiffness.

Core 3 was the next core made with the compressional wave equipment;
it was also on the Mississippi Delta several kilometers distant from core

1. The water depth at the core 3 location was somewhat deeper (64 m) and

the bottom characteristics were much different--soft mud as opposed to

sandy mud. Hence the profiles for core 1 and core 3 are considerably

LTRSS R g T et R TN T
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FIGURE 2
COMPRESSIONAL WAVE PROFILES FOR CORE 1
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different. In core 3 the sound speed in sediment is generally lower than

in the overlying water, but with some variability. There is also much
less attenuation in the sediment. The smoothness of the acceleration
trace indicates that the bottom was soft and homogeneous. The sudden
large decrease in the acceleration profile at the end is more likely due
to the core barrel becoming plugged with sediment rather than from a hard

sediment layer being encountered.

Core 4 was made a few kilometers from core 3 and is very similar to

core 3.

Core 5 was obtained just off the Texas coast near Galveston in 97 m
of water and shows a compressional wave speed profile similar to that of
core 1. In the case of core 5, the attenuation is less than that encoun-

tered in core 1, and this reduced attenuation resulted in a more complete

sound speed profile.

One purpose of the field trip aboard R/V IDA GREEN was to test a new
in situ shear wave transducer design. The new design, illustrated in
Fig. 6, consists of an outrigger arrangement attached to the core cutter
in a manner similar to the normal transducer arrangement, but with the
active elements extending ahead of the cutting edge. Single ceramic
bender elements similar to those that have been described for laboratory
measurements19 are attached to the outrigger so that shear waves can be
generated and detected out in front of the corer. This design allows total
contact of the shear wave element with the sediment, which in turn enhances
the amount of shear wave energy coupled into and out of the sediment over
that of previous designs.7’13 Previous designs had failed to function
satisfactorily due to the low signal-~to-noise ratio (S/N) while the corer
was moving and generating shear wave noise. Also, the shear wave pressure
release material (i.e., a fluid filling around the element array) used in

1,13 g

installing a single shear wave element coated with a thin plastic water-

the older design tended to be subject to damage and leakage.

proof sheath, the above two problems could be eliminated.

12
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Since the new design transducer projects out in front of the core
cutter, there is a high probability of damage to the transducer if a hard
material is penetrated by the corer. Within the operating area of the
R/V IDA GREEN the soft muds of the Mississippi Delta were thought to
provide the least likelihood of transducer damage. A site was picked
(core 2) which was in an area of sandy mud exhibiting relatively high
compressional wave speed (see core 1), but which could be easily penetrated
and had no hard layers. The sandy mud sediment should have relatively
higher shear wave speed and lower shear wave attenuation compared to softer

muds and clays.

Figure 7 shows the shear wave profiles obtained for core 2. The top
trace is the shear wave speed and the bottom tr:ce is the acceleration
profile. Due to a malfunction, no amplitude data were obtained for this
core. Unfortunately a bed of shell was penetrated by the corer and the

shear wave transducers were damaged after penetration to about 5 m.

There are some features of the in situ shear wave speed profile for
core 2 which tend to degrade the quality of the shear wave data and which

need to be examined carefully Lefore pronouncing the test a success.

The first such feature is the part of the profile where the transducers
are still in the water above the bottom--the part from the beginning to the
point marked B. Penetration into the bottom is indicated at point B by
the change in the acceleration profile. The water column data can further

be divided into the areas from the beginning to point A and from A to B.

The nature of shear waves prohibits their propagation in a fluid such
as water so that the data indicated on the shear wave speed profile to
point B is not due to shear wave propagation. In laboratory tests it was
observed that when the transducers were immersed in a fluid such as air
or water, there was a significant amount of energy transmitted through the
transducer mounts and cutter with a delay such as to appear in the receiver
as a fast (approximately 400 m/sec) shear wave. It was also observed that

the feed~around signal decreased to an immeasurable level when the shear

14
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3

wave transducers were inserted into a sediment. The decrease is due to
the fact that while in contact with a solid such as a sediment, most of
the acoustic energy generated by the transducer is propagated as shear
waves and so is not available for a feed-around compressional wave signal.
The profilometer detection threshold is normally set low enough that the
feed-around signal is detected so it was expected that the shear wave
profile would exhibit a constant high speed during the time the trans-

ducers were in the water overlying the bottom.

The reason for the large oscillations in the shear wave speed
profile between point A and point B is at present unknown. On the type of
corer that was utilized for the test, a piston is attached to the end of
the corer suspension cable and is set so that the piston starts moving up
the inside of the core barrel at the moment the cutter first enters the
bottom. If in fact the cable length was not set accurately and the piston
started moving above the bottom, the resulting noise generated by the
moving piston could interact with the feed-around signal to produce such
an artifact on the profile. There is no easy way of testing the above
hypothesis in the laboratory so resolution of the problem must await fur-

ther field testing of the shear wave transducers.

The portion of the profile between points B and C is what could be
expected for a shear wave in the type of sediment encountered. The sudden
change in the acceleration profile at point B indicates that the corer
entered the bottom. As the bottom is penetrated, the acceleration profile
indicates that several layers of varying stiffness and shear strength occur.
An increase in acceleration in the positive direction indicates reduced
shear strength. A sediment with increasing shear strength should show an
equivalent increase in shear wave speed. The changes in shear wave speed
indicated by the speed profile do indeed show good correlation with the
changes in the acceleration profile. The point marked C on the acceleration
record indicates a fairly thin hard layer has been encountered; it was
probably at this point that the shear wave transducer was destroyed. Also
at point C, the shear wave speed record shows a definite change in the

profile with the variations becoming short and seemingly random, which

16




indicates that the measuring circuits are not locked onto a received pulse.

Although the profile is not clear av2 contains some unexplainable
features, there is a good probability that the instrument did measure the

in situ shear wave speed for part of its penetration.

1 C. R/V GYRE Cruise

During the period 7-26 November 1979, a field trip with Naval Oczan
Research and Development Activity (NORDA) personnel aboard R/V GYRE was
conducted in the Caribbean Sea. Nine piston cores were made; the profilom-
eter was attached to the corer for five of them. Only one good compressional
wave profile was obtained due to several mishaps during deployment of the
corer in rough seas and *to malfunctioning of the profilometer tape recorder
mechanism. Tests on the shear wave transducers were not completed because
r‘ the coring winch failed after core 9 was obtained, which stopped piston

coring overations for the remainder of the cruise.

The one good profile obtained during the trip is shown in Fig. 8.
Location of the core was in the Venezuelan Basin near the Aves Ridge at
latitude 12°59.4'N and longitude 65°27.8'W at 4480 m water depth. This

profile is one of the most informative compressional wave profiles

e

obtained with the profilometer. The corer penetrated 13 m, which is the
full length of the core barrels, and a core of 12.26 m length was retained.
This small differential between penetr:tion and core length is seen in the
profiles in Fig. 8. At a depth of a little over 11 m, the amplitude and
speed profiles became constant, indicating that sediment was no longer
entering the core cutter. The plugged condition is also indicated by

the sudden increase in deceleration seen at this point on the acceleration
profile, which is due to the greater resistance to penetration of the

: plugged core barrels.
(- The compressional wave speed profile indicates that the speed in the

bottom is higher than the speed in the overlying water with several

interleaved layers with lower speeds toward the middle of the profile.

17
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- The relative amplitude of the received pulses varies over a range of 4 dB
1 . and generally follows the shape of the speed curve. The reason for the
increase in signal amplitude in the higher speed sediment over that in the
. water is that the higher acoustic impedance of the sediment matches the
acoustic impedance of the transducer elements more closely and reduces the
insertion loss of the sediment-transducer system. Zero on the relative
amplitude scale is the amplitude measured at room temperature and atmo-
' spheric pressure during calibration. Changes in temperature and pressure

cause the loss of amplitude in the bottom water.
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IITI. LABORATORY MEASUREMENTS

A. Introduction

Development of appropriate compressional wave and shear wave
techniques for in situ measurements has enabled development of an exten-
sive laboratory measurements program to augment the in situ measurements.
Examination of the links between acoustic propagation and measurable
physical parameters is an important aspect of the program of acoustical
measurement of sediment. In the past year, effort has been focused on
developing theoretical models for compressional wave attenuation in
various sediment types and on the examination of temperature influences

on compressional wave and shear wave propagation in sediments.

All of the laboratory work for the past year has been submitted for
journal publication;lo-l2 the contents of each manuscript are contained
in this section; figure numbers, equation numbers, and reference numbers

have been changed to fit the body of this report.

B. Viscous Attenuation of Sound in Saturated Sand

INTRODUCTION. In underwater acoustics there is need for accurate values
of the attenuation of sound in marine sediments. In particular there is

a need for attenuation values at low enough frequencies to be of interest

to long range sonar propagation. However, in practice direct measurements

of attenuation at low frequencies are difficult to obtain; often the low

frequency values must be extrapolated from measurements obtained at higher

frequencies. Consequently, to extrapolate to lower frequencies there is
a need for accurate description of and theoretical models for loss mecha-

nisms of sound propagation in marine sediments.




The most comprehensive theory of wave propagation in saturated porous
media is that formulated by Biot.zo—22 This theory embodies many of the
earlier theories as special cases; the significant new feature is that it
allows for the movement of the fluid relative to the solid frame and thus
for the possibility of a viscous fluid loss. This loss will increase with
frequency (f) proportional to f2 for lower frequencies and proportional

to f1/2 at higher frequencies. Practical application of Biot's theory was

rather limited until Stoll and Bryan23 in 1969 and later Stollza’25

applied
the theory to attenuation as a function of frequency in marine sediments.
They included loss terms for the elastic parameters of the solid frame and
thereby took into account losses due to grain-to-grain contact as well as
the aforementioned fluid loss. They pointed out that fluid losses may
represent a significant factor in high frequency attenuation in sand and
therefore that common linear extrapolation to lower frequencies may result

in significant errors.

A major difficulty in the application of the Biot-Stoll theory is
that the relative importance of the loss terms as well as the meaning of
"high" and "low" frequencies depends on several parameters which are
rather difficult to calculate in practice. The viscous loss will in par-
ticular depend on permeability, pore size, and the mass coupling between
the solid and fluid. The mutual relationship between these parameters and
their relationship to the form and size distribution of the grains as well
as the porosity of the bulk material is in general difficult to describe
and can probably only be obtained experimentally (if at all). From a
practical point of view, however, this may not be important since only
fluid loss is expected to be of potential importance for sound propagating
in sands with rather uniform grains and high permeability. Therefore in
the following we shall limit discussion to this case and show that all the
important dynamic parameters can in fact be estimated from a kunowledge of
grain size and porosity. Predicted values for the viscous loss will then
be compared with some new measurements on saturated glass beads and with

earlier measurements in sand.

g - “




THEORETICAL CONSIDERATIONS. In his original paper BiotZI first considered
laminar flow in a circular tube and generalized the result to tubes of
other cross-sections. 1In the following we shall briefly review that part

of the treatment which is important to the present discussion.

Considering laminar flow of a viscous fluid in a circular tube of
radius a, Biot showed that the frictional stress T caused by the shearing

wave in the fluid is

—
il
EES

nF(K)(ul—uz) s (1)

where Uy is the velocity of the tube and u, is the mean velocity of the
fluid which has viscosity N. F(k) is a function of (angular) frequency
w, which accounts for the deviation from Poiseuille flow at higher fre-

quencies given by

(o) = ¢ —E @)
1 - _K— T(K)
where T(k) is given by the complex Kelvin function
_ ber'(k) + bei'(x)
T(k) = ber(kx) + bei(k) ’ (3)
and the argument « is
1
< = alwpg/mt/? )
Introducing the Darcy coefficient of permeability Bo, which for a
circular duct is Bo=a2/8, the frictional force per unit volume can be
written
=1 3a
z = B 2 F(K) H (5)
o
and the equations of motion for harmonic excitation are expressed by
Q1 = iwp u; + z(ul—uz) -
and (6)

. 2
Q, = inp,u, - z(ul-uz) 5 ,
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where Ql and Q2 can be interpreted as volume forces acting, respectively,
on the tube and the fluid which have masses per unit volume of Py and CPE
Since F(x) is a complex function with real part Fr(K) and imaginary part

Fi(K), these equations can be written in the form

F. (k) F. (k)
Q = i“’["l + Bl_lw_] up - de gt Sy H g P (),
o o o
and . (7
. Fi(K) . Fi(K) 1
Q2 = -iw §; T + 1w[p2 + E;-——————] u, - E;-Fr(m)(ul—uz)

Comparison with Biot's original equations shows that the apparent mass
(-plz) of the fluid which is attached to the tube is given by the imaginary
part of F(x) and is equal to

; (8)

whereas the real part gives the frequency dependent flow resistance
=
R = Bo Fr(K) . (9

In the low frequency limit F(K)=1+iK2/24 and R0=n/Bo, i.e., the static flow
resistance. The apparent mass becomes (—912)0=a20f/(24B0) which for a cir-
cular cross section reduces to (—012)o=of/3. In the high frequency limit
F(k)=k(1+i) /4V2 and

. 2 f _2 [ f
(_9122» h 4Bo 2w a 2w : (10)

PERMEABILITY AND PORE SIZE PARAMETER. In the actual case of propagation

in a porous medium the radius a must be replaced by a pore size parameter
ap and the permeability Bo should preferab'y be related to the texture of
the medium. Returning to Eq. (5), the factor a/2 represents the surface

of a unit length of the tube divided by the volume. This is commonly

known as the hydraulic radius m defined by26

m = volume filled with fluid ) (11)

wetted surface

For a medium composed of uniform spherical grains of diameter dm and

porosity ¢ it can be shown that

24




,

R N

d
mepts o (11)

Since Biot showed that the actual form of the function F(x) is not
very dependent on the shape of the pores, we therefore propose to retain
the frequency correction of Eq. (2) with the radius replaced by a pore

size parameter ap given by

d

- _.m ¢
a =2m= 3 T- 3 . (12)

The specific permeability of a porous medium is based on Darcy's
law, which states that the rate of flow is proportional to the pressure
gradient and inversely proportional to the viscosity. This implies that
the flow resistance is entirely due to viscous drag and that no other
chemical or electrical effects are important. Although the permeability
often can only be determined experimentally, it is also true that for
media composed of regular grains the permeability can be approximately

calculated from the Kozeny-Carman equation, which is

g o on
o k

where m is the earlier defined hydraulic radius. With spherical grains

this gives
2

d 3
o 38k (1-¢

. (14)
The coefficient k takes into account the pore shape and the tortuosity
of the pores. For circular tubes k=2, whereas for spherical grains both
theoretical considerations and experiment seem to confirm that k=5. This
value and Eq. (14) have been checked by Bell,la who plotted measured values
of Bo as a function of ¢m2 (Fig. 9). The values for the glass beads of
different sizes, the Ottawa sand (OTT), and the Panama City sand (PC) are
new data and the other sand data are taken from an earlier investigation
by Mifsud,27 later reported by Nolle et al.28 As can be seen from Fig. 9

the measured values are reasonably close to a straight line with a slope

corresponding to k=5,
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STRUCTURE CONSTANT. Introducing the dilatation e of the bulk material
and the relative dilatation z of the fluid, the coupled differential

equations which govern the wave propagation can be writtenm in the form29

V2(He—Cc) = 82/3t2(pe—pfc) , (15a)
2 2, 2
U (Ce-Mz) = 3" /3t (pfe-pcc) - (n/Bo)Fr(K)BC/Bt . (15b)

The coefficients H, C, and M are elastic coefficients given by the

bulk modulus of the mineral grains Kr’ the shear and bulk moduli of the

free draining frame My and Kb, and the porosity ¢.23’30
H=K+ 3 Yy ’ (16)

with

K = K_(K+Q) /(K +Q) , (17)

Q= (K /) (K K)/(KK) (18)

C = Qk_/(K +Q) , (19)
and

M= CK /(K -K) . (20)

The densities of the fluid and the solid are Pe and Pe and the density
of the aggregate is p=(1-¢)ps+¢pf. Equation (15) is of the same form as
used by Stol! except that only the real part of F(x) is used in the last
part of Eq. (15b), which therefore becomes a true loss term, and Pe then
becomes
Pe _n_ F. %)
— +
¢ Bo w

F. (k)
=%f_<1+3”¢ 1w> . (21)
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Because part of the fluid is attached to the skeleton frame Pe is larger

than pf/¢ with a factor y which is given by

= _ng i
Y 1+Bp "
o' f

9 Stoll calls this factor a structure constant and states that it can
Fﬂ only be determined experimentally., However, the preceding discussion

» shows that the factor is frequency dependent and can be calculated, at
least for aggregates with a permeability which follows Eq. (14). Using
1 Eqs. (12) and (14) together with the limiting values of F(x), it is easy
to show that in the low frequency limit y becomes

k
Y —l+€ . (23)

4 (o]

For a medium composed of circular tubes, k=2 giving Yo=4/3 in
agreement with the discussion following Eq. (9). For spherical grains . L
‘ with k=5, we obtain y=1.8, a value which is not very different from the

1 value used by Stoll and which is alsou close to the values indicated by

4

e ae = e

the experiment performed by Domenico.31 Figure 10 shows a plot of y as
a function of frequency calculated for a medium grain diameter

dm = 1.65 x 10-2 cm, porosity ¢=0.37, and a permeability in agreement with

FETT

Eq. (12). The structure constant remains fairly stable up to a frequency

mrreys

64n

S e

(24)

w:’az
Pg

In principle the same approach can be used to find the structure
constant for media with irrvegular grains of different sizes and lower
permeability. In this case the bk will be higher, the porosity will be
lower, and the structure constant will remain high up to quite high
frequencies. The effect of nonconnected pores can, in principle, be
taken into account by using a correspondingly reduced porosity when

calculating the pore size parameter (Eq. 12).

o
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VISCOUS ATTENUATION AND VELOCITY DISPERSION. Assuming harmonic waves,

Eq. (15) can easily be converted to a frequency equation of fourth degree,
from which we can find both the velocity and attenuation of the compres-
sional waves of the first and second type. In practice this calculation
is most conveniently done on a computer and this has been done for the
numerical examples in the next section. To see the importance of the
different terms it is, however, instructive to obtain approximate expres-
sions valid at high and low frequencies, and this will be done in the

following.

In many cases C2=HM and then the frequency equation reduces to a
second order equation. In the low and high frequency limit, we can then
find the following approximate expressions for the low and high frequency

viscous attenuation,

2
p w p
~Av1-9¢"s £
a == 3 5 B0 ; s (25)
v
o
1/2
a = 1 Av ¢ ﬁ.iﬂ(ﬂ)/ (26)
oo 21-¢p B P ‘
4v2 v s o f

With vy and v_ being the sound velocities at low and high frequencies,
Av=vm—v0 is the total velocity dispersion. As can be seen the attenuation

1/2

is proportional to Bo at low frequencies and to B; at high frequencies,
as follows from Eqs. (12) and (13). 1In the low frequency limit the sound
velocity will approach the "closed system" velocity,

/2

v, = /o)t (27)

For very high frequencies the velocity will be higher mainly because the

fluid mass is decoupled from the frame, and the velocity will be approxi-

Y - - 1/2
Y (]~
ps\l ¢)
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EXPERIMENTAL RESULTS. 1In this section the theory will be compared with

- some new measurements of sound velocity and attenuation in saturated glass
beads and some earlier reported measurements in sands. The permeability,
. porosity, and grain size distribution as well as the elastic parameters of
the solid and fluid are known in all of the considered cases. The only
parameter which is not known is the bulk and shear modulus of the frame.
In principle these parameters can be determined by measuring compressional
@ and shear wave velocities in the dry media but such measurements have
proved to be difficult or inaccurate without a heavy overburden pressure.31
The problem was solved by choosing ub=Kb, corresponding to a Poisson's
ratio of 0.125, and adjusting Kb until the observed and calculated
velocities were in agreement for one particular frequency in the observed
interval. The same method is used by Hamilton,3o but since he is using
the "closed system'" velocity v, [Eq. (27)], his values for L will always
be higher than ours. We find, for instance, Kb = 109 dyn/cm2 in sand as
compared with Hamilton's Kf = 1010 dyn/cmz. For glass beads we found

Kb=GXI09.

MEASUREMENTS ON GLASS BEADS. Sound velocity and attenuation have

been measured for water saturated glass beads of mean diameter

d = 1.8 x 10—2 cm at a temperature of about 20°C. The "grain'" density
of the glass beads was 2.5 g/cm3 and the saturated bulk density was

1.92 at a porosity of 0.365 +0.008. The measurements were performed

in a tank 45 cm deep x 70 cm long x 50 cm wide. A spherical 2.54 cm

(1 in.) diam ceramic transducer was used as a projector and the receiver
was a 1.25 cm (0.5 in.) diam ceramic disc. The depth of the transducers
was about 20 cm and the distance between transmitter and receiver varied

from 10 to 22 ¢m. The maximum frequency was about 300 kHz, limited by

noise, and the lowest frequencies were about 10 to 20 kHz, limited by
interference. Before the measurements the beads were washed and boiled

to remove air and during the measurements the tank was vibrated after

every change in receiver and/or transmitter position.

For each frequency the signal amplitude and arrival time were

measured at from four to five transmitter/receiver separations using

31
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an oscilloscope with a digital readout of the time delay. The measurements
were done on one of the leading peaks of the received signal. Attenuation
and velocity values were obtained after regression analysis of the data as
a function of separation. This showed quite consistent results in the
upper frequency region but more variability in the lower frequency region,
in particular for the attenuation value (see Table I); this is to be
expected since the total attenuation over the path length is very small

for the lowest frequencies.

The same experiment was also performed in water showing that the
geometrical spreading was very close to spherical and giving a sound
velocity of 1490 m/sec with a variation within 0.5 m/sec over the whole
frequency range. This value is, however, approximately 10 m/sec higher
than values predicted from the normal empirical equations for the sound
speed in fresh water. If anything, this may indicate that the experimental
method and analysis give a small but insignificant bias to the velocity

results.

Figure 11 shows the measured and theoretical values of the sound

velocity as a function of frequency for the saturated beads. As already

explained, the theoretical curve is obtained after adjusting the elastic

ke

parameters of the frame so that the theoretical value agrees with the

TR T

experimental value for one particular frequency (100 kHz). The importance
of the theoretical curve is therefore not the absolute velocity but rather
the velocity dispersion which is predicted by the theory. As can be seen

from Fig. 11 the experimental values give a clear indication of dispersion
and the agreement with theory is quite good. The dispersion is, however,

very small and difficult to detect unless the measurements cover a wide

band in the most sensitive frequency region.

Figure 12 shows the measured attenuation together with the theoretical
curve for viscous attenuation. The latter was calculated from the model

using the same elastic parameters for the frame as those that gave the

best fit to the velocity data. Again the general agreement is quite good
but there is considerable scatter in the data and the theoretical values
appear to be somewhat higher than the experimental results, for the lower

frequencies in particular. 32
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FREQUENCY
kHz

15
20
30
40
50
60
80
100
150

200

300

TABLE I

TABLE OF MEASUREMENTS IN SATURATED

GLASS BEADS

VELOCITY

m/sec

1887.86
1897.37
1906.41
1915.95
1919.95
1918.05
1919.26
1922.33
1926.78
1942.38

1928.99

ATTENUATION

dB/m

2.80
3.60
6.98
11.18
24.86
17.63
13.20
19.65
26.46
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MEASUREMENTS IN SAND. In this section some earlier measurements of
attenuvation in water saturated sand will be compared with theoretical
calculations of viscous attenuation. This discussion will be limited to
sand for which the permeability either is known from measurements or can

with confidence be estimated from Eq. (i4).

Attenuation in four different graded sands and for frequencies from
0.2 MHz to 1 MH. has been measured by Mil>ud27 and later reported by
Nolle et al.28 They found, in agreement with Eq. (25), the attenuation
to be inversely proportional to the grain size and to increase with fl/z.
For this reason they do not give the individual measurements but an aver-
age coefficient with which the attenuation can be galculated.Bz At a
later time Hampton33 measured the attenuation in three of the same sands
in the frequency range of 10-30 kHz. Figure 13 shows the two groups
of experimental results together with the calculated viscous attenuation.
The theory agrees reasonably well with the results for both groups and in
particular agrees very well with their slope, which is close to f for the
3¢ sand at 10 kHz and fl/2 at the high frequency limit.

Hamilton3a has compiled many measurements of attenuation in sediments.
We have taken his values for all grades of sand and compared them with the
calculated viscous attenuation for fine (3¢) and coarse (0.7¢) sand. As
can be seen from Fig. 14 the experimental values are quite close to the

theoretical values suggesting that viscous losses may be important for

high frequencies in sand.

CONCLUSION. Based on Biot's theory for the propagation of sound in a fluid
saturated porous media and also Stoll's earlier work, the viscous attenu-

ation of sound has been studied both theoretically and experimentally.

A relationship is found between the size of the pores and the
permeability of the medium from which the mass coupling effect between

fluid and rigid frame can be calculated as a function of frequency.
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f' Measurements of attenuation and sound velocity in water saturated
' glass beads in the frequency range 20-300 kHz are in good agreement with
theory. The small velocity dispersion predicted by the theory seems to

be confirmed experimentally,

Earlier measurements of attenuation in sand compare with theoretical
viscous attenuation; this indicates that viscous attenuation may be of

significant importance in sand at relatively high frequencies.

R . . . . 2 . .
Viscous attenuation will increase with f~ at low frequencies and with

g1/2

where most attenuation measurements are done, both in situ and in the

at high frequencies. However, in the intermediate frequency region

. . 3 1
laboratory, the increase is not very different from f . Consequently,
experimental evidence that attenuation increases linearly with frequency

does not rule out the possibility that viscous attenuation may be important.

This study has concentrated on viscous attenuation in sand of high
permeability and at relatively high frequencies. For lower frequencies
and in media with less permeability the viscous losses will be much smaller

L and other forms of losses are likely to be of dominating importance.

c. Viscous Attenuation of Sound in Suspensions and High Porosity Marine

Sediments

20,21 for sound

- . . . 23-25
- propagation in porous media and also the results of Stoll's work were
3 . . . . . 10
applied to determine the viscous attenuation of sound in saturated sand.

INTRODUCTION. In the preceding section Biot's theory

TIN5

A comparison between theory and experiment indicates that viscous attenu~

ation may predominate in sands of high permeability having uniform and

regular grains,

In the Biot model the most important parameters for viscous attenuation

are permeability and pore size. For sand these can be estimated with some

> =g

i confidence and the permeability can also be measured quite accurately. For

silt and clay the situation is different; the permeability as known from

39
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soil mechanics is often extremely low, and large distributions in grain
size and shape make it very difficult to assign values to the pore size

parameters.

Another model applied to high porosity silt and clay is the suspension
model derived by Urick35 and Urick and Ament.36 One advantage of this
model is that it can be applied to cases where the grains are distributed
in size; on the other hand, it is known to fail when the concentration

exceeds a few percent.

Since we therefore have two models which may be applied to calculate
viscous attenuation in high porosity marine sediments, it is interesting
to compare predictions from them and also to compare these results with
available experimental data. In the following we will briefly review the
two models, derive simplified expressions for sound velocity and attenua-

1 tion as a function of frequency, and discuss the limitations which follow

‘ from these assumptions.

To compare Biot's theory with the suspension theory we will have to .
assume that the medium has no frame rigidity, i.e., that both the shear i
modulus and the frame bulk modulus are zero. This results in a reduced :
Biot model where the only loss mechanism considered is the viscous loss

due to relative motion between the frame and the fluid. i

F]
Both models assume that the medium is composed of spherical particles %
dispersed in a viscous fluid and that there are no other mechanical, o
electrical, or chemical forces interacting with the particles., Compared
with the properties of real sediments as discussed by Hamilton,30 this
represents a strong simplification which can only be valid for high

porosity sediments, if at all.

THE MODELS

The Biot Model. In general, the Biot model describes the wave propagation

by two coupled differential equations giving as the solution two dilational

waves, When both the shear and the bulk moduli of the frame are zero the
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solutions reduce to one wave with a complex wave number which can be

expressed by

» ¢ (5
K ¢
(/W)™ = =

¢ (l ; ¢) p* - in[F(k)/wB]

) (o 05 /0) = inlF () /uB]

Here K is the system bulk modulus given by

k- oK,

1 -1
f + (1=K (30)

where Kf and KS are the bulk moduli of the fluid and solid, respectively,
and ¢ is the porosity. The density of the aggregate is p and p* is a

fictional density given by

p¥ = (1-¢)ps + ¢og

with Pe being the fluid density and Pq the solid density. The fluid i
‘ | viscosity is n and B is the absolute permeability of the medium. The
function F(x) is a function of (angular) frequency which accounts for

the deviation from Poiseuille flow at higher frequencies. F(x) is nor-

mally determined21 by assuming that the fluid flows in circular tubes

or pores of radius ap and then the argument is given by

D ol

‘= ap(mof/n)I/Z , (32)

and F(x) is given by complex Kelvin functions. ?
As stated before, a major problem with the Biot model is to find

reasonable values for B and ap. In the previous study10 we used the

Kozeny-Carman equation which gives B as

2
B =a’fak, o2/(1-0)° (33)
where a is the radius of the grains, and we have proposed to use as the :
3 %
o pore size parameter !
: H
i a = alos ¢/(1-¢) . (34) H
P i
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The factor k0 in Eq. (33) is constant which takes into account the

tortuosity and the shapes of the pores. The values and variability of k0
as functions of porosity and of shape and size distributions of the grains
are discussed by Carman.z6 With spherical and uniform grains the value

of ko will be approximately 5; with elongated grains of different sizes
the value of ko will be somewhat higher, around 10. The value of k0 will

also increase rapidly when the porosity becomes higher than about 957%.

The values given by Eq. (33) do not agree with values found in the
literature for silt and clay. Reference is made here to Bryant et al.37
who have collected permeability values for a wide range of marine sedi-
ments. The data display considerable scatter, but they conclude that the
mean value of the absolute permeability is given by the void ratio e

according to B = 10-'14 x e5 cmz. A void ratio of e=2, which corresponds

to a porosity of 67%, thus gives B * 3 X 10_3 cmz. With the same porosity
and a mean particle radius of a = 7.8 X 10_4 cm (6¢9), Eq. (33) gives

B = 10"8 cm2. It will later be shown that at low frequencies Eq. 29 gives
an attenuation which is proportional to B. Which of the two cited values
is used will therefore have a very strong effect on the predicted value of
viscous loss. However, it should be pointed out that permeability as
evaluated by soil mechanics37 serves an entirely different purpose than
prediction of sound transmission. 1In fact, the permeability of soil
mechanics is a static measure obtained by measuring unidirectional flow
over an extended time, and it is not obvious that values obtained in this
way can be applied to the very dynamic situation we are confronted with

here.

THE SUSPENSION MODEL. A theoretical model for sound propagation in a
suspension based on scattering theory was first formulated by Urick35
and Urick and Ament.36 When a plane wave of pressure amplitude P, is
incident on a spherical particle at the origin, the scattered wave P
at a location specified by the coordinator r and ¢, is given by

if,.r

_ e 'f
R (6,r) = Po —

o(0) . (35)
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1 2
b(8) = §'2fa(yo+ylcose) . (36)

with Zf being the wave number of the fluid.

The monopole scattering is determined by

{1 -1 /-1
Y, = (KS K¢ )/Kf . (37)

The dipole scattering is given by Y which depends on the density contrast
of the fluid. The expression given by Urick and Ament36 is, with some

changes in notation,

Yy = oA/ (o+A) R (38)
where
o= (o =pg) /o ; (39)
and
A=%(l+%)+i%£<l+8%) : (40)

/2

Here B=(wf/2n)1 and 8_1 is the characteristic thickness of the shear
boundary layer in the fluid around the particle. It has been assumed

that the particle is much smaller than the wavelength so that Rayleigh
scattering can be ignored. Considering now the scattered waves from a
number of randomly spaced particles, the sound propagation through the

composite material is characterized by a complex wave number £ given by
(/) = K /o, [146y_][148y,] (41)
£ f o 1 ’
where §=1-¢ is the volume concentration of particles,

This result, but with viscosity neglected, was also obtained by
Waterman and Truell38 who, in addition, established a criterion for the
validity of Eq. (41) with respect to multiple scattering. They found
that Eq. (41) is correct in the weak scattering limit defined by the

requirement that (an/lf)<<1, where n=6/(4w33/3) is the volume density
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of the particle and QS is the scattering cross-section of a single particle
given by
4 2 4r2 1 2
o =g [o+3n|?] - (42)
Since the value of Y§+1/3|y1|2 will be about unity for sediments, the

weak scattering condition becomes 6<<3(2fa)3, a condition which is satis~

fied for most cases and frequencies of practical interest.

A more important restriction involves the influence of viscosity on
the dipole contribution Y This value is calculated assuming that the
fluid flow over a particle is not affected by the neighboring particles;
it is an approximation which can only be true if the boundary layer thick-
ness B_l is much smaller than the distance between particles. Since the
boundary layer thickness is inversely proportional to the square root of
the frequency this condition will only be satisfied at high frequencies
‘ and low concentrations, but it is difficult to establish the exact region

of validity.

COMPARISON AND DISCUSSION. 1In the following we will compare the two
models and also make some comparisons with earlier measured values for
sound velocity and attenuation in suspensions and sediments. To facili-
% tate the comparison of the models and also to gain further insight into

the effect(s) of the approximations involved, we will develop simplified

TR
Ar——

expressions for velocity and attenuation that are valid at extremely low 3 :
and extremely high frequencies, roughly defined Ba<<l and Ra>>1, respec-
tively. However, these expressions are used only as a basis for the
discussion; the numerical examples are calculated by using the complete
equations [Eqs. (29) and (41)]. The values of the fixed parameters used

in the calculations are found in Table II.

SOUND VELOCITY. 1In the low frequency limit both models give the same

expression for the sound velocity, known as Wood's equation,

No= et
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TABLE I1

VALUES OF THE FIXED PARAMETERS USED

;"‘ IN THE MODEL CALCULATIONS
; Parameter Value
;
Fluid density Pe = 1 g/cm3
! Solid density Py ™ 2.65 g/cxn3
Bulk modulus of fluid Ke = 2.15 x 1010 dyn/cm2

11

Bulk modulus of solid 3.6 x 10* dyn/cm?

b
]

Fluid viscosity n =10 2 dyn sec:/c:m2




I
!
{
!
!

where K and p are given by Eq. (30) and Eq. (31), respectively. At high

frequencies both models predict an increased velocity caused by the .
decrease in the effective density due to relative fluid-solid movement.

The limiting velocities for the two models can be expressed in the follow- )
ing forms.

*
2 - v2 pp

Biot: N, , (44)
s} Dst

Susp: N2 = 2 (o+3/2) (1+80)

" Vo o+ 3(1+60)/2 (45)

Figure 15 shows the calculated velocities as a function of frequency.

The grain size a = 7.8 x 10'-4

cm (6¢), the porosity is 65%, and for the
Biot model ap and B are calculated using Eq. (34) and Eq. (33), respec-
tively, with ko=10. Also shown in Fig. 15 are Hampton's33 measured values
for "black sediment'", which has almost the same mean grain size and poros-
ity as for the calculated values. The theories give slightly higher
velocities than those measured, but this could easily be corrected by
minor changes in the assumed parameter values. The measured dispersion

appears to agree well with the theory.

ATTENUATION. At low frequencies the limiting expressions for the viscous

attenuation can be expressed as

2
_ (=92 (PgmPp) 2
2 v n

Biot: a , (46)

2
_ (-¢) (ps—pf) azw2
9

Susp: o
P OVO n

(47)

The two expressions are very similar, having the same dependence on
frequency and on density ratio. The difference between the two expres-
sions is in the relationship between particle size, porosity, and

permeability.

At low frequencies the suspension model gives the same attenuation

as the Biot model if the latter uses a permeability given by
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=2
B=3

e (48)
This is an interesting result since it can also be derived directly from
Stokes law for the resistance to fluid flow caused by a spherical particle
of radius a. In a fluid flow of unit velocity this resistance is given

by D=6wna. With a volume concentration of n particles, n=(1-¢)/(4ﬂa3/3),
the total resistance becomes D=6nna(1—¢)/(4na3/3), which directly gives
the permeability of Eq. (48). This assumes, however, that the flow around
a single particle is completely unaffected by the presence of the other
particles, which can be true only when the concentration of particles is
extremely low. One should expect that when the concentration increases
above a few percent the flow resistance will increase significantly,
thereby reducing the attenuation compared with the linear increase with
concentration as predicted by the suspension theory. The mutual effect

of a higher concentration of particles on the fluid flow is on the other
hand taken into account in the Kozeny~Carman equation. When it is used

in the Biot model one should expect to get approximately correct low

frequency attenuation values for concentrations higher than a few percent.

With B from Eq. (33) we see that at low frequencies the suspension
model will give an attenuation which is higher than the Biot model by a

factor of m, given by
3 3
m = 2k0(1-¢)/¢ = 2k0 §/(1-8) . (49)
This relationship will later be used to modify the suspension model.
In the extreme high frequency region the expressions for the

attenuation become rather complicated but can be cast in the following

forms.

a
Biot: a = £ o jun (50)
o) B
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Susp: o, = 7 o+ 7% alp
rf N v, f s

.

Both models give attenuation proportional to w at high frequencies and
inversely proportional to the grain size. The actual values will depend
on the values of ap and B, but normally the Biot attenuation will be some-
what higher than the suspension model since the implied permeability in
the suspension model is higher than that given by the Kozeny-Carman

equation.

Figures 16 and 17 compare the attenuation predicted by Urick39 and
by Hampton33 for kaolinite as a function of concentration. Ic Fig. 16
the mean particle diameter is luy and the frequency is 1 MHz. In Fig, 17
the mean particle diameter is 2u and the frequency is 100 kHz. Both
measurements are therefore in the low frequency region since Ba<l. 1In
the Biot model we have used Eq. (33) and Eq. (34) with the value ko=10.
As can be seen from the figures, and in agreement with both Urick's and
Hampton's comments, the suspension models give much too high attenuation
values for concentrations above a few percent. (McCannAO has proposed
a modification to the suspension model which, by taking into account

interparticle forces, can be made to fit the measurements.) The Biot

model on the other hand is in good agreement with the measurements, and in
addition (although it cannot be seen from Figs. 16 and 17) gives the
pleasingly correct result of zero viscous attenuation at 100% concentra-

tion.

VISCOUS ATTENUATION DEPENDENCY ON FREQUENCY. As can be seen from Eqs. (44),

(50), and (51), the viscous attenuation will be proportional to w2 at low

1/2

frequencies and to w at higher frequencies. Since most measurements of

attenuation as a function of frequency indicate a linear dependence on

34 this could indicate that viscous attenuation is much lower

frequency,

than the models predict and that other loss mechanisms are by far more
important. The relative importance of the various loss mechanisms is a
difficult issue and we do not have enough knowledge to resolve it now. We
would, however, like to point out that in practical applications the
viscous loss models also may give a viscous attenuation that increases
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linearly with frequency and therefore do not necessarily contradict the

measurements.

There are two reasons for this. First, even in media of highly
uniform grain sizes and shapes there will be a transitional frequency
region where the Biot model predicts an increase of attenuation with fre-
quency which is close to linear and this region often happens to coincide
with the practical frequencies for laboratory measurements.10 Second,
there is the effect of a distribution in particle sizes. This effect
cannot be taken into account by the Biot model since there is only one
pore size parameter ap which determines the frequency dependence. In
the suspension model a distribution of sizes can easily be accounted for
by simply summing the contributions to the dipole scattering weighted by
the relative occurrence of the different sizes. The problem with this

model is that it fails when the concentration exceeds a few percent.

Although we do not have any further justification in addition to what
has been discussed previously, this shortcoming of the suspension model
can partially be overcome by simply multiplying the imaginary part of A in
Eq. (40) by a correction factor which depends on the concentration. A
possible correction factor is the one given by Eq. (49), which is the
ratio between the implied permeability of the suspension model, valid at
extremely low concentrations, and the Kozeny-Carman permeability, which

is valid at high concentratioms.

Figure 18 compares Hampton's measurements of attenuation versus

033

frequency for "black sediment with the Biot model and the modified

suspension model, both using a value of k°=10. For the modified suspen-

sion model Hampton's grain size distribution has been divided into 14
intervals each of width 14 unit covering the interval from l¢ to l4¢d. As
can be seen from the figure both models agree quite well with the measure-
ments and could, in fact, be brought to even better agreement with a

minor change in the ko value. A major difference between the two models

is the predicted values at lower frequencies. Taking the size distribution

into account, the suspension model gives almost a linear dependence on
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frequency, but the Biot model gives a frequency squared dependence at low
frequencies; we feel that the frequency behavior of the suspension model
is more realistic. This example shows also that theoretical models of

viscous attenuation can give a linear increase with frequency.

CONCLUSIONS. We have compared the Biot model and the Urick and Ament
model for sound velocity and viscous attenuation in suspensions. It is

shown that the models have several common features.

Both theories have been compared with measured attenuation as a
function of concentration and it is shown that the Biot model agrees well
with the measurements whereas the suspension model fails when the concen-
tration exceeds a few percent. It is concluded that this failure is
caused by too simplified a model for the flow resistance of an aggregate
of particles. By comparing the two models we have proposed a modification

to the suspension model.

A limitation of the Biot model is that it cannot account for the
effect of distributed grain sizes, whereas this can be done with the
suspension model., It is shown in the suspension model that the result
of using a distributed grain size can be a viscous attenuation which
increases close to linearly with frequency over a wide frequency range.
This suggests that viscous attenuation cannot be computed with any

accuracy unless the grain size distribution is known in detail.

Theoretical values for viscous attenuation were compared with a set
of measured values for attenuation as a function of frequency. The fairly
good agreement suggests that viscous attenuation may also be an important
loss mechanism in some silts and clays. The theoretical values, however,

assume a permeability which is much higher than the permeability known

from soil mechanics.
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D. Temperature Dependence of Acoustical Properties of Laboratory Sediments

INTRODUCTION, A study by Shumway[‘1 showed that the temperature variation
of compressional wave speed in marine sediments was dominated by the change
with temperature of the pore fluid bulk modulus. Sound speed versus temper-
ature determinations for sea water are therefore commonly used to reduce
values of compressional wave speeds of marine sediments to a specified
temperature.30 The correction can be several percent of the total speed.
However, compressional wave speed alone is inadequate for a complete
acoustic description of sediment acoustic properties; the shear wave speed
and the compressional wave and shear wave attenuations are also needed.

The variations with temperature of these additional viscoelastic properties
have not been studied in detail. This section contains shear wave and
compressional wave data measured concurrently as a function of temperature
in a water saturated sand sediment and in a water saturated clay sediment.
The two diverse types of sediment were selected for study to determine if
any of the temperature sensitive acoustic parameters were controlled by

grain size or composition.

BACKGROUNDi As noted by Shumwa‘,',41 the variation in compressional wave
speed with temperature in a saturated sediment should approximately
parallel that of the pore fluid alone. This fortuitous relationship is a
consequence of the relative magnitudes of the moduli of the sediment con-
stituents and the insensitivity of the sediment grains to small changes in

temperature.

Gassman42 related the compressional wave speed (cp) in a porous
sediment to the moduli of the grain material, the pore fluid, and the

sediment framework. He found that

_ K+ 4u/3

5 , (52)

. (53)

o=
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with

~
I

= K_(K+Q) /(K_+Q) , (54)

and

Q Kw(Ks‘Kf) /B(Ks_Kw) , (55)

where B is the sediment porosity, Kw’ Ks’ and Kf are the bulk moduli of
the pore fluid, the solid grain material, and the sediment frame, respec-
tively, and cs is the shear wave speed. The modulus Kw of the pore fluid
can be found by Eq. (52) from a measurement of the density and compres-
sional wave speed in the fluid (the shear modulus, y, for the fluid would
be zero). Since cp and p for a fluid are both functions of temperature,
Kw in Eq. (55) is temperature dependent. The bulk modulus of the solid
grains, Ks, is, bz3comparison, independent of temperature. For instance,
Brockelsby et al. quote a linear temperature variation of compressional
wave speed in fused quartz of 7 x 10—2 m/sec®C. For the temperature range
0-70°C, considered in the present study, the above value would yield a
change in speed of approximately 4 m/sec, less than 0.07% of the speed of
5966 m/sec quoted for 20°C. Compared to the average change in speed in
pure water over the same temperature range, 2.17 m/sec®C, the effects due
to changes in bulk modulus of the grains are insignificant. Shumway41
presents a graph of the compressibility of water, quartz, and calcite as

a function of temperature. The last two are essentially constant.

Shumway41 neglected the influence of the frame in his calculation of
the bulk modulus of a fine sand. If Kf=0 in Eq. (54), then
K = KS/[1+B(KS/KW—1)] . (56)

Shumway lacked an experimental value for the rigidity of the sand and
instead obtained a value by combining Eq. (52) and Eq. (56) for several
different sands. The values obtained gave a reasonable fit to the tem-
perature data. However, the shear modulus so obtained would yield a shear
wave speed of approximately 600 m/sec which, in light of shear wave speeds
measured since Shumway made his study, is much too high. Equation (56)

is inadequate to fit the data in the present study.
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Equations (52)-(55) provide an explanation of the constant ratio

between the compressional wave speed in water and in sediments. Since
KS is much larger than either Kf or Kw’ the temperature variation of Q
in Eq. (54) is approximately that of Kw alone. Since Ks is again much
larger than Q, the temperature variation is given by that of Kf+Q. If
Kf and Kw have approximately the same variation with temperature, then
to first approximation K can be written as a constant A times the tem-

perature variation of the fluid, i.e.,

K = AK (T) . 6N
w

It follows then that the ratio of the sound speed in sediment to that in

water can be described by the following approximation.

(cog)” AR (D) +64u/3 o

sed \

5 = . (58)

c Kw(T)

(

Cc
water

The temperature variation of the densities is small and approximately
cancels. Thus, if the shear modulus u is much smaller than the quantity
AKW(T), then (csed)zl(cwater)2 is independent of temperature.

The above explanation is heuristic rather than rigorous, but it
does serve to reveal the conditions necessary for the ratio method of

temperature compensation to be valid. Both Kw and K_ should be small in

f

comparison to KS and the temperature variation of K_ should be approxi-

f
mately the same as that of Kw' The value of u should be small in
comparison to K. In the case of surficial marine sediments the above
conditions would most probably be met. There are situations, however,
when the conditions would not be valid. An example is provided by the
data of Timur44 for the temperature variation of compressional wave
speeds in saturated porous rocks subject to large confining pressures.

In that case, both u and Kf are large. Experimentally, the compressional

wave speed decreases with an increase in temperature,




The object of the work described here was to examine the temperature
dependence of the shear modulus and frame bulk modulus of highly unconsoli-
dated water saturated sediments. Although there is a large amount of data
in the literature for compressional waves in consolidated and unconsolidated
media and for shear waves in consolidated media, there is a lack of valid
data for shear waves in unconsolidated media due in most part to the diffi-
culty in generating and detecting the waves in such a highly attenuating
medium. Shirley et al.8’19 have developed a method for measuring shear

waves based on the ceramic bender transducer which allows measurements in

highly unconsolidated media with shear moduli as low as 5.5 x 104 dyn/cmz.

In the above discussion, elastic wave propagation has been assumed
and effects due to viscoelastic properties of the medium have been ignored.
However, there are dissipative mechanisms operating on both types of
acoustic waves in a sediment and if these mechanisms have an appreciable
dependence upon temperature, the relationship discussed above would be
altered. Attenuation measurements of both compressional waves and shear

waves were thus also incorporated in the present study.

EXPERIMENTAL PROCEDURE. The acoustic parameter values of a water saturated,
mature, medium quartz beach sand from Panama City, Florida, and of a water
saturated kaolinite clay from the Georgia Kaolin Company were obtained by
standard pulse transmission techniques. Different sets of transducers
were used for the clay measurements and for the sand. The different
transducers were basically similar. Each consisted of a bender trans-
ducer element for shear wave measurements and a small compressional wave
element bonded together in plastic. (Similar type transducers have been
described previously.lg) The measurement technique utilized a three-
transducer arrangement with one projector and two receivers. The three
transducers were immersed in the sediment with the two receivers at
slightly different spacing from the projector. Spacing between the two
receivers was measured by observing the travel time for pulses in pure
water and using handbook values for speed to calculate separation.
Amplitude response as a function of temperature was also measured for

each of the receivers in pure water. Calibration for the shear wave
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measurements required additional steps since the comparison with water
used for compressional waves is not possible. For shear wave speed
measurements, the separation found for the compressional wave elements
was assumed for the shear wave elements since the two are rigidly bonded
together. Dry sand was used for amplitude calibration of the shear wave
elements with temperature since temperature effects are expected to be
nominal for the dry material. Temperature of the sediment samples was
controlled by a circulating thermostatic bath using copper tubing coiled
around the insulated sample chamber. Temperature was measured by a

digital quartz thermometer.

The sediments were prepared for use by first wetting the dry material
with deionized water, boiling the mixture, and then subjecting the sediment
to a vacuum for a minimum of 24 hours. In the case of the sand, the sample
chamber was vibrated for several minutes and allowed to stand overnight to
obtain a stable packing. The final porosity of the sand was approximately
0.386. For the clay, the mixture was placed in the sample chamber and
allowed to stand for one week in order to approach a constant porosity of
about 0.75. 1In both cases, the transducers were approximately 16 cm below

the sediment surface.

COMPRESSTONAL WAVE SPEED. Figure 19 shows the observed variation with
temperature of the compressional wave speed in both pure water and in
water saturated sand. The solid line drawn through the data points for
the sand is the expected speed dependence using the ratio method30 in
which the ratio of the speed in sediment and in water is found at a par-
ticular temperature (usually room temperature), and the speed in sediment
as a function of temperature is calculated by applying the same ratio to
speeds for water. As expected, the variation approximately parallels that
in the pore fluid alone. The plotted data are the result of measurements
over several cycles of raising and lowering the sediment temperature.
Figure 20 displays the results of measurements of the compressional wave
parameters in the clay. Again the results tend to confirm previous work.
In the case of the clay, the compressional wave speed in the sediment is
lower than that in water due to the high porosity of the sediment--a

. . 4
result predicted by Wood for suspensions of particles. >
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SHEAR WAVE SPEED. Figure 21 shows the variation with temperature observed
for the shear wave speed in sand. There are two sets of data displayed,
both obtained in the same sediment. The data marked "unlined" exhibit a

significant decrease in speed with increased temperature. It was postu-

lated that some of the change could be due to changes in strain supplied

by expansion and contraction of the walls of the sample chamber. For the
temperature range under investigation, the expected change in diameter of
the cylindrical aluminum chamber was calculated to be approximately one

grain size (0.35 mm) out of 600 grain size total.

The experiment was repeated with a 2.54 cm thick layer of water

:
3
8
g
r
!
;
_r

filled polyurethane foam placed on the inside surface of the container to
form a pressure release between the metal walls and the sediment. The data
set marked "lined" in Fig. 21 was then obtained and shows an essentially
constant shear wave speed over the whole temperature range. The two lines
f in the figure are least squares fits to each data set. The slight increase
‘ in slope exhibited by the second data set is more likely due to settling

‘ of the sand as the experiment progressed since the higher velocity data

were obtained at a later time than the lower velocity data.

Figure 22 shows the shear wave speed data measured for the kaolinite

clay. 1In this experiment a foam liner was initially placed in the sediment
u container to eliminate the problems encountered with the sand. The change
in speed is again within experimental error over the entire temperature

range.

BULK MODULI. The concurrent measurement of compressional wave and shear
wave speeds enabled calculation of the component bulk moduli of the sedi-
ment from Eqs. (52)-(55). Figure 23 shows the data obtained for tﬁe sand.
The data marked sediment, water, and frame are the three bulk moduli K, Kw’

and Kf, respectively. The frame bulk modulus K_ contributes significantly

f
to the overall sediment compressibility (see Eq. (54)) and apparently also

i varies slightly with temperature in about the same proportion as Kw.
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Figure 24 displays the component bulk moduli calculated from the
compressional wave and shear wave data for kaolinite clay. The frame
modulus for this case is relatively small and contributes very little to
the total sediment bulk modulus. Also, the frame bulk modulus seemingly
does not vary with temperature so that the sediment bulk modulus parallels

the pore fluid bulk modulus in temperature response.

COMPRESSIONAL WAVE ATTENUATION. Figure 25 shows the variation with
temperature of the relative amplitudes of the signals at the two receivers.
Since the attenuation of sound in water is negligible, values obtained in
water represent the geometric divergence of the energy and the change with
temperature of the transducer amplitude responses. The solid lines in

Fig. 25 are linear regression values for each data set and, since the two
lines do not diverge, the indication is that the attenuation does not vary

with temperature. The average attenuation calculated from the data is

218 25 dB/m at 700 kHz.

Figure 26 shows the amplitude data obtained for the kaolinite clay.

Since different transducers were used for the clay data, the response to

temperature is different from that of the sand. The linear regression

abhib itk

lines for water and clay fall almost together indicating a low value of j
attenuation for the clay. Previous measurements of compressional wave

attenuation in kaolinite clay at 0.75 porosity show values of about 1 to

10 dB/m at 120 kHz.l Such a low value is less than the measurement error 3

for this cas.. Again, there is no appreciable change in the attenuation

in the clay as temperature is varied.

SHEAR WAVE ATTENUATION, Shear wave attenuation measurements were made
only on the kaolinite clay. Figure 27 displays the amplitude response of
the shear wave transducers as a function of temperature for clay and for
dry sand. The values for dry sand are offset downward by 10 dB to clarify
the illustration and are included only as a comparison to the clay data

to show that the temperature response is the same in both cases. Dry sand

was chosen for comparison because the temperature response in a dry sand

due to grain-to-grain friction is expected to be small. The mechanisms
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responsible for attenuation are different for dry sand and for saturated
f‘ clay. Since the absolute attenuation value for the dry sand was not known,

the absolute value of attenuation in the clay cannot be obtained from the

data in Fig. 27. Previous measurements, however, indicate that kaolinite

clay at 0.75 porosity should have a shear wave attenuation of about
100 dB/m.8

DISCUSSION AND CONCLUSIONS. The data presented in this paper illustrate
the usefulness of concurrent measurements of compressional wave and shear
wave properties in unconsolidated sediments. Even in the highly porous
clay material, there is enough rigidity to enable the propagation of a
significant amount of shear wave energy. The following conclusions can
be drawn from the data for low amplitude acoustic waves in saturated sand
and clay sediments:

(1) the shear wave speed is independent of temperature,

(2) the compressional wave speed varies significantly with

‘ ‘ temperature, but can be extrapolated between temperatures if

l the speed in the pore fluid is known as a function of tempera-
' \ ture, and

3 (3) the compressional wave and shear wave attenuation are also

insensitive to temperature.

Additional work is needed before the above results can confidently be

N v

applied to other sediment types.
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IV. SUMMARY

During the past year, the ARL:UT sediment acoustics program progressed
in three areas.

(1) Three field trips were made, two successfully completed, on which
five in situ compressional wave speed profiles were made adding to the grow-
ing base of in situ compressional wave data for various areas of the world.

Four profiles were made in the Gulf of Mexico and one in the Caribbean Sea.

S

(2) A test using a shear wave transducer to obtain an in situ shear
speed profile was accomplished. Although the data are not as good as
analogous compressional wave data, it does show that such data can be
obtained.

:‘ ' (3) Analytical models using only easily measured physical parameters
have been successfully developed for compressional wave propagation in

. porous media (such as sands). These models are based on those of Biot and

1 Stoll, with some extension to fine grain clay type sediments. Model
predictions were compared to laboratory data and show good agreement.
Studies of temperature effects on shear wave and compressional wave propa-

gation in sands and clays were successfully carried out and show that

previously unsubstantiated assumptions about temperature dependence are ‘

NIRRT

essentially correct.

o

e

Future work under the program will concentrate on laboratory i
measurements with attention focused on low frequency acoustic propagation. )
Topics include: :

l. theoretical model development,

. physical scale model development,

. investigation of interface waves,

2
3
4. investigation of nonlinear acoustic parameters of sediments,
5. examination of Biot's second type of compressional wave,

6

7

. effects of salinity on sediment acoustic properties, and ?
. hackscattering of shear waves. ;
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